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Preface


Photoenergy materials are expected to be a next generation key material to provide secure, safe, sustainable and affordable energy. Photoenergy devices are known to convert the sunlight into electricity. These types of devices are simple in design with having a major advantage with their structure as stand-alone systems to provide outputs up to megawatts. They have been applied as a power source, solar home systems, remote buildings, water pumping, megawatt scale power plants, satellites, communications, and space vehicles. With such a list of enormous applications, the demand for photoenergy devices is growing every year.

On the other hand, thin films coating, which can be defined as the barriers of surface science, materials science, and applied physics, are progressing as a unified discipline of scientific industry. A thin film can be termed as a very fine, or thin layer of material coated on a particular surface, that can be in the range of a nanometer in thickness to several micrometers in size. Thin films are being applied in a number fields ranging from protection purposes to electronic semiconductor devices. Both the thin film and photoenergy materials have the potential to be the future of industry.

This book mainly addresses a fundamental discussion, latest research & developments and the future of thin films and photoenergy materials. The book has been divided into two parts. The 1st part is “Advanced Photoenergy Materials”, consisted of 7 chapters and the 2nd part is “Advanced Thin films Materials”, consisted of 10 chapters.

The book begins with a critical discussion on the use of carbon nanostructures like carbon nanotubes, graphene-based materials and fullerenes in hybrid photovoltaic devices in chapter 1. In chapter 2, we have summarized the past, present and future of dye-sensitized solar cell. Chapter 3 highlighted the correlation between efficiency, scalability and stability in Perovskite Solar Cell technology. Chapter 4 provides a basic understanding of photovoltaics and development of Copper Indium Gallium Diselenide solar cell. In chapter 5, a variety of interfacial materials and their functions for interface engineering in printable solar cells are discussed. The fabrication and structural, optical, electrical properties of pure and doped semiconducting metal oxides and cadmium doped thick films along with their application in gas sensing has discussed in chapter 6. Chapter 7 highlights the Synthesis and applications of Hausmannite (Mn3O4).

In chapter 8, we have discussed the chemistry and physics of the sol-gel process and the coupled techniques. Additionally, the chapter also illustrates the proposed applications of sol-gel coatings, focusing the attention on the applications in the biomedical field. Chapter 9 presented the step-by-step framework for undertaking power spectrum density characterization of the surface topography of radio frequency magnetron sputtered thin films. Chapter 10 summarizes the application of coating nanomaterials for drug release. The advancement of material coating in engineering applications has been discussed in chapter 11. The chapter also focuses on the application of coated materials, the importance of coatings and ways of improving the characteristics of coatings. In chapter 12 the biomedical application of polymeric materials coating along with carbon-based coatings has been discussed. The effectiveness of producing mineral fillers via pulverization for ceramic coating materials is delivered in chapter 13. Chapter 14 highlights the different processing techniques, the physics of laser surface treatment, micro fabrication, nano fabrication and additive manufacturing. Chapter 15 has summarized the reported methods for the coating of gold species on magnetic iron oxide-based nanoparticles and their applications in the recent nanomedicine as biocompatible materials for magnetohyperthermia, photothermal therapy, fluorescent and computed tomography imaging. The recent advances in the preparation of tailor-made graphene and graphene oxides and their significant applications in catalysis is summarized in chapter 16.

I would like to express my gratitude to the International Association of Advanced Materials and to all the contributors for their collective and fruitful work. It is their efforts and expertise that have made this book comprehensive, valuable and unique. I am also grateful to Sachin Mishra, S. Patra and Anshuman Mishra, for managing the chapters and for their help and useful suggestions in preparing Photoenergy and Thin Film Materials.

Xiao-Yu Yang
January 2019
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Abstract

This chapter provides an overview of the advantages resulting from the inclusion of carbon nanostructures (CNSs) within the different components of last-generation hybrid photovoltaic (HPV) devices. Among hybrid devices, here only dye-sensitized solar cells (DSSCs) and perovskite solar cells (PSCs) are considered. In particular, the latter have been attracting the attention of researchers for less than a decade, but are extremely promising. In this context, CNSs are employed as auxiliary materials, to boost performances and stabilities, as well as to make production costs even lower. This chapter is indeed focused on carbon nanotubes, graphene-based materials and fullerenes. After briefly recalling the configuration of DSSCs and PSCs and the structures and properties of CNSs, strategies of CNS integration within different components of devices are described. Special attention is drawn to chemical functionalization of CNSs, enabling easier processing and addressing selective interactions with other species. Then, the discussion directs towards the roles played by the different CNS species in HPV cells, highlighting in particular strategies for improving device stability. Indeed the topic recalls nowadays a large attention from the scientific community. Finally, perspectives are indicated for further improvements of performances through the inclusion of CNSs in HPV devices.

Keywords: Carbon nanostructures, hybrid photovoltaics, carbon nanotubes, graphene based materials, fullerenes, dye sensitized solar cells, perovskite solar cells


1.1 Introduction

The need for stable photovoltaic (PV) devices comes along with the search for new solutions able to lower the overall costs of production of solar panels. PV devices based on single-crystal silicon are nowadays available on the market, providing power conversion efficiencies (PCEs) as high as 23% and 25 years operational lifetimes, as generally guaranteed by manufacturers [1]. Nevertheless, big efforts are addressed at developing new processes for their production ensuring higher-throughput, lower costs and better robustness.

Innovative perspectives were opened with the rise of organic PV (OPV) [2], which came into the international research focus at the beginning of the new millennium with the novel donor-acceptor bulk heterojunction (BHJ) architecture [3], and can provide today up to 13% PCE and encouraging lifetimes of more than 5000 hr for un-encapsulated devices [4]. At the same time, the combination of organic and inorganic materials allowed the development of alternative PV structures, defined from now on as hybrid PV (HPV) [5]. OPV and HPV are both part of the so-called “third generation” of solar devices.

Within HPV, we can distinguish two promising solutions, which couple good PCE with significant opportunities to develop low-cost, industry-scalable technologies, namely dye sensitized solar cells (DSSCs) and perovskite solar cells (PSCs). The latter are somehow a direct legacy of the former and indeed their development is mostly based on the previous knowledge built up after more than two decades of intensive research. DSSCs [6] are also named “Graetzel-type” solar cells, after the inventor, Michael Graetzel, from the École Polytechnique Fédérale de Lausanne [7]. These devices feature a light-harvesting architecture based on a photosensitizer material, able to split excitons into separated charges, and a metal oxide semiconductor acting as the electron acceptor. In DSSCs, the photosensitizer is a molecular dye, often consisting of a ruthenium polypyridine complex, although this class is nowadays put aside by the development of metal-free organic dyes, allowing the elimination of expensive heavy metal components [6]. The advent of perovskite absorbers in 2009 [8], starting from hybrid methylammonium lead halides, evolving to hybrid mixed cation lead halides [9] and finally to all-inorganic perovskites [10], has significantly shifted the attention of the research community from DSSCs to PSCs. Perovskite materials are indeed characterized by outstanding light-absorption properties, high charge-carrier mobility and lifetime. This allows to produce solar cells with PCEs overcoming those of classical DSSCs by almost a 50% factor, with a current certified record of 23.3% (registered in 2018) [11].

The evolution of device architectures from classical DSSCs to solid state DSSCs (ssDSSCs) and then to mesoporous and planar PSCs is well described in Figure 1.1, taken from a short perspective on the rise of perovskites authored by Snaith in 2013 [12]. The replacement of the liquid electrolyte, employed in standard DSSCs, with solid hole conductors such as the well-known spiro-compound 2,20,7,70-tetrakis-(N,N-di-p-methoxyphenylamine)9,90-spirobifluorene (Spiro-OMeTAD) or the p-type semiconducting polymer poly(3-hexylthiophene) (P3HT) has allowed to overcome stability drawbacks related to undesired leakages of liquids and corrosion phenomena. At the same time, PCEs have suffered from a certain overall decrease when going from liquid-electrolyte DSSCs to ssDSSCs. The use of a mesoporous metal oxide architecture as the scaffold for the deposition of the perovskite absorbers leads to the meso-superstructured PSCs, in which hole extraction is operated, as in ssDSSC, by a solid hole transporting material (HTM), since a liquid electrolyte would dissolve the perovskite salt. The perovskite layer is either very thin (as reported in Figure 1.1) or extends further out of the mesoporous scaffold generating a perovskite-based “capping layer” on which the HTM is deposited (not depicted in the figure). Good PCEs are obtained also by employing PSCs based on planar architectures, where the active perovskite layer has a thickness around 0.5 µm. This happens since perovskites are able to generate and transport both electrons and holes to the collecting contacts with close to unity efficiency [12].


[image: Figure shows the evolution of device architectures from classical DSSCs to solid state ssDSSCs and then to mesoporous and planar PSCs.]

Figure 1.1 Historical evolution of light harvesting architectures, going from standard DSSCs based on liquid electrolytes (left) to ssDSSCs based on solid hole conductors (center-left), then to mesoporous PSCs (center-right, MSSC = meso-superstuctured solar cell) and to planar PSCs (right). The Ag cathode is often replaced by Au. Adapted from reference [12] with permission of the American Chemical Society.



Within planar PSCs it is further possible to distinguish between a standard (or direct) “n-i-p” architecture and an inverted “p-i-n” architecture, depending on the first layer onto which incident light is directed [13]. In “n-i-p” structures, the radiation first passes through the ETL and then reaches the photoactive perovskite layer, whereas in “p-i-n” architectures HTMs are displaced on top of the transparent conductive oxide (TCO), followed by perovskites and then the ETL-top electrode (see Figure 1.2).


[image: Figure shows how in “n-i-p” structures, the radiation first passes through the ETL and then reaches the photoactive perovskite layer, whereas in “p-i-n” architectures HTMs are displaced on top of the transparent conductive oxide, followed by perovskites and then the ETL-top electrode.]

Figure 1.2 Direct “n-i-p” and inverted “p-i-n” PSCs architectures.



Both DSSCs and PSCs have nowadays reached a mature phase in their technical development, so that many issues related to compositional/interface engineering and processing have been successfully solved. Unfortunately, long-term stability issues still remain open, particularly for PSCs. The susceptibility of the perovskite layer to moisture is well-known, with degradation taking place even at low (around 50%) humidity levels [14]. Proper device encapsulation often provides significant stability improvements, but many other additional strategies are being investigated trying to achieve durations suitable for commercialization.

Within the scenario of HPV development, carbon nanostructures (CNSs), including fullerenes, carbon nanotubes (CNTs), graphene-based materials (GBMs) and carbon nanohorns (CNHs), have attracted a considerable attention [15, 16] to be employed as ancillary materials for efficiency/stability improvements, as well as for the lowering of production costs, through substitution of expensive device components with cheaper material solutions. The purpose of this Chapter is therefore to highlight the relevance of CNS use in DSSCs and PSCs, by reviewing the most important contributions to this subject in recent literature. Before such a survey however, it is necessary to briefly introduce CNSs, in terms of structure and physical properties, in order to better understand their roles in HPV.



1.2 Carbon Nanostructures


1.2.1 Structure and Physical Properties

A pictorial sketch of the CNSs of interest in HPV applications is reported in Figure 1.3. These CNSs (from which we have excluded more exotic structures such as carbon nano-diamonds and carbon nano-onions) are all based on sp2-hybridized carbon atoms and feature extended π-electrons delocalization, which gives rise, in most of the cases, to electrical conductivity. They are therefore conductors or semiconductors.


[image: Figure shows 3D representation of four Carbon Nanostructures (CNSs), that are based on sp 2 -hybridized carbon atoms, of interest in HPV applications.]

Figure 1.3 3D representations of the four types of CNSs whose use in HPV is discussed in this Chapter.



In particular, within the family of CNTs, we can distinguish between single-wall (SWCNTs) and multi-wall (MWCNTs), showing complex electronic behavior depending on the number, diameter and helicity of their wrapped graphitic walls. Whereas MWCNTs have always a metallic behavior, each SWCNT can be either metallic, semi-metallic or semiconducting, based on its specific structure defined by the chiral indices (n,m). The most common SWCNT synthetic methods furnish mixtures of metallic and semiconducting tubes, while separation techniques rely either on complex chromatographic processes or on selective extractions by means of conjugated polymers, surfactants or DNA [17]. Controlled syntheses providing narrow distributions of tube diameters and large fractions of a predetermined chirality are also possible through catalysts engineering [18]. These processes have, however, low to moderate yields and this keeps prices of single-chirality SWCNTs quite high.

Pristine CNTs often arrange in bundles during production. This is sometimes a disadvantage, when pursuing the properties of isolated tubes, and therefore CNT processing often proceeds through dispersion in solvents with the help of vigorous stirring or ultra-sonication. These mechanical actions create however very harsh conditions, which can lead to deterioration of the tubes. Mixing with other materials into composites, mainly polymers, can also take place through high temperature melting processes. The loading of insulating matrices with CNTs can provide electrical conductivity to the resulting composites, since CNTs can arrange very effectively into charge percolation pathways within a host-phase. In this task they are normally superior to other, more conventional, carbon-based fillers like carbon-black, because they achieve charge percolation at significantly lower contents [19–21].

We skip to add details on fullerenes, whose innovative uses in PSCs will be commented in a dedicated paragraph, since they are quite well known and have been used for at least two decades as electron acceptors in OPV. The globular shape allow them to constitute very effective percolation networks for negative charges within electron-donor polymers matrices [22], making them for many years the materials of choice for this purpose. Nowadays they are suffering a certain diminishment of popularity due to the rise of interest for non-fullerene acceptors [23].

GBMs are a family of structures which derive from prototypical single graphene sheets, whose existence has been first proven by physicists Geim and Novoselov in 2004 employing a sticky tape to peel the surface of bulk graphite (the two scientists have obtained the Nobel Prize for Physics in 2010 due to their work on graphene) [24]. Nowadays, the chemical vapor deposition (CVD) technique can provide high quality single layer graphene in relatively large foils [25]; on the other hand, graphene nano- to micro-platelets can be produced though a more efficient and practical mechanical exfoliation of graphite than the Scotch-tape method, making use of commercial high-speed shear force mixers and working in liquid environments [26]. The GBM family [27] includes also species obtained from graphite through chemical methods, which are more defective than CVD graphene or graphene nanoplatelets. These are graphene oxide (GO), which is the first product of a graphite oxidation/exfoliation process often reported as Hummers method, and reduced graphene oxide (RGO), produced through thermal or chemical reduction of GO [28]. Oxygen-rich defects on the carbon backbone of GO, such as carboxyl, epoxy or hydroxyl groups, make it a water-soluble species. On the other hand, electrical conductivity is almost completely lost and GO can be considered as an insulator. Within RGO, electrical conductivity is partially restored due to elimination of most of the oxygenated species, but holes are left in the carbon backbones that give rise to many corrugations in the material. GO and RGO lateral sizes can vary significantly, from hundreds of nanometers to microns. A certain attention has been recently devoted to nanometric-sized GBMs called graphene (or carbon) dots. These are highly fluorescent species with excellent photo-stability, which are produced either through top-down approaches, based on the fragmentation of carbonaceous materials (carbon black, CNTs, graphite or graphene), or bottom-up methods, starting from citric acid, amino acids and many other natural raw materials, subjected to heat or microwaves [29]. Graphene dots have quasi-spherical shapes with diameters generally lower than 10 nm.

Finally, CNHs are conical C-sp2 structures, which are produced in the form of globular aggregates, named as dahlia-type aggregates, with average diameters around 100 nm [30]. Their tips have fullerene character and, being curved surfaces, are the most reactive parts towards oxidation and chemical functionalization. The main advantages of CNHs in comparison to CNTs are related to the production method: in fact their synthesis does not require metal catalysts and takes place at room temperature (it proceeds normally through laser ablation or arc-discharge on a graphitic target, followed by rapid quenching in an inert gas atmosphere). The final CNH products lack therefore heavy metals traces.

Some of the above-described CNSs are largely considered, other than for their peculiar electronic properties, also for mechanical reinforcement of other materials [31–33]. These are particularly CNTs and GBMs, even if, as today, improvements in mechanical performance have not been sufficient to justify the use of CNSs instead of other less costly fillers, such as carbon black.



1.2.2 Chemical Functionalization Approaches

Aside from having appealing properties related to the high electrical and thermal conductivities, high aspect ratios and mechanical strength, CNSs have practical disadvantages due to their strong tendency to self-aggregation, which limit the full exploitation of the former assets. The strong van der Waals interactions established among π electron clouds prompt the formation of large aggregates, thus reducing the total surface area, characteristic of isolated CNSs, and thus limiting the effectiveness of interfacial charge or load transfer processes with other materials. Aggregation also hinders the preparation of homogeneous and stable CNS dispersions (excluding the case of functionalized fullerene derivatives, which are molecular entities and thus, in many cases, properly “solubilized” in liquid media) that would enable easy-to-use, low-cost solution processing methods.

Strategies to improve CNS dispersion in organic solvents or water include the use of surfactants or chemical functionalization. The former are very effective in generating micelles hosting single or few CNS species and keeping them in suspension within the liquid environment. On the other hand, surfactants are insulators and therefore they might deteriorate the electrical performance of CNSs. They are also difficult to remove, in particular once the solution has been cast in the form of a film or has been mixed with another material. Therefore, the use of surfactants is limited to those processes which include a high temperature treatment (200–400 °C maximum, to avoid CNS degradation) after deposition or mixing, to remove all the organics and leave behind pristine CNSs (and other thermally stable materials that may be present).

Chemical functionalization can proceed through two distinct approaches, defined as covalent and non-covalent [34, 35]. The first approach proceeds through chemical reactions taking place on the CNS π-conjugated backbone or at defect sites. Thorough details about organic reactions that can be exploited for covalent functionalization, including reaction times and conditions, can be found for example in the two extended reviews listed in references [34, 35]. Here we just want to recall two widely used reactions, namely the 1,3-dipolar cycloaddition of azomethine ylides and the addition of aryl diazonium salts to unsaturated C-C bonds in the CNSs, named, respectively, Prato [36] and Tour [37] reactions, after the two researchers who have developed them (see Figure 1.4 for reactions scheme).


[image: Figure shows a diagram of chemical functionalization approaches by employing two widely used reactions, namely the 1,3-dipolar cycloaddition of azomethine ylides and the addition of aryl diazonium salts for Carbon Nanostructures.]

Figure 1.4 Most largely employed covalent functionalization approaches for CNSs, the Prato and Tour reactions. The processes are here depicted for the case of SWCNTs but they can be adapted to other CNSs such as fullerenes (only Prato reaction), MWCNTs, GBMs and CNHs.



These processes have a large tolerance towards the type of functional groups which can be covalently bound to CNSs (particularly the Prato reaction) and allow to obtain CNS derivatives with improved dispersion profiles in organic solvents (and even in water, in some cases) with respect to the pristine materials. The covalent functionalization, through the production of soluble species, is also a good method of purification, particularly for CNTs, allowing to remove the impurities trapped within bundles. At the same time, covalent chemistry on CNSs is sometimes indicated as a process that partially worsen the intrinsic properties of these materials, in particular by interrupting the very extended π-conjugation. A trade-off between solubility enhancement and electronic properties disruption can be sought through a fine tuning of the functionalization procedures [38, 39]. For this reason, non-covalent approaches have been proposed. They are based, as already mentioned, on strong hydrophobic interactions between large π-electron systems (the same ones responsible for CNSs aggregation) involving solubilizing molecules or polymers. In particular, derivatives of polyaromatic hydrocarbons such as pyrene, anthracene and naphthalene are widely employed for this purpose [40–42], as well as conjugated polymers [17].

Chemical functionalization of CNSs is particularly useful when employing them as fillers in polymer nanocomposites [43]. It can not only improve the homogeneity of CNS dispersion in the nanocomposite, by limiting self-aggregation, but also address the formation of selective intermolecular interactions between the grafted organic functionalities and specific polymer moieties. Moreover, it can allow covalent grafting of polymer chains on the CNSs. This can be achieved either by previously synthesizing the desired macromolecules with suitable anchoring groups, which are then reacted with the proper functionalities (already present or introduced on purpose) on the CNSs (grafting-to method), or by directly growing the polymer chains starting from monomer units (pre-existing or introduced) on the CNSs (grafting-from method). A clarifying example of the use of these two distinct processes for the preparation of covalent composites of poly(methyl methacrylate) and graphene nanoplatelets is reported in Figure 1.5, taken from a recent work from the group of Shaffer [44]. In this case graphene is previously enriched with negative charges instead of being decorated with organic functionalities.


[image: Figure shows two distinct grafting methods for the preparation of covalent composites of poly(methyl methacrylate) and graphene nanoplatelets.]

Figure 1.5 Grafting methods for the preparation of covalent composites of graphene sheets and poly(methyl methacrylate). Adapted with permission of the American Chemical Society from reference [44].



It is worthy to clarify that chemical functionalization is not only a tool to facilitate CNS processing and insertion in composites, but can also be employed to obtain new entities with specific scopes. The term “functional nanocarbon hybrids”, introduced by Eder and coworkers to describe those CNS species whose surface have been decorated with a second or third component, is perfectly suitable to clarify the concept [45].




1.3 Use of Carbon Nanostructures in Hybrid Photovoltaic Devices

For the sake of clarity, it is worthy to mention that CNSs have indeed attracted a great deal of attention primarily in OPV (again, we skip deliberately to comment on fullerenes applications in OPV, which constitutes a too large chapter apart). CNTs have been considered for years as potential electron acceptors for OPV, even if they have never been able to surpass fullerenes performance, since they are perhaps “too efficient” in forming charge percolation networks and thus, when used in the right amount to induce a complete exciton dissociation from the donor polymer, they favor at the same time shunts and recombination, thus lowering PCEs [46]. Notwithstanding that, CNTs are optimum species for the construction of metal-free electrodes for OPV, with large opportunities to improve device flexibility and lower production costs. Also GBMs have found large application in OPV [47], again with major roles in metal-free electrode technology, but with some interesting examples when used within the photoactive layer too [48].

Having distinguished among DSSCs and PSCs within the realm of HPV devices, discussion will consequently focus on the use of CNSs for the two separate cases. Here we only recall the main reasons for attempting CNSs incorporation in these solar cell schemes. As it was the case for OPV, CNTs and GBMs are undoubtedly interesting for the replacement of the more expensive metallic contacts, being processable in the form of thin, transparent and flexible layers through different approaches such as printing or spray techniques [49, 50]. Big interest relies in the insertion of these CNSs within ancillary layers devoted to charge extraction/transport/blocking. This is due mainly to their outstanding electronic properties, coupled to the high aspect ratio and peculiar morphologies, which make them highly versatile for adapting to different systems and to perform beneficial actions by acting at the nano- to microscale level. Their positive role, either as additives or as main components of these layers, can be exerted both at interfaces and within the bulk.

Following a chronological order based on the timing of device development, we will start our survey by describing the use of CNSs in DSSCs and then in PSCs.


1.3.1 Use of Carbon Nanostructures in Dye Sensitized Solar Cells

The excellent electrical conductivities, tailored shapes, low-costs and availability of CNSs have induced scientists from all over the world to attempt their incorporation in DSSCs. The first attempts of CNTs inclusion into a DSSC structure dates back to 2003, with steeply rising number of reports in the following 10 years [51]. The interest seems to have diminished somehow after 2013, likely because of the concomitant shift of attention towards GBMs [52]. On the other hand, the incorporation of CNHs in DSSCs have experienced a quite limited, but highly fruitful development [53].

To illustrate the different possibilities of CNSs incorporation in DSSCs we refer to a pictorial scheme taken from reference [52], regarding only GBMs, but perfectly adaptable to the other two types of CNSs (see Figure 1.6).


[image: Figure shows the different possibilities of Carbon Nanostructures incorporation within DSSCs cathode.]

Figure 1.6 Scheme depicting the possible sites of incorporation of GBMs within a DSSC. Adapted from reference [52] with permission of the American Chemical Society.



As we have already pointed out, the production of transparent electrodes based on CNSs will not be discussed thoroughly in this chapter, but the interested reader can find in the literature many relevant surveys on the topic [51, 54]. The same applies for CNSs use within DSSC cathodes (see Figure 1.6), to replace the expensive platinum components commonly employed therein [51, 52, 55, 56].


1.3.1.1 Carbon Nanostructures as Dopants for the Inorganic Semiconducting Layer

Numerous reports have been published on the incorporation of CNSs within the semiconducting layer, made of nanocrystalline (nc) anatase TiO2 films (see Figure 1.6), all with the aim of boosting electron transport through this layer. At the same time, this strategy contributes to prevent charge recombination between the transparent electrode and the electrolyte (with CNSs acting as blocking layers), to improve dye chemisorption and to increase light-scattering. The unique 1D structures of CNTs seem perfectly suitable to ensure vertical fast electron percolation along the 10–20 µm thick nc-TiO2 layer, but at the same time their concentration must be properly controlled in order to avoid undesired short-circuits and charge-recombination events [46]. Vomiero and coworkers demonstrated the effectiveness of this approach by integrating MWCNTs in TiO2 photoanodes [57]. The process required the prior mixing of an ultra-sonicated MWCNT dispersion in ethanol with the commercial TiO2 paste, followed by casting the resulting composite onto an FTO electrode and thermal annealing at 450 °C in air. The amount of MWCNTs in the composites was varied between 0 and 0.25 wt% to allow the determination of PCE trend, as reported in Figure 1.7. As indeed evidenced, PCEs grow up to 8.1% at 0.01 wt% MWCNTs in nc-TiO2, starting from an initial PCE value of 6.5% for the undoped TiO2 photoanode and then drop to 1.1% at 0.25 wt% MWCNTs in TiO2. The remarkable effect of MWCNTs on the short-circuit current density (JSC) of devices is clearly evident when examining its trend in Figure 1.7b, which recalls almost exactly the PCE trend.


[image: Figure shows MWCNT dispersion in ethanol based on MWCNT/TiO2 composite semiconducting layers. Image (a) depicts the solar cells’ current density-voltage curves, whereas image (b) indicates the remarkable effect of MWCNTs on the shortcircuit current density (JSC) of devices.]

Figure 1.7 Characterization of DSSCs based on MWCNT/TiO2 composite semiconducting layers. (a) Current density–voltage curves of solar cells fabricated using films with different MWCNT content (solid lines, AM1.5G irradiation; dashed lines, dark). (b) Figures of merit of devices as a function of MWCNT content. Adapted from reference [57] with permission of the American Chemical Society.



The study also reports that MWCNTs affect dye loading onto the photoanodes, with slightly enhanced values for samples in the range 0.010–0.020 wt% MWCNTs. However, a correlation PCE-dye loading is not to be considered always linear, since optimal PCEs in DSSCs are found only when dyes are chemisorbed as closely packed monolayers onto nc-TiO2. In the present case anyway, the poor performance of the 0.25 wt% MWCNT photoanode was not due to excess dye loading, but rather to detrimental electrical and morphological effects induced in the photoanode by the excessive concentration of MWCNTs.

In a second work, the same research group reported a variation, employing MWCNTs bearing carboxylic acid functionalities (F-MWCNTs) instead of pristine MWCNTs, to improve the stability of their dispersions in polar solvents and within the nc-TiO2 matrix [58]. In this way, the formation of morphological defects in the composite photoanode, seen as cracks on the surface when examining it in top-view with a scanning electron microscope (SEM), which cause device performance deterioration, starts at higher CNT wt% compared to the case of un-functionalized MWCNTs. SEM images of F-MWCNT/TiO2 composites show that up to 2 wt% CNT content no cracks are present in the photoanode (Figure 1.8a, b), whereas they clearly appear in the 4 wt% sample, where the presence of F-MWCNTs is also evident (Figure 1.8c, d). The best photovoltaic performance is obtained from DSSC devices with the 2 wt% F-MWCNT/TiO2 composite photoanode (best PCE at 7.85 ± 0.1% and best JSC at 17.50 ± 0.05 mA cm–2), whereas at lower and higher F-MWCNT contents PCE values are always smaller (the worst PCE is found for the highest content of F-MWCNT examined, namely 4 wt%, with a value of PCE equal to 5.30 ± 0.20% and a JSC drop to 12.15 ± 0.05 mA cm–2).


[image: Figure shows SEM images of F-MWCNT/TiO2 composites wherein no cracks present in the photoanode (Figure 1.8a, b) containing up to 2 wt% CNT, whereas they clearly appear in the 4 wt% sample (Figure 1.8c, d).]

Figure 1.8 SEM images at different magnifications of 2 wt% F-MWCNT/TiO2 photoanode (a–b), and 4 wt% F-MWCNT/TiO2 photoanode (c–d). The grey arrows in c–d) indicate F-MWCNTs partially covered by TiO2 nanoparticles. Adapted with permission of the Royal Society of Chemistry from reference [58].



An interesting investigation on the use of low quantities of graphene microplatelets in combination with titania nanoparticles is also reported by the same authors [59]. Here, the methodology for the fabrication of the composite photoanodes is again simple, fast and highly reproducible (direct mixing of the graphene nanoplatelets with the TiO2 paste). The most peculiar finding in this work is the demonstration of an optimized DSSC performance at the 0.01 wt% graphene content, which is below the electron percolation threshold in this composite systems. The increased PCE therefore does not rely on the formation of an interconnected 3D conductive network within the nc-TiO2 scaffold, but rather on a graphene-mediated improved electron injection from the photoanode to the transparent electrode, increasing significantly the collection of photogenerated charges and reducing charge recombination.

CNHs incorporation into nc-TiO2 photoanodes has been studied by Guldi and coworkers, prompted by the improved dispersibility and smaller sizes of these CNSs compared to CNTs or GBMs, which anyway still maintain a semiconducting character and can therefore ensure a lowering of the overall electrical resistance of the electron-collecting scaffold [60]. Particularly, they found that by mixing oxidized CNHs, characterized by a larger surface area than pristine ones, with TiO2 nanoparticles in the photoanode, a significantly higher roughness in the scaffold is achieved, which consequently lead to enhanced dye loading and internal light-scattering. By comparing the activity of CNH species in enhancing the TiO2 electrode characteristics with respect to SWCNTs and GBMs, the authors were able to state that the former are to be considered a valuable dopant as much as the latter for fabricating high-efficiency DSSCs.



1.3.1.2 Carbon Nanostructures as Dopants for the Electrolyte

Increasing charge transport in the electrolyte can lead to higher efficiencies in DSSC. A key requirement for a well-functioning electrolyte is the ability to diffuse the photogenerated charges, ensuring a fast and effective dye regeneration (thus limiting competitive charge recombination phenomena). The standard liquid electrolyte, based on the I–/I3– redox couple dissolved in a polar organic solvent, suffers from a series of drawbacks arising during solar cell operational activity, such as possible leakages, partial solvent evaporation, corrosion and partial light-absorption in the visible region. This has prompted scientists to find possible alternatives, based on solid or quasi-solid electrolytes or hole-conductors, leading to the ideation and fabrication of ssDSSCs (see Figure 1.1). In this contest, CNSs can be reasonably helpful when employed as dopants within a solid (or quasi-solid) phase, improving the overall charge transport through the formation of selective percolation pathways, as discussed for the case of the titania-based semiconducting layer. On the other hand, the formation of “too effective” percolative networks contacting anode and cathode should be avoided, since short-circuits can be generated that limit device efficiency.

Polymer or gel electrolytes can be prepared with poly(ethylene oxide) (PEO) or copolymers derived from it, Lil, I2 and other additives, such as inorganic nanofillers, small organic molecules and ionic liquids [61]. They are very well-known composites, due to the established use in battery technologies [62]. The addition of CNSs to this composites can lead to favorable conditions for ionic transport, helping to overcome the limitations that derive after the replacement of the liquid electrolyte, mainly lower JSC and VOC values. Nogueira and coworkers studied this type of systems, doped with both MWCNTs [63] and RGO [64]. In the first case, they employed oxidized MWCNTs to improve dispersion of the fillers in the polymer matrix and detected a steady increase of conductivity in the electrolyte for contents up to 1 wt%, at the same time providing also the highest PCE in the corresponding ssDSSCs (3.35%) [63]. In the second work, they studied the incorporation of RGO in the PEO/LiI/I2/ γ-butyrolactone electrolyte for contents between 0 and 0.5 wt% (a higher RGO wt% was not achievable, due to inhomogeneous mixing of the CNS in the quasi-solid electrolyte) and observed an enhancement of photocurrents and voltages when increasing the RGO quantity (see Figure 1.9). The gel containing 0.5 wt% RGO indeed provided a photocurrent comparable to that of a standard DSSC based on commercial liquid electrolytes and an overall PCE of 5.07%.


[image: Figure shows the graphical represenation of incorporation of RGO in the PEO/LiI/I 2 / γ-butyrolactone electrolyte for contents between 0 and 0.5 wt% and observed an enhancement of photocurrents and voltages when increasing the RGO quantity.]

Figure 1.9 Current density-voltage characteristics (AM 1.5 conditions) of DSSCs employing gel polymer electrolytes with different amounts of RGO dopant compared to a standard DSSC employing a liquid electrolyte. Reproduced with permission of the American Chemical Society from reference [64].



The implementation of CNHs within an iodine-free ssDSSC based on the ionic liquid electrolyte 1-ethyl-3-methylimidazolium iodide was studied by the research group of Guldi, reporting a PCE of 7.84%, an outstanding result for this type of devices [65].



1.3.1.3 Carbon Nanostructure-Based Photosensitizers

CNSs have interesting light absorption profiles all over the visible up to the NIR region and there is thus a huge interest in employing them as photosensitizers (PSs). In the case of GBMs, big promises for hot electron injection and multiple charge carriers generation have been reported [66, 67], paving the way to overcome the Shockley-Queisser PCE limit existing for this type of devices. The first report about a GBM acting as an organic dye-like macromolecular PS came from Xu and coworkers, demonstrating the ability of RGO to promote the photocatalytic activity of ZnS nanoparticles towards the aerobic selective oxidation of alcohols and epoxidation of alkenes [68]. Here a GBM was for the first time reported to act properly as a PS with a wide band gap semiconductor (ZnS), instead of just an electron reservoir to host and transport charges photogenerated by the semiconductor itself.

In a seminal work, Guldi and collaborators reported on nc-TiO2 sensitization by means of a free-base porphyrin-graphene non-covalent conjugate, obtained through direct exfoliation of graphite with the help of the macrocyclic pigment. Graphene was found to be crucial in enhancing device efficiency, acting positively on boosting the electron injection process and decreasing charge recombination events, although overall PCEs were quite modest (0.25–0.37%).

Our group reported the first example of a RGO-organic dye covalent hybrid used as PS in a standard DSSC [69]. The selected molecular PS for the covalent attachment to RGO was indeed a metal-free donor-π-acceptor (D-π-A) dye based on triphenylamino (D), thiophene (π) and cyanoacrylic acid (A) units (TPA-Th-H). This molecular system is a sort of benchmark for the class of metal-free PSs and its light absorption properties can be finely tuned by modifying the central π unit with more extensively conjugated species, shifting the main absorption band towards the red. The synthetic route towards the graphene-dye hybrid (RGO-TPA-Th-H) proceeds through a Tour-type direct arylation of the carbon-based scaffold with an aniline derivative of the PS, as reported in Figure 1.10.


[image: Figure shows a synthetic route towards the graphene-dye hybrid (RGO-TPA-Th-H) proceeds through a Tour-type direct arylation of the carbon-based scaffold with an aniline derivative of the PS.]

Figure 1.10 Synthesis of the covalent graphene-organic dye hybrid RGO-TPA-Th-H and structure of the reference dye TPA-Th-H. Reproduced with permission of Elsevier from reference [69].



The successful outcome of the covalent functionalization was demonstrated through UV-visible-NIR absorption, IR and Raman spectroscopies and ensured the firm anchoring of dye moieties to the carbon backbone (the extent of functionalization was quite high, as determined through thermogravimetric analysis, namely 1 TPA-Th-H unit every 11–12 carbon atoms of the RGO scaffold). Given the large lateral sizes of the GBM (100–1000 nm range), the penetration of the hybrid RGO-TPA-Th-H PS along the whole thickness of a nc-TiO2 photoanode was somehow limited in comparison to the free TPA-Th-H dye, resulting in a much lower photo-sensitization. Considering this limitation (and therefore the resulting lower visible light absorption), and applying the relative correction to the photocurrent, it was possible to argue that the normalized performance of the DSSC based on the hybrid PS and the free dye are somehow comparable. The efficiency of the electron transfer process from the dye units present in the hybrid PS to the TiO2 nanoparticles was proven through electron paramagnetic resonance (EPR), attesting also a concomitant reduction of charge recombination events in comparison with the free dye units (not bound to RGO) [70]. The most relevant feature of the graphene-organic dye PS was however the ability to withstand harsh hydrolytic conditions (1 M NaOH in dimethylformamide at 70 °C for 7 days) employed for testing its potential removal from the TiO2 scaffold. The material was found indeed very firmly anchored to the inorganic semiconductor, unlike the free-dye, that undergoes desorption by simply applying thorough washing with a suitable solvent. This evidence paves the way to more robust photoanodes for DSSCs, based on this type of graphene-containing PSs, which can resist environmental damages and long-term operational activities. At the same time, these PSs appear suitable for technologies working in high water content environments, such as those capable of carrying out photocatalytic water splitting for the production of molecular hydrogen. It is indeed in this direction that we are trying to address our efforts in the use of the covalent graphene-organic dye hybrids.




1.3.2 Use of Carbon Nanostructures in Perovskite Solar Cells

Given the exceptional development of PSCs in the last 10 years, many materials have been studied to accompany the growth of this skyrocketing technology, among which CNSs have played a central and multiple role. They have indeed been employed to improve properties of both HTMs and ETLs, to produce new electrodes (as for DSSCs) and to act as additives for the perovskite-based photoactive layer [71]. We will here briefly try to furnish an overview of all these possible uses, underlying the main advantages deriving from the use of these nanomaterials in PSCs.


1.3.2.1 Carbon Nanostructure-Based Electrodes for Perovskite Solar Cells

The possibility to employ CNSs to replace precious metals in the role of hole-contacts (mainly Au) for PSCs is highly desirable, due to a potential significant lowering of the overall costs of production. At the same time, other advantages can derive from this substitution, such as an increase in device stability. In this regard, Aitola et al., reported on the use of presstransferred SWCNT films as top electrodes for direct architecture PSCs, through which a 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-spirobifluorene (Spiro-OMeTAD) HTM was infiltrated [72]. This carbonaceous hole-contact was demonstrated to overcome the intrinsic thermal instability of gold, which tends to migrate towards the perovskite layer at the high temperatures achieved during cell operation and causes a drastic drop in device performance (see Figure 1.11).


[image: Figure shows carbonaceous hole-contact to overcome the intrinsic thermal instability of gold, which tends to migrate towards the perovskite layer at the high temperature during cell operation and causes a drastic drop in device performance.]

Figure 1.11 (a) SEM cross-sections of PSCs containing a SWCNT hole-contact (top) and an Au hole-contact (bottom). (b) Stability to thermal stress of SWCNT and Au contacted PSCs over time. Adapted from reference [72] with permission of Wiley-VCH.



The complete substitution of both top and bottom electrodes based on, respectively, a metal and a TCO (this last one normally indium tin oxide - ITO - or fluorine doped tin oxide - FTO) with SWCNT films was proposed by Matsuo and coworkers [50]. The PSC structure was highly simplified, flexible and all solution processed, with the aim of addressing a reliable fabrication process for future device industrialization. As the authors indeed rightly underline, PCE is not the only factor to be considered when planning mass-production of PSCs: the overall costs of fabrication, including material and setup costs, and the time required for processing are equally, if not even more, important. Figure 1.12 reports details on device architecture, aspect and the roll-to-product procedure employed for PSC fabrication on a plastic substrate. It is worthy to mention that the two SWCNT electrodes sandwiching the cell are deposited through a spray method, which is extremely promising for up-scaling device production from individual solar cells to large-area modules [73].


[image: Figure reports details on device architecture, aspect and the roll-to-product procedure employed for PSC fabrication on a plastic substrate with SWCNT-based top and bottom electrodes.]

Figure 1.12 The PSC proposed by Matsuo and coworkers, with SWCNT-based top and bottom electrodes: (a) scheme of the p-i-n architecture; (b) photographs of the obtained flexible cell; (c) roll-to-product process schematic. Adapted with permission of the American Chemical Society from reference [50].





1.3.2.2 Carbon Nanostructure-Based Hole Transporting Materials for Perovskite Solar Cells

Spiro-OMeTAD molecule, already mentioned in the previous paragraph, is undoubtedly the benchmark HTM for PSCs: its ease of processing from solution and good wetting properties (particularly for the perovskite surface) makes it the common choice for researcher willing to test the performances of direct architecture devices. However Spiro-OMeTAD suffers from several limitations, including the high costs (currently around 300 €/g), the need for molecular doping with the additives t-butylpyridine and lithium bis(trifluoromethanesulfonyl)imide to enable effective hole collection and transport, and device instability (worsen by the hygroscopic nature of dopants) [74]. It is therefore of utmost interest to find novel HTMs able to function without the need of detrimental dopants, while guaranteeing at the same time protection of the photoactive layer, and to be cost-effective and processable through high-throughput and highly reproducible techniques for perspective industrialization.

The use of SWCNTs for this goal is again highly valuable and first examples reporting it date back to 2014 from the group of Snaith [75, 76]. SWCNTs were employed in combination with a semiconducting polymer, poly(3-hexylthiophene) (P3HT), that wraps around the CNSs and enhances the hole transfer process from the perovskite layer. This composite HTM was found to ensure a significant retardation in PSC thermal degradation in comparison to Spiro-OMeTAD [76], while being perfectly able to provide rapid hole extraction and transport [75].

Inspired by earlier works, we reported on the incorporation of p-methoxyphenyl functionalized SWCNT and RGO into P3HT matrices through a sedimentation-based separation (SDS) process, that allows the removal of the major CNS aggregates formed within the resulting blend in solution and furnishes well-dispersed composite mixtures to be spin-cast on top of the perovskite layer (see Figure 1.13) [77]. The role of CNS functionalization is pivotal, because pristine SWCNT and RGO cannot be effectively dispersed in the polymer solution (most of them precipitate as pellets).


[image: Figure shows the incorporation of p-methoxyphenyl functionalized SWCNT and RGO into P3HT matrices through a sedimentation-based separation (SDS) process to be used as HTMs for PSCs.]

Figure 1.13 Sedimentation-based separation process for the obtainment of aggregatesfree functionalized-CNS/P3HT composite blends to be used as HTMs for PSCs. Reproduced from reference [77] with permission of Wiley-VCH.



We actually proposed here a series of CNS/P3HT composite HTMs in which the polymer is “doped” with the carbon-based fillers, differently from what proposed by Snaith and coworkers, that presented HTMs constituted of SWCNT networks in which the polymer is a minor component. Such HTM indeed retain optimal filmability and the original P3HT hole-conducting character. A higher conductivity was measured for SWCNT-based blends with respect to those with RGO and pristine P3HT. Most importantly, CNS/P3HT blends provided overall higher PCEs and long term stabilities to PSCs compared to bare P3HT. Figure 1.14 reports the endurance tests run on PSCs based on composite HTMs containing different amounts of CNSs: as can be clearly seen, the P3HT blend containing 2 wt% SWCNTs provides a PCE profile which is stable in 480 hr and, more surprisingly, even slightly increasing. The 4 wt% RGO blend furnishes also a good stability over time, even if it seems to cause a little drop in PCE after 300 hr. The PCE trends are strictly related to the corresponding trends in photocurrent (Figure 1.14c, d), from which it is evident the increase over time for the SWCNT-based PSCs. This phenomenon might be related to a possible rearrangement of the CNT percolation network within the HTM during device operation.


[image: Figure shows PCE trends related to the corresponding trends in photocurrent, from which it is evident the increase over time for the SWCNT-based PSCs.]

Figure 1.14 PCE trends for PSCs based on (a) functionalized-SWCNT/P3HT and (b) functionalized-RGO/P3HT blend HTMs. (c) and (d) report the corresponding trends for JSc. Reproduced from reference [77] with permission of Wiley-VCH.



In a further stability test, run over an almost 4 months period, only the devices based on the 2 wt% SWCNT/P3HT HTM were still retaining PCEs around 9%, while P3HT-based PSCs resulted completely inactive. This demonstrates the superior ability of CNTs to guarantee a protection for the underlying perovskite layer towards environmental agents causing its instability (humidity, heat). Nevertheless, it is worthy to notice that the best performing SWCNT/P3HT blend was not the one containing the highest CNS content, but an intermediate one, in agreement with the already mentioned need of a trade-off between increasing conductivity and preventing internal shortcuts, which may arise at too-high CNT contents.

In a more recent work [78], we have shifted our attention towards functionalized-RGO/P3HT composite HTMs, with the aim of increasing the content of homogeneously dispersed RGO while at the same time avoiding the formation of aggregates, since in the previous work a direct correlation between RGO wt% and cell PCE was observed for this type of CNS. In this new work, our binary strategy involving chemical functionalization of RGO and SBS was used to feature on the CNS scaffold organic moieties specifically designed to establish tailored intermolecular interactions with the polymer chains, thus eventually ensuring a more homogeneous dispersion of single graphene flakes. To this goal, we have selected two categories of chemical functionalities, resembling on one side the structure of the P3HT backbone (thus thiophene-based) and on the other the lateral chains (thus alkyl-based), as depicted in Figure 1.15.


[image: Figure shows two categories of chemical functionalities, resembling on one side the structure of the P3HT backbone (thiophene-based) and on the other the lateral chains (alkyl-based) featuring the highest RGO wt%.]

Figure 1.15 Novel thienyl- and alkyl-functionalized RGO species studied for homogeneous dispersion within a P3HT HTM. Reproduced from reference [78] with permission of Wiley-VCH.



Following this strategy, we have been able to effectively increase the RGO content in P3HT blends submitted to the SBS process with respect to the previous amount obtained by employing an un-specific functionality (the anisole moiety, see Figure 1.13). We have then selected, among the five new blends, the two per type of functionalization (namely thienyl or alkyl type) featuring the highest RGO wt% to test them as HTMs in PSCs. These were, respectively, the ones containing bithienyl-functionalized RGO and hexyl-functionalized RGO (RGO-PhBiTh and RGO-PhOHex, see Figure 1.15). The results, obtained by running a statistical test over a significant number of devices, indicate the existence of a strong correlation between the type of chemical groups bound to RGO and the overall PCE and reproducibility of the solar cells. Figures 1.16a–b report the photovoltaic characterization of PSCs containing the two composite HTMs, a bare P3HT HTM and a Spiro-OMeTAD HTM. As can be clearly argued, devices containing RGO-PhBiTh@P3HT have lower average PCE and photocurrent than those containing RGO-PhOHex@P3HT and pristine P3HT.


[image: Figure shows photovoltaic characterization for PSCs containing the two composite HTMs, a bare P3HT HTM and a Spiro-OMeTAD HTM. Note that RGO-PhOHex flakes remain flat in the HTM film, whereas RGO-PhBiTh flakes appear to be corrugated.]

Figure 1.16 Photovoltaic characterization for PSCs based on functionalized-RGO@P3HT HTMs compared to pristine P3HT and Spiro-OMeTAD HTMs: (a) PCE and (b) JSC. SEM top views of the two composite HTMs deposited onto the perovskite layer: (c) RGO-PhOHex@P3HT and (d) RGO-PhBiTh@P3HT. Adapted from reference [78] with permission of Wiley-VCH.



The reason for the sub-optimal performance of a RGO/P3HT blend, which is supposed to function as the best HTM, being the one with the highest RGO content among those prepared, is found in the morphology adopted by the single RGO flakes within the polymer film. From  Figures 1.16c–d, it is possible to notice that, while the RGO-PhOHex flakes are able to arrange smoothly in the HTM film and remain almost flat, the RGO-PhBiTh flakes appear to be corrugated and tend to emerge significantly from the rest of the film. The crumpling of the RGO flakes in this last case is likely due to the presence of the bithiophene groups, which give rise to intra-molecular π-stacking interactions with the surface of the GBM. On the contrary, a functionalization with hexyl chains allows for the proper integration of the nanofiller in P3HT through the formation of hydrophobic “wax-type” interactions with the analogous lateral chains on the polymer. In this way, holes are extracted from the perovskite layer by the flat CNSs within the HTM, immediately transferred to the Au top electrode and from there into the external circuit, thus generating an effective photocurrent response. On the contrary, the crumpled flakes in the RGO-PhBiTh@P3HT HTM, by protruding significantly from the film surface (AFM confirmed the presence of protrusions with eights up to 1 µm), can act as recombination sites for charges, thus provoking local short-circuits and ultimately leading to diminished JSC. Even more strikingly, photovoltaic data reveal the good reproducibility of the solar cells containing RGO-PhOHex@P3HT with respect to all the other HTMs tested and particularly Spiro-OMeTAD, which yields at the same time devices with very high PCEs and others with very low efficiencies. Reproducibility is indeed a key requirement for the industrialization of a new technology and RGO-PhOHex@P3HT might be very promising in that sense, also considering its great potential to keep reproducibility on a large scale.

Pursuing the replacement of Spiro-OMeTAD HTMs with more stable and cost-effective alternatives, Di Carlo and coworkers proposed the use of pure RGO suspensions in isopropanol, directly spray-coated on top of the perovskite layer, as possible substitutes. They found a remarkable stability for the new cells in comparison to the Spiro-based ones, both in terms of standard shelf-life (1987 hr ISOS-D-1 endurance test) and of ISOS-L-2 Laboratory weathering light soaking conditions at 65 °C (for additional 120 hr), as reported in Figure 1.17.


[image: Figure shows remarkable stability trend for the new cells in comparison to the Spiro-based ones, both in terms of standard shelf-life (1987 hr ISOS-D-1 endurance test) and of ISOS-L-2 Laboratory weathering light soaking conditions at 65 °C.]

Figure 1.17 (a) Stability trends in PCEs (normalized values) for PSCs based on Spiro-OMeTAD and RGO HTMs. (b) ISOS-D-1 shelf life and ISOS-L-2 Laboratory weathering light soaking endurance tests for selected devices. Reproduced with permission of Elsevier from reference [79].





1.3.2.3 Carbon Nanostructure-Based Electron Transporting Layers for Perovskite Solar Cells

The integration of GBMs and fullerenes into ETLs for PSCs has been widely investigated. As for DSSCs, the use in combination with standard ETLs based on nc-TiO2 is a popular solution.

Agresti et al., reported fine-tuning of the perovskite/titania interface through the insertion of a lithium-neutralized GO species (GO-Li), while at the same time doping the mesoporous titania layer with exfoliated graphene flakes (see Figure 1.18), thus achieving solar cells with improved efficiencies and stabilities on both small- (0.1 cm2) and large-areas (50 cm2 solar modules) with respect to the use of the bare metal oxide ETL [80, 81]. The reason for the higher PCE was identified mainly in an increase of the electron collection efficiency and a better crystallinity, induced in the perovskite layer by the presence of the GO-Li interfacial modifier [82]. A similar behavior was previously observed also by Yang and coworkers, employing graphene quantum dots as interface modifiers between nc-TiO2 and the perovskite photoactive layer [83].


[image: Figure shows fine-tuning of the perovskite/titania interface through the insertion of a lithium-neutralized GO species (GO-Li), while at the same time doping the mesoporous titania layer with exfoliated graphene flake.]

Figure 1.18 Sketch of the layered structure of small-area direct architecture PSCs containing a GO-Li interfacial modifier between the perovskite and titania layers and exfoliated graphene flakes dispersed in mesoporous titania. Reproduced from reference [80] with permission of the American Chemical Society.



Particularly for the large-area modules, which are very promising prototypes for future PSC commercialization, the ISOS-D-1 shelf life aging protocol was once again applied to determine stability profiles. A picture of one of this module and the results of the standardized endurance test are reported in Figure 1.19. The test is carried out until the reference cell has reached 20% reduction of its initial PCE, following the ISOS standard protocol. From this investigation emerges that, while GO-Li interface modification combined with graphene-doping of the mesoporous titania layer provides initially the highest PCE among the four cases examined (12.6%), it does not anyway represent the best solution for stability, since it likely causes interface degradation during long operational times. At the same time, the presence of graphene flakes inside the ETL stands out as a good solution to mitigate degradation at the perovskite/TiO2 interface.


[image: Figure shows large-area modules and the results of the standardized endurance test that is carried out until the reference cell has reached 20% reduction of its initial PCE, following the ISOS standard protocol.]

Figure 1.19 (a) Picture of a prototypical large-area perovskite solar module (50 cm2 active area) and (b) normalized PCE trends over time for the three modules containing GBMs within the ETL and for the reference modulus based on a standard titania ETL. Adapted from reference [80] with permission of the American Chemical Society.



All along the previous discussion we have never reported on cases regarding inverted PSCs. These devices show generally lower VOC than the direct ones, due to the lower differences in work function between the two opposite electrode contacts (Al is normally used here instead of Au or Ag, see Figure 1.2) and of the less effective materials employed as HTM and ETL (usually PEDOT:PSS, or similar conductive polymers, and fullerene derivatives, respectively; vide infra for a thorough discussion on fullerene ETLs in PSCs). Notwithstanding this, inverted devices hold great promises to ensure cheaper production costs than their direct counterparts, since they do not require the use of metal oxides treated at high-temperatures for proper activation, which also cause device instability towards prolonged UV-irradiation. At the same time, this architecture can ensure the realization of cells on plastic substrates, since it employs components that do not require post-deposition high-temperature annealing processing, thus paving the way to flexible, printable, light-weight and high-throughput PSCs.

Kymakis and coworkers reported on efficiency and stability improvements in an inverted PSC through the insertion of RGO flakes within a fullerene-based ETL [84]. This last one in particular employed phenyl-C61-butyric acid methyl ester (PCBM), which is the most popular soluble derivative of C60, widely used in BHJ OPV as the benchmark electron acceptor component. All component layers within these devices were processed at room temperature and then treated (when required) at temperatures below 120 °C. The presence of RGO in the ETL caused a general increase of JSC due to improved conductivity and charge extraction from the perovskite. At the same time, RGO ensured to the PSCs an improved stability under continuous illumination at ambient conditions (50% RH) with respect to PSC containing PCBM-only ETLs. In fact, PCBM-based devices were completely degraded after 50 hr of such an ageing treatment, whereas those containing the RGO-PCBM composite ETL lost 45% of the initial PCE after 120 hr.

Having introduced the new role for fullerenes, as ETLs in PSCs, we will now discuss the reasons behind their use, the related advantages and drawbacks and a few examples from the literature that illustrate their potential. For our recent review on the topic we have chosen the title “The renaissance of fullerenes with perovskite solar cells” [85], to highlight the regain in popularity of these molecules in the last 4 years, following a general decrease of their use in OPV and the concurrent rise of the so-called “non-fullerene acceptors” as competitors (see Figure 1.20, depicting both the trends in fullerenes use in OPV and PSCs and the timeline of milestones characterizing their integration in PSCs).


[image: Figure shows a report of rising trend on fullerenes use in PSCs compared to the analogous use in OPV and to the use of non-fullerene acceptors in OPV over the years.]

Figure 1.20 (a) Trends in published papers reporting on fullerenes use in PSCs compared to the analogous use in OPV (OSC = organic solar cells) and to the use of non-fullerene acceptors in OPV. The trend for fullerene/PSCs shows the same steep growth of publications on PSCs (data referring to September 2017). (b) The timeline of fullerenes integration in PSCs. Adapted with permission of Elsevier from reference [85].



The interest for fullerene-based ETLs in PSCs has risen after the demonstration of their as yet encompassed ability to reduce electrical hysteresis in these devices [86–88]. This outstanding property, which ensures a better stability to the devices, is likely related to their peculiar shape, coupled to the good electrical conductivity: the molecules are somehow able to fill trap states present onto the perovskite surface and to block from there deleterious ion migrations happening within the photoactive crystal during cell operational activity. Nowadays the use of a thin fullerene layer to ensure reduction of electrical hysteresis has become an almost standard procedure in PSC research. In addition, when the perovskite layer(b) Photovoltaic performance of PSCs based on Sil-C60 SAM and spin-coated C60 ETLs. (c) Stability to UV exposure of PSCs based on Sil-C60 SAM, spin-coated C60 and compact TiO2 ETLs. Adapted from reference [93] with permission of the Royal Society of Chemistry. is formed onto a pre-existing fullerene-based ETL, a beneficial effect on crystal morphology is sometime exerted, since perovskite grains grow bigger there than on top of titania or similar ETLs, due to the hydrophobic nature of buckyballs.

When considering the two types (direct and inverted) of PSC configurations, issues related to fullerene ETLs processing emerge. While the insertion of a fullerene ETL within inverted architectures is relatively straightforward, being the ETL deposition only followed by the evaporation of the metal top-contact, difficulties emerge for direct architectures. In these cases indeed the ETL is processed before the perovskite deposition, which involves the use of solvents such as DMF or DMSO. Usually, the term solvent orthogonality is employed to describe a solvent- resistance property of a given layer within a multi-layer structure. Unfortunately, layers of fullerene molecules, such as C60 or PCBM, are not orthogonal to DMF or DMSO, even if they are deposited from toluene or chlorobenzene or are evaporated. Therefore, when they are used in direct architectures as the sole ETL, or as thin films on top of a nc-TiO2 ETL, they can suffer from partial dissolution during perovskite deposition. To overcome this limitation, researchers have developed strategies to obtain highly insoluble fullerene layers, for example through a cross-linking (thermal or chemical) process following fullerene deposition [89–91], or by anchoring the molecules to the underlying layer (titania or even directly the TCO) [87, 92].

In this context, we have reported on the preparation of fullerene-based self-assembled monolayers (SAMs) onto a properly activated FTO [93]. We have recurred to the well-know techniques used for the coating of glasses with siloxane molecules, employing a siloxane-functionalized C60 derivative (Sil-C60) and thus generating the desired SAM (Sil-C60 SAM, see Figure 1.21 for a sketch of the process).
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Figure 1.21 (a) Surface functionalization of FTO with Sil-C60 to yield a Sil-C60 SAM.



A consistent demonstration of the actual formation of a SAM, and not of a multi-layer structure, was achieved through the combination of impedance spectroscopy and computational data, indicating a thickness of around 1.5 nm for such a layer. Sil-C60 SAM was then used without further modifications as the ETL for direct architecture PSCs, comparing its activity with that of a 100 nm compact titania ETL and of a 20 nm spin-coated C60 ETL. Tests on solvent orthogonality with hot DMF, executed on both the Sil-C60 SAM and bare C60 through wettability measurements, proved the stability of the robust covalent bond between Sil-C60 and the TCO. Indeed a high water contact angle value is obtained both before and after the treatment with the anchored fullerenes, while the pristine C60 ETL undergoes a considerable increase in water wettability after immersion in hot DMF, thus indicating partial dissolution of the fullerene layer. An interesting direct correlation was found between the size of the perovskite grains and the water contact angle of the substrates onto which they were grown, specifically bare-FTO, compact TiO2 and Sil-C60 SAM, with this last one driving the formation of the biggest grains. A comparison of the photovoltaic performances of PSCs containing the titania, spin-coated C60 and Sil-C60 SAM ETLs demonstrated the significantly diminished electrical hysteretic behavior of the two fullerene containing devices with respect to those containing the inorganic ETL, as was expected (not shown here). In addition, statistical data taken for a consistent number of PSCs for the two types of fullerene ETLs, indicated an almost similar behavior, with an average value slightly higher for the devices containing the Sil-C60 SAM (see Figure 1.21b). This result is particularly surprising when considering that a 1.5 nm thick engineered fullerene ETL is able to perform similarly to a 20 nm thick layer, meaning that a significant reduction of material consumption and the possibility to process the ETL with a technique suitable for larger scales are prospected. Finally, Figure 1.21c reports the results of a stability test to prolonged UV exposure carried out on PSCs containing the fullerene-based and titania-based ETLs, indicating the superior resistance to UV irradiation of the former compared to the latter.



1.3.2.4 Carbon Nanostructures Integrated Within the Photoactive Layer of Perovskite Solar Cells

The incorporation of CNSs within the perovskite photoactive layer can represent a valid solution to improve device performance but also to simplify device structure, as we will discuss later in this paragraph.

Hagfeldt and collaborators reported on the insertion of nitrogen-doped RGO (N-RGO) within the perovskite layer to exert a better control on crystal morphology and to passivate surface defects at grain boundaries [94]. The process to produce the composite active layer proceeded through the dispersion of N-RGO flakes within the Pb-based perovskite precursor solution composed of mixed cations (formamidinium and methylammonium) and halides (I, Br), which was then spin-coated on a mesoporous TiO2 ETL. The perovskite/N-RGO film was on average constituted by larger grains compared to the pure perovskite film and the reason was found in the fact that N-RGO suppress nucleation of crystals, thus prompting the whole crystallization process to take place around the few existing nuclei. Composite crystallization was indeed proved to proceed more slowly than that of the pristine perovskite, since the material has to arrange around a smaller number of nucleation sites (see Figure 1.22).
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Figure 1.22 (a) Pictures taken at different times during the perovskite crystallization process for the control sample (top, only perovskite) and for the perovskite/N-RGO composite (bottom). SEM top-view images of (b) perovskite control sample and (c) perovskite/N-RGO composite sample. Adapted from reference [94] with permission of Wiley-VCH.



The formation of such big crystals (see Figure 1.22), with some larger than 800 nm, resulted in PCE improvement through higher fill-factor (FF) and JSC values. At the same time, also an increase of VOC was measured for the cells containing N-RGO with respect to the references. This was ascribed to surface-passivation at the perovskite grain boundaries by means of the GBM sheets, causing an improved selectivity for hole extraction and reducing charge recombination at the perovskite/HTM (in this case Spiro-OMeTAD) interface.

In a similar contribution, Fang et al., described passivation of perovskite grain boundaries through the use of graphene quantum dots [95]. In this way they achieved improved device performance with respect to a reference based on not-passivated perovskite crystals. Indeed graphene quantum dots were demonstrated, through a combination of impedance spectroscopy and photoluminescence decay measurements, to be able to fill trap states located at the perovskite grain boundaries, thus mediating the transfer of photogenerated electrons from one crystal to the next one and consequently diminishing charge recombination events (see Figure 1.23 for a sketch of the process). Moreover, surface passivation with carbonaceous species can represent a valid tool to get rid of electrical hysteresis, as was demonstrated by Lamberti et al., through the use of particular perovskite nanocrystals containing nanometric graphene-like structures, growth during the laser ablation production process in an organic solvent [96].
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Figure 1.23 (a) Schematic representation of a PSCs with graphene dots passivating the perovskite grain boundaries within the photoactive layer. (b) Pictorial representation of the beneficial effect of graphene quantum dots in reducing electron recombination at grain boundaries. Reproduced from reference [95] with permission of the PCCP Owner Societies.



The group of Delgado has been very active in the last few years in pursuing the development of ETL-free PSCs, paving the way to the future elimination of the most energy (and consequently cost) demanding process among those required for PSC fabrication, that is indeed the preparation of good titania-based ETLs. To this goal, thorough investigations have been carried out on perovskite/fullerene blends, able to act both as the photoactive layer and as the ETL. These are then directly deposited on top of the TCO, followed by HTM and top metal electrode capping [97–99]. The first reported blend for this scope contained C70, a fullerene derivative characterized by a slightly lower electron mobility with respect to C60 but with a more interesting light-absorption profile in the visible region [97]. By employing this composite, Delgado and coworkers produced pinhole-free perovskite films on FTO, differently from what happens when a pristine perovskite is deposited directly on FTO and similarly to the case in which a TiO2 layer underlies the active layer (see Figure 1.23 for detailed SEM images).

Morphological analysis was then demonstrated to match perfectly with photovoltaic data, with the ETL-free PSC based on FTO/perovskite-C70/Spiro-OMeTAD/Au being able to compete with a classical FTO/titania/perovskite/Spiro-OMeTAD/Au architecture. In addition, an improved photostability for the un-encapsulated perovskite-C70 based devices was measured with respect to those containing the TiO2 ETL. This brings the attention once again to the emerging role of fullerenes as robust ETLs, able to mitigate photo-degradation of PSCs.

In a more recent contribution, perovskite blends with functionalized C60 derivatives bearing strongly electron withdrawing groups, as reported in Figure 1.25 (IS-1, IS-2, PI-1, PI-2), were tested in ETL-free PSCs [98]. The effect of the electron accepting groups was compared to that of standard functionalities such as those on PCBM and on another methano[60] fullerenes derivative bearing long alkyl chains (DPM-6, Figure 1.25).
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Figure 1.24 SEM top-views of (a) a perovskite/C70 blend deposited on FTO, (b) pristine perovskite deposited on FTO and (c) pristine perovskite deposited on TiO2. The insets show details of grain boundaries within the films. Reproduced from reference [97] with permission of Wiley-VCH.




[image: Figure shows how perovskite blends with functionalized C 60 derivatives bearing strongly electron withdrawing groups (IS-1, IS-2, PI-1, PI-2), and two methano [60] fullerenes tested in ETL-free PSCs.]

Figure 1.25 Structures of the electron accepting fullerene derivatives (four top structures) and of the two methano [60] fullerenes (bottom two structures) tested in ETL-free PSCs based on perovskite/fullerene blends active layers by Delgado and coworkers. Reproduced with permission of Wiley-VCH from reference [98].



With one of these novel derivatives, namely IS-2, used in blend with the perovskite in an ETL-free PSC, a significant improvement in PCE was measured with respect to the use of well-known species like PCBM or DPM-6, suggesting that further molecular engineering of the fullerene structure might allow to reach even better results.





1.4 Conclusions and Outlook

In this Chapter we have attempted to provide a frame of reference encompassing the major directions followed by researchers all over the world to address current open issues related to HPV, which can be overcome through the use of CNSs. These nanomaterials are known since a few decades (chronologically, first came fullerenes discovery, followed by CNTs and then GBMs) and are still at the center of many different investigations, not only in the field of renewable energy and optoelectronics, but also in biomedicine, robotics, separation science and many other scientific areas. As we have stressed repeatedly within the text, the interest in CNSs is mainly driven by their outstanding electrical/thermal conductivities, high aspect ratios and mechanical robustness. In addition, the possibility to engineer their structures through the use of chemical approaches, including covalent and non-covalent functionalization, dispersion within matrices and surface decoration with other nanomaterials, makes them even more versatile platforms for new functionalities or components with possible synergistic effects.

We hope to have been able to transfer to the reader a clear message that highlights the sometimes incomparable ability of CNSs to tackle with major drawbacks hindering further improvements in HPV device performance. The role of fullerenes in reducing electrical hysteresis in PSCs is undoubtedly the most relevant case, making the inclusion of these molecules in the ETL nowadays almost a benchmark process to fabricate electrically well-functioning devices. At the same time, the need for novel cost-effective, environmentally friendly and light-weight components for both DSSCs and PSCs continue to stimulate researchers in adapting CNSs to different scopes, from new electrode solutions, to HTMs and even defect passivating additives.

While being so promising, the use of CNSs is also challenging, since it requires to gain a good level of control on nanomorphology, through the testing of many different conditions and quantities. We have indeed shown in many cases how tuning the content of CNSs within a composite is essential to achieve the best results, since loadings even slightly exceeding the optimal threshold can lead to drastic performance worsening, due to the generation of side-effects such as electrical shortcuts.

Scientists are today provided with a plethora of experimental techniques for the characterization of materials and devices and a thorough analysis of newly proposed solutions is always a good starting point to understand the main innovation behind a work as well as to ensure further progresses in the field. Solar cells characterization, for example, is increasingly demanding, with strict requirements to furnish data over a statistically relevant amount of samples instead of reporting, as it was often done before, on one single, best performing case. This is particularly true when willing to address future commercial solutions. In this framework, scientists working on CNSs integration within next-generation, ultra-cheap PV technologies should be perfectly aware of the need to provide solid data to the public, meanwhile remaining conscious of the fact that, for particularly promising developed solutions, it might be better to previously ensure the correct protection of intellectual properties. HPV is indeed a highly dynamic and continuously growing sector of investigation, with huge opportunities to find a particular solution that might significantly change the overall scenario.
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Abstract

Dye-sensitized solar cells (DSSCs) are considered as prospective solar cells for the next generation of photovoltaic technologies. In comparison with other solar energy conversion devices, DSSCs offer facile preparation, low cost, environmental friendliness and high tunability of their constituting components. Since its discovery back in 1991 by O’Regan and Gratzel, the seamless design of a DSSCs has been the focus of tremendous research efforts in the last two decades, yielding a certified record efficiency of 11.9%. Although other emerging photovoltaic technologies have raised as true competitors of DSSCs, with perovskite solar cells rapidly surpassing a 20% efficiency, the intelligent optimization of each of the DSSC components still gives way to significantly improve the device performance along with its stability. In this chapter, we showcase the original DSSC setups, the most successful attempts in obtaining increased performances, and the new avenues and future prospects to boost this fascinating photovoltaic technology towards the desired goal of commercialization.
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2.1 Introduction

In the present century, energy demand is increasing dramatically as the human society develops [1, 2]. Fossil fuels, such as crude oil, coal or natural gas, are the major source of energy used to satisfy our current needs. However, this non-renewable resource is regarded to be rapidly diminishing, which has been translated into an increasing raise of the domestic oil prices [3].

Solar energy is an environmental-friendly alternative with unlimited potential to tackle the energy problem [4]. The abundant, clean and renewable nature of solar energy is expected to reduce our current fossil fuel dependence, improve the air quality, and impact positively in the economic growth [5]. Photovoltaics (PVs) have already demonstrated the potential to solving the problem of climate change [6, 7]. In fact, the present global energy demands would be satisfied by covering only 0.1% of the Earth’s surface with solar cells of a 10% efficiency.

Solar cells are the photovoltaic devices used to convert solar energy into electricity, and can be classified according to three generations [8, 9]. In the first-generation (1G), the production of PV devices is governed by single-junction solar cells based on silicon wafers, including single crystalline silicon (Si) and multi-crystalline Si. These devices typically exhibit power conversion efficiencies (PCEs) in the range of 15–20% [10, 11]. 1G solar cells are the most commercialized PV devices present in the market, and are those commonly seen on rooftops. The benefits of this PV technology lie in their good performance and high stability; however, they are rigid and require a lot of energy to be produced.

The second generation (2G) solar cells are based on amorphous silicon, copper indium gallium selenide (CIGS) or cadmium telluride (CdTe) [12, 13]. Typical performances of these solar cells range 10–15%, and have already shown great success in photovoltaics due to their efficient solar light absorption. Currently, solar cells based on a 2G PV technology are able to significantly reduce the production cost by fabricating thinner films and low-cost substrates. However, a large energy consumption is still associated with these 2G solar cells as their production require vacuum processes and high temperature treatments. Furthermore, they are based on scarce elements, thus constituting a limiting factor in the price.

Finally, third generation (3G) solar cells are photovoltaic devices that can potentially overcome the Shockley-Queisser limit of 31–41% power efficiency for single bandgap solar cells. These 3G solar cells are able to exceed the limits of single-junction devices, leading to ultra-high efficiency and dropping the cost per watt ratio [14]. Despite the great effort devoted to the development of 3G PV technologies, scientists are still facing relatively low efficiencies. Novel nanostructured devices have bloomed in the last decades to circumvent this limitation and advance towards a new economy and a sustainable future based on solar energy. These emerging 3G photovoltaics include copper zinc tin sulfide/selenide solar cells (CZTS, CZTSe and CZTSSe), dye-sensitized solar cells, organic solar cells, quantum-dot solar cell and the recently popular perovskite solar cells.

The development of dye-sensitized solar cells (DSSCs) in the 1990s opened up a new horizon for the photovoltaics [15], and rapidly launched solar energy technology into the third-generation era. In analogy to the photosynthetic process in plants, where chlorophyll absorbs photons but does not participate in the charge transport, the photosensitizer and the charge carrier are implemented by different components in a DSSC. This is in contrast to conventional photovoltaic cells, where a semiconductor offers both functions.

Although DSSCs still show lower efficiencies than traditional silicon cells, these 3G devices offer several advantages over their competitors, such as facile preparation, low-cost production and environmental friendliness [14]. Moreover, DSSCs usually provide enhanced performance under real outdoor conditions, bifacial cells can capture light from all angles, and lower standards for material purity are required (vacuum and high temperature treatment are no longer needed). Importantly, the improvement of DSSCs efficiency is correlated with the optimization of each component of the cell, including the four key parts we review in this chapter: the sensitizer, the photoanode, the electrolyte and the counter electrode.

Since the first reported DSSC with a modest conversion efficiency of ca. 7% [15], research efforts have been devoted to constantly increasing DSSC PCEs (Figure 2.1) and improve their long-term stability in order to achieve the desired goal of commercialization. Areas of interest include the exploitation of versatile sensitizers with strong visible-light harvesting ability, the construction of nanostructured semiconductor photoanodes with effective architectures for high dye-loading and fast electron transport, the utilization of redox electrolytes with useful compositions for efficient hole transport, the optimization of the platinum (Pt) counter electrode as well as the development of lower cost counter electrode alternatives [16, 17].


[image: Figure shows modest conversion efficiencies of best research solar cells worldwide with constant increasing DSSC PCEs in order to achieve the desired goal of commercialization.]

Figure 2.1 Conversion efficiencies of best research solar cells worldwide for various photovoltaic technologies since 1976 by National Renewable Energy Laboratory. Reprinted with permission of the National Renewable Energy Laboratory.



After several attempts, a record power conversion efficiency of 12.3% for liquid-electrolyte DSSCs was obtained in 2011 by using a zinc porphyrin dye co-sensitized with another organic dye, and a cobalt (Co)-complex-based redox electrolyte at AM 1.5 global full sun [18]. Only recently, Kakiage et al., claimed an efficiency of 14.3% reported in a co-sensitized DSSC with a carbazole/alkoxysilyl-anchor dye and a triphenylamine/carboxy-anchor chromophore [19]. However, in 2012, a new milestone for solid-state mesoscopic TiO2 solar cells sensitized with lead halide perovskite emerged, yielding a PCE of more than 15%. This value has constantly increased over the last years (Figure 2.1), recently reaching a world record of 27.3% for a perovskite-silicon tandem solar cell [20]. Perovskite cells stand as the most prolific emerging photovoltaic technology nowadays, and have recently reached its commercialization [21]. Will dye-sensitized solar cells fall into oblivion after the emergence of this strong competitor? Only time will tell.



2.2 Operational Mechanism

A dye-sensitized solar cell is constituted by the following components: (i) a photosensitizer or photo-sensitive dye, (ii) a photoanode usually made of a mesoporous oxide layer over a glass substrate with a transparent conducting oxide (TCO) layer, (iiii) an electrolyte needed for dye regeneration, and (iv) a counter electrode mainly coated with platinum (Figure 2.2a) [15, 22]. In a DSSC, the porous oxide (commonly titanium dioxide, or TiO2) is usually screen printed as a film on top of the TCO, and then sintered at high temperature for increasing the contact between the semiconductor nanoparticles and the TCO layer. After that, a thin layer of the chromophore absorbed on the oxide surface is generated by dipping the photo-electrode into the dye solution. The electrolyte is formed by a redox system that mediates the regeneration of the dye through electron transfer from the counter electrode. In most common DSSCs, this redox couple is constituted by an iodide/triiodide (I–/I3–) solution. Importantly, the four key components of a DSSC have mutual dependence in the device, and a small change in one of them (size of the oxide particle, thickness of the film or nature of the chromophore) impacts dramatically in the final performance of the device [6].


[image: Figure shows two illustrations; (a) dye-sensitized solar cell constituted of a photosensitizer, photoanode, an electrolyte, and a counter electrode; (b) operational mechanism of a DSSC.]

Figure 2.2 (a) Schematics of a typical TiO2-based dye-sensitized solar cell with a liquid triiodide/iodide electrolyte. (b) Energy level diagram of the operational principles in a DSSC. The required steps for the generation of photocurrent and the possible recombination processes are indicated with green full and purple dashed arrows, respectively.



The operational mechanism of a DSSC starts when the device is exposed to light: [23] the sensitizer absorbs light and is promoted from the ground state to a high-energy excited state (process 1 in Figure 2.2b). In a molecular orbital representation, we can describe the dye excitation as an electron promotion from the highest-occupied molecular orbital (HOMO) to the lowest-unoccupied molecular orbital (LUMO). After excitation, the electron is injected from the dye to the conduction band (CB) of the mesoporous semiconductor towards the photoanode, thus leading to the oxidation of the chromophore (process 2, Figure 2.2b). For example, in a TiO2-based device:



[image: ]


where S, S* and S+ denote the sensitizer in its ground, excited and oxidized state, respectively, hn is the absorbed light and eCB– is the electron injected into the CB of the semiconductor.

The electron current accumulated in the photoanode is transferred from the external circuit to the redox couple thanks to the counter electrode (process 3). The redox couple finally mediates the electron transfer to regenerate the oxidized dye into its original ground state (process 4), therefore completing the circuit (Figure 2.2b). In a DSSC containing the typical iodide/triiodide redox couple: [24]
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Overall, the electron transfer process in a DSSC is regenerative, and thus the net charge on the device is zero. However, the efficiency of a DSSC dramatically depends on the proper alignment of the following four energy level: the excited state and the ground state of the photosensitizer, the Fermi level of the semiconductor in the photoanode, and the redox potential of the redox mediator in the electrolyte [25].

It is important to note that, besides the electron density generated after injection of electrons from the excited dye to the CB of the semiconductor, the reduction of the dye promoted by reverse electron donation from the CB to the chromophore is also possible (process 6 in Figure 2.2b). This phenomenon provides one of the most undesirable side mechanisms that significantly decreases the photovoltaic performance in a DSSC device. Similarly, charge carriers injected into the CB can also interact with the redox couple if located nearby (process 7), or some non-radiative deexcitations in the sensitizer can occur (process 8), all of these thus limiting the final cell performance. A great portion of the research on DSSCs has therefore been focused in suppressing as much as possible recombination processes 6–8 (Figure 2.2b) [26].

The current-voltage (J–V) characteristic curve of a DSSC is the relationship between the output current and voltage of the device under standard full spectrum irradiation, and is used to determine the photovoltaic parameters of any solar cell. The overall power conversion efficiency (PCE or η) of a DSSC is calculated by the following expression: [27]
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where Imp and Vmp are the photocurrent and photovoltage, respectively, of the maximum output power (Pmax) at the inflection point of the J–V curve (Figure 2.3). Pin is the power density of the incident light, and A is the active surface area of the cell. VOC is the open circuit voltage, i.e. the difference of electrical potential between the two terminals of the device when disconnected from any circuit. In terms of energy levels, VOC is defined as the potential difference between the redox potential of the electrolyte and the Fermi level of the semiconductor conduction band [28]. JSC is the short-circuit current, i.e. the current through the solar cell when the voltage across the solar cell is zero (short circuited). JSC term accounts for the generation and collection of light-generated carriers, and thus its value depends on the sensitizer absorption coefficient and the interaction between semiconductor and sensitizer [29]. In the J–V curve, the VOC and JSC are the intercepts in the x-axis and y-axis, respectively. JSC can also be calculated by integrating the so-called incident-photon-to-current conversion efficiency (IPCE) spectrum. The IPCE (also known as the external quantum efficiency, or EQE) is defined as the number of electrons flowing through the external circuit, divided by the number of incident photons. IPCE can therefore be calculated by the following equation:


[image: Graph shows an overall power conversion efficiency (PCE or η) of a DSSC of the maximum output power (P max) at the inflection point of the J-V curve.]

Figure 2.3 Characteristic J–V curve for a DSSC.
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where [image: ] is the short-circuit photocurrent density generated under monochromatic light illumination, λ and I are the wavelength and intensity of the monochromatic light, respectively, h is the Plank constant, and e and c are the elementary charge and the speed of light in vacuum, respectively.

Finally, FF or fill factor is the ratio of maximum power output (Pmax) of the cell with respect to the theoretical maximum power, i.e. the product of JSC and VOC: [30]



[image: ]


The value of FF ranges from 0 to 1 and is limited by different types of resistances, i.e., the sheet resistance of counter electrode and photoanode, the charge-transfer resistance of the counter electrode, and the total series resistance of the device [30]. A high FF value means a more preferable rectangular shape of the J–V curve and, therefore, a high efficiency for the cell (Figure 2.3).



2.3 Sensitizer

The photosensitizer (chromophore or dye) is aimed at absorbing and converting the solar energy into electrical energy, and is chemically bound to the semiconductor (usually TiO2 nanoparticles). Several requirements have to be met by the chromophore to be considered as an efficient photosensitizer: (i) be able to absorb light in a wide range of the UV-Vis spectrum, (ii) anchor strongly onto the semiconductor surface, (iii) have a good level matching between its LUMO and the conduction band of the semiconductor, (iv) have a slightly lower HOMO energy compared to the redox potential of the electrolyte, and (v) provide enough stability for applicability. Importantly, the molecular structure of the dye is key to absorb light in a wide range of the solar spectrum, and thus directly impacts on the performance of the device [16]. The most used sensitizers in DSSCs can be classified attending to their nature into: ruthenium (Ru)-based complexes, metal-free organic sensitizers, natural sensitizers, porphyrin dyes, quantum dots and perovskites.


2.3.1 Ruthenium-Based Dyes

Since 1993, N3 dye is the standard model as an efficient charge-transfer sensitizer of TiO2-based DSSCs (Figure 2.4). This Ru(II)-based chromophore was discovered by Nazeeruddin et al., reporting a conversion efficiency from solar energy to electrical energy up to 10% under simulated AM 1.5 solar illumination [31]. The N3 chromophore shows an absorption band that covers from the visible to the near-infrared region. Moreover, it provides an efficient photoexcited electron injection into the semiconductor layer via strong anchoring carboxylate groups. A carboxylated terpyridyl complex of tris-thiocyanato Ru(II), so-called the “black” dye, has also shown outstanding properties as a charge-transfer sensitizer, with a certified efficiency of 10.4% in a DSSC [32].


[image: Figure depicts how N3 dye is the standard model as an efficient charge-transfer sensitizer of TiO2-based DSSCs.]

Figure 2.4 Representative ruthenium-based complex used as dyes for DSSCs.



In 2005, Nazeeruddin et al., demonstrated that changing the protonation of the acid groups in N3 led to a significant improvement of the dye structure, translated into an enhanced device performance [33]. The authors reported dye N719 (Figure 2.4), which has the same structure as N3 but possessing TBA+ (tetrabutyl ammonium) instead of H+ at two carboxyl groups, leading to the most successful dye for DSSCs, with conversion efficiencies up to 11.2% [34, 35].

Numerous recent reports still focus on the engineering of Ru(II)-based chromophores with different organic ligands in order to improve device efficiency and stability [36]. Strategies such as replacing the thiocyanate ligands by other anions [37], incorporating functionalized ancillary [38, 39], or changing carboxylate and phosphonate groups by hydroxamate [40], have been reported. Although ruthenium-based complexes provide a relatively high efficiency and stability, they still present several drawbacks associated with high production cost, tedious synthesis and long purification steps. Moreover, the efficiency of Ru(II)-based DSSCs has remained stagnant over the past ten years [41]. The relatively low molar extinction coefficients of Ru(II)-based dyes and the high cost of the metal have motivated the research into new types of sensitizers.



2.3.2 Organic Dyes

The interest in organic sensitizers has exponentially grown since 2000. Thenceforth, reports with improved efficiencies going from 4% to 9% have been reported for DSSCs based on organic dyes [42, 43]. The main advantage associated with organic dyes lies in the ease for structural modifications. In addition, organic sensitizers usually show considerably higher extinction coefficients compared to Ru-based complexes, are generally cheaper and environmentally friendlier.

Several organic dyes have been developed in the last decade with unique structural motifs. One of the most successful attempts in designing organic dyes for efficient DSSCs was reported by Yella et al., [18] which showed in 2011 a path for the development of a high efficient porphyrin-based dye. We will explore the recent advances of porphyrin-based dyes in a separate section.

The general design of a metal-free organic sensitizer is a donor-acceptor architecture, where the electroactive moieties are separated by a π-conjugated bridge (D-π-A). In this architecture, the electron is transferred from the donor to the acceptor through the π-bridge to finally reach the semiconductor (Figure 2.5). The absorption properties of the sensitizer depend on the electron-donating and electron-accepting ability of donor and acceptor moieties, respectively, as well as on the electronic characteristics of the π-conjugated bridge. Nowadays, the π-conjugated bridge in most organic sensitizers is based on oligoene, coumarin, oligothiophene, fluorene, or phenoxazine derivatives [44]. Dialkyl amine or diphenylamine moieties have been extensively utilized as donor moieties, as well as other electron-rich components as TTF and π-extended TTF derivatives [45–51]. In the D-π-A concept, the sensitizer is linked to the semiconductor (usually TiO2 nanoparticles) via the acceptor part of the dye molecule. Therefore, carboxylic acid, cyanoacrylic acid or rhodanine-3-acetic acid moieties that strongly anchor onto the semiconductor surface have been widely employed as acceptors [52, 53]. Novel photosensitizers such as coumarin [54], merocyanine [55], cyanine [56], indoline, hemicyanine [57], triphenylamine [58], or dialkylaniline-based dyes [59], among others, have achieved power conversion efficiencies up to 5–9%. Yum et al., reported in 2012 the most efficient metal-free organic dye reported up to date, namely Y123 (Figure 2.6), which exhibited a PCE of 10.3% in combination with a cobalt redox shuttle [60]. In order to increase the donor strength of Y123, Do et al., incorporated a planarized donor that extended the spectral response of the sensitizer [61]. The resulting JK98 dye (Figure 2.6) possessing a triazole moiety led however to a PCE of 8.71%. A slightly lower efficiency of 6.02% was reported by Tian et al., for the S4 dye (Figure 2.6), which contained an additional carbazole moiety at the periphery of the donor group [62]. This additional moiety was shown however to facilitate charge separation, leading to a decrease in the semiconductor-dye recombination mechanism.


[image: Figure shows a donor-acceptor architecture, wherein the electron is transferred from the donor to the acceptor through the p-bridge to finally reach the semiconductor.]

Figure 2.5 Components of a donor-acceptor chromophore linked to a TiO2 semiconductor showing the electron-transfer process from the dye to the semiconductor.




[image: Figure shows high-performing Ru-free organic dyes including Y123, JK98, and S4 dye for DSSCs namely Y123 dye for DSSCs.]

Figure 2.6 Representative high-performing Ru-free organic dyes for DSSCs.



In spite of the great success of these chromophores to build efficient DSSCs, the organic dyes have several disadvantages needed to be taken into account: (i) strong π-stacked aggregates between D-π-A molecules, which provoke a reduction in the electron-injection yield from the dye to the semiconductor, (ii) weak absorption bands in the UV-Vis spectrum, which leads to a poor light absorption harvesting, (iii) low stability of the sensitizers at working condictions, (iv) long and tedious purification processes, and (v) toxicity of the dye or its by-products, which may act as environmental contaminants [45].

Several intelligent designs for organic dyes have been recently developed to overcome some of these drawbacks, permitting to understand key structure-property relationships and allowing to achieve high power conversion efficiencies in the device. For example, D-A-π-A and D-D-π-A organic dyes have recently been developed by inserting a subordinate acceptor/donor to facilitate electron migration, inhibit dye aggregation and improve photostability [63–66].

On the other hand, the dianchor architecture is a provocative and emerging alternative to generate dyes with improved functionalities [67]. These structures are able to enhance light-harvesting compared to single-anchoring congeners due to enhanced π-conjugation and the more effective binding onto the semiconductor surface [68]. Moreover, most of these structures are prone to reduce self-aggregation due to the presence of bulky molecular groups, while preventing electrolyte-semiconductor recombination mechanisms.

Two major classes of dianchoring dyes can be attained by considering a flexible geometry or a fixed geometry [67]. The flexible geometry design has several sub-classes attending the different connections between donor and acceptor moieties through π- or σ-units. Likewise, the fixed geometry design is divided into two sub-classes, comprising two π-acceptor units linked by a single donor, or two D-π-A segments interconnected by a saturated carbon into a spiro linkage. For instance, Wong et al., reported a series of phenothiazine-based dianchoring dyes with the introduction of bis(acetylide)-substituted phenylene, carbazole, flourene and biphenyl cores as π-bridges [69]. This flexible geometry molecular design enabled inhibition of charge recombination processes, offering high JSC and enhanced VOC values compared to N719-based devices. The dye with the phenylene bridge (Figure 2.7a) exhibited the highest performance with a 7.44% PCE. Otherwise, Yen et al., reported a series of fixed-geometry phenothiazine-centered dianchor dyes, leading to cells with PCEs ranging from 6.91% to 8.32% [70]. The best PCE was obtained with the dye bearing a bulky branched dialkoxyphenyl group (Figure 2.7b), which allowed suppression of dye aggregation and blocking of the electrolyte-semiconductor interaction to reduce the dark current. For an extended review on dianchoring organic dyes, the reader is referred to Ref [67].


[image: Figure shows dianchoring organic dyes with the phenylene bridge and dialkoxyphenyl group in order to exhibit PCE performance.]

Figure 2.7 Representative dianchoring organic dyes possessing a flexible (a) and a rigid (b) donor-acceptor geometry.





2.3.3 Natural Dyes

An alternative way to produce low-cost chromophores for DSSCs on a large scale, is by extracting natural dyes from plant sources. These dyes can be extracted directly from colorful flowers, leaves or fruits. Natural dyes have a number of beneficial properties for solar cell applications such as low-cost production, complete biodegradation, and high purity grade [71]. Natural photosensitizers used in DSSCs are classified as carotenoids, betalains, flavonoids or chlorophylls [29].

Carotenoids are organic molecules formed of a C40 polyene backbone [72]. These pigments absorb low-energy visible light, and are present in many fruits, flowers and microorganisms. Recent research has reported the binding of carotenoid derivatives to the TiO2 surface as a monolayer with 8′-apo-β-caroten-8′-oic acid bonds, and demonstrated that the optimal length of carotenoids consists of seven conjugated π units [73, 74]. Along with these findings, carotenoids have been successfully applied to DSSCs as sensitizers, the highest reported PCE being 2.6% for a single carotenoid [75], and 4.2% for a combination of carotenoids and chlorophyll derivatives [76].

The first evidence of using chlorophyll for photosensitization of TiO2 was reported by Kay and Grätzel [77]. Since this work, there has been a large scientific interest to demonstrate the use of chlorophyll as sensitizer in DSSCs. Chlorophylls are highly symmetrical metal complexes of magnesium ion that consist of a tetrapyrrolic macrocycle [78]. They absorb light in a wide range of the spectrum with a maximum absorption at 670 nm. It has been reported that the most efficient derivative of chlorophylls as sensitizer is Chl-a or chlorin 2 (Figure 2.8), which possesses a carboxylic acid group. According to Xiao et al., Chl-a derivative has the ability to bind the semiconductor via either bidentate chelating or monodentate modes [79].


[image: Figure shows chemical structure of Chlorin 2 which is most efficient derivative of chlorophylls as sensitizer, possessing a carboxylic acid group.]

Figure 2.8 Chemical structure of Chlorin 2.



On the other hand, flavonoids are the most important floral pigments, and provide a large absorption in the whole visible spectrum. Flavonoids are usually characterized by having unbound or loosely bound electrons, and thus the energy required for excitation is relatively low. Among the different varieties of flavonoids, anthocyanins play a major role as sensitizers in DSSCs. Anthocyanidin can easily bind TiO2 nanoparticles through carbonyl or hydroxyl functional groups [80]. DSSCs sensitized with anthocyanin pigments usually show power conversion efficiencies below 1%, being modified chlorophyll/β-carotene derivatives the best performing pigments [76]. The recent research in developing novel and efficient natural dyes is being focused in the optimization of extraction, isolation and sensitization methods, such as dye cocktails or layer-by-layer co-sensitization [29].

Nevertheless, the performance of natural dye-sensitized solar cells is still very low compared to other chromophores. DSSC devices composed of natural dyes have shown very low stability, which becomes the main deleterious point for building solar cells based on these materials. Moreover, systematic studies on the influence of the adsorption properties of natural pigments in TiO2 films are scarce [81]. The development of new approaches to enhance the stability of DSSCs based on natural dyes might be key to boost this environmental-friendly, cost-effective technology.



2.3.4 Porphyrin Dyes

In recent years, much research has been focused into porphyrin dyes, particularly the push-pull or donor-acceptor Zn(II) porphyrins, for DSSCs. Porphyrins are a group of heterocyclic macrocycle organic compounds, which have proliferated in photovoltaic technologies due to their intense absorption in the 400–500 nm (Soret band, ε > 100000 M–1 cm–1) and 500–700 nm (Q-band, ε > 20000 M–1 cm–1) regions, their excellent stability, and versatile and tunable structures [82, 83]. For a recent review on porphyrin dyes used for DSSC purposes, the reader is referred to Ref [84].

The first porphyrin-based DSSC was successfully built in 1993, which showed a modest efficiency of 2.6% [77]. Later, Campbell et al., reported a significantly improved efficiency of 7.1% on a zinc porphyrin dye [85]. Following a D-π-A design principle, porphyrin-sensitized DSSCs with the YD-2 dye showed a promising PCE of 11% in 2010 [86], which could be further increased to 11.9% by using the analogue YD2-o-C8 dye in 2011 (Figure 2.9) [18]. Much unsuccessful effort has been devoted to harvesting a wider range of sunlight as well as sustain efficient injection to the semiconductor by using a single porphyrin sensitizer only [87]. In this sense, co-sensitization has raised as an effective method to extend the light-harvesting range and enhance DSSC efficiency. In 2011, a record-breaking efficiency of 12.3% for DSSCs was obtained by a co-sensitization of porphyrin-based YD2-o-C8 with the triphenylamine (TPA)-based Y123 chromophore [18]. In this device, the D-π-A design of the zinc porphyrin dye (YD2-o-C8) with bulky peripheral groups allowed suppression of the interfacial electron back transfer from the nanocystalline TiO2 film to the redox mediator.


[image: Figure represents porphyrin-based dyes such as GY50, SM315, YD2-o-C8 for high-efficient DSSC.]

Figure 2.9 Representative porphyrin-based dyes for high-efficient DSSCs.



The extension of π-conjugation in porphyrins is an interesting proposition to enhance light absorption. For example, Lin et al., examined the effect into a porphyrin core of introducing acenes (from benzene to pentacene) in the π-conjugated bridge [88]. The authors demonstrated that the absorption becomes broadened and red-shifted upon increasing the size of the acene, with the anthracene-based porphyrin LAC-3 exhibiting the highest performance (η = 5.4%) On the other hand, fluorene-substituted dye LD22 gave an improved PCE of 8.10%, whereas pyrene-substituted dye LD4 achieved an impressive efficiency of 10.1% [89, 90]. The performance of a DSSC based on LD4 was in fact superior to that of DSSCs based on N719 (η = 9.27%) under the same conditions.

In DSSCs, carboxylic acids such as benzoic acid and cyanoacrylic acid have been the most widely used acceptor groups for anchoring sensitizers to the semiconductor surface. However, carboxylic acids are prone to dissociate from the metal oxide surface under severe conditions, such as exposure to aqueous or alkaline electrolytes [91]. In this regard, Jiang and co-workers used salicylic acid as a tridentate anchoring group for a porphyrin-based donor-acceptor chromophore [92]. The DSSC device performance based on this porphyrin dye was found to be twice larger than its benzoic acid analogue: η = 4.55% and 2.26%, respectively).

In the last years, extensive efforts have been devoted to the design and synthesis of porphyrin sensitizers for DSSCs. New porphyrin sensitizers revealing remarkably high cell performances that are comparable and even surpassing those for conventional ruthenium sensitizers have been found. Particularly, Yella et al., reported in 2014 a porphyrin-based DSSC with the GY50 dye (Figure 2.9) exhibiting a power conversion efficiency of 12.7% [93]. The same year, Mathew et al., reported an analogous SM315 porphyrin-based dye (Figure 2.9), which led to a DSSC with a landmark PCE of 13% with [Co(bpy)3]2+/3+ redox couple under simulated AM 1.5 solar illumination [94]. To realize practical applications of porphyrin-based DSSCs, however, several challenges remain to be solved, such as absorption in the NIR region, suppression of dye aggregation, inhibition of charge recombination mechanisms, further increase of VOC as well as long-term stability under illumination.



2.3.5 Quantum Dot Sensitizers

Quantum dots are semiconducting particles that have been reduced below the size of the exciton Bohr radius, and the electron energies that can exist within them become finite due to quantum mechanics considerations. Similar to organic dye molecules, the recent development in the design of quantum dots (QDs) to be used as sensitizers in DSSC has been devoted to extend the absorption properties of the semiconductor into the visible region [14]. The only difference between DSSCs and quantum dot-sensitized solar cell (QDSSCs) is the sensitizing materials (Figure 2.10); however, the latter is considered as a different type of emerging photovoltaic technology (Figure 2.1). Thus, we only address in this chapter the light-harvesting features of most successful QDs applied in photovoltaics. For a more exhaustive revision of the latest advances in QDSSCs, several reviews are available in the literature [95–97].


[image: Figure shows a interfacial charge tranfer process in a quantum dot sensitized solar cell.]

Figure 2.10 Operating principle and schematic representation of the interfacial charge-transfer process in a quantum dot-sensitized solar cell. CB, VB, QD, EF, and S denote conduction band, valence band, quantum dot, Fermi level and the redox couple, respectively. Reprinted with permission of The Royal Society of Chemistry.



For the QDSSC, QDs are either adsorbed from a colloidal QD solution or can be produced in situ [96]. Inorganic semiconductor quantum dots have shown promise to be used as sensitizers due to their tunable size and shape-dependent bandgaps, high optical absorption coefficients, large dipole moments, as well as multiple exciton generation [98]. The most commonly used quantum-dot sensitizers can be classified mainly into three types: (i) cadmium-chalcogenide QDs, including CdS, CdSe, CdTe and their nanocrystal alloys [99, 100], (ii) lead-chalcogenide QDs, including PbS and PbSe [101, 102], and (iii) antimony sulfide Sb2S3 QDs [103].

Lead-chalcogenide QD-based solar cells have attracted a great deal of attention in the last years due to their effective light harvesting in the NIR region of the solar spectrum. The record in this type of QDSSCs was achieved in 2012 by Ip et al., [101]. The authors reported a hybrid passivated QD solid made of PbS to fabricate a device with a certified efficiency of 7.0%. Otherwise, Lee et al., recently reported a PbS quantum dot (QD)-sensitized solar cell with an unprecedentedly high JSC of 30 mA·cm–2 [104]. By doping PbS with Hg2+, JSC increased twice its value, with a concomitant improved stability, leading to a power conversion efficiency of 5.6% at one sun illumination.

The performance of CdX QD-based solar cells has been demonstrated to improve by co-sensitization, allowing a significant decrease of charge recombination. The co-sensitization of CdS/CdSe resulted in a conversion efficiency of 4.22% [100, 105], whereas it resulted in a conversion efficiency of 6.76 and 6.36% for CdTe/CdSe [106] and CdSexCdTe1-x [107], respectively. Otherwise, Zhao et al., demonstrated the ability of a sequential inorganic ZnS/SiO2 double layer treatment onto the QD-sensitized photoanode that strongly inhibits interfacial recombination while improving cell stability [108]. This resulted in a highly stable CdSexTe1–x QDSSC with a certified record efficiency of 8.21%.

Regarding Zn-Cu-In-Se (ZCISe) QDSSCs, Du et al., reported in 2016 high quality ~4 nm Cd-, Pb-free Zn-Cu-In-Se alloyed QDs with an absorption onset extending to ~1000 nm [109]. The authors demonstrated a certified PCE of 11.6% in these QDSSCs, which performance was explained in terms of a high conduction band edge that favors the photo-generated electron extraction and results in a high photocurrent. Likewise, the alloyed structure of Zn-Cu-In-Se QD light harvester usually shows suppression of charge recombination at photoanode/electrolyte interfaces, and thus exhibits improved photo-voltage. Very recently, Yu et al., reported a valid and facile method to enhance the QDSSC performance by modifying the polysulfide electrolyte with the addition of tetraethyl orthosilicate [110]. Their experimental results demonstrated a remarkable enhancement in the conversion efficiency from 11.75 to 12.34% for the ZCISe QDSSC.



2.3.6 Perovskite-Based Sensitizers

A perovskite solar cell is a type of solar cell which includes a perovskite structured compound, most commonly a hybrid organic-inorganic lead or tin halide-based material, as the light-harvesting active layer [111]. The name ‘perovskite solar cell’ is derived from the ABX3 crystal structure of the absorber material, which is referred to as a perovskite structure. Although regarded initially as a dye-sensitized solar cell, in which the perovskite material acts as the absorber, the unprecedented amount of research devoted to this particular solar cell has led to its differentiation as a new type of emerging PV technology (Figure 2.1). We therefore only briefly discuss herein the origins and the most recent achievements in incorporating perovskite sensitizers in a DSSC-type device. The reader is referred to recent reviews on perovskite solar cells for more information [112–114].

The most commonly studied perovskite absorber is methylammonium lead trihalide (CH3NH3PbX3, where X usually stands for iodine, bromine or chlorine), which exhibits an optical bandgap in the range of 1.5–2.3 eV depending on the halide composition. Similar to the sensitization in dye-sensitized solar cells, the perovskite material is able to be coated onto a charge-conducting mesoporous scaffold (commonly TiO2) as light-absorber. Perovskite solar cells emerged from the field of dye-sensitized solar cells, with a sensitized architecture. However, recent research has been mainly focused in the development of thin-film architectures for this PV technology [56].


[image: Figure shows a diagram of methylammonium lead halide in which pink and dark blue balls denote halide X - and Pb 2+, whereas methylammonium is represented inside the central cavity.]

Figure 2.11 Chemical structure of methylammonium lead halide. Pink and dark blue balls denote halide X– and Pb2+, respectively, whereas methylammonium is represented inside the central cavity.



In 2009, the first perovskite-sensitized solar cell was reported, showing a PCE of 3.81% for CH3NH3PbX3 [115]. This efficiency was further enhanced by Park et al., reaching 6.54% with CH3NH3PbI3 [116]. One year later, CH3NH3PbX3-based solar cells reached a maximum efficiency of 9.7%, which eventually increased to 12.3% in 2013 [117] and then to 15% in the same year [118]. Early in 2014, perovskite CH3NH3PbX3-based solar cell PCE was further increased up to 16.7% [119]. Interestingly, several studies have demonstrated that perovskite solar cells still exhibits a high PCE of 7–8% even in the absence of hole transport materials or TiO2 films [120, 121]. Notably, a PCE over 10% has recently been reported for flexible perovskite solar cells [122]. In 2016, researchers from KRICT and UNIST reported the highest certified record for a single-junction perovskite solar cell with 22.1% [123]. Only recently, a world record efficiency of 27.3% has been reported for a perovskite-silicon tandem solar cell [20]. As a new type of third-generation PV technology with constantly increasing efficiencies and the advantages of low cost and ease of manufacturing, perovskite solar cells are currently one of the most promising areas for solar energy conversion, with PCEs of 30% expected in the near future.




2.4 Photoanode

A photoanode is a mesoporous semiconductor oxide film with a nanoscale particle size. This component is usually supported on a transparent conducting substrate of fluorine-doped tin oxide (FTO) in a DSSC, and is meant to facilitate the electron transport in the device. The most widely used materials in DSSCs photoanode fabrication are n-type semiconductors like TiO2, SnO2 or ZnO, where the excited electrons of the sensitizer are injected in the conduction band of the material.

Anatase TiO2 has proved to be the most effective semiconductor in DSSCs due to its low cost, high stability, availability, good optical and electronic properties, and non-toxicity [124]. The most efficient solar cells developed with TiO2 deliver efficiencies around 12–14% [94]. Various other metal oxides such as ZnO [125], SrTiO3 [126], WO3 [127], Nb2O5 [128], Zn2SnO4 [129] or SnO2 [130] have been also investigated. However, among them, only ZnO has shown promising results compared to TiO2. Although ZnO possesses better electron mobility than TiO2, its efficiency in DSSCs is found smaller due to poor dye loading and lower stability in acidic media [131].

The semiconductor film not only has to supply a large surface area for sensitizer loading, but importantly it acts as an electron pathway to transfer the photoexcited electron from the chromophore to the photoanode via the semiconductor CB. Energy level alignment between the sensitizer’s LUMO and the semiconductor’s CB is therefore key for achieving an efficient device. The light pathway through the semiconductor film is an important aspect to be considered in order to reducing illuminating light losses [132]. Furthermore, the electron transferred to the semiconductor film might recombine by holes, defects, and crystal boundaries, so the morphology and crystal phase of the semiconductor dramatically affects the DSSC performance [131].

In order to achieve high efficiencies, the photoanode should provide the following features: (i) high surface area to improve the dye-loading capacity, (ii) facilitate fast electron injection from the dye and its transfer to the external circuit, and (iii) adequate pore size to facilitate diffusion of the dye and the electrolyte [131]. Moreover, the photoanode materials have to show high resistance to photo-corrosion, absorb/scatter sunlight, be a good electron acceptor, and provide an optimal interface contact with the chromophore and the conductive layer on the substrate. Several studies have been focused in developing strategies for optimizing all these features in a semiconductor material for increasing the efficiency of DSSCs. These approaches can be divided according to Figure 2.12 [131].


[image: Figure shows the emergence of strategies to improve the performance of photoanodes that includes Nanoarchitectures, Light Scattering, Composites, Doping, Interfacial Engineering, and TiCl4 Treatment.]

Figure 2.12 Scheme of the strategies used to improve the performance of photoanodes for DSSCs.




2.4.1 Nanoarchitectures

In the photoanode, electrons transfer through the combination of two phenomena, namely, thermal accessibility to energy states and percolation through a network of sites. Thus, porosity, surface area or crystallinity of the nanostructures directly impact on the electron diffusion and the energetic properties of the photoanode [133]. Optimizing the morphology of the semiconductor is therefore key for increase the efficiency of DSSCs.

Traditionally, TiO2 nanoparticles of ca. 20 nm of diameter have been employed to build up the active layer of the photoanode for DSSCs. This design provides the required energy levels and a large surface area to load sufficient amount of dye molecules. However, these nanoparticle-based structures contain many grain boundaries, defects, and traps in the film, which induce “random walk” electron transfer, leading to high electron recombination and a decrease in the DSSC efficiency (Figure 2.13) [131].


[image: Figure shows a direct electron transfer from the semiconductor film to the conductive substrate reducing recombination processes and improving the device performance.]

Figure 2.13 Electron transfer pathways in traditional nanoparticles (random walk) and in one-dimensional nanoarrays (direct transfer) occurring in a photoanode of a DSSC. Reprinted with permission of The Royal Society of Chemistry.



On the other hand, one-dimensional nanostructures, such as nanotubes, nanowires, or nanofibers, usually possess higher diffusion coefficients than non-ordered nanoparticles, yield longer electron diffusion lengths and provide better light absorption [134–136]. In contrast to traditional nanoparticles, well-ordered one-dimensional array nanostructures can offer a direct electron transfer (or “electron highway”) from the semiconductor film to the conductive substrate, thus reducing recombination processes and improving the device performance (Figure 2.13).

Recently, hierarchical materials have been increasingly used in the photoanode fabrication. These materials consist of primary nanostructures (e.g., TiO2 nanocrystallites) that form a secondary structure, either spherical, low or three dimensional [137]. Hierarchical materials exhibit larger surface areas in the primary nanostructure to load sufficient amounts of dye molecules, provide higher light-harvesting efficiency, lower electron recombination, and enchanced electrolyte diffusion through the secondary structure [138, 139]. For example, TiO2 and ZnO hierarchical spheres or beads have been reported as alternatives to nanoparticles in the photoanodes of DSSCs [140–142]. Otherwise, hierarchical (quasi) one-dimensional nanomaterials have been reported in recent years, including nanotubes, nanowires and nanorods, nanotrees, or nanoforest arrays [131].

Finally, novel nanostructures have emerged through the development of self-organized mesoporous networks formed by TiO2 nanoparticles or nanowires [143–145]. Likewise, semiconductor nanostructures of inverse opals have attracted attention as a new route for developing adjustable and uniform pore size of the DSSC leading to high efficient devices [146].



2.4.2 Light Scattering Materials

Introduction of light-scattering materials is an efficient and widely used approach to enhance the absorption properties of the photoanode and improve the DSSC performance. Scattering materials are relatively large particles that reflect and/or scatter light when it passes through the photoanode film. This usually results in longer light paths, enhancing light harvesting. Two types of structural designs, i.e. “double-layer structure” and “mixture structure”, are used in photoanodes for the incorporation of these light-scattering materials (Figure 2.14).


[image: Figure shows two types of structural designs, i.e. “double-layer structure” and “mixture structure”, used in photoanodes for incorporating light-scattering materials.]

Figure 2.14 Typical structure of photoanodes containing light-scattering materials for DSSCs. Reprinted with permission of The Royal Society of Chemistry.



In a double-layer structure, an extra film formed by large particles, i.e., the scattering layer, is placed on the top of the active film, which usually consists of semiconductor nanoparticles. The size of scattering particles is larger than that for the dye-loading nanoparticles (10–50 nm), and is comparable to the wavelength of light (200–500 nm). This particle size enables incident light reflection, thus decreasing light transmission losses (Figure 2.14) [147]. In recent years, intensive studies have focused on using TiO2 spheres and sphere-like materials as scattering layers. For instance, Yu et al., synthesized several hierarchical TiO2 spheres and applied them as a scattering layer for DSSCs with different nanostructures, obtaining increased DSSC efficiencies compared with the cells without the scattering layer [148, 149]. The better performance was not only originated from scattering effect, but also from the large surface area and pore volume of the TiO2 spheres, resulting in higher dye loadings and better electrolyte mobilities [148, 149]. These advantages render scattering TiO2 spheres as promising materials for DSSCs.

In a mixture structure (Figure 2.14), large scattering particles are embedded into the nanocrystalline film that actively absorbs the dye molecules. These large particles generate different degrees of light scattering and increase the travelling distance of light within the photoelectrode film. As a result, an increased photon absorption by the sensitized semiconductor film is obtained [150]. For instance, Wu et al., fabricated DSSCs by using composites of anatase TiO2 nanoparticles and nanowires. These solar cells were demonstrated to offer light-scattering and a highway for rapid electron transport, which resulted in an enhancement of conversion efficiency from 6.7% (without TiO2 nanowires) to 8.6% [151]. Likewise, Míguez et al., mixed TiO2 spheres as light scatterers with mesoporous TiO2 for the photoanode of DSSCs, and achieved a 33% efficiency enhancement [152].

Although double-layer and mixture photoanode structures are demonstrated to improve the DSSC performance, some drawbacks are related with these designs. For example, the large-sized particles of the scattering film in a double-layer structure is known to increase the internal resistance and hinder charge transport within the solar cell. On the other hand, a mixture structure causes a loss of internal surface area in the photoelectrode film [150]. Several factors such as morphology, film thickness, and scatterer contents, must therefore be considered and optimized for achieving efficient DSSCs.



2.4.3 Composites

TiO2 or ZnO can be combined with other advanced materials to fabricate composites for DSSC photoanodes. These composites can enhance the properties of the photoanode, leading to improved performance of the device. Materials used in this regard include carbon allotropes, noble metals such as gold and silver, and transition metal oxides [131].

Graphene and carbon nanotubes are the most popular carbon-based materials used in generating composites with TiO2 due to their high surface area, excellent electron mobility, and mechanical properties [153]. Graphene shows better performance than carbon nanotubes when used for DSSCs as a result of the two-dimensional structure. However, carbon nanotubes can also enhance the transport of electrons from the films to the FTO substrate, reduce the charge recombination, and enhance the conversion efficiency [154–156].

The plasmon resonance effect of gold (Au) and silver (Ag) nanomaterials can be used to enhance the spectral absorption and light harvesting, thus increasing the DSSC efficiency [157]. Moreover, novel Au@TiO2 and Ag@TiO2 core–shell nanostructures have been developed and applied directly or blended with TiO2 nanoparticles as photoanode composites [158]. These designs not only take advantage of the plasmon effect, but also improve light scattering and decrease electron recombination. For instance, Belcher et al., significantly enhanced the light harvesting features of a DSSC by blending a multiple-core-shelled TiO2-Au-TiO2 composite, leading to a conversion efficiency of 10.8% [159].
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Figure 2.15 Schematic representation of the electron diffuse transport in (a) a TiO2 nanoparticle electrode, and (b) in a TiO2 nanoparticle/ZnO nanowire-network, for DSSCs. Reprinted with permission of The Royal Society of Chemistry.



TiO2 or ZnO films can also be combined with metal oxide semiconductors. In most cases, these metal oxides possess low dimensional nanostructures and thus provide a highway for electron transfer. As a result, recombination is reduced while maintaining good light harvesting and low resistance. For example, Wang et al., designed a new type of photoanode architecture fabricated by in situ direct growth of ZnO nanowires within a TiO2 nanoparticle film (Figure 2.15). Only a small amount of ZnO nanowires (8.35 wt%) embedded in the TiO2 films was demonstrated to significantly enhance the conversion efficiency of the DSSC by 26.9% through a direct pathway electron diffusion [160]. Otherwise, an enhanced conversion efficiency from 8.61% to 14.2% was reported upon addition of SnO2 nanorod arrays on conductive glass covered with a TiO2 particulate film [161].

Recently, emerging nanomaterials such as graphite carbon nitride (g-C3N4) [162], hybrids of hydrogels [163], CaF2 [164], SiO2 [165], SiC [166], Li2SiO3 [167], or CdS [168] have gained increased research attention for the design of novel photoanode compositions in DSSCs. New nanomaterials for composite photoanode film are still emerging, and are predicted to be very promising for future applications in photovoltaics.



2.4.4 Doping

In the crystal structure of pure TiO2, oxygen deficiencies can be found [169]. These deficiencies are known to create electron–hole pairs and react with the chromophore (or even destroy it), thus shortening the lifetime of the DSSC [170]. In this context, nitrogen doping is meant as a practical way to mitigate oxygen deficiencies. This approach can induce TiO2 to become visible-light active and enhance the conversion efficiency of the solar cell [169, 170]. In fact, Ma et al., fabricated a highly efficient DSSC by using a nanocrystalline N-doped TiO2 electrode with a PCE of 8%, and improved stability compared to the pure TiO2-based device [171]. Similarly, an enhanced photocurrent of ca. 36% was derived from the synergistic effect of the dye loading and the efficient electron transport promoted by nitrogen doping, resulting in a high efficiency of 8.32% as reported by Guo et al., [172]. These works therefore show that N-doped TiO2 electrodes are suitable candidates for highly efficient DSSCs.

Boron doping is another popular method that has been used to improve the efficiency of ZnO-based DSSCs. The light-harvesting properties of ZnO can be improved by doping with boron atoms, leading to an enhanced photon-to-electron transfer process of the corresponding DSSC. In this regard, Park et al., applied B-doped ZnO nanoporous nanosheets in a DSSC and obtained a conversion efficiency of 6.75%, which is much higher than that found for the undoped ZnO-based cell (2.62%) [173].

On the other hand, transition and rare earth metals can also be used as dopants in the semiconductor material. For example, transition metals such as Mg, Ti, Ni, Zn, W, Sn, Nb, or Ta [174–178] are demonstrated to shift the energy levels and impact on the electron recombination, both factors being key for DSSCs. Duan et al., demonstrated that Sn doping can negatively shift the flat band of TiO2 and facilitate the electron transfer in the semiconductor film, thereby increasing VOC and JSC, respectively, of the device [177]. Otherwise, Wu et al., showed that doping the semiconductor with rare earth metals not only improves the energy leveling but also the light-harvesting of the photoanode by an up-conversion/luminescence process [179].



2.4.5 Interfacial Engineering

The performance of any DSSC is dramatically affected by the electron back recombination occurring at the FTO substrate/electrolyte and the TiO2 photoanode/electrolyte interfaces. High recombination processes result in reduced VOC and JSC values, thus affecting negatively to the DSSC performance. The electron recombination present at the substrate/electrolyte interface can be significantly reduced by using (i) a compact thin layer of TiO2 in order to minimize the FTO surface uncovered by the nanoporous TiO2 film as reported by Kavan et al., [180], or (ii) a blocking material that passivates the FTO substrate. Apart from the thickness of the TiO2 compact layer, its preparation method plays an important role for the optimal fabrication of efficient DSSCs. For example, TiO2 compact layers made by thermal oxidation of Ti-based films through electrodeposition with a thickness of ca. 60 nm exhibited an improved blocking effect, showing a very small effective area of pinholes from the total film area (less than 1%) [180].

Otherwise, the electron recombination at the TiO2/electrolyte interface can be reduced by (i) using a material with an electronic insulating coating to form an energy barrier at the interface or (ii) coating the mesoporous TiO2 film with a thin layer of a semiconductor possessing a CB more negative than that of TiO2 (Figure 2.16) [181]. Different metal oxide thin layers with wide bandgaps have been used to coat TiO2 nanoparticles. For example, MgO coatings onto TiO2 are able to restrain surface states of the photoelectrode, leading to a substantial reduction of recombination processes from TiO2 to the electrolyte [182]. Other metal oxide thin layers that have been applied as insulating layers to coat TiO2 are SiO2 [183], Al2O3 [184], Ga2O3 [185], ZrO2 [186], Ta2O5 [185] and Nb2O5 [185]. Blocking the electron back recombination from TiO2 to the electrolyte by using these insulating layers enhance the VOC and consequently the efficiency of the solar cell.
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Figure 2.16 Schematic representation of a compact (blocking) layer (left) and a coating layer (right) used to reduce the back electron transfer in photoanodes.





2.4.6 TiCl4 Treatment

One of the most efficient procedures to improve the characteristics of the TiO2 film for DSSCs is its post-treatment with TiCl4. This method is based in growing an additional layer of TiO2 onto the TiO2 nanoparticles to form a film. To do so, the nanoporous TiO2 film is soaked into an aqueous TiCl4 solution at a mild temperature for a certain period, and then the film is annealed in air [131]. Annealing converts species from the TiCl4 solution to TiO2 crystallites on the surface of the TiO2 nanocrystalline films. This method is not only applied to nanoparticle-based photoanodes [187, 188], but also to nanostructured photoanodes, such as hierarchical beads [189], nanorods [190] or nanotube arrays [191].

It remains unclear however the origin of the positive effect of a TiCl4 post-treatment on the device. Some studies suggest that the improved DSSC performance upon TiCl4 treatment could be attributed to an increased surface area or an improved electron transport [192], whereas other researchers focus on its effect on the TiO2 purity [31], light scattering [193], or dye anchoring [194]. For example, some research has focused on the effect on the film morphology, charge carrier dynamics, and performance of DSSCs upon treatment of TiO2 nanocrystalline films with different concentrations of TiCl4 [195]. Lee et al., demonstrated that intermediate TiCl4 concentrations in the range of 15–50 mM can lead to films with an increased surface area, with the resulting improvement in light harvesting and DSSC efficiency [195]. Otherwise, a systematic study carried out by Sommeling et al., demonstrated that the increase in photocurrent is related to the downward shift in the band edge rather than caused by an increase in light absorption or a decrease in light losses [187].

Recently, some studies have reported conflicting results with regard to the effect of TiCl4 post-treatment on improving the DSSC performance. Ito et al., and Tao et al., prepared TiCl4-treated TiO2 films and analyzed their intrinsic properties in the photoanode compared with the untreated film [196, 197]. The authors rationalized that if high photocurrent density and conversion efficiency is already obtained by the untreated photoanode, TiCl4 post-treatment may not have an important effect on the final performance of the device. The mechanism of TiCl4 post-treatment in improving the DSSC performance still remains unclear and should be further investigated in future research.




2.5 Electrolyte

Redox electrolytes are the key components of a DSSC to regenerate the dye back to its initial state through electron transfer from the counter electrode to the oxidized dye. Both the power conversion efficiency and the long-term stability of a DSSC device are influenced by the electrolyte [22]. Efficient redox electrolytes have to meet several criteria in terms of driving force for the dye regeneration, solubility and ionic mobility of the redox couple in the medium, and fast electron transfer kinetics with a minimal overpotential at the counter electrode [22].

Electrolytes have to transport efficiently the charge carriers between the photoanode and the counter electrode, so the oxidized dye can reduce rapidly to its ground state after electron injection to the CB of the semiconductor. A good electrolyte must guarantee fast diffusion of charge carriers and generate good interfacial contact with the semiconductor and the counter electrode. Moreover, electrolytes must provide long-term stability, including chemical, thermal, optical, electrochemical, and interfacial stability, and not cause desorption or degradation of the sensitized dye. Finally, electrolytes should not exhibit a significant absorption in the range of visible light. According to physical states, compositions, and formation mechanisms, electrolytes used in DSSCs can be broadly classified into 3 categories: liquid electrolyte, quasi-solid electrolyte, and solid-state electrolyte (Figure 2.17) [22].


[image: Figure shows the classification of electrolytes used in DSSCs as liquid electrolyte, quasi-solid electrolyte, and soli-state electrolyte according to their physical states, compositions, and formation mechanisms.]

Figure 2.17 Classification of the electrolytes used in DSSC according to their physical state and composition.



The charge carrier transportation between the two electrodes in DSSCs is governed by diffusion. Several diffusion mechanism have been proposed for the transport of electrolytes in DSSCs [22, 198]. For example, general ion diffusion is achieved through mobile ions hopping in empty, interstitial, and lattice sites in the host material of homogeneous solid electrolytes. Otherwise, the charge carriers transport via hole hopping in hole-transporting materials (HTMs) for solid-state DSSCs. Several factors strongly affect the diffusion process of electrolytes in a DSSC such as (i) the size of the redox species, (ii) the viscosity of the solvent, (iii) the concentration of the redox mediator, and (iv) the distance between the electrodes [198].


2.5.1 Liquid Electrolytes

Liquid electrolytes provide several advantages such as easy preparation, high conductivity, low viscosity, and good interfacial wetting between electrolytes and electrodes and, thus, high conversion efficiency for the device [198, 199]. In 1991, O’Regan et al., pioneered a DSSC with an efficiency of 7.1–7.9% using a simple liquid electrolyte consisting of an organic solvent containing an iodide/triiodide redox couple [15]. Still today, liquid electrolytes are the most widely used redox mediators in DSSCs, achieving the highest efficiency of 13% for these solar cells [94].

In general, a liquid electrolyte consists of three main components: solvent, ionic conductor, and additives [22]. The organic solvent is a basic component in liquid electrolytes, providing a media for dissolution and diffusion of the ionic conductor. Adequate solvents for DSSCs must provide the following features: [198] (i) low melting point and high boiling to avoid evaporation under operation conditions, (ii) chemical stability in the dark and under illumination, (iii) low light absorption, (iv) high dielectric constants to allow electrolyte salts be dissolved and dissociated, (v) low viscosity for high redox mediator diffusion and high electrolyte conductivity, and (vi) low toxicity and low cost, among others [22]. Note that it is extremely difficult to find a solvent that can simultaneously fulfill all the requirements aforementioned. Therefore, mixed solvents are often used when trying to obtain optimal DSSC performances. For example, a mixed solvent of acetonitrile and valeronitrile with volume ratio 50:50 [200] or 85:15 [201] is widely used.

In the origins of dye-sensitized solar cells [202–205], liquid electrolytes contained water as solvent. O’Regan et al., demonstrated that addition of up to 20% of water into a nonaqueous electrolyte enhanced the conversion efficiency from 5.5% to 5.7% without deteriorating the long-term stability of a Ru-based DSSC [206]. Acetonitrile is however considered as the best organic solvent for electrolytes due to its low viscosity, good solubility, and excellent chemical stability [207]. Other solvents used in DSSC are esters and lactones.

Otherwise, ionic liquids (IL) have also been incorporated in DSSCs. IL are salts in liquid state, i.e. liquid electrolytes composed entirely of ions (Figure 2.18) [208]. Papageorgiou et al., first demonstrated in 1996 a long-term stable DSSC by using methyl-hexyl-imidazolium iodide as an ionic liquid electrolyte [209]. The authors reported a DSSC with an outstanding stability and an estimated sensitizer redox turnover number in excess of 50 million. Ionic liquids are a promising alternative to organic solvents as electrolyte solvents for DSSCs [210]. Their potential advantage however remains to be explored, with future research focusing to overcome important drawbacks such as high viscosity and low ion mobility.


[image: Figure shows a schematic diagram of cation and anion components of ionic liquids.]

Figure 2.18 Representative cation and anion components of ionic liquids.



The redox couple is the second key component in an electrolyte used for DSSCs. The reduced species of the redox couple allows regeneration of the oxidized dye back to its initial state. Then, the oxidized state of the redox couple diffuses to the counter electrode, where it is back reduced. The iodide–triiodide (I3–/I–) electrolyte is the most universal redox shuttle due to its satisfactory kinetic properties, such as fast oxidation of I– at the photoanode/electrolyte interface for efficient dye regeneration, and slow reduction of I3– at the electrolyte/counter electrode interface for high carrier collection, excellent infiltration, relative high stability, low cost and easy preparation [26]. To date, the PCE of I3–/I– electrolyte-based DSSCs has been as high as 11% [211]. Despite this, several shortcomings exist for the I3–/I– electrolyte, such as absorption of visible light at 430 nm, corrosion of the noble metal counter electrode, and an upper limit on VOC of 0.9 V [212].

In 2011, Yella et al., reported a DSSC with a record efficiency of 12.3% by using a new Co-complex-based electrolyte in combination with the YD2-o-C8 dye [18]. Redox mediators based on cobalt complexes have allowed dye-sensitized solar cells to achieve efficiencies exceeding 14% [213], thus challenging the new emergent perovskite solar cell technology. However, the stability of the device using these novel Co-based electrolytes is far from being acceptable, and much effort still needs to be done in this regard.

A first strategy to improve the stability of cobalt-complex-based electrolytes in DSSCs is the design of thermodynamically-stable molecular structures that are not photosensitive and do not experience ligand exchange with other components of the electrolyte [213]. Other methods to further stabilize the electrolyte consist of increasing the concentration of the redox mediator, or inclusion of small amounts of bases. Replacing the organic solvent-based liquid electrolyte with either a polymeric matrix, an ionic liquid or gellified inorganic nanoparticles has also been studied [213]. Finally, cobalt-based redox couples show good synergy with water-based electrolytes. This represents an emerging proposition for efficient DSSCs, which would allow implementation as indoor devices, embedded in textiles or as smart windows.

There are several redox couples other than I3–/I– and Co-complexes to be considered for DSSC purposes. The bromide/tribromide couple has a more positive redox potential in comparison to the iodide/triiodide couple (1.10 vs 0.35V vs NHE, respectively) [214]. Thus, electrolytes containing the Br–/Br3– redox system could in principle improve greatly the photovoltage of the DSSCs if used together with well-designed dyes. Likewise, SCN–/(SCN)3– and SeCN– /(SeCN)3– pseudohalogen redox couples with redox potentials of 0.54 and 0.78V, respectively, have been studied as redox mediators for DSSCs [215, 216]. On the other hand, disulfide/thiolate-based organic redox was successfully used as a redox couple in DSSCs, showing an unprecedented PCE of 7.9% when combined with a PEDOT counter electrode [217, 218].

Other metal complexes and clusters, such as Ni(III)/Ni(IV), Cu(I)/ Cu(II), and ferrocene/ferrocenium (Fc/Fc+), have also been investigated [219, 220]. The best result for the DSSC with Fc+/Fc-based electrolyte was reported by Daeneke et al., using chenodeoxycholic acid as co-absorbent dye, reporting JSC = 12.2 mA·cm–2, VOC = 842 mV, FF = 0.73, and an overall PCE of 7.5% [220].

Electrical additives are the third key component used in liquid electrolytes for optimizing the photovoltaic performance of DSSCs. By adding a small amount of additives, the redox couple potential, the semiconductor surface state or the recombination kinetics can be modified, and thus the DSSC performance can be greatly improved [22]. In 1993, Gratzel et al., first used the 4-tert-butylpyridine (TBP) as an additive in the electrolyte, which led to a significant improvement of the VOC in the device [31]. Other additives used in DSSCs comprise lithium (Li+) or guanidinium (C(NH2)3+ or G+) ions. For example, Zhang et al., added G+ ions into the electrolyte showing an enhancement of the JSC in the DSSC, which was attributed to an enhanced electron injection [218]. Otherwise, Yu et al., investigated the effects of guanidinium thiocyanate (GSCN) and N-methylbenzimidazole (MBI) additives on the photovoltaic performance of DSSCs. When GSCN and MBI were used jointly in an ionic liquid-based electrolyte a synergistic effect was observed, which resulted in an optimal photovoltaic performance [221].

The performance of the electrolytes therefore depends on the individual properties of each of its constituents, i.e., solvent, redox couple and additives. Moreover, the interactions between each component as well as the interactions among electrolytes, electrodes and sensitized dyes are key for the final cell efficiency. Understanding and controlling the properties of each component is thus crucial to further design improved liquid electrolyte for increased DSSC performances.



2.5.2 Quasi-Solid-State Electrolytes

Although the use of liquid electrolytes has allowed the fabrication of efficient DSSCs, these electrolytes have demonstrated to show practical problems, such as leakage and volatilization of solvent, corrosion of counter electrode, photo-degradation, or dye desorpstion [22]. Quasi-solid-state electrolytes have emerged as an alternative to liquid electrolytes to circumvent these drawbacks. Although the efficiencies of DSSCs containing quasi-solid-state electrolytes are usually lower, they have shown improved stability and better sealing ability [27, 222].

A quasi-solid-state electrolyte is basically a macromolecular or supramolecular nanoaggregate characterized by a high ionic conductivity. Interestingly, quasi-solid-state electrolytes possess simultaneously the diffusivity of liquids and the cohesion of solids, therefore showing better long-term stability, higher ionic conductivity and excellent interfacial contacts. Quasi-solid-state electrolytes can be classified into four different classes according to their features, formation mechanisms, and physical state: thermoplastic polymer electrolytes, thermosetting polymer electrolytes, composite polymer electrolytes, and ionic liquid electrolytes [210, 223].

In 1995, Cao et al., first proposed the use of thermoplastic polymer electrolytes (TPPE) in a quasi-solid-state DSSC (QS-DSSC) [224]. The QS-DSSC containing TPPE exhibited stability photovoltaic parameters similar to those obtained with a liquid electrolyte-based DSSC. PEO and its copolymer are the most widely used gelators for preparing TPPEs [222]. De Paoli et al., reported in 1999 the first DSSC assembled with PEO-based electrolyte, although the efficiency of this cell was found relatively low [225]. Otherwise, PAN offers a homogeneous hybrid electrolyte with molecularly dispersed salts and plastics [226], whereas PVDF and its copolymer (PVDF-HFP) have been used as host in many polymer gel electrolytes [227].

Thermosetting polymer electrolytes are another type of polymer gel electrolytes, where the electrolyte is obtained by covalent cross-linking. This leads to the formation of a three-dimensional polymer network with liquid electrolytes wrapped inside. Recently, Ho et al., used a multiple functional copolymer formed by poly(oxyethylene) segments, amido-acid linkers, amine termini, and amide cross-linker to generate 3D interconnected nanochannels and absorb a liquid electrolyte [228]. The QS-DSSC with this electrolyte achieved a conversion efficiency of 9.48%, which was significantly higher than that reported for the liquid electrolyte-based device (8.84%) due to suppression of the back electron transfer through the TSPE. Otherwise, Park et al., have synthesized nanoporous network polymer via the surface-induced cross-linking polymerization of methyl methacrylate (MMA) and 1,6-hexanediol diacrylate (HDDA) on the surfaces of nanocrystalline TiO2 [229]. The nanopore selectively transports iodide ions, achieving a high conversion efficiency of 10.6% (20% enhancement compared to the DSSC with liquid electrolyte). In general, DSSCs based on polymer gel electrolytes have smaller JSC values due to the lower conductivity coming from the poor mobility of redox couple components, and higher VOC due to the suppression of dark current promoted by polymer chain coverage of the TiO2 surface [27, 223].

Inorganic materials, such as TiO2, SiO2, ZnO or Al2O3, are also used as gelators along with liquid polymer electrolytes to form quasi-solid electrolytes, so-called composite polymer electrolytes [223, 230]. Incorporating inorganic nanoparticles into the electrolyte aims to enhance long-term stability and ionic conductivity. In 1998, Scrosati et al., pioneered the addition of inorganic nanoparticles into polymer electrolytes to change the physical state and conductivity of the electrolyte [231]. Afterwards, Wang et al., reported in 2003 an ionic liquid-based electrolytes solidified by using of fumed silica (SiO2) nanoparticles [232]. Other gelators such as Al2O3 [233], ZnO [234] or MCM-41 [235] are also introduced in liquid electrolytes to improve the properties of the electrolyte.

The characteristics of electrolytes in QS-DSSCs can be enhanced by introducing carbon materials, which show good conductivity and extended electron-transfer surface. Gun et al., reported the use of graphene oxide (GO) to gel an acetonitrile-based liquid electrolyte [236]. The conversion efficiencies for the DSSCs with GO (1%) quasi-solid electrolyte was found superior that than without GO (7.5% vs 6.9%, respectively). Otherwise, Mohan et al., have recently prepared a PAN/LiI/activated carbon composite polymer electrolyte, which showed a conductivity of 8.67 mS·cm–1 and led to a PCE of 8.42% in the device [237].

Finally, ionic liquids have also been used as ionic conductors in quasi-solid-state electrolytes, which show lower conductivity and better long-term stability compared with ionic liquid electrolytes. In 2002, Wang et al., prepared a quasi-solid ionic liquid electrolyte by mixing PVDF-HFP with an ionic liquid electrolyte based on iodine and N-methylbenzimidazole, resulting in a QS-DSSC with 5.3% efficiency [238]. Similarly, Li et al., designed an ionic liquid-imbibed polymer gel electrolyte using 1-butyl-3-methylimidazolium chloride as solvent, MPII as iodine source, and poly(hydroxyethyl methacrylate/ glycerol) as a gelator [239]. The quasi-solid ionic liquid electrolyte showed high ionic conductivity (14.29·10–3 S·cm–1) and good retention, leading to a 7.15% QS-DSSC. More recently, Shi et al., have used a solvent-free eutectic melt-based electrolyte to fabricate a QS-DSSC yielding a record efficiency of 8.5% with the C103 dye [240].



2.5.3 Solid-State Transport Materials

Quasi-solid-state electrolytes usually exhibit low stability due to the presence of solvents, and are generally thermodynamically unstable. All-solid-state transport materials have raised as a novel strategy to circumvent drawbacks in liquid and quasi-solid-state electrolytes. Several materials have been developed in this regard for replacing above-mentioned electrolytes, including ionic conductors [241], inorganic hole-transport materials [230], or organic hole-transport materials [242].

A new elastomeric polymer electrolyte based on poly(ethylene oxide-co-epichlorohydrin) P(EO-EPI) copolymers with sodium or lithium iodide salts was reported by Nogueira et al., in 2000 [243]. The solid-state SS-DSSC formed by this polymer electrolyte exhibited a PCE of 1.6–2.6%, demonstrating that such electrolytes are feasible as alternative as solid-state electrolytes for dye-sensitized solar cells. Similarly, Wu et al., synthesized a polyelectrolyte, namely PNR4VPI (Figure 2.19), and used it as solid-state ionic conductor in SS-DSSCs [244]. The authors demonstrated an enhanced conductivity of 6.41 mS cm–1 by adding I2 and N-alkylpyridine iodide, and an efficiency of 5.64% for the SS-DSSC. Polyelectrolytes also are used in layer-by-layer (LbL) photoanodes for SS-DSSCs, as reported by Kim et al., [245]. The authors deposited ionic polymers of poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS) on the FTO substrate, leading to a 5.52% SS-DSSC. This efficiency was increased up to 7.14% with optimization of the TiO2 electrode structure. Plastic crystals such as succinonitrile have been also applied as solid-state ion conductors due to their intrinsic ionic conductivity and plasticity. For example, Zhang et al., [246], Armel et al., [247] and Wang et al., [248] reported SS-DSSCs with these succinonitrile-based electrolytes of 5.0, 5.3 and 6.7% efficiencies, respectively.


[image: Figure shows the chemical structure of PNR4VPI and NRPI. PNR4VPI is used as solid-state ionic conductor in SS-DSSCs.]

Figure 2.19 Chemical structure of PNR4VPI and NRPI.



Taking into account the operational principle of a DSSC, the mesoporous semiconductor layer and the redox couple can be regarded as an electron-transporting layer and a hole-transporting layer, respectively. As such, the redox electrolyte can be replaced by a p-type semiconductor material or hole-transporting material (HTM). An efficient hole-transport material must satisfy several requirements to be used for efficient SS-DSSCs. For example, hole transport from the dye after electron injection to the semiconductor must be fast [249]. Moreover, a HTM has to be deposited within the mesoporous semiconductor film in an amorphous state. Finally, the HTM should be transparent in the visible range and unable to dissolve or degrade the photosensitizer during the deposition [230].

Tennakone et al., first reported in 1995 a SS-DSSC based on CuI HTM [250]. The authors demonstrated an efficiency of 2.4% for the SS-DSSCs with CuI by substituting cyanidin with a Ru–bipyridyl complex. Tennakone et al., reported an efficiency of 2.4% for the SS-DSSCs with CuI [251]. Unfortunately, CuI-based SS-DSSCs are usually unstable and their performance undergo rapid decay. CuI can be alternatively replaced by CuSCN, which has a more stable performance due to its unique chemical robustness [252]. Other p-type semiconductors, such as NiO [253] and CuAlO2 [254], have also been used as HTMs in SS-DSSCs, but with less success.

Unlike CsSnI3 or CH3 NH3 SnI3, where Sn shows an oxidation state of +2 and inert atmosphere setups must be considered for device fabrication, Cs2SnI6 contains Sn(IV), which makes it stable in air and moisture. Lee et al., reported a SS-DSSC by using this lead-free compound Cs2SnI6 as a hole transporter with dye Z907 obtaining an efficiency of 4.7% [255]. The efficiency was increased up to 8% by using a N719, YD2-o-C8, and RLC5 dye cocktail.

On the other hand, organic hole-transport materials or organic p-type semiconductors possess interesting properties compared to inorganic semiconductors, such as low cost and facile preparation [256–258]. Organic HTMs are usually soluble or can be dispersed in organic solvent, and fabrication of SS-DSSCs is straightforward through spin coating, in situ electrochemical polymerization, or photochemical polymerization [259]. Organic hole-transport materials can be divided into polymeric and molecular HTMs.

Murakoshi et al., first reported back in 1997 the use of polypyrrole (PPy) as organic HTM in SS-DSSCs [260], whereas Tan et al., first used polyaniline (PANI) as a HTM in these devices [261]. Unfortunately, both solar cells showed extremely low efficiencies. Recently, quantum dots have been combined with HTM materials to enhance the performance of SS-DSSCs. For example, a P3HT-based SS-DSSC achieved a PCE of ca. 5% by using Sb2S3 nanocrystal as a light harvester [262]. Other p-type conjugate polymers, such as triarylamine-based polymers [263], polythiophene [264], and poly-[2-methoxy-5-(2-ethylhexyloxy)–1,4-phenylenevinylene] [265], are also applied as organic HTMs in SS-DSSCs; however, with efficiencies lower than 1%.

Finally, molecular hole-transport materials such as spiro-MeOTAD (Figure 2.20) have been used in building efficient SS-DSSCs, e.g. in combination with N719 as sensitizer as reported by Gratzel et al., [249]. In this case, the authors demonstrated an IPCE value of 33% and a PCE of 0.74%. spiro-MeOTAD is considered as an effective HTM; however, it presents relatively low conductivity in its pristine form. Doping spiro-OMeTAD with FK102 cobalt(III) complex led to an increase of hole mobility in more than 1 order of magnitude and a PCE 7.2% when used with the efficient Y123 photosensitizer [266].
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Figure 2.20 Chemical structure of hole-transporting spiro-MeOTAD derivative.



The interesting features of solid HTMs, such as good long-term stability, have attracted increasing interest in the scientific community to exploit these materials in SS-DSSC. Unfortunately, DSSC devices based on solid transport materials still exhibit lower efficiencies than those reported for liquid DSSCs, especially due to interfacial contact issues. Solid hole conductor spiro-OMeTAD has also been applied to an organolead halide perovskite solar cell. This setup led to an all-solid-state solar cell with an efficiency close to 20% [267]. Perovskite photovoltaics are emerging in the last years as the most appealing solar conversion technology, inevitably harming the development of dye-sensitized solar cells.




2.6 Counter Electrode

The counter electrode (CE) is the last of the four main components in a DSSCs, and is responsible for the reduction of redox species by injecting photoexcited electrons from the sensitizer to the electrolyte. Bare indiumtin oxide (ITO) or fluorine-doped tin oxide (FTO) are the most common materials used for CE fabrication. However, they offer low reduction rates, thus a catalytic coating to speed up the reaction must be present [268, 269]. An efficient CE has to provide large exchange current density and low charge transfer resistance to promote the reduction of the redox mediator. The CE must therefore exhibit low overvoltage and good conducting properties [270, 271]. According to their nature, counter electrodes can be classified into: metals and alloys, carbon-based materials, conducting polymers, transition metal compounds, and hybrid materials (Figure 2.21).


[image: Pie chart represents classification of electrodes. According to their nature, counter electrodes is classified into: metals and alloys, carbon-based materials, conducting polymers, transition metal compounds, and hybrid materials.]

Figure 2.21 Chart of the portion of published articles as obtained from ISI Web of Science by keyword searching: “dye-sensitized solar cell” + “counter electrode” +each of the materials indicated in the legend. Total number of publications: 4673; Date: May 2017.




2.6.1 Metals and Alloys

In 1993, Nazeerudin et al., reported a PCE of 10% in a DSSC by using a CE containing a 2 mm-thick Pt deposited onto a transparent conductive oxide (TCO) glass [31]. Due to its high electrocatalytic property and conductivity for redox reduction [272], Pt is the material commonly used to coat CEs. Pt CEs usually show a thickness of ca. 200 nm and are generated over a TCO substrate by screen printing, sputtering or pyrolysis of hexachloroplatinic acid (H2PtClg) [273–275]. The reduction of the redox mediation (e.g., the I3– species in a I3–/I– based electrolyte) is significantly enhanced due to the high electrocatalytic activity of the platinum coating [29, 276].

Compared to the bulk Pt, Pt nanoparticles have interesting features such as high surface area, low charge transfer resistance, high transmittance, high electrical conductivity and corrosion resistance. These key characteristics of Pt make it ideal as a CE material for DSSCs [277]. 3-D nanostructures such as multipods, nanowires, nanoflowers, nanotubes, etc. [278–282] are attractive due to their high surface area to improve the functionalities of Pt CEs. However, Pt is a quite expensive resource, and its corrosion may lead to undesirable platinum iodides [283]. Moreover, Pt is not an effective CE active material for redox couples such as cobalt-complexes, disulfide/thiolate, or polysulfide electrolytes, which are widely used in DSSCs owing to the energy level mismatch [284].

Alternatively, ruthenium is a noble metal in the platinum group, which is less expensive than Pt, and shows interesting properties as low resistivity and high work function. Ru is an interesting material for DSSC counter electrodes as it exhibits high electrocatalytic activity, high electrical conductivity, and excellent electrochemical stability [285, 286]. Ru nanofibers have been applied to CEs in DSSC, outperforming those made with Pt. Other metals that can be employed in the generation of CEs comprise iridium, titanium, gold, or silver [276].

By combining few metals it is possible reduce the overall cost of the material while retaining good performance in the CE. For example, He et al., synthesized CoPt0.02 alloys by using an electrochemical co-deposition technique, and used them as CEs to fabricate DSSCs [287]. The authors demonstrated an impressive PCE of 10.23% for the device with CoPt0.02 alloy CE to be compared with 6.52% from pure Pt CE. Application of CoPt alloy CEs in DSSCs is therefore a promising strategy owing to their high conversion efficiency, low cost, simple preparation, and scalability.

Pt-free binary allows are considered strong candidates for CE generation due to their low cost and mild synthesis conditions. Yang et al., electrodeposited Ni on ZnO microrod templates and subsequently grew branched Cu; then, a ternary alloy CE, namely NiCuPt, was generated upon galvanic displacement of outward Ni and Cu by H2PtCl6 [288]. The NiCuPt alloy CE displayed superior electrocatalytic activity and charge-transfer ability, which was explained in terms of good matching between its work function and the redox potential of the liquid electrolyte. The resulting DSSC recorded a high PCE of 9.66%.

In order to reduce the cost of DSSC fabrication, other Pt-free alternatives to CE have been investigated, such as conducting polymers, carbon-based materials, metal oxides and their composites, metal sulfides, or metal carbides and nitrides.



2.6.2 Carbon-Based Materials

Carbon materials are quite attractive candidates for replacing expensive Pt in CEs (Figure 2.22). Carbon materials usually provide appealing features such as low cost, high surface area, high electrical conductivity, high catalytic activity, high thermal stability and good corrosion resistance towards iodine, among others.
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Figure 2.22 Some carbon allotropes to be considered as appealing materials for CE fabrication.



In 1996, the Gratzel et al., first reported the generation of a graphitic-carbon black mixture as CE in a PCE that showed 6.67% of power conversion efficiency [289]. This CE showed enhanced electric conductivity and improved catalytic activity towards I3– reduction due to the high-surface area of carbon black. Carbon-black nanoparticles are comparatively less expensive than other nanostructures and exhibit excellent catalytic ability; however, they are carcinogenic and cause health issues [290].

Carbon nanofibers are one-dimensional fibrous structures with diameters in the nano-micro scale and several centimeters of length [291]. Park et al., synthesized activated carbon nanofibers with a hollow core/highly mesoporous shell structure and applied it as CE in a DSSC [292]. The solar cell with this CE achieved a PCE of 7.21%, which was comparable to that of the device based on Pt CE (7.69%). Carbon nanofibers have larger dimensions compared to other carbon materials, which limits the effective surface area. As a consequence, higher thicknesses are needed, which limits the device performance due to an increased bulk resistance [293].

On the other hand, carbon nanotubes (CNTs) have also been applied to CEs in DSSCs due to their extraordinary electrical conductivity, thermal conductivity and mechanical strength [294]. In 2003, Suzuki et al., firstly fabricated a CE made of SWCNTs, and the DSSC achieved a PCE of 4.5%, similar to the Pt-based device [295]. Likewise, Lee et al., prepared MWCNTs as CEs, which led to an increased stability of the device and a PCE of 7.7% [296]. Recently, Nam et al., successfully prepared CNTs on FTO glass by screen-printing and through vapor deposition [297]. The DSSC with the deposited CNT CE achieved a PCE of 10.04%, which was higher than in the printed CNT CE (PCE = 8.03%) and Pt-coated CE (PCE = 8.80%). The authors speculated that the large surface area and high electron conductivity of CNTs contributed to the high DSSC efficiency. Unfortunately, current CNT production cost is very high compared to other carbon nanostructures [294].

Graphene shows many unique properties, like high carrier mobility high specific area, excellent thermal conductivity, high Young’s modulus, and high optical transparency [298]. In 2008, Xu et al., first used graphene as a material to build a CE for DSSCs, obtaining a modest PCE of 2.2% [299]. Later, Mathew et al., used graphene as CE, SM315 as photosensitizer and cobalt(II/III) as redox shuttle, and obtained a DSSC with a high VOC of 0.91 V, a JSC of 18.1 mA cm–2, a FF of 0.78 and an impressive PCE of 13% [94]. Graphene exhibits a promising capability of replacing platinum in the counter electrode of DSSCs; however, its commercial production is still too expensive. Additionally, conventional methods of grapheme synthesis involve highly toxic chemicals, which hinder the potential applicability of this material for DSSC CEs [300].

Mesoporous carbon materials have also received wide attention due to their large internal surface area, pore volume, and tunable and narrow pore diameter. Srinivasu et al., synthesized large porous carbon with hexagonal rod-like morphology, and generated a CE for a DSSC that achieved a high PCE of 7.1% [301]. Otherwise, Li et al., prepared graphite nanofibers, graphite nanosheets, and graphite nanoballs in CEs to build DSSCs with a PCE of 3.60%, 2.99% and 7.88%, respectively, to be compared with a PCE = 8.38% for the device with a Pt-based CE. Recently, Kumar et al., prepared graphitic carbon by the carbonization of sucrose and used it as CE in DSSCs [302]. The solar cell based on the graphitic carbon exhibited a high PCE of 9.96% and a FF of 0.72, outperforming the Pt CE-based DSSC.

Although carbon materials show appealing properties compared to Pt-free CE materials, their performance in DSSCs are generally lower. On the one hand, carbon CEs show issues in terms of contact resistance to the TCO substrate, bulk resistance, and diffusion resistance in the pores of the CE [276]. On the other hand, carbon CEs suffer from poor adhesion to the substrate and require a large loading to reach the targeted catalytic activity.



2.6.3 Conducting Polymers

Due to their low cost, facile synthesis, electrical conductivity, abundance, and favorable catalytic properties, conductive polymers are interesting candidates to be used as materials for Pt-free CEs in DSSCs [284]. Importantly, the electrical properties can be fine-tuned by means of the organic synthesis and by application of advanced dispersion techniques. Most conductive polymers used in CEs for DSSCs are derivatives of polyacetylene, polypyrrole, polyaniline or polythiophenes (Figure 2.23) [257, 276].
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Figure 2.23 Chemical structure of the most used conducing polymers for CEs in DSSCs. From left to right: polyaniline, polypyrrole, PEDOT and polythiophene.



In 2002, Saito et al., first reported the use of PEDOT as CE in a DSSC [303]. The authors prepared p-toluenesulfonate (TsO)-doped PEDOT and PSS-doped PEDOT. The PCE of the solar cell with PEDOT-TsO CE equaled the performance of that using the Pt CE. Later, Pringle et al., prepared PEDOT films on an ITO/PEN flexible substrate by using an electrodeposition technique. The DSSC using this CE and an organic liquid electrolyte produced a high PCE of 8.0% [304], to be compared with a PCE of 8.6% using the Pt-based CE.

Among the different conducting polymers, polyaniline (PANI) is one of the most intensively studied materials for building CEs in DSSCs [276]. This material no only presents low cost and facile synthesis, but also high conductivity, and high chemical and thermal stability [305]. In 2008, Li et al., first reported the use of PANI as CE for DSSCs [306]. The authors prepared microporous PANI nanoparticles and achieved a PCE of 7.15%, an enhancement of 0.25% compared to the Pt-based CE. Despite the higher electrocatalytic performance for the I3–/I– redox reaction than the Pt CE, PANI suffers from self-oxidation, instability and carcinogenic properties [284].

Polypyrrole (PPy) is another potential candidate to replace Pt in CEs owing to its low cost, facile synthesis, good catalytic activity, high polymerization yield, and high stability [307]. The PPy was first used in a CE for DSSCs in 2008 by Wu et al., [308] The authors synthesized PPy nanoparticles and achieved a DSSC with a PCE of 7.66%, to be compared with 6.90% for the Pt CE. However, PPy CEs usually show high charge transfer resistance and low conductivity [309]. Moreover, the performance of a PPy-based CE highly depends on several factors such as dopant content, morphology, and synthesis procedure.

Conductive polymers are materials with appealing properties such as flexibility, transparency and facile processability. Moreover, their features can be fined tuned and the corresponding CE provides reasonable performance with respect to the Pt counterpart. Finally, conductive polymers can act as both substrate and catalyst, thus allowing a significant reduction of the solar cell cost [309].



2.6.4 Transition Metal Compounds

Alternatively to noble metals, early transition metal compounds (TMCs), such as carbides and nitrides, are demonstrated to have an electronic structure similar to that of Pt, and thus they may replace platinum as CE materials in DSSCs. Among them, metal compounds including carbides, nitrides, chalcogenides, oxides or phosphides have been applied as CEs to replace expensive Pt CE in DSSCs [276].

Carbides and nitrides are other attractive materials for building CEs, which show low cost, good selectivity, high catalytic activity and electrical conductivity, and good thermal stability. N-doped carbides are demonstrated to show better catalytic activity and photovoltaic performance than the corresponding pure carbides [24]. In 2009, Jiang et al., reported for the first time the synthesis of highly ordered TiN nanotube arrays to be used as CE in DSSCs [310]. The TiN nanotube arrays as CEs resulted in lower series and charge transfer resistances at the CE/electrolyte interfaces. The DSSC based on this TiN CE achieved a PCE of 7.73%, whereas a value of 7.45% was reported with conventional FTO/Pt CE. Otherwise, Lee et al., synthesized crystalline poly(triazine imide) based graphitic carbon nitride via a modified ionothermal method [311]. The DSSC with this graphitic carbon nitride as CE exhibited a PCE of 7.8%, which is comparable to the cell with conventional Pt CE (7.9%). Recently, Balamurugan et al., reported an impressive efficiency of 10.86% for a DSSC with a CE made of a hybridized structure of iron nitride (FeN) core-shell nanoparticles grown on nitrogen-doped graphene (NG) [312]. Figure 2.24 displays the procedure used for the FeN/NG nanohybrid CE fabrication.
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Figure 2.24 Schematic representation of the fabrication of core-shell FeN/NG nanohybrids. Reprinted with permission of © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Metal chalcogenides are promising materials for the substitution of noble metals in CEs for and DSSCs as they are available in different compositions, molecular structures, and properties. In 2009, Wang et al., used for the first time a sulfide-based (CoS) CE in DSSCs, obtaining an efficiency of 6.5% when combined with sensitizer Z907 and an eutectic melt electrolyte [313]. Later, Wu et al., synthesized MoS2 and WS2 and used them as CEs in DSSCs, yielding a PCE of 7.59% and 7.73%, respectively, comparable to the device with Pt CE (7.64%) [314]. Some other works have focused on the development of metal selenides (M–Se; M = Co, Ni, Cu, Fe, Ru) as CEs for bifacial DSSCs [315], or metal tellurides of CoTe and NiTe2 [316].

On the other hand, transition metal oxides are significantly less used as CEs in DSSCs. Ma et al., reported the synthesis of WO2 nanorods with excellent catalytic activity, and the DSSC with an iodide-based electrolyte showed a high PCE of 7.25%, very close to that with Pt CE (7.57%) [317]. Similarly, Lin et al., synthesized NbO2 with excellent catalytic activity for triiodide reduction, which resulted in a high DSSC efficiency of 7.88%, outperforming the solar cell with Pt-based CE (7.65%) [318].

Other types of materials such as Ni2P or Ag2S have been developed in CEs for DSSCs, displaying efficiencies of 7.32% [319] and 8.40% [320], respectively. Multicomponent compounds, in particular multicomponent sulfides, such as CZTS, CZTSe, CuInS2, NiCo2S4 NiMoS4, or Ag8GeS6, could also provide new avenues for fine tuning the physicochemical properties of the CE through multiple cation compositions [276].



2.6.5 Hybrid Materials

Recently, a lot of effort has been devoted to developing hybrids or composite CEs to further improve the performance and adaptability of CEs. These hybrid materials consist of two or more components, and their properties can be improved by making profit of the individual features and synergetic effect of the constituting components. Hybrid materials have been readily applied as CEs in DSSC, and can be divided into Pt-loaded and Pt-free hybrids [276]. Moreover, Pt-free hybrid CEs can be classified in: carbon materials, conductive polymers, and transition metal compounds TMCs (Figure 2.25) [276].
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Figure 2.25 Schematic representation of the three Pt-free hybrids most used for CE fabrication in DSSCs.



In 2009, the Li et al., reported a Pt/carbon black CE for DSSCs by reducing H2PtClg with NaBH4 in carbon black [321]. The Pt/CB hybrid CE was demonstrated to provide a high electrocatalytic activity for triiodide reduction, and the solar cell achieved a PCE of 6.72%, outperforming the Pt CE-based device (6.63%). Similarly, Chen et al., used as-synthesized carbon nanotube aerogel as CE and recorded a PCE of 8.35% for the DSSC, which was higher than that with MWCNT CE (5.95%) and conventional Pt CE (7.39%) [322]. Recently, Lan et al., fabricated a Pt/NiO hybrid CE, which led to a PCE of 11.27% upon addition of an Ag mirror behind the back side of the device for DSSCs [323].

In TMCs/carbon hybrids, carbon materials are commonly used as support whereas TMCs act as catalysts. Several TMCs embedded in mesoporous carbon (MC) have been developed, such as TiN/MC, MoC/MC, WC/MC, TaO/MC, or TaC/MC [284, 324, 325]. DSSCs using these carbon-based hybrid CEs yielded PCEs of in the 7.5–8.5% range. These PCEs were found higher than those of the corresponding to TMC and MC-based electrodes alone. Likewise, DSSCs based on the TiC/C, VC/C, and WC/C composite CEs displayed PCE values of 8.85%, 9.75% and 9.42%, respectively, which were much higher than those of the non-hybrid TiC, VC and WC counterparts [326].

Carbon/polymer hybrids are usually formed by graphene, reduced graphene oxide, nanotubes, carbon black, PEDOT-PSS, PPy and PANI. In 2008, Hong et al., reported a composite film made of graphene/PEDOT:PSS on an ITO substrate, achieving a PCE of 4.5% for the DSSC [327]. Latter, Joshi et al., prepared nickel-embedded CNT-coated electrospun carbon nanofiber hybrids, yielding a PCE of 7.96% in the device, to be compared with a value of 8.32% for the Pt CE-based DSSC [328]. Arbab et al., synthesized a hybrid based on multiwalled carbon nanotubes and activated charcoal [329]. The hybrid showed high conductivity due to the MWCNT component and high porosity owing to the presence of activated charcoal, which led to high electrocatalytic activity and a low charge transfer resistance. The resulting DSSC achieved an impressive efficiency of 10.05% with a high fill factor of 0.83, outperforming the device with Pt CE.

In 2007, Muto et al., used a plastic substrate to coat a viscous mixture of TiO2 nanoparticles and PEDOT:PSS [330]. The TiO2/PEDOT:PSS composite, which showed high catalytic activity, was used as CE in a full-plastic DSSC, yielding a PCE of 4.38%. Later, Yue et al., prepared a PPy/PEDOT:PSS hybrid film and used it as CE, yielding a high PCE of 7.60% for the DSSC, to be compared with a value of 7.73% for the Pt CE-based cell [331].

In general, hybrid-based DSSCs outperform the devices made of their corresponding components alone. This can be attributed to synergetic effects in the hybrids, which combine the beneficial properties of each constituting component [276]. However, a precise explanation on the enhanced electrochemical properties shown by these hybrids in the DSSC is missing so far. For example, the role of each part of the hybrid needs to be clarified, and a quantitative mechanism analysis is still far away. Nonetheless, hybrid materials undoubtedly open new routes for the development of low-cost, high-performing DSSCs.




2.7 Summary and Perspectives

The status of solar energy as a true competitor of fossil fuels to cover the societal energy requirements is expected to raise as the demand for clean energy increases. In this context, dye-sensitized solar cells have become one of the most promising photovoltaic representatives that have promoted solar cells into the third generation of PV technology. In this chapter, we guided the reader through the most successful attempts in improving the efficiency of DSSCs by rational design and optimization of the four constituting parts of the device, i.e., sensitizer, photoanode, electrolyte and counter electrode.

DSSCs has been extensively studied due to their potential for high efficiency, low-cost production and environmental friendliness. Issues associated with interfacial contacts and reactions, light scattering, absorption ability and the choice of an optimal manufacturing route are considered the basic limitations of DSSC technology. Effective attempts to improve the performance of DSSCs comprise optimized manufacturing methods, development of cation/anion photoanodes, generation of state-of-the-art 2D/3D nanostructures, and preparation of different nanocomposites for photoanode. These strategies have made a breakthrough in the field of DSSC technology by improving light scattering ability and interfacial contacts to avoid recombination processes. However, challenges in the field include further improvement of the overall conversion efficiency, device stability, and scale-up fabrication.

Although Ru-based complexes have dominated as the preferred sensitizers for efficient DSSCs, organic dyes have gained increasing attention in the last years showing high performance, unlimited tunability thanks to the possibilities offered by the organic synthesis, low cost and environmental friendliness. In this regard, multi-anchoring designs of purely organic sensitizers have demonstrated to systematically improve the efficiencies of the single-anchoring counterparts while increasing the stability of the device. New development of unexplored combinations of intercalated donor-acceptor architectures might lead to further improvement of DSSC performance.

Future studies on electrolytes should address a better understanding of the electrolyte interactions with electrodes and sensitized dyes, their effect on photoelectrical conversion process, and alternative charge carrier materials to enhance the charge carrier transport efficiency, to decrease recombination loss, and to improve the long-term stability. Moreover, upcoming efforts in improving counter electrodes are necessarily invoked to focus on enhancing conductivity, catalytic activity, stability, efficiency, cost and cleanness. Regulation mechanism for photoinduced charge carrier generation, evolution and transportation should be carefully considered as well as deepen into the interaction rules governing the interfaces between photoanode, electrolyte, and counter electrode. It is expected that decreasing the loss-in-potential by well matching the energy levels at the interface of photoanode/sensitizer/electrolyte, and the further extension of the light harvest in the high-energy region of the solar spectrum by using strongly absorbing sensitizers, might push the PCE of DSSCs up to 20% [332].
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Abstract

Third generation PVs are progressing day by day due to the easy fabrication techniques and material costs. Among all the third generation PVs, perovskite solar cells (PSCs) technology have been developed and are coming to the commercialization level sooner than other competitive technologies. The scale up of this technology is fundamental in order to go to the commercialization level. This chapter will resume the results regarding the development of perovskite solar modules showing the scalable and cost-effective realization process for the module production. The aim of this chapter is the correlation between efficiency, scalability and stability that result as crucial hot topics in PSC technology. Recently, PSCs opened new opportunities for the development of cost-effective thin-film photovoltaic technology, reaching a power conversion efficiency (PCE) record up to 22%. Although many efforts have been made in order to enhance the photovoltaic performance, challenging issues concerning the up-scaling process and stability retard the exploitation of the PSC technology at the industrial level. Firstly, we will discuss about the working mechanism of the device and the most used materials related to several device structures (NIP or PIN) where the perovskite layer (I) is placed between the electron (N) and the hole (P) transport materials. Several architectures will be discussed with respect to the PV performance, the manufacturing flow and the cost. We will deeply discuss about the coating techniques as the main bottleneck to carry out the up-scaling process. In our knowledge, the state of art for perovskite solar modules shows a best PCE of 15 % on 4 cm2 realized by spin coating technique. Besides, the result show the feasibility of the PSC technology for the realization of high efficiency solar device, the main issue is referred to the scaling up of the process up to 100 cm2 without affecting the device performance. With this aim, we will show the results related to the deposition processes of the perovskite layer such like spin coating, blade coating, slot die coating, spray coating and the realization methods reported in literature. Additionally, we will discuss the main bottlenecks and the available way outs to overcome the up-scaling issues. Furthermore, we will discuss the optimization of the interconnection design using a fully laser processed modules. The series-interconnections have been optimized to minimize the detrimental effect of the resistive losses on the final photovoltaic performance. Especially, the patterning procedures play a major role to make this action. The P1-P2-P3 laser ablations or mechanical scribes were used to obtain high aspect ratio (AR), defined as the ratio between the active area and the aperture area (defined as the sum of the active area plus the interconnection area).

Keywords: Perovskite solar cells, printing techniques, organic electronics, coating techniques, scalability


3.1 Introduction

Thin film Photovoltaics (PV) based on inorganic materials such like Cadmium Telluride (CdTe), Si heterojunction and Copper Indium Gallium Selenide (CIGS) became promising candidates to compete with crystalline silicon for the generation of electric energy from the Sun [1–4].

Despite, the conversion efficiencies reached from CdTe and CIGS are similar with respect to well established c-Si technology, today the 95% of the PV capacity has been installed by using mono and poly crystalline-based silicon devices. This fact opens to the research of cheaper and emergent PV technologies, called third generation PV, are actually under validation and development such as organic (OPV) [5–7], dye sensitized (DSC) [8–18], copper tin zinc sulphide (CZTS) [19], quantum-dot [20] and lead halide perovskite [21].

Halide Perovskites attract huge interest for several research topics including photovoltaic, lighting and detecting. The perovskite compounds show general ABX3 formula where A is a cation such as Methylammonium, Formamidinium or Cesium, B is a metal like Pb or Sn and X is an halogen generally iodine or bromine as reported in Figure 3.1.


[image: Figure shows perovskite compounds showing general ABX 3 formula where A is a cation and B is metal and X is an halogen.]

Figure 3.1 Metal Halide perovskite crystal structures based on Methylammonium (MA), Formamidinum, Cesium and Rubidinum cations. Reproduced with permission [22].



The lead halide perovskites show excellent optical/electrical properties for optoelectronic applications, which can be resumed as follows:


	High absorption coefficient in the visible spectrum [23],

	Long electron and hole diffusion lengths and high carrier mobility [24].

	Low exciton binding energy [25]

	Band gap tunability [26]



Furthermore, the halide perovskite can be processed at low temperature by solution processing became attractive in terms of cost and scalability. Moreover, thanks to the tunability of the optical band gap, the halide perovskite is a valuable material for several optoelectronic devices such like tandem solar cell with c-Si [27], light emitting diodes [28], photodetectors [29] and lasers [30] as shown in Figure 3.2.


[image: Figure shows monolithic tandem solar cell based on PSC and Silicon Heterojunction.]

Figure 3.2 (a) Monolithic tandem solar cell based on PSC (Top cell) and Silicon Heterojunction (Bottom cell). Reprinted with permission [27]; (b) Luminance (light grey) and current density (grey) of a green PeLED based on perovskite emitter. Reprinted with permission [28]; (c) Tunable lasing spectra of mixed lead halide perovskite nanowires at room temperature. Reprinted with permission [30]; d) Several applications of low dimensional metal halide perovskites. Reprinted with permission [31].



The first report of perovskite compound for photovoltaics was demonstrated in 2009 from Miyasaka, where CH3NH3PbX3 was used as sensitizer in liquid dye solar cell showing 3.8% as power conversion efficiency [21]. In 2011, the efficiency was increased up to 6.5% by optimization of the device stack and the electrolyte [32]. By replacing liquid electrolyte with a solid hole transport layer, Park et al., showed a DSC inspired device with PCE of 9.7% overcoming issues related to the instability of the perovskite in polar solvent [33]. Since 2013, the perovskite solar cells became an hot topic involving many research groups with background in DSC and organic devices. As showed in Figure 3.3, the number of publications per year followed a linear increase from 2014 to 2017 with more than 2300 articles published in this field. Same trend was recorded from the patents focused on perovskite solar cell.


[image: Graph represents number of publications per year following a linear increase from 2014 to 2017.]

Figure 3.3 Evolution of the scientific publications (articles and review) and patents focused on PSC photovoltaic technology since 2014 (Scopus results searching “perovskite solar cell”).



Thanks to these efforts, the power conversion efficiency has been hugely increased from 9.7% to 20.1% in only two years. Several aspects are responsible for these achievements such like the device structure [34], the improvement in perovskite crystal quality [35] and the development of ETL/HTL materials.

The research on PSC is focused on two main device architectures: the n-i-p and p-i-n, named direct and inverted architecture, respectively [34]. Regarding the n-i-p architecture, PSCs can be classified as planar and mesoscopic structures where the main difference is the presence of a scaffold layer used as Electron Transport Layer (ETL). The mesoscopic architecture comprises a mesoporous TiO2 scaffold that facilitates the perovskite growth and the collection of the photo-generated electrons. On the contrary, in the planar architecture, the perovskite layer is directly deposited on the charge selective layer without using the scaffold layer.

The ETL (called also hole blocking layer) is used to prevent current leakage path (back transfer) between holes (in the perovskite and HTL) and the FTO due to the surface electrons recombination processes. It becomes therefore crucial in PK device fabrication to design a compact (c) blocking layer (BL) between FTO/PK with the aim to induce a diode like behaviour (or current rectification) consisting in a drastic reduction of the back transfer recombination rate. The hole transport material (HTL) is used to extract the holes from the PK layer to the back electrode. The widely used HTM for NIP architecture is called Spiro-OMeTAD that, is a small molecule that showing good solubility in chlorinated solvent and enabling the deposition by solution processing. In order to increase its conductivity, generally, TBP and Li-TFSI are used as dopants. Alternative HTL are often based on polymer compound such like P3HT, PTAA or PEDOT.

The development of both architectures started from the research of two different pioneered PV technologies: the solid-state DSC for n-i-p and the bulk heterojunction devices for p-i-n.

In particular, the n-i-p architecture is mainly based on the previous development of solid-state DSCs, where an organic dye, used as light absorber, is anchored to a mesoporous n-type semiconductor such as TiO2 or SnO2. Furthermore, a solid hole transport material is infiltrated into the mesoporous n-type semiconductor in order to regenerated the oxidized dyes [36]. Instead, the p-i-n architecture has been optimized starting from bulk-heterojunction device where a blend of an electron donor, generally a polymer, and an electron acceptor, generally a fullerene, is deposited on an hole transport materials such as PEDOT, MoO3 or V2O3 used to dissociate the photo-generated excitons [37].

In Figure 3.4, it is reported the rapid evolution of the photovoltaic performance of perovskite solar cells since 2009.


[image: Figure shows the rapid evolution of the photovoltaic performance of perovskite solar cells since 2009.]

Figure 3.4 Schematics of several PSC architecture: planar regular and mesoporous NIP structure and planar inverted PIN. Reprinted with permission [34].




[image: Graph represents rapid evolution of high-efficiency PSCs: Both planar and mesoporous nip device architecture showed power conversion.]

Figure 3.5 Rapid evolution of high-efficiency PSCs: Both planar and mesoporous nip device architecture showed power conversion efficiency above 20% for small area device. Reprinted with permission [22].





3.2 Printing Techniques

In this paragraph, we show several printing techniques used to scale up the fabrication of the perovskite solar modules. The main issue related to the scaling up of each deposition route will be also discussed. The deposition route techniques used nowadays for Perovskite Solar Modules can be divided in two families: solution and vacuum processed techniques.


3.2.1 Solution Processing Techniques

The solution processing is a class of printing techniques where the materials can be deposited starting from solution in order to form a uniform film over rigid or flexible substrates. Regarding the device stack of perovskite solar cell, the depositions of the ETL, Perovskite, HTL layer have been demonstrated by using several deposition techniques such as spin coating, blade coating, slot-die, ink-jet printing, spray coating and screen printing. From the scientific knowledge about the DSC and the OPV technologies, several techniques for the ETL and HTL deposition have been optimized to be effective in PSM technology as reported in Table 3.1



Table 3.1 Main solution processing techniques used for the eposition of the constituent layer of PSM.





	 
	Solution processing techniques



	Layers
	Spin coating
	Blade coating
	Slot die coating
	Screen-printing
	Spray coating



	ETL
	✓
– c-TiO2 [38]
– c-SnO239]
– PCBM[40]
	✓
– PCBM [41]
	✓
	✓
– c-TiO2
– mp-TiO2[42] [43],
	✓
– c-TiO242, 44–46]



	Perovskite (PK)
	✓
– CH3NH3PbI3 [39] [42] [45] [47] [48],
– Mixed Cation PK [49]
	✓
– PbI2 [46] CH3NH3PbI3[50–52]
– Mixed Cation Perovskite [53]
	✓
– CH3NH3PbI3 [41] [50] [54] [55],
– Mixed Cation PK [50]
	 
	✓
– CH3NH3PbI3 [56] [57],



	HTL
	✓
– Spiro-OMeTAD [39, 42, 45, 47, 48]
– PEDOT [41]
– NiO [58]
– P3HT [42, 47]
	✓
– Spiro-OMeTAD [39]
– PTAA [51]
	✓
– Spiro-OMeTAD [50]
	 
	✓



	Top Electrode
	 
	✓
– Carbon [59]
	 
	✓
– Carbon [60]
	✓
– PEDOT [61]






In Table 3.1, the most used solution based deposition technique for PSC technology have been reported. Several deposition techniques (spin coating, blade coating, slot-die coating, screen-printing and spray coating) have been demonstrated to be effective during the scaling up of the PSCs. The constituent layers (ETL, PK, HTL and Top Electrode) and the materials (TiO2, PCBM, PTAA, CH3NH3PbI3 etc.) have been optimized in terms of uniformity, coverage and impact on the photovoltaic performance using several PSCs architectures (planar and meso NIP, planar inverted PIN and Carbon HTL free). The spin coating is the most used technique for the fabrication of the PSM. Alternative techniques such as blade coating and slot-die coating seems to be more suitable for the scaling up at industrial level.



3.2.2 Vacuum-Based Techniques

A well-known family of processes used to deposit layers of material atom-by-atom or molecule-by-molecule on a solid surface, at vacuum conditions, are Chemical (CVD) and Physical Vapor Deposition (PVD) process. These processes operate at pressures well below atmospheric pressure (i.e., vacuum). The deposited layers can range from a thickness of one atom up to millimeters, forming freestanding structures. As majors pros of this technique it is known that typically high-purity films can be deposited from a source material with high purity. In general this family of deposition techniques are more expansive and more time consuming compares to the solution based technique. In the following part we will describe the main vacuum based techniques used nowadays.

The vacuum based techniques used for PSM are resumed in Table 3.2. Evaporation and chemical vapor deposition are very interesting in order to deposit the CH3NH3PbI3 perovskite without using solution processing methods. Preliminary results have been obtained without overcoming the efficiency reached from solution-based processing.



Table 3.2 Main vacuum-based techniques used for the deposition of the constituent layer of the PSM.





	 
	Vacuum-based techniques



	Layer
	Chemical vapor deposition
	Atomic layer deposition
	Evaporation
	Sputtering



	ETL
	 
	✓
c-TiO2 [62, 63]
	✓
c-TiO2 [50]
	✓
c-TiO2 [49]



	Perovskite
	✓
CH3NH3PbI3 [64]
	 
	✓
CH3NH3PbI3 [65]
	 



	HTL
	 
	 
	 
	✓
NiO [66]



	Top Electrode
	 
	 
	✓
Gold [50]
	✓
ITO[27]









3.3 Scaling Up Process

The scaling-up is a technical process in order to evaluate the readiness of the technology passing from lab-scale to pilot-line scale production. With this aim, the final goal of the scaling up is the demonstration of an industrial-relevant manufacturing process [67].

In the field of perovskite-based photovoltaics, the goal is the evaluation of the procedures, the constraints and the strategies for the reproducible fabrication of prototypes (mini and sub-modules) closed to the final application (Electric Power Generator) and tested under real working conditions (Maximum power point tracking).

A perovskite solar module is an optoelectronic devices based on the electrical connection of single cells in order to increase the output voltage or the output current. The devices will be named series-connected or parallel-connected modules, respectively.

Two main topics are crucial to demonstrate an efficient scaling up of the device starting from the intense research on small area:


	The scalable deposition of the ETL, perovskite and HTL layers on large substrate, which is crucial to evaluate the performance of the PSM module by reducing the gap in efficiency with respect to small area cell.

	The interconnection design of the monolithic interconnection between the cells which appears crucial in order to minimize the resistive losses at the interconnections and increase the aspect ratio (defined as the ratio between the active area and the sum of the active area and the interconnection area called aperture area).



The morphology of the perovskite layer plays a crucial role in order to obtain high-efficiency PSC. Several deposition techniques have been used for the perovskite deposition such as spin coating, blade coating, slot-die coating. The main constraints are related to the optimization of the solutions and/or the deposition parameters in order to obtain highly uniform perovskite layer in terms of the crystal growth, the coverage and the crystal size. In the following sections, the state of art of perovskite solar modules is reported with respect to the printing technique used for the perovskite deposition.


3.3.1 Spin Coated PSM

Spin coating is one of the most common techniques for applying thin films to substrates. It is used in a wide variety of industries and technology sectors. The advantage of spin coating is its ability to quickly and easily produce very uniform films, ranging from a few nanometers to a few microns in thickness. The limits of spin coating is that it is an inherently batch (single substrate) process and therefore has a relatively low throughput.


[image: Figure shows the first perovskite solar module published by using spin coating technique for CH 3 NH 3 PbI 3 perovskite deposition.]

Figure 3.6 Image of the first perovskite solar module published in literature by using spin coating technique for the CH3NH3PbI3 perovskite deposition. Reprinted with permission [42].



In January 2014, Matteocci et al., introduced the up-scaling process of perovskite solar cell in order to design the first series-connected perovskite solar module showing the 5.1% as power conversion efficiency on 16.8 cm2 as active area [42]. In Figure 3.1 it is reported the layout of the module.

Similar results were obtained by using Spiro-OMeTAD small-molecule and P3HT polymer as Hole Transport layers. Few months after, an active area efficiency of 13% was demonstrated from Matteocci et al., by optimizing the interconnection design by laser scribing and the morphology of the MAPbI3 perovskite by using two-step process, where a sequential deposition of lead iodide PbI2 and Methylammonium Iodide (MAI) has been optimized to obtain pin-hole free MAPbI3 crystal formation [45].

In 2015, Moon et al., reported the first fully laser patterned PSM, based on P1-P2-P3 laser assisted ablation, showing only the 16% of total dead area with an efficiency of 6.6% [68].

In the same year, Fakharuddin et al., showed the first PSM based on vertical TiO2 nanorods as scaffold layer showing a PCE of 10.5% and improved stability with respect to nano-crystalline mesoporous TiO2 scaffold [69]. In 2016, Qiu et al., reported a PSM module with a PCE equal to 13.6% on active area of 4 cm2 and 91% of aspect ratio [48].

Moreover, Agresti et al., showed the first PSM where graphene-based materials, such as graphene and lithium neutralized graphene oxide, were introduced into the TiO2 scaffold and at the interfaces between ETL/Perovskite of PSM in order to increase the PV performance and the long-term stability. The results show an efficiency of 12.5% on active area of 50 cm2 with AR equal to 73% [44].


[image: Figure shows image of the laser ablation for spin-coated modules based on P3HT as HTL in mesoporous NIP architecture.]

Figure 3.7 Image of the laser ablation for spin-coated modules based on P3HT as HTL in mesoporous NIP architecture. Reprinted with permission [45].




[image: Figure shows image of the spin coated PSM based on planar NIP architecture.]

Figure 3.8 Image of the spin coated PSM based on planar NIP architecture. Reprinted with permission [48].





3.3.2 Blade Coated PSM

Blade coating, also known as knife coating or doctor blading, is a processing method for the fabrication of large area films on rigid or flexible substrates. The well-defined thickness is mainly controlled by the gap size of the blade to the surface. For lab-scale processing the blade is moved over a flat surface. For large-scale R2R processes the blade is fixed over the moving substrate. The ink is placed in front of the fixed blade whereby the substrate moves relatively to the blade.


[image: Figure shows image of blade coated perovskite solar module with active area of 100 cm 2.]

Figure 3.9 Image of blade coated perovskite solar module with active area of 100 cm2. Reprinted with permission [46].



In 2015, Razza et al., reported the first attempt to scale up the deposition of the MAPbI3 perovskite on 100 cm2 as module active area replacing the spin coating technique with an optimized blade coating technique. The results shows the fabrication of large area module with efficiency of 4.3% by using a scalable printing technique based on solution processing [46].

Furthermore, Yang et al., reported the bladed coated perovskite by optimization of the precursors-ink solution. In particular, an increase of crystallinity and crystal size has been demonstrated by adding MACl additive in the ink resulting in a significant reduction in the thermal annealing requirement due to the increase of the crystal growth rate. The authors showed a maximum efficiency of 17.3% on 1 cm2 cell and 13.3% on 12.6 cm2 modules.



3.3.3 Slot Die Coating

Slot-die coating is a non-contact large-area processing method for the deposition of homogeneous wet films with high cross-directional uniformity. It can handle a broad range of viscosities between less than 1 mPa*s and several thousand Pa*s while the coating speed has a similar wide spectrum between less than 1 m/min and more than 600 m/min. The method belongs to the pre-metered coating processes, whereby all of the supplied liquid is deposited on the substrate. The working principle is shown in the Figure 3.4. The wet film thickness is controlled by the flow rate, coating width, and speed. The resulting dry layer thickness d in cm for a given ink can be expressed with the formula where f is the flow rate in cm3/min, v is the coating speed in cm/min, w the coating width in cm, c is the concentration of the solids in the ink in g/cm3, and ρ the density of the material in the final film in g/cm3 [70].


[image: Figure shows image of slot die coating module with a I-V curve based on CH 3 NH 3 PbI 3 perovskite.]

Figure 3.10 Image and I-V curve of slot-die coated module with active area of 169 cm2 based on CH3NH3PbI3 perovskite. Reprinted with permission [50].





[image: ]


The main purpose of slot-die coating are full layers or 1-dimensional stripes but it also allows intermittent batch coating of high viscous slurries. Slot-die coating operates in certain parameter regimes (coating windows) that can be calculated or evaluated experimentally. The slot-die process has been extensively studied in all its varieties beginning from lip forms, manifold design, coating windows, over flow-simulations to meniscus forming. The stripe coating capability it is favorable for the fabrication of OPV and Perovskite devices, as it allows easy stacking and cross-directional alignment of the layer stack for modules with serially connected cells.



3.3.4 Screen-Printed PSM

Screen printing technique is well developed in several industrial sectors such as printing arts and silicon PV. It can be useful both for rigid and flexible substrates. Screen printing involves a synthetic fiber or steel mesh screen with an impressed pattern. A squeegee moves and presses over the mesh to transfer a definite pattern on a substrate, as it is shown in Figure 3.3. The precision of the printed materials thickness is less than 500 nm and the wet thickness is between few to hundred microns. The ink/paste viscosity is high (10–300 PaS) to avoid percolation under the mesh when the squeegee stops, and for an uniform deposition shape (thixotropy). Generally, the paste compound has high boiling solvents (for example terpineol) and binder to avoid material hardening and to create pores in the film matrix.

Recently, the fabrication of fully screen-printable PSMs have been demonstrated from He et al., showing an alternative architecture based on triple mesoporous stack [71]. The device stack consisted on the TiO2 scaffold, an insulator (tipically ZrO or Al2O3) and a conductive mesoporous carbon layer. The device architecture is shown in Figure 3.11.


[image: Figure shows schematics of fully screen-printable PSM based on porous carbon top electrode with an I-V curve.]

Figure 3.11 Schematics of the fully screen-printable PSM based on porous carbon top electrode. Reprinted with permission [71].



The main difference with respect to the standard configuration is the absence of an HTL layer. In fact, this kind of device was also named “HTL free” device. Starting from the pioneer work of Mei et al., [72], several research groups started to optimize the triple mesoporous stack in terms of the thickness of constituent layers, porosity and resistivity of the carbon electrode and the perovskite deposition showing promising results in terms of efficiency and reproducibility of the fabrication process. The use of fully screen-printed layers permitted an easy scaling up from cell to modules.

Remarkable results about HTL free Carbon-based modules were reported respectively from Pryadarashi et al., which shows the fabrication of a module with active area efficiency of 10.1% on 70 cm2 [73] and He et al., showing a module with active area efficiency of 10.4% on 49 cm2 [71]. He et al., also showed the lamination of the modules in order to fabricate the first perovskite solar panel with 7 m2 active area as reported in Figure 3.12.


[image: Figure shows lamination of the modules in order to fabricate the first perovskite solar panel with 7 m square active area.]

Figure 3.12 Image of 7 m2 printable perovskite solar panels. Reproduced with permission [71].



Several disadvantages of the HTL free architectures are the rather low efficiency due to the limited conductivity of the carbon electrode showing losses in Voc and FF values and the limited aspect ratio of the modules due to the high contact resistance at the monolithic interconnection.



3.3.5 Vacuum-Based PSM

Chemical vapor deposition (CVD) is a deposition technique made typically under vacuum able to produce high quality, high-performance, solid materials. The deposition of thin films generally used in the semiconductor industry is made by using CVD technique.

The working mechanism of CVD is following reported. One or more volatile precursors start to react and/or decompose on the substrate surface leading to the formation of a thin film. By applying a gas flow through the reaction chamber, the by-product of the reaction are removed from the chamber.

Regarding the mechanism of the perovskite growth, Leyden et al., shows the first PSM fabricated by Chemical Vapor Deposition (CVD) and two-step method demonstrating a PCE of 8.8% on 12 cm2-size module [74].

Furthermore, LPHCVD is used to obtain the perovskite conversion in sequential deposition by exposing the PbI2 layer to CH3NH3I gas precursor in a heating furnace. The authors show the fabrication of a PSM with a maximum of 6.7% on 8.4 cm2 [64].


[image: Figure shows CVD Deposition method for the conversion of PbI 2 sample in CH 3 NH 3 PbI 2 using LPHCVD to obtain the perovskite conversion.]

Figure 3.13 CVD Deposition method for the conversion of PbI2 sample in CH3NH3PbI2. Reprinted with permission [64].





3.3.6 Solvent and Vacuum Free Perovskite Deposition

In 2017 Chen et al., proposed a new processing technique for the high quality perovskite deposition on large area substrates completely made in air. It is based on the fast conversion of amine complex precursors to perovskite films, followed by a pressure application step. The results show the fabrication of a module of 36 cm2 active area with a certified active area efficiency of 12.1% [75].




3.4 Modules Architecture

The devices of the second generation of Photovoltaics (PVs), based on thin films, e.g. Cadmium Telluride (CdTe) [2], Copper Indium Gallium (di)Selenide (CIGS) [3], microcrystalline silicon (µc-Si) [76–78] or amorphous silicon (a-Si) [79], and of the third generation, e.g. DSC [8–18], PSC [80–89], OPV [5–7], are produced starting from Transparent Conducting Oxides (TCOs) [90]. These materials act as photo-electrodes, since are, typically, the first materials exposed to the sun light. Consequently, these should guarantee a good degree of transparency, while acting as a conducting layer, showing relatively low sheet resistances, typically in the order of 7–15 Ω/γ [91–93]. While the latter value could be negligible for small area devices (in the order of less than 1 cm2), in the case of large area ones it could be detrimental for the performance, since it generates a high series resistance that obstructs the current transport. Therefore, when realizing large area solar devices based on a TCO, it is mandatory to divide full-sized substrates into multiple cells. To realize large area PSMs, two main architectures could be employed, one based on series-connected cells and one based on parallel-connected cells.


[image: Figure shows image and schematic of the PSM module based on solvent and vacuum free deposition.]

Figure 3.14 Image and schematic of the PSM module based on solvent and vacuum free deposition. Reprinted with permission [75].




3.4.1 Series-Connected Solar Modules

The most frequently used architecture to fabricate PSMs is the one based on the series connection between cells [44, 45, 48, 94–100]. In this case, the voltage of the module will be, ideally, the sum of the voltages of the sub-cells composing it, while the current will be fixed by the worse performing cell in the series. Therefore, realizing homogeneous depositions for the active materials is fundamental for maximising the performance of such an architecture.

As previously underlined, and shown in Figure 3.15, the electrodes offer series resistances, and an additional one is provided by the contact between the counter-electrode of a cell and the TCO of the subsequent one. The realization of state-of-the-art interconnections will be discussed in one of the following paragraphs.


[image: Figure shows cross-section of typical thin-film series-connected solar module in which electrodes offer series resistances]

Figure 3.15 Cross-section of a typical thin-film series-connected solar module. The P1, P2 and P3 will be discussed later. These constitute a zone called Dead Area, dedicated to the interconnection between subsequent cells, here indicated as ℓ, in contrast with the photo-active area, here called L. RS, top and RS, bottom represent the series resistance offered by the two electrodes, Rint represents the contact resistance between the electrodes of subsequent cells in the series architecture. (Reproduced with permission from Ref[101]. Copyright (2016) IEEE.)





3.4.2 Parallel-Connected Solar Modules

A parallel-connected solar module can be fabricated to enhance the current output, while, ideally, maintaining the same voltage of a single cell. This architecture is typically realized maintaining the same TCO layer for all of the cells of the module.

This brings to a strong reduction of the performance, due to the above mentioned TCO resistivity, which generates drops mainly in JSC and in FF [102]. Secondarly, the recombinations generated by the high series resistance, bring, also, to a VOC reduction, slightly mitigated by the logarithmic dependence from these [103, 104].

For these reasons, only a few papers have been published showing parallel-connected PSMs [102, 105, 106].

A substantial improvement to the FF of PSMs based on this architecture can be provided by the employment of a metal grid printed over the TCO, to rapidly collect the charges travelling on the latter, minimizing the resistance of the relative electrode [105, 106], as shown in Figures 3.16 and 3.17.


[image: Figure shows device structure of parallel-connected solar modules.]

Figure 3.16 Device structure (a) and layout (b) by Hambsch et al., [105]. The aluminium grid was deposited directly onto the ITO layer by thermal evaporation and, then, exposed to an UV-ozone plasma to realize an aluminium oxide layer; the latter improves the hydrophilic property of the film, reducing the possibility of device short circuit between the grids and top electrode and can prevent corrosion of aluminium grids from perovskite film. (Adapted with permission from Ref [105]. Copyright (2016) The Royal Society of Chemistry.)




[image: Figure shows device layout and certified IV curve.]

Figure 3.17 Device layout and certified IV curve by Kim et al., [106]. The authors didn’t specify which metal has been employed for the grid, but only its resistivity = 9.3·10-6 Ω·cm (Adapted with permission from Ref [106]. Copyright (2017) American Chemical Society.)



The optimization of such a layout has brought to a maximum certified PCE = 12.1% on a device with AA = 16 cm2 [106]. This result sets a record for PSMs based on parallel-connected architecture.

Nevertheless it has been demonstrated, that the series-connected architecture offers an easier scalability of devices and requires less optimisation steps, needed, e.g., to improve the pattern of the metallic grids. Moreover, the PSMs Active Area being equal, devices with metal grids deposited on the TCO have a real active area that is smaller respect to others, due to the shadowing effect of the grids.


[image: Figure shows production process flow of a typical n-i-p structured PSM based on compact and mesoscopic TiO 2 ETL.]

Figure 3.18 Production process flow of a typical n-i-p structured PSM based on compact and mesoscopic TiO2 ETL.



Therefore, a wider interest of scientific community has been focused on series-connected architecture, which has shown the current records for each dimension-category of PSMs [44, 45, 107].

The method, employed to realize the interconnections of such an architecture, is called P1-P2-P3 process.




3.5 Process Flow for the Production of Perovskite-Based Solar Modules

The production of a PSM starts from the P1 step, which realizes the patterning of the TCO. Afterwards the transport layers and the perovskite are deposited. Then, a P2 step is realized to remove the active materials from the interconnection area, as previously described. Finally, the counter-electrode is deposited and successively patterned through the P3 step.


[image: Figure shows schematic representation of typical mesostructured PSM constituted of some active zones.]

Figure 3.19 Schematic representation of a typical mesostructured PSM. In the zoomed circle, an Active Area Width (WA) and a Dead Area Width (WD) are highlighted. The latter is formed by the P1, P2 and P3 processes lines and by the two Safety Areas (SA) between these. (Reproduced with permission from Ref [100]. Copyright (2017) IEEE.)




3.5.1 The P1-P2-P3 Process

In a series-connected PSM, due to the considerable sheet resistance of TCO, a subdivision of the substrate into sub-cells is necessary, as previously mentioned. In this way a monolithic interconnection scheme [45] is realized, as shown in Figure 3.19 [100]. The latter is constituted by some active zones that are dedicated to the photo-generation of electric charges and, thus, to the photovoltaic energy conversion, and dead-zones, dedicated to the interconnection between adjacent cells. It is possible to define the Active Area (AA) as that part of the substrate dedicated to the photovoltaic energy conversion and the Dead Area (DA), as the part where the interconnection of cells takes place, and which does not contribute to the energy conversion. The DA is formed by the P1, P2 and P3 zones and by two Safety Areas (SA) that are interposed between these. The respective functions will be described in the following paragraphs. In Fig. 19 [100], the relative widths (WA, WD = P1 + SA + P2 + SA + P3) are highlighted. It is now possible to define the Aperture Ratio (AR) as


(3.1)


[image: ]


where the Aperture Area width is defined as the sum of WD and WA.

The realization of PSMs has been demonstrated to be achievable employing several patterning approaches [45, 48, 98, 99]. Nevertheless, laser processing has been demonstrated to be an optimal choice for industrial applications, since it provides for the best trade-off between manufacturability and minimized DAs [99]. This technique has been optimized for second generation technologies already [108]. Indeed, while laser processes employed for the first generation of PVs, i.e. the one based on crystalline materials like Silicon and GaAs, have represented alternative methods for realizing procedures typically obtained with other standard methods, e.g. chemical etching [109], laser processing represents a core production process in the II gen PVs, where laser selective scribing is used in the realization of the P1-P2-P3 process [7, 108, 110–112]. The P1 process insulates the photo-anodes of neighbouring cells, for series connection. The P2 patterning step selectively removes the entire layer stacks between adjacent cells to permit their series connection through the subsequent deposition of a conductive layer. Finally, the latter is homogeneously deposited on the entire module and the P3 step is applied to separate the just realized adjacent counter-electrodes.

The design and optimization of PSMs realized implementing a P1-P2-P3 process have to be performed taking into account the geometrical losses due to the presence of DAs, the resistive losses presented by the discrete sheet resistance of the TCO, and the Ohmic contact losses due to the limited width of the interconnection areas and to the characteristic Transfer Length (LT) [45, 113–116] of the realized contact between the electrodes. These can be resumed in a parameter, named Total Loss (TL) [117, 118]. The TL can be expressed as a function of AA width (WA), DA width (WD), LT, and, in particular, P2 process width. By extending the procedure in Ref [118]. and according to well-known mathematical models [117, 119, 120], the TL has recently been defined, in terms of the modules parameters [100], as:


(3.2)
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where JMPP and VMPP are the current density and voltage at maximum power point of a small area single cell, [image: ] is the sheet resistance of the active area TCO photo-electrode, [image: ] is the sheet resistance of the TCO in the interconnection area after the realization of the P2 process, which could possibly modify the RCO surface.


3.5.1.1 P1 Process, Ablation of the Transparent Conducting Oxide Electrodes

The first process in the fabrication of thin film solar modules, the P1, regards the insulation of the photo-electrodes of the cells, achieving a spatially selective removal of stripes of TCO. Respect to wet etching photolithographic techniques [121], a high-speed laser scribing is beneficial since it avoids the use of large amounts of chemicals and solvents. For this scope, different types of lasers, i.e. solid state lasers and gas lasers, are typically adopted, with the former usually based on the Nd:YVO4 or Nd:YAG crystals emitting at the fundamental wavelength of 1064 nm [122] or even at the third harmonic in the UV (355 nm), thanks to nonlinear optical crystals conversion. Other laser systems emitting mainly in the IR or UV are also used [110, 122–133], adopting nanoseconds [100], picoseconds [134], and femtoseconds [135] pulse width ranges.

In PSMs, the P1 is typically realized with the application of IR laser beams that achieve the ablation through thermal vaporization of the FTO [44, 45, 96, 97, 100, 136] or ITO [99, 107] on glass substrates and ITO on plastics substrates [137, 138].

The width of P1 ablation lines should be the thinnest that still realizes an isolation between adjacent TCO zones. In the fabrication of PSMs, P1 widths in the range of 40–50 µm have been reported [100, 139].



3.5.1.2 P2 Process, Ablation of the Active Layers

The P2 step represents the most complicated phase in the P1-P2-P3 procedure; it realizes the removal of active materials previously deposited on the TCO, which has to be preserved intact for the series interconnection between cells. In the thin film PVs fabrication, laser processing has been extensively employed for the realization of the P2 step, due to the intrinsic non-contact and wavelength selectivity properties.

In fact, one of the peculiarities of TCOs is the low absorption in the visible range of the light spectrum, since these materials are employed as photo-electrodes, as previously enunciated. On the other hand, PV active materials are characterized by a strong absorbance in the same wavelengths range. Therefore, the mainly employed laser wavelengths for the P2 step have been in the range of 515–532 nm [111, 140], and 355 nm [100, 107]. Different kind of sources have been used, typically in the ns-range [108], and ps-range [100, 107], like fiber lasers [141], and diode pumped solid state Q-switched lasers [111].

In the PSMs field, only a few examples of P2 realizations not conducted through laser processing have been reported. These are mainly based on mechanical micro blade scribing [48, 99]. This technique has been performed in inert atmosphere, which puts a limit to the up-scalability of this method. Moreover, this technique imposes a direct physical contact with the sample, which may cause cracks to the substrate, a need to clean the micro blade and a consumption of the latter. These characteristics impede a continuously running process that is, instead, guaranteed by laser processing adoption, which is contact-less, scalable and easily embeddable in production lines.

The P2 scribe realization defines the actual interconnection area between subsequent cells. Therefore, on the contrary respect to the P1 step, its width cannot be indiscriminately reduced since has a direct influence on the contact resistance between the two electrodes, due to the resistivity of the latter. For PSMs, P2 dimensions in the range of 45–200 µm have been reported [98–100, 107].



3.5.1.3 P3 Process, Isolation of the Counter-Electrodes

The P3 process represents the final step in the fabrication of thin film solar modules. After the deposition of a homogeneous counter-electrode material layer, which has followed the P2 step, the P3 procedure isolates one to each other the counter-electrodes of the single cells. Typically, the same laser systems and parameters employed for the P2 step can also be used in the P3 step realization [99, 100]. As for the P1, the P3 scribing can be performed realizing the thinnest width that still isolates the electrodes. In PSMs fabrication, P3 process widths as low as 25 µm have been reported [100].



3.5.1.4 Safety Areas

In an ideal P1-P2-P3 process, the DA would be formed by these three steps widths. ’Nevertheless, the production of PSMs requires removing the substrate from the laser stage to deposit the materials. Therefore, each time the substrate is positioned for the P2 and the P3 steps, possible misalignments rare introduced, respect to the position assumed during the P1 step, even adopting a high degree of accuracy in re-positioning the substrate. Consequently, several alignments steps are necessary and is convenient to introduce SAs between P1-P2 and P2-P3 to avoid detrimental overlapping of these steps (see Fig. x.a). By means of a precise alignment procedure, SAs as thin as 50 µm have been reported [100].
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Abstract

Chalcopyrite material based solar cell with excellent power conversion efficiency has emerged as a new class of material for solar power generation. These solar cells have attracted great interest of researchers worldwide for its potential to be an economically and environmentally viable alternative for silicon solar cells. Copper indium gallium diselenide (CIGS) based thin film solar cell have managed to achieve efficiency above 22% comparable to Si based solar cells. Due to the complexity of the processing, CIGS based solar cell are intensively investigated and pave the way for simple and low-cost thin film deposition techniques. This chapter proceeds with basic understanding of photovoltaics and development of CIGS solar cell. Optimizing cell efficiency and recent progress in CIGS thin film solar cell are outlined.
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4.1 Introduction

With the increase of fossil fuel consumption and carbon dioxide (CO2) emissions, solar cells have emerged as free, renewable and clean source of energy which is economically viable answer for all global issues like global warming and energy generation. Given the increasing demands of energy generation with low environmental effects, photovoltaic (PV) technology are potential to combat with many such challenges.


4.1.1 Photovoltaic Effect

There are several materials which are capable of absorbing energy in the visible range. These materials when exposed to sunlight, the light can be reflected, transmitted or absorbed. The light quanta is absorbed by the material, it gives energy to electrons to move within the crystal. This phenomenon is called photovoltaic effect, which converts the light energy to electricity when solar cell is exposed to sunlight [1]. This effect was first noted by the French physicist Edmund Bequerel in 1839 stating that light can be used to generate electricity. This led to many advances in the development of PV cells. Solar cell should possess some important features which include low cost production, low cost active material with high efficiency, simplicity of design and long term performance.



4.1.2 Solar Cell Material

Semiconductor materials have potential to absorb considerable amount of incident radiation. The photovoltaic cell composed of semiconductor material consisting of energy gap between conduction and valence bands. The electrons from valence band are carried to conduction band by external source. When the energy of the incident photons is more than band gap energy, electron hole pairs are generated. These electrons and hole occupy energy levels at the bottom and top of conduction and valence band respectively and rest of the energy dissipates in the form of heat. About 55% of sunlight cannot be used by solar cell since energy is either lower or higher than the band gap energy. For building efficient solar cell, this heat loss should be lowered. Hence, semiconductor material with appropriate band gap should be taken in account with energies in the range of 1.0–1.8 eV. Conventional solar cells are made of single crystal silicon (Si) that yields efficiency of 25% [2]. This less efficiency and light induced degradation of traditional solar cell based on silicon technology, led to many developments in photovoltaic technologies. Because of the indirect bandgap of Si, the absorption coefficient is low (104 cm–1), thus making it poor absorber. For instance, using semiconductor materials like gallium arsenide (GaAs) and polycrystalline materials like cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) which constitute thin film based solar cell yielded efficiency more than 25% [3]. Other materials used for constructing solar cell include carbon-rich polymers and concentration photovoltaics. Multinary chalcogenides, CuXY2 (X = In, Ga, Y = S, Se) have emerged as an appropriate material for highly efficient solar cells and non-linear optics applications [4–6]. I-III-VI2 chalcopyrite compounds such as CuInS2 (CIS), CuInSe2 (CISe), CuInGaSe2 (CIGSe) and CuIn(S, Se)2 (CISSe) are promisingoptical-absorption materials due to their unique optical and electronic properties [7, 8]. CIS related alloyCu(In,Ga)(S,Se)2 (CIGS) is a high performance photovoltaic material for thin film with record efficiency of 20% [9] as these have direct bandgap with high absorption coefficient. Also, the thickness of CIS and its related alloy solar thin films are very less than c-Si wafer.

This review focuses on the CIGS based solar cell for energy storage applications. Various factors affecting the photovoltaics performance are discussed followed by the structural configuration. Deposition techniques for CIGS absorber layer and advances in CIGS solar cell technology is reviewed briefly.




4.2 Factors Affecting PV Performance

The photovoltaics efficiency largely depends on the open circuit voltage (VOC), short circuit current (ISC) and fill factor (FF). Maximum value of these three and minimum value of reverse saturation current (IS) results in high power output [10]. The power conversion efficiency (PCE) of solar cell is determined by the relation PCE = ISCVOCFF/Pin where Pin is the power of incident solar radiation. These values largely depend on the following factors:


4.2.1 Doping

Doping means addition of impurity to the host material lattice leading to the formation of additional energy level called donor level which can emit electrons to the conduction band on ionization and can affect the conversion efficiency of the solar cell. In CIGS materials, the acceptor/donor levels are formed as result of crystal defects. The electrical conductivity of the semiconductor material depends on the mobility of electrons and holes which in turn depends on the concentration of impurity introduced into the semiconductor. It decreases the reverse saturation current and thereby increases the short circuit current (ISC) and open circuit voltage (VOC).



4.2.2 Diffusion and Drift Current

Conduction in semiconductor material is due to the free charge carriers. When solar energy falls on the semiconductor material, carriers are generated at the surface and create carrier concentration gradient. These carriers are drifted by the force generated by the electric field and diffuse from high carrier concentration to low carrier concentration until uniform concentration is attained. The resulted current density is composed of drift and diffusion currents.



4.2.3 Recombination

Solar cell performance is greatly determined by the recombination process. Loss of photogenerated electrons and holes results in recombination phenomenon. There are 3 proposed mechanism for recombination process: (i) band-to-band radiative recombination where electron moves from conduction band to empty valence band resulting in the release of photon with energy matching the semiconductor bandgap; this process is inevitable (ii) surface recombination (also called trap assited recombination or Shockley-Hall recombination, SHR) where defects on the structure of polycrystalline material act as a trap for electron or annihilation of electron and hole which meet in trap (iii) Auger recombination leads to release of energy to the third particle, when electrons and holes recombine. Recombination rate is given by following relation, Rn = Δn/τn, where Rn is recombination rate, Δn is electron or hole concentration, τn is electron or hole lifetime. Lifetime of minority charge carriers plays important role in the recombination process. Large values of τ minimise the recombination losses. Highly doped semiconductor increases lattice defects which increases recombination process and hence decreases cell efficiency. Also, with the increase of bandgap, discontinuity in the conduction band increases which increases recombination and decreases cell efficiency [11].



4.2.4 Diffusion Length

The lifetime and diffusion length of minority carriers determine the material quality and applicability for solar cells. The materials with high diffusion lengths and shorter recombination rates ensure high quality semiconductor material. The average distance electrons or holes move in the semiconductor is known as diffusion length given by the relation, Ld= (Dτ) d1/2, where Ld is diffusion length, D is diffusion coefficient and τ is charge lifetime from generation until recombination. Single crystal semiconductor have barrier forming (Schottky) contact on one side and ohmic contact on the other. Holes moves to the interface and electrons move from barrier interface to region where there are no holes to recombine with [12]. Higher the mobility of holes, lower the chances of recombination. However, the CIGS solar cells have compositional graded profiles which results in quasielectric field and improves minority carrier collection [13] Also, with increase in the doping density, effective diffusion length decreases.



4.2.5 Grain Size and Grain Boundaries

The performance of the CIGS polycrystalline solar cell depends largely on the grain size and grain boundary as it affects the transfer properties of minority carriers. Increase in the grain size (Wg) leads to the increase in the value of all photovoltaic parameters like VOC, ISC and FF, thereby increases the efficiency of the cell. As the grain size decreases, the grain boundary recombination increases. On the other hand, grain boundaries width (WGBS) of polycrystalline CIGS absorber has an inverse relation with the efficiency of the cell. Grain boundary generally has high trapping centers and impurities [14]. Increase in the WGBS decreases the efficiency as it may lead to the high defect concentration [15, 16]. Since the grain boundary width of the polycrystalline material is directly proportional to the carrier recombination, it decreases the VOC, ISC and FF.



4.2.6 Cell Thickness

Proper thickness of CIGS layer is required to obtain high efficiency. Improper thickness can lead to decrease in the values of VOC, ISC and FF which leads to degradation of CIGS solar cell performance. For obtaining high efficiency, reported thickness of CIGS layer is 1–1.6 µm.



4.2.7 Cell Surface

Cell temperature plays a very critical role in determining the efficiency of the solar cell. On increasing solar radiation, VOC increases and also the resulting power output increases. Conversely, if the cell temperature increases, the efficiency of the solar cell falls dramatically by reducing the VOC and ISC. Therefore, the cell surface should be kept at the low temperature and free of any dust and dirt from its surface [17]. In order to increase the efficiency of the solar cell, the passivation of the surface and addition of anti-reflecting materials are carried out [18].




4.3 CIGS Based Solar Cell and Its Configuration

Copper indium selenide (CuInSe2 or CIS) is a member of the chalcogenide family exhibits a direct band gap of about 1.52 eV, which is very close to the theoretical value of 1.5 eV, and an absorption coefficient of 105 cm–1 in visible spectrum range [19]. CIS was first chalcopyrite materials synthesized by Hahn et al. in 1953 with the band gap of 1.04 eV [20]. Later in 1976, Kazmersk et al., prepared first CuInSe2/CdS thin film solar cell and achieved efficiency of 4–5% [21]. CuInGaSe2 (CIGS), a promising thin film solar cell material, has gained lots of attention in decades due to its high energy conversion efficiency and potential lower manufacture cost over conventional Si solar cells. CIGS and CIGSSe are ternary I-III-VI2 semiconductors having chalcopyrite structure. By replacing In with Ga in CIS to form Cu(Inx Ga1-x)Se2 had an profound impact on the defect density of the material exhibiting high cell performance compared to CIS [22]. The unit cell of CIGS is tetragonal have lattice constant ratio (c/a) near to two and any deviation from this value is due to Cu–Se, In–Se or Ga–Se bonds (Figure 4.1). High performance photovoltaic material CIGS and CIGSSe thin films have surpassed efficiency of 20% attracting considerable attention in the solar community. Owing to its high absorbing coefficient, CIGS is attractive and promising material for thin film solar cells with direct band (~1.0–1.12 eV) and high absorption coefficient (105 cm-1) [24, 25]. The basic working mechanism of CIGS solar cell is (i) absorption of high energy photons by CdS window (buffer layer) (ii) transmittance of low energy photons by window layer and absorbed by the absorber. There are two conventional approaches for fabricating these CIGS thin films which includes three step co-evaporation method where on the Se substrate, Cu, In and Ga are thermally evaporated and condense to form chalcopyrite. Other method is sputtering method wherein high temperature annealing is done in chalcogen rich atmosphere to obtain high quality chalcopyrite solar cells. P. Jackson and co-workers have obtained CIGSe thin film with PCE upto 22.6% which is a certified world record in the field of thin film photovoltaic devices using sputtering method [26]. But these methods require complicated process and complex facilities accounting to high cost thus demanding several advances in its production process [27]. As a cheaper processing method compared to vacuum-based techniques, solution-based deposition has been successfully applied to fabricate electronic devices, such as transistors and solar cells. CIGS based thin films have multi layers of electrodes which includes bottom electrode, p-type CIGS absorber, n-type buffer layer, n-type ZnO and top electrode [28]. Thus, a possibility of carrier recombination at the interface is maximum which can reduce VOC and power conversion efficiency of the solar cell. CIGS buffer layer is considered an important factor for improving cell efficiency


[image: Figure shows crystal structure of tetragonal chalcopyrite CIGS unit cell having lattice constant ratio (c/a) near to two.]

Figure 4.1 Crystal structure of tetragonal chalcopyrite CIGS unit cell. From ref [23], Ghorbani, E., Kiss, J., Mirhosseini, H., Roma, G., Schmidt, M., Windeln, J., Kühne, T.D., Felser, C., Hybrid-Functional Calculations on the Incorporation of Na and KImpurities into the CuInSe2 and CuIn5Se8 Solar-Cell Materials, J. Phys. Chem. C, 2015, 119, 25197. Copyright 2015 American Chemical Society. Permission granted.




4.3.1 CIGS Configuration

Solar cell are of made of polycrystalline materials like copper indium selenide (CuInSe2 or CIS), copper indium gallium selenide (CuInGaSe2 or CIGS) and cadmium telluride (CdTe). A solar cell is representated in two configuration namely ‘superstrate’ and ‘substrate’. In superstrate configuration, light enters from substrate which is transparent glass support, with heterojunction between CdS and absorber. While in substrate configuration, light enters from the front contact and the heterojunction between the CdS and absorber, whichare graded to minimize defects at the interface and increase the efficiency.

CIGS are grown via substrate configuration, shown in Figure 4.2, where light enters from front contact which is transparent conducting oxide (TCO). The light from n –type CdS or doped/undoped ZnO or In2O3 buffer layer is transmitted to the absorber layer (i.e., CIGS) and electron-hole pairs are generated. By the impact of electric field between CIGS/CdS layer, electrons are moved from p-type absorber to n-type absorber and holes from n-type are moved to p-type absorber layer, followed by back contact and additional encapsulation layer and/or glass to protect the cell surface.


[image: Figure shows basic structure of CIGS solar cell which is grown via substrate configuration.]

Figure 4.2 Basic structure of typical CIGS solar cell.




4.3.1.1 Back Contact

CIGS cell fabrication begins with back contact deposition that is molybdenum (Mo) layer deposition on substrate. Mo is widely investigated and dominant choice for back contact deposition. It is inexpensive, inert and relatively stable at processing temperature and function as reflector to prevent unwanted lights to enter CIGS absorber. Mo has considerable effect on the photovoltaic performance owing to its electrical and mechanical properties. Molybdenum is deposited on the substrate by DC sputtering technique [29]. Several studies are now focussed on the optimization of solar cells with localized back contacts by optimizing metal-semiconductor contact area [30]. There are several methods to form localized back contact for CIGS cell namely laser scribing [31], photolithography followed by chemical etching [32] and Mo ink printing [33]. Schofthaler et al., [34] reported electrical behaviour of back surface partially covered by metal and partially passivated. Nerat et al., [35] reported that localised back contact has increased the efficiency of CIGS solar cell by 7% and if local defects are reduced, efficiency was increased to 15%. The influence of MoS2 is also been studied. It favours ohmic type contact and provides mechanical stability with good adhesion [36]. Also, Na is doped with Mo bilayer and has shown improvement in photovoltaic properties [37] and Cu doped Mo improved reflection at the rear side; also reduced recombination at the interface and are used as rear contact.



4.3.1.2 Absorber Layer

The high energy photons are absorbed by CdS layer wherear low energy photons are absorbed by absorber. CIGS layer which constitutes the absorber layer possess bandgap of ~1.14 eV and high absorption coefficient. It is grown directly on on the glass or flexible substrate. Optical transmission of different absorber layer is shown in Figure 4.3. To increase the efficiency of CIGS and CIGSSe solar cells, three routes are performed which are as follows: (i) bandgap grading including back grading, front grading and combination of both (ii) surface bandgap widening (iii) passivation effect of CIGS by alkaline material diffusion [39]. Concept of bandgap grading is significantly utilized for the increasing cell efficiency.


[image: Figure shows optical transmission of different absorber layer. ]

Figure 4.3 Optical transmission of different absorber layers. From ref [38], Romeo, A., Terheggen, M., Abou-Ras, D., Bätzner, D. L., Haug, F.-J., Kälin, M., Rudmann, D., Tiwari, A. N., Development of Thin-film Cu(In,Ga)Se2 and CdTe Solar Cells. Prog. Photovolt: Res. Appl. 12, 93, 2004. Copyright © 2004, John Wiley and Sons. Permission granted.



Incorporation of gallium in the chalcopyrite material increases its bandgap from 1.0 eV to 1.7 eV increasing the overall performance of the solar cell. The first ever Ga-grading profile was given by Contreras el al in 1993 [40]. Increase in bandgap decreases recombination probability and increases VOC. The bandgap of the CIGS material is determined by the x value of Cu(Inx Ga1-x)Se2 thin film, given by the following formula [41]:


(4.1)


[image: ]


where x represents (Ga/In +Ga) or GGI ratio of the CIGS absorber. Back grading particularly enhance the efficiency of CIGS solar cells. In back grading, Ga content is increased towards back contact which prevents the electrons to reach back electrode and their recombination and force them into space charge region. Whereas front grading is considered less beneficial as it is believed to degrade the efficiency of such CIGS solar cell by forming barrier for electrons [42–44]. Surface bandgap widening can be illustrated as ordered valency compound (OVC) which refers to the surface defect layer with a downward shifted valence band and it can lead to increased VOC which is achieved by lowering the valence band maximum [45, 46]. Zheng et al., [40] optimized CIGS solar cell with 0.3 µm thick absorber has a back-graded profile and a 70 nm thick OVC layer, giving an efficiency of 12.4%. Ga atomic ratio should be around x = 0.3, else it will lead to increase in defects in the film and decrease the efficiency of the CIGS solar cell [47]. In order to achieve higher efficiency, Ga content should be varied carefully so as to obtain wider bandgap.


4.3.1.2.1 Techniques for Thin-Film Deposition

Thin films technology are third generation solar cell, has taken over the PV cells production. It being few microns thick, allows more absorption of light and low cost production ensures high efficiency and long term performance. Apart from its advantages, thin-films are more susceptible to damage from moisture and oxygen; also the materials for thin films are multi-crystalline having complex structure and higher defect densities [48]. Knowing various growth processes can enable researchers to deposit ultrathin films at atomic/molecular layer with desired thickness and functionality. The deposition of these materials is mainly conducted by co-evaporation, sputtering or solution based technique followed by selenization step in presence of sulphur/selenide vapours crystallising into thin-films. Since the vacuum based deposition techniques are complex and expensive, solution based technique have attracted great interest due to its low cost, large scale production and its application in flexible substrate [49, 50].



Vacuum techniques


Co-Evaporation Technique

Co-Evaporation method is commonly used technique for thin film deposition for obtaining highly efficient solar cells. Basically simultaneous evaporation of constituent element takes place from different sources to achieve deposition. This growth process is mainly governed by flux distribution and effusion rate of constituent elements. Figure 4.4 shows schematic illustration of different co-evaporation process. The first process is basic evaporation stage where each element is evaporated keeping reduced Cu concentration. The second process is bilayer process or Boeing process [52] comprising of Cu-rich growth in the first stage and Cu-deficient layer in the second stage. This process yields larger grain size, thus increasing cell efficiency. The third process includes three stages primarily, deposition of Cu-deficient layer, deposition of Cu-rich layer and deposition of indium or gallium. This process involves three-stage growth introduced by Gabor et al., [53]. Also, varing In/Ga ratios can help design graded band gap structures [54]. Results confirm that CIGS solar cell absorbers with Cu deficiency yield high efficiency compared to Cu-rich CIGS solar cell. The latter leads to increased possibility of recombination, low shunt resistance and low fill factor [55, 56]. The limitation of this technique is control over sources which may lead change in the stoichiometry and non-uniform deposition of key materials.


[image: Figure shows schematic illustration of different co-evaporation process including basic evaporation stage, bilayer process or Boeing process, deposit of Cu-deficient layer, deposition of Cu-rich layer and deposition of indium or gallium.]

Figure 4.4 Schematic illustration of different co-evaporation process. Reprinted with permission from ref [51].





Sputtering Technique

Sputtering method (also called as physical vapour deposition, PVD) has huge application in deposition of thin film chalcogenide solar absorbers. This technique offers important properties like high deposition rate and tenability. It is widely used vacuum technique to deposit thin-films. Carried out in vacuum chamber, the target or source material is ion bombarded, resulting in vapours. This technique is purely physical method to deposit material layer but it is also carried out in presence of reactive gases like oxygen, which combine with sputtered atoms giving desired compound. This process is known as reactive sputtering. This technique ensures better crystallinity and controlled deposition rate but its high operational cost limits its utility.



Sequential Technique Involving Selenization/Sulphurization

This method is suitable for large area deposition of material with good control over film thickness. This method involves sputtering of Cu/In/Ga elements onto the substrate followed by thermal annealing in the Se/S containing atmosphere. After selenization or sulphurization chalcopyrite material is formed viz CIGS or CIGSSe. This method was first demonstrated by Grindle et al., [57] in 1974, where Cu/In layers were formed via sputtering and reacted in the presence of hydrogen sulphide gas (/H2S) to form CuInS2. This technique was later used by Chu et al., [58] in 1984 to prepare CuInSe2 layers with hydrogen selenide gas (H2Se). However, these gases are toxic but are highly reactive and controllable. Poor adhesion of the precursor to the back contact is the main disadvantage. The highest efficiency achieved reported using this technique was 19.3% by Ramanathan et al., [59].



Other Non-Vacuum Techniques

Vacuum based deposition techniques yields high quality PV thin films; however its high cost and complex processing led to the development of several techniques which are low-cost and simple. Employing this technique, material cost and capital investment has been cut down; also the output is high with better stoichiometric control.

Electrodeposition: It is used for fabricating thin films for various applications. It is widely used, low-cost method where elements are co-deposited on the substrate followed by the annealing. J.C. Malaquias et al., [60] prepared, electrodeposited and post annealed Cu(In,Ga)(S,Se)2 absorbers with controlled deposition of Ga. This solar cell showed an efficiency of 9.8% with a high open circuit voltage (VOC) of 676 mV. Aksu et al., achieved efficiency of 15.4% employing this method [61].

Nanocrystalline based method: Precursors are obtained in particulate form with size ranging in nanometers. These nanocrystalline obtained in various morphology viz nanoparticle, nanorods, nanotubes, nanocubes and so on and are then coated or deposited onto the substrate surface using techniques like spray coating, spin coating, screen printing and by doctor’s blade method. The coated or deposited film is then annealed at chalcogen containing atmosphere to yield CIGS or CIGSSe thin films. There are several approaches to synthesise chalcopyrite nanostructures which includes template method, hydrothermal method, solvothermal method and so on. Compared to other synthesis methods which are lengthy and time consuming, microwave method provides high energy in lowest time and thus a fast synthesis technique. Microwave synthesis is widely used chemical synthesis method where chemical substances on interacting with microwave radiation resulting in homogenous nucleation with fine particle size. Microwave method with its controlled heating led to proper growth of nanostructures. Also, microwave method reduces reaction time and side reactions and provides rapid kinetics of crystallisation. S.M. Hosseinpour-Mashkani et al., [62] synthesised CuInS2 nanoparticles nanoparticles using two new copper–organic complexes, (1,8-diamino-3,6-dioxaoctan)copper(II) sulfate ([Cu(DADO)]SO4) and bis(propylenediamine)copper(II) sulfate ([Cu(pn)2]SO4), in propylene glycol as solvent with L-cystine as sulphur source. The prepared mixture was place irradiated with microwave at different exposure time ranging from 6 to 12 hr with different power range. They concluded that the microwave power influence the particle size of the CuInS2 nanoparticles, on increasing the power particle size increases due to Ostwald ripening processes. CuInS2 was deposited on CdS film using Doctor’s Blade method through chemical bath deposition and was investigated for photovoltaic measurements. They suggested that defects on CuInS2 nanoparticles and small particle size decreased the fill factor (FF) and short circuit current density (ISC) as it have low light absorption. M. Sabet et al., [63] used [bis(2-hyroxya- cetophenato)copper (II)] as copper precursor irradiated in microwave under different time and power. They founded that the best time and power to achieve CuInS2 nanoparticles was 6 min and 750 W respectively. They obtained low ISC due to decreased size of nanoparticles which led to the increase of band gap, thereby increasing the trap sites of electrons due to which it cannot be transferred to external circuit. N. Chumha et al., [64] prepared CuInS2 nanostructures via cyclic microwave irradiation using cupric chloride dehydrate (CuCl2.2H2O), indium chloride tetrahydrate (InCl3.4H2O) and thioacetamide as starting reagents. Hydrothermal/solvothermal method is common and simplest synthesis technique where the reaction substances are heated in Teflon-lined stainless steel autoclave. High temperature and pressure plays a significant role in obtaining nanostructures with different morphology and particle size. Solvothermal method leads to the formation of more monodispersed particle and high purity compared to hydrothermal method. Employing this method, Han et al., [65] synthesised single crystalline CuInS2 with particle size of 7–10 nm. Using hydrothermal method, Chiang et al., [66] prepared CuInS2 nanowires at 120 °C for 12 hr.

Solution based method: Solution based method has attracted great interest in past few years for preparing CIGS thin films. This method is low-cost and provides high scalable production with application in flexible substrate. Mitzi and co-workers [67] used hydrazine based solution to dissolve metal sulphides and selenides which after annealing formed CIGSSe thin films yielding efficiency of 15.2%. Since hydrazine is highly toxic and explosive, less toxic solution as an alternative became significantly important. For instance, Cui et al., [68] used pyridine solution to dissolve copper acetate, indium acetate and sulphur to form CIS thin film yielding efficiency of 2.15%. Wu and co-workers [69] used thiol-amine solution to dissolve elemental Cu, In, Ga and Se powders to fabricate CIGSe thin film and achieved efficiency of 9.5%. Zhao et al., [70] prepared CuIn(S,Se)2 thin films using solution of 1, 2-ethanedithiol and 1,2-ethylenediamine to dissolve elemental Cu, In and S to form precursor solution which was then spin-coated annealed in Se atmosphere yielding efficiency of 6.2%.




Other methods

Alternative growth techniques includes plasma enhanced chemical vapour deposition (CVD) [71], metal-organic CVD (MOCVD) [72], molecular beam epitaxy (MBE) [73], thermal annealing of flash evaporated CIGS thin films [74], electron beam deposition [75] and pulsed laser deposition [76].




4.3.1.3 Effect of Na Diffusion

Sodium (Na) diffusion into the CIGS absorber layer has beneficial effect on the performance of CIGS based photovoltaic cell. Na diffuses through the back contact molybedum (Mo) from the soda lime glass to the CIGS layer. Either elemental Na compounds like NaF [77], Na2S [78] or Na2Se [79] or soda lime glass substrate is used as sodium source. There are several methods to incorporate Na into the CIGS layer which includes deposition of NaF layer before CIGS layer deposition [80], with CIGS deposition co-evaporation of Na [81] and post CIGS deposition evaporation of Na followed by annealing [82]. Na diffusion in CIGS material improves structural and electrical properties of the absorber: A. changes in crystal orientation B. gallium segregation C: Increased charge carriers and grain boundary passivation [83], shown in Figure 4.5. Alkaline material diffusion like Na improves the structural properties of CIGS thin films reducing recombination losses leading to enhanced device performance. Na diffusion into the CIGS solar cell influences the cell performance by increasing the VOC due to increase in the effective acceptor density [84]. Its incorporation improves the morphology by passivizing grain boundaries, enhancing hole concentration/conductivity by creating NaIn defects. Also, Na addition leads to the Cu deficiency on the CIGS surface and thus reduces interfacial recombination. High doses of Na can have a damaging effect as it lead to the decrease in the grain size and porous films [85]. Moderate amount of Na diffusion into the CIGS layer can effectively increase the cell efficiency and lower the resistivity upto two orders of magnitude [86–88]. For instance, GuO et al., [89] incorporated Na into the CIGSSe thin films and achieved efficiency of 12%.


[image: Figure shows changes occurring with Na incorporation in the CIGS absorber layer that improves structural and electrical properties of the absorber.]

Figure 4.5 Changes occurring with Na incorporation in the CIGS absorber layer.





4.3.1.4 Buffer Layer

CdS (candium sulphide) buffer layer is actively explored and proves to be very beneficial for improving the cell performance. CdS buffer layer function as a guard against the electrical and mechanical damage caused by the oxide deposition; also it optimizes the band alignment of the device [90, 91]. It also prevents electric losses from the defective parts of CIGS film thereby increasing the open circuit voltage [92]. CdS is deposited by chemical bath deposition (CBD) technique over CIGS absorber layer is low-cost and can be used for large area deposition. CdS is best suited buffer layer due to several reasons(i) it forms suitable conduction band alignment with undoped ZnO, (ii) interface defect chemistry and (iii) results in charge density and Fermi level by forming donor-type defect in Cu deficient chalcopyrite material. CdS buffer layer reported best results for CIGS based solar cell with VOC value of 741 mV and efficiency of 22%. However, Cd is toxic and hazardous, also; its narrow bandgap of 2.4 eV leads to parasitic absorption losses to the cell current, paving way to explore buffer layers free from Cd such as Zinc-sulphide, Indium-sulphide, Zn1-+xMgxO etc. Figure 4.6, shows CIGS with different buffer layer with their external quantam efficiency. CdS free buffer layer provide higher bandgap and improve the blue response of the solar cell; thus increasing open circuit voltage. Proper thickness and conditions of CBD depositions have a significant impact on the cell performance.


[image: Figure shows CIGS with different buffer layer with their external quantam efficiency. CdS free buffer layer provide higher bandgap and improve blue response of solar cell.]

Figure 4.6 External quantum efficiency for CIGS cells with different buffer materials. All cells with anti-reflection coatings. The shaded areas below the curves represent the current gain relative to the corresponding CdS reference when available. From ref [93], Feurer, T., Reinhard, P., Avancini, E., Bissig., Löckinger, J., Fuchs, P., Carron, R., Weiss, T.P., Perrenoud, J., Stutterheim, S., Buecheler, S., Tiwari, A.N., Progress in thin film CIGS photovoltaics – Research and development, manufacturing, and applications. Prog. Photovolt: Res. Appl., 25, 645, 2016. Copyright © 2016, John Wiley and Sons. Permission granted.



Uhm et al., [94] deposited Zn(O,S) buffer layer on the CIGS by atomic layer deposition and reported that the Zn(O,S) buffer layer optimized the electronic band alignment of buffer/absorber interface and play a critical role in increasing efficiency upto 16.7%. Its band alignment model and I-V curve shown in Figure 4.7a&b. Kamada and coworkers [95] used Cd free buffer layer in CIGS solar cell by replacing CdS/ZnO buffer with optimized (Zn, Mg)O/Zn(O, S, OH) buffer layer and attained world record efficiency of 22.3%. R.S-Araoz [96] used In2S3 buffer deposited on CIGS by spray ion layer gas reaction deposition and obtained efficiency of 16.1%.


[image: Figure shows band alignment model and I-V curve using Cd free buffer layer in CIGS solar cell by replacing CdS/ZnO buffer with optimized (Zn, Mg)O/Zn(O, S, OH).]

Figure 4.7 (a) Schematic band alignment model of the Zn(O,S)/CIGS interface (b) I–V curve of CIGS/Zn(O,S) with 14% s content under 1.5 AM illumination condition. From ref [94], Uhm, G.R., Jang, S.Y., Jeon, Y.H., Yoon, H.K., Seo, H., Optimized electronic structure of a Cu(In,Ga)Se2solar cell with atomic layer deposited Zn(O,S) buffer layer for high power conversion efficiency. RSC Adv., Copyright © 2014, Royal Society of Chemistry.





4.3.1.5 Front Contact

The CIGS solar cell front contact is an n-type conducting and transparent layer which act a window for transmitting the light into the cell and conduct photo-generated current from cell to the external circuit without resistance loss [51]. This layer is transparent and functions as a layer of absorption and conductivity are formed of transparent conducting oxide. Back then, doped layer of CdS was used as front contact [97]. Conductivity of CdS is increased either by controlling density of donor type defect or by extrinsic doping of aluminium (Al) or indium (In) [98]. Now usually doped and undoped bilayer of ZnO or Tin doped indium oxide (In2O3) is used as TCO layer. Optical transmission for different front contacts and buffer layers in given in Figure 4.8. The bilayer consisting of thin layer of intrinsic ZnO and thick layer of n-type doped ZnO have gained higher efficiencies where intrinsic ZnO prevents the diffusion of doped ions into the absorber layer. Typically, Al doped ZnO (ZnO:Al, AZO) is used as TCO layer which provides higher conductivity and lower resistivity by creating extra free charge carriers in the film [99]. However, AZO with its strong absorption in the IR region of the spectrum limits the photogenerated current [100, 101], also it have high affinity for moisture absorption [102]. So, there have been lot of research for TCO layer material. AZO suffers low mobility (<30 cm2V-1s-1) while an alternative boron doped zinc oxide (BZO) has mobility upto 40 cm2V–1s–1. Other TCO for CIGS includes indium zinc oxide (IZO), fluorine doped tin oxide (FTO), indium tin oxide (ITO) and hydrogenated indium oxide (IOH).Transmission spectras of various TCO and buffer is given in Fig. Yin et al., [103] have used graphene as transparent conductive layer by depositing AuCl3 doped graphene via CVD technique and by optimizing the contact between the graphene and intrinsic ZnO, efficiency of 13.5% was achieved due high transmittance of graphene TCE (transparent conducting electrode) films due to low free carrier absorption loss. Figure 4.9a shows the optical transmittance of different layers of graphene/ PMMA (polymethyl methacrylate) and AZO and Figure 4.9b compares quantam efficiency of graphene based CIGS solar cell and AZO based CIGS solar cell. The reports on CIGS thin film with its power conversion efficiency are mentioned in (Table 4.1).


[image: Figure shows optical transmission for front contacts and buffer layer.]

Figure 4.8 Optical transmission of different front contacts and buffer layers. Reprinted with permission from ref [38], Romeo, A., Terheggen, M., Abou-Ras, D., Bätzner, D.L., Haug, F.-J., Kälin, M., Rudmann, D., Tiwari. A. N., Development of Thin-film Cu(In,Ga) Se2 and CdTe Solar Cells. Prog. Photovolt: Res. Appl. 12, 93, 2004. Copyright © 2004, John Wiley and Sons.




[image: First part of figure shows optical transmittance of different layers of graphene/ PMMA (polymethyl methacrylate) and AZO whereas second part compares quantam efficiency of graphene based CIGS solar cell and AZO based CIGS solar cell.]

Figure 4.9 (a) Transmittances of 1 layer graphene, four layer graphene, PMMA, one layer graphene/PMMA, four layer graphene/PMMA and AZO (b) Normalized external quantum efficiency (EQE) of graphene-based CIGS (sample #7) and AZO-based CIGS solar cells. Copyright 2014, Royal Society of Chemistry [103].





Table 4.1 Summarizes some of the reported CIGS thin film with its power conversion efficiency.





	Chalcopyrite material
	Thin-film preparation technique
	Power conversion efficiency (PCE)
	Ref.





	Cu(In,Ga)Se2 thin-film solar cells
	Sputtering method
	22.6%
	[24]



	Cu(In,Ga)(S,Se)2(CIGS) absorber
	Solution processed followed by selenization annealing
	15%
	[100]



	Cu(In,Ga)(S,Se)2 thin films
	Co-evaporation process
	12.7%
	[87]



	Na incorporated CIGSSe solar cell
	Solution based deposition method
	12%
	[83]



	CdS/Cu(In,Ga)S2based solar cell
	Sputtering method
	12.9%
	[118]



	Cu(In,Ga)Se2 solar cell
	Sputtering method
	16.7%
	[119]



	Double graded Cu(In,Ga)(S,Se)2solar cell
	Sulphurization process
	15.8%
	[121]



	CIGSSe solar cell with (Cd,Zn)S buffer layer and Zn1-xMgxO window
	Magnetron co-sputtering
	19.6%
	[120]



	Cu(In,Ga)(S,Se)2solar cell with Cd0.75Zn0.25S/ZnO buffer layer
	Sputtering method
	19.6%
	[122]



	Cu(In,Ga)(S,Se)2 solar cell with Zn(O,S) buffer
	Atomic layer deposition
	16.1%
	[46]



	CuInGaS2 thin film
	Solution based coating method followed by oxidation and sulphurization
	8.28%
	[116]



	Cu(In,Ga)(S,Se)2solar cell with In2S3buffer layer
	Spray ion layer gas reaction deposition
	16.1%
	[29]



	CIGSe solar cell with Na incorporation
	Solution based process
	13.3%
	[125]



	Cu(In,Ga)(S,Se)2 solar cell
	Spray assisted vapour deposition
	9.5%
	[126]



	CIGSe solar cell with CdS buffer
	Chemical bath deposition
	10.45%
	[127]



	Cu(In,Ga)(S,Se)2 thin films
	Spray-pyrolysis
	10.5%
	[128]



	Si based anti-reflective coating on CIGS solar cells
	Solution based process
	17.2%
	[129]



	Cu(In,Ga)Se2 solar cell with Zn(O,S) buffer
	Atomic layer deposition
	16%
	[89]



	Graphene based Cu(In, Ga)Se2 solar cell2
	Chemical vapour deposition
	13.5%
	[84]



	Cu(In,Ga)(Se,S)2 with ZnO window layer
	Solution based process
	17.3%
	[130]



	CIGSSe solar cell with (Zn, Mg)O/Zn(O, S, OH)
	Atomic layer deposition
	22.3%
	[90]










4.4 Advances in CIGS Solar Cell


4.4.1 CIGS-Tandem Solar Cell

Multi-junction (tandem) solar cells based on III-IV group elements have more PV conversion efficiency compared to single-junction solar cells wherein several p-n junctions of different semiconductor material are connected to absorb large part of solar energy spectrum [104]. Tandem solar cells decreases the heat loss and make effective use of the solar radiation, though its production cost are high so they are used in special applications like space technology [105]. Tandem solar cells have 2 configurations which includes 4-terminal tandem and 2-terminal (monolithic) tandem where cells are connected independently in former and in latter cells are connected in series or monolithic interconnection shown in Figure 4.10. Top and bottom cell determines the performance of tandem solar cell. Efficiency decreases by the lower transmission of the top cell. Thus, top cell should possess large band width which allows absorption of high energy photons and bottom cell have small band gap width that absorbs low energy photons. With variation of bandgap, chalcopyrite CIGS material is a promising candidate for tandem solar cells. CIGS with bandgap of 1–1.1 eV is best suited for bottom cell whereas the top cell with bandgap >1.6 eV suitable for top cell. Since the CIGS with high bandgap suffer from poor electric properties and high sub bandgap absorption, alternative absorbers are used like cadmium telluride, dye-sensitized and perovskites [106–108]. This module with CIGS bottom can surpass the efficiency limits of single-junction solar modules. Shen et al., [109] reported an efficiency of 23.4% for mechanically stacked perovskite/CIGS tandem solar cell. Perovskite/CIGS tandem thin film solar module using 4-terminal architecture has achieved power conversion efficiency of 17.8% [110]. Fu et al., [111] presented perovskite/CIGS tandem solar cell and evaluated each subshell separately and it reported that FF and VOC reduced marginally which led to decrease in CIGS bottom efficiency to 6.3% which together with 14.2% efficiency of perovskite top gave efficiency of 20.5% for the tandem configuration. Figure 4.11 shows the current density v/s voltage curve for sub-cells and tandem solar cell and Table shows photovoltaic parameters for same. Bailie et al., [112] developed semi-transparent perovskite solar cell with nanowires with efficiency of 12.7% which on combining with CIGS demonstrated tandem efficiency of 18.6%. Optimizing the bandgaps of top and bottom cells and use of anti-reflection coating [113] can lead to higher tandem efficiency and so there is ample room for efficiency improvement through research and development. (Table 4.2) reports the photovoltaic parameters of the four-terminal perovskite-CIGS tandem solar cells [111].


[image: Figure shows Tandem solar cells configurations which includes 4-terminal tandem and 2-terminal (monolithic) tandem.]

Figure 4.10 Schematic structure of (a) 4-terminal tandem (b) 2-terminal (monolithic) tandem.




[image: Figure shows the current density v/s voltage curve for subcells and tandem solar cell.]

Figure 4.11 Photovoltaic performance of the four-terminal perovskite-CIGS tandem solar cell (a) The current density-voltage (J–V) curves (b) quantam efficiency (EQE) spectra of the four-terminal tandem device. Reprinted with permission from ref [124].





Table 4.2 Photovoltaic parameters of the four-terminal perovskite-CIGS tandem solar cells [111].





	Solar cells
	VOC(mV
	JSC (mAcm–2)
	Calculated JSC (mAcm–2)
	FF (%)
	η (%)
	Steady-state efficiency (%)





	Perovskite top sub-shell
	1,104

	17.4

	16.7

	73.6

	14.1

	14.2




	CIGS cell (stand-alone)
	698.6

	34.1

	34.9

	76.7

	18.3

	18.3




	CIGS bottom subshell
	667.4

	12.7

	12.4

	74.9

	6.3

	6.3




	Four-terminal tandem cell
	 

	 

	 

	 

	 

	20.5









4.4.2 Flexible CIGS Solar Cell

Flexible and lightweight feature are always considered advantageous over traditional rigid and heavy technologies and opens new field for solar modules designs, applications and concepts for electricity generation. CIGS are mostly grown on glass substrate but there has been lot of research to obtain flexible solar module with comparable efficiency. There are several types of flexible substrates are used for growing CIGS layer which includes metal (Mo, Al, Ti, Cu and stainless steel) [114–116], polymer (polyamide) [117] and ceramics (zirconia) [118]. Among all, there is remarkable progress on flexible CIGS solar cell using polyamide substrate which demonstrated maximum efficiency of 20.4% [119]. Flexible solar cell are lightweight, thin and are processed through roll to roll manufacturing which cut down its most of the production cost. But there are several challenges associated with flexible substrates. Polymer substrate cannot withstand higher temperature making it unstable for longer term application. Flexible metal substrates like Cu or Al contain impurities which can lead to the diffusion of undesirable elements from substrate to the absorber layer and can affect the cell performance. Also, diffusion of Cu or Al into the absorber layer can lead to the reactivity with Se which can act as an issue [120]. Ceramic substrates are brittle and limit its application. There are some important factors which determine the commercialization which includes low-cost of production, high efficiency and long term stability. Flexible CIGS solar cell obviously requires further development and research to overcome the challenges since its lightweight and flexible property is advantageous for application such as building integrated PV (BIPV), space flight, and tracking and mobile power generation.




4.5 Summary

Photovoltaics technologies are emerging as a fastest growing renewable energy technology and are key solution for all energy problems. Presently, major solar panels are made up from Si constituting upto 90% global module production with efficiency reaching upto 25%. CIGS has proved to be an excellent alternative to Si based solar cells with it high absorption coefficient, less manufacturing cost and comparable efficiency of 22%. However, CIGS potential is needed to be explored with simple low cost deposition technique, by substituting flexible substrate and replacing expensive elements like gallium and indium with other elements. There are several factors that improve the performance of CIGS solar cells which includes proper thickness of CIGS layer, ratio of Ga, grain size, proper graded bandgap profile, etc. Also, development and the various deposition techniques of CIGS solar cell have been reviewed. Yet, the techniques are needed to be explored to achieve high efficiency with commercial CIGS module. CIGS are now been investigated as tandem cells and have shown better results but obviously further research and development is required.
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Abstract

Printable photovoltaics based on organic or organic-inorganic hybrid materials (e.g., conjugated organic molecules and organometal halide perovskites) have recently emerged as a promising area of research for the realization of next-generation renewable energy sources with outstanding advantages in terms of flexibility, portability, wearability and semi-transparency levels. The most important feature of these solar cells is that they can be manufactured through the combination of electronic ink with high-throughput, high-volume roll-to-roll printing techniques, which facilitates low-cost production from flexible plastic substrates. Recently, intense research efforts have led to significant advances in the development of new materials, processing methods, device structures, and interface engineering approaches to enhance the performance of photovoltaic devices. In this book chapter, a variety of interfacial materials and their functions for interface engineering in printable solar cells are reviewed. Optical, electrical and morphological effects of interface engineering on device efficiency, stability and processability for their successful practical application are introduced.
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5.1 Introduction

In recent decades, considerable attention has been paid to the energy crisis and to global environmental awareness, necessitating the development of renewable and sustainable energy sources. Solar photovoltaic technologies, which convert solar light into electricity when exposed to sunlight through the photovoltaic effect, are foreseen as promising tools for addressing the clean energy supply problem because solar energy is clean, cost-free, and nearly inexhaustible. Commercialized silicon solar cells, however, have presented inherent technical problems regarding scale up and mass production plans owing to their high manufacturing costs and complicated fabrication process. Recently, printable solar cells such as organic solar cells (OSCs) and perovskite solar cells (PVSCs) have emerged as a new class of next-generation power sources that provide unique features that may help to overcome conventional technical limits. These emerging technologies are intrinsically different in terms of their processability; the solution process of conductive and semiconducting electronic materials, which is compatible with continuous roll-to-roll process, allows for cost-effective large area deposition on a large variety of substrates regardless of their degrees of mechanical flexibility. In addition, printable solar cells are capable of harnessing solar energy from thin films, supporting conceptual diversity and creating a means of producing semi-transparent, lightweight, and flexible devices. Thus, the integration of printable solar cells into conventional systems such as building windows, vehicles, greenhouses, and mobile electronics is highly viable.

Despite of the bright future of printable solar cells, several issues limit their more widespread application. In particular, their relatively low levels of efficiency and stability issues relative to competing silicon photovoltaic technologies must be addressed to meet commercialization requirements. Interface engineering is considered recognized as one of the most essential means of determining device performance by introducing an interfacial layer between the photoactive layer and electrodes, which involves the application of a broad spectrum of techniques drawn from the fields of chemistry, physics, materials science, and electronics. The main effects of interface engineering are elucidated as follows: i) the control of contact properties, which have a considerable impact on the wettability, adhesion and morphological (e.g., film qualities such as those phase separation, homogeneity, crystallinity, and uniformity) characteristics of photoactive materials; ii) the tuning of energy levels that support Ohmic contact, enabling desirable charge transport by reducing recombination losses; and iii) the passivating of the photoactive layer, which protects the photoactive layer from harmful external environmental conditions (e.g., moisture/oxygen and other contaminant impurities). In particular, the concrete buildup of charge selectivity in printable solar cells, which is a prerequisite for generating actual electricity, can be achieved by introducing an electron selective layer (ESL) and hole selective layer (HSL). Hence, proper interface engineering is of paramount importance to the generation of high performance printable solar cells with long-term reliable operations and to the realization of viable applications.

This chapter covers basic functions, scientific working mechanisms, and applications of interface engineering employing a variety of interfacial materials such as electrolytes, transition metal oxides, and organic semiconductors. The future outlook of these technologies is also briefly discussed.



5.2 Electrolytes


5.2.1 Introduction of Electrolytes for Interface Engineering

Electrolytes are well-known materials that can produce an electrically conducting solution when dissolved in polar solvents such as water and alcohols, which include most soluble salts, acids and bases. Electrolyte solutions are also produced from the dissolution of synthetic polymers containing ionic functional groups, which are referred to as “polyelectrolytes”. The dissolved electrolyte separates into mobile cations and anions, which are electrically neutral. When electric potential is applied to such a solution, cations are drawn to the electron-rich electrode while anions are drawn to the electron-deficient electrode, creating an electrical current [1]. Interestingly, cation-anion pairs in electrolyte solutions are also spontaneously self-aligned on metals or semiconductors through electrostatic Coulombic interactions, which greatly influence energy barriers of charge carriers at interfaces. This property creates opportunities for interface engineering between metal electrodes and semiconductors for use in high performance optoelectronic devices. In addition, the electrolytes offer unique properties (e.g., solution-processability at room temperature and property control), ensuring their boundless potential as interfacial materials for the engineering of interfaces between photoactive layers and metal electrodes in various optoelectronic devices such as solar cells, light-emitting diodes, field-effect transistors, and various sensors.

The electrolytes are classified into two groups based on their basic molecular structures: small molecular electrolytes and polymeric electrolytes (polyelectrolytes). In general, polyelectrolytes have a backbone and side chains with ionic functional groups. According to this backbone structure, they are classified into two groups: conjugated and non-conjugated polyelectrolytes (NPEs). The chemical structures of typical conjugated polyelectrolytes (CPEs) are illustrated in Figure 5.1 [2]. The ionic functional groups (e.g., cationic, anionic and zwitterionic) of CPEs provide a unique set of features, including solubility in polar solvents and processability in multilayer stacking without intermixing with nonpolar organic-soluble materials. Due to the occurrence of electrostatic and hydrophobic interactions, CPEs tend to organize into supramolecular structures in solution and in a solid state. In addition, electronically delocalized π-conjugated structures afford CPEs electrical and optical properties in semiconductors (i.e., charge transport, a variable bandgap, visible light absorption, and fluorescence) [3]. Recent research on the use of CPEs in biological and chemical sensors has led to higher levels of structural diversity and to the development of new synthetic protocols for their preparation. Furthermore, according to the polarity of ions attached at the ends of side chains, polyelectrolytes are also classified into anionic, cationic and zwitterionic polyelectrolytes. Depending on the chemical structures of their backbones or side chains, their properties and functionalities are changed considerably, enabling their property-controllability.


[image: Figure shows chemical structures of conjugated polyelectrolytes (CPEs).]

Figure 5.1 Generalized structural components of a cationic CPE.



Based on the working mechanisms of optoelectronic devices, electrolyte materials can be classified into three groups. The first includes highly doped CPEs with charge transporting capabilities that are similar to typically doped semiconductors such as metal oxides and conducting polymers [4]. In such cases, owing to their high charge carrier concentrations, they can modulate work function (WF) values of metal electrodes with their own Fermi levels (EF) and generate intermediate energy states (e.g., the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)) in facilitating charge transport [5, 6]. The second group includes materials that generate self-aligned electric dipole layers (EDLs) on metal electrodes and on the tuning WFs of metal electrodes by changing the vacuum energy level, which allows charges to tunnel through. Most electrolytes and weakly doped conjugated electrolytes belong to this group. Finally, the last group includes materials that induce the contact doping of neighbouring materials with chemically active ionic groups, which limit energy barriers between photoactive layers and metal electrodes. All of these approaches have unique uses for interfacial engineering in optoelectronic devices.



5.2.2 Applications of Electrolytes to Printable Solar Cells


5.2.2.1 CPE as ESL

In this section, research on CPEs for facilitating electron transport in devices, or so-called N-type CPEs (n-CPEs), are introduced. n-CPEs are used as a functional layer to reduce energetic barriers facing electrons between electrodes and photoactive materials. n-CPEs are typically equipped with cations like functional amines, which can be stabilized through charge compensation with a negative counter ion. n-CPE affects the dipole moment resulting from the assembly of positively and negatively charged ions. Although numerous important n-CPEs have been developed, some representative n-CPEs are introduced in the following sections.

First, Poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)–2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) developed by the Cao group [7] is the most widely used among various CPEs and has led to significant improvements in the performance of printable solar cells. PFN is a CPE with a backbone of repeating units of fluorene with tertiary aliphatic amines. When PFN is inserted between photoactive and cathode layers, electrostatic interactions between positive amino groups occurring along the side chain of PFN and along the negative ionic group at the surface of a metal (aluminium) electrode creates an interfacial electrical dipole, thereby increasing the built-in potential of the photoactive layer. The intensity of the interfacial dipole with the incorporation of PFN is in regards to visualized surface potential changes observed via scanning Kelvin probe microscopy (SKPM). The surface potential of a photoactive layer with PFN is 6 × 105 V cm-1, which is higher than that of a photoactive layer without a PFN interlayer (7 × 104 V cm-1). This enhanced electric field strongly facilitates charge transport and extraction. In addition, a study of net photocurrent density (Jph) as a function of effective voltage (Veff) shows that devices with a PFN interlayer show superior Jph – Veff characteristics, indicating that PFN also prevents the build-up of space charge and limits charge recombination within devices. As a result, the introduction of PFN into OSCs with a normal structure of ITO/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)/thieno[3,4-b]- thiophene/benzodithiophene(PTB7): [6, 6]-phenyl C71-butyric acid methyl ester (PC71BM)/PFN/Al supports a power conversion efficiency (PCE) level of 8.37%. Recently, Zhang et al., [8] reported on the development of highly efficient small-molecule solar cells with a high PCE value of 9.3% using PFN as a cathode interfacial layer. Due to the reduced energy barrier found between the small-molecule photoactive layer and metal electrode, PFN-based devices offer superior and more reproducible performance than other N-type functional layers such as lithium fluoride (LiF) and zinc oxide (ZnO).

Furthermore, PFN can be incorporated into inverted structures of OSCs by applying it to the surfaces of ITO. After the preliminary coating of PFN, a permanent interface dipole forms at the ITO/PFN interface and dramatically reduces the effective surface WF of ITO from 4.7 eV to 4.1 eV [9]. The resulting inverted device with PTB7:PC71BM photoactive materials presents a value of 9.2%, thus outperforming the conventional structure. In addition to energy levels, thickness levels also have a considerable impact on device performance; PFN that is too thin cannot fully cover ITO surfaces to ensure Ohmic contact while PFN that is too thick spur high series resistance. Interestingly, inverted devices present higher short-circuit current density JSC) values than conventional ones, and this is mainly attributed to differences in distribution between electric field intensity levels of the incident photon within the photoactive layer. In addition to a pristine form, PFN can be incorporated into inverted OSCs with various configurations of acid doped PFN [10], ZnO/PFN bilayers [11], and ZnO:PFN [12]. Interface engineering with a ZnO/PFN-Br bilayer facilitates electron transport and suppresses unwanted recombination, thereby generating a higher PCE.

Although PFN exhibits excellent capabilities in terms of facilitating electron collection by establishing an Ohmic contact with the photoactive layer, PFN can be dissolved in organic processing solvents due to the occurrence of hydrophobic interactions between backbones and solvent molecules, which are detrimental to the reproducibility of OSC device performance. Liu et al., developed a cross-linkable amino-functionalized polyfluorene material, PFN-OX, that offers excellent solvent resistance after photocross-linking. As a result, highly reproducible inverted OSCs with PTB7:PC71BM values and a high PCE of 9.03% were achieved [13, 14]. Moreover, Hg-containing derivatives of amino-functionalized CPE, PFEN-Hg, enable thickness insensitive electrical performance originating from strong intermolecular interactions occurring between mercury and improved π–π stackings of PFEN-Hg. Resulting device PCE values are measured as 9.11% and 6.82% for 13 nm and 29 nm of PFEN-Hg, respectively.

The direction of the dipole moment is presumably determined by the molecular orientation of CPEs while intensity levels are largely affected by the ionic density (ID) of CPEs [15]. By changing the number ionic functional groups in molecular structures, ID of CPE can be tightly controlled. The main backbones are the same while side chains are equipped with differing numbers of ion pairs of cations (N+) and anions (Br-). By increasing the ID of CPEs, WF of ITO are proportionally decreased from 4.9 eV to 3.9 eV by preliminarily coating ultrathin CPEs (≈2 nm). Such a gradual change in WF is attributed to the enhanced strength of the dipole moment. As the WF of ITO is reduced, the WF difference between the ITO/CPE cathode and PEDOT:PSS/Ag anode increases, leading to the development of a strong electric field and facilitating efficient electron collection. This leads to the improvement of PCE for poly(3-hexylthiophene) (P3HT):PCBM from 2% to 4%. Therefore, a core function of CPE is to adjust energy levels through the formation of an interfacial dipole layer. In contrast to solar cells that operate under relatively low bias conditions, two additional working mechanisms of CPEs for electron transport can be invoked depending on device operating conditions such as electron injection (i.e., light-emitting diode) systems: i) the ion migration model and ii) molecular reorientation model. In the quantum mechanical tunnelling regime (<10 nm), the formation of a permanent dipole is dominant and represents a typical behaviour of CPEs in OSCs. For thicker films exceeding tunnelling limit, however, ions can be moved within CPE layers under an applied bias. This phenomenon can most likely be attributed to the fact that ions are redistributed through ion migration or molecular orientation to decrease the electron injection barrier. Both mechanisms for describing ionic motion in thicker CPE films should be considered in devices with high operation voltage levels.



5.2.2.2 Fullerene Derivatives as ESL

In regards to processability levels, a major barrier to using CPE-based interlayers for printing relates to thickness issues. Due to limited conductivity levels, device performance is extremely sensitive to the thickness of CPE interlayers; a typical optimal thickness is roughly 5 nm and performance significantly declines as the thickness of the interlayer is increased to over 10 nm, as the backbone of CPE is intrinsically of the p-type and more favourable for hole transport. To address this issue, some n-type electrolyte materials with strong electron transport properties have been developed. Given that fullerene exhibits high levels of electron mobility and thus is very good at transporting electrons, Page et al., synthesized trisubstituted polar fulleropyrrolidines (FPs) such as tris(dimethylamino)-substituted fullerenes (C60-N) and tris(sulfobetaine)-substituted fullerenes (C60-SB) [16]. PCE-10:PC71BM device performance was in turn greatly improved from 3.72% (Ag electrode with no interlayer) to 9.78% (C60-N/Ag) and 8.92% (C60-SB/Ag). Main causes of the large discrepancy in efficiency levels found are as follows: i) the presence of an energy barrier between bare Ag and PC71BM hinders efficient electron transport and ii) the small potential difference found between high WF values of Ag and PEDOT:PSS-modified ITO electrodes weakens the internal electric field within the photoactive layer and reduces the efficiency of charge extraction. In addition, FP interlayers can be used as cathode-independent n-type buffer layers. With the incorporation of a C60-N interlayer, significant improvements are observed at points of contact with various metal electrodes, including Al, Cu, and Au, and this is attributed to the tailoring of the interface to a lower effective WF for electrodes. More importantly, printing issues can be addressed by using such materials. Even though thicknesses of C60-N and C60-SB were increased from 5 nm to 55 nm, changes in efficiency amounted to no more than 2% in both cases.

Doping can also be used to effectively facilitate charge transport by increasing the conductivity of materials. Recently, doped-FPs have been extensively studied and widely used in printable solar cells [17]. Fullerene surfactants and tertiary nitrogen functionalized FPs with methyl iodide have been reported to exhibit electron mobilities of 2.18 × 10-4 cm2 V-1 s-1 and 4.91 × 10-6 cm2 V-1 s-1, respectively [18]. Effects of both N-type electrolytes on vacuum level shifts have been investigated as a function of WF changes (ΔWF). With the introduction of such interlayers, ΔWFs are larger at roughly 0.8 eV. In addition, no prominent signs of absorption are observed in the visible region. These results indicate that fullerene surfactants can be considered as strong N-type interlayers. Recently, a new bis-adduct fullerene surfactant, C60-bis, was synthesized and applied as a cathode-independent N-type interlayer in conventional device architecture [19]. However, its mobilities are still too low for it to be used as a thickness-independent interlayer. To address this problem, Li et al., reported on solution-processable highly conductive fullerene-based interlayers by identifying an appropriate chemical dopant [20]. Although numerous reducing agents for the n-type doping of fullerenes are available, the HOMO levels of these dopants are relatively high, rendering them unstable under ambient conditions. Fulleropyrrolidinium iodide (FPI) chemically dopes PCBM based on processes of electron transfer (ET) occurring between the iodide on FPI and the fullerene core, creating an n-doped fullerene film with a high conductivity value of 3.2 S cm-1. Interestingly, FPI-PCBM film exhibits metallic electrical characteristics with negligible electric field-induced current changes observed in field-effect transistor (FET) mobility measurements while both FPI and PCBM show typical n-type semiconducting behaviours with an on-off ratio, indicating that FPI-PCBM loses its semiconducting properties after the doping process. Furthermore, tetrabutylammonium salts (TBAX, X = F, OH, AcO, Br, I) have been studied as n-type dopants for fullerenes [21]. UV-vis-NIR absorption spectroscopy and electron paramagnetic resonance (EPR) results show free-charge carrier-induced sub-bandgap absorption and paramagnetic signals for radicals, respectively, showing clear evidence of ET occurring between TBAX and n-type semiconductors.



5.2.2.3 NPEs as ESL

In addition to CPEs that induce interfacial dipole moments, thereby adjusting the surface energy levels of electronic materials, non-conjugated polyelectrolytes (NPEs) have also been widely used as an n-type surface WF modifier through the formation of interfacial dipole layers [22, 23]. NPEs are composed of a non-conjugated backbone with functional ionic groups and are readily synthesized relative to CPEs owing to their simple chemical structures, which support a more cost-effective fabrication process. From the above listed explanation regarding the working mechanism of CPEs showing that the dipole moment is created through the assembly of charged ions, higher density ions within a given molecular structure are expected to support a higher degree of energy level tuning. In this context, polyethyleneimine (PEI) and ethoxylated PEI (PEIE) can be regarded as promising NPEs for energy level tuning purposes because the number of ions per repeating molecular unit is very high; both polyelectrolytes are equipped with aliphatic amine groups densely tethered to simple linear carbon chains (Figure 5.2). It has been demonstrated that a universal reduction in surface WFs of various electronic materials (i.e., semiconductors and conductors) is observed when PEI and PEIE are deposited onto the surface. Interestingly, from metallic materials such as gold (Au), silver (Ag), aluminium (Al), PEDOT:PSS, and graphene to metal oxides such as ITO, ZnO, and fluorine-doped tin oxide (FTO), large WF change (ΔWF) values of roughly 1 eV are generated and such ΔWF values are saturated at a 5 nm length scale. This result imposes no restrictions on a minimum applicable thickness of less than 10 nm, which is important because these polymeric materials intrinsically serve as insulators the block electron and hole carriers with a large bandgap of 6.2 eV (at electron affinity and ionization potential values of 0.3 eV and 6.5 eV, respectively) as confirmed by photoelectron spectroscopy. Due to the insulating nature of such NPE materials, thick films adversely affect charge transport and therefore deteriorate device performance. In thin film regimes, however, electrons can be transported across PEI and PEIE layers via tunnelling injection. Based on this universal means of producing low WF conductors, the performance of various organic electronic devices such as organic light emitting diodes (OLEDs), organic field-effect transistors (OFETs), and OSCs is greatly improved. The formation of an interfacial dipole layer using NPEs can be described by an electrostatically self-assembly model. When PEI dissolved in aqueous solution is applied to an ITO surface, partially protonated amine groups (N+) within PEI molecules electrostatically interact with negatively charged oxygen ions of ITO and then form a dipole layer that dramatically reduces the WF of ITO from 4.8 eV to 4.0 eV, spurring Ohmic contact with the LUMO level of PC71BM. As a result, UV light soaking-free inverted OSCs of ITO/PEI/PTB:PC71BM/PEDO:TPSS/Ag exhibit an efficiency level of 6.3%.
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Figure 5.2 Chemical structures of NPEs and small-molecule electrolytes.





5.2.2.4 Non-Conjugated Small Molecule Electrolytes as ESL

With simpler chemical structures, non-conjugated small molecule electrolytes that can be incorporated into OSCs by solution processing owing to their excellent solubility in polar solvents and insolubility in common nonpolar organic solvents, which facilitates multilayer stacking without intermixing, have been used as a cathode interfacial layer. One non-conjugated small molecule electrolyte, 4,4′-(((methyl(4-sulphonatobutyl)-ammonio) bis(propane-3,1-diyl))bis(dimethyl-ammoniumdiyl))bis-(butane-1-sul-phonate) (MSAPBS), contains three tertiary amine groups coupled with sulfonate groups in its unit molecular structure. As positively charged amine groups are protonated with immovable sulfonate counterions, MSAPBS is expected to facilitate the formation of an interfacial dipole layer to adjust energy levels between electrodes and photoactive materials [24]. From the absorption spectrum and electrochemical measurements, the optical bandgap of MSAPBS is derived as 3.01 eV with a HOMO level of –5.32 eV and with a LUMO level of –2.31 eV. Despite its insulating nature, MSAPBS exhibits promising interfacial modification behaviours due to the presence of a pair of ion groups. By applying MSAPBS as a cathode interfacial layer constructing a structure of ITO/PEDOT:PSS/PTB7:PC71BM/MSAPBS/Al, devices exhibit significantly improved PCE values of 10.02% with an open circuit voltage (VOC) of 0.76 V, a JSC value of 19.25 mA cm-2, and a fill factor (FF) of 0.681. These values are much higher than those of a Ca-based device with a structure of ITO/PEDOT:PSS/PTB7:PC71BM/Ca/Al with a PCE of 7.99%, a VOC of 0.76 V, a JSC of 14.92 mA cm-2, and an FF of 0.70. As the most remarkable difference in device performance observed between these materials, JSC values are significantly increased from 15.8 mA cm-2 to 19.25 to mA cm-2 as the Ca interlayer is replaced with MSAPBS, and this is mainly attributed to improved levels of electron mobility and overall photon harvesting observed within the device.

An ultra-low WF of transparent electrodes can be realized by using amino acid as a surface WF modifier [25]. The two types of amino acids, L-lysine (Lys) and L-arginine (Arg), have been used as low WF inducers; surface WFs of ITO have been dramatically reduced from 4.67 eV to 2.50 eV and 2.97 eV with Lys and Arg surface modification, respectively. The low WF of 2.5 eV found is meaningful because this value is even lower than that of low WF metals such as Ca (2.9 eV), Li (2.9 eV), and Ba (2.7 eV). Additionally, ΔWF values are measured at approximately 2.2 eV, which is much greater than values obtained for other reported electrolytic materials. Amino acid molecules are chemically bound to the ITO surface through the reaction of -COOH with surface hydroxyl groups. Inverted PTB7:PC71BM-based OSCs with Lys- and Arg-modified ITO cathodes exhibit high PCEs of 8.6% and 8.0%, respectively, while devices with unmodified ITO values present poor PCE values of only 1.9%.



5.2.2.5 Self-Assembly of Polyelectrolytes as ESL

As the most advantageous feature of printable solar cells relative to established silicon technologies, the former are “printable” and thus compatible with roll-to-roll continuous coating processes, thereby allowing for cost-effective manufacturing. However, it is very difficult to deposit uniform and pinhole-free multi-layered thin film structures using printing processes. Reducing the number of processing steps involved and simplifying device architectures is therefore necessary to further reduce fabrication costs and to afford greater control. Spontaneous vertical phase separation in organic blends can generate multi-layered thin film structures; the application of a single coating of a mixture solution for photoactive bulk heterojunction (BHJ) materials and polyelectrolyte onto ITO surfaces promotes the spontaneous bilayer formation of ITO/polyelectrolyte/BHJ [26]. Such phenomena may be attributed to two sources as illustrated in Figure 5.3. First, surface energy differences between photoactive material and polyelectrolytes spur vertical phase separation; polyelectrolytes exhibit hydrophilic properties due to the presence of ionic functional groups, which provide high levels of surface energy, while organic BHJ materials show hydrophobicity with low levels of surface energy. Therefore, in mixture systems, hydrophilic polyelectrolyte tends to migrate towards the hydrophilic ITO surface, and the hydrophobic BHJ segregates at the upper air surface to minimize the total system energy levels and to maintain a thermodynamic equilibrium. Second, positively charged ionic groups of polyelectrolyte electrostatically interact with negatively charged oxygen anions originating from the terminal hydroxyl groups of ITO (e.g., coulombic interactions between the positively charged amine groups of polyelectrolyte and negatively charged oxygen groups of ITO) and are self-assembled onto the ITO surface to form a dipole layer as discussed above. As may be expected, PEI is an appropriate material for use in self-assembled interlayers of a mixture system with hydrophobic photoactive materials, as it contains high densities of aliphatic amine moieties, thereby exhibiting strong levels of hydrophilicity. When PEI:BHJ (PTB:PC71BM) organic nanocomposite is coated onto the ITO, both PEI and BHJ photoactive materials exhibit segregation behaviours in the vertical direction; PEI molecules move downward during the coating process and subsequently form a uniform layer [27]. It is important to note that the thickness and remaining volume of PEI is determined by controlling the ratio of PEI to BHJ photoactive materials. Although PEI is dissolved in alcohols that serve as poor solvents for nonpolar organic materials, to addition of a small amount of PEI solution to BHJ solution results in no significant aggregation in film morphologies. As a result, devices with ITO/PEI:PTB:PC71BM/PEDOT:PSS/Ag exhibit a PCE of 6.0%, which is comparable to that of devices with ITO/PEI/PTB:PC71BM/PEDOT:PSS/Ag.
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Figure 5.3 Schematic illustration of the spontaneous self-assembly of PEI molecules for the formation of a PEI/BHJ bilayer in PEI:BHJ nanocomposites.



Like NPEs, CPEs also undergo spontaneous phase separation in organic nanocomposites. A facile strategy of PFN blending with PTB7:PC71BM BHJ photoactive materials simplifies the coating process with enhanced device performance, and this is attributed to the self-organization of PFN in organic nanocomposites [28]. Similar to the PEI, the high surface energy levels of PFN migrate vertically toward the high surface energy levels of ITO to achieve total system energy minimization and to form an ultrathin PFN layer between the ITO and the BHJ layers. A device with no PFN interlayer performs poorly with a PCE of 1.39%, while devices with a PFN/PTB7:PC71BM bilayer configuration and PFN:PTB7:PC71BM organic nanocomposites exhibit high PCE values of 7.50% and 7.07%, respectively, denoting the successful migration and stratification of PFN molecules via self-assembly from BHJ materials. With the addition of PFN CPE to the BHJ system, printing fabrication processes can be simplified without significantly sacrificing device performance [29]. The one-step doctor-blading PFN:PTB7:PC71BM:indene-C60 bisadduct (ICBA)-based ITO-free device exhibits a high PCE value of 6.56%, which is an encouraging value given the performance of a two-step doctor-blading PFN/PTB7:PC71BM:ICBA device with a PCE of 7.11%. This simple and efficient strategy is compatible with continuous roll-to-roll processes and allows for more cost-effective device fabrication.



5.2.2.6 Self-Doped CPEs as HSL

Electrolytes as HSLs in optoelectronic devices have also been developed. It was recently found that some pristine electrolytes and weakly doped conjugated electrolytes can generate strong EDLs on anodes, which follow opposite direction to N-type electrolytes. These strong EDLs shift the vacuum energy level (Evac) upward, spurring WF tuning in anodes and the reduction of the hole energy barrier at the interface between the anode and adjacent organic semiconductors, allowing charges to tunnel through.

Lee et al., reported that p-type CPEs synthesize via the self-doping of conventional anionic CPEs and that anionic CPEs can be used as anode interlayers when they are weakly p-doped [30, 31]. Through the facile oxidation of pristine CPEs using oxidants (X2S2O8, where X = K, NH4, and Na), positive polarons (radical cations) are generated in their backbones and are stabilized through sulfonate anions. Radical cation-sulfonate anion coupling forms new electric dipoles, inducing changes in the directions and strengths of net dipoles at metal anodes/semiconductor interfaces. As a result, these p-type CPEs shift the effective WFs of indium tin oxide (ITO) from 4.80 eV to 5.04–5.35 eV according to differing degrees of radical cation-sulfonate anion coupling (or of doping concentrations) and they effectively act as anode interlayers in OSCs and light-emitting diodes. Furthermore, the authors reported that when paired EDLs are introduced to both sides of photoactive layers in OSCs and PVSCs, the built-in electric field is more heavily reinforced relative to that of devices with typical charge transport layers, resulting in the reduction of charge recombination at trap sites and in the enhancement of device performance and reproducibility [32, 33]. Interestingly, Xu et al., reported on a bifunctional CPE called PFS, poly[9,9-bis(1-sulfopropane-3-yl)-fluorene-2,7-diyl-alt-(2,2’-bithiophene-5,5’)-diyl for both anodes and cathodes in OSCs that can be easily dissolved in polar solvents such as methanol, dimethyl-formamide, and N-methyl-2-pyrrrolidone [34]. Within the visible range, PFS shows high levels of transmittance (over 98% within a long wavelength range of >540 nm), which enables efficient light absorption by the photoactive layer. Propyl sulfonic acid groups (SO3-H+) in PFS increase the effective WF of ITO from 4.54 to 4.94 eV by aligning electric dipoles. Notably, PFS induces interfacial dipoles on photoactive layers when cathodes (e.g., aluminium) are deposited onto it (SO3- - Al3+), weakening the electron energy barrier at the interface.

The high electrical conductivity of heavily doped CPEs enables them to be used as charge transport layers such as PEDOT:PSS. PEDOT:PSS is a well-known doped conjugated polymer complexed with polyelectrolyte (PSS), which is most widely used as an HSL for optoelectronic devices, as its orthogonal solution processability to the active material, electrical conductivity (σ ~ 10-3 S cm-1) and appropriate WF (~5.1 eV) support Ohmic contact between anodes and photoactive layers. However, PEDOT:PSS presents several issues to be overcome: it exhibits a sensitive phase separation morphology on drying dynamics and anisotropy in electrical conductivity, is acidic and hygroscopic and is limited in terms of WF tunability features [35]. In contrast, heavily doped CPEs present excellent features in terms of pH neutrality levels, homogeneity in phase and electrical conductivity levels, and broad WF tunability levels, facilitating their use as an HSL for printable solar cells.

Water soluble poly(4-(2,3-dihydrothieno[3,4-b] [1, 4]dioxin-2-ylmethoxy)–1-butanesulfonic acid (PEDOT-S), a self-doped CPE, has been chemically synthesized [36]. PEDOT-S includes ionic functional groups on its side chain, supporting its solubility in polar solvents. In addition, sulfonate anions act as counter-ions for charge self-compensation, resulting in their high levels of electrical conductivity, which are comparable to or higher than those of PEDOT:PSS. Cai et al., reported PEDOT-S with high conductivity (1.0 S cm-1), high WF (5.2 eV) and moderate transparency levels (>95% at 40 nm) as an HSL in OSCs with different donors (poly [6,60-bis(50-bromo-3,40-dioctyl-[2,20-bithiophen]–5-yl)–1,10- bis(2-hexyldecyl)-[3,30-biindolinylidene]–2,20-dione] (P3TI) and poly[[2,-3-bis(3-octyloxyphenyl)–5,8-quinoxalinediyl]–2,5-thiophenediyl] (TQ1)) (Figure 5.4) [37]. The optimized PEDOT-S-based OSC with P3TI: [6, 6]-phenyl C71 butyric acid methyl ester (PC71BM) outperforms PEDOT:PSS-based devices due to its higher FF value of 0.72 relative to a value of 0.59 found for PEDOT:PSS-based devices owing to its high conductivity and transparency. Device performance is also insensitive to the thickness of PEDOT-S (of up to 50 nm).
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Figure 5.4 Chemical structures of self-doped conjugated polyelectrolytes (a) PEDOT-S, (b) PCPDTBTSO3K and PCPDTBTSO3TBA, (c) PCP-Na, PCF-Na and PFS-Na, and (d) PhNa-1T, PhNa-2T and PhNa-3T.



Mai et al., have developed self-doped anionic narrow-band-gap CPEs through the use of a simple dialysis process [38]. They found that during dialysis positive polarons (radical cations) can be generated on the conjugated backbone and stabilized by pendant sulfonate groups through Coulombic interaction. In addition, levels of doping can be easily controlled through the addition of acids or bases during dialysis. Through this facile doping process, they synthesized self-doped poly[2,6-(4,4-bis-potassium butanylsulfonate-4H-cyclopenta- [2,1-b;3,4-b’]- dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBTSO3K or CPE-K), which is representative self-doped anionic narrow-band-gap CPE presenting several advantages as an HSL (e.g., orthogonal solution processability, suitable energy levels (HOMO ~4.9 eV), high conductivity levels (σ ~ 1.5 × 10-3 S cm-1), and moderate levels of optical transparency). In using PCPDTBTSO3K as an HSL, Zhou et al., showed that PTB7:PC71BM OSCs perform better than PEDOT:PSS based OSCs. This performance enhancement is attributed to a reduction in bulk resistance resulting from the high conductivity of PCPDTBTSO3K and from the modified interface with the photoactive layer [39]. Furthermore, owing to its high conductivity and solvent orthogonality, PCPDTBTSO3K has been used as a robust p-type intermediate layer for homo-tandem OSCs and as an HSL for p-i-n type planar PVSCs [40, 41]. Similarly, Cui et al., have synthesized self-doped conjugated polymers based on thiophene and benzene derivatives. Self-doped conjugated polymers exhibit pH neutrality, high levels of electrical conductivity, solubility in polar solvents, and efficient hole extraction capabilities. Among them, PCP-Na presents a deep HOMO value of 5.22 eV and a high conductivity value of 1.66 × 10-3 S cm-1, supporting its thickness-insensitive hole transport properties [42]. The same authors have also shown that the pH neutral and high conductive properties of PCP-Na are suited to an interconnecting layer, as a HSL in tandem solar cells presented the highest PCE of 13.8% in 2017 [43]. Jo et al., synthesized a series of self-doped CPEs by copolymerizing dibromo-1,4-bis(4-sulfonatobutoxy) benzene with borate compounds of thiophene, bithiophene, and terthiophene, which show reasonably high levels of electrical conductivity of ~10-4 S cm-1 due to self-doping and ensuring better hole transporting properties than those of PEDOT:PSS [44]. In particular, PhNa-1T with electron-rich thiophene groups and with planarity in the backbone exhibits broad levels of ITO WF tunability (5.21 eV), facilitating efficient hole extraction by creating a higher internal electric field in solar cells. According to their work, appropriate electron-richness and/or chain planarity in the backbone are crucial for generating polarons. For PhNa-1P with less electron-rich phenyl groups and with low levels of conjugated backbone planarity, self-doping was hardly observed. Furthermore, the authors studied efficient inverted-type flexible PVSCs while using PhNa-1P as an HSL, which is low-temperature processable and not dissolved in perovskite precursor solution containing polar solvents dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) [45].

The molecular or ionic doping of organic semiconductors close to points of contact with metal electrodes can also reduce charge transport barriers at the interface. Some polyelectrolytes induce the contact doping of nearby organic semiconductors with chemically active ionic groups, reducing energy barriers between photoactive layers and metal electrodes. Tang et al., reported a general means to develop solution-processed doped organic semiconductor films from CPEs [46]. In general, it is challenging to stabilize doped films against de-doping and to suppress dopant diffusion and migration. With the introduction of doping and subsequent internal ion-exchange processes, they developed self-compensated heavily doped polymers from covalently bonded counter ions, enabling the use of strong dopants to access extreme WFs across a wide range of 3.0 to 5.8 eV. They demonstrated that solution-processed Ohmic contact systems can be used in organic optoelectronic devices such as organic light-emitting diodes, solar cells, photodiodes and transistors. Notably, the self-assembly of doped CPEs enables metal electrodes to be used for both hole- and electron-injection contact.



5.2.2.7 Small Molecular Electrolytes and NPEs as HSL

Small molecular electrolytes, which can form self-assembled monolayers (SAMs) on the surfaces of metals or metal oxides, have been used to modify their surface properties (e.g., effective WF and surface energy values). Beaumont et al., introduced various carboxylic acids and phosphonic acids with electron withdrawing halogens (F, Cl, and Br) at the interface between anodes and photoactive layers of chloroaluminium phthalocyanine/C60 heterojunction solar cells [47]. Depending on the chemical structures of small molecular electrolytes, the effective WF of ITO can be changed within a range of 4.68 to 5.1 eV (WF of ITO: 4.8 eV), allowing for energy level alignment between the ITO and HOMO values of donor materials. Contact angles also increase after the introduction of small molecular electrolytes, increasing surface hydrophobicity levels and supporting more compatibility with the photoactive layer. Interestingly, the effective WF and contact angle are gradually increased as the size of halogen atoms decreases. Optimized solar cells based on chloroaluminium phthalocyanine/C60 showed a dramatic increase in PCE from 1.3% to 3.3%. Based on this finding, Choi et al., reported that chlorobenzoic acid (CBA) small molecular electrolytes can produce a highly effective WF through simple coating on the ITO surface [48]. The hydrophilic carboxylic acid moiety (COOH) of CBA tends to be located close to the ITO surface while the chlorine group (Cl) with electron withdrawing properties is located close to the photoactive layer, creating electric dipoles pointing towards the photoactive layer and thereby increasing the WF of ITO from 4.77 to 5.02 eV. Huang et al., also reported on a series of small molecular electrolytes including CBA [49]. It was found that the surface coverage of small molecules has a considerable impact on the WF of electrodes that can be controlled by varying the concentration of a solution. Notably, electron-withdrawing halogen terminal functional groups help effectively increase the effective WF of electrodes.

Mor et al., have demonstrated that contact doping at the interface can occur by using NPE dopants [e.g., sulfonated poly(sulfone)s, SPS] at the anode-semiconductor interface in OSCs, as their polymeric nature resists their diffusion or migration into the semiconductor layer [50]. Through an analysis of the transfer curve of field-effect transistors and optical absorption spectra of P3HT or poly-[[9-(1-octylnonyl)–9H-carbazole-2,7-diyl]–2,5-thiophenediyl2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT):SPS it was confirmed that sulfonic acid groups in SPS positively dope thiophene units in neighbouring organic semiconductors such as P3HT and PCDTBT, decreasing contact barrier width. OSCs with SPS as an anode interlayer show comparable patterns of device performance as those of PEDOT:PSS-based devices.





5.3 Transition Metal Oxides (TMOs)


5.3.1 Introduction of TMOs as ESLs for Interface Engineering

Printable solar cells such as OSCs and organic-inorganic halide PVSCs have simple device configurations with a transparent electrode (here written as ITO or fluorine tin oxide, FTO)/ESL, HSL/photoactive layer/HSL or ESL/top electrode. Therefore, the interfacial layers (i.e., ESLs and HSLs) of printable solar cells have presented several specific features: i) transparency within the visible range, ii) WF tunability for energy level matching between photoactive layers and metal electrodes, and iii) excellent electronic properties [51]. TMOs are promising interfacial layers given that their electronic and optical properties are suited for interface engineering in printable solar cells. In addition, TMOs have been widely used in various electronic devices such as light-emitting diodes, photodetectors, and thin film transistors. Over the past few decades, various TMOs have been developed, including titanium dioxide (TiO2), titanium sub-oxide (TiOx), ZnO, molybdenum oxide (MoO3 and MoOx), vanadium oxide (VO, VO2, and V2O5), and tungsten oxide (WO3) (Figure 5.5) [52, 53].
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Figure 5.5 Energy level diagram of metal oxides, photoactive materials and metal electrodes described in the section of metal oxides. a Perovskite of CH3NH3PbI3.



TMO layers are typically deposited via physical vapor deposition (e.g., sputtering and thermal evaporation under high vacuum conditions), significantly reducing their cost-effectiveness and technical flexibility. Therefore, the development of solution processable TMOs for use in printable solar cells, which are compatible with printing methods, such as those of ink-jet printing (IJP), doctor blading, and slot-die coating, has received considerable research attention in recent decades. Additionally, numerous processing methods for TMO fabrication have been developed (e.g., sol-gel, hydrothermal, and solvothermal methods). These methods sensitively influence the electrical properties of TMOs [54, 55]. In addition to processing conditions, post treatment effects are essential to consider in relation to controlling characteristics. TMOs with sufficient electron or hole transport properties can be used in a pristine state; otherwise, post annealing process should be used.

Versatile interface engineering using TMOs in printable solar cells is elucidated as follows: i) optical spacers are suited to enhance light harvesting within photoactive layers, ii) efficient charge (electron/hole) blocking is used to limit recombination loss, iii) tunable charge selectivity with a broad polarity of TMOs from ESL to HSL is employed by selecting transition metals, and iv) stability is enhanced by capturing oxygen, moisture or defect sites within the photoactive layer. In this section, we review recent developments in TMOs in terms of their charge selective properties, which are a core function of TMOs in printable solar cells. Furthermore, several representative applications of TMOs involving the use of printing methods are introduced.



5.3.2 Applications of TMOs for Printable Solar Cells

The most popular TMOs for ESLs are TiO2 and ZnO, which are used in the form of nano-crystals, nano-particles, and amorphous phases (TiOx, α-ZnO). Thus far, numerous studies have been devoted to modifying their electronic properties to induce efficient electron selectivity and transport even under low temperature conditions. In addition, other TMOs not belonging to this category have also been developed for the fabrication of efficient printable solar cells.


5.3.2.1 Titanium Oxides (TiO2 and TiOx) as ESLs

In general, TiO2 is used as mesoporous structure in the order of hundreds nanometers and as a compact thin film configuration. After depositing TiO2 on top of FTO, high temperature heat treatment (>450 °C) is applied to obtain high crystallinity levels. In contrast, the processing temperature of TiOx is relatively lower (<150 °C), revealing an amorphous structure. Furthermore, a minimal conduction band value for TiOx is matched to LUMO levels of PCBM, which is used as an electron accepting material in OSCs and PVSCs, allowing for efficient electron transfer at the interface [56, 57]. Therefore, in OSCs, TiOx is incorporated into a conventional device structure (ITO/HSL/photoactive layer/ESL/top electrode) by placing TiOx between the photoactive layer and top electrode. The remarkable enhancement of PCE in OSCs can be ascribed to its optical spacer and efficient hole blocking functions. In contrast to the conventional structure, the use of TiOx in an inverted structure of OSCs (ITO/ESL/photoactive layer/HSL/top electrode) suffers from a so-called “light-soaking phenomenon” (Figure 5.6); the performance of inverted OSCs with TiOx strongly depends on periods of UV irradiation due to its poor charge carrier density, which creates a depletion-induced Schottky barrier at the ITO/TiOx interface [58]. To address this problem, Kim et al., developed a new chemical synthetic method for producing heavily n-doped TiOx (nitrogen-doped TiOx, N-TiOx) with a high carrier density of 5 × 1018 cm-3. The OSC with N-TiOx exhibited a high PCE of 8% without UV irradiation by securing Ohmic contact between ITO and the photoactive layer [59].
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Figure 5.6 (a) Schematic illustration of an inverted OSCs with an ESL (TiOx). (b) Schematic illustration of PVSCs with a typical n-i-p structure. (c) A comparison of the J–V curves of PVSCs with (hysteresis-free) and without an ESL (hysteresis).



Another advantage of TiOx relates to its life-time enhancing function in OSCs. Lee et al., reported that the air-stability of OSCs can be significantly improved by two orders of magnitude when TiOx is used as an ESL [60]. It was shown that oxygen scavenging effects of TiOx are the primary source of OSC air stability enhancement [61]. Furthermore, TiOx can be used as an intermediate layer in solution-processed tandem solar cells, in which two or more single junction sub-cells are connected in series or parallel. Kim et al., reported the solution-processed tandem OSCs with ITO/PEDOT:PSS/PCPDTBT:PCBM/TiOx/PEDOT:PSS/P3HT:PC70BM/TiOx/Al. Due to excellent physical and electrical properties of TiOx, the resulting tandem solar cells exhibited a high PCE value of 6.5% with an increased VOC value of 1.24 V, representing the sum of the two sub-cells [62].

Like OSCs, PVSCs present two kinds of device configurations: ITO(or FTO)/ESL/perovskite layer/HSL/top electrode (n-i-p structure) and ITO (or FTO)/HSL/perovskite layer/ESL/top electrode (p-i-n structure). Typically, mesoporous TiO2, which requires high temperature sintering at 450 °C, has been used as ESL in PVSCs with an n-i-p configuration while a low temperature processed thin film of TiO2 or TiOx is used in devices with a p-i-n structure (Figure 5.6). Thus far, most high PCE values of over 21% in PVSCs have been achieved via n-i-p configuration [63]. Important functions of TiO2 in PVSCs relate not only to electron selectivity features but also to surface passivation eliminating hysteresis in PVSCs (Figure 5.6). Due to the presence of trap states within the perovskite layer, the performance of PVSCs significantly varies with respect to current density–voltage (J-V) scan directions and scan rates resulting from the trapping and detrapping of charge carriers during device operation, rendering it impossible to accurately assess PVSC performance. Therefore, for more reliable device operation, considerable research efforts have been devoted to addressing this problem [53]. Further interface engineering on TiO2 for surface modification effectively limits hysteresis in PVSCs. By introducing chlorine-capped TiO2 (TiO2-Cl) nanocrystals that ensure strong binding at the TiO2-Cl/perovskite interface, interfacial recombination is significantly suppressed, leading to a reduction of hysteresis in PVSCs. The resulting devices show negligible hysteretic behaviours with a high average PCE value of 19.8% and an outstanding PCE value of 21.4%. Furthermore, this device exhibits long-term operational stability over 500 hr under continuously simulated solar illumination; after 500 hr, 90% of the initial PCE is retained. Cai et al., also reported on the modification of TiO2 for fabricating hysteresis-free PVSCs [64]. The bis(2,4-pentadienoate) (TOPD) molecule was used as a binder for TiO2 nano-particles that can mitigate morphological defects within TiO2 film. In addition to the modified TiO2 layer (TiO2:TOPD), a thin PCBM layer was introduced between TiO2:TOPD and the perovskite layer. With the assistance of TOPD and PCBM for modifying bulk and surface properties of TiO2, respectively, the resulting device exhibited a significant reduction in hysteresis levels with a high PEC of 20.3%. Doping on TiO2 is also effective in studying reliable PVSCs exhibiting low levels of hysteresis. By introducing alkali metal doping (here denoted as potassium, K) to TiO2 (K:TiO2), the conductivity of mesoporous K:TiO2 film can be enhanced [65]. Furthermore, the codoping of alkali and sulfate promotes improved levels of surface coverage and creates a smooth interface between TiO2 and perovskite film through strong Ti-O-S bonding, creating devices with a high PCE of 21.1% presenting low levels of hysteresis.

For p-i-n configuration, PCBM layer is typically employed as an ESL. However, although the electronic structure of PCBM is appropriate for efficient electron extraction from the perovskite photoactive layer, energy level mismatches between PCBM and cathodes spur electron accumulation and create hysteresis problems, indicating that additional interface engineering at the PCBM/cathode interface should be introduced. To overcome such problems, low temperature processed TiO2 or TiOx can be used as additional ESLs. Back et al., used an amine-mediated TiOx (AM-TiOx) as a chemical inhibition layer (CIL) in p-i-n types of PVSCs [57]. It has typically been found that ionic defects (e.g., iodide ions) in perovskites migrate to adjacent layers in PVSCs and then chemically corrode metal electrodes by forming insulating metal-I bonds; this is a primary source of instability in PVSCs. Through interactions between iodide ions in perovskite layers and amine groups in AM-TiOx, device degradation is effectively suppressed, improving PCE levels from 9.79% to 15.80%. Furthermore, due to the inhibitory functions of AM-TiOx, the authors illustrated the long-term stability of PVSCs; the initial PCE of PVSCs was maintained at over 90% after 1000 hr of ageing in dark storage conditions with a dry N2 atmosphere. Similarly, Chen et al., introduced Nb atoms as dopants into TiOx to synthesize a heavily n-doped Ti(Nb)Ox [66]. Through the combination of NiMgLiO HSL, the resulting PVSCs exhibited an eliminated hysteresis pattern with an increased PCE of 18.3%. This device structure offers excellent long-term stability with a degradation of initial PCE values of less than 10%.

For printing applications, Savva et al., utilized a doctor-blade printing process for the fabrication of TiOx layers for inverted OSCs [67]. As a result, a PCE of 3.45% was accomplished using an ITO/polyoxyethylene tridecyl ether(PTE)/TiOx bottom electrode system. Although both the single TiOx layer and PTE/TiOx bilayer can be used for device operation, the insulating PTE altered the surface structure of the TiOx layer and had a positive impact on the wettability of TiOx. The use of TMOs in mesoscopic PVSCs has also been demonstrated through the application of printing techniques. Hu et al., achieved 14.02% PVSCs in unit cells and a value of 10.4% in 10 × 10 cm2 modules [68]. Although “compact TiO2/mesoporous TiO2/mesoporous ZrO2/mesoporous carbon” scaffold layers were treated at high temperatures (400 ~ 500 °C), component layers were screen-printed under ambient conditions. The modules exhibit high levels of stability under continuous illumination over 1000 hr in a local outdoor environment over 1 month and in the dark over 1 year. In addition, a 7 m2 fully printable perovskite solar panel was also fabricated in this work, illustrating the reproducibility of screen printing techniques in manufacturing high-performance perovskite solar modules.



5.3.2.2 Zinc Oxide (ZnO) as an ESL

ZnO has been regarded as a promising alternative to TiO2 owing to its good electrical properties, which are similar to those of TiO2, and due to its relatively lower heat annealing temperature (<300 °C). Furthermore, its lower conduction band edge (~4.3 eV) allows for more favourable electron transfer from the photoactive layer to ZnO. Typically, in OSCs and PVSCs, ZnO is used in the form of ZnO nanoparticles (ZnO-NPs) or sol-gel processed ZnO. The sol-gel processed ZnO film is processed at a high annealing temperature of over 200 °C while ZnO-NP films can be obtained at relatively low annealing temperatures of below 200 °C. Representative results for OSCs with sol-gel processed ZnO as an ESL are reported by Sun et al., who fabricated sol-gel processed ZnO film at an annealing temperature of 200 °C [69]. At this temperature, the oxygen-deficient component in ZnO decreased while the number of Zn-O bonds increased, resulting in 1:1.22 stoichiometry (Zn an O) in the ZnO film. Furthermore, the mobility of the ZnO film was increased by an order of magnitude. Therefore, the PCE of OSCs increased from 5.36% (130 °C) to 6.33% (200 °C). Further enhancement in the PCE of OSCs with ZnO film was achieved by introducing a sol-gel based .93%. d this structurelted in Aates, ripple. ZnO ripple structure that can increase photon absorption in the photoactive layer through an interference effect. Lim et al., reported on high performance OSCs with a PCE of 7.93% with ZnO rippling [70]. Further improved results for OSCs with ZnO rippling were reported by Nho et al., [71], who modified energy levels of the ZnO rippling layer by introducing additional surface treatments with alkali metal carbonates such as Li2CO3, K2CO3, Na2CO3, Cs2CO3, and (NH4)2CO3. Interestingly, this solution process allows for the gradient doping of ZnO-rippling via the diffusion of alkali metal carbonate solution. Therefore, the optimized OSC with Li2CO3 modified ZnO rippling exhibited a high PCE value of 10.08% by spurring Ohmic contact at the interface between the ZnO-ripple and photoactive layers. Meanwhile, a more advanced approach to developing a doped ZnO layer is reported by Jagadamma et al., [72]. In this study, an aqueous ammonia solution-processed Al-doped ZnO (AZO) NP was applied to OSCs as an ESL without additional surface modifications (e.g., high temperature thermal annealing and surface treatment). With this AZO ESL, the resulting device with PBDTT-C-T-EFT:PC71BM BHJ exhibited an outstanding PCE value of 10.23%.

In contrast to OSCs, PVSCs with ZnO ESL present several issues in ensuring efficient performance: the inefficient film growth of perovskite on ZnO film due to chemical interactions occurring at the interface between perovskite and ZnO, leading to a decline in device performance [73, 74]. Representative result for PVSC with ZnO-NP are reported by Liu and Kelly [75]. In this work, the authors fabricated PVSCs with a ZnO-NP ESL. Interestingly, ZnO-NP film was prepared without heating or sintering. Nevertheless, the thin ZnO-NP layer (~25 nm) allowed for the fabrication of simple n-i-p structures with ITO/ZnO-NP/CH3NH3PbI3/HSL (here, spiro-OMeTAD)/Ag, generating a high PCE value of 15.7%. To improve the PCE of PVSCs with ZnO ESL, a number of researchers have modified a surface property of ZnO. Azmi et al., introduced a self-assembled monolayer (SAM) to sol-gel processed ZnO ESL [74]. By conjugating julolidine moiety into cyanoacrylic acid, they successfully synthesized self-assembled polar molecules (JTCA) with hydrophilic and hydrophobic components. Within an n-i-p PVSC structure they fabricated a high quality PbI2 layer by employing this modified ZnO. The complete PVSCs fabricated by sequential deposition exhibited a high PCE value of 18.82%. Furthermore, due to strong dipole effects of JTCA, the device exhibited hysteresis-free performance in terms of J-V characteristics under forward and reverse biases. A similar approach is reported by CaO et al., [76] who introduced a thin MgO layer between ZnO-NP film and perovskite layers as a surface passivation layer. Specifically, they used a precursor solution of magnesium acetate tetrahydrate and ethanolamine to create ZnO-MgO-EA+ film at the interface between the photoactive layer and ESL. Therefore, chemical interactions occurring between perovskite film and ZnO-NP were successfully inhibited, leading to an increase in the PCE (in an n-i-p structure) from 15.06% (ZnO-NP) to 18.32% (modified ZnO-NP with ZnO-MgO-EA+) under reverse bias. A further optimized PCE of 20.05% was achieved in this structure. Meanwhile, doped ZnO can be used to fabricate efficient PVSCs as shown for OSCs. A well-known example of a doped ZnO is an AZO. Savva et al., successfully described an efficient p-i-n structure of PVSC with AZO ESL with a suitable AZO energy level for electron transport from PCBM [77]. Furthermore, the thick AZO (>150 nm) reduced the number of pinholes present in the photoactive layer, thus fabricating an intimate interface between the top electrode and photoactive layer. As a result, interface recombination in the device was effectively limited to realize hysteresis-free J-V characteristics.

For printing applications, Eggenhuisen et al., studied IJP-based OSCs with a PCE of 1.7% within a glass/(Mo-Al-Mo)-grid/PEDOT(IJP)/ZnO(IJP)/P3HT:PCBM (IJP)/MoOx/Ag device structure [78]. By using ZnO as an ESL, a non-halogenated solvent system (veratrole:o-xylene) was used to mitigate environmental impacts. Soon after, OSCs with fully IJP were found for the same group [79]. Within the OSC device structure of Ag(IJP)/PEDOT:PSS(IJP)/ZnO(IJP)/PV2000(IJP)/PEDOT:PSS(IJP)/Ag-grid(IJP) they found a PCE of 4.1% deposited from environmentally friendly solvents in an air atmosphere for the first time. Hwang et al., generated highly efficient and fully printed PVSCs by employing the slot-die coating method for the first time and measured the best PCE value of 11.96% [80]. The ZnO layer of the ESL was deposited through slot-die coating using ZnO-NPs and then films were annealed at 120 °C for 10 min in air. With the high PCEs used in this work, they verified that the low cost mass production of PVSCs is possible.



5.3.2.3 Tin Oxide (SnO2) as an ESL

Tin oxide (SnO or SnO2) is also regarded as an alternative ESL to TiO2 owing to its strong electrical properties (e.g., its high mobility, broad bandgap, and relatively lower trap density relative to that of other TMOs: ZnO and TiO2). Despite these advantageous features of SnO2, most representative results on SnO2 have been given through the use of PVSCs. Research on SnO2-based printable solar cells largely facing barriers to effectively determine solutions and low-temperature processed SnO2 layers in device structures. To fabricate solution-processable SnO2, Rao et al., used SnO2 nano-colloids in PVSCs [81]. Through the TiCl4 treatment of the SnO2 film, they obtained a smooth and uniform SnO2 film. The compact ESL layer promoted the crystallization and coverage of perovskite film on SnO2, thereby reducing charge recombination in the photoactive layer. As a result, an improved PCE value of 14.69% was obtained. However, due to the high treatment temperatures (~500 °C) of SnO2 colloids, it is necessary to reduce heat treatment temperatures. Relatively lower processing temperatures of SnO2 have been achieved by Ren et al., [82]. In this work, they developed a solution-processable Nb-doped SnO2 at a low processing temperature of 190 °C in air. From the smooth surface obtained in the Nb-doped SnO2 layer, high quality perovskite film was grown. In addition, the doping process enhanced the electrical conductivity and electron mobility of SnO2, generating a high PCE of 17.57% in PVSCs with Nb-doped SnO2. Another approach to SnO2 modification involves introducing fullerene as a passivation material [83]. Through the sequential deposition of fullerene derivative, PCBM, electron transfer between perovskite and SnO2 layers was enhanced. Furthermore, charge recombination in the photoactive layer was suppressed, creating a high PCE of 19.12% in PVSCs with modified SnO2 ESL. Meanwhile, Jiang et al., reported on a simple structure of ITO/SnO2-NP/perovskite/Spiro-OMeTAD/Au; the SnO2-NP was processed in the solution at a low temperature of 150 °C [84]. By combining a deep conduction band edge of SnO2-NP relative to TiO2 and by introducing an excess PbI2 passivation phase into the perovskite layer, the authors achieved a high PCE value of 20.5% and a certificated PCE value of 19.9 ± 0.6%. The simple solution processability of SnO2-NP with low temperatures allow for the fabrication of large-scale PVSCs.




5.3.3 Applications of TMOs as HSLs for Printable Solar Cells

Although less commonly used than the electron selective metal oxides (e-MOs) discussed above, several hole-selective metal oxides (h-MOs) are available for solar cells. MOs including MoO3, vanadium oxide (V2O5), and WO3 are some of the most widely used h-MOs in electronic devices owing to their favourable electronic properties, low optical absorption levels within the visible spectrum, environmental stability, and technological compatibility [85]. Although the above h-MOs have been widely employed as p-type interlayers, they are intrinsically used as n-type semiconductors given their deep lying electronic states with a valence band edge at 2.5 ~ 3 eV below the Fermi level and a conduction band edge of very close to the Fermi level [85–87]. However, due to their high WF values (5 ~ 6 eV), energy levels between the conduction band minimum of h-MOs and the HOMO of photoactive layers are more favourable for hole extraction between the two materials when they are used as anode interlayers. H-MOs typically form Ohmic contact with photoactive layers through desirable vacuum level shifts, energy level bending and Fermi level pinning at the photoactive layer/electrode interfaces, thereby enabling these MOs to act as HSLs [87–89]. Like the e-MOs described above, h-MOs have mainly been developed through vacuum evaporation processes at first while solution processes involving sol-gel reactions or colloidal precipitation are also widely studied. There are various means of preparing h-MO solution depending on precursors used in the synthetic process. As alternatives to many other organic anode buffer layers such as PEDOT:PSS, which is highly hygroscopic and acidic [90–92], various h-MOs have been developed through energy level alignment and through enhanced stability levels in solar cell devices (Figure 5.7).
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Figure 5.7 (a, b) Schematic illustration of representative (a) OSC with MoO3 and (b) PVSC with MoO3 and NiOx. (c) Solution processable WO3 using a tungsten(VI) isopropoxide precursor.




5.3.3.1 Molybdenum Oxide (MoO3) as an HSL

In 2006, Shrotriya et al., were the first to report that TMOs of MoO3 and V2O5 can effectively replace PEDOT:PSS as HSLs in OSCs [93]. MoO3 has attracted considerable interest owing to its mechanical robustness, transparency in visible areas, environmental stability, and charge transport properties [94]. Liu et al., presented solution-processed MoO3 thin films for the first time while using aqueous ammonium molybdate [(NH4)6Mo7O24] as a precursor. The reported OSCs with ITO/MoO3/P3HT:PC61BM/Al showed a PCE of 3.1%, which is higher than values for PEDOT:PSS based devices fabricated under the same conditions (2.87%) [95]. However, the aggregation of MoO3 in solution occasionally results in poor levels of film uniformity and thus limits its use for large scale processing, which has been addressed by many researchers. Jasieniak et al., prepared MoO3 film using an MoO2(acac)2 precursor under anhydrous and hydrated conditions [96]. Interestingly, they found OSCs with PCEs of 3.8% and 3.6% for anhydrous and hydrated conditions, respectively, with ultra-smooth MoO3 thin films within the device structure of ITO/MoO3/P3HT:PC61BM/Al. For PVSCs Hou et al., developed a solution-processed MoO3/PEDOT:PSS bilayer structure for the HSL for enhancing device efficiency and stability [97]. In this work, MoO3 solution was synthesized via a thermal decomposition method using ammonium heptamolybdate ((NH4)6Mo7O24–4H2O). A maximum PCE value of 14.87% was obtained with short storage devices under ambient conditions in the dark. More importantly, only 7% degradation in PCE was observed for the optimal device whereas the reference device (PEDOT:PSS) underwent almost complete failure under ambient conditions for 10 days. For printing applications, the electrospray method was utilized by Suzuki et al., to form MoO3 film from its aqueous solution [98]. From this method, they obtained smooth MoO3 films (with a root mean square roughness of 3.7 nm) to achieve OSCs with a PCE value of 1.72%, which is comparable to that of thermal evaporated devices.



5.3.3.2 Tungsten Oxide (WO3) as an HSL

In 2009, Tao et al., found that WO3 can be used as an HSL due to its strong properties in inverted OSCs [99]. Since WO3 thin film was deposited through thermal evaporation for device fabrication in this work, hole extraction and non-toxic properties of low temperature solution-processable WO3 have attracted more attention. Huang et al., illustrated the colloidal suspension of WO3-V2O5 mixed oxides for OSCs [100]. The PCE was improved from 3.74% (WO3 only) to 4.16% upon using mixed oxides in an ITO/ZnO/P3HT:PCBM/MO/Ag device structure with high levels of ambient stability (10% degradation after 1000 hr) relative to those of PEDOT:PSS based control devices (40% degradation). High efficiency OSCs with solution-processable WO3 were generated by Qiu et al., [101], who synthesized WO3 solution using tungsten (VI) isopropoxide propanol solution (5%) and who fabricated films through post annealing at 150 °C for 10 min or through O2 plasma treatment (Figure 5.7). It was shown that by introducing surface oxygen vacancies in the WO3 layer, the PCE of an ITO/WO3/PBDTTT-C:PC71BM/Ca/Al OSC device can be improved from 5.91% to 7.50% by securing superior interfacial contact and higher conductivity levels relative to those of pristine WO3 layer. Additionally, OSCs based on O2 plasma-treated WO3 showed superior levels of device stability. In reference to PVSCs, Li et al., reported on the use of WO3 nanocrystals as an HSL in inverted devices through a simple solvothermal method involving the use of WCl6 and NH3-H2O as precursors in ethanol at 200 °C for 24 hr [102]. The synthesized WO3 nanocrystal suspension demonstrated a PCE of 7.68% at FTO/WO3/CH3NH3PbI3/PC71BM/Al. Kim et al., tested mesoporous TiO2 PVSCs using chemical vapour deposition methods to form MAxFA1-xPbI3 thin films while using WO3 nanoparticles (Argos Organic Chemicals) as a solution-processed HSL, generating a PCE of 15.86% for the device structure of FTO/TiO2/MAxFA1-xPbI3/WO3/Ag [103]. Such results prove the feasibility of the cost-effective manufacturing of WO3 as an anode buffer layer in solar cells.



5.3.3.3 Vanadium Oxide (V2O5) as an HSL

The third h-MO of the anode interlayer in solar cell applications is V2O5. In 2011 Chen et al., described a solution-processable V2O5 with a deep ionization energy level of approximately 5.36 eV that offers sufficient hole selective capabilities as an anode buffer layer for use in solar cell devices [104]. They used vanadium oxitriisopropoxide as a common precursor to synthesize sol-gel V2O5 at room temperature. The synthesized sol-gel V2O5 was adopted as an HSL in ITO/ZnO/a-PTPTBT:PCBM/V2O5/Ag structured OSCs with a PCE of 5.0%, which is higher than that of PEDOT:PSS based devices (3.6%) with superior device stability. To PVSCs Docampo et al., applied solution-processed V2O5 thin films for the first time using vanadium oxytriisopropoxide precursor in isopropanol and the film was heated to 500 °C to obtain crystalline V2O5 as an HSL [105]. However, PVSCs with a V2O5 anode buffer layer exhibited low device performance due to the poor coverage of the perovskite layer on the V2O5. Yao et al., fabricated V2O5 thin films from a pure-aqueous solution followed by thermal annealing at 210 °C as an HSL for PVSCs [106]. They used mixtures of V2O5 and aminopropanoic acid to improve perovskite crystallinity levels and to reduce the number of problematic pinholes present, thereby accomplishing a maximum PCE value of 14.04% (for the device structure of ITO/V2O5/aminopropanoic acid/CH3NH3PbI3/PC61BM/BCP/Ag), which is higher than values for PEDOT:PSS based devices (13.27%). Soon after, they reported on solution-processed Cs-doped V2O5 thin films as anode buffer layers for PVSCs and achieved a PCE of 14.48%, representing a 30% enhancement from results found for the pristine V2O5-based device [107]. For printing applications, Espinosa et al., employed slot-die coated hydrated V2O5 for HSL as a replacement of commonly used PEDOT:PSS in OSCs [108]. On the flexible substrate (PET), devices with PET/ITO/ZnO/P3HT:PCBM/V2O5·(H2O)n/Ag exhibited a PCE of 0.18% in fully roll-to-roll fabricated 16 cell modules (active area ~360 cm2). Back et al., employed an electro-spray printing method for the fabrication of OSC modules with sub-cell structures of ITO/PEI/VOx/PCDTBT:PC71BM/Al and ITO/PEI/PCDTBT:PC71BM/VOx/Al for regular and inverted sub-cells, respectively [109]. They reported a PCE of 4.93% with a geometric fill factor of 87%.



5.3.3.4 Nickel Oxide (NiOx) as an HSL

The above three TMOs are au fond n-type materials, while nickel oxide (NiOx) presented here is a p-type TMO originating from a positive charge compensation at thermodynamically favoured Ni2+ vacancies [110–112]. The valence band of NiOx is valued at –5.49 eV, which is 0.24 eV below its Fermi level, while the conduction band is valued at –1.85 eV at the vacuum level, indicating that NiOx is more favourable for hole transport and electron blocking [113]. The sol-gel route is one of the most popular processes used for the development of solution-processed NiOx films used in photovoltaic devices. Steirer et al., were the first to develop solution-processed NiOx films from a nickel metal-organic ink precursor ([Ni(en)2] (HCO2)2; en=H2N(CH2)2NH2) to create OSC devices with a PCE of 3.6% ± 0.1 similar to those of PEDOT:PSS (3.6% ± 0.1) for the device structure of ITO/NiOx/P3HT:PCBM/Ca/Al [114]. You et al., synthesized NiOx nanoparticles using Ni(NO3)2·6H2O and then dispersed in deionized water for solution processing. Using p-type NiOx and n-type ZnO-NPs as anode and cathode buffer layers, respectively, efficient PVSCs with PCE values of 16.1% (certified 14.6%) with all-solution-processed metal oxide charge transport layers were generated to form an ITO/NiOx/CH3NH3PbI3/ZnO/Al structure [115]. More importantly, it was found that the PVSCs showed a significant improvement in stability levels in ambient air relative to devices made from organic transport layers such as PEDOT:PSS and PCBM. Although NiOx is a very promising solution-processable HSL, the need for high temperature-annealing during NiOx film fabrication limits its application to flexible electronics. Recently, several promising room temperature processable NiOx systems have been developed. Zhang et al., presented a room temperature, solution-processable NiOx as an HSL for use in high-performance flexible PVSCs [116, 117]. They synthesized NiOx nanocrystal aqueous ink using the chemical precipitation method and spin-coated it onto a flexible PET/ITO substrate to form flawless and surface-nanostructured NiOx films. Promising results (14.53% for the flexible substrate and 17.60% for the rigid glass substrate) superior to those of PCEs of PEDOT:PSS based devices (12.28%) were achieved together with enhanced levels of device stability. For printing applications Singh et al., employed NiOx as a h-MO using IJP [118]. Nickel acetate tetrahydrate was used as a precursor and films were thermally treated at 400 °C for 1 hr. OSCs of ITO/NiOx(IJP)/P3HT:PC60BM/LiF/Al showed a PCE of 2.59%, which is comparable to that of OSCs containing spin-coated NiOx film (2.28%). Xie et al., also employed spray pyrolysis for the deposition of NiOx layers (Li+ and Mg+ doped) at inverted PVSCs to obtain a PCE value of 20.6% [119]. However, in this work, the NiOx film needed to be thermally annealed at 500 °C for 15 min for the crystallization of NiOx film, limiting its application to flexible substrates.



5.3.3.5 Copper Oxide (Cu2O and CuO) as an HSL

Copper oxides, Cu2O and CuO, are oxide-based compound semiconductors consisting of two elements, copper and oxygen and that exhibit promising features in terms of hole selectivity. Shao et al., studied OSCs with Cu2O as HSLs with a device structure of ITO/PEDOT:PSS/Cu2O/MEH-PPV:ZnO/Al [120]. Cu2O solution was created from Cu(NO3)2 in glycol to be used for thin film formation without post thermal treatment. Deeper HOMO levels (–5.43 eV) and efficient Cu2O hole collection helped increase JSC and VOC values of OSCs to 2.0%, representing a 132% increase relative to values for devices with PEDOT:PSS as an anode buffer layer. Sun et al., studied a CuOx film as an anode buffer layer in inverted PVSCs with a structure of ITO/CuOx/CH3NH3PbI3/C60/BCP/ Ag [121]. Cupric acetylacetonate (Cu(acac)2) precursor was deposited onto the patterned ITO through spin-coating followed by annealing at 80 °C for 20 min in air and by ultraviolet-ozone treatment for 15 min to create a CuOx film. CuOx supports long-term device stability; the CuOx based device maintained nearly 90% of its initial PCE (best: 17.1%) after 200 hr while the PEDOT:PSS-based device presented an attenuated PCE of only 50%.



5.3.3.6 Copper(I) Thiocyanate (CuSCN) as an HSL

Copper thiocyanate (CuSCN) is not a TMO and instead serves as a universal HSL for numerous opto-electronic applications [122]. Its large band gap (>3.5 eV) and intrinsic hole transport characteristics enable it to work as a transparent HSL in electronic devices [123–125]. It has chemically robust properties owing to its polymeric structure [126] and solution processability at low temperatures, rendering it compatible with flexible substrates [127]. The electrodeposition method is widely used for the fabrication of CuSCN layers using copper sulfate (CuSO4·5H2O), thylenediaminetetra-aceticacid (EDTA), and potassium thiocyanate (KSCN). For OSCs, Chappaz-Gillot et al., utilized CuSCN as an HSL (ITO/CuSCN/PCDTBT:PC70BM/TiOx/Al). The electrodeposition method was applied at room temperature with copper sulfate and ethylenediaminetetraacetic acid to form CuSCN nanowires [128]. A PCE value of 5.1% was achieved without the application of any subsequent annealing process, which is comparable to values generated from PEDOT:PSS. After Qin et al., employed solution-processable CuSCN by applying doctor blading at 65 °C to an HSL in compact TiO2-based PVSCs [129], Ye et al., demonstrated that ITO/CuSCN/CH3NH3PbI3/C60/BCP/Ag-structured PVSCs yield the best PCE value of 16.6% when using the electrodeposition method, as noted above [130]. For printing applications, Yang et al., developed a facile means of depositing CuSCN using a simple spray deposition method [131]. They confirmed that no significant damage is incurred to the underlying perovskite layer through spray deposition. The best PVSC devices presented a PCE value of 17.1% and long-term stability under ambient conditions. Using doctor blade method for CuSCN layer deposition, Murugadoss et al., observed PVSCs with PCE values of over 10% [132]. They introduced propylsulfide +isopropanol + methylammonium iodide (MAI) mixed solvent systems into CuSCN to obtain a more stable perovskite layer below the CuSCN layer.





5.4 Organic Semiconductors


5.4.1 Introduction of Organic Semiconductors for Interface Engineering

Solution-processed organic semiconducting polymers and/or small molecules have also been used as promising interlayers because the chemical structures of organic semiconductors can be readily adapted to allow for better energy level alignment between the WFs of metal electrodes and the HOMO/LUMO levels of photoactive layers. Developed organic interlayers sandwiched between metal and photoactive layers facilitate a minimal potential energy difference for the efficient collection of dissociated hole/electron charges through corresponding electrodes. Thus, many efforts have been devoted to introducing atomic substitution, electron donation and/or withdrawal group into organic semiconductors to control their electronic structures, which can be defined through the de-/localization of π-electron wave functions along the main backbone. Unfortunately, however, the use of organic semiconductors as an interfacial layer has not proven successful in OSC applications, most of which present less precise levels of solvent orthogonality (i.e., organic materials typically present similar levels of solubility) [133, 134]. Although a very limited number of organic materials such as alcohol-soluble, cross-linked organic materials and carbon-based materials have been utilized as a charge transport layer in OSCs, they often create other unexpected issues in terms of morphologies and levels of thickness control over the photoactive layer.

Since the development of printable perovskite photoactive layers for highly efficient solar cells consisting of organometal halide, CH3NH3MX3 (M = Pb or Sn, X = Cl, Br or I), much attention has been paid to the use of organic semiconductors as an interlayer due to their various advantages such as their mutually exclusive solubility in perovskite photoactive layers, flexibility, and low-temperature fabrication. In particular, a number of organic semiconductors with customized energy levels have recently been employed as charge transport layers in two typical device architectures for highly efficient PVSCs: 1) n-i-p consisting of cathode/ESL/perovskite photoactive layer/HSL/anode and 2) p-i-n consisting of anode/HSL/perovskite photoactive layer/ESL/cathode (Figure 5.8). The combination of interface engineering with device architecture has recently allowed for the development of highly efficient PVSCs with a PCE value of ~23%, which is more than 5 times higher than values for pristine PVSCs (a PCE of ~3.8% recorded in 2009) [135–137].
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Figure 5.8 Schematic band diagram of perovskite photovoltaics. Charge transport process of PVSCs; 1:absorption of photons and free charge generation, 2:charge transport, and 3:charge extraction.



However, such PVSC devices still suffer from poor levels reproducibility and unstable electrical properties (i.e., J-V hysteresis effects of PVSCs under forward and backward bias), as the morphologies, crystal structures and energy levels of perovskite photoactive layers vary depending on fabrication methods used (i.e., one- and two-step) and surrounding environments. In addition, the mesoscopic crystal structure of the perovskite photoactive layer has often led produced very rough surface morphologies, limiting interfacial contact between the perovskite photoactive layer and organic interlayer. Therefore, the development of organic interfacial materials with required physical and electrical properties and energetic characteristics is desired to ensure highly reproducible and uniform device performance. In this chapter, recent progress in the development of organic semiconductor and carbon-based interlayers for photovoltaic applications is described. In addition, rational correlations between the interface engineering and performance (device parameters) of photovoltaics are discussed along with future avenues for commercialization.



5.4.2 Applications for Printable Solar Cells


5.4.2.1 Fullerene-Based Organic Semiconductors as ESLs

The discovery of photoinduced charge transfers in a composites of semiconducting polymers (as electron donors) and buckminsterfullerene (C60) (as electron acceptors) has led to the development of ‘printable OSCs’ combined at low costs and with flexibility and solution processability [138]. As important device parameters such as VOC and JSC are predominantly determined by the molecular energy levels of fullerene, considerable efforts are being devoted to the design of functionalized fullerene derivatives to control their energetic disorder and electronic coupling (i.e., indene-C60 bisadduct (ICBA) and phenyl-C61-butyric acid methyl ester (PC60BM)) (Figure 5.9) [139]. Fullerene derivatives with desirable energy levels can be used not only as electron acceptors in the BHJ OSC system but also as an efficient ESL in the other photovoltaic system based on principles of perovskite photovoltaics. For example, PC60BM that bridges the gap between metal electrodes and perovskite materials can be utilized as an ESL to allow for electron transport while preventing hole transport owing to similar energy levels between LUMO (~4.2 eV) and the conduction band of perovskite. Furthermore, its HOMO (~6.0 eV) is positioned deeper than the valence band of perovskite. In 2014 Seok’s group studied p-i-n structured PVSCs with a 55 nm-thick PC60BM interlayer via solution processes applied at low temperatures, generating an overall PCE of 14.1% with a JSC of 20.7 mA cm-2, a VOC of 0.87 V, and an FF of 0.78 [140]. In 2017, Lee’s group has also succeeded in fabricating highly efficient large-area (1 cm2) unit cells in p-i-n planar-type PVSCs from the PC60BM ESL while performing an average PCE of 16.1% [141]. Furthermore, the introduction of highly ordered PC60BM through solvent annealing effectively enhances the VOC of perovskite devices from 1.04 V to 1.13 V without decreasing any JSC or FF value, improving PCE values from 17.1% to 19.4% [142].
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Figure 5.9 Summarized energy level diagram of ESLs and HSLs for the representative perovskite layer.



In addition to the strong electron transport and hole blocking properties of PC60BM, the PC60BM interlayer can eliminate notorious J-V hysteresis behaviours depending on forward/reverse scan directions and scan rates found in PVSCs with typical metal oxide interlayers such as TiO2. Huang’s group has described a practical alternative material to high temperature sintered TiO2 by employing a thermally annealed PC60BM interlayer; the PC60BM diffused into perovskite layers along grain boundaries, thereby balancing charge carrier mobility and limiting electron trapping by passivation [143]. Additionally, they developed hysteresis-free wide-bandgap PVSCs by introducing other fullerene derivatives such as ICBA and ICBA-tarns 3 isomers as ESLs to achieve higher LUMO levels (~3.7 eV) matched to the conduction band (~3.5 eV) of the wide-bandgap perovskite layer, yielding an increase in PCE of 25% to 18.5 and a high VOC of 1.21 V [144]. PC60BM can also be applied to the top of metal oxides or polyelectrolyte interlayers to serve as a surface modifier in simultaneously facilitating the crystallization of perovskite and charge extraction [145, 146]. Ke et al., have successfully employed hysteresis-free and high-performance n-i-p planar PVSCs using the SnO2/PC60BM multi-stacked ESL, which boosts FF and which generates average PCE levels of 18.7% and 17.7% in reverse and forward scans, respectively [146].

In contrast to typical high-temperature-processed metal oxide ESLs, which are rigid and brittle, PC60BM ESLs can be used to ensure the formation of printable PVSCs due to their solution processability. Krebs’s group has tested fully printed flexible PVSCs consisting of PET/ITO/PEDOT:PSS/Perovskite/PC60BM/ZnO/Ag with a reliable unit cell PCE of 4.9% via the use of roll-to-roll slot-die coating protocols [147]. Lee et al., also found that the printed PC60BM ESL with n-type polyelectrolyte ensures efficient charge transferring from perovskite to the ESL, which plays an important role in generating efficient, hysteresis-free, and stable outcomes. In using a printed PCBM:n-type polyelectrolyte ESL they also successfully generated hysteresis-free PVSCs with a stabilized PCE of 17.3% [145]. Additionally, a PC60BM ESL can be printed over top of a perovskite layer using printing methods such as spray coating in ambient air conditions rather than using a conventional spin casting method that cannot fully fill the large grain boundary of perovskite or thin regions spurring the quenching of excitons [148, 149]. Zheng et al., has demonstrated that a spray-coated PCBM ESL can fully cover the large grain boundary and rough surface morphology of perovskite to facilitate charge transport and light trapping within layers, enhancing PCE levels from 13% to over 17% [148].



5.4.2.2 Small Molecule-Based Organic Semiconductors as HSLs

Although fullerene derivatives and the multi-stacked interlayer are emerging as promising ESLs for charge balancing and extraction, the limited range of HSLs has confined their use in PVSC applications. Key challenges involve replacing iodide-containing liquid electrolytes (HSLs), which are highly unstable in ambient conditions, with air-stable solid-state semiconducting layers that enable suitable energy level alignment. 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-amine)–9,9′-spirobifluorene (spiro-OMeTAD), which has a spiro-center and a tetrahedral carbon linking two aromatic moieties, can be adapted as an HSL for efficient PVSCs, as the spiro-OMeTAD exhibits a high level of optical transparency (λmax ~ 380 nm) and a similar HOMO level to that of perovskite of 5.2 eV [150, 151]. Hybrid lead halide perovskite coupled with the spiro-OMeTAD HSL has initially been used to form efficient mesoporous- and planar-type PVSCs based on the TiO2 electron transport layer. Park’s group reported on new solid-state mesoscopic PVSCs based on CH3NH3PbI3 perovskite light absorbers and spiro-OMeTAD HSLs, achieving a 9.7% PCE value and long-term stability with 80% of the initial PCE observed over 500 hr in the air without encapsulation [152]. Seok’s group conducted a systematic study on changes in the positioning of -OMe substituents of spiro-type arylamine HSL materials from para to meta and ortho and elucidated corresponding structural property relationships observed in the PVSCs [153]. PVSCs using the ortho-substituted spiro-OMeTAD showed an overall PCE of 16.7%, which is better than that of the para- and meta-substituted derivatives owing to its low series resistance (Rs) and high shunt resistance (Rsh) in the mesoporous-TiO2/Perovskite/spiro-OMeTAD device architecture. Yang’s group has also used planar-type PVSCs consisting of ITO/polyethyleneimine ethoxylated/Yttrium-doped TiO2/Perovskite/spiro-MeOTAD/Au and achieved a high efficiency level of 19.3% in 2014 [154].

Nevertheless, the development of highly efficient PVSCs with a spiro-OMeTAD HSL exceeding a PCE of 20% has been a challenge due to a low intrinsic hole mobility of spiro-OMeTAD on the order of 1 × 10-4 cm2V-1s-1. The low electrical properties of spiro-OMeTAD are deemed a critical barrier to the generation of high-performance PVSCs without hysteresis problems [155]. In one pioneering work, spiro-OMeTAD was chemically doped with dicationic salt, significantly increasing its electrical conductivity to up to 10-3 S cm-1 and thereby enhancing the performance of PVSCs [156]. Furthermore, the use of moderate acidic dopant (e.g., phosphoric acid (H3PO4)) as a processing additive further promotes the chemical doping of the spiro-OMeTAD HSL by lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) [157]. Acidic additives catalyse the oxidation of spiro-OMeTAD and simultaneously spur hydrogen-bonding interactions between the acid and spiro-OMeTAD, which suppresses columbic charge trapping and recombination in the doped spiro-OMeTAD and which thereby improves a PCE value of 17.8% without J-V hysteresis [157]. Seo et al., also studied highly efficient (FAPbI3)0.85(MAPbBr3)0.15 PVSCs by employing chemical an additive-assisted po-spiro-OMeTAD HSL with 4.8 wt% of copper (II) 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (tert-butyl CuPC) [158]. The addition of CuPC as a chemical dopant to the po-spiro HSL prohibits charge recombination, causing shunt resistance (Rsh) levels to significantly decrease from 160.8 to 80.8 kΩ cm2, which in turn produces an enhanced FF of 0.75 and a value PCE of 19.4% in the device [158]. Recent studies have shown that 4-tert-Butylpyridine (tBP) can be used as a morphology controller in the spiro-OMeTAD HSL, which limits oxygen and moisture permeation by reducing the number of pinholes present and which enhances the efficiency and long-term stability of PVSCs [159]. Sargent’s group examined highly efficient, hysteresis-free and stable planar PVSCs through the use of TiO2-Cl/Perovskite/spiro-OMeTAD with tBP additives to find a PCE of 21.4% with a VOC of 1.19 V, a JSC of 22.3 mA cm-2 and an FF of 0.81, and 95% of the initial PCE value was maintained after storage in the dark over 60 days [160].

Even though spiro-OMeTAD and chemically doped spiro-OMeTAD have been considered to serve as HSLs for PVSCs, the formation of desired morphologies of spiro-OMeTAD film over top of the perovskite layer remain a challenge due to their mismatch in surface energy levels. Unfavourable surface energetics between perovskite and spiro-OMeTAD creates a significant problem during device fabrication when using the printing method and especially when using a roll-to-roll compatible slot-die coating method with slow evaporation [161, 162]. Thus, other small molecules including carbazole-based derivatives, quinolizino acridine-based molecules, and tetrathiafulvalene derivatives have been introduced as HSLs to enhance wettability and film morphologies. Unfortunately, however, PVSCs with such small molecular HSLs exhibit less favourable device performance than spiro-OMeTAD HSLs. Thus, many efforts have been devoted to the design of new HSLs containing OMeTAD moiety to enhance wettability. Qin et al., developed a new HSL Bifluo-OMeTAD based on OMeTAD moieties while suppressing undesirable crystallization and improving film morphologies relative to those of spiro-OMeTAD during slot-die coating [162]. Thus, Bifluo-OMeTAD film supports higher levels of surface coverage, generating a high PCE value of 14.7%, a JSC of 19.7 mA cm-2, a VOC of 1.10 V and an FF of 0.68. All of these values are higher than those of devices based on spiro-OMeTAD (PCE of 11.7% with JSC of 16.7 mA cm-2, VOC of 1.06 V and FF of 0.66).



5.4.2.3 Polymer-Based Organic Semiconductors as HSLs

P-type semiconducting π-conjugated polymers like P3HT, PCDTBT and poly-triarylamine (PTAA) have also been developed as promising HSLs for highly efficient PVSCs owing to their mobility and optimal energy levels for hole transport [163]. Among hole transport materials, the PTAA HSL can ensure better physical contact (or adhesion) with the perovskite layer and relatively higher levels of mobility (10-2 to 10-3 cm2V-1s-1) than other polymeric interlayers. In addition, the PTAA HSL ensures better robust film formation overtop of perovskite layers with less infiltration into the mesoscopic TiO2 layer, resulting in the creation of high-performance n-i-p-structured PVSCs [164]. Seok’s group conducted a systematic study on the importance of charge carrier mobility levels and robust film formation in the PTAA HSL for device charge collection and performance, leading to the development of PVSC devices with an average PCE of 12.0% whereas the spiro-OMeTAD HSL device generated an average PCE of 8.4% under standard AM 1.5 reporting conditions [163]. They also successfully applied a PTAA HSL to the top of bilayered perovskite light absorbers using a solvent engineering technique (glass/FTO/bl-TiO2/mp-TiO2-perovskite nanocomposite/perovskite upper layer/PTAA/Au), generating a JSC of 19.6 mA cm-2, a VOC of 1.11 V, and an FF of 0.76, corresponding to a PCE value of 16.5% under standard AM 1.5 G conditions [165]. Furthermore, they achieved PCEs of greater than 18% with very little hysteresis in the n-i-p structure from the PTAA HSL through the composition engineering of (FAPbI3)1-x(MAPbBr3)x perovskite photoactive materials with mole ratios of between 0 and 0.3 [166].

The systematic studies the mobility of the PTAA HSL has been identified as an important parameter for determining the PCE of PVSCs. Unfortunately, however, due to the sp3 hybridization of the nitrogen atom, the inherent triangular pyramid configuration of PTAA creates large intermolecular distances, and thus it typically suffers from low levels of hole mobility [167]. Thus, there have been many efforts to enhance the mobility of PTAA HSL by adding doping agents to the PTAA layer such as a 2,3,5,6-tetrafluoro7,7,8,8-tetracyanoquinodimethane (F4-TCNQ), fluorine-containing hydrophobic Lewis acid dopant, Li-TFSI and tBP additives. J. Huang and colleagues identified an optimized doping ratio of 1 wt% F4-TCNQ for PTAA that reduces series resistance within the PTAA HSL from 9.07 Ω cm2 to 6.07 Ω cm2, resulting in a higher PCE value of 17.5% with a JSC of 21.6 mA cm-2, a VOC of 1.09 V, and an FF of 0.74 in the p-i-n structure [168]. Luo et al., adapted planar heterojunction solar cells by employing doped PTAA and mixed perovskite films, which exhibit a high PCE value of 20.2% and a stabilized output efficiency level of 19.8% at the maximum power point under negligible current density-voltage hysteresis [169]. In addition to the F4-TCNQ dopant, fluorine-containing hydrophobic Lewis acid can be used as an effective dopant for PTAA to improve the mobility on PTAA and to decrease HOMO levels, which are more helpful for collecting photogenerated holes from perovskite film with minimal energy loss. Under an optimized doping concentration of 5% fluorine-containing hydrophobic Lewis acid dopant, the best PCE of 19.1% was obtained with a JSC of 22.4 mA cm-2, a VOC of 1.05 V and an exceptional FF of 0.81. In 2017, Seok’s group found highest PCE value based on a PTAA HSL doped by Li-TFSI and tBP additives in n-i-p structured PVSCs, yielding a PCE of 22.6% a JSC of 25.0 mA cm-2, a VOC of 1.11 V, and an FF of 0.82 in reverse scans while corresponding PCE values from the forward scan were measured as 22.2% with a JSC of 25.0 mA cm-2, a VOC of 1.10 V, and an FF of 0.81 [63].

Despite a rapid increase in the application of PCEs in small PVSCs using developed HSLs, low levels of surface coverage caused by surface energy mismatches between hydrophilic perovskite precursor solutions and hydrophobic surfaces of polymer HSLs have proven problematic in realizing printable and large PVSCs [170]. To remedy such issues, Lee’s group introduced an amphiphilic CPE, often referred to as an interfacial compatibilizer, that improves the wettability of perovskite precursor solutions found overtop of the polymer HSL [141]. The introduction of PFN between the perovskite photoactive layer and various polymer HSLs leads to the formation of large printed perovskite films on the substrate (an area of 18.4 cm2) and results in the formation of a highly uniform average PCE of 16.1% over an area of 1 cm2 (the best PCE of 17%), which is comparable the efficiency levels of small-sized devices [141]. However, few studies have been conducted on printed PVSCs in which all layers are fabricated through the use of printing technologies, as many printing parameters including those of viscosity, surface energy and printing speed and corresponding rigorous protocols must be considered. Hwang et al., tested printed PVSCs composed of ZnO-NPs, pinhole-free PbI2, and doped P3HT via slot-die printing to identify an optimal PCE of 11.96% with a VOC of 0.98 V, a JSC of 20.38 mA cm-2, and an FF of 0.60 in reverse scans [80]. Although slot-die coated ZnO, perovskite and P3HT layers have been used in large PVSC modules on a flexible substrate, efficient polymer HSLs such as PTAA have been not yet been applied to printed and large PVSCs.



5.4.2.4 Dopant-Free Organic Semiconductors as HSLs

Chemical doping has served as one of the most practical techniques used to enhance the charge carrier mobility of solution-processed HSLs such as small molecular spiro-OMeTAD and polymeric PTAA, leading to the generation of better PCE values and to less hysteresis behaviour relative to that observed in PSCs with pristine HSLs. As noted above, p-type dopants such as Li-TFSI and F4-TCNQ have been commonly used to enhance conductivity levels, thereby improving device performance. However, dopants in these organic HSLs are deliquescent and hygroscopic; they often degrade the perovskite film and organic HSL, eventually aggravating the stability of devices [171, 172]. Therefore, from research on dopants for the organic HSL, the development of efficient dopant-free hole transport materials is becoming a critical issue in ensuring the development of more stable PVSCs. Han’s group was the first to introduce a dopant-free HSL containing tetrathiafulvalene derivative (TTF-1) in conventional PVSCs using a comparable PCE (of 11.0%) to that of devices using chemically doped spiro-OMeTAD [173]. Moreover, based on degradation periods associated with a 20% decrease in efficiency levels, the lifetimes of devices with the dopant-free HSL based on dopant-free TTF-1 (~360 hr) were found to be three times longer than those of devices with chemically doped spiro-OMeTAD (~120 hr). The enhanced durability of PVSCs with dopant-free TTF-1 can be attributed to an avoidance of degradation effects of deliquescent additives and to contributions of hydrophobic alkyl chains to the TTF-1. Yang’s group also synthesized two donor–acceptor-conjugated small molecule dopant-free HSLs to develop a more in depth understanding of the relationship between photovoltaic properties and molecular structures [174]. In careful consideration of the enlarged coplanar skeleton and strong electron donating capabilities of the dithienosilole (DTS) unit, they introduced an electron-donating alkylthienyl-substituted benzo[1,2-b:4,5-b′] dithiophene (TBDT) unit for DERDTS–TBDT and an electron-withdrawing 5,6-difluoro-2,1,3-benzothiadiazole (DFBT) unit for DORDTS–DFBT [41]. A PCE value of 16.2% for the PVSCs with DERDTS–TBDT neat film as an HSL was obtained from a structure of glass/ITO/TiO2/perovskite/HSL/MoO3/Ag, and devices maintained initial PCE values for 240 hr.

Apart from dopant-free small molecule HSLs, dopant-free polymeric HSLs have been developed to form highly efficient and stable PVSCs. Park’s group reported on a dopant-free polymeric HSL based on benzo[1,2-b:4,5:b′]-dithiophene (BDT) and 2,1,3-benzothiadiazole (BT). BDT and BT moieties of the developed polymer HSL enhance π-π stacking interactions and lower HOME energy levels to support high levels of hole mobility (3.09 × 10-3 cm2V-1s-1) and favourable HOMO energy levels (~5.4 eV), respectively [175]. The use of dopant-free polymeric HSLs leads to the development of highly efficient (PCE ~17.3%) and stable (over 1400 hr at 75% humidity) perovskite devices [175]. Furthermore, they also identified a highly soluble BDT–BT-based D-π-A type conducting homopolymer (PTEG) HSL composed of tetraethylene glycol (TEG) that can improve solubility levels by enhancing dipole-dipole interactions with the solvent and that can affect hole mobility by preventing backbone twisting when encouraging π–π stacking [176]. The PTEG HSL showed a π-π stacking peak (010) along the out-of-plane direction irrespective of dopants used, revealing the occurrence of face-on orientations favouring vertical charge transport through photovoltaic devices [176]. With respect to the planar n-i-p configuration, PVSCs with PTEG HSLs show a JSC of 22.5 mA cm-2, a VOC of 1.14 V, an FF of 0.77, and a PCE of 19.8%; these values are similar to those of devices using chemically doped HSLs [176]. Furthermore, PVSCs with dopant-free PTEG stored at 25% RH and at room temperature for 200 hr were found to be comparably efficient to the initial PCE [176]. Park’s group has also developed a green-solvent-processable polymer HSL referred to as asy-PBTBDT based on BT and BDT moieties that fulfils specific requirements of ideal hole transport materials: (1) proper energy levels, (2) a high hole mobility value, (3) no dopant use, and (4) high solubility in non-chlorinated solvents [177]. This approach has been used a first means of preventing the use of harmful solvents (i.e., chlorinated solvents) for the HSL to produce environmentally friendly and stable PVSC devices at 18.3% without dopants [177]. Surprisingly, non-encapsulated devices processed with green solvent (2-methylanisole) retain 91% of their initial PCE value under 50% ~ 75% relative humidity conditions [177].

In addition to the well-known strategy for designing dopant-free hole transport materials containing donor–acceptor (D-A) moiety in conjugated small molecules or polymers to improve intermolecular packing and charge-transporting properties, a new dopant-free polymeric hole transport material consisting of a non-conjugated polyvinyl main chain with carbazole-based hole-transporting side chains has been developed [178]. The developed polymer HSL, PVCz-OMeDAD, was developed through the free-radical polymerization of vinyl monomers without the use of noble-metal catalysts, allowing for a hole mobility of 3.09 × 10-3 cm2V-1s-1, which is higher than that of non-doped Spiro-OMeTAD [178]. The PVSC with the PVCz-OMeDAD HSL supported a maximum PCE of 16.1% with a JSC of 21.0 mA cm-2, a VOC of 1.09 V, and an FF of 0.68; these values are higher than those of the reference cell with a non-doped Spiro-OMeTAD HSL-exhibiting PCE of 13.8% [178]. However, due to batch-to-batch variations observed during the synthesis of polymers, the development of well-defined structural polymeric HSLs is desired to ensure the use of planar-PVSCs of significantly improved efficiency and stability.



5.4.2.5 Carbon Based Organic Semiconductors as HSLs

With the discovery of thin film graphene by K. S. Novoselov and A. K. Geim, which earned them the Nobel Prize in physics 2004 for “groundbreaking experiments regarding the material graphene”, much attention have been paid to its superior properties such as its intrinsic mobility (2 × 105 cm2 v-1 s-1), high Young’s modulus (~1.0 TPa), thermal conductivity (~5 × 103 Wm-1K-1) and optical transmittance (~98%) [179]. Carbon-based conducting materials such as 2-dimensional (2-D) graphene and 1-D carbon nanotubes have provided us with many opportunities to control energy levels and physical and electrical properties for printable organic photovoltaic applications through the chemical modification or functionalization of their carbon backbones [179–182]. Li et al., reported on the use of graphene oxide (GO) thin films (thickness ~2 nm) as a hole transport and electron blocking layer for OSC applications owing to matched energy levels between Fermi levels (~4.9 eV) of GO and HOMO levels of donor; the PCE values of devices are comparable to those of devices fabricated with a conventional PEDOT:PSS HSL [180]. Liu et al., also studied the functionalization of GO to allow it to serve as both an HSL and ESL for OSCs. Neat GO offers a WF value of 4.7 eV, which matches the HOMO level of donor materials (i.e., P3HT) for hole transport whereas Caesium neutralized GO reduce the WF of Al electrodes by up to 4.0 eV [181]. Chemically modified GO was first employed in PVSCs as an HSL by Z. Wu and colleagues developed an effective device with a VOC of 1.00 V, a JSC of 17.5 mA cm-2, an FF of 0.71 and a PCE of 12.4% [182].

However, device performance is highly dependent on the film thickness of GO owing to its insulating properties; GO is mostly composed of carbon atoms bonded with oxygen that are hybridized to form a sp3 orbital, disrupting the sp2 conjugation of the hexagonal graphene lattice, thereby limiting vertical charge transport from the photoactive layer to corresponding electrodes [183]. Although the insulating properties of GO can be effectively modulated through chemical reduction using a hydrazine reagent, this is not generally sufficient to facilitate mass production due to the toxicity of chemical agents and the need for multiple fabrication steps [183]. In addition, the efficacy of chemical reduction processes initiated in GO using hydrazine is very low, which may also be disadvantageous for practical device applications. Rather than using chemical reduction processes, Jeon et al., developed a simple, low-cost, and efficient way to fabricate highly efficient OSCs containing moderately reduced GO through thermal treatment applied GO films in air that exhibits comparable or higher levels of efficiency than conventional devices with a PEDOT:PSS HSL [183]. With reduced GO, CNT has been used to improve the conductivity and surface coverage of GO. J. Kim and colleagues found that adding a small number of single-walled CNTs to the reduced GO layer can significantly improve the FF of the OSC and can thus ensure comparable or even better performance than that of the best devices using PEDOT:PSS as an HSL [184]. In addition, Chao et al., have successfully used a GO/metal oxide bilayer as an HSL to develop high-performance inverted OSCs [185]. We should note that the GO/metal oxide bilayer has also been applied to high-efficiency OSCs through the use of low bandgap polymer donors to generate a PCE of 6.7%, which is fairly comparable to values found the corresponding control device (with a PCE of 6.8%) using a vacuum-evaporated MoO3 layer as an HSL [185]. Unlike the two-dimensional GO described above, a quasi-one-dimensional GO nanoribbon offers better energy level alignment, solubility, and film-forming capacities. Liu et al., has developed a graphene oxide nanoribbon as an HSL for highly efficient OSCs; OSC devices with GO nanoribbons as an HSL present a PCE of 4.14% with a VOC of 0.62 V, a JSC of 9.96 mA cm-2, and an FF of 0.67 while devices with a conventional GO HSL exhibit a PCE of 3.08% with a VOC of 0.62 V, a JSC of 8.42 mA cm-2, and an FF of 0.60 [186]. Additionally, device stability closely related to HSL selection. Although the PCE of OSCs with a conventional PEDOT:PSS HSL dropped to 75% of its original value after 90 days of storage, that of the GO nanoribbon-based device remained at 86% of the original value under the same conditions, implying that the GO nanoribbon is a more stable layer for hole extraction interfacial than PEDOT:PSS [186].

The development of GO charge extraction layers with excellent energetic and optoelectronic properties for OSCs has extended their use to other promising photovoltaic applications such as PVSCs. A. D. Carlo’s group found that a lithium-neutralized GO as an ESL that enhances electron extraction from the perovskite absorber into mesoporous TiO2 through the replacement of H atoms in carboxyl groups of GO with Li atoms can effectively reduce the working function of GO from 4.9 to 4.3 eV [187]. Additionally, A. D. Carlo’s group exploited reduced GO levels for the development of an HSL for stable PVSCs prepared through the use of a simple and efficient reduction method, spurring a 36% increase in efficiency (PCE of 6.6%) relative to values recorded by the as-produced PVSC (a PCE of 4.87%) after roughly 2000 hr shelf life testing [188]. Jokar et al., reported detailed results on the device characterization of p-i-n structured PVSCs with neat GO or reduced GO nanosheets as HSLs [189]. The reduced GO samples were prepared with chemical reducing agents (hydrazine, sodium borohydride and 4-hydrazino benzenesulfonic acid) to produce three different types of reduced GOs [56]. All three rGO-based devices exhibited superior performance exceeding a PCE of 16% and exceeding stability and reproducibility levels of GO (a PCE of 13.8%) and PEDOT:PSS devices (a PCE of 14.8%) [189].

Single-walled CNTs have also been used as conductive elements in undoped spiro-OMeTAD to achieve steady-state efficiency in PVSCs exceeding the performance of control devices with spiro-OMeTAD as an HSL and even those in which the spiro-OMeTAD is typically doped with Li-TFSI [190]. By introducing polymer-wrapped single-walled CNTs at the interface between perovskite photoactive and spiro-OMeTAD hole transport layers, series resistance is further reduced (2.3 Ω·cm2), creating a PCE of 18.9% with a JSC of 22.1 mA cm-2, a VOC of 1.14 V, and an FF of 0.75 [190]. Overall, carbon-based graphene derivatives have been studied as potential efficient hole transport materials although many of the most efficient state-of-the-art PVSCs have been developed by employing widely recognized organic HSLs such as metal oxides, PEDOT:PSS, PTAA, and spiro-OMeTAD.





5.5 Outlook

In this chapter, we reviewed recent progress achieved in interface engineering for printable solar cells (OSCs and PVSCs), which holds great potential for future ubiquitous energy sources. Notably, interfacial engineering is necessary in both OSCs and PVSCs where interlayers are placed between electrodes and the photoactive layer, which plays a critical role in determining device performance through the manipulation of interfacial electrical properties. In general, ideal interfacial layers should ensure high levels of charge selectivity and low-resistive Ohmic contact with a sufficiently low or high WF to minimize recombination losses. As all interfacial materials such as electrolytes, metal oxides, and organic semiconductors have their own advantages, it is clear that a hybrid approach to materials science leads to the realization of more opportunities. We would like to note that many important research issues related to materials design for the development of new functional materials and to simple modifications of known materials (e.g., mixture or doping) remain undiscovered and under investigated. Although many hurdles must be overcome before printable solar cells can be feasibly employed, gradual progress will bring about a bright future. We hope that our review proves helpful for this purpose.
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Abstract

Screen printing is fast emerging as a simple and powerful technique for fabricating semiconducting and insulating thick layers for photovoltaic device application, particularly semiconductors oxides. In recent years, the demand for thick film coatings on large area substrates has been growing rapidly due to its tremendous applications in the field of modern nanotechnology.

The present chapter describes the fabrication of pure and doped semiconducting metal oxides e.g., ZnO, and cadmium doped thick films to explore their structural, optical, electrical properties for usage in gas sensing application. This book chapter has targeted the following objectives:

Keywords: Screen printing, SMO material, structural, optical, gas sensing properties


6.1 What Is Thick Film, Its Technology with Advantages

‘Thick film’ is basically a ‘printed-and-fired’ technology of film deposition which exploits the usage of conductive, resistive and insulating pastes containing glass frit, on defined patterns by screen printing and fused at high temperature onto a ceramic substrate. The thick films have thickness in the range 5–20 µm thick, resistivities in 10 Ω/square to 10 MΩ/square. They are extensively used for the fabrication of multi-layer structures. Earlier in 1950’s, thick films are used in microelectronic devices. It is found to be an alternative approach to printed circuit board technology with an advantage to produce robust integrated circuits. This technology flourishes with boom in the era of silicon technology since 1960s. The thick films deposition by screen printing (stencilling) and graphic reproduction technologies were used by the great Chinese dynasties of around a thousand years ago. The evidences are available that Palaeolithic cave paintings from circa 15000 BC were also produced by using primitive stenciling techniques. In 1980s, thick film technology has drawn the attention in the field of development of surface mount devices (SMD) in which the circuits are fabricated without using through-hole components.

This technology has shown rapid growth in past few years and has become most popular technique for small-scale representation of microelectronics. Modern-day thick-film printing equipment uses the concept of a screen, with the mesh material typically being fine, stainless steel or polyester strands. The thick film technology is more widely used then thin film technology because of low cost, easily to handle, it covers large surface area and it operates in a wide range of temperatures [1, 2]. Fundamental aspect of thick film technology is the easy fabrication of materials such as piezoelectrics and magnetostrictives can, however, offer advantages over other materials that can be combined with MEMS to produce novel solutions to a variety of sensor, actuator and other components that serves wide range of optoelctronic applications [3].


6.1.1 Thick Film Materials Substrates

The most commonly-used substrate materials for thick film deposition are ceramics, e.g., alumina with particle sizes in 3–5 µm range. One can use the as fired, polished ceramics or glass substrate. The insulation resistance of the glass is important and glasses with low percentages of low free-alkali are required if the film sintering at high temperature is desired. Many new substrate materials such as ‘porcelainised steel’ (vitreous enamelled steel), organic materials such as epoxies, flexible substrates, and even synthetic diamond are also proposed and found use in different applications.



6.1.2 Thick Film Inks

Thick film technology is basically an additive process, in which various components are formed on the substrate by applying ‘inks’ (or ‘pastes’) step-by-step to produce the desired conductor, resistor or dielectrics designs. Different types of paste which consists of a binder: glass frit, carrier: organic solvents, plasticizers, the material: pure metals, alloys and metal oxides whose film to be deposited have been used depending upon device fabrication requirement. This paste is pasted on the substrate as per pattern and then sintered in a furnace to obtain the required stochiometry and structure. After firing process, the surface of the films are generally not uniform or homogeneous at micro level, this gives problems for wire bonding. In order to overcome this problem, inks are developed to provide optimal low viscosity for screen printing for its uniform spreading on the substrate as compared to pastes. It means by using any printing method, there are merits and limitations, which restricts their use in high density designs very tedious and difficult.



6.1.3 Sheet Resistivity

The sheet resistivity is an important electrical parameter in specifying film materials. If the resistance of a square film resistor of unit length and width, measured between two opposite sides is Rσ then the resistance of a square of two units’ length and width is 2Rσ in parallel. All square resistors made from the same sheet of resistive material have the same resistance when measured between the two opposite sides and the resistivity of the sheet material may be specified in units of ohms per square.



6.1.4 Conductor Pastes

Gold is a good but costly conductor with a property of thermo-compression wire bonding and eutectic die attachment and poor solderability. While, cost effective Silver as compared to gold is solderable and not leach-resistant with tin/lead solders. Silver atoms migrate on applying DC electric fields which results in short-circuiting. On the other hand, palladium and platinum alloyed to the gold and silver produce good conductor pastes, with good adhesion to the substrate, good solder ability, and moderately good wire bonding characteristics. The economic silver-palladium conductor inks are the mostly used materials, due to their better performance on increasing with palladium content. Copper and nickel are another alternative materials which are also used for paste systems as substitutes for noble metals. The sheet resistivity of the fired paste structure depends on the metals used, and on the percentage of glass in the ink.



6.1.5 Dielectric Pastes

The dielectric paste should have the following characteristic properties such as high dielectric strength (107 V/m), good insulation resistance (1022 ohm.m–2), low power factor (<0.001 for cross-overs, and even better for capacitors). In the case of cross-overs the minimum dielectric constant is preferred to minimise the capacitance associated with the cross-over. While for capacitors fabrication, a high dielectric constant is preferred. Depending upon the applications requirement, any degree of stability, a maximum dielectric constant of 10 materials with higher K values have major problem of thermal coefficient. The electrical performance of thick film capacitors is not at par and the capacitance per unit area of substrate is low (typically 2,500pF/cm2).



6.1.6 Resistor Pastes

The resistor pastes should have the properties viz. wide range of sheet resistivity, stability in resistance values at high temperatures, low temperature coefficient of resistance and good reproducibility to give good tracking of resistance values between resistors on the same substrate, low voltage coefficient of resistance, low noise, compatibility with conductor paste systems. Modern resistor pastes are based on oxides of ruthenium, iridium and rhenium. These are less sensitive to variations in the firing profile than were the earlier pastes, and provide better temperature coefficient resistance in 1 kΩ/sq. to 10 kΩ/sq. range and stability performance.




6.2 To Select Suitable Technology for Film Deposition by Considering the Economy, Flexibility, Reliability and Performance Aspects

Thick Films Screen printing Technology has been chosen in the present chapter. This basic screen printing technique was introduced about 46 years ago for the purpose of fabricating hybrid circuits comprising thick-film layers, semiconductor devices, monolithic integrated circuits and other discrete devices. The substrate is a flat piece of alumina normally between one inch square and six inches square, normally 0.025 inch or 0.040 inch thick. Substrate materials other than alumina are also used, but purely from a screen printing point of view they are not significantly different. All are abrasive, brittle and easy to mark unintentionally. These features have an impact on handling practices and the design of jigs: there are relatively few totally automated lines, especially in the high-reliability area. Screens are made of highly tensioned stainless steel or polyester mesh, with a relatively open weave to allow the printing paste to pass through it, typically with 100 to 300 0.003 inch diameter wires per linear inch. Such screens have a ‘transparency’ (also known as ‘open area’) of about 40%. Thick film paste manufacturers normally specify stainless steel mesh because it has the best dimensional stability and a greater percentage open area than polyester, allowing an easier passage of the paste through the screen. Polyester, however, is more resilient, less prone to damage and more easily deflected to conform to the surface onto which it is to be printed. High mesh counts enable finer detail to be resolved, but give thinner prints. Generally the paste manufacturer will suggest a mesh type to suit his paste, and this will always form a very good starting point: 200 mesh and 325 mesh stainless steel are probably the most commonly used. Four useful ‘rules of thumb’ for screen printing are: There are various factors which are responsible for a good quality printing. The surface topography plays an important role in the screen printing technique an excessively smooth surface results in poor adhesion, while a very rough surface leads to poor reproduce ability of thickness for thin film applications the substrate must passes the following characteristics. A uniform smooth surface allowing adequate adhesion of the fired thin film layers. The substrate should be free from distortion or bowing Capability of withstanding normal firing temperature usually in the range 500–1000 °C. In most thin films and thick film applications, dimensional based on length, width and hole positioning are of the order of ±1 µM substrate sizes vary according to the requirements and that normally vary in the range from 1 cm2 to 30 cm2 substrate thickness range from 0.05 to 0.1 cm with thickness tolerance of the order of ±25 µM to ±100 µM. The typical values of screen printed film on substrate are within 40 µM /cm. This method is usually used because it is quite simple and economical for mass production of material in the form of thick films.



6.3 Experimental Procedure for Preparation of Thick Films by Screen Printing Process

The screen printing process, involves positioning the subtraction on carriage which is then brought below the screen so that the subtraction is in accurate registration with the pattern on the screen. The pattern on the screen means the open mesh area in screen. Corresponds to the configuration to be printed in the printing position the substrate is placed at a short distance below the screen. The distance the screen and substrate is termed as snap off distance. A small amount of past or ink is placed on the upper surface of the screen and a very flexible wiper called squeeze, then move on the screen surface, forcing vertically to bring it into contact with the substrate so the the paste through open through the mesh area. By the natural tension mesh, leaving behind the printing pattern on the substrate. The substrate is then separated from the screen, new substrate replaced and the process continues.

The screen printer has the following components:


	Screen and its mountain frame work.

	The substrate carriage and the associated mechanical feed system which may be mutually or automatically controlled.

	The adjustment mechanism for precise positioning of the screen relative to the substrate.



The squeeze pressure should be just sufficient to wipe the print pattern areas free of paste and leave a thick film on the blocked areas of the screen and is shown in Figure 6.1.


[image: Figure shows representation of screen printing process consisting mountain frame work, substrate carriage, mechanical feed system and adjustment mechanism.]

Figure 6.1 Schematic representation of the screen printing process.



Print Quality

Characteristics of past like viscosity, surface tension and thixotropy strongly effect the print quality. These factors effect the extent of welting of both substrate and the screen by the paste. For a print of good quality following points should be taken into account:


	Low viscosity of the paste.

	High squeeze pressure.

	High stroke speed.

	Small snap-off distance.

	Small angle of attack.

	Hard squeeze bleed.



Relatively Thicker Films Are Obtained by the Converse of Each of These Parameter End to End and Side to Side Non-Uniformity Results From:


	Lack of consistency in the stroke speed.

	Lack of parallelism between screen and substrate.

	Insufficient substance on the screen.



Incomplete Filling is Caused by:


	High viscosity of paste.

	Low squeeze pressure.

	Hard or warm squeeze blade.

	Low angle of attack.

	Excessive print speed.



Smearing Occurs if:


	The viscosity of the paste is too low.

	The snap-off distance is too small.

	The print is to slow.

	The squeeze pressure is excessive.

	The screen is forty.



Firing Procedure

The firing procedure can be divided into four parts:


	Paste coalescence.

	Drying.

	Removal of organic binder.

	High sintering temperature.



After screen printing, the pattern immediately consisting of a series discrete paste spots and each corresponding to a mesh opening in the screen. The substrates are then kept at ambient temperature for a few minute to enable the paste to coalesce sufficient to form a coherent level film. The time required for coalescence mainly depends by the nature of the paste composition.

Next operation is the drying of the above film of paste. Commonly 700 °c to 1500 °c temperature are employed for periods ranging from 1 to 2 hr. During this process more volatile component of paste are remove close control of the drying step is necessary for good results. Improper drying can lead to imperfection such as blister; cracks and crazing the best results are obtained utilizing a low temperature tunnel kiln with resistance heating for dry operation.

The removal of organic material generally in the composite material after drying is removed at relatively low temperature, i.e., 400 °C by carbonizing and oxidizing. Therefore an oxidizing atmosphere is essential. The blinder like cadmium chloride or Zinc chloride is generally removed and is carried out as the first phase of the firing process.

In the final firing or high sintering process the print is taken to the maximum firing temperature which may be up to 100 °C. The important properties of the composite are determined by the chemical reactions that take place in the high temperature zone of the furnace. For good results the time temperature must be accurately controlled.

Advantages of Thick Film Technology

The advantages of thick film technology are fourfold viz [4].


	Higher Performance.

	Greater Flexibility.

	Outstanding Reliability and

	Economy (Cost-effectiveness).



Performance


	Thick film technology has the advantage of reduced parasitic capacitive coupling between components, and minimized lead resistance and inductance. This allows for improved high-speed and high frequency performance.

	High thermal conductivity of substrates minimizes thermal gradient between components, which leads to improved stability of circuits at high temperature.

	TFT provides high dielectric isolation useful in high frequency, high Voltage and radiation ambient.



Flexibility


	Existing designs from bread-boards or PCBs can be converted on a Direct one-one basis with minimum design changes.

	Fast turnaround times are possible and design changes can be achieved with minimum time and effort.

	A wide selection of active and passive components with closely controlled parameters, in packaged and unpackaged form are possible.



Reliability


	Increased reliability is due to reduction in number of physical interconnections.

	Since solder connections are replaced by chemically bonded material interfaces, the susceptibility to wiring errors, shock, vibration and acceleration damages are reduced.

	Close bounding between resistive elements and hot spots in the resistors.



Economy


	Initial investments in equipment and personal training as well as development costs are very low.

	Thick film process is suited for mass production and prototype and evaluation modules can be assembled at minimal costs.

	Circuit changes can be easily accomplished and final product assembly time is reduced.





6.4 Introduction of Semiconductor Metal Oxide (SMO) and Their Usage in Optoelectronic and Chemical Sensor Applications

The semiconductor metal oxide belongs II-VI group. They have shown tremendous potential applications in photovoltaic solar cells, gas sensors, liquid crystal displays, photo transistors, optical heaters, sprintronic device applications and other optoelectronic devices [5, 6]. By alloying the structural, morphological, optical and electrical properties of the films can also be tuned along with the alteration in the concentration of the dopants and anhealing treatment. The usage of dopants basically controls the phase transitions, surface morphology and introduces remarkable adjustments in crystalline structure like increasing the grain size etc. The optical characteristics such as the band gap energy are much dependent on the grain size [7, 8].

ZnO and CdO metal semiconductors are technically essential due to their large electrical conductivity, moderate electron mobility with high carrier concentration, and high transparency in the visible range of the electromagnetic spectrum [9]. ZnO is a n type semiconductor material with a wide band gap of 3.37 eV, white in colour, hexagonal structured, multifaceted material with a large exciton binding energy of 60 meV. The stability of ZnO films has been found to be a preferential substitute to such oxide films whose optical and electrical properties degrade at high temperatures. ZnO has been widely used in electronics and opto electronics because of its above mentioned extraordinary characteristics. It proves extraordinary physical and chemical properties such as high electron mobility, high nonlinear optical coefficients, high chemical stability, broad range of radiation absorption large piezoelectric constants and biocompatibility. The stability of ZnO films has been found to be a preferential substitute to such oxide films whose optical and electrical properties degrade at high temperatures. ZnO has been widely used in electronics and optoelectronics because of its above mentioned extraordinary characteristics.

Similarly, CdO is an impressive TCO from II-VI groups n-type semiconductor material having a direct band gap of 2.5 eV in the visible and NIR spectral region and a high electrical conductivity of nearly 10–4Ωcm. CdO has many similar properties of ZnO, CdO is a n-type semiconducting material having a direct band gap of 2.5 eV and a high electrical conductivity of nearly 10–4Ωcm. Much attention has been paid to the study of the electrical and optical properties of pure CdO, ZnO and alloyed films beacuase they are used in many industrial productions like solar cells, smart windows, optical communications, flat panel displays, photo-transistors and other optoelectronic applications [10].These two metal oxide semiconductors have been broadly investigated by researchers in pure and doped forms.

There has been a variety of methods reported for the preparation of ZnO-CdO alloy films such as pulsed laser deposition [11], sol-gel process [12], dc magnetron sputtering [13], spray pyrolysis [14] and screen printing [1]. Among these methods, screen printing is a fast- emerging, multifaceted method known for its uniformity, reproducibility and feasibility of producing cheap large-area films for the purpose of optoelectronic device applications


6.4.1 Preparation of Cd0.75Zn0.25O Composition for Coating on Glass Substrate

The molecular weight of CdO = 128.4104. & Molecular weight of ZnO = 81.408

Hence the calculated amounts of Cd0.75 Zn0.25O compositions are


Weight of CdO = 128.4104×0.75=96.3078 gm

And weight of ZnO = 81.408×0.25=20.352 gm

And weight of CdCl2 = 10/100 × 116.659 = 11.67 gm



The above calculation is very large so we reduce all the weights same preposition. All the above three were mix properly and a paste was prepared with ethylene Glycol, the paste thus prepared was screen printed on various glass substrates. The film thus prepared dried at 120 °C for 2 hr than at higher temperature 500 °C for 10 min in an air atmosphere [15].

The steps involved in the preparation of Cd0.75Zn0.25O composition thick films by screen printing method as described above are presented in the following schematic flow chart as shown if (Figure 6.2) [16].


[image: Figure shows the steps involved in the preparation of Cd 0.75 Zn 0.25 O composition thick films by screen printing method in the schematic flow chart.]

Figure 6.2 Screen printing procedure diagram.






6.5 To Study the Structural, Optical and Electrical Characteristics of Thick Film


6.5.1 X-Ray Diffraction (XRD) Analysis

XRD patterns of the Cd0.075Zn0.25O composite coated films deposited onto the glass substrates and sintered at 450 °C and 550 °C for 10 min are shown in Figure 6.2. It shows that the crystallinity of the films varies depending on the substrate temperature. The polycrystalline CdO peaks in the patterns were identified as (200, 102, 220) and (311), while those of ZnO were indexed as (101, 100, 111), and (002), respectively. These peaks are in agreement with the standard values of JCPDS (05–0640) for CdO [17] and JCPDS (36–1451) for ZnO [18]. The intensity of the diffraction peaks was also found to decrease with increasing sintering temperature and get sharper with decreasing full width half maximum (FWHM) of CdZnO thick films, indicating increase in particle size. The particle size and the dislocation density for (111) plane can be obtained by the equations (6.1) and (6.2) respectively. The calculated parameters are listed in Table 6.1.



Table 6.1 Presents structural parameters of CdZnO thick films at different sintering temperatures.





	Temperature
	Hkl

	2θ (0)

	FWHM (β)

	Crystal size(D) (nm)

	Dislocation density(δ)/(×1012 lines/m2)






	450 °C
	111

	33.02

	0.23

	37.63

	7.62




	550 °C
	111

	33.02

	0.21

	41.25

	5.87








(6.1)


[image: ]



(6.2)
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6.5.2 Scanning Electron Microscopy (SEM) Analysis

The surface morphology of CdZnO composite coated films were studied by scanning electron microscopy (SEM). Figure 6.4 shows the SEM images of CdZnO films sintered at 450 °C and 550 °C temperatures. The SEM micrograph results revealed that uniform CdZnO nanoparticles were grown and grain sizes were found to be varied with sintering temperatures in close agreement with the XRD result. The film was granular in nature with good uniformity. Comparing the surface morphologies of CdZnO composite films at the sintering temperatures of 450 °C and 550 °C the grain size of the nanoparticles in the film was found to be increased and agglomerated with the post sintering temperature. Such composite films with a larger surface-to-volume ratio could enhance the surface activity of the film thereby leading to a higher degree of UV absorption in the case of optical detection and gas adsorption that too are important for photovoltaic applications.


[image: Figure shows the XRD pattern of CdZnO coated films at 450 °C and 550 °C calculated in Table 4.1.]

Figure 6.3 XRD pattern of CdZnO coated films at 450 °C and 550 °C.




[image: Figure shows the SEM micrographs of CdZnO coated films at 450 °C and 550 °C calculated in Table 4.1.]

Figure 6.4 SEM micrographs of CdZnO coated films at 450 °C and 550 °C.





6.5.3 Optical Properties


6.5.3.1 UV Analysis

The absorption spectra of CdZnO composite thick films were measured at room temperature using a UV-VI spectrophotometer (Shimadzu UV-3600) operating in the 200–1200 nm region is shown in Figure 6.5. Since the absorption of light is related to the band gap, for this purpose the absorbance can be used for determination of band gap. From this spectrum redshift has been observed and band gap of ZnCdO sample is calculated by using plancks relation as,


[image: Graph shows absorption spectra of CdZnO composite thick films measured at room temperature using a UV-VI spectrophotometer.]

Figure 6.5 Absorption Spectra of CdZnO coated film at 450 °C and 550 °C.




(6.3)
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where h is planks constant and λE is the absorption edge. Optical absorption measurements indicate that the material is direct-gap semicondutors with energy band gaps distributed in the range of ~2.81 and 2.70 eV at the sintering temperature of 450 °C and 550 °C respectively.


6.5.3.1.A Variation of Extinction Coefficient(k) and Refractive Index(n) as a Function of Wavelength

Thick film material coatings on various substrates provide important functionalities for the micro fabrication industry, and the parameters like refractive index (n) and extinction coefficient (K) of these film constituents need to be measured and controlled to allow for repeatable manufacturing. The n and K are related to the interaction between a material and incident light, and are associated with refraction and absorption respectively. The n and K spectra of a thick film cannot be measured directly, but must be determined indirectly from measurable quantities that depend on them. The refractive index was calculated using the reflectance and the absorbance data. The refractive index (n) of the films was determined by the following relations [19]:


(6.4)
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and


(6.5)
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The variation of the refractive index (n) and the extinction coefficient (K) as a function of wavelength is shown in Figure 6.6 and from this it is clear that at 450 °C, the refractive index of the films first increases with increase in the wavelength and then stays almost steady with further increase in the wavelength. On contrary, the extinction coefficient of the films decreases sharply upto 470 nm region of the wavelength and then becomes almost constant till 520 nm. R.K. Gupta et., al [20] and Ilican et al., [21] have also observed a very similar behavior in their respective studies. Along with the increase in the sintering temperature at 550 °C, the value of n increases for the lower region wavelength and then it almost remains steady with the increase in the wavelength. While the value of K decreases for the lower region wavelength and then remain constant till 520 nm at 550 °C. The change in refractive index along with the increase in temperature may be attributed to the temperature dependence of the electronic polarizability at constant volume which we have discussed in next section.


[image: Graph plots the variation of the refractive index (n) and the extinction coefficient (K) as a function of wavelength.]

Figure 6.6 Variation of extinction coefficient(k) and refractive index(n) as a function of wavelength at 450 °C and 550 °C.





6.5.3.1.B Variation of Real (ε1) and Imaginary (ε2) Parts of Dielectric Constants with Wavelength

To clarify our study further, the electronic polarizability was studied by measuring the dielectric constants of the films. The real (ε1) and the imaginary (ε2) parts of the dielectric constants of the film as a function of wavelength is shown in Figure 6.7 and can be calculated as [22, 23].


[image: Graph plots the real (ε1) and the imaginary (ε2) parts of the dielectric constants of the film as a function of wavelength at 450 °C and 550 °C.]

Figure 6.7 Variation of real (ε1) and imaginary (ε2)parts of dielectric constants with wavelength at 450 °C and 550 °C.




(6.6)
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(6.7)
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From the figure it is observed that the real and imaginary part of dielectric constant alters with the wavelength, which conveys that some photons – electrons interactions in the films are taking place. For both 450 °C and 550 °C, the real part of the complex dielectric constant is higher than the imaginary part of the dielectric constant. These factors help in determining the dissipation factor which is quite essential for knowing the rate of power loss of a mode of oscillation in films and thus are useful for optical communication applications.





6.5.4 Electrical Conduction Mechanism

The measurement of electrical conductivity at different temperatures allows us to obtain information about the charge conduction mechanism in these thick films. Oxides used for thick films can be broadly classified into two groups: metallic, where the resistivity obeys a power- law depending on temperature ρ ∝ Tn, where n > 0; and for semiconducting where resistivity usually follows the exponential law ρ ∝ exp ([image: ]). The DC electrical conductivity measurements have been carried out in the temperature range 300–400 K. The electrical resistivity (ρ) has been calculated by using the equation [24]:


(6.8)


[image: ]


ρ is the resistivity (Ὠ-cm), t is the sample thickness (cm), V is the applied voltage and I is the source current (A). The temperature dependency of the DC resistivity can be shown by the well-known Arrhenius equation, given by


(6.9)


[image: ]


where σ is the conductivity (1/ρ), σ is the pre-exponential factor, E is the thermal activation energy for generation process is Boltzmann’s constant and T is the temperature (in Kelvin). To reveal the nature of films and charge carriers conduction mechanism, graph is plotted between log (σ) vs. 1000/T as presented in Figure 6.8. These semiconducting linear fit lines show linear Arrhenius behaviour and electrical conduction of charge carriers follow thermally activated process. The increase in conductivity with temperature exhibits negative temperature co-efficient of resistance due to the rise in space charge by dopant ion and native defects concentration present in ZnO. The activation energy and donor level parameters are derived from these curves by fitting experimental values of the temperature dependent conductivity as shown in Figure 6.8. From these data, we obtained the activation energies from 0.43 eV to 0.39 eV [25]. The donor level from the bottom of the conduction band is given by Eds = 2 Ea, so if the donor level is produced by interstitial Zn atoms, then Eds varies from 0.86 eV to 0.84 eV.


[image: Graph plots reveals the nature of films and charge carriers conduction mechanism between log (s) vs. 1000/T at 450 °C and 550°C.]

Figure 6.8 Resistivity V/S Temperature of CdZnO coated film at 450 °C and 550 °C.






6.6 To Study the Sensitivity, Selectivity, Stability and Response and Recovery Time for Various Gases: CO2, LPG, Ethanol, NH3, NO2 and H2S at Different Operating Temperatures

Now-a-days, the enormous advancement in the field of sensor technology development is due to the emergence of nanomaterials in various morphologies in their pure and composite forms. In this context, the future of thick film processes in modern-day sensors is also very promising and expanding at enormous rate. By the discovery of nanomaterials, the ability to produce mini circuits is very much in demand. The researchers are now working on the area of hybrid electronic circuitry for integration into the sensing device to develop the smart sensor [26]. Thick film technology also offers the advantage that it provide a supporting structure onto which other materials can be deposited, by other technologies [27]. The thick film act as a primary sensing element. A sensor works on the principal that on applying mechanical, thermal, optical, chemical or magnetic property on sensing element, it converts that signal into an electrical signal. While, actuator converts an electrical signal into one of the other domains (mainly mechanical).


6.6.1 Mechanical Sensor

The thick film mechanical sensors are mainly based on piezoresistive, piezoelectric or capacitive techniques. The sensing materials bulk resistivity changes when subjected to deformation by an external force are termed piezoresistive. The effect is observed in standard ceramics thick film resistors e.g. piezoresistive lead zirconate titnate (PZT), barium titanate, and the polymer material polyvinylidene fluoride (PVDF) thick film sensors [28]. These sensors are also used as accelerometers, pressure sensors and load cells because piezoelectric materials exhibit the property of producing an electric charge on applying mechanical force (pressure). In addition to piezoelectric properties, these materials are also ferroelectric. Ferroelectric materials exhibit spontaneous polarization upon the application of an applied electric field. It means that these materials must be poled (polarized) before to use in order to obtain piezoelectric behavior. Thick film piezoelectrics have been made by mixing together PZT powder, a glass binder and an organic carrier [29]. A conducting layer is first screen printed, dried and fired onto a substrate and then several layers of the PZT film are deposited onto this lower electrode and used in a variety of sensor and actuator applications, including accelerometers, pressure sensors [30], micromachined pumps [31], surface acoustic wave (SAW) [32] and resonant sensors [33].


6.6.1.1 Thermal

Devices that exhibit a change in resistance with the change in temperature are termed thermoresistive. Metals have a linear response to temperature and known as resistance thermometers e,g. Platinum resistance thermometer. Thermally sensitive semiconductors have nonlinear response, and termed as thermistors. Thermistors are usually available in the form of discs, rods or beads comprising a sintered composite of a ceramic and a metallic oxide (typically manganese, copper or iron) which are screen-printed on alumina substrate to develop sensors. Most thermistors have a negative temperature coefficient of resistance; i.e., their resistance decreases with the increase in temperature. Positive temperature coefficient) thermistors are also available, but their sensors not as stable or repeatable as compared to negative temperature coefficient materials.



6.6.1.2 Optical

Screen-printed photosensors are probably one of the earliest examples of thick film sensors, from the mid 1950s. Materials that exhibit a change in electrical conductivity due to absorbed electromagnetic radiation are known as photoconductors. Cadmium sulfide (CdS) is one of the example and is notable because of its highly sensitive response in the visible range (450–700 nm). The resistances of such devices can drop from several tens of MΩ in the dark to a few tens of ohms in bright sunlight. The paste of cadmium sulfide and selenide are prepared by sintering powdered CdS or CdSe with a small amount of cadmium chloride as a flux at a temperature of around 600 °C. This material is then ground into a powder and mixed with an organic carrier to prepare screen printable paste. This can then be printed over metal electrodes and fired at a temperature of around 600 °C in air.



6.6.1.3 Chemical

Thick film materials have been widely used in a variety of chemical sensor applications for the measurement of gas and liquid composition, acidity and humidity [34]. The two main techniques are impedance based sensors and electrochemical sensors. With the former method, the measure the effect of variation in resistance or capacitance, through the changing an electrochemical potential or current. Impedance-based gas sensor pastes usually comprise a semiconducting metal oxide powder, inorganic additives and organic binders [35]. The paste is printed over metal electrodes and a back-heated resistor on an alumina substrate. The heating element is necessary to promote the reaction between the gas being measured and the sensing layer. A porous dielectric layer is then screen printed onto the electrodes. As the humidity increases, moisture will penetrate the surface of the dielectric layer causing a change in dielectric constant within the sensitive layer. This results in a change in capacitance between the electrodes. Electrochemical techniques can be used to realise pH sensors. These are used in biomedical, fermentation, process control and environmental applications. These devices often make use of a solid electrolyte which generates an electrochemical potential between two electrodes in response to the measurand. The most common example of a thick film chemical sensor is the disposable, polymer-based glucose sensor used in many home testing kits for diabetic patients. This illustrates how thick film sensors can offer robust, compact and cost-effective solutions to many modern-day requirements.



6.6.1.4 Magnetic

Some screen-printable conductors shows a change in resistivity on applying magnetic field. Such devices are referred to as magnetoresistive sensors. Air-fireable nickel-based conductors have been shown to exhibit a nonlinear change in resistance for a linear increase in applied magnetic field [36]. Researchers have developed linear and rotary displacement sensors based on thick film nickel pastes. These sensors require temperature-controlled environment.



6.6.1.5 Actuators

An actuator is defined as a device that converts a signal from the electrical domain into one of the other signal domains. It was noted earlier that piezoelectric materials produce a mechanical stress in response to an electrical charge. Such materials can therefore be used as actuators. Thick film piezoelectric layers have been screen printed onto thin silicon diaphragms in order to form the basis of a micropump [31]. Photovoltaic devices convert incident optical radiation into electric current and are also known as solar cells. They are used to power devices such as calculators, clocks, pumps and lighting. In general terms, the output power level is proportional to the physical size of the photovoltaic cell. The device is essentially a heterojunction between n-type and p-type semiconductors [37]. Thick film solar cells have been made comprising CdS (n-type) and CdTe (p-type) as the junction materials. Such thick film actuators have been shown to have relatively low conversion efficiencies (between 1% and 10%).



6.6.1.6 Proposed Ethanol Vapor Sensing Mechanism

The ethanol vapor sensing is considered as a surface adsorption phenomenon of gas-solid interactions and the electrical conductivity at ambient temperature. In the adsorption process, ethanol vapors are chemically adsorbed on the active sites which gradually form the stable chemisorbed hydroxyl (OH-) ions on the surface. When this first layer is formed then physical adsorption of ethanol vapors takes place as shown in Figure 6.9.


[image: Figure shows the chemical absorption of ethanol vapors in Zn 0:96 Cd 0:04 O on the active sites which gradually form the stable chemisorbed hydroxyl (OH -) ions on the surface.]

Figure 6.9 Chemical absorption of ethanol vapors in Zn0:96 Cd0:04 O thick film.



The physisorbed ethanol dissociates due to high electrostatic held in the chemisorbed OH-layer and the proton conduction takes place in the physisorbed ethanol layers. The capillary condensation of ethanol vapor takes place in the meso-pores and predominates in 25 °C measurements. These results are in agreement with the resistance measurements. Cadmium-doped zinc oxide nanoparticles exhibit enhancement in ethanol vapor sensing sensitivity and responsiveness with increasing ethanol vapor concentration. The change in electrical resistance has been used as the measure of ethanol vapor response at different temperatures. The screen printed cadmium-doped zinc oxide thick films with gold evaporated electrodes on the surface was used as sensing element for sensing device. These nanostructure based sensors have many advantages in comparison to conventional gas sensors such as high sensitivity, selectivity, fast response and recovery due to large number of active centers. In this work, the ethanol vapors are sensed by cadmium-doped zinc oxide thick films derived from their nanoparticles of dimensions 5 × 4×0:5 mm3 in the temperature range of 20 °C to 50 °C at an interval of 5 °C.

The response and recovery curve of Zn0:96 Cd0:04 O thick film based semiconductor gas sensor at 25 °C operating temperature under an ethanol vapor concentration of 25, 50, 75, 100 and 150 µl is presented in Figure 6.10. It is seen that the sensor resistance is higher in ethanol vapor atmosphere than in air. The sensor resistance decreases as the operating temperature increases. In our studies the largest resistance increase was observed at 25 °C. On varying alcohol vapor concentration, the resistance varies slightly in a particular temperature operating range.


[image: Figure shows response and recovery curve of Zn 0:96 Cd 0:04 O based semiconductor gas sensor at 25 °C temperature under ethanol vapor concentration of 25, 50, 75, 100 and 150 μl.]

Figure 6.10 Variation of Resistance Vs. Time of different concentration of ethanol vapors at 25 °C on Zn0:96 Cd0:04 O thick film as sensing electrode.






6.6.2 Sensing Performance of the Sensor


6.6.2.1 Measurement of Gas Response, Selectivity, Response and Recovery Time

The quality of a gas sensor, responsiveness, sensitivity and response time are the important parameters. The relative response to a target gas was defined as the ratio of the change in resistance of a sample upon exposure to the gas to the original conductance in air. The responsiveness S is defined as S = (Ra - Re)/Re where Ra is the electrical resistance of the sensor in air and Re is its resistance in ethanol vapor. The sensitivity of sensor is defined as Ra/Re. The response time is defined as the time required for the sample resistance variation to reach 90% of equilibrium value following a step increase in the concentration of the testing gas. While specificity or selectivity can be defined as the ability of a sensor to respond to a certain gas in the presence of different gases. Response time (RST) was defined as the time required for a sensor to attain the 90% of the maxi-mum increase in conductance after exposure of the sensor surface to a test gas, while recovery time (RCT) as the time taken to get back 90% of the maximum resistance [38] in air.

The resistance, responsiveness sensitivity and response time of cadmium-doped zinc oxide based ethanol vapor sensor for 25, 50, 75, 100 and 150 µl concentration of etha nol at 25, 30, 35, 40 °C and 50 °C are obtained from the response and recovery curves are listed in Table 6.2.



Table 6.2 Responsiveness, sensitivity and response time of the cobalt ferrite sensor for 25, 50, 75, 100 and 150 µL ethanol concentration at 25, 30, 35, 40 °C and 45 °C.





	µL
	Re
	Ra
	Responmsivenes (Ra –Re) / Re
	Sensitivity (Ra /Re)
	Response time (τ90)





	At 25 °C



	25
	0.567

	0.619

	0.1363

	1.1363

	15




	50
	0.563

	0.622

	0.1350

	1.1350

	10




	75
	0.555

	0.627

	0.1870

	1.1870

	39




	100
	0.548

	0.633

	0.1878

	1.1878

	23




	150
	0.566

	0.650

	0.1935

	1.1935

	24




	At 30 °C



	25
	0.550

	0.677

	0.2309

	1.2309

	17




	50
	0.541

	0.689

	0.2736

	1.2736

	12




	75
	0.535

	0.690

	0.2899

	1.2899

	32




	100
	0.520

	0.688

	0.3231

	1.3231

	18




	150
	0.520

	0.693

	0.3327

	1.3327

	27







Similarly, resistance, responsiveness, sensitivity and response time of cadmium doped zinc oxide based ethanol vapor sensor are obtained for other temperatures and concentrations from the response and recovery curves. The sensing mechanism favors the interaction of ethanol vapors on the surface of these nanoparticles via weak hydrogen bonding through polar functional group as shown in Figure 6.10. Due to bigger size from Cd2+ as compared to Zn2+ through oxygen may be the cause for increase in the resistance drastically at low temperatures. These results show that responsiveness, sensitivity and time constant are practically constant with small deviations. The sensitivity of the sensing element improves at high temperature with the decrease in response time. This work reports the development of cadmium-doped zinc oxide films based gas sensor for ethanol vapor detection for security point of view, i.e., this sensing material is tested at environmental temperature range which usually occur during all the seasons in India. Otherwise at higher temperatures that is more than 100 °C, these sensors exhibits very high sensitivity with very small response and recovery times. But for practical application this material is found to suitable for alcohol vapor sensing to check drunk person. Still extensive database is required for optimizing various synthesis and device fabrication steps to develop alcohol vapor sensor for traffic regulation and other sensitive health issues, etc.





6.7 Conclusion

By the above study we observed that screen printing and sintering is the best and economic method for the mass production of sintered films. It is very interesting to investigate the electrical, optical properties and the effect of sintering condition of these properties as well as sensing properties. Gas sensing mechanism is generally explained in terms of conductance change either by adsorption of atmospheric oxygen on the surface at higher temperature or by direct reaction of lattice oxygen or interstitial oxy-gen with test gases. In the former case, the atmospheric oxygen adsorbs on the surface by extracting electrons from the conduction band to form superoxides or peroxides, which are mainly responsible for the detection of test gases. The thick film of CdO modified ZnO consists of an largest number of grains of CdO distributed on the surface. Upon exposure to ethyl alcohol vapor, a change in the resistance of the sensor was observed, which may be due to the surface reaction of ethyl alcohol with physisorbed H2O or by proton conductivity via alkoxide ions. The production of such sintered films may help us in the formation of low cost solar cells and Dilute Magnetic Semiconductor. Reports also suggest that these materials might be practically useful for optoelectronic devices. Also these structures may find utilizations where the environmental remediation can be totally implicated with clean energy.
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Abstract

Nanostructured transition metal oxides have occupied a major place in catalytic, energy storage and sensor applications. A lot of research has been carried out to exploit the inherent properties of these metal oxides to achieve high pseudocapacitance and cyclic stability and to examine its catalytic activity to solve several environmental issues. This chapter focuses on the electrochemical behaviour of Hausmannite i.e., Mn3O4 and its composites including carbon based material and metal or metal oxide doping followed by its catalytic and sensor property. The chapter briefly discusses the various easy to implement and widely used synthesis methods including chemical precipitation, sol-gel, hydrothermal/solvothermal, template directed method, thermal decomposition, chemical bath deposition and other methods. Then it examines the progress in Mn3O4 pseudocapacitive performance for electrode material and also with their composities so as to improve the conductivity of Mn3O4. The fundamental understanding of synergistic effect of these composites has been highlighted. Later, this chapter deals with recent developments in the research and application of Mn3O4 catalytic and sensor application.
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7.1 Hausmannite as Energy Storage Material: Introduction

With ever growing global demand of high powered devices, the advances and development of efficient and reliable energy storage systems have become imperative. Various materials have been studied for superior electrochemical performance which includes carbon compounds, conducting polymers and transition metal oxides. It is crucial to fabricate electrode with material which provide high capacitance and also demonstrate structural stability to give long cycling life [1]. Metal oxides have been exhaustively investigated for various applications due to its magnetic, electrical and chemical properties. Transition metal oxides are used as electrode material because of its high pseudo capacitance, chemical stability, variable valence and low resistance through the occurrence of faradaic redox reactions [2]. Also its lower cost of production and use of milder electrolyte makes it a feasible alternative. Various transition metal oxides has been investigated for its electrochemical performance for energy storage devices such as RuO2 [3], NiO [4], ZnO [5], Co3O4 [6], SnO2 [7], and manganese based oxides [8–10]

Manganese have variant valence states (Mn2+, Mn+3, Mn+4) and so there are different oxides (MnO, Mn2O3, MnO2and Mn3O4), which makes it a promising electrode material for storage device. Among this, Mn3O4 is very stable and suitable for energy storage devices, due to its low cost of manufacture, high theoretical specific capacitance, environmentally benign and high power density [11, 12]. Research work on Mn3O4 is limited compared to other manganese oxides and so it caught lot of attention in field of catalysis, electrode material, magnetic material, etc [13, 14]. Hausmannite (Mn3O4) has a spinal tetragonal structure where Mn3+ and Mn2+ ions occupy octahedral and tetrahedral positions respectively with oxygen octahedral co-ordination is tetragonally distorted due to Jahn-Teller effect on Mn3+ ions. The tetragonal crystal structure of Mn3O4 has been shown in Figure 7.1. It exhibit interesting magnetic properties [16]. In bulk material, it behaves as ferromagnetic below 42K but at room temperature it behaves as paramagnetic material, having band gap of 2.3 eV [17]. But Mn3O4 specifically behaves as ferromagnetic material [18]. The theoretical specific capacitance of Mn3O4 is 937 mA h g-1 but it suffers lower conductivity (~10–7–10–8 S cm-1), thus limiting it’s cycling stability, capacity and rate capability. Hence there is a need for improving its electrical conductivity and maximizing the utilisation of manganese oxide by modifying nanostructures and increasing the surface area by employing various methods and by the incorporation of conductive materials. It have wide range of applications as catalyst for decomposition of nitrobenzene, NO and N2O [19], for oxidation of methane and CO [20], for decomposition of methylene blue with peroxide [21]; also it exhibits unique ion exchange property [22], molecular adsorption [23], electrochemical properties and magnetic properties [24–26] and is used as an air pollution control material for mitigating environmental and industrial pollutions. Mn3O4 has been synthesised in various nanostructures which includes nanoparticles [27], nanorods [28], nanowires [29], nanoflower [30], porous/hollow structure [31, 32], urchins and coral like structure [33] and so on. There are several reports on synthesis and electrochemical evaluation of hausmannite nanostructures.


[image: Figure shows tetragonal crystal structure of (Mn 3 O 4) Hausmannite where Mn 3+ and Mn 2+ ions occupy octahedral and tetrahedral positions with oxygen octahedral co-ordination is tetragonally distorted.]

Figure 7.1 Tetragonal crystal structure of Mn3O4 Reproduced with permission of Royal Society of Chemistry, Copyright 2014 Ref[15].



In the review, few of the widely used synthesis method such as chemical precipitation, sol-gel method, hydrothermal/solvothermal, thermal decomposition, template method, chemical bath deposition, electrodeposition and others have been briefly discussed and besides, Mn3O4, its composite’s electrochemical performance have also been discussed in brief.


7.1.1 Synthesis Methods

Nanocrystalline materials have high specific area and more active sites than at the micro scale, so optimal synthesis method are need to be explored to obtain highly crystalline porous structures with large surface area. Also, the morphology of the material which determines the capacitive behaviour depends on the synthesis method as well. Preparation of pure Mn3O4 nanostructures is a big challenge due to the multiple valences of Mn ions. Preparation of Mn3O4 with effective, low-cost and safe method is highly desirable. The various methods employed to prepare Mn3O4 are sol-gel, chemical precipitation, hydrothermal/solvothermal, thermal decomposition, electrodeposition, template method, reduction, and so on.


7.1.1.1 Chemical Precipitation

This is simple and widely used method where precursor reacts with precipitating agent to give product. Here morphology of the metal oxide needs to be controlled due to fast precipitation. R.J. Tackett and co-workers prepared Mn3O4 nanoparticles with average size of 13–16 nm by co-precipitation technique using MnCl2.4H2O as starting material [34]. Similarly, Wu et al., prepared Mn3O4 with CTAB as surfactant and obtained particle with average size of 20–50 nm and capacitance 322 F/g [35].



7.1.1.2 Sol-Gel Method

This method is cheap and simple to implement and products obtained are of high purity nanostructures. In sol-gel method, the precursor solution is converted into inorganic sol, this in turn converts into gel. And then the product is calcinated. Ullah and group synthesised Mn3O4 nanoparticles via gel formation route using KMnO4 and glycerol, the particles are less than 100 nm, shown in Figure 7.2(a) [36]. F. Nâamoune prepared spinel type Mn3O4 using precursor solution made of manganese sulphate, citric acid and ethylene glycol and obtained average size 1 µm [39].


[image: Figure shows synthesised Mn 3 O 4 nanoparticles via gel formation route, prepared Mn 3 O 4 nanoframes and hollow octahedra via polyethylene glycol template and prepared Mn 3 O 4 by decomposing MnCO 3 in flux.]

Figure 7.2 (a) FESEM image of Mn3O4 nanoparticle synthesised by gel route (b) FESEM micrograph of Mn3O4 nanoframes and hollow octahedra using template method (c) TEM image of Mn3O4 nanowire along with its lattice fringes. (a) Adapted from Ref [36], (b) Reproduced with permission from Ref [37], Copyright 2012, Elsevier, (c) Reproduced with permission from Ref [38], Copyright 2008, American Chemical Society.



7.1.1.3 Hydrothermal/Solvothermal Method

It is the most common and simple method to obtain metal oxide nanostructures. Carried out in Teflon-stainless steel autoclave, the applied temperature and pressure can be controlled to obtain various morphologies like 0D, 1D, 2D and 3D. Wu et al., synthesized hierarchical 3-dimensional flower-like morphology with average size of 1–5 µm by using manganese sulphate as precursor [40]. Gao and co-workers prepared Mn3O4 octahedrons hydrothermally using KMnO4 and carboxymethyl cellulose (CMC) with rhombic length of 300 nm [41].Employing this method, Guo et al., prepared Mn3O4 octahedrons using Mn(NO3)2 as manganese source and ethylenediamine (EDA) as structure mediating agent with size 50 nm as shown in Figure 7.3(a), provided with the schematic illustration of growth process (Figure 7.3b) [15]. Y. Qiao synthesised flower like Mn3O4 employing solvothermal method using manganese acetate as precursor and obtained nanostructure with average size of 10 nm and it showed capacitance of 230 F/g [42]. Also, S. Rui et al., obtained Mn3O4 nanoparticles with particle size ranging from 9 to 15 nm using hydrothermal method [43].


[image: Figure shows preparation of Mn 3 O 4 octahedrons using Mn(NO 3) 2 as manganese source and ethylenediamine (EDA).]

Figure 7.3 (a) FESEM image of Mn3O4 nano-octahedrons (b) Schematic illustration of growth process. (a) and (b) Reproduced with permission from Ref [15], Copyright 2014, The Royal Society of Chemistry.





7.1.1.4 Template Directed Methods

Template is widely used for the mesoporous structures, and it is usually followed by hydrothermal or solvothermal method. CTAB was used as template and MnSO4 as precursor by Cheng, Wang and co-workers to obtain 3D-hierarchical flower shaped Mn3O4 with average size of 100 nm [44]. Y. Liu et al., prepared Mn3O4 nanoframes and hollow octahedra via polyethylene glycol template assisted route, with hollow core of 75 nm (Figure 7.2b) [37].



7.1.1.5 Thermal Decomposition

Thermal decomposition is simple and low cost method to obtain nanosized particles; it is done by heating any solid precursor at an optimum temperature. F. Davar et al., prepared Mn3O4 nanoparticles in the range of 9–24 nm with the thermolysis of bis(2-hydroxy-1-naphthaldehydato) manganese(II)]; [Mn(HNA)2] at 260 °C, in presence of solvent, oleylamine which control nucleation and agglomeration of nanoparticles [45]. W. Wang and L. Ao prepared Mn3O4 by decomposing MnCO3 in flux at 850 °C, and obtained nanowires of diameter 30–60 nm as shown in Figure 7.2(c) [44]. Also, J. Du and co-workers prepared Mn3O4 nanorods by vaccum calcining the precursor (Mn3O4 + MnOOH) at 500 °C [46]. X. Sun and co-workers obtained nanocrystals by thermal decomposing manganese formate at temperature range of 170–250 °C [47]. W.S. Seo et al., prepared Mn3O4 nanoparticles are prepared by thermal decomposition of [Mn(acac)2] (acac = acetylacetonate) in oleylamine at 180 °C with particle size 50 nm [48].



7.1.1.6 Chemical Bath Deposition

The chemical bath deposition (CBD) method is very advantageous over other methods due to low cost and low temperature requirement. In this method, substrate is immersed in the precursor solution and then in the precipitating solution to produce film. It was first proposed by Nagayama et al., [49] in 1988. Mainly it is used to fabricate Mn3O4 and its composite films.




7.1.2 Electrochemical Behaviour

Electrochemical property is largely influenced by morphology, surface area, pore size, pore distribution and volume, surface functionality and electrical conductivity [50, 51]. The galvanostatic technique is reliable to evaluate the capacitance values [52];


(7.1)
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where, I is current, m is mass of active material, V is potential window during cycling, t is time during cycling. The electrochemical performance of any material is closely related to the structure properties such as morphology, specific surface area, pore size and pore volume distribution. Also, the electrode electrical conductivity is crucial for charge transfer reactions [53]. The type of electrolyte used for the analysis plays a vital role. The size of electrolyte ion leads to the easy diffusion through the porous structure of the electrode. Thus, porous electrode material is highly desirable as it leads to easy transportation of ions through it, hence enhancing the pseudocapacitance. Aqueous electrolytes are mostly used compared to the organic electrolyte as the former possess high ion concentration, smaller ion radius and low resistance [54].


7.1.2.1 Mn3O4 Nanostructures

S. Xing et al., prepared Mn3O4 by oxidation precipitation method using Mn(NO3)2 as precursor and citric/tartaric acid as oxidising agent. The obtained product were reported to have decreased particle size and increased surface area due to addition of citric/tartaric acid which led to the high capacitance value of 172 F/g [55]. Wang and co-workers reported direct synthesis method of Mn3O4 using ultrasonication followed by hydroxylation, the obtained nanoparticles showed maximum capacitance of 262.1 F/g in electrolyte 1M Na2SO4 with retention capacity of 98.6% after 2000 cycles. They have reported clean method of preparation whereas they also attributed that the colloid structure of MnCl2 with ETA resulted in crystallinity and so its supercapacitance [56]. The redox reaction in spinal Mn3O4 in presence of Na2SO4 can beexpressed as follows [57]:


(7.2)
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(7.3)
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The reaction (2) represents the transformation of spinel Mn3O4 to layered birnessite. It is a complex and irreversible process. The reaction (3) is the reversible cycling of the latter material.

Electrochemical capacitance of 205 F/g was obtained by Zhang and his colleagues for Mn3O4 prepared via room temperature route using MnSO4 and Na2CO3, having retention value of 65% at current density of 0.5A/g after 1500 cycles [58]. Y. Qiao and co-workers prepared flower-like Mn3O4 (Figure 7.4a) using solvothermal method, obtained specific capacitance of 230 F/g and maintained capacity retention of 90% after 1000 cycle as shown in Figure 7.4(b). They suggested that the dandelion structure by one dimensional nanowire provided more active sites for redox reaction [42]. A simple chemical precipitation method was employed by Raj et al., for synthesis of Mn3O4 with capacitance of 322 F/g with 77% retention after 1000 cycles [35]. Shaik and his co-workers prepared hausmannite nanoparticles via hydrothermal method having specific capacitance of 356 F/g at scan rate of10 mV/s [62]. Zhen et al., synthesised ultrathin Mn3O4 nanosheet (Figure 7.4c) in room temperature and it exhibited specific capacity of 520 mAh g-1 using LiPF6 as an electrolyte and showed stronger cycling stability after 300 cycles as shown in Figure 7.4 (d). These ultrathin nanosheets accelerated Li ion diffusion owing to open channels and shortened transport pathways [59]. Li ion store irreversibly in transition metal oxides through heterogenous conversion reaction: MxOy +2Li++2ye- → xM0 + yLi2O [63]. Mn3O4 interlocked nanocubes were prepared by Luo and co-workers by dissolution evaporation method followed by calcination and it exhibited good electrochemical stability with retention of 71.8% after 1200 cycles at current density of 10 A/g, shown in Figure 7.4 (e & f). The interlocked structure provided space for electrolyte to diffuse into the active material and ensure sufficient faradaic redox reaction to take place [60]. M. Aghazadeh et al., synthesised Mn3O4 nanorods by cathodic electrodeposition method, it showed capacitance of 311 F/g at current density of 1 A/g and decreased with increase of current density, with cyclic stability of 91.7% after 1000 cycles Figure 7.4 (g & h). The regular arrangement and vertical texture of nanorods reduced diffusion length for Na+ ions transfer and thus increase its electrochemical performance [61]. Dubal et al., prepared Mn3O4 using simple chemical bath deposition method, these films exhibited good capacitance of 284 F/g [64]. Jiang and co-workers prepared Mn3O4 octahedrons hydrothermally and obtained specific capacitance of 322 F/g with high cyclic stability. The high capacitance was attributed to the exposed {111} sufaces which is thought to be for the intercalation/deintercalation of Na+ ions and electrons [65]. Table 7.1 summarizes the various structural properties, synthesis, type of electrolyte used, specific capacitance and the retention value after the cyclic performance of Mn3O4 nanostructures.


[image: Figure shows Mn 3 O 4 using solvothermal method, synthesised ultrathin Mn 3 O 4 nanosheet as electrolyte, Mn 3 O 4 interlocked nanocubes prepared by dissolution evaporation method and calcination and synthesised Mn 3 O 4 nanorods by cathodic electrodeposition.]

Figure 7.4 (a) SEM micrograph of Mn3O4 flower like microsphere (b) Cyclic stability profile of Mn3O4 electrode at current density of 5 A/g (c) TEM image of Mn3O4-NS (d) Cyclic performance of Mn3O4-NS and Mn3O4 NP at 200 mA g-1 (e) SEM image of Mn3O4 cubes at low magnification and inset show high magnification (f) Cyclic behaviour of Mn3O4 cubes and inset represents the charge-discharge curves of the first 10 cycles (g) SEM image of Mn3O4 nanorods (h) Specific capacity and capacity retention curves at different current densities. (a) and (b) reproduced with permission from Ref [42], Copyright 2015, Royal Society of Chemistry, (c) and (d) reprinted with permission from Ref [59], Copyright 2016, Elsevier, (e) and (f) reprinted with permission from Ref [60], Copyright 2016, Elsevier, (g) and (h) reprinted with permission from Ref [61], Copyright 2017, Elsevier.





Table 7.1 Synthesis method, structural properties, electrolyte, capacitance at energy density, number of cycles employed and retention value obtained for Mn3O4.





	Morphology
	Synthesis method
	Particle Size
	Pore size
	Surface area
	Electrolyte
	Current density
	Specific capacitance
	No. of cycles
	Retention value
	Ref.






	Nanoparticle
	Oxidation precipitation
	5–10 nm
	-
	119 m2/g

122 m2/g
	1M Na2SO4
	-
	171 Fg

172 F/g
	-
	-
	[55]




	Nanoparticle
	Ultrasonic and hydroxylation
	10 nm
	-
	-
	1M Na2SO4
	0.4 A/g

40 A/g
	262.1 F/g 140 F/g
	2000
	98.6%
	[56]




	Nanoparticle
	Room Temperature synthesis using Mn2SO4 and Na2CO3
	5 nm
	16.7 nm
	106 m2/g
	1M Na2SO4
	0.5 A/g
	205 F/g
	1500
	65%
	[58]




	Nano flower like microspheres
	Solvothermal method
	10 nm
	-
	-
	1M Na2SO4
	5 A/g 10 A/g
	230 F/g 210 F/g
	1000
	90%
	[42]




	Nanoparticle
	Chemical Precipitation
	~20–50 nm
	-
	63 m2/g
	1M Na2SO4
	0.5 mA cm-2
	322 F/g
	1000
	77%
	[35]




	Nanoparticle
	Hydrothermal method
	250 nm
	-
	-
	1M K2SO4
	1 mA cm-2
	356 F/g
	-
	-
	[62]




	Nanosheet
	Room temperature synthesis
	10–20 nm
	-
	192.46 m2/g
	1M LiPF6
	200 mA/g
	520 mA hg-1
	300
	-
	[59]




	Nanocubes
	Dissolution evaporation
	2–10 &#x00B5;m
	-
	-
	6M KOH
	10 A/g
	331 F/g
	1200
	71.8%
	[60]




	Nanorod
	Cathodic electrodeposition
	50 nm
	2–5 nm
	136.7 m2/g
	1M Na2SO4
	1 A/g 10 A/g
	311 F/g 194 F/g
	1000
	91.7%

75.7%
	[61]




	Nanopowder thin films
	Chemical bath deposition
	50–200 nm
	-
	-
	1M Na2SO4
	-
	284 F/g
	-
	-
	[64]




	Nano-octahedrons
	Hydrothermal method
	160 nm
	-
	-
	1M Na2SO4
	-
	322 F/g
	-
	-
	[65]









7.1.2.2 Mn3O4-Carbon Based Composite

Carbon in all its forms has been widely utilized as an electrode material because of its high surface area, low cost, easy availability and low matrix resistivity which includes graphene, carbon nanotubes, activated carbon, carbon black, carbon aerogels etc [66, 67]. Graphene has become obvious choice of researchers because of its large surface area of 2630 m2 g-1 [68], its charge carrier mobility is exceedingly high, in region of 2000–5000 cm-2/V s [69] and also its specific capacitance is 550 F/g when entire surface area is fully utilized [70]. Graphene sister material CNT have been extensively explored as a composite material, having specific surface area <500 m2/g, unique pore structure, good mechanical, thermal and electrical properties [71]. Activated carbon (AC) has also being used as a composite material due to its high surface area of 3000 m2/g and specific capacitance ranging from 100 to 300 F/g in aqueous electrolyte [72]. To enhance its electrochemical performance, metal oxides are used to modify the surface chemistry of carbon materials. Mn3O4 have been successfully coupled with graphene, CNTs, AC, carbon black (CB), thus combining the pseudocapacitive property of both metal oxide and carbon based materials. Herein, we have discussed some of the works which cover Mn3O4 – carbon based composite for electrochemical property that have been published in recent years.

B. Wang et al., prepared graphene/Mn3O4 composite and obtained capacitance of 256 F/g and 175 F/g in 6M KOH and 1M Na2SO4 respectively at scan rate of 5 mV/s. This high capacitance was attributed to increased specific surface area and to the functional groups attached to the surface of graphene nanosheets contributing overall pseudocapacitance [73]. Y. Liu and co-workers prepared reduced graphene oxide and Mn3O4 nanorod composite (Mn3O4 NRs/rGO) and achieved specific capacitance of 204.2 F/g with excellent cyclic retention shown in Figure 7.5 (a b [77]. Here rGO acted as conducting substrate and Mn3O4 form 3D porous networks between the interspace of rGO which facilitated the easy electrolyte transfer. Graphene was strongly coupled with well dispersed Mn3O4, by Jin et al., this prevented stacking of graphene sheets and provided surface area for charge storage and graphene acted as conducted channels for effective electron transfer and showed capacitance of 270.6 F/g at current density of 0.1 A/g with 91% retention of initial capacitance after 1500 cycles [78]. Hydrazine hydrate assisted hydrothermal method (DAH) was employed to synthesise DAH-rGO/Mn3O4 composite, whose schematic representation has been shown in Figure 7.6(a), it achieved capacitance of 326.9 F/g with 94.6% retention (Figure 7.6b c) [79]. Many other researchers recently carried out electrochemical study on hausmannite and graphene composite and obtained specific capacitance of 258.6 F/g [80], 517 F/g [74], 194.8 F/g [81]. Lu et al., prepared ternary composite comprising of Mn3O4, graphene and carbon black and achieved specific capacitance of 661 F/g, indicating that the capacitance increased due to integration of all three key components [82]. Mn3O4 with CNTs synergistically increase the electrochemical performance as the hausmannite suffer lower conductivity and CNT with lower capacitance but can provide enough surface area for conduction, and so their composite gives excellent capacitance. G. An et al., prepared Mn3O4/CNT composite, it exhibited specific capacitance of 330 F/g, which is 18 times higher than pristine MWCNTs due to the pseudocapacitive property of Mn3O4 [83]. Mn3O4 nanoparticles were directly grown over CNT by X. Xu, and achieved capacitance of 796.1 mA hg-1maintained after 50 cycles in 1M LiPF6 electrolyte [84]. This is due to CNT which stabilize the electrode structure during cycling, also it accommodate strain induced due to volume expansion/contraction of Mn3O4 nanoparticles during Li ion insertion and extraction process. C. Mondal and co-workers achieved capacitance of 441 F/g from MWCNT/Mn3O4 composite with 98% capacity retention after 1000 cycles (Figure 7.5c d) [75]. Xiao and co-workers prepared Mn3O4/AC composite that exhibited capacitance of 87, 309,491.2, 477, 80 F/g for bare Mn3O4, Mn3O4/AC composite (with AC at 5, 10% and 15% composition) and bare AC at 2 A/g current density (Figure 7.5e f) [76]. The porous and large surface area provided easy diffuse of ions improving its specific capacitance. Also Bui et al., prepared Mn3O4NPs-AC accomplishes charge capacitance of 216 F/g and good retention of 85% after 1000 cycles [85]. Ren and co-workers prepared Mn3O4/CB composite with capacitance reaching to 760 F/g with retention of 91.6% after 5000 cycle at current density of 30 A/g [86]. The conductive property of carbon black enhances the electron transportation and increases the capacitance. Table 7.2 summarizes the specific capacitance of Mn3O4 with carbonaceous material composite.


[image: Figure shows preparation of reduced graphene oxide and Mn 3 O 4 nanorod composite (Mn 3 O 4 NRs/rGO).]

Figure 7.5 (a) TEM images of GO-Mn2+ calcined at 450 °C for 4 hr in N2 (b) Galvanostatic charge-discharge curves of RGO, Mn3O4 and MnOx/RGO-450 (c) FESEM image of MWCNT/Mn3O4 composite in medium magnification (d) Comparison of specific capacitance of MWCNT/Mn3O4 and Mn3O4 nanostructures (e) SEM image of Mn3O4/AC (f) Specific capacitance of Mn3O4/AC composite. (a) and (b) Reproduced with permission from Ref [74], Copyright 2016, Elsevier, (c) and (d) Reproduced from Ref [75] with permission from the Centre National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry, Copyright 2015, (e) and (f) Reproduced with permission from Ref [76], Copyright 2017, Elsevier.




[image: Figure shows schematic representation of Hydrazine hydrate that assisted hydrothermal method (DAH) that was employed to synthesise DAH-rGO/Mn 3 O 4 composite which achieved capacitance of 326.9 F/g with 94.6% retention.]

Figure 7.6 (a) Schematic representation of MnO2, Mn3O4 and the possible paths for reduction (b) TEM image of DAH-rGO/Mn3O4 (c) Cyclic stability of composite electrode. Reproduced with permission from Ref [79], Copyright 2016, Elsevier.





Table 7.2 Mn3O4 and carbon based composite with their specific capacitance.





	Composite name
	Electrolyte
	Specific capacitance
	Ref.






	Mn3O4/graphene
	1M Na2SO4 6M KOH
	175 F/g 256 F/g
	[73]




	Mn3O4NRs/rGO
	1M Na2SO4
	204.2 F/g
	[77]




	Graphene/Mn3O4 (GM)
	1M Na2SO4
	270.6 F/g
	[78]




	rGO-Mn3O4
	2M KOH 1M Na2SO4
	258.6 F/g 186.2 F/g
	[80]




	Mn3O4-RGO-450
	1M KOH
	517 F/g
	[74]




	DAH-rGO/Mn3O4
	0.5M Na2SO4
	326.9 F/g
	[79]




	RGO/Mn3O4
	1M Na2SO4 6M KOH
	194.8 F/g 210 F/g
	[81]




	Mn3O4/G/CB
	2M Na2SO4
	661 F/g
	[82]




	Mn3O4/CNT
	2M KOH
	330 F/g
	[83]




	MWCNTs/Mn3O4
	1M Na2SO4
	441 F/g
	[75]




	Mn3O4/CNTs
	1M LiPF6
	796.1 mA hg-1
	[84]




	Mn3O4/AC
	6M KOH
	491.2 F/g
	[76]




	Mn3O4/NPs-AC
	2M TEABF4/PC
	216 F/g
	[85]




	Mn3O4/CB
	2M Na2SO4
	760 F/g
	[86]




	Mn3O4/amorphous carbon composites
	1M Na2SO4
	522 F/g
	[87]




	Activated mesocarbon microbead/Mn3O4 composite
	1M LiPF6
	178 F/g
	[88]




	RGO/ Mn3O4
	1M Na2SO4
	194.8 F/g
	[89]




	Mn3O4 embedded hollow carbon nanospheres
	0.5 M Na2SO4
	316 F/g
	[90]








[image: Figure shows preparation of hausmannite and TiO nanotubes array composite (Mn 3 O 4 /TNAs) by chemical bath deposition method.]

Figure 7.7 (a) TEM image of Mn3O4/TNAs-3 (b) CV curves of Mn3O4/TNA-3 electrodes at various scan rates (c) SEM image of Cr2O3/Mn3O4 thin film (d) Variation of specific capacitance of Cr2O3/Mn3O4 thin film (e) SEM micrograph of Ni-Mn3O4 nanocomposite with 17.3% Ni content (f) CV graphs of bare Mn3O4 nanoparticle and the Ni-Mn3O4 nanocomposite electrodes. (a) and (b) Reproduced with permission from Ref [92], Copyright 2016, Elsevier, (c) and (d) Reproduced with permission from Ref [93], Copyright 2016, Taylor & Francis, (e) and (f) Reprinted with permission from Ref [94], Copyright 2015, Elsevier.




[image: Figure shows structure of hydrogenated TiO 2 decorated over Mn 3 O 4 nanorods (Mn 3 O 4 @H-TiO 2) and illustration of synthesis via hydrothermal method following hydrolysis and hydrogenation to form Mn 3 O 4 @TiO 2 -H.]

Figure 7.8 (a) Synthesis process of Mn3O4 nanorods coated by hydrogenated TiO2 branches (Mn3O4@H-TiO2) (b) TEM image of Mn3O4@H-TiO2 nanorods (c) Cycling performance of the electrodes based on Mn3O4@H-TiO2 at 1000 mA g-1 up to 2000 cycles. Reproduced with permission from Ref [100], Copyright 2015, American Chemical Society.





7.1.2.3 Mn3O4-Metal/Metal Oxide Doping

Recently considerable research has been carried out on hybrid composite nanostructures based on Mn3O4 by incorporating transition metal or metal oxides with have improved its electrochemical performance. We have discussed some of the researches based on haumannite doped with metal/metal oxides and how the doping has effectively enhanced the overall performance.

Hausmannite has been coupled with TiO2 nanotube array for enhanced electrochemical performance. These highly ordered and coaxial nanostructures have high surface area and tubular channels which help in effective electron transfer and short diffusion path [91]. Zhang et al., prepared hausmannite and TiO nanotubes array composite (Mn3O4/TNAs) by chemical bath deposition method (Figure 7.7). The Mn3O4/TNAs with the deposition time 3 hr showed higher specific capacitance of 634.9 F/g. Its synergistic effect gave excellent cyclic stability with retention of 91.8% of initial capacitance as shown in Figure 7.7 [92]. Ding and co-workers prepared Ti doped Mn3O4 with specific discharge capacity of 478.1 mA hg-1 after 40 cycles at current density 35 mA/g. They attributed to Ti for good cyclic performance with columbic efficiency of 96.7% [95]. Mn3O4 doped with Co showed better cyclic stability than bare Mn3O4 with specific capacitance of 400 mA hg-1, prepared by Pasero et al., the conduction increased due to the mixed valence of Co and Mn which facilitated the redox reaction [96]. Sun et al., prepared ternary electrode composite consisting of TiO2 micro/nanospheres, Cu2O and Mn3O4 nanoflakes (TiO2/Cu2O-Mn3O4) have showed specific capacitance of 259 F/g at 3 A/g current density and it exhibited excellent cyclic stability with no capacity loss over 5000 cycles. All the three key components synergistically enhanced the capacitive property [97]. Nanoflake porous Mn3O4 has been coupled with Cr2O3 by Kharade and co-workers and obtained specific capacitance of 252.16 F/g and showed cyclic stability of 68% after 1000 cycles as shown in Figure 7.7 [93]. MoS2/Mn3O4 composite prepared by Wang and his colleagues, provided a layered hybrid having large surface area with enough active sites for redox reaction, here Mn3O4 nanoparticles prevent the restacking of MoS2 nanosheets and their synergistic effect gave capacitance 119.3 F/g with retention of 69.3% of initial capacitance after 2000 cycles [98]. Xu et al., synthesised Ni-Mn3O4 nanocomposite which exhibited high capacitance of 230 F/g with 94% retention of initial capacitance after 1000 charge-discharge cycles (Figure 7.7) [94]. In a work done by Youn et al., Mn3O4 was coupled with RuO2, the composite a-RuO2/Mn3O4 having both amorphous phase of RuO2 and crystalline phase of Mn3O4 coexist to form a porous nanofiber mat and gave capacitance of 293 F/g with 55% enhanced retention also the electrode showed retention of 80% after 30000 cycles. The fiber morphology provided large surface area and easy permeability of electrolyte ions to diffuse into the inner structure [99]. N. Wang and co-workers prepared a unique structure wherein hydrogenated TiO2 decorated over Mn3O4 nanorods (Mn3O4@H-TiO2), this composite with ultrathin branches on nanorods Figure 7.8(b) provided sufficient contact between electrode and electrolye. Schematic illiustration of the synthesis via hydrothermal method following hydrolysis and hydrogenation to form Mn3O4@TiO2-Hhave been shown in Figure 7.8a. TiO2 provided good cyclic stability and oxygen vacancies in H-TiO2 increased electrical conductivity, decreased resistance and hence enhanced the diffusion kinetics and electrochemical performance with specific capacitance of 560 mAh g-1 even maintained after 2000 cycles (Figure 7.8c) [100]. C. Liu et al., grown (Mn3O4/CeO2) nanorods on graphene sheet and obtained high capacitance of 209.2 F/g as CeO2 doping minimized the size of Mn3O4 and contribute in increasing its surface area [101]. Mn3O4-Fe2O3 composite prepared by S.H. Mohammad [102], with different ratio (10%, 15%, 20%) of activated carbon, the sample prepared with 15% AC showed highest reversible capacity of 1327 mAh g-1 with columbic efficiency of 87.3%. Table 7.3. summarises the synthesis method and specific capacitance obtained for various composite discussed above.



Table 7.3 Synthesis and specific capacitance for various metal/metal oxide doped Mn3O4.





	Composite name
	Synthesis method
	Electrolyte
	Specific capacitance
	Ref.






	Mn3O4/TNAs
	Chemical bath deposition
	1M Na3SO4
	634.9 F/g
	[92]




	Ti doped Mn3O4
	Hydrothermal
	1M LiPF6
	478.1 mAh g-1
	[95]




	Co doped Mn3O4
	Solid state synthesis
	1M LiPF6
	400 mAh g-1
	[96]




	TiO2/Cu2O-Mn3O4 nanoflake
	Hydrothermal, SILAR method
	0.5M Na2SO4
	259 F/g
	[97]




	Cr2O3/ Mn3O4
	Electrochemical deposition
	0.5M Na2SO4
	252.16 F/g
	[93]




	MoS2/ Mn3O4
	Hydrothermal, chemical precipitation
	1M Na2SO4
	119.3 F/g
	[98]




	Ni/ Mn3O4
	Chemical oxidation
	0.5M Na2SO4
	230 F/g
	[94]




	RuO2/ Mn3O4
	Electro spinning
	1M Na2SO4
	293 F/g
	[99]




	Mn3O4@ H-TiO2
	Hydrothermal followed by low temperature hydrolysis and annealing
	1M LiPF6
	560 mAh g-1
	[100]




	Mn3O4/CeO2
	Hydrothermal
	1M Na2SO4
	209.2 F/g
	[101]




	Mn3O4-Fe2O3
	Molten salt method
	1M LiPF6
	1327 mAh g-1
	[102]




	ZnMn2O4/Mn3O4
	Cathodic electrodeposition followed by heating
	1M Na2SO4
	321.34 F/g
	[103]







Despite the progress in the capacitance of manganese oxide based electrode material, there are significantly less research for Hausmannite electrochemical behaviour. Though Mn3O4 offer considerably good capacitive property but its conductive property is low, this is a primary challenge. The conductive property can be enhanced by proper coupling of it with materials which favour the fast electron transfer. Preparation methodologies for the Mn3O4 synthesis plays crucial role, the structures with high specific surface area is favourable for high specific capacitive value, thus preparing 3D and 2D samples which have relatively high surface area for fastion transfer, provide remarkably high capacitance and cyclic stability, should be considered a need for the electrode material for the energy storage devices. With the low cost and environmentally abundant material, Mn3O4 have promising perspective in this field of energy storage systems. Overcoming all the challenges like tailoring the morphology and structural properties can improve the poor conductivity, rate capability and cyclic stability and also the proper composite can not only overcome the drawback of individual constituent but combines the merits of whole material.





7.2 Hausmannite - Catalytic Application

Catalysis plays a major role in many applications from industrial processing to solving environmental issues. The main purpose of the catalyst is to get high activity and high selectivity with single sites [104]. Compared to heterogeneous catalyst, homogenous catalysts are more active and selective because of the single active site; but heterogeneous catalysts are less harmful as it can easily be recoverable and reusable [105, 106]. Catalytic property of any material depends on its grain size, chemical composition, preparation and activation. In this regard, nanomaterials have attracted tremendous attention as it provide high surface energy and reactivity resulting from their high specific surface and thereby exhibiting magnetic, electric, catalytic and absorptive properties [107–109]. Several strategies have been adopted to synthesise nanomaterial in various shapes (nanorods, nanowires, nanocubes) as it determine the catalytic activity. Transition metal oxides nanomaterials with few nm in size not only provide synergistically high electrical and thermal conductivity but also high catalytic efficiency. Metal oxides’s surface lattice defects, density of active sites and the shape of metal oxides can influence the performance of catalysis [110, 111]. Transition metal oxides are of great importance in energy storage and environmental remediation and act as a potential catalyst for combustion and depollution [112]. Mn3O4 with its unique mixed valence state have been utilized for many applications as an important catalyst material [113, 114], as an energy storage material for supercapacitors and batteries and as a sensor material [115]. Mn3O4 are low cost, environment benign catalyst and have spinal structure consisting of Mn+2 and Mn+3 ions which via oxidation process generates hydroxyl radicals. Catalytic application of Mn3O4 for the decomposition of nitric oxide (NO) for solving air pollution problem was first reported by Edwards and Harrison in 1979 [116]. Thereafter, Mn3O4 catalytic application in various fields was reported. For instance, mesoporous Mn3O4 nanorods synthesised by thermal decomposition of MnOOH, were monitored for its catalytic activity to degrade methylene blue (MB) dye which is an industrial pollutant, with degradation efficiency of 99.8% after 2 hr [117] shown in Figure 7.9 (a&b). Mn3O4 nanocubes (Figure 7.9c) catalyst efficiently converted carbon monoxide completely to carbon dioxide at 240 °C [118] (Figure 7.9d). Spinal Mn3O4 with high surface area demonstrated as promising catalyst for degrading phenol containing waste water treatment. It was found to be propitious alternative to Co3O4 and Fe3O4 with 100% degradation efficiency for phenol concentration 25 mg/L within 20 min [119].


[image: Figure shows Mn 3 O 4 nanorods synthesised by thermal decomposition of MnOOH, for its catalytic activity to degrade methylene blue (MB) dye which is an industrial pollutant.]

Figure 7.9 (a) FESEM image of mesoporous Mn3O4 nanorods (b) Time profiles of Methylene blue (MB) degradation (labelling a. mesoporous Mn3O4 nanorods + MB, b. H2O2 + MB, c. Mn3O4 nanorods without pores +MB + H2O2, d. mesoporous Mn3O4 nanorods + MB + H2O2) (c) TEM image of Mn3O4 nanocubes (d) CO conversion efficiency of 3 runs with Mn3O4 nanocubes as catalyst. (a) and (b) Reproduced with permission from Ref [117], Copyright 2012, Wiley, (c) and (d) Reproduced with permission from Ref [118], Copyright 2011, Elsevier.




7.2.1 Photocatalytic Application

Photocatalytic oxidation and reduction have gained lot of attention in recent years for its capability to remove contaminants from environment and solving pollution problem [120, 121]. Photocatalyst accelerates the photoreaction where the semiconductor oxides when irradiated behave either as electron acceptor or donor for molecules in contact. These electrons or holes can either recombine to dissipate energy as heat or involve in photoredox reaction by reacting with electron donor or acceptors adsorbed on the surface of the photocatalyst. Photocatalyst should possess some important features which include: easy availability, cost effective, chemically stable, non-toxic, and highly photoactive and the redox potential of H2O/OH. couple should lie within the band gap of semiconductor [122]. Mn3O4 photocatalyst have great potential for being an effective photocatalyst by promoting oxygen evolution in the nanocomposites. Mn3O4 have large surface area which provided more active sites on the surface and can be effectively used as an adsorbent with excellent combining ability which was utilized by Li and co-workers to prepare novel Mn3O4@ZnO/Mn3O4 composite photocatalyst to eliminate hexavalent chromium. The total Cr removal rate was 90.6% for 5 cycles recorded for 70 min [123]. Implantation of Mn3O4 on the surface of ZnO have increased its photocatalytic activity but also protect from photocorrosion and charge transfer synergy between p-type Mn3O4 and n-type ZnO have successfully led to the complete removal (approx. 99.5%) of 4-bromophenol (BP) and 4-chlorophenol (CP) in 240 min in natural sunlight as demonstrated by Qamar et al., [124]. Its proposed route for removal of 4 BP and 4-CP by Mn3O4-ZnO composite in presence of sunlight is given in Figure 7.10. Mn3O4-MnO2 multivalence heterojunction prepared by J. Zhao et al., [125] used for the degradation of dye methylene blue (MB). Mn3O4-MnO2 composite possessed the best photocatalytic activity with the removal efficiency of MB reaching 93.5% in 1 h under visible light irradiation. The photocatalytic mechanism for the Mn3O4-MnO2 core-shell composite is shown in Fig. Govindan et al., [126] prepared Mn3O4 nanorods vis hydrothermal technique and examined its catalytic activity towards amido black 10B dye degradation with 25% efficiency whereas in the presence of peroxodisulfate, its degradation efficiency increased upto 50%. Its schematic illustration for the photocatalytic degradation of amiso black 10B dye by Mn3O4 nanotubes is shown in Figure 7.11.


[image: Figure shows proposed route for removal of 4 BP and 4-CP by Mn 3 O 4 -ZnO composite in presence of sunlight.]

Figure 7.10 Route for removal of 4 BP and 4-CP over 1% Mn3O4 –ZnO composite in sunlight exposure. Reprinted with permission from Ref [124], Copyright 2016, Elsevier.




[image: Figure shows schematic illustration for photocatalytic degradation of amiso black 10B dye by Mn 3 O 4 nanotubes in the presence of electron scanvanger - peroxomonosulphate, peroxodisulphate or hydrogen peroxide.]

Figure 7.11 Schematic illustration for visible light response photocatalysis process of Mn3O4 in the presence of electron scanvanger (ES) – peroxomonosulphate (PMS), peroxodisulphate (PDS) or hydrogen peroxide (H2O2). Reprinted with permission from Ref [126], Copyright 2017, Elsevier.





7.2.2 Electrocatalytic Application

Mn3O4 was investigated for its electrocatalysis of oxygen reduction reaction (ORR) which is an important reaction in various disciplines, particular interest focussed on its role in energy converting systems like fuel cell or lithium-ion battery. ORR occurs via two pathways, 2-electron reduction and 4-electron reduction direct pathway. Lee and co-workers [127] demonstrated that graphene anchored Mn3O4 was an effective electrocatalyst for ORR in Zn-air battery. Gorlin et al., [128] reported electrocatalytic activity of Mn3O4 supported on glassy carbon electrode for oxygen reduction. They confirmed that Mn3O4 improved ORR activity with a 4-electron reduction of oxygen. Mn3O4 with nitrogen-doped graphene prepared by solvothermal method have showed remarkable ORR activity, durability and tolerance to methanol [129]. Huang et al., [130] studied the electrocatalytic activity of Mn3O4 with helical CNT exhibiting high catalytic activity for oxygen reduction reactions following 4-electron reduction pathway in alkaline solution. Carbon based metal oxide offer large surface area and also the presence of adsorbed species increases the catalytic activity. Oxygen defects in crystalline lattice of manganese oxide along with numerable active sites for oxygen adsorption in effectively catalyse oxygen reduction reactions. Wu et al., [131] demonstrated the catalytic activity of Mn3O4 and graphene oxide nanoribbons (GONR) hybrid for ORR and recognised interface structure of hybrid for assisting electroreduction of peroxide by Mn3O4 nanoparticles in the ORR process as shown in Figure 7.12.


[image: Figure shows the catalytic activity of Mn 3 O 4 and graphene oxide nanoribbons (GONR) hybrid for ORR and recognised interface structure of hybrid for assisting electroreduction of peroxide by Mn 3 O 4 nanoparticles in the ORR process.]

Figure 7.12 Diagram illustrating the structural configuration of the hybrid components (Mn3O4-Graphene Oxide) including the exposed covalent interface (the highlighted boundary) & the proposed electrocatalytic roles for ORR in comparison to the unbound components. Reprinted with permission from Ref [131], Copyright 2015, Wiley.






7.3 Hausmannite - Sensor Application

Nanomaterials with its large surface to volume ratio exhibit maximum sensitivity, selectivity and response time and received lot of attention in gas sensing application. The morphology, particle size and dimensionality of nanomaterials play an important role in sensing property [132]. Nanomaterials with wide band gap have been advantage for the gas sensing property with high response. The sensing property mechanism includes the adsorption ability, surface property and catalytic effect [133]. Metal oxide sensors depend upon on adsorption/desorption of gases on their surfaces leading to the change in the electrical resistance and conductivity of these materials [134, 135]. Here we report sensing application of metal oxide Mn3O4. H.W. Kim et al., [136] reported the synthesis of gallium nitride (GaN) and Mn3O4 nanowire composite with enhanced sensing behaviour for H2 gas. They reported that with the addition of Mn3O4, there is continuous flow of hole currents, resistance increased sharply and the sensitivity at higher H2 gas concentration is enhanced owing to the presence of Mn vacancies within the lattice. Mn3O4 composite with chitosan proved to be an efficient biosensor with excellent sensitivity towards xanthine [137]. Mn3O4 decorated nitrogen doped graphene oxide sensor excellent for glucose measurement with high sensitivity of 0.026 µA/µM with response time of 5 s [138].Polyaniline/Mn3O4 composite doped with organic acid used for humidity measurement as with the increase of humidity, linear increase of resistance occurs, thus increasing the sensitivity of the composite [139]. Mn3O4-Polyaniline nanofibers biosensor with large surface area led to the loading of tyrosinase and showed a higher stability, fast response and excellent sensitivity of 0.776 mA µM–1 L cm–2 for bisphenol-A in response time of 20 s [140]. Mn3O4 micro-octahedra and hexagonal nanoplates were used as sensing material for acetone with long term stability and fast response of 3 s [141]. Mn3O4 was used as chemical sensor toward detection of 2-butanone with high sensitivity of ~569.2 µA mM–1 cm–2 with response time of 10 s [142].



7.4 Summary

In this chapter, we have outlined the recent progress on Hausmannite and it’s composite. The synthesis methodologies have been briefly discussed. The pseudocapacitive behaviour of the Mn3O4 has been evaluated, discussing how the structural properties have effectively increased the capacitance. And the electrochemical performance of composite of Mn3O4 with carbon based material has shown better results as the composite benefits the metal oxide capacitive behaviour by their own conductive property. And metal oxides introduce band impurity which in turn increases capacitance. Recent advances in the catalytic and sensor application of Hausmannite has been briefly discuused. Mn3O4 potential is still need to be exploited for energy storage, catalyst and sensor applications by investigating its performance with new materials and improving its structural properties.
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Abstract

Sol-gel method is a versatile synthesis process used to produce glass and ceramic oxides at relatively low temperatures. Many parameters of the sol-gel process can be modulated to control the chemical composition, the microstructure and, thus, the properties of the obtained materials. Moreover, the sol-gel method is easily coupled with different coating techniques for the surface modifications of materials by apply functionalized layers. This strategy allows the optimization of material surface properties while retaining favourable bulk properties. However, the intrinsic brittleness of the sol-gel materials limits the use of sol-gel coatings in several applications. To overcome this drawback, a promising strategy is to add a polymeric phase to the inorganic matrix to develop organic-inorganic hybrids (OIH). The sol-gel chemistry and the low processing temperature, indeed, makes the sol-gel process an ideal technique to prepare OIH coatings with advanced properties. This chapter provides an outline of the chemistry and physics of both the sol-gel process and the coupled techniques used to prepare inorganic and OIH coatings. Moreover, it illustrates the main proposed applications of sol-gel coatings, focusing the attention on the applications in the biomedical field.
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8.1 Introduction

The sol-gel method is a wet-chemical technique for the obtainment of glass and ceramic oxides (also organically modified) at low temperature. It has been known since the mid-1800s. The first paper on sol-gel, indeed, was published in the 1844 by Ebelmen [1], who reported the formation of synthetic silica as the result of the slow hydrolysis of a silicon alkoxide, founding the basis of the sol-gel technology. However, a rapid development of this technique and its applications are recorded in 20th century and was induced by the versatility of the method. The first industrial application of sol-gel was proposed by Geffcken and Berger from Schott Company in the 1939. They developed antireflective films densified at low temperatures and resistant to chemical attack and scratching [2]. Moreover, in 1971 Dislich [3] proved that sol-gel leads to the production of glasses by hydrolysis and polycondensation of metal alkoxide, avoiding the high-temperature meting process. This pioneering work attracted the interest of many scientists and contributed to the development and popularization of the method. Since, an exponential growth of the publications about sol-gel was recorded and a broad range of possible applications of the sol-gel derived materials have been proposed.

In general, the sol-gel process involves the transition of a system from a colloidal solution, obtained by hydrolysis and condensation of metal alkoxide precursors (the “sol”), into a solid “gel”. The transition is caused by condensation reactions among the oligomers formed into the sol which leads to the development of a 3D interconnected network which is the “wet gel” containing water and solvents. Therefore, during the sol-gel transformation an increase of the sol viscosity is observed. After gelation, a drying process and subsequently heat treatment are required in order to remove the residual solvents, to promote the partial densification of the material and to transform the gel in a glass or a dense ceramic.

The chemical reactions occurring during the sol–gel process strongly influence the properties and composition of the final materials. Moreover, further sol processing as well as further gel drying and heat treatment (depending on heating rate and temperature, pressure, etc.) enable to make sol–gel materials with different shape Figure 8.1. Thin films, for example, can be applied on several substrates by coupling sol-gel process to a coating technique, such as dip, spin and spray coating. Nanoparticles can be obtained by inducing particle precipitation from the sol. Further, xerogel can be obtained by drying the gels at atmospheric pressure for the removal of residual solvent and the partial shrinkage of the material. On the other hand, if the solvents were removed by drying in supercritical conditions, a highly porous and low-density material (named aerogel) is produced. Finally, dense ceramics can be obtained by sintering the xerogel or the aerogel.


[image: Figure shows schematic representation of the sol-gel process which on further gel drying and heat treatment enable to make sol-gel materials with different shape.]

Figure 8.1 Schematic representation of the sol-gel process and of its products.



Therefore, many synthesis parameters (e.g., use of catalysts/inhibitors, reagents molar ratios, pH, etc.), as well as gel drying procedure and heat treatment conditions can be modified to modulate the structure, porosity and shape of the obtained materials.

In addition to the possibility of finely controlling the chemical structure and microstructure of the obtained materials by the modulation of the material preparation parameters, the sol-gel method provides several other advantages compared to other traditional methods of glass forming (Figure 8.2). Sol-gel technology offers the possibility of controlling/tailoring the whole process, flexibility, reproducibility, a greater automation, the control of porosity (pore size and the arrangement of pores within the framework), and the ability to control phase development in films. Moreover, the obtained materials show high chemical homogeneity and purity due to the use of pure raw materials in solution. The sol-gel method is versatile, simply, cheaply and ecologically. It is considered an energy and resource saving process which requests simple equipment.


[image: Figure lists the advantages and disadvantages of sol-gel methods of glass forming.]

Figure 8.2 Main advantages and disadvantages of the sol-gel methods on other conventional methods of glass forming.



Further, one of the most interesting aspect of the sol-gel process is that the low processing temperature allows of embedding thermolabile compounds (polymers, drugs, biomolecules, etc.) in the inorganic glassy matrix making the sol-gel an ideal technique to produce organic-inorganic hybrids (OIHs).

The great diversity (in terms of composition, structure and properties) of the materials obtained via sol-gel and the possibility of designing materials with specific architectures, enable researchers to obtain materials with unique properties and make the process very attractive in many domains of applications: electrochemistry, optical, electrical and electronic, biomaterials, sensors, separation (chromatographic), areas of defence, nanotechnology, environmental monitoring, etc. Sol-gel method, indeed, has been used for the fabrication of optical fibers and coatings, luminescence concentrators, tunable lasers, active wave guides, electrooptic materials, semiconducting devices, nanocrystalline semiconductor-doped xerogels, colloidal silica powders for chromatographic stationary phase and as catalytic support, nanoporous carbon xerogels and aerogels as hydrogen storage materials, sunscreen formulations (sol–gel pearls) and chemical sensors for detecting gases, heavy metals and pH, and for many biosensor applications [4–6]. However, optical, electronic, protective, and porous thin films and coatings represents the earliest commercial application of the sol-gel technology. New potential applications of sol–gel technology are now continuously emerging.


8.1.1 Sol-Gel Chemistry

Sol-gel process leads to the conversion of a precursor solution into an inorganic solid through hydrolysis and condensation reactions. The precursor solution is the “sol”, a stable suspension of colloidal particles generally prepared starting from inorganic metal salts or metal organic compounds, such as metal alkoxides with generic formula [M(OR)n], where M represents a network-forming element such as Si, Ti, Zr, Al, B, etc, and R is typically an alkyl group. The sol–gel process can be summarized in the following key steps:


	Synthesis of the ‘sol’ by hydrolysis and partial condensation of alkoxides;

	Formation of the gel via polycondensation to form M–O–M or M–OH–M bonds;

	Syneresis or ‘aging’ of the gel during which the condensation continues within the gel network leading often to the shrinkage of the gel due to the expulsion of solvents and water;

	Gel drying in order to remove residual solvents and water;

	Calcination at high temperature (if required) to remove the residual surface M–OH groups.



Therefore, the process begins when water is added to a mixture of the precursor in alcohol. The hydrolysis, indeed, occurs by the nucleophilic attack of the water oxygen atoms on the metal atoms of the precursor molecules [7, 8]. Once the hydrolysis reaction has been started, also the condensation can start before that hydrolysis is complete. Therefore, generally, both the reactions of hydrolysis and condensation proceed simultaneously following a mechanism of nucleophilic substitution SN2 [8]. However, some conditions (e.g., pH, catalyst, ratio between water and precursor, etc.) can induce the completion of the hydrolysis before condensation begins [4].

Hydrolysis reaction (see Eq. 8.1) involving the metal alkoxide precursor, leads to the formation of hydroxyl groups by means of the substitution of the alkyl groups due to the addition of water. Therefore, alcohol is produced as by-product [5, 8].


(8.1)
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The hydrolysis is facilitated when an alcohol is used as solvent. The metal alkoxide precursor and water, indeed, are immiscible. Therefore, the alcohol acts as homogenizing agent allowing the miscibility of the alkoxide and water [4]. The hydrolysis reaction generally stops when the precursor is only partially hydrolyzed. Then the condensation reaction between two partially hydrolyzed metal alkoxide precursor molecules or between a partially hydrolyzed metal alkoxide molecule and a non-hydrolyzed metal alkoxide molecule can occur leading to the formation of the oxygen bridge bonds and water (alcoxolation, Eq. 8.2) or alcohol (oxolation, Eq. 8.3) as by-products respectively [8]. The condensation can occurs also by olation, leading to the formation of a hydroxyl bridge between two metal atoms (Eq. 8.4) [8].


(8.2)
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(8.3)
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(8.4)
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Several parameters influence hydrolysis and condensation reactions (and their relative rate), among which the most important are the following [4, 7–9]:


	The kind of precursor(s)

	The pH

	The use of catalysts or inhibitor, their nature and concentration

	For metal alkoxide precursors, the alkoxo groups to water ratio (Rw)

	The type of solvent

	The temperature



The suitability of the various alkoxides for sol–gel chemistry and the outcome of the reactions depends on several features of the metal alkoxide which affect its chemical reactivity. One parameter is the ionic character of the M–O bond influenced by electronegativity differences between the oxygen and metal which can be predicted using the partial charge model developed by Livage et al., [10]. According to the model, indeed, when two atoms combine, charge transfer occurs leading to the formation of a partial positive or negative charge on each atom. Electron transfer stops when the electronegativities of all the atoms equal the mean electronegativity. Therefore, for example, as the transition metals are more electropositive (Lewis acidic) than silicon, they are more susceptible to a nucleophilic attack than silicon. This is also due to the ability of metal atom to increases the coordination number beyond the valence compared to silicon atom, by interaction with any nucleophilic (Lewis basic). The preferred coordination number of silicon, indeed, is 4, as well as its valence, whereas for transition metals the preferred coordination number is higher than their valence. Therefore, the following sequence of reactivity is usually found [11]:
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According to Livage model, indeed, the calculated partial charges for Si, Ti and Zr, are +0.32,+0.63 and +0.74 respectively [12]. Therefore, the substantially higher rates of hydrolysis for Ti and Zr alkoxides are reflected in their higher partial positive charge.

Other important factors are the reactivity of the ligand towards hydrolysis [13]. Ligands present in the complex, indeed, can slow down the reaction due to steric effect (size and geometry) or can stop it with blocking groups not able to hydrolyze. For example, the larger the alkyl group attached to the metal, the slower the hydrolysis rate, the less M-O-M bonds formation and, thus, the less interconnection within the network. It means that the reaction rate decreases in the following order:
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Another important effect is the electron donating/withdrawing ability of the alkyl/aryl chain on the stability of the alkoxy groups.

All these factors direct gel structure by influencing the relative rates of hydrolysis and condensation and thus the degree of oligomerization or polymerization. Therefore, different ligands can yield different morphologies of products.

The structure of the obtained gel is significantly affects also by pH, since the relative rates of the hydrolysis and condensation reactions depend on the use of acid or basis catalysts. As the alkoxysilanes hydrolyze slowly in a neutral environment, sol–gel chemistry of silica requires the addition of acid or base catalysts [7].

Acidic conditions lead to the rapid protonation of the oxygen atom of a Si-OH or Si-OR group creating a good leaving group (water or alcohol) and inducing the electron density withdrawn from the central silicon atom. That rends the silicon atom more electrophilic and thus more susceptible to attack by water (in hydrolysis reactions, Equation 8.5) or silanol groups (in condensation reactions, Equation 8.6) [8, 9].


(8.5)
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(8.6)
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Under basic conditions, the reaction proceeds by nucleophilic attack of both OH- (in hydrolysis reactions, Equation 8.7) or a Si-O- ion (in condensation reactions, Equation 8.8) to the silicon atom [8, 9].


(8.7)
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(8.8)
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When hydrolysis and condensation proceed the number of -OH and – OSi groups attached to a specific silicon atom increases. Since the electron density at the silicon atom decreases in the following order [14]:
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the silicon atom becomes more electrophilic with the hydrolysis and condensation proceeding. The rate of each hydrolysis step is a function of the transition state stability, which in turn depends on the relative electron withdrawing or donating capability of the -OH groups compared to that one of the -OR groups. On the other hand, the progression of the condensation reaction is a function of the degree of hydrolysis, because the condensation can occur when a Si-OH is already present on a silicon atom.

For acid catalysis, high electron density at the silicon atom allows to stabilize better the positive charge of the transition state (Equation 8.5) and, thus, monomeric Si(OR)4 hydrolyzes faster than partially hydrolyzed oligomers which have more Si-O-Si bonds. The contrary occurs in basic media, because a negatively charged intermediate has to be stabilized and, thus, hydrolysis and condensation reaction rates increase in the reverse order of the electron density. The result is that successive hydrolysis steps become progressively slower under acidic conditions and faster under basic conditions.

The kinetic of hydrolysis and condensation reactions and their rates affect the final network structure. In particular, in acidic medium the first hydrolysis step is generally the fastest and the condensation takes place before hydrolysis is complete. This leads to chain like structures in the sol and linear-like network gels because condensation often occurs on terminal Si-OH (Figure 8.3a). Moreover, the obtained network contains a higher concentration of unreacted silanols. On the contrary, in basic medium hydrolysis steps becomes progressively faster and, thus, it is complete before the first condensation step occurs. Therefore, since several -OH groups are formed on the central silicon atom and the subsequent condensation steps can take place in several sites leading to the production of a more branched network (Figure 8.3b). Moreover, the obtained materials are highly dense due to the longer time that the sol particles have to aggregate and arrange themselves in the most thermodynamically stable arrangement [7, 14]. However, it is important to note that in the sol-gel process, water is in situ generated through condensation reactions. Therefore, it is difficult the addition of a precise concentration of catalyst [7].


[image: Figure shows structure of sol-gels under acidic catalysis that has chain structures in sol and linear network in gels and basic catalysis has more branched network.]

Figure 8.3 Structure of the sol particles and gels obtained under (a) acidic and (b) basic catalysis.



Unlike silicon, hydrolysis and condensation reactions of metal alkoxides can be carried out without catalysts because of the extremely fast rates of reaction. On the contrary, additives such as chelating agents (e.g., carboxylates or β-diketonates or other anionic bidentate ligands) are required to slow down the reactions and to obtain gels instead of precipitates [15, 16]. The strategy is to replace one or more alkoxo groups with groups less susceptible to hydrolysis, blocking at the same time metal coordination sites. In addition, the used bidentate ligands can have also an inductive effect which can alter further the precursor reactivity. Obviously, the introduction of those organic compounds have structural consequences. In addition to the modification of the precursor reactivity and, thus, of the hydrolysis and condensation rates, a decrease of the degree of cross-linking of the inorganic network can occurs.

The gel network structure is strongly influenced also by the Alkoxo Group/H2O ratio (Rw). The kinetic of the polycondensation process, indeed, is affected by the amount of water available for beginning the hydrolysis reaction. Since the water is in situ generated as by-product of the condensation reactions, the ratio Rw can be >1 because the hydrolysis reaction can self-propagates. However, if no condensation would take place, Rw = 1 is required. Moreover, lower Rw, higher the formation of M-OH compared to the formation of M-O-M bonds. Therefore, initially the gel time decreases with the increase of the water amount, because the hydrolysis is induced. However, if the amount of added water exceeds a limit value, a dilution effect of the alkoxide precursor is recorded as well as when a high amount of alcohol is present in the sol. The gel time increases with the increase of water and/or alcohol [17]. Solvent, thus, is needed to avoid liquid-liquid separation in the sol (due to the immiscibility of the alkoxide and water) and to control the concentrations of precursor and water which affect the gelation kinetic.

In addition to the amount of the solvent, also its polarity and protic or nonprotic behavior influence the reaction rate and, thus, the structure of the obtained sol–gel material. Depending on its features, the solvent can interact with the alkoxide precursor or with the catalysts by the formation of H-bonds (protic solvents) or electrostatic interactions (polar solvents) modulating the nucleophilic substitution mechanism associated with the sol-gel hydrolysis and condensation process.

The described reactions of hydrolysis and condensations leads to the formation of the sol (first step of the sol-gel process). The hydrolysis of the precursors, indeed, causes the formation of reactive monomers (the hydrolyzed alkoxides) which can condense forming dimer, trimer, linear and cyclic species (e.g., silica rings and cages). Generally, the cyclic species act as nucleation centres where monomers and other 3D species can be added leading to the formation of particles and aggregates with colloidal dimension (sub micrometer). As seen in detail above, the synthesis parameters (pH, Rw, etc.) influences the structure and density of this particles.

Once the sol is obtained, the polycondensation reactions proceed leading to the progressive conversion of reactive sites into bridging bonds and, thus, to the formation of an extended oxide network whose structure and growth depend, once again, on the synthesis parameters. The general process of the transition from the sol to the gel can be schematized according to the scheme of structural development proposed by Iler [18] for silica gel and applicable for others materials [14] schematized in Figure 8.4.


[image: Figure shows the general process of structural development for silica gel that can be schematized according to general process of the transition from the sol to the gel.]

Figure 8.4 Representation of the scheme of silica gel formation.



The small three-dimensional oligomeric primary particles can aggregate, forming a three-dimensional network (i.e., a wet gel), or stay suspended in solution (i.e., form a stable sol) continuing to grow and aggregate once they have reached a certain size, depending on experimental conditions. In particular, generally, acid catalysis induces the formation of branching and linear species, while the basic route mainly produces small nanoparticles which aggregate to form a gel or eventually grow in size.

In any case, as the sol particles condense and aggregate, the viscosity of the sol gradually increases. When a continuous network is formed the viscosity increase sharply and the gel point is achieved. Therefore, the transformation of the sol into a stable wet gel is obtained. Since all liquids (solvents, water and unreacted precursors) are retained in the pores of the gel body, at the gel point the gel volume is the same of the sol volume, but no liquid flow was observed turning the reaction vessel upside down. Since unbound oligomers species are still dissolved or dispersed in the liquid retained in the gel pores, the chemical reactions leading to the network formation continue in the wet gel after the gel point and can cause additional network rearrangements. Therefore, the wet gel which is initially flexible, became stiffer by the progressive formation of M-O-M bonds (Aging step). The condensation reactions cause also the spontaneous shrinkage of the gel and the expulsion of the liquid from the gel pores. This phenomenon, called syneresis, continues until the network achieves sufficient stiffness. However, the final material is obtained only after removal of the residual solvents (drying step) and, for many materials, full condensation of the network (calcination step) [19]. The evaporation of the liquid from the wet gel by temperature increase or pressure decrease, indeed, leads to a liquid flow from inside of the gel body to its surface. Therefore, the gel shrinks by the volume that was previously occupied by the liquid occurs. Since the –OH groups present at the inner surface of the gel approach each other, new M-O-M bridges can be formed by condensation, leading to the stiffening of the network and the increase of surface tension in the liquid due to the decrease of the pore radii. When the gel become too stiff, the surface tension is no longer capable of deforming the network. Therefore, the shrinkage stops and the tension in the gel is so high that the probability of cracking increases. In this phase the evaporation involves mainly the liquid from the outer surface of the gel and a liquid film remains on the pore walls. At the end of the process the liquid film breaks and residual liquids can leave the network by diffusion via the gas phase.

Therefore, the collapse of the network recorded when wet gel is conventionally dried is due to two processes:


	the shrinkage of the network which results in a pressure gradient that causes cracks

	if pores with different radii are present, the emptying of the larger pore take place faster and, thus, the liquid meniscus goes down faster in the larger pores than in the smaller ones. Therefore, the walls between pores of different size are subjected to uneven stress, and crack



While in conventional conditions of drying xerogel powders were obtained, by using drying with supercritical fluids and the so-called ambient-pressure, drying the pore structure of the gel can be retained by preventing the formation of Si-O-Si bridges by hydrophobization of the pore walls. The materials obtained in this conditions are called aerogel, as the pore liquid is replaced by air.

Due to the unavoidable problem of the shrinkage, one of the most important applications of sol–gel materials is the thin films and coatings preparation, because shrinkage is easier to control.

Many sol-gel materials, after drying, require additional treatment to obtain specific properties. For example, to obtain a wholly inorganic material, the gels are heated using mild temperature to remove residual organic groups or organic compounds added during the synthesis process, such as bidentate ligands, retaining amorphous structure. On the other hand, to obtain a crystalline material a heat treatment using higher temperatures are needed post-synthesis.




8.2 Sol-Gel Coating Preparation

The most important technological aspect of the sol-gel process is that, before the gelation takes place, the liquid sol can be applied to a substrate for preparing thin films by means of standard solution-processing techniques, such as dip coating, spin coating. Coating production represents also the earliest commercial application of the sol–gel technology. As reported above (section 8.1.1), indeed, the first industrial application of sol-gel was the production of antireflective films, proposed by Geffcken and Berger from Schott Company in the 1939 [2]. Afterwards, in 1953, the first thin film product appears in the market and since 1959 considerable production of rear-view mirrors of automobiles, consisting of titanium and silicon oxides, began [20]. Moreover, in the 1964 antireflection coatings and in 1969 sunshield appear in the market [20]. With the progress in research all around the world, films with many composition and properties to be successfully used in many application fields, were developed. Nowadays, many works in literature propose sol-gel coatings able to give or enhance specific properties of several substrates, such as bioactivity and biocompatibility [21, 22], antimicrobial properties [23, 24], anti-reflective and other optical properties [25], hydrophilicity or hydrophobicity [26, 27], resistance to chemical agents [28], to scratch and abrasion [29], to corrosion [27, 30, 31], electronic properties (e.g., ferroelectric, conductive coatings) [8, 32], catalytic activity [33], etc.

The sol-gel coating process can be schematized in four steps:


	Formation of the sol with the desired composition and that is fast gelling and drying

	Deposition of the colloidal sol solution, by means of a coating technique (dipping, spinning etc.), on a substrate

	Concomitant or immediately following gelation caused by the condensation reactions (polymerization), evaporation of solvent, and aggregation of the sol particles which lead to the formation of gel film

	Final heat treatments of the wet gel layer which allows the removal of water and remaining organic or inorganic compounds and by-product (by evaporation, pyrolysis, or combustion), the densification and the formation of an amorphous or crystalline coating.



In order to obtain coatings with reproducible properties, the period between deposition (second step) and drying/hardening (third and fourth steps), during which aging occurs, must be kept constant.

For the successfully use of a coating, the adhesion of the sol-gel layer to the substrate is required. This means that chemical bonds between the film and the substrate must be formed. An oxide coating can bind to an oxide substrate by the formation of -M-O-M′- bonds (where M and M′ are the metallic atoms in the film and substrate respectively) induced by heating to high temperature [34]. Since the presence of hydroxyl groups on coatings and on substrates can facilitate the formation of the chemical bonds at the coating-substrate interface promoting adhesion [34], often pre-treatment (in addition to a deep cleaning) of the substrate surface (in particular of metallic or polymeric surface) can be useful to induce the formation of –OH groups or other functional groups able to react with the coating hydroxyl groups (e.g., –COOH) [35, 36].

Compared with conventional thin film forming processes such as chemical vapour deposition (PVD/CVD), evaporation, or sputtering, which are only suitable for specific substrates and require high temperatures, limiting the scopes of applications of thin films, sol-gel coating technologies have several advantages:


	Require considerably less equipment and is a potentially less expensive method to produce high quality coatings. Although the price of metal organic raw material, indeed, the small amount of precursors required contributes to make the process economic.

	The coatings can be deposited at low temperatures and have low temperature sintering capability (usually 200–600°C), which enable the coating of substrates such as polymers. Furthermore, low temperature coating has less impact on the final properties of the surface and thus enables to obtain specific functional properties that cannot be obtained by other methods.

	Thin coatings can be produced to provide excellent adhesion between the metallic substrate and the top coat

	Materials with complex geometries can be easily coated

	High purity products with several and highly controllable compositions can produce

	Allow to tailor the microstructure of the deposited film for specific applications

	Allow the control of the film thickness

	Multi-layer coatings can be produced, allowing the preparation of films with widely varying optical characteristics (e.g., transmission and reflection)

	Allow an easier control of the shrinkage phenomenon



However, sol-gel coating technologies have also some limitations. In particular, when the thickness is >0.5 µm, the preparation of crack-free coatings is difficult. Moreover, the final thermal treatment, leading to the degradation of the organic compounds in the thick coating and the removal of residual –OH groups, can result in the occurrence of large amount of pores or in the film failure [37].


8.2.1 Dip Coating

Sol-gel dip coating is the oldest commercially applied film deposition methods and the most widely used in industry [8, 38, 39], as allows the deposition of coatings of large surfaces. The first patent based on this process was issued to Jenaer Glaswerk Schott & Gen. in 1939 [2]. This technique allows easily to obtain high quality coatings and is a flexible, cheap and easy technology.

The process can be divided in four steps, as follows and as schematize in Figure 8.5:


[image: Figure shows schematic representation of of the dip coating process that includes immersion, withdrawal, deposition & drenage and evaporation.]

Figure 8.5 Schematic representation of the dip coating process.




	Immersion of a substrate at a constant speed in a sol with desired composition. The substrate is kept into the sol for a dwell time sufficient to allow the interaction of the substrate with the coating solution and for complete wetting.

	Withdrawal of the substrate vertically from the liquid bath at programmed and constant speed and under controlled temperature and atmospheric conditions.

	Deposition/drainage of the sol. In this step, by pulling the substrate upward, the sol naturally and homogeneously stretches on the substrate surface by the mutual effect of viscous drag and capillarity action. Therefore, a thin layer of precursor solution is formed on the substrate (film deposition). Excess liquid is then drained from the surface.

	Evaporation of the solvent from the sol layer which leads to the gelation (and thus the solidification) of the film concomitant with or immediately after the deposition process.



Therefore, the withdrawal of the substrate from the sol causes the entrainment of the liquid in a fluid mechanical boundary layer bringing part of the liquid toward the deposition region. There, the boundary layer splits in two: The inner liquid layers move upward along with the substrate, while the outer layers return to the bath. The thickness of the deposited film depends on the position of the streamline that divides the fluid layers that move upwards from those that move downwards. The position of the streamline, in turn, results from the competition between six forces in the film deposition region [8], such as:


	Viscous drag upward on the liquid by the moving substrate

	Force of gravity

	Resultant force of surface tensioning the concavely curved meniscus

	Inertial force of the boundary layer liquid arriving at the deposition region

	Surface tension gradient

	The disjoining or conjoining pressure



The coating thickness (h) is mainly defined by the withdrawal speed (U), by the solid content and the viscosity of the liquid (η). In particular, When the liquid viscosity (η) and the substrate withdrawal speed (U) are sufficiently high to reduce the curvature of the meniscus, the thickness of the deposited film (h) is that one balanceing the viscous resistance (proportional to ηU/h) and the gravity force (pgh), according to the equation:


(8.9)
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where is about 0.8 for Newtonian liquids [40]. When the substrate withdrawal speed (U) and the liquid viscosity are low (as generally in the case of sol-gel coating deposition), this balance is modulated by the ratio between viscous resistance to liquid-vapor surface tension (γLV) according to the relationship derived from Landau and Levich [41]:


(8.10)
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The withdrawal speed and the environmental conditions (temperature, humidity, relative vapour pressure, airflow) are very important parameters which affect film structure and properties. The atmosphere, indeed, controls the evaporation of the solvent from the layer. The evaporation, in turn, leads to the sol destabilization which causes gelation process. The evaporation, indeed, does not significantly influence the composition of a sol present in a backer whereas leads to a fast and high increase of species concentration in a thin film. This occurs because while the deposition and drainage of the sol step take place, the evaporation accompanied the continued condensation reactions. Therefore, the precursors are forced to be in proximity by the increasing concentration in the sol layer, leading to the aggregation and polycondensation of the sol particles and, thus, to the gelation. Unlike from bulk gel formation, thus, the drying stage overlap with gelation step, so that the condensation reactions take place in few second. The slower the withdrawal speed, the thinner the coating thickness, and higher the overlap between the deposition/drainage phase and the drying step. Subsequently further heat treatment may be carried out on the coating in order to burn out residual organics and eventually induce crystallization of the oxides layer.

Therefore, the fine control of the withdrawal speed, of viscosity regime and surface tension of the sol and of evaporation conditions allow the tuning of the film characteristics, including thickness and the inner structure. Also the size and structure of the particle in the sol and the condensation rate (parameters that, in turn, are function of synthesis conditions, such as pH or Rw ratio) influence strongly the film features.

The most common strategy of controlling the film microstructure is through particle size. For unaggregated, monosized sol particulates, the pore size decreases and the surface area increases with decreasing particle sizes [42]. Therefore, in order to obtain very porous coatings, sol particulates may be aggregated before the film formation.

Another strategy to control porosity is based on the scaling of mass Mf and size rf of a mass fractal object. Previous work on silicates [8, 38], indeed, demonstrated that, depending on the synthesis conditions, inorganic polymers with a wide spectrum of structure can results by the condensation process. In particular, from weakly branched polymers characterized by a mass fractal dimension to highly condensed uniform particles can be obtained [38]. The mass fractal dimension D (which in three dimensional space is: 0 < D < 3) relates the mass Mf to its radius rf according to:


(8.11)


[image: ]


where D is the mass fractal dimension [8, 38, 42]. Since in general density is calculated as the ratio between the mass and the volume, the density of a mass fractal object (ρf) varies in three dimensional space as follows [42]:


(8.12)
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and porosity varies according to the follows [42]:


(8.13)
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Thus the porosity of a mass fractal object increases with its size. If such fractals do not completely interpenetrate during the coating formation, the porosity can be controlled by the size of the fractal species entrained before the film formation. The extend of interpenetration of two colliding fractals is a function of their respective mass fractal dimensions (D) and the condensation rate or “sticking probability” at the intersection points. A decrease of D or the condensation rate leads to the increase of the interpenetration and the decrease of the porosity [8, 42, 43]. Therefore, to generate porosity rf should be rather large (1.5 < D < 3) and the condensation rate should be high. On the contrary, dense films should be formed from small, unreactive precursor [42] (e.g., chelated single and multicomponent alkoxide [44]).

The extend of interpenetration and the packing efficiency of fractal objects, and thus fractal structure and size, are also related with film transparency and opacity. If two colliding fractals have D < 1.5 the probability of intersection decreases indefinitely as the fractal radii increases. During the film formation, such structures are freely interpenetrated as they are forced into close proximity by the increasing concentration (structures mutually transparent). Alternatively, if D > 1.5, the probability of intersection of the fractal objects increases algebraically with the radii. The structures, although porous, are mutually opaque; when concentrated they are unable to interpenetrate [8].

Summarizing, the final film microstructure is a function of several factors:


	The structure of the entrained species in the sol (e.g., size and fractal dimension)

	The reactivity of the precursor species in the sol (e.g., condensation or aggregation rates)

	The time scale of the deposition process which affects the evaporation rate and film thickness

	The magnitude of shear forces and capillary forces that accompany film deposition related to solvent surface tension and surface tension gradients

	Heat treatment applied to the coated substrates post-deposition





8.2.2 Spin Coating

Spin coating is a common film deposition technique which allows of applying quickly and easily uniform thin film to a substrate. It was first used to apply coatings of paint and pitch more than seventy years ago [45]. Nowadays, it is widely used in several industries and technology sectors and, in particular, in microelectronics industry, for the manufacture of integrated circuits, optical mirrors, magnetic disk for data storage, colour television screens, device of solar cells, detectors, sensors, VLSI (Very Large Scale Integration), nano scale device (quantum dots, carbon nanotubes), DVD and CD ROM, photo resist for patterning wafers in microcircuit production, insulating layers for microcircuit fabrication, flat screen display coatings, antireflection coatings, etc [46]. Moreover, spin coating is widely used also in photolithography, to deposit layers of photoresist, and to produce thin film coatings with self-cleaning and self-sterilizing properties [47].

The first spin coating model was developed in 1958 by Emslie et al., [48] and has been used as basis for future more specific or complex models. They considered the dispersal of a thin axisymmetric film of Newtonian fluid on a planner substrate able to rotate with constant angular velocity.

The main difference between dip and spin coating is that in the last the deposited film thins by evaporation and centrifugal draining. The spin coating process can be divided into four steps, as described follows and as schematized in Figure 8.6, though the stages are not always very distinctly separated in time:


	Deposition

	Spin up

	Spin off

	Evaporation




[image: Figure shows schematic representation of the spin coating process that includes deposition, spin up, spin off and evaporation.]

Figure 8.6 Schematic representation of the spin coating process.



During the deposition step, an excess of the desired coating solution is dispensed on the substrate, up to cover and wet the full extent of its surface. Two methods can be used to dispense the solution [49]. Using the “Static dispense” process, a puddle of coating solution is deposited on the substrate center. The amount of coating solution to be deposited (generally few cc) depends on its viscosity and the size of the substrate to be covered. In particular, higher the viscosity and substrate size, higher the coating solution amount required. Using the “Dynamic dispense” method, instead, the solution is allowed to fall on the substrate, while this is rotated at low speed, so that the centrifugal force induces the spread of the fluid on the substrate. Since the coverage and the wetting of the surface are important to obtain high quality coatings, in some case modifications of the coating solution or surface pre-treatment can be carried out to improve the affinity between each other [50].

Afterword, in the spin-up phase, the substrate spins around an axis perpendicular to the coating area. It is accelerated up to the final, chosen spinning speed. The set speed can be reached nearly instantly or gradually with a fixed rate [50]. The choose of the spin speeds depends on the properties of the fluid and the substrate [49]. The centrifugal force induces the liquid flow radially outward causing the aggressive expulsion of fluid from the substrate surface [8, 46]. The inertia that the top of the initial coating solution exerts during the faster rotation of the below substrate can cause a twisting motion of the liquid which may generate spiral vortices [50]. Eventually, when the desired speed is reached, the fluid becomes thin enough to be completely co-rotated with the substrate and all fluid thickness differences disappear, because viscous shear drag exactly balances the rotational accelerations [46, 49].

Subsequently, in the spin-off phase, the substrate spin is held constant for a set time period. The excess liquid flows towards the edge and leaves the surface as droplets [8]. The liquid flow together with the evaporation of the solvents lead to the formation of a uniform thin layer [50]. In this step, fluid viscous forces dominate fluid thinning behaviour. The film gradually thins and the viscosity increases due to the initial removal of the volatile species. Those phenomena lead to a higher resistance to flow and a decrease in the rate of the liquid excess removal [8, 20]. At this point, the evaporation of any volatile solvent species become the dominant process and the film gels [49]. This is the last phase of the process, during which the evaporation takes over as primary mechanism of thinning [8].

After spinning is stopped, many applications require that the coated substrates be subjected to further processing (heat treatment, photopolymerization, washing, etc.) [49, 50]. During the annealing of the coating a further thickness reduction might take place, for example due to constituents decomposition or pyrolysis which lead to the final coating microstructure [50].

One of the plus points of spin coating is that the uniformity of the film, achieved during the spin-off step, tends to remain so provided that the viscosity is not shear dependent and does not vary over the substrate. This tendency is due to the balance between the viscous force (acts radially inward) and the centrifugal force (which drives flow radially outward) [8, 20].

The thickness of the uniform film formed during the spin-off step is defined as follows [8]:


(8.14)
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where h0 is the initial thickness, t is the time, ρ and ω are the density and the angular velocity respectively and are assumed constants. The constant evaporation, in the last stage of the spin coating process, leads to the thinning of the film. Meyerhofer [45] proposed a model of spin coating process where the spin-off and evaporation stages were separated. He described the dependence of the final thickness of a spin coated layer on the processing and materials parameters like angular velocity, viscosity and solvent evaporation rate according to the following equation:


(8.15)
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where ρA is the mass of the volatile solvent per unit volume, ρA is the initial value of ρA, η is the viscosity, ω is the angular speed and m is the evaporation rate of the solvent. Moreover, Meyerhofer defined the total time necessary to achieve this final thickness as follows:


(8.16)
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Therefore, the final film thickness as well as other coating properties are a function of the solution nature (e.g., viscosity, drying rate, concentration of the solution and the solvent, surface tension, etc.). However, also the parameters set to carry out the spin coating process (e.g., final rotational speed, acceleration, etc.) influence the film thickness and properties [49, 51]. In particular, higher the angular speed of spinning, the thinner the film [49]. Also the details of ramping rate to achieve the final spin speed, in addition to the final spin speed value affect final coating thickness and may influence coating uniformity [45, 50]. In general, higher spin speeds and longer the times for spin-up stage create thinner films [51].

The spin coating process has substantial merits, such as the easy control of the film features (the thickness can be easily varied modulating the spin speed or the solution viscosity) and handling of chemicals and substrates. Moreover, it is a low cost technique which allows the fabrication of thin films at faster rates. However, the main drawbacks of the process are the repeatability (slight variations in the parameters that define the spin process can cause drastic variations in the coated film [49]) and the formation, sometimes, of thickness variation or defects in the obtained coating. Some important defects are the follows [49, 50]:


	Comets: usually occur when solid particles contaminate the coating solution or adhere to the substrate surface hindering the normal flow of the solution around each impediment and causing the formation of a strip that point radially outward. The formation of comets can be reduced or eliminated by working in cleaner environments or by filtering the coating solution.

	Striations: these defects are radial ridges and thickness undulations that point nearly directly along the fluid flow direction during the spin coating process. These defects are caused from capillary forces that become unbalanced during spin coating as a result of the solvent evaporation process. The easiest way to prevent striation formation is to completely prevent evaporation during spinning, but this results in much thinner coatings and ones that may also require a hot-plate drying step or furnace bake after spinning to remove the solvent.

	Chuck marks: The coatings can show thickness variations that match the under-side gripping by the vacuum chuck or other fixture that was used for spin coating. The development of such marks is due to thermal effects related to back-side physical contact between the substrate and the metal of the spin coater equipment. The solvent evaporation, which causes evaporative cooling, could be not uniform over the top surface of the substrate, depending on the physical contact and the thermal conductivity values. Since areas with good back-side contact to metal are able to compensate for the evaporative cooling better than areas that have no contact, modifications in thermal contact take place which, in turn, result into top-side temperature differences. This leads to different solvent vapour pressures and, thus, to different evaporation rates from the top.
Therefore, to avoid or decrease this problem, the redesign of the vacuum chucks to ensure the uniform physical contact on the back-side of the substrate, or a reduction of the solvent volatility (for example by the modification of the coating solution or carrying out the spin coating procedure in a solvent-rich environment) is required.

	Gradual radial thickness variation: concave or convex gradual radial thickness variations from center to edge of coating can be due to non-Newtonian viscosity variations within the solution during spinning. The normal flow, indeed, is ensured when the rotational accelerations are balanced by the viscous drag. Since the local shear rate is proportional to radius, and varies with depth within the flowing solution, when a coating solution is subjected to shear-thinning the flow will be more rapid at larger radius, resulting in gradually thinner coating at larger radius.

	Environmental sensitivity: The quality of the coatings, and in particular of the sol-gel coatings, can be affected by environmental parameters, such as the humidity of the surrounding air which have a key role in the sol-gel chemistry. Therefore, when the spin coating procedure is carried out in uncontrolled environment, the formation of coating roughness, microcracking or striation can take place. A close control of the environment surrounding the spin coater could minimize this effect.

	Wafer edge effects: At the substrate edge the effect of the surface tension hinders the removal of the solution which flowing radially outward. This leads the coating solution to stay attached around the entire perimeter of the substrate with the formation of a thicker coatings in this zone. Moreover, when the substrate is square or rectangular, the air flow protruding corners is altered resulting in coating thickness variation in these areas. This effect is reduced when exactly round substrates are used.






8.3 Organic-Inorganic Hybrid Sol-Gel Coatings

One of the main advances of sol–gel technology is the possibility of synthesizing organic- inorganic hybrid materials, where organic and inorganic components are intimately mixed and interpenetrate on scale of less than 1 µm [52]. Hybrids can be homogeneous systems, when obtained by mixing miscible organic and inorganic components, or heterogeneous systems. In the latter case, the materials are called nanocomposites and at least one of the components’ domains has a dimension ranging from some Å to several nanometers [53]. The industrial production and the commercial use of organic-inorganic hybrid materials started since the 1950 s [54], when in the paint industries inorganic nano-pigments where suspended in organic mixtures (e.g., solvents, surfactants, etc.). However, the use of the name “hybrid” to indicate this class of materials started only afterwards, in the eighties, when the development and the expansion of the polymer industry and of the sol-gel process took place [55]. The processing versatility offered by the colloidal state, the possibility of using organic solvents and, in particular, the low processing temperatures make the sol-gel method an ideal technology to produce organic-inorganic hybrid materials. The high temperature used in the synthesis of glass and ceramic materials, indeed, hinders the incorporation of thermally labile organic molecules, whereas the mild synthetic conditions of the sol-gel route allow their incorporation in the inorganic matrix preventing degradation phenomena. Moreover, as the process starts by a liquid sol, the mixing of inorganic and organic components at the nanometric scale is favoured. Since then, the study of the organic-inorganic hybrid materials has become an active investigation field which has led to the development of innovative advanced materials. The growing interest to the hybrids is due to the wide possibility of varying and modulating the properties of the obtained materials. Material properties, indeed, depend on their composition and structure which can be easily varied by acting on several factors (e.g., chemical composition of the organic and inorganic components, their ratio within the hybrid material, kind of interaction between organic and inorganic phases, structure and distribution of the building blocks, etc.). Moreover, the hybrid properties are not only the result of the sum of the contributions of both components but of the synergies established between them. The inner interfaces between the organic and the inorganic phases within the material, indeed, have a key role in the determination of the hybrid properties. For that reason, their nature has been used to classify these materials in two classes: class I and II [53, 56]. Class I includes the hybrids where the organic and inorganic phases interact by weak bonds, such as hydrogen bond, Van der Waals forces, etc. On the contrary, class II hybrids were characterized by strong bonds (e.g., covalent bonds or ionic-covalent bonds) between the two phases. Therefore, in class I hybrids, organic component is embedded in the inorganic matrix and only weak bonds give the cohesion to the whole structure. They were synthesized by dissolving the organic molecules in the sol-gel precursor solution and, thus, the inorganic gel network is formed around the organic molecules and traps them. The inorganic sol-gel network and the organic network interpenetrate but they are not bonded to each other. However, the presence of the organic compounds affects the gelation process of the inorganic matrix because causes modification of the polarity in the system. Moreover, also many properties of the inorganic materials are modified, such as for example mechanical [57, 58], biological [7, 59, 60] and magnetic ones [55, 61–64].

In class II hybrids, the organic moieties are incorporated in the inorganic network and the two phases are linked together through strong chemical bonds. They can be synthesized by condensation of precursors molecules within which organic and inorganic components coexist. For example, silica-based class II hybrids can be synthesized by using organotrialkoxysilanes (R’Si(OR)3, where R’ is a hydrolytically stable group) as sol-gel precursors. They are organo-substituted silicic acid ester where there is a Si – C(sp3) bond. Since those bonds are stable toward attack by nucleophilic species, the organic groups are retained in the final material at the end of the sol-gel process. On the other hand, when metal alkoxides precursors were used, organic groups can be introduced by the use of organic-substituted metal alkoxides (where some metal-oxygen bonds are replaced by some metal-carbon bonds) or by addition of bidentate ligands [65].

Organic groups R’ can be introduced into an inorganic matrix acting as a network modifiers or network formers. In the first case, R’ is a simple not hydrolysable organic group (e.g., alkyl, phenyl, etc.) which, thus, have a modifying effect. In the second case, R’ can reacts with itself because contain reactive groups (vinyl, methacrylic or epoxy groups) or additional polymerizable monomers, thus acting as a network former [7, 14, 65]. In both cases the obtained materials are organically modified ceramics called ORMOCER®s (registered trademark of Fraunhöfer-Gesellschaft zur Förderung der angewandten Forschung e.V. in Germany, which since the eighties, studied and developed this materials) [66, 67]. When a silicate network is modified the obtained hybrid is called “ORMOSIL” (organically modified silicate) [68].

One of the most important issues when class II hybrid are produced is that the introduction of organic groups results in lower cross-linking density of the produced inorganic network. For example, the use of Si(OR)4 precursors leads to the formation of four network-forming Si-O-Si bonds, whereas the R′Si(OR)3 precursors only to three. To overcome this drawback and obtain materials with the properties of highly cross-linked networks, generally organotrialkoxysilanes are co-processed with tetralkoxysilanes or metal alkoxides, or (RO)3Si-R”-Si(OR)3 (where R” = alkylene, arylene or more complex groups) or analogous metal alkoxide derivatives [69] can be used. The formation of Si-R”-Si bonds which replace the Si-O-Si bonds, indeed, allows the introduction of the organic group avoiding the lowering of the network connectivity [14].

The growing interest in the study of the OIHs is due to the potential possibility of combining the properties of the single components, organic and inorganic, within the same material. They use in the coating technology allows of overcoming some of the main drawbacks of the inorganic coatings: the brittleness, the high crack-ability and the high temperatures required to achieve good properties [28]. The introduction of a tough organic phase in a rigid inorganic matrix, indeed, improves the elasticity of the coating and avoid the crack forming [30, 57, 62, 70, 71]. In addition to the structural flexibility, the organic phase can give to the obtained OIHs convenient processing, tunable electronic properties, photoconductivity, efficient luminescence, and the potential for semiconducting and even metallic behavior. Moreover, it can enhance corrosion protection ability (section 8.4.3), the hydrophobicity and repelling water of the inorganic component [72]. In literature, many works report the use of OIH coatings with several composition as protective layers against the corrosion of the metal substrates [24, 27, 28, 30, 31, 36, 65, 70, 72, 73]. Moreover, the use of hybrid systems consisting of silica and fluoropolymer applied to various substrates was reported to produce water-repellent coatings, superhydrophobic surfaces with a water contact angle larger than 150° and superhydrophilic with potential application as coatings with rusting resistance properties or anti-fog and self-cleaning [72, 74].

In particular, water-repellent coatings, obtained by adding fluoroalkylsilane (FAS) and polydimethylsiloxane (PDMS) to the tetraethyl orthosilicate (TEOS), were successfully used to coat the glass windows of automobiles obtaining windshields which do not need wipers in raining. FAS, indeed, gives to the coatings high water-repellency while PDMS ensures high water-slip ability. Cars with those water-repellent coatings was once really produced and running in Japan in 2003 [74]. The evolution of the water-repellent coatings led to the development of super-hydrophobic coatings. Contact angle of about 165° was achieved using sol-gel coatings of alumina, obtained using aluminum tri-sec-butoxide as precursor modified by ethyl acetoacetate and FAS [75]. The produced alumina gel layers were, then, immersed in boiling water to induce the formation of a flower like structure with unevennesses similar to petals with 20–50 nm size. Superhydrophobic property of the surface is due to the combination of roughness and hydrophobic nature of FAS.

The heating of the described alumina films on 500 °C induces the combustion of the FAS which turns into silica. The hydrophilic properties of both silica and of the underlying alumina films are enhanced by the fine roughness structure and, thus, coatings with superhydrophilic property were obtained [76]. Superhydrophilic films ensure high wettability for water and for this reason are used as anti–fog coatings [72, 74]. The superhydrophilic behavior, indeed, hinders the formation of water droplets whereas favors the spread of water and the formation of a uniform water sheet due to the establishment of hydrogen bonds.

On the other hand, the hybrid inorganic compounds offer the potential for high carrier mobilities, band gap tunability, a range of magnetic and dielectric properties, and thermal and mechanical stability [68, 72]. Therefore, the driving idea in the development of new OIHs is to obtain a material with advanced properties, which retains the better and interesting properties of each component and overcomes their disadvantages. It is reported [65] that the hydrolysis and polycondensation of organosiloxanes and metal alkoxides leads to the formation of class II hybrids with mechanical and thermal properties between those of polymers and glasses and which can show other properties such as hydrophobicity, corrosion protection, low dielectric constants, or good scratch resistance. Moreover, the combination of an organic and inorganic phases and their interaction within the material can provide also OIHs with new or enhanced properties compared to each component. For example, electrontransfer processes at organic-inorganic interfaces have been examined [77–79]. The smaller dielectric constant and reduced screening in the organic component caused a dielectric modulation in OIHs which led to enhanced binding energies for excitons in the inorganic framework of the structure [80]. A technological problem which can occurs in the preparation of OIH coatings can be due to the different physico-chemical nature of the organic and inorganic components which are soluble in immiscible solvents. Despite to this difficult, organic-inorganic hybrids offer several opportunities for thin film deposition. OIH coatings can be produced at low temperature on an industrial scale by using the well-known and low cost deposition methods (e.g., dip and spin coating). Other technique which require heating, such as vacuum evaporation techniques, are impracticable because the gradual heating of organic-inorganic composites generally results in the decomposition of the organic component, even if often the inorganic matrix can act as heat stabilizer [81–83]. Moreover, from the combinations of the two phases it is possible obtain layers with a wide range of properties which can be used to modify the surface of the coated substrates and, thus, their performances. For this reason, the OIHs find applications in many fields (e.g., decorative, functional and photoactive coatings, abrasion resistant and corrosion protection and antistatic films, etc.) [72].



8.4 Sol-Gel Coating Application

Many macroscopic material properties (e.g., resistance to corrosion and chemical agents, hydrophilicity/hydrophobia, bioactivity and biocompatibility, refraction index, reflection, photoluminescence and other optical properties, etc.) are related to the chemical and physic features of material surface. Therefore, a promising strategy to give new properties to a material or to modify and enhance some already existent ones is the deposition of functional coatings. To this aim, sol-gel coatings are successfully used in a wide area of applications, such as optics, electronics, energy, environment, biology and medicine, solar cells, catalysts, sensors and functional smart coatings. In the last years, sol-gel method, indeed, has been considered one of the most feasible technology to manufacture chemically homogeneous coatings with a wide range of properties, as the film deposition can be carried out at a relatively low processing temperature and allows the easily preparation of homogeneous multicomponent oxide films over large surfaces and substrates with different shape ensuring a good control of the composition and properties of the final material.

Below are reported the main applications of the sol-gel coatings in the different areas.


8.4.1 Optical Coatings

Films and coatings represent the earliest commercial application of the sol-gel technology with particular reference for optical coatings proposed since 1969 [8]. Optical coatings are layers able to modify the reflectance, transmission or absorption of the substrate. In particular, reflection coatings are able to increase the reflectivity of a surface. An example is IROX®, a commercial coating consisting of TiO2 and Pb used for architectural glass [25]. The TiO2 alters the glass reflectivity and at the same time the Pb acts on adsorption, leading to have externally uniformly reflecting buildings. On the other hand, light transmission is modulated in accordance with sun exposure to minimize summer cooling costs. Other reflective coatings were obtained using single or multilayer interference films consisting of SiO2 and TiO2 oxides where the reflective index is modulated by the silica content and porosity: in particular, the lower the SiO2 molar fraction and the higher the volume porosity, the lower the refractive index [8].

Moreover, coloured coatings can be obtained by introducing metal transition (iron, chromium, cobalt etc., depending on the desired color) [84, 85] or organic pigments [86] in the sol-gel systems. Minami T [74]. organized a consortium among Osaka Prefecture University and several companies to develop new process for manufacturing coloured bottles for easy recycling under the sponsorship of the New Energy and industrial technology Development Organization (NEDO) of the Japan Government. The consortium commercialized colourless bottles then coloured by applying OIHs sol-gel coatings containing organic pigments. During the recycling process the bottles themselves or crushed were subjected to a de-coloration process by heating over 450 °C in a furnace. In this way, indeed, the organic colorants were burned out and colourless bottles or glass pieces were obtained to be re-melted obtaining recycled colourless bottles. Those can be re-coloured using the desired colour by applying new OIH coatings. On the contrary, the recycling of glasses coloured using metal transition does not allow to obtain bottles coloured with the desired colour, because the recycling route involves mixing of differently coloured bottles in the re-melting process [74, 87]. The coloration by deposition of sol-gel OIH coatings containing pigments was used also to colour glass plates with large size. Blue, green and red glass plates with good physical properties and durability (haze, abrasion, scratch, chemicals and UV-irradiation) were obtained [86].

Another type of optical coatings are the antireflection ones, used for the inhibition of unnecessary reflections, usually occurring at the interface between two different substrates (e.g., boundary between glass and air). Antireflective single layer or multilayer coatings (where the reflectance at a single wavelength is near to zero) can be manufacture by the modulation of the thickness, composition, porosity and, thus, refractive index of the sol-gel coatings. Those coatings were used is solar-related applications to improve device efficiency and as laser-damage-resistant antireflective coatings for laser optics [88–90]. Moreover, in 2009 Canon Inc. commercialized quartz camera lens with the inside surface coated by a mono-layer flowerlike alumina coating [74]. Those coated lens, called “subwavelength structure coating” (SWC), showed reflectance lower than 0.5% compared to the uncoated bare quartz substrate in the wavelength range from 300 to 700 nm due to the refractive index gradient of flowerlike alumina [91]. Similar results in term of reflectance were obtained also using organic substrates, such as poly(ethylene terephthalate) (PET), poly carbonate (PC) and, in particular, poly(methylmethacrylate) (PMMA) [92, 93].

Also ORMOSILS are used in optic field to produce high reflective optical coatings and coloured coatings [72]. In addition, sol-gel coatings can be used as polarization coatings, able to separate the incident light in components that are orthogonally, generally reflecting one and transmitting the other, and filter coatings which can acts as the above described coatings but selectively for some wavelengths (e.g., reflecting one wavelength and highly transmitting the other). Other optical application of the sol-gel coatings are the use as contrast enhancement filters [88], cold mirrors [88, 94], blue laser diodes, white light emitting diodes (LEDs) [95], patternable thick films for diffraction gratings and optical memory disks [96], and ferroelectric films for optoelectronic and integrated optics applications [97] as modulators or switches [95].



8.4.2 Electronic Films

Electronic films are generally obtained by deposition of nanomaterials. In this materials, indeed, the modification of the ratio between surface and volume compared to bulk materials leads to develop new properties such as quantum confinement (Q-dots, observed in semiconductors), confined surface plasmon resonance, electrocatalytic properties and superparamagnetism. Therefore, coatings with application to bio-imaging probes and optoelectronic devices can be obtained [20].

One of the first interesting commercial application of electronic coatings was a conductive vanadia coating applied on photographic film to decrease static electricity [98]. The good conductive properties of vanadia oxide (V2O5) coatings, as well as those ones of other transition metal oxides, are due to both electronic properties, which result from hopping of unpaired electrons between metal ions in different valence states in the solid phase, and ionic properties providing from proton diffusion through the liquid phase when in water [8]. Moreover, in 1975, for the first time, ferroelectric sol-gel coatings of BaTiO3 were proposed by Fukushima [99]. Afterword, other films with ferroelectric properties were prepared using lead titanate [100], lead zirconate titanate (PZT) [101] and lead lanthanum zirconate titanate (PLZT) [100].

Other electronic applications of sol-gel coating were transparent conductive layers of indium tin oxide (ITO) [102] for electrochromic display, electrochromic WO3 [103] and superconducting YBa2Cu3O7-x [104] coatings. The use of sol-gel coating technology in electronic applications (and in particular for the preparation of superconducting and ferroelectric coatings) need to precisely controlled stoichiometry, absence of impurities and the formation of a well-crystallized crack-free microstructure and, thus, sol-gel films do not show properties comparable with films obtained by sputtering. Therefore, there are not many commercial products [8]. However, sol–gel coating technology is successfully used in the fields of electronics, as well as in optics, photonics, optoelectronics, telecommunication, data storage, etc. for micropatterning processes on substrates at cost-effectively. This process allows of forming accurate, small structures on various substrates. The fine patterns in the sol-gel films can be obtained by embossing. Good results were obtained by the deposition of an alkoxide-derived OIH sol containing poly(ethylene glycol) (PEG) on glass substrates with large surface by dip coating [96]. A critical point in this process is the hardness of the gel film, modulated by the addition of the PEG. The polymer presence, indeed, improves the malleability, decrease the hardness and the hardening speed of the gel coatings. A stamper is pressed against the still soft gel film. After drying, the patterned films were heat-treated in an electric furnace to decompose the added organic polymers and to densify the layer. Therefore, glass substrates with negative fine-patterns to the stamper were obtained.

This method allows to obtain also pre-grooves for optical memory disks in sol–gel derived SiO2–TiO2 coatings on glass substrates, with excellent weathering resistance compared to the conventional glass disks prepared by the photo-polymerizable resin method or by the dry etching method [105].

Micropatterning process can be carried out also by photo-assisted patterning (i.e., photolithography) using photosensitive gel coatings. This method allowed to prepare patterned conductive SnO2 films on a silicon substrate using a sol consisting of SnCl2 modified with acethylacetone and irradiating the precursor coatings by UV light through a mask [106].



8.4.3 Protective Films

Protective coatings are layer able to provide corrosion or abrasion resistance, promote adhesion, improve strength, or impart passivation or planarization. Since ceramics are generally more resistant than metals to oxidation, corrosion, erosion and wear, and have good thermal and electrical properties, the use of ceramic coatings as protective layers of metals has been widely proposed in many areas of application (e.g., to improve resistance against gas or wet corrosion and abrasion, to decrease fretting, wear and heat losses and/or to reflect radiations in high temperature systems) [70]. The literature analysis shows that the sol-gel coatings are proposed for several protective applications. For example, fluorine-doped zirconia coatings were successfully used to improve the hydrophobicity of stainless steel [107], whereas ORMOSIL coatings were proposed to promote adhesion [108]. Moreover, sol-gel coatings were used to the planarization of rough surfaces for application to solar mirrors [109] or to improve the resistance of metals to wear [110, 111]. However, the literature analysis shows that the sol-gel coatings are mainly proposed as anticorrosive layers for improving oxidation and corrosion resistance of the metals and metal alloys (iron, aluminium, copper, zinc, magnesium and their alloys) [65]. The use of protective layer to improve the corrosion of metallic substrates is a useful and widely used strategy in many fields of the materials science. The coatings can achieve their protective action by means of three main mechanisms: (i) exerting a barrier effect which hinder the contact between the corrosive medium and the substrate; (ii) acting as an anode and providing a cathodic protection; (iii) using inhibition or passivation species able to hinder the action of corrosive agents. Therefore, a good protective layer should be able to: protect exposed substrate and limit the passage of current on it; inhibit oxidants (e.g., oxygen) mobility toward the metal surface; reduce water and electrolyte penetration and release embedded inhibitor species that contribute to substrate passivation or block corrosion reactions.

The use of the sol-gel materials to produce anticorrosive coatings was introduced as eco-friendly alternative to the traditionally used organic coatings or chromate-based chemical conversion coatings (CCCs). In particular, the use of the latter was restricted despite the high corrosion resistance provided. The presence of hazardous compounds, e.g. Cr6+ ions, indeed, ensured the high anticorrosive effect but, on the other hand, had a deleterious impact on environments and human health, showing to be toxic and carcinogenic [65]. On the contrary, sol-gel is a waste-free method and the low processing temperatures avoid the volatilization and degradation of organic species (e.g., organic inhibitors). Moreover, since liquid precursor is used (the sol), no machining or melting is required to produce thin films with complex shapes [65].

Already at the end of the nineties Guglielmi [70] discussed the potential of sol-gel coatings as a corrosion inhibiting system for metal substrates. The majority of the published articles in the sol-gel literature concerns the use of anticorrosive sol-gel coatings acting as barrier.

Metal oxide coatings (e.g., SiO2, ZrO2, Al2O3, TiO2 and CeO2, etc.) showed high chemical stability and, thus, were widely used as protection layer of metal substrates [28]. Zirconia and silica coatings have been among the most investigated. ZrO2 is not the best material to be used as barrier against oxidation because it is able to transport oxygen ions at high temperature. However, it was widely and successfully used as protective material for the high expansion coefficient (very close to many bulk metals) which leads to the reduction of the crack formation during the curing process at high temperature, the good chemical stability and the high hardness [28, 70]. On the contrary, amorphous SiO2 coatings have a barrier effect better than zircona ones, which ensures good oxidation and acidic corrosion resistance. This is due to silica ability to hinders oxygen diffusion, its high heat and chemical resistance under different temperatures. However, its thermal expansion coefficient is much lower than any metal. Both those oxide coatings showed the capability of substantially improving the oxidation resistance of stainless steel [112–114]. Also Al2O3 has features which make it an ideal material to produce protective coatings: it is, indeed, an insulator with low conductivity for transmitting electrons [115, 116]. Similarly, TiO2 and CeO2 have excellent chemical stability, heat resistance and low electron conductivity and, thus, they are considered good anti-corrosion material [117, 118]. In literature also several examples of multiple-component oxide protective coatings were reported [119] (e.g., 70SiO2·30TiO2 and 75SiO2·25A12O3) developed to combine the features of the oxide components minimizing their limitation or to produce multifunctional coatings with wider applications (e.g., corrosion resistance and bioactive SiO2-CaO-P2O5 coatings to improve lifetime and osseointegration of implants [120]).

Since the coatings act as barrier, generally thicker the layer higher the protection effect. However, in some cases [111], a reduction of the protection effect was observed when a certain value of the thickness was exceeded. This behavior was ascribable to coating porosity or to the formation of cracks on the coating surface which allow the corrosive agents to come into contact with the metal substrate. Therefore, the higher the unprotected area the higher the oxidation rate.

Therefore, the use of inorganic sol-gel coatings as protective layers has the following drawbacks which limit their effective use:


	Layer with a thickness higher of a critical value (generally >1 µm [8]) and crack-free are hardly obtained

	The coating brittleness

	The request of high heat treatments



However, these limitations can be overcome by the introduction of an organic component into the inorganic sol-gel matrix to form OIH sol-gel coatings [28, 65, 70]. Other advantages of using those materials are that the addition of the organic component improve the electrical resistivity and impermeability of the obtained material. Moreover, a suitable combination of the organic and inorganic components and the formation of interactions between them can leads to obtain coatings with enhanced protective properties against oxidation, corrosion, erosion, and good thermal and electrical insulation properties. The use of OIH coatings for protection is widely reported since the eighties. For example, anti-scratch coatings on acrylic and polycarbonate windows and lenses, and coatings to protect medieval glass from corrosion were successfully obtained by the use of ORMOSIL [8]. Later, Van Ooij et al., [121] and Yuan et al., [122] proved the anticorrosive action of organofunctional silane films on metallic substrates.

Methyltriethoxysilane (MTES) allowed to obtain protective and flexible layers to coat stainless steel sheets. Since those last are usually subjected to forming (e.g., bending, impact, drawing, pressing, etc.) after coating, a good adhesion, high flexibility and hardness are required to the films applied. Such features were achieved in cracks/peeling free MTES-derived films by the addition of fine MnO2 powders, able to increase the film hardness. Those coatings, were applied as heating panel with the coating films. Since 2000 panels have been commercialized in the microwave ovens in one of the biggest electric Japanese companies [74].

Moreover, in 2001 Osborne [123] described the sol-gel as a method to obtain OIH chromate-free coatings with enhanced anti-corrosive and adhesion properties which provided a flexible and fine control of the film morphology.

The organic component added to the inorganic matrix can be also a corrosion inhibitor. For example, Sugama [124] synthesized OIH coatings of polyacetamide-acetoxyl methyl-propylsiloxane (PAAMPS) polymer containing a cerium (Ce) oxide-derivative for the corrosion protection of steel and aluminum. The coatings were obtained by adding the inhibitor Ce acetate (20%) to a 3-aminopropyl trimethoxysilane (APS) sol. The effect of the PAAMPS/Ce oxide coating system in minimizing the corrosion of both aluminum and steel was due to the reduction of the amount of un-reacted water-soluble APST and Ce acetate remaining in the coating, the decrease of the coating surgace to the moisture, the formation of a passive Ce2O3 layer insensitive to Cl dissolution over the metal surfaces and to the good adhesion to the metal substrate surface.

The use of multilayer systems, obtained by the combination of more sol–gel layers with different composition and functions also have attracted high interest and have been proposed in several application areas.

In 2005, Sanchez et al., [55] in a review described the use of anticorrosive OIH multilayer coatings in the field of the art conservation. The Authors describe the use of an anticorrosive and transparent multilayer system composed of a hybrid organic–inorganic functional layer made from organo alkoxysilanes and oxide nanoparticles, placed between the multicolored glass substrate and a fluoropolymer coating which still today protects the 14th century “Last Judgment Mosaic” situated above the gates of the St Vitus cathedral in Prague castle. Moreover, in 2010 Zheng at al [125]. proposed the use of a bilayer system, consisting of a super-hydrophobic OIH coating and an OIH coating embedding corrosion inhibitors, to prevent corrosion of metallic substrates.



8.4.4 Porous Films

The modulation of the pore volume, pore size, surface area, or surface reactivity of porous coatings by varying the composition of the sol, the time for carrying out the deposition and the relative evaporation and condensation rates, leads to obtain coatings for specific applications. For example, above (see section 8.4.1) it was described how the refractive index can be modified by controlling pore volume of the coatings to obtain reflective and anti- reflective properties. Moreover, the control of pore size and surface area has a key role to optimize sensor or catalytic layers. For example, metal oxide coatings were used for gas and chemical sensing (e.g., H2, CO, Cl2, CO2, NOx, CH4, NH3, SO2) [126]. The high surface area led porous films to be used as sensor also in solar cells and in particular as dye-sensitized mesoporous semiconductor film electrode [20]. For catalysis, mainly porous TiO2 coatings are proposed due to their ultra-high surface [127].



8.4.5 Biomedical Application of the Sol-Gel Coatings

The need of improving the life quality of people affected by diseases which require tissues or body parts replacements, has incited many research groups to develop new biomaterials with high tolerability and integration capability. Several classes of materials have been investigated to produce durable implants (e.g., metals, alloys, polymers, ceramics, and composites [128]), but a good combination of mechanical, chemical and tribological properties and biocompatibility has not been yet reached. Therefore, although many progress are achieved in the biomaterials field, still today the early failure of implants is not avoidable and the implants average lifetime is about 20 years. This, often, causes the need of subjecting the patients (especially young patients) to surgeries for premature replacing of the prosthetic device, which are costly and traumatic [22].

The material integration is closely related to its surface features, since the interaction between the biomaterial and the surrounding tissues takes place in correspondence with its surface. The latter, thus, has an essential role in defining the biomaterial performance. For this reason, a great interest is being devoted to the techniques able to modify the materials surface. Surface modification by the application of functional coatings to biologically inert implantable materials is a promising strategy to optimize surface properties while retaining favorable bulk properties. In particular, the application of coatings on bio-inert implants is often carried out to inhibit wear, to reduce corrosion and ion release [28], to modify lubricity, hydrophilicity/hydrophobicity, functionality [5] and to improve biological properties such as bioactivity and biocompatibility [129–133] of the implants, leading to the enhancement of their integration process. In this way, prosthetic devices can be obtained in which the good mechanical properties of the substrates are combined with the biological properties of the materials applied on their surface. Ideally, a biomaterials used to produce a medical device, indeed, should have appropriate structural and mechanical properties and induce a healing response without causing severe adverse body reactions.

Sol–gel technology represents an alternative technique for modifying the surface of medical device for various biomedical applications. Glasses/glass ceramics and calcium phosphate, indeed, are bioactive and biocompatible materials [134–136]. Moreover, sol-gel oxides show biological performance higher than glass and ceramics with the same composition but produced using traditional techniques [137]. This is due to the presence of residual hydroxyl groups, able to induce an easier nucleation of the hydroxyapatite (HA, the main biomineral in the human bones) on their surface, their mesoporosity and, thus, the large specific surface [138]. However, monolithic sol-gel glasses cannot be used in load-bearing applications (where metallic alloys are the materials of choice) due to their brittleness and, thus, they are used mainly to produce coatings. Therefore, sol-gel coatings show high biocompatibility, high specific surface area useful to improve proteins or drugs adsorption, and their chemistry allows an easy functionalization by suitable biomolecules. In addition, the sol–gel coating production is very advantageous due to the low processing temperature, the ease of manufacture stoichiometrically homogeneous coatings, the possibility of controlling the chemical composition, the microstructure and the morphology of the coatings by the modulation of the synthesis parameters, such as the pH of the sol, addition of auxiliary chemical reagents (e.g., inhibitors and catalysts), and the annealing temperature. On the contrary, other deposition techniques, which require higher processing temperatures, often do not allow to obtain films with exact stoichiometry due to the formation of different glassy phases in the ceramic layer. This can be observed, for example, when HA coatings are produced by plasma spray techniques [139] and it is a problem because the formed glassy phases can show a lower bioactivity or can dissolve in the biological environment [140]. The homogeneity of the sol-gel coatings also after heating, instead, it is ensured by the use of pure raw materials (alkoxides or salts) to synthesize the sol and by the ageing time of the solution. Those parameters are appropriately chosen to obtain HA after the removal of the organic residues induced by heating [141]. Moreover, the temperature and the time used for the post-deposition heat treatments can be modulated to produce amorphous or crystalline coatings. A deposition technique particularly advantageous for the preparation of sol-gel coatings is the dip-coating which allows to modify the surface of substrate with several and complex shape and ensures a high degree of thickness uniformity.

Many works are reported in the literature [21, 131, 142, 143] which describes the enhancement of the metal implant biological performance by coating with sol-gel oxide layers. Metal, and in particular titanium, stainless steel and cobalt alloys, indeed, are the class of materials mainly used in the biomedical fields (especially in dental and orthopaedic fields) to produce implants, due to their bioactivity, lack of inflammatory response and high mechanical properties and ductility compared to polymers and ceramics. However, those materials are classified biologically inert, since they do not promote any adverse reaction and are well tolerated by human tissues, but a fibrous capsule forms around them as a physiological response to foreign body. The isolation of the implant from the surrounding tissue by the encapsulation can hamper implant integration and induce the implant mobilization which causes its performance reduction and its early failure. The surface modification of metal implants by the application of bioactive and biocompatible sol-gel coating proved to be a successfully strategy to improve proliferation and differentiation of bone cells and, thus, implant osseointegration.

Several works by Catauro M. et al., investigated extensively the effect of bioactive and biocompatible inorganic and first class OIHs materials synthesized via sol-gel, and used as coatings, on the biological performances of commercially pure titanium grade 4 (CP Ti-4) implants. In particular, the Authors described the optimization of sol-gel dip coating routes to modify the surface of CP T-4 disks by the deposition of inorganic calcium silicates (xCaO·(1-x) SiO2 where x = 0.0, 0.3, 0.4, 0.5, 0.6 is the molar fraction of CaO in the materials) [144], Silica (SiO2), zirconia (ZrO2) and titania (TiO2) and of hybrids consisting of those inorganic matrices embedding different percentages of biocompatible polymers, such as poly(ε-caprolactone) (PCL) [145–148] and polyethylene glycol (PEG) [21, 22, 149]. In all those works, the ability of the prepared and characterized materials (both inorganic and OIHs) to improve the bioactivity and biocompatibility of the CP Ti-4 was proved. Generally, indeed, it was detected that the viability of cells seeded on coated CP Ti-4 improves compared to that one of the cells in contact with uncoated titanium. However, it was observed that cellular response depends on the inorganic matrix, the polymer and its amount in the material. In particular, the increase of cell viability observed using PEG-based OIHs, improves with the polymer amount. This can be due to the increase of the surface hydrophilicity [150] and mesoporosity [151], which enhances cell adhesion and growth [150, 152], and to the improvement of the coating morphology induced by PEG presence. SEM images, indeed, show that high PEG percentages (from 20 to 50 wt.%) leads to prepare crack-free coatings. Also PCL allows to obtain high quality, homogeneous and crack-free coatings. SEM images of ZrO2/PEG and ZrO2/PLC coatings are reported in Figure 8.7 and Figure 8.8 respectively, as representative examples of PEG-based and PCL-based coatings.


[image: Figure shows SEM images of ZrO 2 /PEG and ZrO 2 /PLC coatings as representative examples of PEG-based coatings.]

Figure 8.7 SEM images of ZrO2/PEG hybrid coatings containing: (a) 0 wt.%, (b) 6 wt.%, (c) 12 wt.%, (d) 24 wt.%, (e) 50 wt.% of PEG (Reproduced from M. Catauro, F. Bollino, F. Papale, J Biomed Mater Res A, 102 (2014) 4473–4479, with permission of John Wiley and Sons [21]).




[image: Figure shows SEM images of ZrO 2 /PEG and ZrO 2 /PLC coatings as representative examples of PCL-based coatings.]

Figure 8.8 SEM images of ZrO2/PCL hybrid coatings containing: (a) 0 wt.%, (b) 6 wt.%, (c) 12 wt.%, (d) 24 wt.%, (e) 50 wt.% of PCL (Reproduced from M. Catauro, F. Bollino, F. Papale, J Biomed Mater Res A, 102 (2014) 392–399, with permission of John Wiley and Sons [145]).



Further study about the mechanical properties of the sol-gel coatings, carried out by nanoindentation and scratch tests, conducted by the Authors [30, 31, 57] proved that the addition of high amounts of polymer causes an increase of both the coating elasticity and adhesion which leads to the observed decrease of the coating fractures. The adhesion of the sol-gel coatings on the substrates, on the other hand, is probably based on chemical interactions between the residual –OH groups of the inorganic sol-gel network and the substrate, in agreement with the literature [36, 153]. However, cells seeded on PCL-based OIHs coatings generally show an increase of viability when a low amount of polymer is embedded in the materials, whereas a slight decrease of cell viability is recorded in PCL-reach coatings (from 12 to 50 wt.%) ascribable to the hydrophobic nature of PCL which can inhibits cells adhesion and, thus, cell viability [154] or, in some cases [146, 147], to the formation of film inhomogeneities (uncoated areas, as shown in Figure 8.9) which cause a direct contact between the cells and the less biocompatible underlying titanium substrate.


[image: Figure shows SEM images of TiO 2 /PCL hybrid coatings showing a slight decrease of cell viability recording in PCL-reach coatings ascribable to the hydrophobic nature of PCL.]

Figure 8.9 SEM images of TiO2/PCL hybrid coatings containing: (a) 5 wt.%, (b) 10 wt.%, (c) 20 wt.%, (d) 30 wt.% of PCL. In the hybrids containing 20 and 30 wt.% of polymer uncoated area are visible (Reproduced from M. Catauro, F. Papale, F. Bollino, J Non-Cryst Solids, 415 (2015) 9–15, with permission of Elsevier [147]).



Stan and Ferreira [155] modified the surface of Ti6Al4V medical grade alloy by applying bioactive fluor-hydroxyapatite (FHA) coatings obtained using three sol-gel chemical routes which differed for the used calcium (Ca(NO3)2), phosphorous (P2O5 and C6H15PO3) and fluoride (HPF6 and NH4F) precursors and for the molar ratios among them. The obtained coatings showed good integration in the bone tissue and duration much longer than conventional HA. The presence of fluoride ions into the structure of HA, indeed, stimulates the proliferation of bone cell and decreases the bio-resorption rate of the HA leading to a long-term chemical and mechanical stability. Similar results were recorded by Kim et al., [156, 157], which proved that FHA coatings on titanium and zirconia substrates had a dissolution rate lower then HA, affected by the crystallinity degree.

Moreover, the Authors observed that FHA and HA coatings induced a comparable cell proliferation.

A further cause of early failure of metallic medical device is their low resistant to corrosion processes which take place in the aggressive body environment. Corrosion reduces strength and leads to the release of debris and metallic ions in the implant site which can cause the onset of inflammation processes and, thus, of harmful effects on the surrounding tissues. Titanium and its alloys are attractive metallic materials widely used in orthopedic and dental fields because are able to form spontaneously a dense titanium dioxide layer on their surface after implantation which provides a barrier between the bio-environment and the implant [158] giving a higher corrosion resistance to such materials. However, local mechanical abrasion due to the use of the implant can remove the protective oxide film leading to a strongly decreased of the corrosion resistance of titanium and its alloys [159]. Therefore, to extend the prostheses lifetime and, thus, to avoid the premature failure of the implant due to wear and corrosion, several strategies were proposed, such as the use of passivation protocols to increase the thickness of oxide films [4, 5] or surface modifications of the implant by sol-gel coatings to obtain protective layers, which also permit to improve the substrate biological performance. For this aim Catauro et al., proposed the use of sol-gel dip coating technique to modify CP Ti-4 and Ti6Al4V surface using bioactive and biocompatible ZrO2/PCL and TiO2/PCL OIHs respectively [24, 31]. Also Liu et al., [160], Cheng et al., [161] and Chiu et al., [162] proposed the use of sol-gel TiO2 coatings to improve corrosion resistance of a NiTi surgical alloy. That alloy belongs to a group of metallic biomaterials named “shape memory alloys” (SMA), interesting for its unique shape memory effects, super elasticity and good corrosion resistance. However, NiTi alloy contain about 50% of Ni, which can cause allergenic and toxic effects when its concentration exceeds a certain level in the body. Therefore, to make the use of the NiTi alloy safer, its surface can be modified to improve its corrosion resistance and, thus, to reduce Ni release.

Balamurugan et al., [163] used a sol-gel dip coating technique to prepare microporous HA coatings to modify the surface of low carbon 316L stainless steel substrates. The obtained coatings showed to be effective to protect the substrate from corrosion and to improve its biocompatibility.

Further complication which often causes the premature failure of medical device (e.g., prosthetic hip implants, central venous catheters, urinary catheters, etc.) is the bacterial contamination. Bacteria adhere on the implant surface and produce a biofilm, a complex structure made from bacteria and extracellular matrix that is capable of resisting to antibiotics and host defenses [164]. The septic loosening of a prosthesis is a serious complication which can requires long-term and heavy systemic antibiotic therapy, removal of the prosthesis and bone reconstructions. Those treatments are costly and traumatic for the patients. The most common organisms that cause infections in orthopedic implants are Staphylococcus Aureus (S. aureus) and epidermidis (S. epidermidis) [165]. To avoid this complication an effective strategy is the application of coatings able to release antimicrobial agents in situ. A well-known antimicrobial agent with a broad-spectrum of antibacterial activity against Gram-positive and Gram-negative strains, including antibiotic resistant strains, is the silver. It exerts the bactericidal effect already at low concentration without being toxic to human cells [166, 167]. Silver-doped silica coatings were prepared by Jeon et al., [168] via sol-gel showing antimicrobial activity against Escherichia coli and S. aureus. Catauro et al., [23] modified the surface of CP Ti-4 developing coatings consisting of 70 mol% of SiO2 and 30 mol% of CaO doped with increasing wt.% of Ag2O able to increase the bioactivity and the biocompatibility of the substrate and to exert bactericidal activity against S. aureus.

Another strategy to reduce the bacterial adhesion to the implant surface is to develop coatings able to release nitric oxide (NO). Many works [169–171] reported the preparation of NO-releasing sol-gel coatings by using synthetic NO donor molecules (e.g., N-diazeniumdiolates) which are able to generate spontaneously NO in the aqueous physiological environment. The N-diazeniumdiolates molecules are covalently linked to the sol-gel matrix forming functionalized OIHs hybrids able to reduce the adhesion of S. aureus, S. epidermidis and Pseudomonas aeruginosa.

Coatings with antimicrobial activity can be obtained also by doping the sol-gel matrix with antibiotic drugs. Radin and Ducheyne [172] described the preparation of sol–gel coatings on a titanium alloy substrate able to release in a controlled manner the vancomycin, a potent antibiotic. The Authors proved that the drug release was closely related to the film degradation rates which, in turn, is affected by the sol-gel synthesis parameters.

Many works [173–177] reported the effective use of sol-gel matrices to release drugs in a controlled manner. Therefore, drug-doped sol-gel materials can be used to prepare coatings which incorporate the therapeutic agent on several substrates (metallic, polymeric, ceramic or organic implants), able to release the drug in situ.

The rate and duration of drug release can be modulated by controlling coating thickness and pore size distribution which, in turn, can be modulated by controlling the sol composition and the parameters related to the deposition technique [178] (e.g., the withdrawal or spinning speed for the dip coating or spin coating techniques respectively). Catauro et al., [179, 180] developed zirconia-based OIH sol-gel materials able to release the indomethacin, an anti-inflammatory drug. The study of the drug release kinetic from such materials showed that the polymer and drug amount modulated the release of the drug by the formation of interactions between drug and polymer depending on their relative concentration in the materials. Since the same drug-free zirconia-based OIH sol-gel materials previously were successfully proposed to improve the biological performances of titanium implants [21, 133, 145], the Authors developed zirconia-based indomethacin loaded coatings on CP Ti-4 able to release the anti-inflammatory agent in the implantation site with the aim of improving the CP Ti grade 4 implants integration by enhancing their bioactivity and biocompatibility and at the same time by reducing the inflammatory response which takes place in the short and medium term after implantation [181]. The obtained results proved that a modulation of the drug release kinetic and dosage can be obtained by varying the number of layers applied on the implant. In particular, an increase in the number of coatings provided a gradual release system so that the loaded drug was released gradually and steadily. Moreover, a delayed and more controlled drug release was observed when the PCL was added to the coatings.

Sol-gel coatings, and in particular silica-based coatings, were also used to prepare fiberoptic applicators for interstitial laser therapy [182–186]. That is a minimal invasive treatment for tissues in difficult to access environment which uses fiberoptics laser applicators inserted into the pathologic lesion to perform interstitial therapy with laser light [187]. Silica-based sol-gel coatings are suitable in this application because are biocompatible, optically transparent, frequently used to produce fiberoptic sensors and allow optical measurements. Optical features of the coatings can be modulated by varying the water to alkoxide precursor ratio, leading to obtain various shapes of light beam emitted from the applicator [182, 185]




8.5 Conclusions

The history and the advancement of the sol-gel technology in the last century, proved that this method is versatile, advantageous and an effective tool to produce materials and coatings for a wide area of applications. By the modulation of the synthesis parameters, the sol-gel process, indeed, allows to obtain materials with several compositions, controlled microstructure and specific properties. Moreover, the low processing temperature makes the sol-gel an ideal technology to produce OIHs by embedding in the sol-gel matrix several organic and thermolable substances, such as polymers, drugs or biomolecules, able to modify the properties of the inorganic glassy matrix. In addition, the sol-gel materials can be used to produce easily and inexpensively functional coatings by the coupling with several deposition techniques, such as dip coating, spin coating and spry coating. The applications proposed for the sol-gel coatings (inorganic and OIHs) in the last century are very numerous and are related several areas. However, it is envisaged that many other possibilities can exist and new applications can arise in the future where advanced sol-gel coatings can be utilized successfully.
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Abstract

A step-by-step framework for undertaking PSD characterization of the surface topography of radio frequency (rf) magnetron sputtered thin Al films is presented in this chapter. The work aims to illustrate the significance of PSD method in analyzing the surface properties of thin films based on AFM imaging. It also aims at illustrating a repeatable procedure for undertaking PSD analysis on thin films. Brief theoretical background of power spectral density, with highlights on the fundamental theory, is herein presented. A two-dimensional power spectral computation of thin Al films sputtered on a titanium substrate at 150 W and 200 W rf powers for 2 hr is undertaken. Prior to the computation, a detailed image analysis theory and procedure of the AFM micrographs are presented. The calculation of power densities of the AFM images is conducted using the fast Fourier (FFT) algorithm of discrete Fourier transformation (DFT) in MATLAB script. The power spectral results are then fitted into k-correlation and inverse power models to interpret the spectral profiles. From the modelling, the equivalent root means square, correlation length and Hurst components have been determined. These values were distinctly discussed in relation to the sputtering power and morphological observations of the 3D AFM microscopy. The PSD results correlate well with the morphological observations of the atomic force microscopy.

Keywords: Atomic force microscopy, fourier transforms, power spectral density, surface roughness, thin films


9.1 Introduction

The connection between the surface topography and functionality of thin films is critical for components used in electrical, optical, mechanical and thermal applications [1, 2]. Roughness is a significant property of thin films as it affects their surface properties such as adhesion, friction and hydrophobicity [3] besides the common mechanical properties; fatigue and fracture toughness [2]. As such, characterization of thin films surface is very important at the quality control stage of any production process for those components to achieve their desired functionality [4, 5]. Some of the standards for surface measurement and control of roughness include ISO 25178, ASTM D7127–13, JIS B 0601–2001/JIS and B 0671–2002 and these standards are based on different measurement methods among them includes x-ray reflectometry (XRR), atomic force microscopy (AFM), profilometry and laser interferometry [6]. Among these measurement techniques, AFM is the most preferred technique because of its low vertical noise and high lateral resolution. AFM uses a sharp-tipped cantilever to scan surfaces and a laser beam monitored by a position sensitive photodiode to detect the deflections of the tip resulting from the topographical changes. It produces surface micrographs at atomic resolution (with less than nanoscale), with the minimum preparation of the surface of the specimen. It can provide images for surfaces in both air and liquid media without any special preparation as it is the case with other techniques. As such, besides metallic and coating surfaces, AFM is widely used in studying the topography of gas and filtration membranes [7]. From these images, the morphology, particle size distribution and porosity of the surfaces can be described [8] and therefore AFM is an important tool for surface analysis.

AFM images are usually used to statistically characterize the surface topography in terms of root mean square roughness (σ), which represents the height function of the surface structures. To illustrate the concept of root mean square roughness, let us consider Figure 9.1 which shows height maps of two different surfaces. The arrows indicate the mean plane of the height of the surface structures. Through visual inspection, structures of the surface in Figure 9.1(b) have a larger deviation from the mean plane. Hence, the root means square roughness in Figure 9.1(b) is higher than in Figure 9.1(a). Let us consider, Figure 9.2(a), (b) in which the root mean square roughness analysis of structures shows that both surfaces have the same root mean square roughness values. However, this is deceiving because it can be observed that the surface in Figure 9.2(a) appears rougher than the surface represented in Figure 9.2(b). Although the structures in both surfaces have the same height deviation from the mean plane, the horizontal arrangement of the surface structures is different. This lateral deviation is the reason for the difference in the appearance of the surfaces and it is the major drawback of the root mean square roughness value. Root mean square roughness does not provide lateral information of surface features (lateral spacing and distribution) and makes no distinction between peaks and valleys, thus, two surfaces can have the same value of σ but have very different surface topographies as illustrated in Figure 9.2(a), (b). Additionally, the statistical values of the root mean square roughness are greatly influenced by sampling interval, scanning scales and other specific aspects of the AFM measurement. Such factors increase the chances of error in the roughness values [9].


[image: Figure represents height maps of two different surfaces. Arrows indicate the mean plane of height of the surface structures.]

Figure 9.1 Typical surfaces of materials. The arrows indicate the mean plane of the height of the surface structures.




[image: Figure represents height maps of two surfaces whose value of root mean square roughness is same but lateral topography is different.]

Figure 9.2 Surfaces with the same value of root mean square roughness but with different lateral topography.


A better description of surface geometries is provided by fractal methods such as power spectral density (PSD) functions [9] and have been used by different researchers to describe the surface topography of surfaces of materials [10–12]. These methods provide information about the lateral distribution of the surface structures, thereby overcoming the limitations associated with root mean square method. PSD computes quantitative topographical parameters such as fractal dimension, Hurst exponent, equivalent roughness values and spectral length. In contrast to the root mean square methods, these PSD quantities are independent of scan rate, scanning cycles, resolution and other AFM measurement parameters [9]. PSD uses Fourier transform theory to change the AFM images into the frequency domain in which the distribution of the surface height with wavenumbers is described. In addition, it identifies the wavelengths of surface features that contribute to surface topography [13]. Through PSD analysis, the information on correlation length can be obtained to indicate the lateral distribution of the valleys and peaks of the surfaces. Mathematically, PSD is the Fourier transform of the autocorrelation function of power signal within a range of wavevectors and it allows for identification of the spatial frequencies in the signal [13].

The purpose of this chapter is to demonstrate a detailed step-by-step application of power spectral density on surface analysis of thin films. The procedure is illustrated using AFM micrographs of thin aluminium films prepared by rf magnetron sputtering on titanium substrates at 150 W and 200 W rf powers. The chapter details the pre-processing procedure for AFM images using Bruker Nanoscope V530r3sr3 and Gwyddion software prior to spectral analysis. The power spectrum computation of the preprocessed images is undertaken using two dimensional fast Fourier transform algorithm in MATLAB code.

9.1.1 Uses of Power Spectral Density

Power spectral density (PSD) expresses the amplitude of roughness of surfaces as a function of the inverse of the wavelength of surface structures. It shows the periodic surface features that might otherwise appear random and then provides their graphical distribution. It enables the characterization of periodicity and orientation of other surface features besides the roughness by revealing the wavelengths contained in the surface spectrum [13]. In thin films, PSD is helpful in describing the lateral roughness, fractal dimensions and homogeneity of the surface structures. On machined surfaces, it determines the speed, feed, causes of noise and the inherent properties of the material surface such as grains. When PSD is used in analyzing high magnification images of surfaces (such as TEM and FESEM micrographs), it determines the periodicity of the atoms. PSD functions generally decompose the surface features of the original image into wavelengths in imaginary space [12]. For an ideal 2-dimensional image of a surface with two waveforms in X – and Y- directions in the Cartesian space, a PSD function would consist of two dominant spikes each corresponding to the X- and Y- dominant waveforms. There would also be a shorter number of wavelengths inherent in the image resulting from the very fine surface features or from side bands of the two main wavelengths. Usually, surfaces with such perfect sinusoidal features would result in relatively very few spatial frequencies describing the surface, however, for a surface with square or angular waveforms would contain more components of the wave vectors [14]. In machined surfaces, wavelengths containing higher power densities indicate machining irregularities such as microgrooves, cracks and protuberances [14]. Plastic deformation, varying cutting temperature and micro-cracks lower the quality of surface machining of components and results in random (rough) surfaces and the PSD function for such surfaces would exhibit many wavelengths [14].

9.1.2 Theory of Power Spectral Density

Suppose the topography of a surface within a Cartesian space (x, y) is described by a continuous function z (x, y). Let the lengths of the scan in x and y directions be described by Lx and Ly respectively. If we define, fx and fy as the wave vectors (spatial frequencies) in x and y directions respectively and note that the function z (x, y) does not include overhangs, then the Fourier transform of this function (Zfxfy) is non-zero only at the discrete lattice points. The forward Fourier transformation of the function is obtained using Equation 9.1 [13].


(9.1)


[image: ]


The integration is computed over the full area LxLy of the entire periodic surface at steps of [image: ] and [image: ] runs from negative and positive infinity. From this expression, the units of the PSD (Zfxfy) is m3. This is the case for a continuous function z (x, y) of the surface topography. However, the function exists as discrete points on rectangular grids (Figure 9.3). The discrete points occupy rectangular grids of pixel sizes lx and ly in x and y directions respectively in the Figure 9.3. If the number of grids in x and y directions are Nx and Ny respectively, then [image: ] and [image: ] and the Fourier transformation of the function can be obtained by Equation 9.2. This is known as discrete Fourier transform (DFT). Usually, during implementation of DFT algorithm, lx = ly = 1 and L = N in both directions.


(9.2)
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[image: Figure illustrates that the function exists as discrete points on rectangular grids as is the case for a real image.]

Figure 9.3 Discrete points on rectangular grids as is the case for a real image.


Equations 9.1 and 9.2 are the basis of PSD derivation and all the PSD models are based on these equations. Generally, 2D PSD = [image: ] and directly using equation 9.2, 2D PSD can be written as shown in Equation 9.3. The units of the 2D PSD from this expression is m4.


(9.3)
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The variation in PSD computation methods presented in the literature is brought about by the different normalization procedures.

For instance, a finite N number of values in discrete space are assumed to be equidistantly positioned in x, y directions at distances x, y = [image: ]. The 2D PSD can be written as in Equation 9.4 [11].


(9.4)
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Where [image: ] and fx, fy take a discrete range value as fx, fy = [image: ]

Equation 9.5 represents another method for computation of PSD for an image of m (along x-axis) by n (along with y-axis).


(9.5)
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Where frequencies range from [image: ] to [image: ], N is the scan size in pixels and d is the data points intervals while Z (n) is the roughness height function of the surface structures.

Another form of PSD in which hmn is the profile function and L = [image: ] illustrated in Equation 9.6 [15]. This equation undertakes both fast Fourier transforms of the image signals and computation of the two-dimensional power spectral densities. The computation is based on m and n array of discrete points in x and y directions of the global coordinate system. It performs quicker computation and a typical application for discrete Fourier transform (DFT) algorithm.


(9.6)
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Most thin films are self-affine due to the same statistical characteristics at different magnifications or scales. When PSD computations of such surfaces are computed with the equations described here and plotted against the wave vectors (loglog axis), profiles like those illustrated in Figure 9.4 are obtained. Generally, profiles for randomly rough surfaces in Figure 9.4(a) exhibit a plateau and an inverse slope at low and high spatial frequencies respectively with a knee at the transition zone [16]. The physical meaning of the plateau is that there is no significant variation in the values of the roughness function at low frequency whereas below the transition point (higher frequencies) the roughness varies in a highly correlated manner [11]. At the longest wavelength, f1, the root mean square amplitude can be determined whereas the average slope is determined by the shortest wavelength (f2) of the roughness function.


[image: Graphical respresentation of Power Spectral Density against spatial frequency profiles of (a) randomly rough surfaces (b) periodic surfaces.]

Figure 9.4 A typical PSD versus spatial frequency profiles for (a) randomly rough surfaces and (b) periodic surfaces.



To undertake mathematical descriptions of the roughness characteristics of surfaces from PSD profiles, various theoretical models into which the experimental PSDs are fitted exist. The most commonly used models are k-correlation model (also known as ABC model) and inverse power law (or fractal model). Equation 9.7 represents the k-correlation model power spectral density [9].


(9.7)
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The k-correlation model is most suitable for pure thin films and explains the random distribution of topography characteristics at large length scales. A, B and C are the fitting constants of the k-correlation function and provide physical derivatives of the power spectral density. The function gives a PSD profile with a knee, described by parameter B. The value of B indicates the location of the knee and it is related to in-plane correlation length and grain size. It describes the transition from low to a high spatial frequency region. At higher spatial frequencies, the slope is described by C and at that region, the surface said to be fractal. Parameter A, also known as shoulder parameter, is the value of the spectrum at low frequency and at that region the power spectrum nearly flat. In the two-dimensional fast Fourier transform (2D-FFT) spectrum, the value A is associated with the peaks or large features of the real AFM micrograph.

The equivalent roughness (σ) and correlation length (τ) according to the k-correlation model are given as [image: ] and [image: ] respectively. The inverse power law is expressed as shown in equation 9.8 where K is the spectral length and γ is the gradient of the loglog graphs. Self-affine surface with roughness Hurst exponent H are usually described by power or fractal model at high spatial frequencies. The Hurst exponent is related to fractal dimension D as H = 3 – D. It describes the process used in forming the measured surface and it usually varies between 0–1. The exponent indicates the spatial distribution of roughness of a surface; usually, if H varies between 0–0.5, it means that the spatial frequency of the surfaces is continuously alternating between high and low values, which indicates uniform roughness distribution. However, when H is greater than 0.5, it indicates spatial frequencies with positive autocorrelation, meaning there are sudden changes in surface features and nonuniform distribution of roughness [9].


(9.8)
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9.2 Literature Review

In this section, the progress of surfaces analysis using power spectral density is presented. The general agreement in literature is that fractal methods, which define roughness at different spatial wavelengths, can provide reliable measurements of surface topography regardless of measuring method, scale or scan. In their study, Gong et al., [9] reported that using a combined power spectra of different scan scales from AFM micrographs of TipCheck standards generated enhanced correlation lengths for computation of roughness values. Senthilkumar et al., [12] applied a similar approach of extended PSD analysis on the microroughness characterization of thin films of Gd2O3 and obtained reliable roughness values which related very well with the process deposition rate. Karan and Mallik [15] used PSD analysis fitted with a k-correlation model to derive the fractal contributions into the morphological growth of CuPc nanostructured thin films deposited on Si at different substrates. Anandhan, Bandyopadhyay and Bhowmick [17] used one-dimensional PSD to quantify the surface geometry of thermoplastic elastomers and computed the fractal dimensions (Ds) from the slope (D) determined by linear fitting into the self-similar constant gradient region of the PSD profiles. The fractal dimensions were determined as follows Ds = D and they were shown to vary from 2 to 3. In another study, Buchko et al., [18] used the concept of PSD computed from scanning probe microscopy to study the effect of the process parameters on the surface topography of protein polymer thin films for biomedical applications. Using the PSD profiles, the periodicity and average sizes of surface features such as pores were quantified. The peaks of the PSD profiles at the transition region (low-to-high frequency) were interpreted to correspond to the average sizes of the surface pores of the protein films. The PSD profiles were also shown to explain the transition of the self-affine roughness to nominally smooth [18]. The study also used power law exponent within the self-similar region of the PSD profiles to compute the fractal dimensions of the thin films.

In a rather recent study, power spectral density characterization was undertaken on AFM micrographs of thin aluminium films deposited through rf magnetron sputtering on stainless and mild steel substrates at 150 W and 200 W [19]. In this study, the power spectral density modelling was undertaken through k-correlation (ABC model) and fractal (power law) analyses at low and high-frequency regions respectively of the PSD profiles. The implications of domination of power law to power density were presented in details in this article [19]. The lateral distribution of the surface roughness was discussed quantitatively using Hurst exponent determined from the k-correlation model. In a related study [11], one dimensional PSD spectra computed from AFM micrographs were used to study the microstructural properties of thin titanium oxide films prepared on glass substrates by DC magnetron sputtering at different substrate temperatures. K-correlation modelling was used to derive the physical meaning of the PSD profiles and parameters A, B and C were shown to fully describe the microstructural evolution of titanium oxide films with substrate temperature during sputtering. A study by Datta, Bhattacharya and Bandyopadhyay [20] used power spectral density to analyze surface roughness distribution and growth of surface structures of CdSe thin films prepared by cathodic deposition on a glass substrate at a temperature range of 100–140°C. Higher values of wavelengths of the power spectral density were observed at 100°C and 140°C than the intermediate temperatures. These observations were attributed to agglomeration of crystallites at 100°C and 140 °C, which led to the formation of larger surface structures and non-homogeneous lateral roughness [20]. Microstructural characterizations of the TiO2 and Pb(ZrTi)O3 prepared through reactive sputtering were studied by power spectral density modelling using k-correlation model [21]. It was possible, through PSD technique, to demonstrate that the fractal dimensions of thin films’ surfaces are influenced by the processing conditions. Aurongzeb [22] explored the evolution of scaling properties of Ti films (prepared through electron beam evaporation) during annealing at various temperatures using PSD. The relationship between surface roughness and an annealing temperature of Ti films was established in this study.

The preceding discussion illustrates the importance of PSD in detailing the microstructures of thin films in terms of distribution, evolution and growth of surface structures in relation to the deposition and treatment parameters. Although lots of researchers have used power spectral density to analyze thin films, step-by-step descriptions of the PSD approach are lacking in literature and as such, most of the presented results cannot be repeated and reproduced easily. The overall aim of this book chapter, therefore is to provide readers with a typical framework of undertaking power spectral density characterization of thin films.



9.3 Methodology

In this section, a case to illustrate a logical framework for PSD analysis of thin films is presented. The flowchart in Figure 9.5 summarizes the analysis steps used in this work and are detailed in the subsequent subsections.


[image: A flow diagram for analysis of the Atomic Force Microscopy (AFM) micrographs for power spectral computation.]

Figure 9.5 Analysis procedure used to process the AFM micrographs for power spectral computation.


9.3.1 Thin Film Deposition

In this case, aluminum and titanium were used as target and substrates respectively because thin aluminum films are suitable intermetallic coatings for titanium-based alloys [23]. The surfaces of the substrates were ground to 1200 µm SiC grade and then cleaned in acetone to remove any oxides and surface suspensions. The films were prepared through rf magnetron sputtering using HHV TF500 thin film deposition facility under conditions shown in Table 9.1. Prior to sputtering, the substrates were initially cleaned with acetone, isopropanol and dried. The pre-sputtering of the substrate was undertaken for 30 min in which the argon plasma was bombarded on the substrate to clean its surface for effective deposition of the films. The distance between the target and substrate was kept at 130 mm. After sputtering, the samples were left to cool inside the chamber for at least 12 hr. More details of the sputtering process were described in our earlier work [19].



Table 9.1 Sputtering parameters and conditions for Thin Aluminum Films on Titanium Substrate.





	Parameters
	Description





	Target
	99.9% Al purity, size Ø75 mm, 3 mm thickness



	Substrate
	Ti6Al4V, CpTi, size 75 × 25×3 mm



	Substrate temperature
	Room temperature



	Time
	2 hr



	Argon flowrate
	12 sccm



	Base pressure
	1.13 × 10-5 mbar



	Rf power
	150 W, 200 W






9.3.2 Atomic Force Microscopy

The coated samples were cut into sizes of 10 × 10 mm for atomic force microscope (AFM) imaging. AFM was conducted using Veeco Dimension 3100 AFM facility in tapping mode in air and at room temperature. Tapping mode is preferred for metallic surfaces because it has less effect on the wear of the AFM probe. Standard AFM probe of spring constant of 2.8 N/m with a resonance frequency of 75 kHz was used. The images were taken at a scan size of 3 × 3 µm at integral and proportional gains of ranges of 0.4–0.8 and 0.6–1.0 respectively [19]. Due to the large roughness of the surfaces, no image could be observed above this scan size. Scan rate and angle used were 1 Hz and 0 degree respectively. The scan rate should neither be too slow nor too fast; very slow scan speed can result into drifting during longer scanning periods, whereas very fast scan speed can produce an image with elongated (false) surface structures [7]. Through series of trials, 1 Hz was shown to produce an image with less artefacts. The optimal set point (forces) for the images ranged between 0.899 and 1.120 at a drive amplitude of 840 mV. At these conditions, there was less noise on the scope traces for the three images (height, amplitude and phase), indicating optimum conditions for these surfaces [24]. When all the conditions were optimized, five AFM images were taken at different sections of the sample surface at the same gain conditions, scan rate and size for statistical accuracy. The image analyses were performed in Bruker Nanoscope V530r3sr3, Gwyddion and MATLAB (Mathworks®) software.

9.3.3 Image Analysis

9.3.3.1 AFM Image Pre-Processing

Image analysis is used to extract the physical information from an image and in materials science and engineering, it is the extraction of information from a micrograph [25]. Some of the most common information obtainable from a microstructure include morphology, grain size, grain distribution, the area fraction of phases, aspect ratio, ferret number, roughness and sphericity [26]. Similar to SEM and optical micrographs as described by Mwema et al., [26], AFM images have to go through a pre-processing stage to correct for artefacts and map the important features for measurement before the actual image analysis. Some of the AFM sources of artefacts include nonlinearity of the piezo-scanner and hysteresis, physical damage of the surface by the scanner and convolution of the tip and sample shapes in the obtained image [7]. In this work, the Bruker Nanoscope software (Version 530r3sr3) was used to collect the AFM micrographs and calculate the root mean square and average roughness values of the surfaces. Prior to analysis, flattening and third order plane fitting was undertaken on all AFM images. Line by line flattening was performed to remove vertical offsets, noise, tilt and other unwanted features from the AFM image. These artefacts are the result of tilting of the sample, cleaving of the substrate or the AFM voltage offset. The flattening feature uses least square fit polynomials on each scan line to correct the unwanted features of the image. It uses a mathematical equation (polynomial) to model the average image surface and then subtracts the average from the surface of the image. The centre data, taken as the 0th order, is used as the datum while anything in the orders of 1st, 2nd, 3rd, and so forth is taken as the tilt. The best fit polynomial for each scan line of the required order is determined and then deducted from the centre data for every trace and retrace. There are four important polynomials used during flattening processing of images in Bruker Nanoscope software. These polynomials are explained in Table 9.2. Plane fitting, on the other hand, removes the artefacts associated with thermal drift, lateral noise and vibrations of the cantilever during AFM imaging. It calculates a single polynomial for an image and subtracts it uniformly from the image in the X- or Y-directions. The pre-processing stage should be undertaken carefully to avoid introduction of image processing artefacts such as levelling and filtering artefacts onto the AFM image [27].



Table 9.2 Plane fitting polynomials used in flattening of AFM images [27].





	Polynomial
	Description





	z = a
	The zero polynomial, which centers data on every scan line of the images



	z = a + bx
	Order one polynomial; it computes the offset (a) and slope (b) and deducts it from the center data of each scan line



	z = a + bx + cx2
	Order two polynomial, which centers the data, computes the least square fit of the polynomial and then substrates it from the scan line to remove the tilt and bow on the scan lines.



	z = a + bx + cx2 + dx3
	The least square fit of the third order is calculated and then subtracted from the scan line to remove tilt and bow.






9.3.3.2 Section Analyses

The processed images were then exported to Gwyddion version 2.50 for image analysis. The software is purposely designed to analyze the height fields of structures captured by STM, AFM and other SPM methods. A large number of data processing functions of this software makes it possible to undertake a series of analyses, including statistics, data correction, profile extractions and filtering. In our case, the AFM images were first cropped to remove the unwanted sections including the scale bar and imaging parameters and then converted to grayscale. The scaling of the image, based on the AFM settings (on the scale bar), was performed for accurate measurements of the height and horizontal values. Then, a line profile analysis was undertaken using the profile extract function across the section on all the images to quantify the periodic nature and morphological properties of the thin aluminum films.

9.3.3.3 Fast Fourier Transformation (FFT)

To compute the power spectrum, the images were analyzed using a step by step m-script code written in MATLAB® R2017b. The script uses the ‘imread’ function to upload the image into the MATLAB environment. The ‘imshow’ function is used to plot the original image (since it does not include the axes). The function is used when no further processing has been undertaken on the image. The ‘rgb2gray’ function was used to convert the coloured 2D AFM images into grayscale. To transform the images into the frequency domain, 2D fast Fourier transform (FFT) algorithm was used. The FFT is described by Zhu et al., [25] as follows. If the grayscale function of the original 2D image is f (r) and r defines the positional coordinate in 2D dimensional space, then the power spectrum p (k) of the image in the imaginary space is obtained according to Equation 9.1 as p (k) = |F (k)|2 where F (k) is the Fourier transform of f (r) and k is the wave vectors of the image in the frequency domains. Fourier transform of an image consists of waveforms of different frequencies which when summed produce the original image.

Prior to FFT operation, the images were converted to double arrays to separate the FFT of magnitude and phase since the FFT for real and nonuniform image data is very complex. The two-dimensional Fourier transform of our images was performed using the fft2 function. When the fft2 operation was performed on the images, a very dark image was observed, this is because the absolute values of the 2D FFT were very large, so they could not be displayed on the 8-bit scale. There are two ways to ensure the details of the FFT image can be viewed; a function fftshift, which moves the lowest frequency regions of the image to the center is used followed by either a log function or proper scaling of the XY axes for 2D FFT images. In our case, the pixel values were scaled into logarithmic transform using the log function in MATLAB code to expand the range of dark pixels into the bright region for better visibility of the Fourier transform images. For each of the images, magnitude and phase images of the Fourier transforms were generated. The magnitude FFT was generated by imshow(abs(fftshift(fft2 (original AFM image)))) script whereas the phase image was produced by function ‘angle’ in the fftshift script. The magnitude image shows the most important details of the original image; the region of lowest frequencies shifted to the center of the image and highest frequency regions located away from the centre. This central region contains most of the energy and indicates many gradual changes in the original image. The phase images in Fourier domain are difficult to interpret visually because they contain very high noise. However, the phase image contains most of the important information required to construct an image; generally, most of the visual information from the original image is represented by the phase image in Fourier domain. The magnitude image consists of wavelengths of contrasts of pixels in the original image. As such, magnitude images are used to quantitatively explain the gradual changes in the original images. The 2D magnitude images consist of four quadrants power spectra which are mirror images in both X and Y directions. The bright part of the image indicate the peaks in the power spectra and represents the intensity of the wave vectors in real space of the image. These peaks can represent the periodicities of surface structures in the actual image or can be due to the distributed noise of the scanner, especially in AFM images. The noise usually leads to unwanted peaks in FFT image and as such Fourier filtering technique can be used to modify the image in real space [7]. As such, optimization during AFM imaging and proper pre-processing of the AFM micrographs is very important to reduce artifact-related peaks.

9.3.3.4 Power Spectral Density Analysis

Finally, the power spectrum density of the images was computed from the FFT magnitude data using Equation 9.6 written as a MATLAB code and then a plot of PSD vs frequency was generated from this data. PSD data from real images is usually very noisy and non-even and therefore smoothening is necessary. In this work, ORIGIN 2018b software was used to smoothen (and filter noise) the PSD vs frequency data. As illustrated in the literature [7], PSD profiles are usually symmetrical and data on the left is a mirror of the one on the right-hand side. For simplicity, only the right-hand data for the PSD profiles were presented in this work. The smoothened data was then exported to MATLAB code for repploting of PSD profiles. The experimental data on PSD was then fitted into the two PSD models; k-correlation (ABC) and inverse power law model described in Equations 9.7 and 9.8. ABC correlation represents a nonlinear mathematical model consisting of three constants A, B and C as earlier described in this article and therefore fitting data on this kind of model would require nonlinear regression executed in a MATLAB script. To achieve this, a function script of the ABC correlation was written as a linear model (using logarithmic conversions) in m-file and then executed using Isqcurvefit function to fit the experimental PSD data. The process is iterative and involved the repetitive choice of initial values of the constants (A, B and C) until a close fit was achieved. Figure 9.6 illustrates the algorithm for power spectrum computation, construction of power profiles, curve fitting and analysis in MATLAB.


[image: A flow chart containing the algorithm for power spectrum computation, curve fitting and analysis in MATLAB.]

Figure 9.6 Flow chart illustrating the power spectrum algorithm implemented in MATLAB code.




9.4 Results and Discussion

In this section, results on AFM imaging and the output of the step-by-step framework are presented with topographical information interpreted in relation to the power spectral observations and inferences made regarding the sputtering process and properties of aluminum thin films. The emphasis of this section is on the type of information and interpretations the power spectral density analysis can provide for thin aluminum films.

9.4.1 AFM Images and Line Profile Analysis

Figure 9.7 shows 2D AFM micrographs of surfaces of aluminum films deposited on Ti6Al4V substrates at rf powers of 150 W and 200 W. Their corresponding 3D micrographs obtained using Gwyddion software are also shown. The surface morphology at 200 W appears rougher with higher periodic characteristics of the structures. The periodicity of the structures at 150 W is highly clustered with some regions of the micrograph showing channels (in the 3D image) which indicate exposed parts of the substrate. This observation indicates lower sputtering yield and hence lower sputtering efficiency at low rf power 150 W.


[image: Figure contains 2D AFM micrographs of thin Al films deposited on pure Ti at (a) 150W and (b) 200W with (c-d) corresponding 3D micrographs.]

Figure 9.7 AFM micrographs of thin aluminum films deposited on Ti6Al4V at (a) 150 W and (b) 200 W and their corresponding 3D (c) (d) micrographs.


Figure 9.8 shows the line profiles of the AFM micrographs for the films sputtered at an rf power of 150 W and 200 W on Ti6Al4V substrates. Line profiles are used to qualitatively and quantitatively describe the morphology of the surface structures. It measures both lateral and height functions of the structures as well as revealing their periodic characteristics. The periodicity of structures in thin films prepared at an rf power of 150 W is seen clustered whereas the structures formed at 200 W appear sinusoidally distributed. As noted earlier, most surfaces of metals, including aluminum, are self-affine, that means the structure contains repetitive shapes under different transformation scales. The self-affine property of surface structures is the reason for periodic nature of the line profiles in this case [28]. Surfaces with such properties can, therefore, be analyzed with fractal methods such as power spectral density to determine the fractal dimensions. The PSD of self-affine surfaces follows inverse power law described in Equation 9.8 and from this law, the fractal dimension (D) of the surface is determined as D = 2 for 0 ≤ |γ| < 1; D = 1, 3 < |γ|, otherwise, D = [image: ] (8 – γ) = [image: ] [8 – (E + 2H)], E = 2. Where γ is the slope of the logarithmic plots, E is the Euclidean dimension of the Fourier transform and H is the Hurst exponent also known as the exponent of roughness [9]. The fractal dimension is used in explaining morphological and root mean square roughness transformations brought about by the changes in deposition conditions such as temperature, power and pressure [15]. The observations from these line profiles justify the application of PSD technique in analyzing the AFM images in the present work.


[image: Figure contains line profiling of thin Al films deposited on pure Ti at (a) 150 W and (b) 200 W.]

Figure 9.8 Line profiling of the surface structures of thin aluminum films deposited on Ti6Al4V at (a) 150 W and (b) 200 W.


Figure 9.9 and Figure 9.10 show the 2D and 3D AFM micrographs and their corresponding line profiles respectively for thin aluminum films sputtered at rf powers of 150 W and 200 W on commercially pure titanium substrates. As observed in Figures 9.7 and 9.8, the surfaces are random and periodic, therefore fractal methods such as PSD can be used for their examination. The AFM images in both cases (Figures 9.7 and 9.9) clearly show the epitaxial growth mechanism of the sputtering process; nanoscale multilayer atomic additions leading to the formation of thin films [23, 29]. Line profiles are also used to show the lateral sizes of the surface structures and in this case, the profiles show larger lateral sizes of thin films prepared at 200 W. For films deposited at 200 W, the densification of the surface structures can be observed from the nature of the line profiles; the peaks are characterized by smooth tips and closer to each other as opposed to serrated tips observed at 150 W. Through visual inspection, the line profiles and three-dimensional AFM micrographs reveal the peak-to-peak arrangement as well as the layering mechanism of the surface structures.


[image: Figure contains 2D AFM micrographs of thin Al films deposited on pure Ti at (a) 150W and (b) 200W with (c-d) corresponding 3D micrographs.]

Figure 9.9 AFM micrographs of thin aluminum films deposited on commercially pure Ti at (a) 150 W and (b) 200 W and their corresponding 3D (c) (d) micrographs.



[image: Figure contains line profiling of thin Al films deposited on pure Ti at (a) 150 W and (b) 200 W.]

Figure 9.10 Line profiling of the surface structures of thin aluminum films deposited on commercially pure Ti at (a) 150 W and (b) 200 W.


The roughness values of the coatings were computed as presented in Table 9.3. A higher height roughness values were observed in films prepared at 200 W for all the samples. These observations can be explained by the visual examination of AFM images and line profiles in relation to the height deviation of the surface structures. The observations imply that at higher rf power (200 W in this case) larger surface structures are formed than at sputtering at lower rf power. However, as noted earlier, the spatial distribution of the surface structures may indicate otherwise.



Table 9.3 Average and root mean square roughness values for the Thin Aluminum Films from AFM images.





	Sample
	Al/Ti6Al4V

	Al/Pure Ti




	150 W

	200 W

	150 W

	200 W




	Average roughness
	13.09

	22.16

	17.19

	21.19




	Root mean square
	16.95

	28.92

	22.06

	21.24







9.4.2 Power Spectral Density Profiles

The power spectrum of the AFM images was computed to analyze the lateral distribution of the surface roughness based on the step-by-step procedure illustrated in Figure 9.6. Figure 9.11 and Figure 9.12 show the output of the 2D FFT process (magnitude and phase) for thin aluminum films deposited at rf power of 150 W and 200 W on Ti6Al4V and commercially pure titanium substrates respectively.


[image: Figure contains a 2D (FFT) of Al films deposits on Ti6Al4V (a) phase image (b) magnitude image at 150W & (c) phase image (d) magnitude image at 200W.]

Figure 9.11 2D Fast Fourier transform (FFT) of thin aluminum films deposited on Ti6Al4V at 150 W showing (a) phase image and (b) magnitude image and at 200 W (c) phase image and (d) magnitude image.



[image: Figure contains a 2D (FFT) of Al films deposits on pure Ti (a) phase image (b) magnitude image at 150W & (c) phase image and (d) magnitude image at 200W.]

Figure 9.12 2D Fast Fourier transform (FFT) of thin aluminum films deposited on commercially pure Ti at 150 W showing (a) phase image and (b) magnitude image and at 200 W (c) phase image and (d) magnitude image.


The phase image contains information about the position of different features of the microstructure whereas magnitude image shows the energy of the frequencies of the original image. Each value on the phase image corresponds to the position of specific features on the original image and therefore it does not provide any new information about the microstructure. Therefore, the discussion in this work focused on magnitude image although it should be noted that during the reconstruction of Fourier transforms (inverse fast Fourier transform IFF), both phase and magnitude images should be used, otherwise, a blurred or corrupted image would be obtained. Considerable differences can be observed in Figure 9.11(b), (d); the white patch at the center of the FFT image is more circular in Figure 9.11(b) than (d), which indicate sharp contrasts in the lateral arrangement of the surface structures. The periodic surfaces in the real image produce peaks in the FFT image and the values of frequency at the center of the FFT are related to the wavelengths of those periodic features. The central white vertical line in Figure 9.11(b) appears brighter, indicating dominance of horizontally-oriented surface structures at deposition power of 150 W. It further indicates uniform lateral distribution of surface structures in thin films prepared at 150 W. The FFT image in Figure 9.11(d) has sharp central horizontal and vertical white lines and dark regions away from the central region, indicating sharp contrast in lateral distribution of the surface structures of films deposited at 150 W. The high peaks visible in the high frequency (dark) regions in Figure 9.11(b) indicates the presence of spaces along the lateral structures of the film as visually observed in the 3D AFM image in Figure 9.7(c). In Figure 9.11(d), there is a clearer separation of high and low frequencies, indicating that the topography contains both very large and very fine structures. This observation is expected and agrees with the assertion that there is growth (formation) of more structures when sputtering at higher rf power. In Figure 9.12(b), the white central patch appears smaller than in Figure 9.12(d), which can be due to larger surface structures obtained at 200 W. In both cases, the dark background is clearly separated from the radial white region indicating higher lateral roughness than aluminum films deposited on Ti6Al4V and generally the surface microstructure contains of fine structures.

A detailed information of the FFT power spectra is obtained by plotting the PSD profiles in log-log axes as shown in Figure 9.13. The PSD versus spatial frequency log-log plots for all the samples exhibit typical properties with a few differences consisting of a plateau and inverse slope at low and high spatial frequencies respectively. The profiles generally show that the surface of the films deposited on different substrates exhibits ‘mix’ of random and periodic characteristics. This observation is reported on all the line profile analyses which show both periodic and random distribution of features in horizontal and vertical directions of the substrate surface. The transition region between low and high-frequency PSD is known as the knee and it describes the change from constant to highly correlated PSD values [9]. The plateau region illustrates the constant power spectrum density with frequency and is commonly referred to as ‘white noise’ region in signal processing technology. The region describes the lateral distribution of the surface structures; a large region indicates the homogeneous lateral distribution of the surface roughness. For all the samples, the flat region is observed up to spatial frequencies of about 10 nm–1 which is quite small indicating that all the samples are generally rough- which is expected for magnetron sputtering of aluminum films on metallic substrates [19]. The sloping region, on the other hand, represents the highly correlated region of the PSD profiles, which is mostly described the fractal (or inverse power law) models. The existence of the two regions in the PSD profiles indicates two coexisting morphology length scales in the aluminum thin films namely microscale and nanoscale surface structures. This inference can be confirmed by the line profile measurements for all the samples that showed both scales of surface structures-it is a confirmation of the observation of ‘mix’ of structures in the surface morphology. The PSD profiles were fitted in k-correlation and inverse power law (fractal) models at low and high frequencies respectively as seen in Figure 9.13. The curve fitting parameters are presented in Table 9.4. The PSD profiles are dominated largely by the k-correlation model; which suggests less sharp steps on the surface structures as observed from the line profiles for all the AFM micrographs.


[image: Figure displays four graphs of PSD profiles of thin Al films on Ti6Al4V at (a)150 W (b) 200 W and on pure Ti at (c) 150 W (d) 200 W.]
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Figure 9.13 Power spectral density profiles of thin aluminum films on Ti6Al4V at (a) 150 W and (b) 200 W and on commercially pure Ti at (c) 150 W and (d) 200 W. The experimental data has been fitted on k-correlation model and inverse power law at high and low spatial frequencies respectively. (Continued)




Table 9.4 Fitting coefficients of the K-Correlation model and inverse power law of the PSD plots.





	Samples
	Power
	k-correlation model
	 
	Fractal/power law



	A (103 nm)
	B (nm)
	C
	σABC (nm)
	τ
	K
	γ
	D
	H





	A1/Ti6A14V
	150

	1.997

	19.83

	4.13

	3.192

	6.872294

	1660.9

	1.64

	3.18

	0.18




	200

	3.757

	22.97

	4.22

	3.726

	8.101592

	2002.2

	1.91

	3.05

	0.05




	Al/Ti
	150

	1.1167

	16.93

	3.37

	3.212

	4.918131

	2889.2

	1.29

	3.36

	0.36




	200

	3.991

	17.91

	3.52

	5.570

	5.412956

	2402.9

	2.02

	2.99

	0.01







From Table 9.4, A is related to power density at low frequencies and increase in A indicates the larger radius of the ‘white patch’ in the Fourier transform the image and can be used to interpret the evolution of surface structures. The higher values of A at 200 W for both samples indicate larger structures (laterally) on the surface as it was noted from the morphological (line profile) analysis. From Table 9.4, B is the correlation length of the k-correlation model, which indicates the transition from peaks to valleys and vice versa. A higher value of correlation length (B) indicates lower lateral roughness, which means in this case, there was lower lateral roughness on films deposited at 200 W. The power law exponent (γ in the fractal model usually indicates the evolution of surface structures. In this case for instance, the value of power law exponent (γ) was higher at 200 W than 150 W, which may suggest growth of surface features at different wavelengths. This means the formation of more new structures as the rf power increases. The values of C in the k-correlation model describe the spectrum at high frequency; it shows the very finer and tiny details of the original image. For instance, According to Karan and Mallik [15], C determines the sizes of the surface structures and can be used to explain the growth of surface structures at different processing conditions in physical vapor deposition of thin films. From their study, we can deduce that low value of C indicates that most of the surface structures are ‘large’; in this case, low C is noted at 200 W since more surface structures have evolved due to increase in rf power. From the k-correlation model curve fitting parameters, the equivalent roughness σABC and correlation length [image: ] were determined as earlier indicated in this chapter and have been listed in Table 9.4. These parameters are used to indicate growth of various structures during processing of thin films and their increase is an indication of evolution of surface structures for films deposited at 200 W [15]. From the inverse power law, fractal dimension (D) and Hurst component (H) values were determined and recorded in Table 9.4. Hurst values are used to determine the lateral distribution of the surface structures. According to the Hurst distribution criterion, the H values in our case are less than 0.5, indicating uniform spatial distribution of the roughness. In contrast to the apparent root mean square values in Table 9.3, the lateral roughness for samples prepared at 200 W is more homogenous as compared to those prepared at 150 W.



9.5 Conclusion

A step-by-step power spectral density spectrum to analyze the surface topography of thin aluminum films prepared by magnetron sputtering has been presented in this article. The background theory and literature review of the applications of PSD in thin films was highlighted followed by a procedural description of a typical framework for PSD analysis of films. The power spectra were computed using fast Fourier transform algorithm in MATLAB script. Using thin aluminum films as the case study, the output of the framework was interpreted in relation to the sputtering process and properties of the thin films and the following conclusions can be drawn from this work.


	The method is more descriptive of the surface topography of thin aluminum films. The aluminum films deposited at 200 W were shown to have a higher average and root mean square roughness values than those deposited at 150 W according to line profile analyses. However, through the PSD analyses, films deposited at 200 W have a homogenous lateral distribution of surface structures. The finding can be explained by the fact that sputtering at higher rf power leads to the formation of larger (in terms of height) structures and generally closely packed surface features.

	Power spectral density analysis presented in this case can be used to characterize the topography of surfaces as both periodic and random. Line profiling of the AFM images in our study revealed that most of the surfaces exhibited both random and periodic surface features, which is expected for a random process such as magnetron sputtering. The surface profiling for films deposited on Ti6Al4V at 150 W revealed clustered periodicity with randomly distributed features. The PSD profiles of those specimens revealed fully random surfaces. However, the 2D-FFT analyses of these surfaces showed peaks at the high-frequency regions of the spectrum which can be interpreted as the indication of clusters of small surface features.

	The 2D-FFT image provides very important interpretations for the surface topography. The periodic features on the surface of thin films are represented as peaks in the Fourier transform image. The size of the bright central feature in FFT image represents the contrast in the lateral arrangement of the surface structures. The vertical and horizontal white lines on FFT image indicate the dominating orientation of the surface microstructure. For instance, the presence of larger radial patch on aluminum films prepared at 200 W than those prepared at 150 W is related to the formation of more and larger surface features at higher rf power.

	The PSD profiles presented in this case were all dominated by the power law with a very small white noise region (below spatial frequencies of 101 nm–1). This finding indicates that the surfaces are highly characterized by high roughness. When k-correlation model dominates the PSD profiles, it means that the surfaces are generally smooth, whereas when the power law dominates the PSD profiles the surfaces are said to be rough.

	The curve fitting parameters from the k-correlation model are A, B and C while parameters for power law are K and γ. Each of these parameters is associated with the morphological evolution and physical process in microstructural transformation. For instance, increase in power law exponent from 150 W to 200 W films suggests growth in microstructural features at varying wavelengths. For all the cases, the power law exponent and correlation length increased from 150 W to 200 W, indicating the formation of more surface features and decrease in lateral roughness of the films at 200 W.

	The equivalent spectral length obtained from the k-correlation model can be used to approximate the surface diffusion length and activation energy during the physical preparation of metallic thin films. When there is a sudden increase in equivalent root mean square roughness and spectral length from k-correlation, it indicates that there is growth in surface structures driven by the conditions of the physical film preparation process. In our case, such increase was not observed which means that there was less, or no surface diffusion caused by rf power change from 150 W to 200 W for the two cases. The value of C in the ABC model can be used to describe the sizes of the surface structures as it represents the PSD at very low frequencies. When C decreases, it means that there is either diffusion or aggregation of the structures resulting in larger morphological features on the surface microstructure. For all the cases, C increased from 150 W to 200 W, which means that at 200 W there is more densification of atoms onto the substrate during the sputtering process resulting in formation larger surface structures.
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Abstract

Current rational design of advanced coating materials has paved the way for controlled release technologies in biomedical applications. In this context, there is an increasing clinical need for designing and developing biomaterials and medicated dressings, to enhance the regeneration of injured or diseased tissues and organs, and to prevent microbial contamination. The development of novel biomaterial-based coatings with drug release capability is highly desirable. A variety of materials such as synthetic and natural polymers, ceramics, hybrid and composite materials have been engineered for the loading and releasing of drugs in a controllable and/or sustainable manner, thus improving active efficiency. In addition, nanoscale materials offer remarkable advantages in drug delivery applications owing to their high surface area and unique physicochemical properties, which depend on their size and shape. However, the physical and chemical properties of drugs, release routes and application are the driving forces of choosing the type of coating material and of controlled release system. The compatibility with active ingredients also plays a key role in the selection of materials. This chapter examines advanced coating nanomaterials describing the nuances of drug release systems and their proposed mechanisms. The advantages of different material combinations are described with special emphasis in their application to meet the current challenges for tissue regeneration, antibacterial activities and prevention of infections.

Keywords: Coatings, nanomaterials, drug release, hydroxyapatite, mesoporous oxides, biopolymers, antibacterial, tissue regeneration


10.1 Introduction

Functional materials are those which possess particular properties and functions on their own. Coatings made of these materials can be exploited to change surface properties providing novel functionalities, without changing the material bulk properties. For this reason, coating technology has gained vital importance in technological advancements due to their tunable physicochemical characteristics that can makes the material for instance stronger and more durable [1]. One of the central concepts which are the ground basis for material engineering is the nanostructured surface perspective. Nanotechnology is indeed defined as the science and engineering involved in the synthesis and application of structures whose smallest functional organization, in at least one dimension, is on the nanometer scale (<100 nm) [2]. Nanostructured coatings encompass all materials types including inorganic, organic, hybrid and soft matter. A vast number of auspicious approaches to fabricate these nanostructured surfaces such as coatings and films have been motivated by opportunities to improve even more the properties of surfaces and interfaces by combining morphology, structure, and physical and chemical properties [3]. Such functional nanostructured surfaces, coatings, and films are playing a more and more significant part in a broad range of novel biomedical applications [4]. The nanostructured nature of coatings results in important useful biomedical characteristics, such as an increased surface area into which useful molecules can be loaded with high efficiency. Conventional systemic delivery of drugs is an inefficient procedure that may cause toxicity. Local delivery of antibiotics and other bioactive molecules maximizes their effect where they are required, reduces potential systemic toxicity and increases timeliness and cost efficiency [5]. In addition, local delivery has broad applications in combating infection-related diseases [6]. In a separate but related thread, surface functionalization strategies can be designed to improve tissue regeneration, where there is still a significant need to further augment these technologies especially in challenging diseased states [7]. One promising approach is to develop functional coatings with the desired biological and antiseptic functions and properties. In these lines, research has focused on incorporating therapeutic biomolecules and drugs into nanostructured coatings due to the enormous capacity of the high-surface-area nano-coatings combined with a superior and controlled release efficacy.

This chapter covers a wide range of current progress in design, fabrication, and characterization of innovative nanostructured ceramic, biopolymeric and composite coatings such as a widely effective drug release facility with the aim of improving tissue regeneration and functional performance as antimicrobial surfaces, as well as new insights on the synergistic combination underlying their properties and enormous potential applications.



10.2 Ceramic Coating Nanomaterials

Bone is a highly dynamic connective tissue which consists of a bioorganic phase comprising osteogenic cells (which develop into osteoblasts and osteocytes) and proteins lying over an inorganic phase predominantly made of calcium phosphates (hydroxyapatites). Recently nanoceramics have significantly attracted interest in bone tissue regeneration research owing to their chemical and mechanical stability and because surface nanostructuring allows improved cellular adhesion, enhances osteoblast proliferation and differentiation, and increases biomineralization [8]. In this sense, a wide variety of nanoconstructions based on hydroxyapatites, silicon and titanium oxides were explored.

10.2.1 Hydroxyapatite-Based Nanocoatings

Hydroxyapatite (HA) is a calcium phosphate [Ca10(PO4)6(OH)2] bioceramic widely used in the field of bone regeneration, both in orthopedics and in dentistry, owing to its good biocompatibility, osseointegration and osteoconduction. It is now wise to mention thar osteoinduction is the process seen in any type of bone healing process by which osteogenesis is induced. It implies the recruitment of immature cells and the stimulation of these cells to develop into preosteoblasts. Osteoconduction is the process seen in the case of bone implants where bone grows on a surface and osseointegration is the stable anchorage of an implant achieved by direct bone-to-implant contact [9].

HA forms a strong chemical bond with host bone tissue, and hence it is recognized as a good bone graft material [10]. Thus HA coatings have been proposed to enhance bone integration of metal implants. However, hydroxyapatite has some disadvantages such as fragility, low tensile strength and fracture toughness.

In bone HA is nanocrystalline, and this nano-HA possesses a significantly higher surface area, porosity and densification than HA, which improve its mechanical properties under load, shows solubility in vivo and the capacity to penetrate cell membranes [11]. Also, nanoparticles smaller than 100 nm offer the highest efficacy regarding cellular integration [12]. This implies that nano-HA could form biocompatible surfaces that integrate well with bone tissue [13]. In fact, nano-HA promotes enhanced osteoblast adhesion, differentiation and proliferation, osteointegration, and deposition of calcium on its surface [14, 15].

Calcium phosphate and especially HA coatings have been used since 1980 s to improve osteoinductivity of metallic implants, showing superior biological performance and long-term survival rates [16–18]. Beyond the good osteoinductive performance a successful implant must overcome the bacterial infection challenge. Although the risk of implant infection in orthopedics and dentistry is low, this problem can be critical and the consequences are extremely serious [19]. Implant related infections have shown to be mainly caused by the Gram-positive Staphylococcus aureus and Staphylococcus epidermidis and the Gram-negative Escherichia coli and Pseudomonas aeruginosa [20]. The formation of biofilm (i.e., bacteria self-synthesized shelter) and the consequent appearance of resistance to antibiotic therapy usually lead to implant removal. Biofilm formation starts with adherence to a surface followed by extracellular matrix production and dispersion of some bacteria to colonize new surfaces and restart the cycle. Exopolysaccharides, small amounts of protein and DNA composing the extracellular matrix, play a central role in biofilm tolerance to antibiotics which can rise up to 100 to 1000 times higher than in planktonic cells [21, 22]. Moreover, failure or loosening of an osseointegrated implant will allow greater microbial growth, which may result in peri-implantitis with soft and hard tissue damage.

Although nano-HA exhibits exceptional biocompatibility and bioactivity for bone tissues, this feature may favor bacterial adhesion and biofilm formation. Therefore, the most common approach is surface functionalization with antimicrobial agents to prevent implant-related infections. In this line, Barros et al., proposed the development of a nano-HA biomaterial coating loaded with chlorhexidine digluconate to prevent surface bacterial colonization and, simultaneously, with good cytocompatibility [23]. The election of the antimicrobial was justified by its low risk of associated drug resistance and large broad-spectrum activity, acting against Gram-negative and Gram-positive bacteria as well as bacterial spores, lipophilic virus, yeast, and dermatophytes. Chlorhexidine digluconate was loaded onto nano-HA discs and the materials were evaluated for drug adsorption and release profiles, physic-chemical features, antibacterial activity against Escherichia coli, Staphylococcus aureus and Staphylococcus epidermidis, and cytocompatibility toward mouse L929 fibroblasts. In this case, the adsorption occurred by electrostatic interactions between the cationic group of chlorhexidine digluconate and the phosphate group of nano-HA and the maximum adsorption capacity was 0.3 mg m-2. The drug release profile showed a fast initial rate followed by a slower kinetics release, due to constraints caused by dilution and diffusion-limiting processes. Nano-HA loaded with 50 to 1500 mg/L of chlorhexidine digluconate showed strong anti-sessile activity, inhibiting bacterial adhesion and the biofilm formation. However, in this concentration range the coating caused a dose- and time-dependent inhibitory effect on the proliferation of fibroblasts, showing complete cytocompatibility for nano-HA loaded with concentrations under 50 mg/L.

In another approach, Li et al., synthesized a nano-HA/gentamicin sulfate composite powder and deposited it onto titanium substrates by vacuum cold spraying at room temperature in the seek to develop implants with long-term antibacterial properties [24]. Gentamicin sulfate has strong antibacterial effect towards both Gram-positive and negative bacteria and a number of strains of mycoplasma [25] and the vacuum cold spraying method was used to fabricate temperature sensitive nanostructured coatings retaining the chemistry of the temperature sensitive materials [26]. The HA-antibiotic powder was produced by adding the synthesized nano-HA powder to a gentamicin sulfate solution, followed by freeze drying. Although the incorporation of the drug on the nano-HA was not quantified, it was observed that the coatings facilitated a long-term release of the antibiotic, for more than 30 days in vitro. The antibacterial activity was assessed in this case using the model Gram-negative Escherichia coli and the coatings showed a long-term antibacterial capacity with killing efficiencies near 99% after 30 days immersed in saline buffer. The biocompatibility of the nano-HA/gentamicin coating, evaluated over 3 days by culturing human osteoblasts on samples and examining them by field emission scanning electron microscopy (FE-SEM), showed to be similar to nano-HA coatings alone.

Although the traditional method for combating infection is to use antibiotics, the bacterial development of multi-resistance to this type of antimicrobials is guiding to the use of metallic ions with broad-spectrum antibacterial activity. These ions targeted multiple bacterial vital functions and therefore are much less prone to promote rapid microbial adaptation and evolution [27–29]. Silver is a well-studied broad-spectrum antimicrobial agent active against Gram-positive and Gram-negative bacteria [30] and has been added to several materials [31–33]. However, the concentration of released silver ions must be kept low to avoid cytotoxic effects [34, 35]. In this sense, Mirzaee et al., synthesized silver-doped nano-HA with different doping contents and deposited it on anodized titanium (TiO2 nanotubes) using electrophoresis [36]. X-ray photoelectron spectroscopy revealed that 75% and 23% of silver was Ag2+ and Ag+, respectively, and that there was a small percentage of silver nanoparticles formation. The resulted surface appeared hydrophilic owing to a large number of –OH groups. The Ag+ ions were released quickly from the coatings in the first 7 days and afterwards the release speed decreased and reached a near steady-state, which indicates a long-term sustainable release for the best doping condition. Along 14 days, silver ion concentration showed to be higher than the minimum required to exhibit bactericidal effect and lower than the cytotoxic concentration for somatic cells. In this condition, the silver-doped HA nanocoating demonstrated >99% reduction in viable cells of Escherichia coli and Staphylococcus aureus after the first hour.

In the fight against infection along with the promotion of bone tissue regeneration, Lim et al., produced a multi-material coating containing 1:1 ratio of silicon-substituted nano-HA and silver-substituted nano-HA as the top functional layer, and nano-HA as the base layer, via the drop-on-demand micro-dispensing technique [37]. Antibacterial properties were provided by incorporation of silver ions and bioactivity by addition of silicon to HA [38] and the selected dispensing technique offered precise placement of the materials, to produce a multi-material coating with a varied density distribution, where the chemistry and intrinsic properties of the materials were maintained. Although silicon and silver release profiles were not determined the prepared multi-material coating demonstrated to delay the exponential growth of Staphylococcus aureus for up to 24 hr, exhibited good biocompatibility and promote an up-regulated expression of alkaline phosphatase activity, type I collagen and osteocalcin in human adipose-derived mesenchymal stem cells as compared with nano-HA and silver-substituted nano-HA coatings.

In an attempt to keep silver concentration behind the threshold of toxicity to human cells, Geng at al. prepared and uniformly deposited a HA nanocoating co-incorporating silver and strontium via a hydrothermal method on titanium [39]. Strontium, a bone-seeking element that has been shown to be an effective anti-osteoporotic drug owing to its antiresorptive and bone-forming effects [40, 41], was incorporated to alleviate the negative effects of silver. The prepared coating showed an enhanced hydrophilicity, nanoscale surface roughness and provided a long-term sustainable release of Ag+ and Sr2+ over 7 days. Furthermore, the addition of strontium to the silver-doped coating did not have a significant effect on the degradation kinetics of the coating. The binary HA nano-coating showed improved osteoblast-like MG-63 cell adhesion, proliferation, differentiation and osteogenesis when compared to silver-incorporated coating, while maintaining good antibacterial activity against Escherichia coli and Staphylococcus aureus owing to the long-term sustained release of Ag+ (Figure 10.1). The authors proposed a mechanism by which there is a competitive behavior between Sr2+ and Ag+ that were released from the binary coating. The presence of Sr2+ would significantly reduce the quantity of Ag+ that can enter the cells thereby reducing cytotoxicity, while promoting cell differentiation. This would position strontium and silver doped coatings as potential bone substitutes in orthopaedic applications.
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Figure 10.1 (I) Photograph of the inhibition zone of each sample for Escherichia coli and Staphylococcus aureus by disk diffusion assay (disk diameter, 10.00 mm). (II) Inhibition zone diameters of each sample. (III) SEM images of Escherichia coli and Staphylococcus aureus incubated for 12 hr on each sample. (a, f) Ti, (b, g) HA, (c, h) Ag0.1, (d, i) 10 Sr, and (e, j) Sr/Ag (scale bars, 1 µm). (Ca10(PO4)6(OH)2, Ca9·95Ag0.1(PO4)6(OH)2, Ca9Sr(PO4)6(OH)2, and Ca8·95SrAg0.1(PO4)6(OH)2, are denoted by HA, Ag0.1, 10 Sr, and Sr/Ag, respectively) Reprinted from [39] with permission from Elsevier.


In other approach, Abdulkareem et al., uniformly coated Ti discs with a 1:1 combination zinc oxide (ZnO) nanoparticles and nano-HA using electrohydrodynamic spraying deposition to assayed it as a dental implant coating material [42]. Recent studies suggested that ZnO nanoparticles exhibit antimicrobial effects due to ion release or via the production of reactive oxygen species [43] and allow for the promotion of bone growth and enhanced osteoblast proliferation [44, 45]. In this study, by using human saliva as inoculum, biofilms were grown on coated discs for 96 hr in a constant depth film fermenter under aerobic conditions with artificial saliva and peri-implant sulcular fluid. A reduced number of facultatively anaerobic and Streptococcus spp., a higher proportion of non-viable microorganisms and a reduced biofilm thickness was demonstrated in the ZnO nano-coated surfaces. However, in this case the ion release studies and the biocompatibility assays remained pending.

Overall, either by combination with classic antibiotics or with metallic species, nano-HA offers an interesting platform for bone regeneration with infection prevention especially for applications in orthopedics and dentistry, as it shows intrinsic osseointegration and osteoconduction properties. Doping with metallic ions and/or nanoparticles in controllable doses offers the extra advantage of not generating microbial resistance what gives a preferential position to this type of approaches.

10.2.2 Oxide-Based Nanocoatings

The possibility of organizing the matter in space, in the nano and mesoscale, has led to the development of the field of “Chemistry of Organized Matter” [46]. Mesoporous materials with controllable morphologies and periodic arrays of nano-objects are an excellent example. The use of a template is a usual step in the preparation of these materials offering high surface area and the possibility to be tailored in order to control the pore size (2–50 nm), shape and interconnectivity. The combination of sol-gel techniques for the preparation of solids, usually metal oxides, and templates of different nature, shape and size (e.g., long chain cationic surfactants, nonionic triblock copolymers) is one of the most used and versatile strategies for the synthesis of nanomaterials. The synthesis by molecular self-assembly produces ordering at nanoscales, originating mesoporous materials. Processing these advanced porous materials as thin films (deposited by dip, spin or spray coating) is particularly interesting, given the combined properties of a highly controlled porous system (nature and composition of the inorganic skeleton, size, spatial distribution and the incorporation of organic compounds, biomolecules or nanoparticles confined to the pore volume) and those of a thin film (control of thickness and spatial organization, composition, optical transparency) [47]. The development of multiporous films at different scales in which the larger pores are interconnected through the smaller ones represents a natural evolution in advanced nanoporous materials. These porous hierarchical films opened a new field in the domain of matter approaching the construction of structures with optimized properties observed in biological natural evolution.

The unique pore features, such as adjustable pore size, narrow pore size distribution and accessible pores render mesoporous films excellent materials for controlled release [48]. By tunning the structural properties or by chemically modifying the mesoporous matrices with organic moieties different drug release kinetics can be achieved [49, 50]. The possibility of functionalizing mesoporous oxide thin films with the inclusion of antibiotics, growth factors or metallic nanoparticles, exploiting their intrinsic properties, offers a number of new options for the integral exploitation of nanoporous coatings. In this sense, mesoporous thin films also offer protection from the environment and provide great accessibility of ions or molecules owing to their controlled pore size, constituting ideal matrices for the inclusion of diverse drugs.

In the case of tissue regeneration around implants, the controlled local delivery of drugs (e.g., antimicrobials, growth factors) at the implantation site through smart coatings could offer an efficient therapeutic treatment, since loaded drugs can be directly delivered at targeted cells for a prolonged time period, reducing the risk of systemic side effects.

10.2.2.1 Mesoporous Silica-Based Coatings

Silicon oxide glasses (silica glasses) were classically synthesized by meltquenching in which oxides were molten at temperatures above 1300 °C and then quenched at room temperature. A major conceptual advance for the biomedical applications resulted from the development of sol–gel processing, as previously mentioned. Since then, a variety of enzymes and living organisms were entrapped in silica matrices [51–53], demonstrating their good biocompatible properties.

Silica based materials have also demonstrated excellent response for bone tissue engineering [54]. Generating nanoscale porosity within silica based materials expanded their applications as biocompatible and biodegradable controlled drug release systems. In this sense, classic antibiotics have been loaded on mesoporous silica coatings to endow them with antimicrobial properties and generate bioactive coatings for medical implants. Ehlert et al., prepared these type of coatings on glass slides by the sol-gel and evaporation-induced self-assembly (EISA) process using a tri-block copolymer similar to Pluronic P123 and loaded them with ciprofloxacin [55]. Drug loading on these matrices was enhanced by functionalizing the mesoporous surface with sulfonic acid groups (i.e., grafting) and to achieve a controlled drug release over an extended time period two other coating layers were added. The release was retarded up to 30 days by covering the surface of the drug loaded mesoporous silica layer by dip-coating with bis(trimethoxysilyl)hexane and up to 60 days by an additional evaporation coating with dioctyltetramethyldisilazane. Antibacterial assays using the pathogenic biofilm-forming bacteria Pseudomonas aeruginosa revealed that best results were obtained for the surface coating modified with bis(trimethoxysilyl)hexane, which showed no bacteria proliferation up to six days with a following slow increase of bacterial viability up to 40% of the control at day 10. This would turn this strategy as a promising approach to prevent bacterial implant infections during the most critical time span after implantation. However, inclusion of silane-derived layers resulted in a stepwise increase in the surface hydrophobicity and somewhat reduced proliferation of murine fibroblasts (NIH3T3), an effect that tended to be minimized with incubation time.

Another strategy for efficient drug loading on mesoporous silica coatings was reported by Xu et al., In this study, a hierarchically nanoporous silica film which presented enhanced drug delivery and antibacterial effect was synthesized onto glass substrates [56]. This film structure consisted of two different pore sizes, 200 nm macropores and 7 nm mesopores, templated by poly-styrene particles and the triblock copolymer Pluronic F127. First, a lifting method of micron-sized poly-styrene particles [57] generated a template for macropores. Then, silica precursors together with Pluronic F127 were discharged onto the poly-styrene particles opal array, and the mesopores were created into the empty spaces of polymer particles, by using the EISA technique. On account of the combination of both kinds of pores, the film exhibited high surface area, owing to the mesopores, and fast mass transport channels due to the macropores. This induced higher and more effective loading capacity accompanied by an extending release time window, which was evidenced by the fluorescence measurement after rhodamine loading at different times. When the adsorption time was reduced from 300 s. to 3 s. the hierarchical film was able to maintain 87% of the fluorescence previously measured, in contrast to the macroporous inverse opal film that suffered almost 50% reduction and the mesoporous film which decreased more than 70%. This demonstrated the hierarchical film was beneficial for fast and efficient molecule adsorption capability. In addition, the coating showed stability and good reusability, as the same release profile was observed after multiple loading and release cycles. Furthermore, the antibacterial effect was studied by loading the antibiotic ampicilin and testing the growth of Escherichia coli. The hierarchical film coatings showed an 8-fold increase in the time of bacterial growth inhibition in comparison to the mesoporous and the inverse opal films, reinforcing their benefits.

In a related but different approach, Rădalescu et al., prepared mesoporous silica nanoparticles using cetyltrimethylammonium bromide as pore template and promoted cephalosporin incorporation into the nanopores [58]. Drug-loaded particles were then deposited on titanium disks by matrix assisted pulsed laser evaporation (MAPLE), a technique able to produce thin, uniform and smooth films of polymers including sensitive biomaterials [59]. The obtained coatings exhibited a significant activity against the initial step of Escherichia coli biofilm formation, represented by two orders of magnitude reduction in colony forming units number at 24 hr. However, this reduction was significantly lower at 48 hr and 72 hr possibly due to the fast release of the antibiotic from the coatings in the first 24 hr, and also to the fact that the mature biofilm is more resistant to the antibiotics action. In vitro biocompatibility evaluation demonstrated that endothelial cells (EAhy926) maintained their viability, morphology and proliferated well on these coatings. This study also showed the results of an in vivo biodistribution of as-prepared mesoporous silica nanoparticles when intraperitoneally inoculated. The particles were found only into the red pulp of the spleen, in large amounts compared with the other mouse organ samples collected at 7 days. In this case, how the nanoparticles are released from the coating in vivo remained to be determined. Gehring et al., proposed another biocidal coating based on mesoporous organosilica nanoparticles containing superacid and click functionalities [60]. These particles were prepared by co-condensation of sol–gel precursors with bridging phenyl derivatives via an aerosol-assisted gas-phase method and using Pluronic P123 and F127 as templates. They were then functionalized with a high density of thiol and sulfonic acid units and the selective functionalization at the surface using thiol-ene click chemistry [61] led to durable grafting on different substrates like glass or stainless steel. In addition, -SH groups inside the pores were used for the uptaking of silver ions and for the immobilization of silver nanoparticles. The superacidic sulfonic acid groups exhibited a strong antimicrobial activity and were important for adjusting the Ag+ release rate. However, the higher bactericidal and antibiofilm activity against Pseudomonas aeruginosa was observed for coatings with bifunctional character (i.e., functionalized with sulfonic and thiol groups). The presence of both groups exhibited a cooperative effect in the sense that surfaces protected by these particles are better protected against colonization by bacteria.

Mesostructured silica film coatings in which the organic structuring agent is not eliminated from the inorganic framework after synthesis were also assayed as drug release systems. Izquierdo-Barba et al., prepared these type of coatings using Pluronic P123 and incorporating the antimicrobial peptide LL-37 [62], together with low molecular weight antimicrobial chlorhexidine, using an EISA one-pot synthesis method [63]. The release of LL-37 and chlorhexidine from mesostructured coatings was slowly, reaching maximum release after about 200 hr. The release rate could also be controlled through one-pot functionalization of silica matrix with -SH groups (co-condensation of 3-mercaptopropyltrimethoxysilane), increasing hydrophobicity and reducing the release rate by about 50%. Coatings containing either LL-37 or chlorhexidine displayed potent bactericidal properties against Staphylococcus aureus and Escherichia coli at low to intermediate number of bacteria. At a high bacteria load (106), however, only chlorhexidine-loaded materials were found to be efficient, probably due to incomplete release of LL-37 during the incubation time. Interestingly, these coatings displayed good storage stability, as neither chlorhexidine nor LL-37 degraded in the material over a period of 10 months. While chlorhexidine-loaded mesostructured silica displayed high toxicity, the material containing LL-37 showed very low toxicity as judged from hemolysis, lactate dehydrogenase release and metabolic activity of HaCaT keratinocytes. Therefore, mesostructured silica containing only LL-37 holds potential as a surface coating for implantable materials.

One disadvantage of pure silica coatings is that they do not exhibit good durability under physiological conditions because of fluids movement. Thus, drug release for more than 10 days cannot be accomplished. In order to achieve a long-term release, Wan et al., enhanced silica coating stability by including a chemical interaction with a titanium substrate currently used as implant material [64]. They incorporated a pretreatment of the surface with dopamine, by immersion of the titanium substrates in dopamine solution for 24 hrs. Mussel-inspired dopamine coating can form a firm adhesive interaction with almost every type of material surface, since it possesses both sulfhydryl and amine groups [65, 66]. Mesostructured silica film coatings were prepared by the EISA strategy using Pluronic P123 as structuring agent, with in situ incorporation of drugs. During this process the dehydration condensation of the silica precursor (tetraethoxysilane) was controlled by the electrostatic interaction of the silicon hydroxyl group (electronegative) with the amino group in dopamine (electropositive). The loading and release of two drugs were tested: heparin, that can promote cell proliferation, and the antibiotic vancomycin (Figure 10.2). Hence, the selected drugs were aimed at promoting osteointegration and prevention of bacterial infections. Besides, to improve the drug loading amount the drugs were incorporated to the precursors solution before the EISA and the calcination step was avoided. The release of both drugs extended for 30 days, and the amount of heparin attained 700 µg cm-2, while the release of vancomycin achieved 400 µg cm-2. It was verified that the heparin-loaded mesostructured coating can promote osteoblast adhesion and proliferation and the antibacterial effect of vancomycin was confirmed by inhibition of growth and adhesion of gram-positive Staphylococcus aureus and gram-negative Escherichia coli. A coated implant was also tested in vivo in rats and mice and proved great capacity in reducing a bacterial infection caused by a Staphylococcus aureus injection. Furthermore, regarding the coating tribological properties, the friction coefficient was reduced from 0.6, measured for the titanium substrate, to 0.001 for the mesoporous silica coating. The authors attributed the lower coefficient to the macromolecular polymer (Pluronic P123) present in the coating. This is an important property for artificial joints in biomedical applications.
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Figure 10.2 Synthesis process of the mesostructured silica coating and its multifunctionality. [PDA: polydopamine, Ti: titanium, H: heparin, V: vancomycin] Reprinted from [64] with permission from the American Chemical Society.


10.2.2.2 Mesoporous Bioactive Glass-Based Coatings

In bioactive glasses, silica forms the glass network including also calcium, phosphate and sodium oxides. They provide excellent osteoconductivity, mechanical strength and good degradation rate. New bone formation on bioactive glass is closely associated with the release of Na+ and Ca2+ ions and the deposition of a carbonated HA layer. Both calcium and silicon are found to stimulate osteoblast proliferation and differentiation [67]. Bioactive glasses with the SiO2–CaO–P2O5 configuration and derived from the sol-gel/molecular self-assembly process, offer a wide bioactive compositions, high bone bonding rates coupled with excellent degradation and resorption properties, and adequate efficiency for drug delivery applications owing to their great surface area and porosity properties.

To endow mesoporous bioactive glasses with infection-resistance capacity, incorporation of antimicrobials was assayed. In this line, Ye et al., modified porous HA orbital implants with a sol–gel derived copper oxide (CuO) containing mesoporous bioactive glass coating [68]. In this study, the CaO-P2O5-SiO2-based mesoporous matrix was doped with CuO via replacing part of the CaO and prepared using Pluronic P123 as pore template. Copper ions release in vitro showed to be fast, but adjustable by modifying the percentage of CuO content, whose incorporation into the ternary mesoporous bioactive glass did not significantly change the release profile of Ca2+ and SiO4-. The antibacterial activity of modified coatings was determined, and a significant inhibition of Staphylococcus aureus and Escherichia coli viability was observed. The antibiotic ofloxacin was loaded in the modified mesoporous bioactive glass in order to test loading capacity and release behavior. The ofloxacin loading capacity was reduced by the presence of CuO in the mesoporous bioactive glass and, interestingly, the controlled ofloxacin release rate of the porous HA scaffolds was also strongly affected by the CuO-modified mesoporous bioactive glass-coating layer. In this case, a little burst release was exhibited but then a sustained release of ofloxacin over 168 hr was maintained. The release of the ofloxacin from the mesopores fitted a Fickian diffusion, and the release behavior was possibly dominated by a diffusion-through-channel mechanism [69], giving the release rate of ofloxacin the possibility to be controlled. Based on these results, this study proposed that CuO-modified-ofloxacin-loaded mesoporous bioactive glass coatings could be used for improving anophthalmic socket reconstruction, but cytocompatibility still needs to be determined.

In this sense, the study of Wu et al., [70] would be a good complement, as it demonstrated that copper containing mesoporous bioactive glasses can combine angiogenesis capacity, osteostimulation, and antibacterial properties for regenerating lost bone tissues. This coating, which had a hierarchical porosity generated by using Pluronic P123 and polyurethane sponges, showed to stimulate hypoxia-inducible factor (HIF)–1α and vascular endothelial growth factor (VEGF) expression in human bone marrow stromal cells. In addition, copper containing mesoporous bioactive glasses significantly promoted the osteogenic differentiation of human bone marrow stromal cells by improving their bone-related gene expression. In addition, they showed the aforementioned antibacterial activity (tested here against Escherichia coli) and could maintain a sustained release of ibuprofen (used as a model drug) over 192 hr. These multifunctional characteristics of the prepared bioactive glass coatings were suggested to be of great potential to regenerate lost bone.

Silver was used also as a doping agent to provide mesoporous bioactive glasses infection-resistance properties. In the study of Zhu et al., [71] Pluronic P123 was also used as structuring agent and the surface of resulting highly ordered mesoporous SiO2–P2O5–CaO glasses were modified using γ-aminopropyl triethoxysilane. Silver ion loading was performed by immersion in AgNO3 solution after synthesis and results showed an enhanced Ag+ loading related to the coordination bond between Ag+ and amino group. Surface modification also showed to restrain silver ion release assuring 32 days of duration in simulated body fluid, enough to avoid a postoperative infection. This sustained release of Ag+ indeed ensured excellent antibacterial properties of modified mesoporous bioactive glasses against Escherichia coli and Staphylococcus aureus. The biocompatibility was also demonstrated as proliferation and alkaline phosphatase activity of rat osteoblasts showed to be similar to silver-free matrices, suggesting little or no influence of Ag+ loading on osteoblasts proliferation and differentiation, positioning these coatings as promising bone repair material.

Promotion of proliferation and osteogenic activity on human osteoblasts was also reached by incorporation of boron and dexamethasone in mesoporous bioactive glass coatings, as described by Wu et al., [72] Boron is a trace element in the human body which plays an important role in bone growth [73] and dexamethasone is an osteogenic drug traditionally used to induce proliferation, maturation and extracellular matrix mineralization of osteoblasts. In this study, boron was incorporated by replacing parts of silicon and Pluronic P123 and polyurethane sponges were used as co-templates to generate a hierarchical porosity. Dexamethasone was loaded by soaking the modified mesoporous bioactive glass scaffold in a drug solution. Incorporation of boron slightly decreased the specific surface area and pore volume but maintains well-ordered mesopore structure and high surface area and nanopore volume, while leading to a controllable release of boron ions significantly improving the proliferation and bone-related gene expression of osteoblasts (Figure 10.3). Boron contents showed not to influence the nanopore size distribution or the loading and release of dexamethasone, and a sustained release of this drug in a long-term span (>14 days) was observed. This release significantly enhanced alkaline phosphatase activity and osteogenic-related gene expressions of osteoblasts.
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Figure 10.3 SEM images for osteoblast attachment on 0B-MBG (no boron) scaffolds for 1 (a) and 7 (b) days, 5B-MBG (5% boron) scaffolds for 1 (c) and 7 (d) days, 10B-MBG (10% boron) scaffolds for 1 (e) and 7 (f) days. White arrows point to osteoblasts. Reprinted from [72] with permission from Elsevier.


All these examples demonstrate that mesoporous bioactive glasses are excellent platforms for efficient loading of antimicrobial species and osteogenic drugs leading to bone tissue engineering applications.

10.2.2.3 Mesoporous Titania-Based Coatings

Titanium have been widely and successfully applied in medical implants [74]. This metal, indeed is relatively inert and corrosion resistant owing to its naturally occurred thin passivation surface oxide layer. The first contact of a biological environment with a titanium device will therefore be through this natural oxide film. This will persist in the body at the interface with tissue. Among different stoichiometries of titanium oxides the most stable is titanium dioxide, also known as titania. Titania provides integrity and chemical stability, inertness towards body fluid, biocompatibility and low dissolution rate in physiological media [75]. However, limitations regarding bioactivity and osseointegration giving rise to problems on implant fixation, must be overcome by improving cell-biomaterial interactions.

Enhanced implant integration and stability highly depend on the initial attachment of cells onto the implant surfaces. Mesoporous titania thin films have proved to promote in vivo enhanced initial bone contact and improved distribution of bone tissue owing to high specific surface areas, highly ordered arrays of monodisperse pores and bioactive properties [76], which can influence and control osteoblast adhesion and proliferation [77]. Moreover, drug delivery from coatings consisting of mesoporous titania has shown to be promising to improve healing of bone-anchoring implants [78, 79]. In this sense, Karlsson et al., studied how the delivery of alendronate (a bisphosphonate drug used for the treatment of osteoporosis) can be controlled by altering pore size and surface energy of mesoporous titania thin films [80]. This film coatings were produced by the EISA method using different templates [polyoxyethylene (10) stearyl ether, cetyltrimethylammonium bromide and Pluronic P123] and a swelling agent [poly(propylene glycol)] and were deposited by spin-coating onto glass slides and titanium disks. By these, the pore size was varied from 3.4 nm to 7.2 nm. The surface energy was also modified by grafting dimethylsilane to the pore walls. The study showed that both pore size and surface energy had an important effect on the adsorption and release kinetics of alendronate. A higher loading was observed as the pore size increased, which might be explained by more adsorption sites and higher pore volumes. Lower adsorption of drug was obtained for the functionalized (hydrophobized) surfaces. Meanwhile, a higher amount of drug was released in the initial burst regime as the pore size was increased and hydrophobized surfaces had a larger degree of this initial burst release. In the second regime, where the delivery becomes sustained, the release was slower as the pore size decreased. This data provided evidence that the drug delivery from mesoporous titania films is controlled by a binding–diffusion mechanism. Adsorption kinetics of alendronate could be divided into two regimes: the initial adsorption isotherm and the subsequent diffusion factor. Release mechanism also consisted of two regimes: initial diffusion and a later sustained-release regime determined by the binding isotherm. This is a desired release behavior since the therapeutic level of a drug is obtained quickly and the sustained delivery ensures that the level is maintained. This study highlighted that tuning of mesoporous film properties would provide an optimized temporal control of drug release kinetics and loading capacity.

Considering this previous study, López-Álvarez et al., assayed the loading of simvastatin in mesoporous TiO2 thin films toward combining the pro-osteogenic properties of this molecule with the bioactivity of titania [81]. The film coatings were prepared on glass discs using Pluronic F127 as template by the EISA method yielding a thick of 100 nm and pore diameters of 5.5 nm. Drug adsorption to mesoporous titania coatings were promoted by immersion in ethanolic simvastatin solutions of different concentrations. Although adsorption and release kinetics of simvastatin were not determined in this study, diffusion of drug within the pores and attachment to the titania walls through ester and hydroxyl groups were proposed. The effect on proliferation and osteogenic activity (alkaline phosphatase synthesis) of MC3T3-E1 pre-osteoblasts were shown to depend on simvastatin loaded levels on mesoporous films. Deeper evaluation on the release pattern and in vivo performance of metallic implants coated with simvastatin-loaded titania thin films remained pending.

Other bone growth factors were also successfully loaded on titania mesoporous film coatings. Galli et al., coated titanium implants with mesoporous TiO2 thin films loaded with magnesium ions and placed them in the tibia of rabbits [82]. The films were synthesized by EISA using Pluronic P123 as structure-directing agent and deposited on implants by spin coating. The adsorption of magnesium ions was promoted by soaking the samples on magnesium chloride solution. Local release of magnesium ions from titanium implant surfaces has been shown to enhance implant retention and integration [83]. The release kinetics of mesoporous surfaces loaded with physically adsorbed magnesium, revealed that release of magnesium ions followed a sustained profile, with a stable release for the first 24 hr, when most of the adsorbed magnesium was mobilized from the surfaces [84]. Local release of magnesium from the film coatings induced an improved osteogenic environment in the peri-implant sites. Three important genes, OC, RUNX2 and IGF1, which are involved in osteoblast differentiation and bone formation, were all up-regulated when magnesium was present. Magnesium-loaded film coatings showed an enhanced endosteal reaction and an increased number of threads filled with new bone, attesting their osteoconductive properties. Newly formed bone around the implants with magnesium release was observed, which after 3 weeks already had a bone mineral density similar to trabecular bone. This confirmed magnesium-loaded titania mesoporous coatings positively stimulated bone formation at the implant site, and thereby improved the osseointegration of titanium implants.

Triggering of early healing events, including the recruitment of progenitor cells, has also been suggested to promote bone regeneration. In this sense, Karlsson et al., used drug-loaded titania mesoporous coatings to target the chemotactic SDF-1α/CXCR4 axis that is responsible for the homing of stem cells to trauma sites [85]. The coatings were produced by the EISA method using Pluronic P123 as template in combination with poly (propylene glycol) acting as swelling agent reaching a pore size of 7.5 nm, and deposited on titanium implants (screws) by spin coating reaching a thickness of approximately 500 nm. The samples were loaded with plerixafor (an antagonist to CXCR4) and/or SDF-1α by immersion in aqueous solutions. After 30 min, approximately 900 ng cm-2 of plerixafor and 350 ng cm-2 of SDF-1α were adsorbed with a faster adsorption kinetics for SDF-1α. The release profiles for both drugs demonstrated an initial fast release that slows down over time. For SDF-1α, an almost linear release was observed after the initial burst, while plerixafor showed a more exponential decay curve profile. Drug-loaded coated implants were place bilaterally in proximal and distal sites of each tibial metaphysis of adult rats for 4 weeks. An enhanced bone-anchorage for the implants with a combined local delivery of SDF-1α and plerixafor was observed. The bone formation was enhanced around the implants with the combined delivery and for implants with the delivery of plerixafor only, demonstrating that titania mesoporous coatings with local delivery of drugs for local recruitment of progenitor cells can promote osseointegration.

Titania mesoporous materials were also exploited for the inclusion of silver nanoparticles to take advantage of their bactericidal activity. In this line, Yu et al., prepared mesoporous titania thin films on silicon wafers by the spin coating technique using Pluronic P123 as template [86]. Silver nanoparticles were then embedded within the titania films using AgNO3 by a sonochemical method. The nanoparticles were found to be uniformly distributed and strongly attached to the mesoporous TiO2 matrix. Although silver ion release from film coatings was not determined, they exhibited a strong bactericidal activity against Escherichia coli, as expected. In a related approach, Catalano et al., exploited titania photocatalytic activity [87] to generate silver nanoparticles inside nanopores of a silica/titania bilayer mesoporous coating while also promoting the adsorption of silver ions [88]. In this study, mesoporous thin films were prepared on glass slides by dip coating using Pluronic F127 as template. Silver ions adsorption was performed by soaking coatings in a AgNO3 solution and silver nanoparticles were incorporated by a followed UV irradiation. Both the films containing silver nanoparticles or silver ions alone showed a prolonged release of Ag+ and a high long-lasting bactericidal activity against Staphylococcus aureus and Pseudomonas aeruginosa. Mesoporous film coatings with adsorbed silver ions offered the extra advantage of being transparent. However, none of the abovementioned studies proved biocompatibility of produced coatings.

Classic antibiotics were also loaded on mesoporous titania coatings in an effort to provide infection-resistance to metallic implants. In this sense, Xia et al., prepared mesoporous titania films using Pluronic P123 as template on titanium substrates by dip-coating [89]. Cephalothin adsorption into the pores was promoted by soaking the samples in aqueous drug solution. The uptake of the antibiotic reached 13.4 mg cm-2 within a 24 hr loading time. The drug release profile showed two stages: a quick release in the first half hour followed by a gradual release. The cumulative drug release reached approximately 26% of the initial drug uptake. These cephalotin-loaded coatings showed sufficient antibacterial effect against Escherichia coli on the material surface and within millimeters of distance from the material surface and showed no cytotoxic effect on MG-63 human osteoblast-like cells.

Similarly, Atefyekta et al., synthesized mesoporous titania thin films with pore diameters of 4, 6, and 7 nm using, as templates, cetyltrimethylammonium bromide, Pluronic P123 or a combination of polypropylene glycol and Pluronic P123, respectively [90]. The coatings were deposited on titanium disks by spin-coating. To lower the surface energy of the mesoporous titania thin films, some samples were treated with dichlorodimethylsilane. Three antibiotics were loaded on the film coatings by immersing the prepared sample: daptomycin was loaded on films treated with dichlorodimethylsilane, and vancomycin and gentamicin on non-treated films. The larger pore sizes had the ability to host larger amounts of drugs per surface area of the coating, as demonstrated by the loading of vancomycin, which has a size of approximately 3 nm. For gentamicin (size <1 nm), a successful loading was observed for the mesoporous titania with pore sizes of 6 and 7 nm followed by a sustained-release pattern. Vancomycin had a faster release than gentamicin, indicating that the drug had only a low adherence to the pore walls and, instead, was highly dissolved in the water within the pores. Daptomycin, is a larger molecule compared to the other two antibiotics (approximate size of 5.5 nm) and has a low water solubility. This showed an expected tendency with increasing drug amount as the pore size increased and a relatively fast release pattern. All antibiotic-loaded coatings showed to reduce bacterial colonization as tested with Staphylococcus aureus and Pseudomonas aeruginosa at relatively low bacterial densities.

An alternative mesoporous titania film synthesis approach was described by Park et al., [91] In this study titanium substrates were anodized and a titania nanoparticle (20 nm size) paste in terpineol was spin-coated on them. An annealing at 500 °C completed the coating preparation. Silver nanoparticles were then deposited on the mesoporous TiO2 thin films using silver ion deposition followed by UV light reduction. Antibiotics (cephalothin, minocycline, or amoxicillin) were adsorbed on the surface of other film coatings as well, by immersion in aqueous solutions. The amount of loaded silver reached 23.7 µg cm-2. The initial rate of silver ion release was about 4.4 pg/day during the first 2 days. At day 4, more than 80% of the saturation value of silver ion was released. The amount of loaded antibiotics were 30 µg cm-2, 20 µg cm-2 and 25 µg cm-2 for cephalothin, minocycline and amoxicillin respectively. While cephalothin and minocycline were released relatively fast, amoxicillin showed a sustained release profile. In this study, antibacterial activity was assayed against five bacterial strains: Staphylococcus aureus, Pseudomonas aeruginosa, Aggregatibacter actinomycetemcomitans Y4, Prevotella intermedia, Porphyromonas gingivalis. Minocycline-loaded coatings showed strong effectiveness against oral pathogenic bacteria (A. acti-nomycetemcomitans Y4, P. intermedia and P. gingivalis). Silver nanoparticle-loaded coatings showed effectiveness against four bacterial species, excluding P. gingivalis. Cephalothin- and amoxicillin-loaded coatings showed antibacterial activities against two or three microorganisms. Interestingly, coatings dually loaded with minocycline and silver nanoparticles were highly effective against all five bacterial strains in only 60 min (Figure 10.4). Especially, anaerobe oral pathogens (P. intermedia and P. gingivalis) were greater than 90% inactivated by the loaded antibacterial agents in 60 min. The study remarked the possibility of loading other drugs or agents as well as antibacterial agents onto these titania mesoporous films.
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Figure 10.4 Schematic image of the manufacturing process of the TiO2 nanoparticlecoated implant. After anodization of the titanium metal disk, a paste comprised of TiO2 nanoparticles was coated and sintered on the disk. Silver nanoparticles and/or antibiotics drugs were loaded onto the disk. (a) SEM image of the surface of the anodized disk. (b) TEM image of the TiO2 nanoparticles. (c) SEM image of the surface of the mesoporous thin film. (d) Photographic images of bacterial inhibition zone of the dual-loaded specimen (combination of silver nanoparticles and minocycline). Adapted from [91] with permission from Elsevier.




10.3 Biopolymer Coating Nanomaterials

Smart nanoengineered materials allow novel therapeutic modalities such as improved specific cell targeting by means of nanoparticle-based drugs, resulting in decreased side effects for patients [92, 93]. Particularly, the use of nanostructured biopolymers is becoming increasingly important for a wide variety of biomedical applications [94]. Some biopolymers provide provisional 3-D support to interact with cells in ways that guide and facilitate restoration of structure and function of damaged or dysfunctional tissues, which is promising for tissue engineering [95]. Others are good as antimicrobial materials due to their ability to prevent wound infections avoiding the adhesion and growth of bacteria [96].

Within the wide variety of biopolymers, poly(D,L-lactide-co-glycolide acid) (PLGA) is a synthetic biomedical polymer that has been widely used in tissue engineering scaffolds, as well as a drug delivery device, because of a slower rate of biodegradation and a more reliable mechanical property compared to the natural polymers [97–99]. Gentile et al., proposed an innovative localized and temporally controlled delivery coating system based on PLGA for treatment of dental and periodontal infections [100]. In this study, a biodegradable and biocompatible PLGA membrane was aminolysed and coated with poly(sodium4-styrenesulfonate) and poly(allylamine hydrochloride) by the Layer-by-Layer (LbL) technique to obtain discrete nanoscale layers to incorporate and to control the release of the antibiotic metronidazole (Figure 10.5). LbL assembly, based on the alternating exposure of a charged substrate to solutions of polyelectrolytes, allowed fine control of the coating properties and the synthesis of homogeneous multi-layered structures [101]. The main advantages of this innovative delivery system were the relatively small amount of loaded drug needed to achieve effective antibacterial concentrations and the presence of LbL coating on the aminolysed surface that significantly enhanced fibroblasts proliferation. This promising approach for periodontal treatment demonstrated, therefore, to be highly effective as it allows to place the pathogen-specific drug directly in the periodontal pocket achieving effective concentrations for a sufficiently long period of time.
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Figure 10.5 Schematic representation of the metronidazole-loaded PLGA-based coating obtained by the LbL method, showing surface characterization and bacterial assay results. Adapted from [100] with permission from Elsevier.


To apply PLGA materials as novel cell supporting coating matrix, Park et al., have devised a novel method for the fabrication of nanostructured 3D scaffolds for peptide delivery and cell differentiation by adsorption of nanoparticles carrying a specific growth factor on polymeric microspheres [102]. The growth factor TGF-β 3 was loaded in heparin/poly(L-lysine) nanoparticles which were physically attached on the positively charged surface of PLGA microspheres precoated with low molecular weight of poly(ethyleneimmine) via the LbL strategy. In this way, this coating was found to be an excellent structure for mesenchymal stem cell adhesion and growth, and these methods may constitute new and promising systems for a wide variety of applications, including implantable biomedical devices to improve biocompatibility and ensure in vivo performance.

In another work, PLGA was used for promoting tissue repair but in this case as electrospun fibrous membrane coated with a biopolymer [103]. Electrospun nanofibrous materials have attracted increasing interest because of their small size (electrospinning allows fiber formation down to the 10 nm scale), high specific surface area, high porosity, small pore size, and 3D structure [104]. Sun et al., utilized the electrospinning method to incorporate a ginsenoside from Panax ginseng, 20(R)-ginsenoside Rg3 (Rg3) into fibers of PLGA obtaining an efficient drug delivery device to achieve sustained release, improve the therapeutic efficacy, reduce the toxicity and offer site-specific delivery of the drug [103]. However, this three dimensional electrospun fibrous membrane of PLGA-Rg3 tends to be relatively hydrophobic and only functions as a drug delivery device, but cannot be membrane substrate for the induction of tissue repair. Therefore, after wrapping Rg3 into the fibers by electrospinning, they uniformly coated their surface with a layer of chitosan, which is particularly attractive for pharmaceutical applications owing to its excellent biocompatibility, biodegradability, nontoxicity, intrinsic antibacterial and adsorption properties. This method avoided excessive material modification, which could impact the entrapped drug as well as change the structure of the electrospun fiber. As a result, the hydrophilicity of the drug-loaded membrane was improved by chitosan coating achieving a sustained Rg3 release that significantly inhibited hypertrophic scars formation. Besides, chitosan-coated fiber membranes were better compatible with the surrounding tissue and wound healing time was shorter than in the uncoated fibers. Compared with the traditional methods of treating hypertrophic scars, this study provided a dual-function system that acts simultaneously as pharmaceutical delivery device and cell growth membrane, being more suitable for tissue engineering and promotion of wound healing.

In a separate but related thread, chitosan and its derivatives have also gained great attention for the preparation of nanofibers that could allow the development of biocompatible electrospun materials with antibacterial activity for biomedical applications, such as drug delivery systems, new generation wound healing materials and tissue engineering scaffold by providing cells enough space to grow [105]. Chitosan could also be applied as a novel colloidal coating on titanium substrate for the development of antibiotic carrier systems for the treatment of bacterial infections frequently related to orthopedic surgery [106–108]. Infections in orthopedic implant surgery are serious complications and a major cause of implant failure. Although different vehicles for local drug delivery have been developed in orthopedic field, poor investigation was devoted to the employment of hydrogel coatings of metal implants. In this sense, De Giglio et al., designed a novel ciprofloxacin loaded chitosan nanoparticle coating that has been employed to release the antibiotic from the metal devices surface directly in the implant site [109]. These nanoparticles-coated Ti substrates were able to inhibit the growth of Staphylococcus aureus and Pseudomonas aeruginosa and showed a preliminary biocompatibility using osteoblast cells. This system represents a promising candidate in view of the development of new antibiotic carriers for preventing titanium implant-associated infections and promoting bone regeneration.

Treating orthopedic implant infection can be more efficient, for instance, by embedding antibiotics onto the surface of the implant and controlling the release of drugs via an external electrical impulse when required. For this purpose, polypyrrole films have been used for electrically controlled drug delivery, because it has intrinsic conductive properties, it can be electrochemically synthesized as a thin film and it has shown to electrically stimulates tissue growth by manipulating cellular behavior [110, 111]. Shi et al., for example, used a conductive biodegradable composite made from a polylactide matrix with embedded polypyrrole nanoparticles to improve fibroblast growth via an applied electrical stimulus [112]. Also, Gilmore et al., have demonstrated that polypyrrole electrodeposited on gold films controlled the different stages of skeletal muscle cell adhesion, proliferation and differentiation via applied voltajes [113]. In this sense, Sirivisoot et al., presented a ‘proof of concept’ to develop and evaluate on-demand delivery of penicillin/streptomycin and dexamethasone in situ from polypyrrole [114]. Specifically, drugs were immobilized inside conductive polypyrrole films electrodeposited on AuPd–Ti or multi-walled carbon nanotubes grown out of anodized nanotubular titanium. Drug-loaded polypyrrole films used in this study enhanced osteoblast adhesion while inhibiting fibroblast (scar-tissue-forming cells) adhesion, thus constituting an excellent way to improve the lifetime of orthopedic implants.

Being the most widespread polymeric material in nature, cellulose has also been applied in tissue engineering [115–117]. This natural polysaccharide has good electrospinnability but do not exhibit satisfactory biocompatibility. For this reason, Xin et al., prepared biocompatible LBL coated nanofibrous mats by covering cellulose electrospun nanofibrous template with silk fibroin and Lysozyme, a protein with excellent bacterial inhibition activity [118]. This film-coating assembled on the template exhibited not only good biocompatibility but also strong antibacterial activity which made them promising in wound healing.

Cellulose nanofibers have also been successfully used as highly effective reinforced fillers for numerous different polymers, such as poly(e-caprolactone), enhancing the mechanical properties of the composites and making them more suitable to mimic extracellular matrixes [119, 120]. Poly(e-caprolactone) is one of the most common biodegradable and biocompatible medical approved polymers that has been shown to be capable of supporting a wide variety of cell types mimicking the structure and biological function of native extracellular matrix. In fact, Mendoza-Palomares et al., combined biodegradable Poly(e-caprolactone) and active molecules for demonstrating bone and cartilage regeneration by implementing a novel strategy based on a synthetic nanoengineered biomimicking membrane functionalized with nanoreservoirs of a growth factor [121]. This innovative approach for regenerating the osteochondral unit combines a synthetic electrospun nanofibrous membrane comprising the poly(e-caprolactone) polymer and the bioactive growth factor BMP-2 entrapped into polymer nanoreservoirs built atop the nanofibers according to the LBL technology (Figure 10.6). In this way, encapsulated by polymers, BMP-2 is protected and stabilized. Once cells came into contact with nanoreservoirs, cellular enzymes degraded their polymer coating and BMP-2 became available. As cells grew BMP-2 released slow and progressively stimulated further proliferation of the cells. This mechanism should allow the design and fabrication of sophisticated implants for placement into a broad variety of tissues.
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Figure 10.6 (a-d) SEM images of electrospun nanofibrous membranes showing the layer-by-layer deposition of nanoreservoirs incorporating BMP-2. (a) No layer; (b) 1 layer; (c) 3 layers; (d) 6 layers. (e) Zoomed SEM image of C. Scale bars: 1 µm. Adapted from [121] with permission of the American Chemical Society.




10.4 Composite Coating Nanomaterials

Composite coatings, combining different biopolymers and bioactive ceramics that mimic bone structure to induce biomineralization, represent alternative systems and ideal material coatings for drug releasing smart implants. As previously mentioned, the design of antimicrobial surfaces with favorable biocompatibility is highly desirable as an effective approach to deal with the bacterial infections of biomedical devices. Nanosilver is regarded as a new generation of antibacterial agents and has great potential to be utilized in antibacterial surface coatings for medical devices, food package and industrial pipes. Recent proceedings in fabrication of polymer/nanosilver composite coatings for antibacterial applications were surveyed by Guo et al., with and special focus in future challenges and directions of polymer/nanosilver composite coatings for antibacterial applications [122]. Nanocoatings with high biocidal properties were obtained based on the macromolecular multicomponent system made of chitosan acetate, sodium albuminate and silver nanoparticles [123]. Interestingly, to resolve the tendency of silver nanoparticles to aggregation, the authors proposed a method for producing nanofibers by electrospinning from chitosan solutions with silver nanoparticles coated with sodium albuminate. In this sense, the polyelectrolyte complex between the chitosan and albumin macromolecules formed in such conditions facilitated immobilization of silver nanoparticles in the bulk of the electrospun fibers. Moreover, the high antibacterial activity of the composites was confirmed on standard test strains of Gram-positive and Gram-negative bacteria: Escherichia coli, Bacillus cereus, Staphylococcus aureus and Pseudomonas aeruginosa.

In a different approach, a nanocomposite plasma coating in which it was possible to control the in-situ silver nanoparticles growth was reported [124]. Functional silver/amino-hydrocarbon metal–polymer nanocomposites were obtained by plasma polymerization in a gaseous mixture of ammonia and acetylene combined with the co-sputtering of silver atoms. These conditions offer the possibility to produce customized coatings that initially release sufficient quantities of silver ions to produce a strong adjacent antibacterial effect, and at the same time exhibit a rapidly decaying silver content to provide surface cytocompatibility within hours or days.

LbL assembly has been widely used as a versatile method for fabricating multilayer thin films with controlled structure and composition. Kim et al., integrated amphiphilic block copolymer micelles as nanometer-sized vehicles for hydrophobic drugs within LbL films [125]. The film was constructed based on the hydrogen bonding between poly(acrylic acid) as an H-bond donor and biodegradable poly(ethylene oxide)-block-poly(ɛ-caprolactone) micelles as the H-bond acceptor. Thus, using alternating hydrogen bond interactions as the driving force for assembly it is possible to incorporate drugs and enable pH-sensitive release (Figure 10.7). Indeed, triclosan, was employed to illustrate that the drug-loaded micelle LbL film can release significant amounts of an active antibacterial drug to inhibit the growth of bacteria.
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Figure 10.7 Schmatic representation of hydrogen-bonding layer-by-layer assembly of block copolymer micelles for hydrophobic drug delivery vehicles from surfaces. Reprinted from [125], with permission from the American Chemical Society.


Jiang and Li reported the synthesis of polypeptide multilayer nanocoatings with a desired number of bilayers, (poly(L-lysine) and poly(L-glutamic acid)n, where n is the number of deposition cycles or bilayers [126]. In this work, the capture and release of cefazolin was pH-induced and could be controlled. The developed antibiotic-incorporated polypeptide multilayer nanocoatings could prevent Staphylococcus aureus colonization thus showing great potential for preventing implant-associated infection.

Alternatively, polyelectrolyte multilayer thin films were assembled on cleaned quartz slides [127]. The multilayer construction was accomplished by successively dipping the quartz substrates in the poly (allylamine hydrochloride) and dextran sulfate solutions followed by adsorption and subsequently rinsing with pH adjusted water. Deposition of a poly (allylamine hydrochloride) layer and a dextran sulfate layer completed one cycle, which is termed as a single bilayer formation, but this process could be repeated to obtain the desired number of polyelectrolyte bilayers. Interestingly, this multilayer coating was loaded with moxifloxacin hydrochloride and showed excellent antimicrobial activity against enteropathogens bacteria. Moreover, the multilayer films were loaded with silver nanoparticles. These particles acted as an energy absorption center, locally heated up the film and ruptured it under laser treatment. Thus, the total amount of antimicrobial agent release increased from 63% to 85% when subjected to laser light exposure.

Recently, antibacterial coatings were deposited onto substrates by spray-coating assisted layer-by-layer assembly [128]. The fabrication of the self-sterilizing and biocompatible surface film coatings was possible using polymer shielded silver nanoparticle loaded oxidized carbon nanotube dispersions. This thin film coatings exhibited robust and long-term antibacterial activity against both Gram-negative and Gram-positive bacteria. Moreover, owing to the shielding effects of polymer layers, the coatings showed extraordinary blood compatibility and limited toxicity against human umbilical vein endothelial cells.

Electrodeposition of biopolymers provides a controllable means to simultaneously assemble biological materials and nanoparticles for various applications. Biopolymers can be electrodeposited onto different electrodes or conductive substrates in response to imposed electrical signals. Furthermore, the electrodeposition technique is a controllable and convenient method to obtain composite films with diverse shapes. Wang et al., reported a new method to construct biopolymer/nanoparticle composite films with conductivity and antibacterial activity by electrodeposition of chitosan, gelatin and silver nanoparticles. The composite films display improved conductivity and in vitro antibacterial activity against Escherichia coli and Staphylococcus aureus [129]. Boccaccini et al., developed composite coatings with antibacterial activity containing chitosan, bioactive glass particles and silver nanoparticles, using a single-step electrophoretic deposition technique [130]. The ability of chitosan as both a complexing and stabilizing agent was utilized to form uniformly deposited silver nanoparticles. In addition, due to the presence of bioactive glass particles, the coatings were bioactive in terms of forming carbonated hydroxyapatite in simulated body fluid. Moreover, the low released concentration of silver ions was efficient antibacterial against Staphyloccocus aureus up to 10 days. However, these coatings containing silver nanoparticles showed cytotoxic effects. This effect was attributed to the relatively high concentration of silver nanoparticles incorporated in the coatings.

Firmly anchored silver nanoparticles onto modified biomaterial surfaces through tight physicochemical interactions would potentially relieve these concerns. In this sense, polydopamine silver nanoparticles were easily immobilized onto peripheral surface and incorporated into interior cavity of a micro/nanoporous TiO2 ceramic coating [131]. The resulting coating protected the substrate well from corrosion and gave a sustained release of silver up to 28 days. An interesting bactericidal effect was observed against Staphylococcus aureus. The multiple osteoblast responses, i.e., adherence, spreading, proliferation, and differentiation, were retained normal or promoted. Moreover, after subcutaneous implantation for one month the coated specimens elicited minimal inflammatory responses. Another effort to avoid metal nanoparticles leaching from coatings was offer by the study of Alsaiari et al., in which antibacterial mixed-matrix membrane coating comprising kanamycin-loaded mesoporous silica nanoparticles–lysozyme functionalized gold nanoclusters as nanofillers in poly(ethylene oxide)/poly(butylene terephthalate) amphiphilic polymer matrix was fabricated [132]. Kanamycin was controllably released to instantly inhibit bacterial growth. Interestingly, this mixed-matrix coating was able to successfully sense and inhibit bacterial contamination via a controlled release mechanism that was only triggered by bacteria. This mechanism was based on multivalent interactions between lysozyme and N-acetylglucosamine on the peptidoglycans on bacterial cell walls [133]. This coating was successfully applied on a medical device for safer X-ray dental imaging.

Conventional sputtering techniques were also employed for fabricating robust, regenerable antimicrobial coatings containing an ionic liquid phase incorporating silver nanoparticles within sol–gel-derived nanocomposite films integrating organosilicate nanoparticles [134]. The nanocomposites possessed an open macroporous film architecture and displayed excellent antimicrobial activity against Pseudomonas aeruginosa over multiple cycles, reducing cell viability by 6 log units within 4 hr of contact.

Various techniques, including bulk, solution, microwave-assisted and emulsion polymerization methods were employed by Fathy et al., to prepare copolymer of styrene and vinylpyrrolidone [135]. In addition, different nanometals and nanometal oxides were added into the composite coatings as antimicrobial agents. The copolymer and its nanocomposites displayed antimicrobial activity against sulfate reducing bacteria and effectively reduced the total corrosion rate. Zahran et al., produced composite coatings using a simple one-step rapid synthetic route. The proposed method involves the reduction of silver nitrate using an alkali hydrolyzed alginate solution which acts as both reducing and capping agent [136]. The coatings demonstrated an excellent antibacterial activity against the tested bacteria Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa. Although, a slight decrease in the antibacterial feature was observed after successive washings.

Phase inversion technique was employed to prepare a novel porous scaffold with long-term antibacterial activity for bone repair or regeneration [137]. Accordingly, porous nano-HA, titania and polyamide scaffolds containing different amounts of silver ions were prepared. The observed long-term-sustained release was related both to the relaxation of polyamide macromolecular chains due to the penetration of water and to the slow release of the silver ions. It was suggested that the sustained silver release with time indicates that the composite scaffold is suitable for a long-term antimicrobial application during the scaffold-assisted bone repair or regeneration.

Drug delivery systems associated with biomaterials have been developed over the recent decades to stimulate wound healing without any side effects [138]. Indeed, as previously mentioned, to promote tissue repair, the addition of biomolecules within the biomaterial is desirable. In this sense, nano-HA/coralline blocks were coated with recombinant human vascular endothelial growth factor (rhVEGF) via physical adsorption to improve the regenerative performance in a canine mandibular critical-size defect model [139]. The histological evaluations revealed the ingrowth of newly formed blood vessels and bone at the periphery and cores of the blocks. The histomorphometric analysis revealed a larger quantity of new bone formation and the immunohistological evaluations revealed that the neovascular density was much greater.

Chitosan containing antibacterial berberine was coated on a nano-HA/polyamide scaffold to realize bone regeneration together with antimicrobial properties [140]. The bactericidal test confirmed a strong antibiotic effect of the delivery system. Indeed, after a burst release of berberine within the first 3 hr in PBS solution, a continuous berberine release can last 150 hr, which is highly dependent on the coating concentration and suitable for antibacterial requirement of orthopaedic surgery. Moreover, in vitro biological evaluation demonstrates that the coating scaffolds act as a good matrix for MG63 cell adhesion, growth and proliferation.

Furthermore, prostheses coated with self-assembled, hydrolytically degradable multilayer nanocoatings that sequentially delivered gentamicin and the osteoinductive growth factor BMP-2 in a time staggered manner enabled both eradication of established biofilms and complete and rapid bone tissue repair around the implant in rats with induced osteomyelitis (Figure 10.8) [141]. The key to this film composition is the use of two different poly(β-amino esters) [in a composite with poly(acrylic acid)] that undergo hydrolytic degradation at different rates under physiological conditions.
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Figure 10.8 Programmed Sequential Dual Therapy Delivery Strategy To Win the “Race to the Surface” against Bacteria: (a) Illustration of rat tibia model with induced osteomyelitis. (b) Desired release profile of an antibiotic and a growth factor and illustration of the top-down degradation of a LbL coating on an orthopedic implant. (c) Possible scenarios following in vivo application (i) In an uncoated implant, the residual bacteria in the defect and avascular tissue act as foreign bodies and can cause reinfection and form biofilm (represented by the yellow area). (ii) In our dual therapy LbL coating, however, local delivery of an antibiotic (red circles) controls infection until the implant is vascularized and immune-competent. The subsequent release of a growth factor (blue circles) induces the osteogenic differentiation potential of endogenous precursor bone marrow stem cells, resulting in optimal bone healing and bone-implant integrity. Reprinted from [141] with permission from the American Chemical Society.


It is well stablished that surface morphology of the biomaterials could regulate cellular responses as well as strengthen the interaction with cells. Moreover, BMP-2 delivery at efficient dose in sustained kinetics is crucial for promoting cell osteogenic differentiation. TiO2 films with mesoporous bioactive glass incorporation were designed to strengthen the efficacy of rhBMP-2 and surface nanostructure cooperatively [142]. The mesoporous bioactive glass incorporation improved rhBMP-2 loading amount and regulated its release behavior. Consequently, the osteogenic differentiation of bone marrow derived mesenchymal stem cells on the incorporated films was extremely enhanced, and the incorporated film with 200 nm mesoporous bioactive glass thickness exhibited the best osteoinduction effect.

In addition, enhancement of osteogenic capacity was achieved in a mineralized collagen composite, nano-HA/collagen, by loading with synthetic peptides derived from BMP-2 residues. Commercially pure titanium was electrophoretically modified using double layer coatings consisting of TiO2–strontium incorporated HA as the first layer followed by vancomycin incorporated chitosan/gelatin as the second layer [143]. Antibacterial activity was found against both methicillin resistant Staphylococcus aureus and methicillin sensitive Staphylococcus aureus for a drug concentration released after 12 hr of immersion. The in-vitro cell culture studies showed enhanced cellular activity. Thus, the samples had a dual action at the surface, by resisting the bacterial adhesion and enhancing cellular interaction at the bio-interface.

Nanohybrids of silver nanoparticles in polyvinyl alcohol and embedded in a chitosan matrix were loaded with the anti-inflammatory drug naproxen. This nanohybrid was employed to make coatings on (3-aminopropyl)triethoxysilane (APTES) treated titanium (Ti) surfaces [144]. The coating exhibited dual role of excellent inhibition on biofilm formation and sustained drug release. These dual characteristics were achieved mainly based on intrinsic antibacterial property of silver nanoparticles and drug release of naproxen. The coatings also demonstrated enhanced mechanical properties with increasing inorganic filler and stress shielding on titanium metal. The biocompatibility tests involving adhesion, proliferation and differentiation of osteoblast cells demonstrated the efficacy of the composite material as a suitable coating material for orthopedic applications.

A series of dendrimer G5-Pluronic F127 nanofilms loaded with metronidazole hydrochloride, were prepared with gelatin coating [145]. The increased hydrophobicity by the grafted Pluronic F127 suppresses the erosion of the nanofilm. Indeed, the nanofilms were stable for up to 9 months at dried condition, while those stored at room temperature with 30% relative humidity were less stable. A sigmoid shape of metronidazole release profile was observed with prolonged drug release indicating that metronidazole was initially released by diffusion due to the swelling of gelatin coating and subsequently released by the polymeric erosion in nanofilm.

As exemplified, the combination of nanomaterials of different chemical characteristics and with differential properties can offer interesting advantages for designing smart coatings with multiple functions. Table 10.1 summarizes the ceramic, biopolymer and composite coating nanomaterials for antibacterial and tissue regeneration applications described in this chapter.



Table 10.1 Summary of Coating Nanomaterials for Antibacterial and Tissue Regeneration Applications, Classified by Materials Nature.





	Nanomaterial composition
	Substrate
	Drugs released
	Applications
	References





	Hydroxyapatite (HA)-based



	Nano-HA
	N/S
	Chlorhexidine digluconate
	Antibacterial activity against Escherichia coli, Staphylococcus aureus and Staphylococcus epidermidis, and cytocompatibility toward mouse L929 fibroblasts.
	et al., [23]



	Nano-HA composite powder
	Titanium
	Gentamicin sulfate
	Long-term antibacterial capacity assessed against Escherichia coli for 30 days.

Biocompatibility towards human osteoblasts.

	Li et al., [24]



	Silver-doped nano-HA
	Anodized titanium (TiO, nanotubes)
	Silver ions
	Bactericidal effect along 14 days against Escherichia coli and Staphylococcus aureus using non-toxic concentration for somatic cells.
	Mirzaee et al., [36]



	Multi-material coating, top functional layer containing 1:1 silicon-substituted nano-HA and silver-substituted nano-HA, and base layer of nano-HA.
	Glass
	Silver ions and silicon.
	Antibacterial effect against Staphylococcus aureus for up to 24 hr.

Good biocompatibility and bone-related gene expression of osteoblasts.

	Lim et al., [37]



	HA nano-coating with silver and strontium
	Titanium
	Ag+ and Sr2+
	Good antibacterial activity against Escherichia coli and Staphylococcus aureus.

Improved osteoblast adhesion, proliferation, differentiation and osteogenesis.

	Geng et al., [39]



	Combination 1:1 ZnO nanoparticles and nano-HA
	Ti discs
	Zn2+
	Antibacterial activity against facultatively anaerobic and Streptococcus spp., and reduced biofilm thickness.
	Abdulkareem et al., [42]



	Mesoporous silica-based



	Mesoporous silica coating +2 coating layers: bis(trimethoxysilyl) hexane and dioctyltetramethyldisilazane
	Glass
	Ciprofloxacin
	Antibacterial activity against Pseudomonas aeruginosa.
	Ehlert et al., [55]



	Hierarchically nanoporous silica film
	Glass
	Ampicilin
	Antibacterial effect assessed against Escherichia coli.
	1 Xu et al., [56]



	Mesoporous silica nanoparticles
	Titanium disks
	Cephalosporin
	Significant activity against the initial step of Escherichia coli biofilm formation at 24 hr.

In vitro biocompatibility evaluation demonstrated with endothelial cells (EAhy926).

	Rădulescu et al., [104]



	Mesoporous organosilica nanoparticles functionalized with thiol and sulfonic acid.
	Glass or stainless steel
	Silver ions and silver nanoparticles
	Bactericidal and antibiofilm activity against Pseudomonas aeruginosa.
	Gehring et al., [60]



	Mesostructured silica film containing Pluronic P123
	N/S
	Antimicrobial peptide LL-37 and chlorhexidine
	Bactericidal properties against Staphylococcus aureus and Escherichia coli.

Chlorhexidine-loaded silica displayed high toxicity, while the material containing LL-37 showed very low toxicity.

	Izquierdo-Barba et al., [63]



	Mesostructured silica film
	Titanium substrate
	Heparin and vancomycin.
	Antibacterial activity against Staphylococcus aureus and Escherichia coli.

In vitro promotion of osteoblast adhesion and proliferation.

Reduction of bacterial infection in vivo caused by Staphylococcus aureus.

	Wan et al., [64]



	Mesoporous bioactive glass-based



	CuO-modified mesoporous bioactive glass-coating
	Porous HA orbital implants
	Copper ions and ofloxacin
	Significant inhibition of Staphylococcus aureus and Escherichia coli viability
	Ye et al., [68]



	Mesoporous bioactive glass
	N/S
	Copper ions and ibuprofen
	Angiogenesis capacity, osteostimulation, and antibacterial properties against Escherichia coli
	Wu et al., [70]



	Mesoporous bioactive glasses modified using γ-aminopropyl triethoxysilane
	N/S
	Silver ions
	Antibacterial properties against Escherichia coli and Staphylococcus aureus.

Biocompatibility demonstrated with rat osteoblasts.

	Zhu et al., [71]



	Mesoporous bioactive glass
	N/S
	Boron and dexamethasone
	Improved proliferation and bone-related gene expression of osteoblasts.
	Wu et al., [72]



	Mesoporous titania-based



	Mesoporous titania thin films dimethylsilane grafted
	Glass slides and titanium disks
	Alendronate
	Optimization of drug release kinetics and loading capacity
	Karlsson et al., [80]



	Mesoporous titania thin films
	Glass discs
	Simvastatin
	Simvastatin loaded levels determine proliferation and osteogenic activity of MC3T3-E1 preosteoblasts
	López-Álvarez et al., [81]



	Mesoporous TiO2 thin films
	Titanium implants
	Magnesium ions
	In vivo evaluation in rabbits confirmed stimulation of bone formation at the implant site and improved osseointegration.
	Galli et al., [82]



	Mesoporous titania thin films
	Titanium implants
	Plerixafor (an antagonist to CXCR4) and/or SDF-1α
	Enhanced bone formation after evaluation in vivo in rats
	Karlsson et al., [85]



	Mesoporous titania thin films
	Silicon wafers
	Silver nanoparticles
	Strong bactericidal activity against Escherichia coli
	Yu et al., [86]



	Silica/titania bilayer mesoporous coating
	Glass slides
	Silver ions or silver nanoparticles
	Both films showed high long-lasting bactericidal activity against Staphylococcus aureus and Pseudomonas aeruginosa.
	Catalano et al., [88]



	Mesoporous titania thin films
	Titanium substrates
	Cephalothin
	Antibacterial effect against Escherichia coli and no cytotoxic effect on MG-63 human osteoblast-like cells.
	Xia et al., [89]



	Mesoporous titania thin films treated with dichlorodimethylsilane
	Titanium disks
	Daptomycin or vancomycin and gentamicin.
	Antibacterial properties against Staphylococcus aureus and Pseudomonas aeruginosa.
	Atefyekta et al., [90]



	Mesoporous TiO2 thin films
	Titanium substrates
	Silver nanoparticles or antibiotics (cephalothin, minocycline, or amoxicillin)
	Coatings dually loaded with minocycline and silver nanoparticles were highly effective against S. aureus, P. aeruginosa, A. actinomycetemcomitans Y4, P. intermedia, P. gingivalis.
	Park et al., [91]



	Biopolymer-based



	PLGA membrane aminolysed and coated with poly(sodium4-styrenesulfonate) and poly(allylamine hydrochloride)
	N/S
	Metronidazole
	Antibacterial properties and enhanced fibroblasts proliferation
	Gentile et al., [100]



	Heparin/poly(L-lysine) nanoparticles physically attached on PLGA microspheres precoated with poly(ethyleneimmine)
	Not specified
	Growth factor TGF-β 3
	Enhanced mesenchymal stem cell adhesion and growth
	Park et al., [102]



	Chitosan coated fibrous membrane of PLGA
	N/S
	Ginsenoside from Panax ginseng, 20(R)-ginsenoside Rg3 (Rg3)
	Inhibition of hypertrophic scars formation, and reduced wound healing time
	Sun et al., [103]



	Chitosan nanoparticle coating
	Titanium
	Ciprofloxacin
	Antibacterial activity against S. aureus and P. aeruginosa.

Biocompatibility towards osteoblast cells.

	De Giglio et al., [109]



	Polypyrrole films
	AuPd–Ti or multi-walled carbon nanotubes
	Penicillin/streptomycin and dexamethasone
	Enhanced osteoblast adhesion while inhibiting fibroblast (scar-tissueforming cells) adhesion
	Sirivisoot et al., [114]



	Silk fibroin and Lysozyme coated cellulose nanofibrous mats
	N/S
	Lysozyme
	Good biocompatibility and strong antibacterial activity
	Xin et al., [118]



	Electrospun nanofibrous membrane of poly(e-caprolactone)
	N/S
	Growth factor BMP-2
	Slow and progressive BMP-2 release stimulates further proliferation of the cells
	Mendoza-Palomares et al., [121]



	Composite-based



	Silver nanoparticles coated with sodium albuminate immobilized on chitosan nanofibers
	N/S
	Silver ions
	High antibacterial activity against Escherichia coli, Bacillus cereus, Staphylococcus aureus and Pseudomonas aeruginosa.
	Gegel et al., [123]



	Silver/amino-hydrocarbon metal–polymer nanocomposites
	Petri dishes, silicon
	Silver ions
	Strong adjacent antibacterial effect. Cytocompatibility within hours or days
	Lischer et al., [124]



	Multilayer thin films: poly(acrylic acid) with poly(ethylene oxide)-block-poly(ɛ-caprolactone) micelles
	Silicon, Teflon, polypropylene
	Triclosan
	Antibacterial activity
	Kim et al., [125]



	(Poly(L-lysine) and poly(L-glutamic acid) multilayer nano coatings
	Stainless steel discs
	Cefazolin
	Prevention of Staphylococcus aureus colonization
	Jiang and Li. [126]



	Poly (allylamine hydrochloride) and dextran sulfate multilayer coating
	Quartz slides
	Moxifloxacin hydrochloride or silver nanoparticles
	Excellent antimicrobial activity against enteropathogens bacteria
	Sripriya et al., [127]



	Polymer shielded silver nanoparticle loaded carbon nanotube coating
	Polyvinylidene fluoride (PVDF) membranes
	Silver ions
	Robust and long-term antibacterial activity against both Gram-negative and Gram-positive bacteria. Blood compatibility and limited toxicity against human umbilical vein endothelial cells
	Nie et al., [128]



	Chitosan and gelatin composite film with silver nanoparticles
	Stainless steel, ITO electrodes and Ag foils
	Silver ions
	Improved conductivity and antibacterial activity against Escherichia coli and Staphylococcus aureus.
	Wang et al., [129]



	Bioactive glass/chitosan/nanosilver composite
	Stainless steel
	Silver ions
	Bioactive in terms of forming carbonated hydroxyapatite in simulated body fluid.

Antibacterial activity against Staphyloccocus aureus up to 10 days.

Cytotoxic effects owing to silver ions.

	Pishbin et al., [130]



	Polydopamine silver nanoparticles immobilized into micro/nanoporous TiO, ceramic coating
	Titanium
	Silver ions
	Bactericidal effect against Staphylococcus aureus.

Osteoblast responses retained normal or promoted.

In vivo evaluation showed minimal inflammatory responses after implantation.

	Jia, Z. et al., [131]



	Mesoporous silica nanoparticles–lysozyme functionalized gold nano clusters as nanofillers in polyethylene oxide)/poly(butylene terephthalate) amphiphilic polymer matrix
	Medical device for X-ray dental imaging
	Kanamycin
	Ability to sense and inhibit bacterial contamination via a controlled release mechanism that is only triggered by bacteria.
	Alsaiari et al., [132]



	Silver nanoparticle loaded into ionic liquid phase in organosilicate nanocomposite
	Silicon
	Silver ions
	Excellent antimicrobial activity against Pseudomonas aeruginosa over multiple cycles
	Hamm et al., [134]



	Styrene and vinylpyrrolidone copolymer coatings
	Mild steel coupons
	Nanometals and nanometal oxides
	Antimicrobial activity against sulfate reducing bacteria
	Fathy et al., [135]



	Porous nano-HA, titania and polyamide scaffolds
	N/S
	Silver ions
	Long-term antibacterial activity for bone repair or regeneration
	Wu et al., [137]



	Nano-HA/coralline blocks coated with recombinant human vascular endothelial growth factor (rhVEGF)
	N/S
	rhVEGF
	In vivo evaluation in canine models revealed greater neovascular density and larger quantity of new bone formation.
	Du et al., [139]



	Chitosan coated nano-HA/polyamide scaffold
	N/S
	Berberine
	Strong antibiotic effect In vitro evaluation showed good MG63 cell adhesion, growth and proliferation.
	Huang et al., [140]



	Multilayer nanocoatings with poly(β-amino esters) and poly(acrylic acid)
	Medical prostheses
	Gentamicin and growth factor BMP-2
	Capability of both eradication of established biofilms and complete and rapid bone tissue repair around the implant in rats with induced osteomyelitis.
	Min et al., [141]



	TiO, films with mesoporous bioactive glass incorporation
	Tantalum
	BMP-2
	Enhanced osteogenic differentiation of bone marrow derived mesenchymal stem cells
	Ge et al., [142]



	Double layer coatings consisting of TiO2– strontium incorporated HA as first layer and vancomycin incorporated chitosan/gelatin as the second layer.
	Titanium
	Synthetic peptides derived from BMP-2 residues and vancomycyn
	Antibacterial activity was found against both methicillin resistant and methicillin sensitive Staphylococcus aureus.

Enhanced cellular interaction at the biointerface.

	Nancy and Rajendran. [143]



	Nanohybrids of silver nanoparticles in polyvinyl alcohol embedded in a chitosan matrix
	(3-Aminopropyl) triethoxysilane (APTES) treated titanium substrates
	Naproxen and silver ions
	Excellent inhibition on biofilm formation.

Biocompatibility confirmed by tests involving adhesion, proliferation and differentiation of osteoblast cells.

	Mishra et al., [144]



	Dendrimer G5-Pluronic F127 nanofilms with gelatin coating
	N/S
	Metronidazole hydrochloride
	Results support that coating could serve as a matrix for the local release of metronidazole.
	Dung et al., [145]








10.5 Conclusion and Perspectives

In summary, nanotechnology and bioengineering enable the emergence of entirely novel classes of bioactive materials with great potential for a wide variety of biomedical applications. Due to the low efficiency of current clinical treatments, novel nanomaterials coatings with drug-loading capacity and site-specific activity offering antibacterial properties and/or promoting tissue repairing have been developed to provide improved therapy options. Taking into account the combination of these mixed properties, nanomanufactured and nanoengineered biomaterials are a promising strategy for the fabrication of a new generation of coatings with a broad spectrum of medical uses, such as regenerative medicine, antimicrobial materials and sophisticated implant devices.
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Abstract

The increasing demands for materials that are used in extreme conditions have necessitated alternative ways of improving the properties of materials for engineering applications. These applications can be in the: aerospace engineering, building and construction, aviation, food and packaging industries, automotive, oil and gas industries, just to mention a few. Therefore, surface coating is one of the several ways of protecting and improving the surface properties of any material. The reasons for material coating are to improve wear resistance, prevent chemical attack, protect the material surface against environmental influences, improved heat absorption or repulsion properties, corrosion protection and extend tool (cutting, grinding and drilling) life span. The processing methods of coating have a significant impact on the coated material, therefore, there is a need for careful selection of the processing methods. The surface interaction between the coating material and the coated surface can be influenced by the followings: interfacial adhesion, surface defects (voids, pores and cracks), base material and reinforced materials. This chapter deals extensively and succinctly with the various methods used for material coating, since such methods have been proven to influence the characteristic properties of the material. The study also focuses on the areas where coated materials are used, the importance of coatings and ways of improving the characteristics of coatings. Just as it has been reported in the literature that certain conditions impaired the performance of the coating and coated materials, therefore, succinct explanation on how to prevent such an unwanted interference are highlighted. The demand for improved and innovative coating materials will continue to push material scientists and engineers to further develop ways of achieving these needs, since they are of critical importance to the future development of coating and coated materials. The understanding of the areas of application of coating and the mechanisms surrounding it, will go a long way in developing high-performance coatings.

Keywords: Material coating, coating methods, corrosion protection, application


11.1 Introduction

The continuous requirements, in terms of excellent mechanical and frictional properties, corrosion resistance, environmental factor and long-term material life, coating technologies, have shown great importance in achieving these extremely high requirements. Coated materials are commonly used in the aerospace, marine equipment, cutting tool and some other important industrial fields [1, 2]. The need for excellent coating performance, is increasingly getting higher. Furthermore, materials, at the same time, must satisfy other requirements, such as environmental impact, sustainability, cost, health and safety aspects [3]. Coating process is among the standard methods that are usually employed to enhance the physical and technical values of a material. Various research works have been reported on the importance of coating [4] and the different coating methods for various engineering materials [5]. This chapter discusses various methods of coating, areas where coated materials are used that are not limited to engineering field alone, but pharmaceutical, food and beverages, construction, oil and gas and aerospace/aviation industries.



11.2 Material Coating Methods

Material coating ensures the development and improvement of materials for a more effective and advanced application. The end-use properties (mechanical, thermal, optical and morphology) of coated materials are dependent on the method used. In this section, some of the coating methods will be discussed, since the method of coating can have significant effect on the coating thickness, which in return, can determine the properties of the base material (substrate).



11.3 Electrostatic Powder Coating

Electrostatic powder coating (EPC) is a process of depositing powder materials (polymer or metal) on the surface of a substrate in order to improve the surface properties of the material. The technique involves spraying directly the coating powders in the right dosage, thickness and distance from the solid surface by using an electrostatic gun. The powder may not necessarily be dispersed in water or any other solvent. This process is followed by curing to ensure the production of the coating films on the substrate. Electrostatic powder coating method has been reported to have the following advantages over aqueous coatings: (i) lower production cost, (ii) lesser processing time (iii) improved coating efficiency and adhesion between the coating powder and the substrate and (iv) lower energy consumption [6]. The technique of electrostatic powder coating started in the 1950s in the US and it is now been widely used globally, as a viable technique for the coating of material surfaces. EPC involves a series of steps that should be followed and they include the spraying of charged particle on the grounded substrate surface with the combination of electrostatic attraction and mechanical forces in order to form a layer of deposited particles. As the particle deposition continues on the substrate, there is a build-up of electrical charge, therefore, layer thickness is limited due to electrical charge build-up [7].

A powder charging unit is an essential part of the EPC process. If the powder is not well charged, it may influence the result negatively, leading to poor electrostatic attraction and adhesion between the coating powder and the substrate. Figure 11.1 shows the EPC process. For an effective EPC process, a certain degree of electrical conductivity should be possessed by the substrate or be altered to become conductive due to the powder coating deposition on the substrate.


[image: Figure contains a diagrammatical representation of electrostatic powder coating (EPC) procedure.]

Figure 11.1 The process of electrostatic powder coating. Adopted from [6].



(11.1)
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E is electric field in which the powder particles are subjected,

εo is the permittivity of free space,

εr is the powder particle relative permittivity,

ρo is the particle density, and

dp is the diameter of the particle.

Based on the equation, a higher charging efficiency is achievable when the coating particle sizes are small. Furthermore, a large specific surface area is achieved with small particles. It was reported by Yang et al., [6] that preferably when it comes to dry powder coating, powder particle sizes of diameter <100 µm should be used, while <30 µm ultrafine powder particles will yield controlled thickness and the uniform coating film. However, powders of such sizes have poor flowability and therefore, in order to prevent powder agglomerates, flow agent is introduced, preferably in the nano-size [6, 8].

Yang et al., [9], used the electrostatic powder coating process to control the porosity osmotic pump for tablet core coating. The coating powders was an ultrafine particle; therefore, colloidal silicon dioxide was introduced in order to enhance the flowability of the coating powder. The flow agent incorporated helped to attain uniform coating film and improved the adhesion rate between the coating powder and the substrate. The coating effect can be enhanced by higher curing temperature and/or prolong curing time. Yang et al., employed the same approach for tablet coating and reported that the desired drug release rate was achieved, simply by altering the pore ratio and/or coating level of the coating formulation. Several studies have been reported on the use of EPC in the pharmaceutical industry [6, 10].

EPC process has equally been applied in the food and beverage industries. The quality of food can be improved by incorporating active ingredient and edible coating; the quality, in this case, may be the flavour, extended shelf life, taste and appearance. Electrostatic powder coating has higher transfer efficiency and uniform coating. It was reported that EPC method has the ability to decrease excess usage of coating materials and reduce dust release, which can be as high as 68% and 84%, respectively [11].

11.3.1 Galvanizing

Among the well-known and largely used method for surface coating of metals to prevent corrosion due to the environmental reaction and chemical attack is galvanizing [12]. This process of protection has been in existence since the 17th century. The process of galvanizing involves three simple approaches, viz: cleaning, immersion in the galvanizing bath and finally, drying of the material. Galvanizing is mainly of two types, namely: electrogalvanizing and hot-dip galvanizing methods.

One of the main essences of surface coating is to prevent corrosion. Corrosion leads to deterioration or reduction in material properties, shortening the life-spam of the material and its applications. According to Ozturk et al., [12], corrosion occurs due to the electrical potential difference that is present between metals (or materials) with dissimilar properties, in the presence of a solution (electrolyte); this process is known as electrochemical process. The coating effect is a function of the thickness of the coat and the immersion time in the galvanizing bath [13]. The most widely used element for coating is zinc (Zn); this is due to the inherent properties. Zinc is a transition metal, first among group 12 transition metals, hexagonal closed-pack structure (crystal) and with a 2+ ion. At room temperature, Zn has significantly low ductility, making plastic deformation to be limited. Zinc with a density of approximately 7140 kg m–3, which is close to steel and a melting point of 400 °C, has found useful application over electrodeposition process. Hence, it is considered cost-effective, leading to the wide application in the automotive industries. Other elements or alloys can be added to a Zn bath in order to further improve the material surface properties. The chains of oxidative chemical reactions involved by using Zn as a coating material, is as shown in Equations 11.2–11.4. The final product is an impermeable and insoluble-dull grey layer of zinc carbonate (ZnCO3).


(11.2)
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A hot-dip galvanizing process is represented with the schematic diagram shown in Figure 11.2. The hot-dip galvanizing process is widely known to be the most common and effective method to prevent the surface of steel from corroding. The steps involved in the processing method are briefly summarised in the following sequence [12]:


	Degreasing: The surface of the material is cleaned in order to remove rust and any other forms of dirt, e.g., paint, oil, grease or other forms of contaminants. Abrasive blast cleaning process or mechanical process (machining) might be needed for a heavily rusted surface. Removing liquid contaminants (grease, oil or paint) involves immersing the components/parts in degreasing fluids, which is contained in an acid bath.

	Rinsing: The process involves rinsing with water, the degreased part. The temperature of the water can be different, based on the need per time.

	Pickling: The process involves further cleaning of the part in a tank filled with an acid (sulfuric acid or hydrochloric acid). The process helps to remove mill scale (iron oxides formed at high temperature), rust (caused by corrosion) and metal oxides.

	Rinsing: The rinsing process is repeated immediately after pickling.

	Fluxing: This is the process that is required to bind the Zn to the surface of the material to be coated. At this stage, the molten Zn temperature in the bath is usually around 450 °C, which can still be changed depending on the composition of the bath, i.e., molten alloy content. The fluxing method can either be wet or dry. The surface of the material is absolutely free of any contaminants or oxides because this can impede the final coated surface.

	Drying: It is simply the drying of the fluxed part/component preceding the galvanizing process.

	Galvanizing: The process involves immersing the part to be coated into liquid Zn bath. Other elements may be added to the liquid Zn bath depending on the end desired properties.

	Cooling: Finally, the part from the galvanizing tank are transferred to the quenching tank or the storage area. The process of post-treatment enhances the properties of the galvanized coating. Instead of cooling in a liquid medium, the galvanized coated part may be cooled in air.




[image: Figure contains a schematic representation of a hot-dip galvanizing process.]

Figure 11.2 Hot-dip galvanizing process. Adopted from [12].



The other method for zinc coating is known as electrogalvanizing. The process involves making Zn and the galvanized metal as the anode and cathode, respectively in the right electrolyte. Electrogalvanizing process is preferred if the part to be galvanized can be damaged by the molten Zn bath temperature or when a decorative item with surface quality preference is been coated. Figure 11.3 shows the electrogalvanizing method, as explained by Ozturk et al., The drawback of the process is the low coating thickness.


[image: Figure illustrates the procedure of Electrogalvanization.]

Figure 11.3 Electrogalvanizing method. Adopted from [12].


11.3.2 Powder Coating

Powder coating of materials can be performed in various ways, depending on the material compatibility of the coating powders and the base materials, known as the substrates. Powder coating of materials can be applied in several ways. However, the base material (substrate) that is to be coated must be compatible with the coating material. For instance, when the method of application is a fluidized bed, therefore, the powder coating materials should be the same grade (fluidized bed). Similarly, when the application method is an electrostatic spray method, the powder materials have to be an electrostatic spray grade. Once the right material is correctly selected, the method of application is selected by the part design and production goals. The application methods are of two forms, viz: spray application and fluidized bed application. The choice of powder coating method varies, based on the application and the desired result that is intended [14]. Powder coating method is used in many fields, such as: pharmaceutical [15, 16], food and beverages [17], oil and gas [18], paper industries [19, 20]. Zhou [21] developed a powder coating method as a substitute for a solid oxide fuel cell (SOFC) interconnecting coating. The essence of the alternative method, as explained by the author, is the cost-effectiveness, recyclability and environmental friendliness of powder coating technology.



11.4 Influence of Coating on the Base Material

The extreme working conditions of material and the nature of the activities the materials are exposed to, necessitates the demand for advance and improvement on the material properties. The improvement can be achieved by coating the surface of the base material with a different material that have better properties, as required for a certain operational conditions. Coating is a better way to improve material properties due to the fact that the base material may need little or no significant modification, which can result into higher cost, time wasting, labour intensive, material wastage, just to mention a few, when compared to simply coating the material surface. Several studies have been reported on the influence of coating on the base material.

11.4.1 Corrosion Resistance

Cai et al., [22], prepared a composite of pure Ni, NiCo, NiCo/2.9Aℓ and NiCo/5.5Aℓ coatings by using the method of electrodepositing. The result of the coated samples was equally compared with samples with the addition of Aℓ micro-particles. The essence of the coating and addition of micro-particles was to improve on the corrosion resistance of the coated composites. From the result obtained, it was observed that NiCo-Aℓ composite coating, showed substantial improvement in corrosion resistance when compared with Ni and NiCo coatings, due to the addition of metal Aℓ micro-particles. The smallest corrosion current density was observed for the composite of NiCo/5.5Aℓ coating, as shown in Table 11.1.



Table 11.1 Corrosion Potential (E corr) and Corrosion Current Density (I corr) of the Coatings. Adopted From [22].





	Sample
	Ecorr (mV)

	Icorr (µA/cm2)






	Ni
	–174.1

	7.206




	NiCo
	–144.7

	1.515




	NiCo/2.9Aℓ
	–163.2

	0.635




	NiCo/5.5Aℓ
	–132.3

	0.581







The corrosion resistance of coatings is a function of the content of the coating materials. Kazimierczak et al., [23], studied this phenomenon on the effect of molybdenum (Mo) content in ZnMo coatings with the content of Mo varied from 0.5 to 6 wt.% by electrodeposited method on steel from citrate electrolytes. The electrochemical analysis of their corrosion behaviour was performed in 5 wt.% NaCℓ and the result showed that low content of Mo from 0.5 to 1.5 wt.%, improved the corrosion protection remarkably. On the other hand, higher Mo contents hardly showed any improvement in the corrosion properties when compared to the pure zinc coatings. The improvement (high corrosion resistance), as reviewed from the morphological analysis was attributed to the formation of a compact and continuous thin oxide film on the ZnMo surface coatings for 0.5–1.5 wt.% Mo. Among the various compositions of Mo in the ZnMo coatings, the 0.5 wt.% seemed to be the optimum because of the highest decrease in magnitude (from 20.9 to 2.6 µA cm–2) and increase (from 6.29 × 102 to 6.19 × 103 Ω cm2), was respectively observed for the corrosion current density and the total impedance.

Corrosion is an unwanted natural occurrence that causes various degradation to structural materials, such as: composites, metals and alloys [24]. The service life of materials is limited because of corrosion. The influence of the natural process emanating from corrosion activity, often leads to huge economic losses due to industry shutdown that can cause huge economic losses. Various methods for the prevention of corrosion, have been reported in the literature; methods, such as: cathodic protection, anodic protection and the application of barrier coatings [25–29]. As explained by Sambyal et al., [24], barrier coatings method is among the most efficient methods, because it separates metals from corrosive electrolyte due to the formation of a barrier layer needed to control corrosion. The common setback is the appearance of defects and pores for a long period of exposure to corrosive environment or electrolytes. Hence, the need for a coating that retains its mechanical properties, despite prolonged immersion in corrosive electrolyte and this efficiently protects against corrosion. One ways of achieving this, is by the use of conductive polymers, e.g. polypyrrole (PPy) and polyaniline (PANI); this is because of their ability to act as a corrosion-resistant coating or corrosion inhibitors [30–32].

In an experiment titled “Corrosion inhibition performance of polypyrrole Aℓ flake composite coatings for Al alloys”, conducted by Yan et al., [32], the corrosion resistance of the alloy was enhanced as a result of the coating that was introduced on the surface of the alloys. The enhanced protection performance of PPy Aℓ flake coating was attributed to the corrosion protection mechanism. The corrosion protection function of PPy, include the following [32]:


	Functions as a corrosion inhibitors reservoir and oxygen scavenger that reacts with oxygen and hence, entering through the coating and reduce the oxygen permeability of the coatings and therefore, reduce the substrate corrosion rate.

	The oxyanions serve as dopants in order to maintain the PPy electro-neutrality and through the inhibiting effects, it protects the surface of the substrate.



The coating effect of the deposited low-pressure cold-sprayed of Ni-Zn-Aℓ2O3 as intermediate layers between Q235 carbon steel substrate and supersonic–plasma-sprayed NiCr-Cr3C2 surface layer were studied by Bai et al., [33]. They reported that the process, as observed in the tests that were conducted (electrochemical impedance spectroscopy and potentiodynamic polarization), enhanced the corrosion resistance property. The enhancement was attributed to the: lower porosity, smoother surface and thicker intermediate layer that was created by the coating material. The process of corrosion created a physical barrier and a pseudo-passivative interlayer on the substrate. The mechanism of prevention of corrosion by the coatings, as shown in Figure 11.4, are in four different stages [33]:


	The shielding infiltration stage: NiCr-Cr3C2 coating acts as a mechanical barrier, protecting the carbon steel substrate.

	Interface corrosion stage: The corrosive medium components (O, Cℓ- and H2O) diffuse continually through the pores and steadily permeated the interface between the intermediate and top layers. Zinc particles dissolution at the interface, also occurs during the same period. The process of zinc anode dissolution and oxygen depolarization reaction was explained in a study by Jiang et al., [34].

	Penetration and diffusion stage: The OH that was already formed at the interface bed, bonded with Cℓ- to form insoluble alkali carbonates and alkali chlorides. Due to the continuing corrosion, there was a reaction between the corrosive medium and the zinc particles for the internal coating, resulting in hydrogen evolution depolarization corrosive reaction.

	Corrosion inhibiting stage: Corrosion medium passage was cut-off due to microdefects being filled by the zinc corrosion products. The process prevented the internal coating being penetrated by the corrosive medium and obstructed the passage of dissolved O2 and Cℓ- into the corrosion product interior. Furthermore, zinc ions migration to the external corrosion products, was equally blocked, leading to the inhibition of corrosion.
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Figure 11.4 Schematic diagram for sandwich-structured coatings of salt spray corrosion process for the: (a) shielding infiltration, (b) interface corrosion, (c) penetration and diffusion and (d) corrosion inhibition stages. Adopted from [33].



Huang et al., [35], conducted a study on how to improve on the low corrosion resistance of 45 steel. The approach that was used was to deposit Fe37.5Cr27.5C12B13Mo10 amorphous coating on the substrate surface via laser coating technique. The coating material has both the crystalline and amorphous phases. 45 steel is widely used for different components due to its low-cost and good mechanical properties, but low corrosion resistance, hence, the need to improve the surface characteristics in order to increase the corrosion resistance potentials. The authors reported that Fe-based coating with other alloying elements, such as: Cr and Mo, showed better corrosion resistance than the uncoated 45 steel, when placed in a solution of NaCℓ.

Sambyal et al., [24], presented a study where mild steel substrate was coated with epoxy coatings containing: 1, 2, 3, 4 and 5 wt.% contents of poly(aniline-co-o -toluidine)/flyash (PANI/flyash) by powder coating technique. Low corrosion current was observed with the Tafel parameters for coatings containing 2 and 3 wt.% contents of copolymer composite, when placed in a 3.5 wt.% solution of NaCℓ. The coated samples showed superior corrosion protection over the uncoated for prolong exposure to the 3.5 wt.% content of NaCℓ solution. The epoxy coatings with copolymer composite showed passivation of artificial defects to a specific extent. Based on the results of the salt spray test after 120 days exposure, significant improvement was observed in the form of less corrosion along the scribed portion of the mild steel, coated with 2 and 3 wt.% copolymer composites loading, following prolong exposure, as shown in Figure 11.5.
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Figure 11.5 Photo images of (a) epoxy coated without PANI/flyash and epoxy with (b) 1 wt%, (c) 2 wt%, (d) 3 wt% and 4 wt.% of content of PANI/flyash coated steel specimens after 120 days exposure to salt spray fog. Adopted from [24].


11.4.2 Wear Resistance

Oil casing steel N80 is one of the most commonly used cementing materials in the oil and gas industries. This is due to its inherent mechanical properties and welderbility [36, 37]. Haung et al., [38], studied the performance of oil casing steel N80 with alumina coating for improved wear resistance. The coefficient of friction of the ceramic coated oil casing steel N80 with 1.5 g/L La2O3, showed slight vibration, indicating an improvement in wear resistance over other prepared samples (Figure 11.6a). Figure 11.6b showed similar outcome for the material, in terms of microhardness. The ceramic-coated oil casing steel N80, showed highly significant improvement in comparison to original oil casing steel N80, while the hardness was reported to be 1750 and 230 HV, respectively. The improvement can be attributed to the elimination of microcracks because of the material coating. The lowest wear weight loss of 0.18% as compared to 0.7% original N80 was observed with ceramic coated N80.
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Figure 11.6 (a) Friction coefficient and (b) microhardness of original oil casing steel N80, and aluminized N80 and ceramic-coating oil casing steel N80. Adopted from [38].


Similar coating material (alumina) and processing method was reported by Tazegul et al., [39], where alumina coating was used on AZ91D magnesium alloy because alumina has good properties, such as: high wear resistance, hardness, chemical inertness and desirable melting point and good for protecting the surfaces of engineering components against chemical attack, thermal effect and mechanical load [40, 41]. Tazegul et al., [39] reported that the combination of cold spraying (CS) and micro arc oxidation (MAO) processes in that order, led to a superior surface enhancement of the AZ91D magnesium alloy in dry sliding tribological performance and corrosion resistance.

Singh et al., [42], investigated the corrosion resistance of sol-gel derived alumina coating on magnesium metal, immersed in a 3.5% NaCℓ solution. Coating deposition on the surface of the substrate was performed by dip-coating method, by using boehmite (AℓOOH) sol, followed by sintering at a temperature of 250 °C. The thickness of the coating was between 2–3 µm. From the analysis of the result presented by the electrochemical impedance and potentiodynamic polarization measurements, substantial improvement was made in the corrosion resistance of the coated substrates.



11.5 Factors Affecting Properties of Coated Materials

In the present day, some significance has been given to studies in the area of corrosion protection of materials with the objective of extending the lifecycle of the metal and the metal alloy materials [43]. The level of resistance to corrosion and wear is a function of the coating thickness and coating material. Although, several factors have been discussed in the literature that affect the properties of the coated material, among all factors, coating thickness plays a major role. The coating thickness has been reported to extend the life span of the coated material. These materials can be metallic [44], plastic [45], glass [46] or even paper [47], just to mention a few.

Bandeira et al., [43] conducted a research where they coated the surface of AA7075 aluminum alloy with polyaniline (PANI) and studied the influence of surface roughness and thickness on the corrosion resistance of the material. PANI powder was disseminated in N-methyl-2-pyrrolidone (NMP), forming a solution of PANI/NMP. The thickness of the coating and the PANI/NMP volumetric solution increased linearly, as shown in Figure 11.7. With the relationship, the thickness of the polymer coating can be controlled by adjusting the volume of the NMP solution. From their result, it was observed that the higher the coating thickness, the higher the surface roughness as shown in Figure 11.8. Lower roughness, better corrosion resistance and higher contact angle were recorded with the intermediate coatings formed when the PANI/NMP solution was 600 and 800 µL. The coating surface morphology showed no sign of holes or cracks after it was exposed to corrosive solution, indicating good stability and strong adhesion between the coating material and the substrate. The result is not a function of the base metal or the alloy substrate but on the coating material.
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Figure 11.7 Dependence of PANI coating thickness on the volume of PANI/NMP solution. Adopted from [43].



[image: Graphical representation showing relationship between height of roughness of PANI electrodes and ratios of PANI solution deposited on AA7075-T6 alloy.]

Figure 11.8 The height of roughness obtained for PANI electrodes formed by various ratios of PANI solution deposited on AA7075-T6 alloy. Adopted from [43].


In a separate research by Egorkin et al., [48], the authors investigated the influence of duty cycle (D) during plasma electrolytic oxidation (PEO) by way of composition, morphology and protective properties of the coating materials deposited on the 5754 aluminum alloy in a uniformly-mixed electrolyte. From the study, the following improvements were recorded:


	Increased in the oxidation time and D led to an increase in the microhardness (2.5–3 fold) with a wear cycles number of 1.5 fold when compared to the aluminum substrate.

	Increase in polarizing signal duty cycle led to a reduction in the surface and cross-sectional porosities and a noticeable increase in the thickness (11.6 ± 1.9 µm) of the PEO-layers.

	Significant increase of the barrier properties of the coated material samples in comparison with the uncoated 5754 aluminum alloy substrates.



In a study by Seidl et al., [49] titled: “Influence of coating thickness and substrate on stresses and mechanical properties of (Ti,Aℓ,Ta)N/(Aℓ,Cr)N multilayers”, they varied the coat thickness, thus: 0.8, 1.6, 2.4, 4, 8 to 16 µm for four different substrates (Si, Aℓ2O3, austenitic stainless steel and hard metal). For thicker coatings ≥ 4 µm, the following hardness were recorded, respectively on: Si, Aℓ2O3, austenitic stainless steel and hard metal: 37.3 ± 0.7, 35.8 ± 0.8, 38.2 ± 0.6 and 34.0 ± 1.2 GPa. The residual stresses and coat thickness can be computed by using Equations 11.5–11.7, provided that, other parameters are known. The protection of the underlying parts was maximised against chemical and mechanical influences by thick coatings of more than 15 µm thickness [50]. Thickness of the coating and/or grain structure play a major role in the deformation mechanisms of any coated material [51].


(11.5)
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Where,

Es is the Young’s modulus of the substrate,

ts it the thickness of the substrate,

vs is the Poisson ratio of the substrate,

tc is the coating thickness on the coated substrate composite,

r is the radius of curvature of the coated substrate composite.



11.6 Areas of Application of Coated Materials

11.6.1 Oil and Water Separation

Oil spills and leakages are the major contaminants of the water body, most especially in an area where oil explorations are very intense. It is generally regarded as one of the environmental problems [52–54]. The contamination makes the water unfit for human consumption and detrimental to the aquatic inhabitants of such water. Li et al., [55], reported that the growing intensity of industrial oily wastewater discharge and crude oil spills, has intensified the technological awareness in oil-water separation, which has become a global subject of interest. This was also the view of other researchers [56, 57]. The best solution to such an occurrence is to try as much as possible to prevent oil spills, but in the case where it is unpreventable or accidental discharge occurred, the oil needs to be separated from the water. Many researchers have reported, in the literature, on the various ways of effecting the separation [58–60]. Oil and water separation requires a creative and novel approach that ensures the water is, to a large extent, reusable again either for domestic or agricultural purposes.

Graphene oxide-coated polyurethane (PU) sponge was developed by Rahmani et al., [61] for the separation of crude oil and organic liquid from the water. The modification of polyurethane through coating resulted in approximately 230% increase in the removal of crude oil from water. The absorbent developed was equally proven to be recyclable. The advanced material can be reused for 10 times cycle with negligible reduction in absorption potential. Graphene-coated polyurethane sponge-based oil spill absorption is a relatively cost-effective approach when compared to other methods and can be deployed on a large-scale.

From the study of Li et al., [55], meshes with underwater superoleophobicity and underoil superhydrophobicity-coated corn cob powders (CCPs) were fabricated by a method of facile spraying-coating. The advanced material developed is a result of the demand for separation of an immiscible mixture of oil and water without adding any extra chemical treatment. The authors employed a single device to achieve both modes of separation (water-blocking or oil-blocking) for selective oil/water separation, irrespective of the nature of the oil (heavy or light) in the mixture (Figure 11.9). Separation efficiencies greater than 99.9% was obtained for a series of experiments conducted with the single fabricated device. An efficiency greater than 98.9% was maintained by the coated meshes for hexane/water separation, after 30 cycles. The authors equally reported the fact that coated meshes can separate mixtures of corrosive solution (strong acidic, alkaline and salt aqueous solutions) with oil and still maintain separation efficiencies greater than 99.9%. The study has shown that advanced material coating has the potential to meet the dire need of oil/water mixture separation in the petroleum industries, leading to a healthy and safe environment.
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Figure 11.9 Schematic illustration of separation modes of oil/water mixtures. Adopted from [55].


Liao et al., [62], explained that with the increasing environmental deterioration due to pollution from industrial wastewater and oil spills or accidental leakages, attention on superhydrophobic materials used for oil/water separation has grown considerably into a global concern. Liao et al., developed superhydrophobic hybrid coating on polyester fabric by using facile dipping-UV technique for oil/water separation. Vinyl-terminated polydimethylsiloxane (V-PDMS) and (3-mercaptopropyl) trimethoxysilane modified graphene oxide (mGO) were utilized. The roughness of the fabric increased with increasing mass ratio of mGO/V-PDMS and water contact angle of 157° was attained. The novelty of the fabricated material led to a 99.8% oil/water separation efficiency and maintained a 98.5% efficiency for more than 15 separation cycles. The method used for the development of the materials seems to be simple and easily upscalable to a large production unit and meets the growing environmental challenges for wastewater treatment and oil spill or accidental discharge of crude oil.

11.6.2 Membrane Technology

Chen et al., [63], reported on the functionability of cotton fabrics with polymer coating as a membrane material. Synthesized isopropylacrylamide and acrylic acid was coated onto cotton fabrics (CFs) by using the dip-coating method in order to improve the technical valve of the CFs with the correct sensitivity and stability to environmental conditions. The level of advancement in the membrane enables the coated fabric to selectively separate water from the mixture of crude oil and water. The separation efficiencies of more than 99.5% was observed for crude oil-water separation, irrespective of the content of oil in the mixture. Oil spills can be more efficiently cleaned-up from the surface of the water and increase the production capacity of the petroleum industries of crude oil due to the promising potentials of fabrics coated with polymers [63].

Guo et al., [64], conducted a study on the preparation of membrane and examined the effects of coating thin composite film with polydopamine (PDA), for forward osmosis (FO) on its solute transport and antifouling performance. It was observed that PDA coating layer significantly improved the hydrophilicity of the membrane surface and reduced the roughness of the membrane surface. With a duration of 0.5 h PDA coating, the coated membrane represented by TFC-C0.5, showed a reduced NaCℓ permeability and similar water permeability when compared with the uncoated membrane (control membrane). The improved FO water flux of TFC-C0.5 was attributed to a decrease in the internal concentration polarization because of the improved membrane selectivity. The coating duration was extended from 1 to 4 hr and this led to a reduced FO water flux, which was due to the substantial increase in hydraulic resistance of the coated membranes. The polydopamine-coated membrane, TFC-C0.5 showed enhanced antifouling performance with alginate fouling.

11.6.3 Construction and Aircraft

The durability of building materials is becoming a major challenge due to rapid material ageing and strength failure of the building structure. The failure is a result of the adverse effect caused by different microorganisms and chemical agents [65]. Structural surfaces of buildings are often affected due to their exposure to environmental harsh conditions, leading to deterioration of the basic materials (concrete, steel reinforcement, etc.) of the structure [66]. One of the approaches that can be implemented to improve the material quality is the coating of the material. In the building and construction industries, the simple form of protection is by painting the surface of the material, since painting is a form of coating technique.

Nanocoating is among the common trends in material coating of aircraft in order to improve the durability and performance of metals. This method of material protection is equally used in the design of turbine blades and other relevant mechanical components that are exposed to high-temperatures and wear due to friction, during operation [67]. Among the materials that are commonly used for anticorrosion nanocoating, are: boron oxides, silicon, cobaltphosphorous nanocrystals [68]. Joshi and Chatterjee [67], further explained that tribological coating of materials can dramatically enhance their resistance to wear by reducing the friction coefficient and by so doing, will ultimately improve the performance efficiency of the engine.



11.7 Conclusion

In the current chapter, the application and importance of material coating technology for the improvement of engineering materials has been reported. It is concluded that the performance in terms of mechanical properties, thermal properties and material life cycle, depend on the level of surface enhancement that has been done. The increasing demand in terms of material performance, especially in the aerospace industry, building and construction, aviation, food, packaging industries, automotive, oil, gas industries and pharmaceutical, have charted the course for the development of advanced materials. Several coating techniques were reported to have contributed to the behaviour and properties of polymeric, ceramics and metallic materials. From the extensive literature review conducted, the following observations were made:


	Material properties depend largely on the coating methods. One of the coating methods (electrostatic powder coating process) was reported to have helped to control the material porosity. While galvanizing has equally been reported to prevent corrosion, which is usually caused by chemical attack, environmental reaction and oxygen in the presence of moisture. Furthermore, powder coating was also reported to contribute to a better material surface enhancement. In order to achieve an effective powder coating, the base material must be compatible with the coating powders.

	Surface-coated materials tend to have better corrosion and wear resistance than the base materials, which is usually one of the main goals for coating.

	The level of resistance to corrosion, wear and other requirements is a function of the coating thickness and surface roughness of the material.

	Future work should focus on optimizing the surface coating by creating multiple layer coating. Another viable approach that can be implemented is to combine various coating methods on a single material or substrate.
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Abstract

The surface of polymers and carbon based materials determinedly interacts with the biological environment and as thus, the surface properties of these materials need to be tailored to possibly govern their application. Coating of polymer and carbon based materials are increasingly desired to possibly influence the composites or in other cases improve the functionality of the underlying hosts without necessarily influencing its bulk properties. In the biomedical field, possible surface modification of these basal materials are considered for enhanced biocompatibility, tailored surface chemistry, wear resistance, improved electrical conductivity, etc. These coatings have be successfully applied in orthopedic materials, cardiovascular components, antimicrobial surfaces, biosensors, drug delivery enhancement, tissue engineering. In this chapter we discuss the use of polymers and carbon based materials for biomedical applications; polymers and carbon based materials being the most dominant materials used. The overview of polymers and carbon based materials will be made, with an introduction to coating. With several references made, we focus on the biomedical application of these polymer and carbon based coatings indicating the benefits of the coatings to the biomedical field. In conclusion, we indicate future trends and novel applications of coatings.
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12.1 Introduction

Originating from the Greek word ‘poly’ which refer to ‘many’ and ‘mere’ denoting ‘parts’, a polymer could simply be described as a molecule made of long chains repeating units of identical structures. Polymers are understood to be held together by covalent bonds and are largely produced by a process called polymerization. Polymerization is a process where monomers react with one another chemically to form 2D linear or 3D networked polymer chains. Polymers could be classified as homopolymers if they are made from a single type of monomer or copolymers if they are made from different types of monomers. The latter is often preferable as they more often possess properties which are more often superior to the properties of either single polymer [1].

Carbon is the one of the most useful elements to man and is the basis of organic chemistry. Its tetrahedral geometry enables it to form 4 identical covalent bonds to other atoms. Carbon possesses allotropes in graphite, diamond, fullerenes and amorphous carbon and these allotropes have been of interest to researchers. Carbon-based materials are simply materials made of carbon and its allotropes. Researchers have studied polymers and carbon based materials for the benefits which they have presented as a result of their inherent characteristics.



12.2 Coating

A coating simply is a layered covering that is applied onto the exterior of an object or material (sometimes referred to as a substrate) for decoration, protection, to influence the surface functionality or a mix of either of these [2]. For instance, painting materials are normally related to specific ornamental value for the attention of customers. The same apply on kitchen electrical wire, however corrosion resistance material is normally added in this case. The layer covering could be a total covering or partial covering, where only certain parts of the object are based on application. In a bid to influence the properties of (bio)materials, coating of (bio)materials surfaces have been adopted by researchers worldwide. By surface modification / coating of (bio)materials, researchers have been able to program the characteristics of surfaces without influencing the bulk properties of the material. Polymers and carbon based materials have been employed to coat (bio)materials over the years by researchers worldwide. After coating, the new surface morphological properties (crystalline nature, wettability, surface charge and topography, etc.) and chemical properties (hydrophilicity / hydrophobicity, functional group presence, etc.) of the coated material could initiate a potential biological response; hence the biocompatibility of these surface modifications must be taken into consideration since there could be possible interactions with biological surfaces of the host locale. For example, the degree to which cells or proteins adhere to surfaces of (bio)materials or the behavior of blood when it interfaces with certain material surfaces is influenced by the (bio)materials surface properties [3]. Clearer understanding of the interfaces which the modified surfaces of any material will come in contact with will be influential in the design of such modification to allow for biocompatibility.



12.3 Surface Interactions with Biological Systems

The interactions of coated (bio)materials with biological systems could lead to inactivation of the coated (bio)material surfaces, malfunctioning of the biological system interfaced with, or even death of the targeted host itself. These challenges could be avoided by a full understanding of the specific interfaces which the coated material will come in contact with. Over time, researchers have identified the main surfaces reactions which coated (bio)materials need to take cognizance of for successful stealth actions of surface coating.


12.3.1 Cell Adhesion

This is a process within the biological systems where cells interact with the molecules of the surface of another (bio)material and possibly get attached to the surface. It usually involves the release of signals which leads to the attraction of cells and finally the adherence of the attracted cells to the surface. Thus when coated materials come in contact with biological systems, they could be a shortcoming or advantageous. For example, cell adhesion could be advantageous in research involving tissue engineering, which even goes further to promote cell division on the surfaces of (bio)materials [4], but some other research which the adhesion may encourage microbial growth [5], it may be a shortcoming. The cell adhesion on a surface occurs in stages which may determine an extent of coating on the surface.

These are:


	Cell attachment initiation

	Cell spreading

	Focal adhesion and stress fibers formation.





12.3.2 Interactions Between Blood and Coating Material

Most of the time, the first body fluid which comes in contact with any coated bio(material) is blood and when this occurs, a layer of plasma proteins adsorbs to the surface and causes a biological responses to the (bio) materials. Coated (bio)materials which are designed for implantation could interact with blood and dependent on the surface coating properties, this interaction could lead to blood coagulation at the material surface, platelet adhesion or in some cases thrombosis Researchers have identified that during blood-material interactions there is a quick adsorption of plasma proteins which then leads to the activation of these adsorbed proteins. This then causes the eventual biological response to the coated (bio)materials [6–8].



12.3.3 Biofilm Formation as a Result of Bacterial Attachment

It has been observed by researchers that after coating (bio)materials for implantation, in failed implantation cases, there have been reported cases of bacterial attachment to the (bio)materials and spreading of the growth of these bacteria to form a biofilm. Implant failures, as reported in cases of heart valves, joint prostheses, contact lenses and vascular catheters [9] witness the formation of biofilm and this drawback has been a constant challenge for researcher who design materials for implantation.

The capacity to tailor surfaces of bio(materials) and adapt them for specific applications to avoid the effects of negative biological surface interactions can be discussed under three broad categories represented in Table 12.1. Surface modifications have been applied diversely across several fields and for various applications, as evident from the examples and references quoted.



Table 12.1 Categories of Some Surface Modification Types with References.





	Surface modification
	Examples
	Refs.




	Physical agents
	X-ray
	[10]




	Gamma Irradiation
	[11, 12]




	UV radiation exposure
	[13]




	Laser ablation
	[14, 15]




	Plasma
	[16–19]




	Flame
	[20, 21]




	Mechanical polishing
	[22–24]




	Corona treatment discharge
	[25, 26]




	Sonication (ultrasonic bath)
	[27, 28]




	Chemical agents and incorporation of functional group
	Chemical grafting
	[29–31]




	Hydrolysis
	[32, 33]




	Surface oxidation
	[34, 35]




	Etching
	[36–40]




	Electropolishing
	[41–44]




	Priming
	[45–47]




	Immobilization of cells or biological molecules
	Cell immobilization
	[48, 49]










12.4 Biomedical Applications of Coatings

Coatings have been employed in diverse applications to influence the surface characteristics of any substrate (bio)material when such a substrate is incapable of providing the much desired properties inherently. In the biomedical field, the coating of materials has been employed to equip materials with properties which are required but lacking inherently to the material. The modification of (bio)materials surfaces by polymers and carbon based materials have been of interest to researchers as their inherent properties can be programmed onto them. In the biomedical field, advantageous properties such as improved mechanical strength, electrical conductivity, tunable smart materials, corrosion protection, improved wear resistance and improved surface chemistry are some of the benefits which modification of surfaces with polymers and carbon based materials have provided. Over the years, the application of polymers and carbon based materials as coating materials has shown impressive biomedical applications and these applications is addressed.



12.5 Polymer Based Coating for Biomedical Applications


12.5.1 Drug Delivery

Possible improvement to the bioavailability of drug(s) or drug formulation is the vision of any drug delivery model, in addition to having lower doses of drug formulations which are effective, reduced side effects and the ability to target drugs. Different drug molecules show diverse pharmacokinetic drug release profiles as a result of different chemical composition, shapes, sizes, surface properties, etc. The advent of polymer and the drug delivery have led to innovations which possess the qualities closer to those suggested of an ideal drug delivery system [50]. Both synthetic and naturalpolymers alike and their blends depending on the interest of the researcher, have been employed in drug delivery formulations and blends of both depending on the interest of the researcher have been employed. The properties of the polymers employed could provide polymer matrices which could influence the properties of the drug delivery formulation.

The use of microneedles in drug delivery has been of increasing interest to researchers worldwide as a substitute to the traditional hypodermic needles as a result of their smaller sizes and the ability to painlessly deliver drug formulations into cells efficiently [51]. Coating of microneedle patches have been shown to improve drug vaccine delivery with minimal invasion. Depending on the coating parameters; duration of coat spraying, concentration of coating material, atomisation air pressure, etc. The effect of the coating material on the surface of the microneedle could differ. Microneedles base drug delivery approaches have been investigated with drugs being deposited at the tips of the microneedles using various techniques shown in Table 12.2.



Table 12.2 Microneedles Coating Techniques.





	Coating technique
	Refs.




	Dip coating
	[52, 53]




	Gas-jet drying
	[54, 55]




	Spray coating
	[56, 57]




	Electrohydrodynamic Atomisation
	[58–60]




	Ink-jet printing
	[61–63]







Researchers of Ireland reported on the successful spray coating of silicon microneedle arrays [64]. They compared the properties of two film-coating materials: carboxymethylcellulose and hydroxypropylmethylcellulose, highlighting the benefits the coating could proffer in intradermal drug delivery and vaccine delivery.

Researchers from Shanghai reported on the in situ polymerization coating of chitosan/poly (methacrylic acid) pH responsive polymer shell on mesoporous silica nanoparticles (CS-PMAA). The coated composite microsphere was reported to be stable in pH range 5–8 and characterized as a clearly defined core-shell composite microsphere. Model drug, doxorubicin hydrochloride was utilized to investigate the drug loading and release efficiency and it was reported that the coated composite microsphere possessed a high encapsulation efficiency of 95.7% and loading capacity of 22.3%. The researchers went ahead to perform in vitro evaluation, which showed pH-responsiveness of the coated microspheres and biocompatibility with HeLa cells using the MTT assay which showed high biocompatibility [65]. They also investigated the potential to deliver drugs into HeLa cells by using the confocal laser scanning microscopy; its positive finding is suggestive of its potential application in the delivery of drugs to aid cancer therapy.

Researchers from the University of Strathclyde investigated tethering cisplatin to gold nanoparticles (AuNPs) for improved stability, drug targeting and cell uptake [66]. They reported that cisplatin was tethered to gold nanoparticles and they observed that the size distribution was significantly improved. The researchers attached platinum to the surfaces of the AuNPs using poly (ethylene) glycol linkers and observed improved drug loading particle sizes, which after 28 days there were negligible variation in the sizes of the AuNPs.

The coating of electrospun silk fibroins with polypyrrole (pPy) using chemical polymerization was reported by researchers from Spain [67]. They investigated the electroactivity of the coated meshes of fibroin to release anions and store anions, indicating that the coated material presented high electroactivity. They identified the mechanical properties of the coated material, studied the proliferation and adherence of ahMSCs and hFb human cells. They reported that both silk fibroin and the pPy coated silk fibroin reveal similar bioactivity for both ahMSCs and hFb growth and attachment, but exhibit averagely lower bioactivity than the uncoated material.

Earlier this year, researchers reported the surface grafting of molybdenum disulphide (MOS2) nanosheets with copolymers (2-methacryloyloxyethyl phosphorylcholine (MPC) and itaconic acid (IA)), MPC-IA, for drug delivery applications [68]. By using mussel inspired chemistry and single-electron transfer living radical polymerization, the surface grafted MOS2-PDA-[poly(MPC-IA) were reported to show great biocompatibility and improved dispersibility. Model drug, cisplatin was employed and the loading potential in the MOS2-PDA-[poly(MPC-IA) nanocomposite was reported to be as high as 55.26%, revealing its potential biomedical application.

More recently, Cheng and his colleagues reported synthesizing 10 nm gold nanoparticles, which are biocompatible and coated their surface with polyethylene glycol to provide available functional groups for drug delivery [69]. The research went further to add a fluorophore to enable the nanoparticles to be viewed by bioimagining microscopes and track possible nanoparticle uptake in vitro or in vivo.



12.5.2 Prevention of Infections from Micro-Organisms

Although we live in the 21st century, threat to human health from microbial infections are still being reported as the second leading cause of death, only topped by heart diseases. These infectious micro-organisms (bacteria, fungi, etc.), mostly adhere to the surfaces of materials or medical devices to cause infection. This adhesion most of the time is followed by cell division to increase their presence and proliferation. Researchers have identified the surfaces as the targets of the infections, over the years and so surface modification to create surfaces with antibacterial properties has been explored. Functionalization of bioactive surface coatings has assisted to create surfaces with antibacterial properties for prospective cell integration. These modified surfaces are capable of being biocompatible, but still capable of fulfilling their designed functions within the complexities of the biological environment [70–72], to achieve:


	Prevention of adhesion of microbes (by possibly being rough or possessing high surface energy)

	Killing of microbes which are adherent (by engulfing or physical killing)



Worldwide, infections from the use of medical devices have become too frequent and pose a great challenge to the biomedical field. Researchers have identified that the modification of surfaces of these medical devices with polymers has brought some respite to the challenge posed by microorganism infections. Although issues of resistant strains of microorganisms have sprung up as an additional challenge, researchers have utilized varied approaches and these have produced some results. These approaches could come in the form of grafting antimicrobials within polymers or loading antimicrobial compounds within them.

Scientists have reported on the utilization of silver nanoparticles grafted on thermoresponsive poly(N-isopropylacrylamide) co-allylamine (PNIPAM-co-ALA) nano-gels [73]. The investigation not only avoided the growth of bacterial strains (S. aureus and P. aerugisona) suggested the application of the thermoresponsive antibacterial nano-gels for wound dressing. Similar research findings were reported by investigators from the United Kingdom. Hathaway and his collaborators demonstrated successful bacterial lysis of Staphylococcus aureus ST228 at room temperature using surface coated thermoresponsive PNIPAM-co-ALA nanogels incorporated with bacteriophage [74].

A collaboration between scientists from Romania and the United States of America made findings on the antibacterial capacity of deposited poly(1,3-bis-(p-carboxyphenoxy propane)-co-(sebacic anhydride)) 20:80%/gentamicin sulfate composite coatings by matrix assisted pulsed laser evaporation. This incorporated gentamicin from the polymer films showed antibacterial potential against Escherichia coli and Staphylococcus aureus and also, performing release studies of gentamicin from the films revealed its suitability in several possibly implants and catheters.

Irani scientists reported on the biocompatibility capacity and antimicrobial potential of polyurethane (PU) coatings synthesized with quaternary ammonium salts functionalized soybean oil based polyols [75]. They synthesized the quaternary ammonium salts functionalized soybean oil based polyols and reacted them with different monomers to design the PU coatings (methyl and benzyl based PU coatings). The PU coatings with diioscyanate monomers were subjected to mechanical and adhesion tests and they showed 0.41 MPa which is proper for application in coating, also they showed promising cell viability using L929 fibroblast cells. The methyl based PU coating with higher concentration of the quaternary ammonium salts showed better adhesion strength and about 95% antibacterial reduction.

Scientists from Italy reported findings from their investigations of inhibition of bacteria, Staphylococcus aureus using ciprofloxacin-modified electrosynthesized hydrogel coatings [76]. De Giglio and his colleagues developed thin films in situ sustained release systems based on either copolymer poly(ethylene–glycol diacrylate) and acrylic acid or poly(2-hydroxyethyl methacrylate). The films where then directly electrosynthesized on titanium substrates and entrapped with ciprofloxacin. The efficiency of ciprofloxacin entrapment was then confirmed by X-ray photoelectron spectroscopy and its release was confirmed. Finally the in vitro inhibition of growth of methicillin resistant Staphylococcus aureus was performed using disks containing 5 ug and evidence of the coated hydrogels antibacterial capacity was confirmed.

Malaysian researchers investigated and reported on the utilization of AgNPs and polymers, using silanes as binders, to prepare transparent coating for the inhibition of antibacterial growth [77]. They employed ball-milling process and ultrasonification to mix the salines and AgNPs. The reported that using designed polymer with only 3.5% wt AgNPs inhibited the growth of Staphylococcus aureus.

Scientists reported on the dual functionality of antimicrobial and antifogging capacity of designed polymer coatings [78]. Zhao and his colleagues designed a semi interpenetrating polymer networlk (SPIN) using polymerized ethylene glycol dimethacrylate network and partially quaternized poly(2-(dimethylamino)ethyl methacrylate-co-methyl methacrylate). They identified that the balance between the hydrophobic and hydrophilic entities of the quaternized copolymers rsulted in the antifogging capacity of the coating, while the antimicrobial capacity was due to the covalent bonding of the hydrophobic quaternary ammonium compound. Zhao and his colleagues showed the antimicrobial capacity of the designed polymer coating against Escherichia coli and Staphulococcus epidermidis, reporting that their bactericidal action was based on contact killing which was attributed to the covalent bonding to the copolymer.

Another interesting report was presented by Gao and his colleagues from Canada which investigated the biocompatibility and biofilm resistance of implant coatings based on antimicrobial peptides conjugated with hydrophilic polymer brushes [79]. They conjugated covalently grafted hydrophilic polymer chains to optimized antimicrobial peptides and reported the capacity of the coated polymer to resist antimicrobial growth, insignificant platelet activation, adhesion and its biocompatibility with osteoblast-like cells. To investigate the antimicrobial activity, the researchers employed the measurement of the luminescence produced as a result of bacterium metabolic energy production. This inhibition of antimicrobial activity was confirmed and a further analysis of long term retention of antimicrobial activity which prevents the formation of biofilm was examined with some levels of success reported.

Williams and his coworkers reported on the prevention of antimicrobial infection by incorporating a novel antimicrobial compound (cationic steroid antimicrobial-13) into a polydimethylsiloxane polymer [80]. Their polydimethylsiloxane based polymer coating prevented growth of Staphylococcus aureus, using an in vitro flow through design and biofilm implant related osteomyelitis development in sheep model.

French scientists reported on the antimicrobial capacity of air brush coated ofloxacin-poly(ε-caprolactone) prostheses [81], which show effective in vitro antibacterial activity against Escherichia coli, but further findings reveal their ineffectiveness against Streptococcus spp and Enterococcus spp., so a follow up research was performed to investigate possible combination therapy. This led to the investigation using layers of ofloxacin and rifampicin dispersed within a polymer reservoir made of [poly(ε-caprolactone) and poly(DL-lactic acid)] [82]. They designed a 20 mg coating of 3 adherent layers of ofloxacin- poly(ε-caprolactone), rifampicinpoly(ε-caprolactone) and a final layer of drug free poly(ε-caprolactone)-poly(DL-lactic acid). These designed coating was then airbrushed on the surface of polypropylene and in vitro microbial capacity was investigated as a tri-adherent layered test and as individual coated tests. Investigations revealed prevention of biofilm formation and bacterial proliferation for extended perimeters around the mesh against both Escherichia coli and on Staphylococcus epidermidis and this inhibition is reported to be effective for at least 72 hr encouraging the invasion of fibroblasts as opposed to the uncoated substrate.

Scientists from the Institute of Bioengineering and Nanotechnology, Singapore reported on the synthesis of a catheter coating copolymers with antibacterial and antifouling. They coated diblock copolymers of poly(ethylene glycol) and cationic polycarbonate on silicon rubber via a reactive coating of polydopamine to promote antimicrobial and antifouling surface properties. Using Staphylococcus aureus as a model microbe, 20 uL of a bacterial solution of 3 × 106 CFU/mL was added to each 48-well plate and treated with a polymer coated or an uncoated silicone rubber. After eight or 24 hr at 37 °C, 10 uL of the bacterial solution was taken, diluted to the appropriate dilution factor and streaked on an agar plate. The number of colony forming units was counted after incubator for 16 hr at 37 °C and each test was carried out in triplicates. The antibacterial study found that surfaces coated with polymers showed antibacterial activity against Staphylococcus aureus.

Researchers reported on the ‘immobilization of amphiphilic polycations by cathechol functionality for antimicrobial coatings’. They employed the dip coating technique to design antimicrobial modification to surfaces. By free radical polymerization reaction, the synthesis of amphiphilic polycations with varying mole ratios of monomers containing methoxyethyl, catechol and dodecyl quaternary ammonium groups was performed. The preparation of polymer coating was by immersion of glass slides into polymer solutions followed by drying and heating. It was observed that the catechol groups encouraged immobilization of the polymers in films, while the antimicrobial and hydrophilic-hydrophobic balance was enabled by the methoxyethyl side chains. The antimicrobial capacity was identified by the bactericidal efficiency against Staphylococcus aureus and Escherichia coli in dynamic contact assay and also up to 96 hr prevention of viability of Escherichia coli and Acinetobacter baumannii.



12.5.3 Biosensors

A biosensor can be simply described as a device for determining the existence of a biological molecule or identifying its concentration by interpreting biochemical interaction(s) at the surface of the sensor into quantifiable physical response(s) [83]. A typical sensor has three components:


	Receptor species; this aids in the identification of the analyte of interest with very high specificity. It is mostly of biological origin or man-made to achieve its main purpose of very selective analyte of interest identification.

	A transducer; this component aids to interpret the interaction of the receptor species into measurable physical responses like change in optical absorbance, conductivity, generation of protons, etc.

	Finally, the transducers interpretation must be able to be detected and converted to usable information by a technique, which then informs about the information the biosensor reports.



Biosensor applications have recorded successes worldwide, but two major challenges affect their performance: Biofouling, which can influence the response of sensors or in some extreme cases, inactivate them totally and interference of the transducer. This interference could be as a result of substances which are electroactive as they more often than not affect possible electrochemical measurements. For example, glucose sensors tend to be affected by substances which can be oxidized at the surfaces, e.g., paracetamol.

Researchers have reported about the use of polymer coating to minimize electroactive species interference at the surfaces of the substrates and limit biofouling with successes. Researchers from as early as the mid-nineties reported the use of cellulose acetate [84] and fluorinated ionomer Nafion [85]. Maines and his colleagues at the University of Manchester used cellulose acetate to design membranes which were effective in limiting diffusion and measuring aqueous glucose concentrations, as efficient glucose sensors. Similarly, Tuner and Sherwood at the University of British Columbia reported on their use of perfluorosulfonic acid (Nafion) polymer membranes as glucose sensors for blood in vitro. The challenge of biofouling was addressed in the late-nineties in a review by Kingshott and Griesser at the Commonwealth Scientific and Industrial Research Organization, Australia were it was reported that coating of surfaces with short polyethylene glycol chains and together with polyethylene oxide, they have the capacity to reject certain proteins and thus resisting bioahesion, which leads to biofouling. These were early reports on the capacity polymer coating has in biosensors design, but over the years more investigations have been done.

More recently Behzad and Lisa reported their findings which evaluated the use of polymer protective coating for improvement of implantable biosensors [86]. Comparing the performances of poly4-styrenesulfonic acid, Nafion, polyethylene glycol, polyurethane 6% concentration, poly2-hydroxyethyl methacrylate (2% and 10% concentrations) and sulfonated tetrafluoroethylene as polymer coating materials, proper coating was revealed to be formed by poly2-hydroxyethyl methacrylate, polyurethane by their electrochemical impedance measurements.

Chinese researchers reported on the successful design of an optical fiber taper interferometer coated with conjugated polymer tentacle as highly sensitive Deoxyribonucleic acid (DNA) biosensor [87]. The conjugated poly [N-octylcarbazole-co-9, 9’-dioctylfluorene-co-1, 3, 4-oxadiazole] (PCFOz) polymer tentacles coating increases the surface refractive index of the taper interferometer and catches single-stranded DNA molecules, improving the sensitivity of DNA concentration to 2.393 nm/log M with good linearity. The coating was reported to enable DNA detection precision in situ and in ultra-diluted DNA solutions. Figure 13.0 shows the schematics of the interactions of the DNA chains by π-π stacking with and conjugated polymer coating.

Turkish scientists designed a poly (3-aminophenyl boronic acid-co-3-octylthiophene) (PAPBAOT) glucose sensor for potentiometric detection without the use of an enzyme. The PAPBAOT polymer film was synthesized on a glassy carbon electrode electrochemically, the alkyl spacer and boric acid functional groups aided as penetration and molecular recognition agent respectively. The effective glucose determination was possible as a result of the octylthiophene group, which acted as a partition layer, while phenyl boronic acid group served as the complexing agent for glucose preconcentration. The non-enzymatic PAPBAOT film electrode detected glucose to 0.5 mM successfully during the study and showed no response to dopamine, ascorbic acid or uric acid.


[image: Figure shows DNA chain interactions by p-p stacking and conjugated polymer coating used in optical fiber taper interferometric sensor.]

Figure 12.1 Representation of the interactions of the DNA chains by π-π stacking with and conjugated polymer coating adapted from [87].





12.5.4 Tissue Engineering

The engineering of tissues to enhance biological tissues by the use of material engineering techniques which aid by altering biochemical and physiochemical factors is summarily what tissue engineering encompasses. Very commonly the use of polymer biomaterials involves scaffolds, which are tissue engineered for medical applications. The field of tissue engineering considers the biomaterials biocompatibility and elasticity and thus, the potential surface modification of such biomaterials plays a vital role in its application in tissue engineering. Over the years, the use of numerous biomaterials in tissue engineering has been investigated from natural polymers, elastomers which are chemically cross-linked, elastic proteins to thermoplastic rubbers [88, 89].

Research into the application of scaffolds for bone tissue engineering has been investigated for years now but with issues surrounding infection management and osseointegration of bioresorbable scaffolds has been stumbling blocks which they have faced [90]. Researchers successfully employed biodegradable synthetic polymers like poly(lactide)s coated with collagen using a three-step coating technique for the preparation of sponge surfaces which are porous for tissue engineering application. They reported that this technique was successful in overcoming the inherent hydrophobic nature of the biodegradable synthetic polymer scaffolds and this enhanced adhesion and cell penetration which are beneficial to tissue engineering [91]. Researchers from the Manipal Institute of Regenerative Medicine demonstrated that the surface modification improved differentiation of osteoblast, osteoconductivity and osteoblast mineralization of bone marrow derived mesenchymal stem cells (hMSCs) through coating tissue culture plates with hyaluronic acid, collagen type 1 and chitosan [92].

Scientists from the United States reported the effective utilization of surface modification method which reduced the nonspecific biointerfacial interactions of biological signals. They synthesized varying poly (ethylene glycol) methyl ether methacrylate and (meth) acrylates copolymers (with changing molar ratios) and grafted them onto polystyrene culture substrates which were amine functionalized and covalently immobilized cyclic peptides on them using the residual NHS ester groups. They effectively reported cellular response using Hela cells attachment experiments and the effective correlation between biointerfacial interactions and polymer make up was established [93].

Scientists at the University of Michigan successfully cultured and grew human embryonic stem cells for long term in polystyrene culture dishes which were coated with poly[2-(methylacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH) [94]. Similarly, rats osteoblasts adhesion and proliferation were reported successful by Tsai and his coworkers. By coating bone tissues with poly(dopamine)-coated biodegradable polymer films, Tsai and his coworkers reported significant increase in cell adhesion and shortening of cell doubling time. They also recorded increase in mineralization of modified surfaces [95].

Hassan and coworkers from the University of Nottingham wrote an interesting review on the ‘Surface engineering of synthetic polymer materials for tissue engineering and regenerative medicine applications’ where they clearly categorized strategies for surface chemistry modification as relating to cellular behavioral change [96] and finally, Indian researchers reported in a more recent review the use of polymer coated mesoporous ceramic for bone tissue engineering drug delivery. Their write up focused on regenerative medicine and the progress in bone tissue engineering with ceramic based mesoporous materials [97].



12.5.5 Cardiovascular Stents

A coronary stent is a fabricated device shaped like a tube for placement in the coronary arteries that aid during coronary heart disease treatment to keep the arteries open to allow for blood supply to the heart. Research into coating of these stents with polymer biomaterials to improve its surfaces has been investigated by researchers. As far back as the mid-nineties, reporters have investigated coating palmaz-schatz stents with heparin for improved treatments and reduced thrombosis [98]; confirmed the decrease in thrombogenecity of intravascular stents by coating stainless steel-slotted tube stents with biostable polyurethane or biodegradable poly(organo)phosphazene with amino-acid ester side groups after 6 weeks follow-up. They observed the poly(organo)phosphazene encouraged a more pronounced histiolymphocytic and fibromuscular reaction than amphiphilic polyurethane, which seemed to be favorable as biocompatible stent coating and, consequently, as a probable carrier for vasoactive drugs [99].

The use of bare metal stents for the treatment of coronary artery disease since the mid-nineties and progress has been observed from the use of first generation drug eluting stents [100], to second generation drug eluting stents with lower thrombosis rates [101]. The coating of drug eluting stents was investigated in China and the researchers coated stents with Poly (styrene-block-isobutylene-block-styrene) (SIBS) and reported that by increasing the sulfonic acid content, the polymers strength and hydrophilicity improved. These findings encouraged further in vitro and in vivo application and the suggestions showed the promising performance of coated SIBS stents [102]. Researchers have grown rapamycin crystals directly on stents [103]. The rapamycin stents were loaded with about 100 ug rapamycin with 3–5 um coating thickness and in vitro drug release study showed constant release over 90 days. Coating of carbon nanotubes with biocompatible block copolymer PLA-PEG to reduce the toxicity was performed by researchers from the United States, they reported that the coating prevented aggregation and reduced in vitro inflammation during paclitaxel drug release [104].

Coating of stainless steel stents with poly(ethylene carbonate) containing paclitaxel [100] was investigated by German scientists, with outer surfaces coated more thickly than inner surfaces and total loaded paclitaxel drug release studies confirmed after 2 months.

Greek scientists reported on the suitability of poly (3, 4-ethylenedioxythiophene) (PEDOT) thin films for stents to stimulate cell proliferation and adhesion. They fabricated films by spin coating PEDOT doped with poly (styrenesulfonate) (PSS) and vapor phase polymerized PEDOT doped with tosylate anion (TOS). They confirmed proliferation and viability using L929 fibroblast cells and MTT assay test. They also recounted that the hydrophilicity and nanotopography of the films influence their cytocompatibility [105] and promoted serum albumin cell adhesion and adsorption.

Korean scientists reported the coating of PEG-grafted stainless steel stents with anti-vascular endothelial-cadherin antibodies by dip coating method. These antibodies are known to be expressed on endothelial progenitor cells (EPCs) surfaces and they enhance cell signaling and cell proliferation. Within three days, the scientists observed re-endothelialisation and reduced specific biofouling and these findings encourage the prospective application of this surface modification technique to varied medical devices [106].

Scientists investigated the efficacy of immobilizing anti-CD34 on a polyhedral oliogmeric silsequioxane poly(carbonate-urea) urethane and polyhedral oliogmeric silsequioxane polycaprolactone nanocomposite surface to hide away EPCs from human blood, encourage cell growth, thrombosis prevention and maintain healthy endothelial surfaces [107, 108].

The application of polymer surface modification in cardiovascular stents have been widespread and several researchers have even got to investigating and comparing various parameters with polymer coatings of stents, comparing between biodegradable polymer stents and drug eluting stents for possible single preference treatments or combination therapy with substantial successes reported [109–114].



12.5.6 Orthopaedic Implants

The utilization of polymer materials in orthopedics have been established for quite some time now from the use of polyolefins to poly(methylmethacrylate) [115–117], although the use of metallic and non-metallic coatings still exist. Research involving orthopaedic implants surface modification with polymers continues to interest researchers as it provides them with the capacity to incorporate drugs into the biomaterials, taking advantage of the capacity to able to coat implants with polymer-drug conjugates and subsequently cause drug release to locations of interest.

Research into coating of orthopaedic implants with biomaterials has been investigated since the mid-nineties. In 1996, Price and coworkers developed polylactic-co-glycolic acid copolymer (PLGA) coating with antibiotic gentamicin. In vitro studies were performed to confirm the effect of the gentamicin oncolonies of staphylococcus aureus incubated at 37 °C and reduction in the bacterial growth was confirmed in coated implants compared to control implants. The coated implants reduction was greater than 99.9999% (P<0.0001), confirming the effectiveness of the coating [118]. Similar polymer-drug coatings have been explored and reported to be successful in orthopaedic related surgeries [119–122].

A major metal researched upon is magnesium and its alloys, they have been of interest to researchers in orthopaedic implants due to their great fracture toughness, low density, compressive yield strength in relation to bone, matched elastic moduli, non-toxic corrosion products, etc [123, 124]. Similarly, Titanium and its alloys have interest in orthopaedic implants and have been researched upon, but challenges of poor osseo-integration and bacterial infections have been reported as challenges and failures in their use. Generally, the use of metals in orthopaedic implants although widespread comes with a challenge called ‘metallosis’. Metallosis is a condition of metal debris buildup and deposition within tissues of the body, being hypothesized to occur when metallic implants abrade against one another. This has been a challenge in orthopaedic implants; hence coating of implants to avoid metallosis or avoid corrosion products which are non-toxic is one of the desires of researcher for orthopaedic implants.

In a study, Luo and his colleagues at the University of Pittsburgh electropolymerised magnesium with poly(3,4-ethylenedioxythiophene) and also loaded dexamethasone drug within the polymer. The coating assisted in reducing magnesiums’ corrosion rate and also encouraged the release of loaded dexamethasone on stimulation by electrical current [124].

Researchers compared the coating of magnesium with semi-crystalline poly(ε-caprolactone) (PCL) layers and uniform, nonporous amorphous poly(L-lactide) (PLLA) reporting that PLLA had better adhesion strength to magnesium (2.5MPa – 4.1MPa) than its counterpart (1.8MPa – 2.5MPa), although both coatings improved cytocompatibility, attachment and growth of Sarcoma osteogenic cells and reduced corrosion rates of magnesium [125].

Wong and his colleagues reported on the coating of magnesium alloy orthopaedic implants to control its performance [126]. They coated magnesium alloys with polycaprolactone and dichloromethane polymer membrane and controlled the coating pore size by using either 2.5% (w/v) PCL or 3.33% (w/v) PCL in solvent, during the layer-by –layer deposition on the sample surface. The control of corrosion rate, reduction in degradation rate of magnesium and mechanical properties was shown to be maintained during degradation. The in vitro study recorded good cytocompatibility using Sarcoma osteogenic cells and enhanced green fluorescent protein with the coated polymer samples as opposed to the non-coated samples, while the in vivo studies showed faster degradation of the non-coated samples. Similar research was investigated by Ostrowski and colleagues, but using (lactide-co-glycolide) coatings on magnesium alloys to control the performance of the implant [127].

Investigations into the application of coatings of hydroxyapatite [Ca10(PO4)6(OH)2] on substrates of polymer composites was reported by scientists from Canada. Since hydroxyapatite is common in orthopaedic applications, they spray coated it onto carbon fiber/polyamide 12 composite substrate and reported its mechanical adhesion of as high as 23 MPa dependent on the substrate surface coating levels. They reported the coated substrates were not significantly affected by exposure to simulated body fluid for up to 28 days at 37 °C [128]. Hydroxyapatite doped PLA was spray coated on magnesium alloys and reduced corrosion rates were reported after in vitro studies for 15 days and also improved bioactivity of AZ31 was recorded and increased cell growth [129]. Abdal-hay and his colleagues reported on the coating of PLA onto magnesium alloys by electrospinning and dip coating. They recorded enhanced corrosion resistance as a result of coating and promotion of cell attachment [130].

Australian scientists reported on the coating of titania nanotube array implants with chitosan and poly(lactic-co-glycolic acid) polymers for improved osteoblast adhesion and drug elution. The surface modification of the titania nanotube arrays incorporated indomethacin and the release kinetics of the drug over extended timespan was investigated and biocompatibility of the implant tested. The dual release of drug for bone healing and prevention of infection was confirmed by this coating of the titania nanotube array [131].




12.6 Carbon-Based Coatings for Biomedical Applications


12.6.1 Drug Delivery

Magnetic nanoparticles have been reported to be coated with carbon for local drug delivery by Fernández-Pacheco and his colleagues [132]. The carbon coating of the iron nanoparticles was accomplished by either the high energy ball mill grinding method or the Krätschmer Huffman method developed in 1990 [133]. The carbon coating rendered the nanoparticles biocompatible and an excellent support for drug adsorption. Using the magnetic properties, the injected chemotherapeutic agent is injected and released in the area of tumor presence.

Researchers reported on the coating of alginate beads with carbon-dots for superior swelling, stability and pH responsive delivery [134], the coated beads were subjected to pH dependent drug delivery tests using model drugs; tetracycline and tetracycline associated with β-cyclodextrin. The loading efficiency of tetracycline drug on the coated versus the uncoated alginate beads was 33% and 77% respectively, while that of the tetracycline associated with β-cyclodextrin was 48% for the uncoated alginate beads versus 90% for the coated alginate beads. The cumulated drug released recorded for the both beads show useful application in slow and long term drug administration. Similar research was reported by [135] who Incorporated garlic extract as a model drug onto the carbon-dot coated alginate beads and recorded loading efficiency of 78% with the coated alginate beads, to 19% non-coated alginate beads. The carbon-dot coated alginate beads also showed pH stimuli dependent controlled drug release as well.



12.6.2 Prevention of Infections from Microorganisms

Researchers reported the superior ability of ultra-thin graphene coatings in preventing corrosion induced by microorganisms [136]. They compared the microbial induced corrosion prevention capacity between graphene coated material and commercially available polymer coatings – parylene-c and polyurethane. They recorded electrochemical reading of the graphene coated material improved by approximately 10 fold in relation to parlylene-c and approximately 100 fold in relation to polyurethane. The graphene coating is reportedly resistant to microbial attack, electrochemically inert and extremely conformal when compared to the polymer counterparts.

Scientists from Poland investigated the predisposition of titanium, medical steel and medical steel coated with nanocrystalline diamond to material colonization by bacteria [137]. Since biofilm is built when cells adhere to surfaces and is mediated by proteins absorbed on surfaces, the estimation of susceptibility of colonization of Escherichia coli on the surfaces of the mentioned materials were reported. Sample discs of each sample material (titanium, medical steel and medical steel coated with nanocrystalline diamond) with 8 mm diameter and 2 mm thickness were placed in flasks and immersed into media containing Escherichia coli cells (approximately 2 × 103) in NaCl (1%), bactopeptone (1%) and yeast extract (0.5%), pH 7.0 composition of media. This was cultured at 28 °C for 3 days under constant gentle rotary shaking. In separate set of experiment, bovine serum albumin and human platelet poor plasma were used to pretreat the sample materials and after 24 hr these materials were washed by deionized water. Then the comparison of the resistance to bacterial colonization was recorded by detecting the number of E. coli cells which were observed by fluorescence microscopy using bis-benzidine and the surface coated nanocrystalline diamond surface was reported to exhibit the highest resistance to bacterial colonization. Studies by further established the bacterial anti-adhesive properties of nanocrystalline diamond films against E. coli [138], P. aeruginosa [139], Staphylococcus aureus [140].



12.6.3 Tissue Engineering

The application of carbon based materials coatings in tissue engineering has been researched upon for quite some time. Researchers reported on the coating of bioglass based tissue engineering scaffolds with carbon nanotube, highlighting the coating to encourage the bioactive behavior of the scaffolds coated [141]. Multiwalled carbon nanotube was reported to be coated on collagen scaffolds for bone tissue engineering by Hirata and colleagues [142], they cultured rat primary osteoblasts on collagen coated with multiwalled carbon nanotubes in a 3 dimensional dynamic flow cell culture system and measured differentiation markers. They recorded that the osteoblasts on the coated sponge differentiated quicker than the uncoated scaffold sponges and although they observed slight inflammation around the coated scaffolds at day 7 and 28 after implantation in tissues, more distinct bone formation was observed in the coated scaffolds compared to the uncoated ones. Also they highlighted that 28 days after implantation, osteoblasts which were cultured on coated scaffolds for 1 day witnessed bone tissue growth and pore formation according to the scaffold structure.



12.6.4 Cardiovascular Stents

Carbon nanotubes (CNTs) have been coated with PLA-PEG biocompatible block copolymer to prevent aggregation and toxicity, the further incorporated paclitaxel in the polymer and its subsequent sustained release was reported to reduce in vitro inflammation [104]. Moore and his colleagues capitalized on the inherent properties of CNTs drug delivery systems which have low toxicity, persist without aggregation in circulation and perform sustained drug release and compared the polymer coated CNTs to the non-coated CNTs reporting that the surface coating with polymers decreases the acute toxicity significantly by doubling the maximum endured dose in mice.

Wöhrle and his colleagues reported on carbon-coated stents for the treatment of acute lesions in acute coronary syndromes. For patients with such infarctions, rapid restoration of coronary blood flow is the end goal and the main outcomes from the study recorded in-stent late loss and binary restenosis rate. In summary, it was reported that the use of carbon-coated stent for the treatment was associated with low late loss and low binary angiographic restenosis rate with a 6 month follow-up [143].

Nicola and colleagues reported the use of carbon-coated stents to replace implantations for patients with nickel allergy has been on for years and indicated that between 2012 and 2016, 40 patients received 54 carbon-coated stents. In 2018, they reported one-year preliminary primary patency, primary assisted patency, secondary patency, absence of target lesion revascularisation, and limb salvage rates were 89.8%, 97.4%, 100%, 92.1%, and 100%, respectively which meant that the use of carbon-coated stents in atherosclerotic iliac lesions is safe and effective [144].

University of Manchester scientists reported on the application of graphene based coatings on coronary artery stents [145]. They proposed graphene coating to combat the challenges of restenosis and promote vessel healing. By preparing graphene based dispersions by liquid phase exfoliation in water, they coated bare metal stents by dip coating, spin coating and spray coating. Spray coating was identified to be the most uniform graphene base coating by Raman spectroscopy and cell adhesion to coating surfaces were investigated using human endothelial cell line and it was reported that the coating did not affect the growth of the cell line.

Diamond like carbon (DLC) has been of interest to researchers for years, as it displays properties of both carbon and diamond and due to this dual property nature, it could serve to benefit coating of surfaces with properties of interest. Although referred to as diamond like, DLC is not crystalline and shiny, but black and not as hard as diamond as well. Researchers have successfully made heart valves out of Isotropic pyrolytic carbon (LTI carbon), but the challenge of thrombosis and the need to replace its brittle nature with a carbon-coated metal which is not thrombogenic still exists. Researchers reported good tissue implant interaction when they investigated the biocompatibility of DLC- coated cobalt chromium cylinders in vivo in the intramuscular locations in rats and sheep for 90 days [146]. While the enhanced in vivo osteointegration was observed when comparing DLC-coated zirconium to zirconium, tinanium and aluminium Wistar rats inplants for 30 days [147]. Although further research recorded low immunereactivity with DLC-coated artificial joints [148]. The comparative harmlessness of DLC was recorded when researchers at Sweden compared the in vitro cytotoxicity of possible intra articular wear particles, high molecular weight polyethylene, chromium-cobalt, DLC, bone cement and Silicon carbide in rabbits. Although silicon carbide was recorded to be quite harmless as well [149], previous findings reported on the inflammatory reaction and decreased bone ingrown with high density polyethylene, bone cement and chromium-cobalt [150]. Although some successful findings have been made with DLC-coated surfaces as biocompatible implants for orthopaedic applications, there have been inconsistent reports with some tribological aspects of DLC-coated surfaces [151], and such inconsistent reports have led to researchers indicating that DLC-coating are not the best for articulating implants [152–158].



12.6.5 Orthopaedic Implants

DLC coating has been employed as a barrier against metalosis since the mid-nineties as its application in implants recorded successes [159, 160]. Mitura and colleagues reported on DLC deposition on orthopaedic screws and pins using dense plasma chemical vapour deposition method [161]. The coated were subjected to tribological investigations, corrosion resistance tests, breakdown tests against galvanic processes in humans, biotolerance tests to confirm its stability within the animal tissue and non-toxicity. The DLC deposition was reported to protect against corrosion and metalosis, protect against human galvanic processes and although the researchers indicated that long-term observations would be required, they pointed out that the coating improved the biomaterial favorably.

Researchers coated DLC on polystyrene culture plates using fast-atom bombardment from hexane precursor and cultured osteoblast cell lines on the coated plates and compared with uncoated plates for up to 72 hr [146]. The coating was not recorded to have adverse effects on the cellular metabolism of specific osteoblast marker proteins. Furthermore the researchers implanted in rats and sheep DLC-coated cylinders and after 90 days of implantation, histological studies showed that the coated cylinders had no adverse effect in vivo and in vitro.

Purdue University researchers investigated and reported on the development of carbon nanofibre reinforced polycarbonate urethane composite for application in orthopaedic devices [162]. Experiments involving cell adhesion confirmed increased nerve cell and osteoblast forming functions. Further still, it was recorded that polycarbonate urethrane reinforced with carbon nanofibre decreased cell functions that cause fibroblasts and astrocytes formation.

Carbon nitride films were deposited on orthopaedic implants surfaces and their mechanical and tribological properties investigated [163]. The coated surfaces were reportedly capable of increasing the wettability of human plasma in comparison to uncoated surfaces.

Nano diamond coating was investigated for orthopaedic applications by Yang and his colleagues [164]. Capitalizing on nano diamonds’ tribological and mechanical properties, its adhesive and proliferative properties after coating on silicon surfaces were investigated. Yang and his colleagues reported that the surface properties of the coating can influence the adhesion properties to inhibit or support growth on the implant.

The modification of SIBS coatings by CNT addition to modify the surface properties to encourage cell adhesion and proliferation was investigated at the University of Wollongong [165]. CNTs dispersion in toluene was identified to be influenced by SIBS and by increasing the CNT content, it was observed that the coated films conductivity increased. This invariably influenced its electrical conductivity and influenced cell behavior such as cell migration, cell viability, etc and other properties which are affected by the modification of electric fields of the coatings materials.

Researchers investigated the coating of tooth with CNTs and reported that the surfaces of cementum and dentin in teeth is selectively attached by CNTs [166]. The teeth with CNT coating was reportedly not affected by the tensile bond strength of the dentin adhesives, which denoted that the possibility existed for CNTs coating to be utilized in dental implants. Similar findings were reported by Nahorny et al., which indicated that coating by carbon based materials prevent dentin erosion [167].




12.7 Conclusion and Future Trends

Polymer and carbon based coatings have widespread biomedical applications and continue to demonstrate potential for the future. They present an infinite array of improved functions to the previously uncoated hosts by tailoring the surface chemistry to the needs of the researcher. As highlighted throughout this chapter, their numerous applications in drug delivery, prevention of microbial infections, biosensor applications, cardiovascular stents and applications in orthopaedic implants have been dwelt upon.

An important mention is the scratch resistance improvement of coated materials and possible embrittlement, which has been investigated by scientists around the globe to aid to provide valuable information about the impact strength the coating material proffers to the material. This has been applied to mechanical and automobile industries with successes recorded and such having such film modifications which can be coated on biomaterials for use in biomedical application to for instance improve the rate of proliferation of tissues will be a welcome development in the field.

The reports by researchers worldwide has shown the capability of polymer and carbon based materials in the biomedical field and with infinite supply of carbon in the world, as well as quite a number of natural polymers which have been employed, there is valuable economic advantage in the coating of materials for preferential surface properties. Although barriers still exist regarding the toxic nature of some of the carbon based and polymer materials used by some researchers, advances and development will lead to improved materials used for coating and better surface functionality will be designed.

Hence, generally the coating of materials for determined modification of their surface properties is a welcome development and will only be improved upon in years to come by continuous research in the field. The advantages that coating using carbon based materials and polymers proffer definitely aid in marked improvements of coated materials in the biomedical field.
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Abstract

The effectiveness of employment of mechano-chemical activation in the production of high temperature ceramic coating materials was assessed. The properties of mineral fillers are directly dependant on the choice of activation variables. Mathematical modeling was employed for optimization of ultra-centrifugal pulverization and determination of optimal characteristics of investigated materials. The properties of treated resources were mathematically correlated to the variations in their granulometry. The dependencies between the set of the activation parameters and characteristics of a material were mathematically modeled and estimated. Chemometric methods were employed in the calculations. The samples are classified by Principal Component Analysis, while comprehensive comparison between analyzed samples was achieved by Response Surface Method and Standard Score. Mathematical models predict the quality parameters of activated powders with high accuracy in a broad range of processing parameters. The r2 values were in the range from 0.71 to 0.98 for established models for processing of talc, mica, fly ash and alumina powders. The set of processing parameters related to the 120 µm sieve mesh size was selected as optimal procedure with acquired standard score values 0.7 for mica, 1.0 for talc, 0.9 for fly ash and alumina. Optimal processing parameters can diminish the negative effect of raw materials inherent properties on the target score, which in return enhances energetic and economic sustainability of the mechano-chemical activation of resource materials utilized in the production of ceramic coating materials.
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13.1 Introduction

Modern industry of construction materials is confronted with problems such as depleting of the natural resources that leads to their deficiency and imperiled environmental safety. For example, Portland cement production is prone to CO2 emission and with global fabrication rate of 3.6 billion metric tones per year there is a huge risk of atmospheric pollution [1, 2]. A task of sustainability was imposed to this branch of industry, meaning that fabrication of standard and high-temperature materials have to become cost-effective, energy efficient, and to follow the green production regulations (OECD/IEA and the World Business Council for Sustainable Development, Cement Technology Roadmap, 2009. https://www.iea.org/publications/freepublications/publication/Cement.pdf). This can be achieved either by alternations in used fuels and formulas for synthesis of the material, or by incorporation of economic raw materials into blends [3, 4]. Various industrial byproducts that comply with strict environmental legislation are being utilized as binding options for either total or partial bonding agent substitution: fly ash [5–7], silica fume [8], blast furnace slag [9], recycled polymers [10], sulfur [11], etc. Fly ash is the most amply used because it offers cost-effectiveness, functionality and meets engineering and architectural standards. Other than being a substitution for pozzolana, such resources can be utilized as fillers. The fillers tend to improve structural packing within the composite system, which is generally acquired through decreasing of the volume of voids that reside between binder and aggregate grains. Fillers such as mica, talc, alumina and fly ash can significantly improve the properties of construction materials [12–17]. The application of green alternatives helps in the improvement of workability, durability and strength of the cementitious products, which has been validated both in the laboratory and on the real-scale [18, 19].

Fillers are also extensively used in the production of the castings with advanced properties. These materials require application of a refractory or ceramic coating with good quality of setting [20]. The main coating role takes place parallel to the casting procedure. During this procedure an efficient, unbreakable and firm refractory barrier, separating sandy substrate from the liquid metal, is being created [20, 21]. In order to obtain adequate properties of a coating material (e.g., good refractoriness, appropriate gas permeability, simple application, excellent adhesion to the casting mold, optimal coating layer thickness, rapid drying without appearance on the surface ruptures, etc.) its production technology have to be optimized, which is usually acquired through the analytical modeling [22–26]. Filler which is applied in the production of a coating material has to exhibit a number of desired properties: dielectric and/or insulating characteristics; insignificant linear thermal expansion, high thermal stability, refractoriness, resistance on liquid metal absorption, as well as the sediment stability in the coating suspension [20].

The characteristics of powdery resources that are used as fillers in the design of ceramic and refractory coating materials are often improved through the activation, which can be mechanical, thermal, chemical or a combination of these procedures [26–34]. The application of the mechanical force generated through milling, in the manufacturing of the materials and in the modification process of primary or secondary raw componential materials, is usually referred to as the mechano-chemical treatment [35]. Basic milling functions for the grain pulverization include effects such as: impact, friction, shear, and bending. However, milling can do more than just simple reduction of the particle diameters. It also leads to the changes in the properties of a treated material [36, 37]. Namely, the mechanical activation influences the crystal structure of a treated material usually by making it disordered and generating crystal lattice defects or other meta-stable forms [38, 39]. Even though grinding and sonication improve the characteristics of treated material, there is also a negative effect, i.e. extensive milling increases powder amorphisation to a level where particles start forming agglomerations [40, 41]. The presence of the agglomerations in the powder’s bulk consequently induces an apparent increase in the particle size, which emphasize the necessity for the optimization of activation period.

The ultra centrifugal mechanical activation of various economic resources used for the production of refractory and ceramic coating materials was the subject of this study. The activation process was based on the sole action of the mechanical energy on the solid substance in a mill’s vial. Namely, the activator represents a complex mechanism which consumes the energy from an external source (electric motor) and conveys it into to the mill load (grinding medium and treated material) [12, 13, 42–44]. This transfer of the energy can be characterized as the efficiency of the mill. The properties of an activated powder are greatly affected by a number of process variables: mill type; grinding element type, size and quantity; milling time, etc. The optimization of the activation treatment is an essential step in the procedure of a material’ synthesis since the ultra-fine grinding is characterized by high energy consumption and low mill capacity [45–47]. The optimization, in this experiment, was based on multiple testing and the inclusion of several mathematical methods (Response surface methodology – RSM, Analysis of variance – ANOVA, Standard Scores - SS, and Principal Component Analysis - PCA) which enabled more efficient concluding [12, 13, 48–55]. The main aim is to find the optimal set of activation parameters which will reduce negative effect of raw material immanent properties on the final score and to enhance the material reactivity so it can be used more efficiently in the rationalization of powder’s processing.



13.2 Experimental


13.2.1 The Characterization of the Materials Used in the Experiment

Four types of mineral raw materials were submitted to the mechano-chemical activation: fly ash as an industrial byproduct, mica and talc as economic primary resources, and alumina as a base material for production of ceramic and/or refractory coating materials.

Fly ash was fused in a lignite combustion chamber of Serbian powerplant TENT A and subsequently collected directly from the filter. The ash sample contained organic and inorganic coal combustion residues with hazardous contaminants in traces, i.e. heavy metals [2, 6]. The weight loss on ignition (LoI) was less than 5%. The inorganic fraction predominantly consisted of siliceous and aluminous material (>75%). This ash fraction has a cementitious ability and acts as artificial pozzolana. X-ray diffraction analysis detected quartz and mullite as major crystalline phase, while calcite, magnetite, hematite, fluorite, and anhydrite were traced in negligible amounts [2, 6, 48]. The original fly ash sample contained grains sizing from several micrometers to 2 millimeters. The particle size analysis (cyclo-sizer, Warman International LTD, Australia) specified the value of mean grain diameter as 0.148 mm. The specific surface area of the initial ash sample was 281 m2/kg, while the bulk density of ash in loose condition was 490 kg/m3.

Al2O3 used in the experiment was high-purity commercial alumina obtained from Alcoa, USA. According to the X-ray diffraction analysis, the major crystalline phase in the alumina sample was γ-Al2O3 [49]. The mean grain diameter of the sample was 7.20 µm. The specific surface area of the starting γ-Al2O3 sample was 47.95 m2/g and the density was 2400 kg/m3.

Mica (KAl2(Si3Al)O10(OH,F)2) was obtained from the ore deposit in Bujanovac, Serbia. It comprised 57.70% of SiO2, 25.80% of Al2O3, 11.6% of K2O [13]. The ore samples consisted of platelets of about 10 cm in length and 2 cm in thickness. Upon initial separation and crushing, the samples were lightly ground using a knife-mill and sieved under 2 mm. The mica sample had bulk density of 1170 kg/m3 and initial specific surface area of 89 m2/kg.

Talc (Mg3Si4O10(OH)2) originated from Bela Stena ore deposit, Serbia. Preparation of the talc mineral sample included grain size reduction (primary crushing in a jaw crusher with a 10 mm output, secondary crushing in a roll crusher with a 5 mm output opening, and grinding in a ceramic-lined ball mill with ceramic balls) as an obligatory initial step for the subsequent mechanical activation [12]. The specific surface area of the initial mica sample was 86 m2/kg.



13.2.2 Mechano-Chemical Activation Procedure

The investigated grain mixtures were mechanically activated by Retsch ZM-1 (Retsch, Germany) ultra-centrifugal mill with a peripheral comminuting path. The mill is supplied with high alloyed steel rotor with a 100 mm diameter. A number of rotor revolutions (NRR) were adjusted at either 10.000 rpm or 20.000 rpm. By being in conjunction with vibrating adder, the mill can operate discontinuously or continuously. The mill contains a high alloyed steel ring sieve of variable mesh size which together with the rotor makes a reacting system for transfer of energy from the device to a dispersive phase, i.e., activation product. Mechanical reduction of coarse particles is performed by a dynamic counter-balancing of material between working element (rotor) and ring sieve. This shape of rotor cogs (three-sided prisms placed on a basis) enables streaming of the air and fluidized dispersed material. Due to a high rotor speed and strong centrifugal force, this space is permeable in one direction only - towards the sieve, i.e., the particles move from the rotor towards the sieve and vice versa in the ring zone. The material is able to leave this zone only when the particle size becomes smaller than the mesh size. The working principle of ultra-centrifugal mill is mathematically explained by equation [12, 14, 49].


(13.1)
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Where: NRR is real number of rotor revolutions per minute, rpm; NRR0 is nominal number or rotor revolutions per minute, rpm; CI is current intensity which corresponds to each experiment, A; and CI0 is current intensity which corresponds to nominal rotor load, 2.73 A.

The rotor power (provided by manufacturer Retsch) is P = 600 W. The voltage of global electric circuitry is U = 220 V. Since power (P) is equal to U·CI0, it follows that CI0 = 2.73 A.

Circumferential rate of the rotor is calculated as [12, 14, 49].


(13.2)
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Where: v is circumferential rate of the rotor, m/s; and r is diameter of rotor (0.1 m).

The ultra centrifugal activator was chosen for the experiment for its rapid and efficient size reduction capability [12, 14, 49]. The analytical fineness of the powder was achieved through repeated fracturing, cold welding and deformation of the particles. The activator has 300 ml batch size, stainless steel grinding tools and set of sieves with trapezoid holes of 80, 120, 200 and 500 µm sizes. The adopted activation periods ranged from 3 to 30 min for the ash activation; 0.3 to 36 min for mica activation; 1 to 15 min for talc activation and 30 to 150 min for alumina activation, as it was established on the bases of previous researches and the values provided in the literature [12, 14, 49]. The calculations conducted during the experiment are based on the grinding kinetic model and Rosin-Ramler-Sperling (RRS) equations [12, 14, 49].



13.2.3 Mathematical Modeling

The obtained mechano-chemical activation results were expressed as average values for each experiment. The analysis of variance (ANOVA) was employed on the collected data in order to explore the effects of the chosen process variables. The Principal component analysis (PCA) was used in the classification and differentiation of the activated samples acquired by utilization of different process parameters. The observed samples were characterized and distinguished via pattern recognition technique applied within descriptors of the results. StatSoft Statistica 10.0® software was used in assessing of Response Surface Method (RSM), ANOVA and PCA analyses of the acquired results [48–56]. The second order polynomial (SOP) model was fitted to the experimental data. Nine responses (Y) and five process variables (X) were related to the nine models characterized by the form that is given in Eq. 13.3:


(13.3)
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Where: [image: ] are constant regression coefficients; [image: ] is an output parameter (e.g., d1, d2, R1, R2, d’, n, d95, St, or Sr); X1 is NRR; X2 is MS; X3 is MAP; X4 is CRS; and X5 is Q.

MS is sieve mesh size, µm; NRR is number of rotor revolutions, rotations per minute/rpm; MAP is mechano-chemical activation period, min; CRS is circumferential rotor speed, m/s; Q is capacity, i.e., batch size of ultra-centrifugal mill, kg/h; SEC is specific consumption energy (engine power/mill capacity), kWh/t; d1, d2 are mesh sizes of the used sieves, µm; R1, R2 are accumulated retained mass, %; d’ is average grain size, µm; d95 is sieve mesh size appropriate to 95% accumulative passing mass of the micronized material, µm; n is level of micronization; St is calculated (theoretical) specific surface area [12, 14, 48, 49, 56] m2/kg and Sr is real specific surface area, m2/kg.

In order to get a more complex insight of the ranking of observed samples, standard scores (SS) were evaluated using a chemometric approach on experimentally obtained values: d1, d2, R1, R2, d’, n, d95, St, Sr. Min-max normalization is one of the most commonly utilized methods for comparison of various characteristics of complex samples determined using multiple measurements, where samples are ranked based on the raw data ratio and extreme measurement values [12, 14, 48, 49, 56]. The data units and scales of physical and chemical properties are different, therefore the data in each data set have to be transformed into normalized scores, dimensionless quantity derived by subtracting the minimum value from the raw data, and divided by the subtract of maximum and minimum value: [image: ] in case of “the higher, the better” criteria (used only for MAP score); [image: ], in case of “the lower, the better” criteria, where xi represents the raw data. The averaged sum of sample’s normalized scores for different measurements gives a single unitless value (SS), which is a particular data combination obtained from different measuring methods with no unit limitation. Another set of samples can be easily employed in this elaboration in the future comparisons only by following this approach. The objective of the conducted mathematical and statistical analyses was to optimize the mechano-chemical activation and to assess the quality of the activated material for the given purpose and application.




13.3 Results and Discussion


13.3.1 Descriptive Statistics of the Results of Mechano-Chemical Activation

The activation parameters determine the quality of a treated material in terms of attained physico-chemical, thermal and mechanical properties. The properties of micronized powders, such as particle size distribution, amorphisation degree, micronization level, median size, and specific surface area are strongly correlated with a number of process variables: type of activator, grinding route, material grain-size and type; initial sieve mesh size, number of rotor revolutions, current intensity, batch size of the vial, activation period, etc. The experiment was based on multiple testing and inclusion of mathematical and statistical methods for more efficient concluding.

The first step in the investigation was to assess the benefits of ultra-centrifugal pulverization of a given raw material: fly ash, mica, talc, and alumina. The applied process parameters (activation period, MAP; circumferential rotor speed, CRS; capacity, Q; specific energy consumption, SEC) and the parameters of an activated product, such as mean grain diameter, theoretical and real specific surface area, and particle size distribution were mutually compared, and finally estimated and evaluated. The activation procedures were conducted in four experimental sequences: MS80, MS120, MS200, and MS500. Each sequence had appropriate set of activation parameters and was named after the mesh size of the applied sieve: 80 µm, 120 µm, 200 µm and 500 µm, respectively. The number of rotations per minute (NRR) was set at either 10.000 or 20.000 in each experimental sequence. The periods of activation were founded on previous researches and the literature data [12, 14, 48, 49]. The quality of the produced samples was assessed upon measuring/calculating the following parameters: d1, d2, R1, R2, d’, n d95, St and Sr. The comparison of the experimental results obtained upon conducted activations and descriptive statistics data with optimal ranges are given in Figure 13.1.
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Figure 13.1 Descriptive statistics of the results of activated raw materials*.

(*Different letters in subscript in columns indicate that there is significant difference at p<0.05).



The results presented in the Figure 13.1 suggest that the outcomes of the activation can be divided into two separate groups. The first group characterizes the main properties of the activated product such as acquired diameter and specific surface area: d’; d95, St and Sr. The second group contains the results that define the efficiency of the applied activation procedure: activation period and specific energy consumption, i.e., MAP and SEC values. The ideal correlation, which is theoretically accepted, is established when the minimal d’ value and the maximal specific surface area (St, Sr) are assigned to the shortest activation period (MAP) and minimal consumed energy (SEC). This interrelation is rarely obtained on the experimental level and in the practice, which is the main reason behind optimization and search for the most appropriate solution, i.e., the one that gives the best characteristics of the product and the lowest expenses regarding used electric energy. Therefore, the optimal ranges of the parameters have to be statistically processed and correlated. The application of statistical and mathematical tools is crucial when it comes to the selecting of optimal activation result for further application in synthesis of the coating materials.

The MS120 and MS200 experimental sets produced pulverized mixtures with comparatively smaller d’ values than those obtained in the MS500 session. The acquired mean diameters of the activated fly ash had relatively similar values: 5.63 µm and 6.69 µm for MS120 and MS200 sequence, respectively [48]. The specific energy used for the ash activation in MS120 was higher (260.3 kWh/t) than the energy spent during MS200 sequence (249.0 kWh/t). The MAP values applied in the MS120 and MS200 powder treatments were 14.3 min and 11.1 min, respectively. The calculated and measured values of specific surface area for these two sequences were: StMS120 = 485.4 m2/kg, SrMS120 = 492.0 m2/kg and StMS200 = 440.9 m2/kg, SrMS200 = 446.3 m2/kg [48]. The median grain size of 3.3 µm of the activated ash obtained with MS80 set of parameters was smaller in comparison with mean diameters achieved in previously explained experimental sequences. Analogously, the specific surface area of the sample produced with the MS80 session was high.

During the talc activation, the SEC of the MS120 and MS200 sessions did not significantly differ, while the MAP value was twice shorter for MS200 sequence (MAP = 1.19 min) than that of MS120 (MAP = 3.49 min) [12]. A relatively long activation period (MAP = 6.88 min) was registered during the MS80 experimental sequence; however the SEC value (193.20 kWh/t) corresponded to the values that were previously calculated for MS120 and MS200 sequences [12]. Also, the d’ value for MS80 was twice lower than values for MS120 and MS200, while the St was two times higher than adequate parameter defined for other sequences.

The experimental sequences MS120 and MS200 applied in the alumina processing resulted with much alike d’ values: 5.7 µm and 6.1 µm, respectively. The SEC value for the MS120 sequence was slightly higher by being 1656.6 kWh/t, in comparison with SEC (1600.6 kWh/t) obtained for MS200 sequence [49]. The MAP values applied for the treatment in the experimental sequences MS120 and MS200 were 105.0 min and 121.3 min, respectively. The difference between St values determined in the scrutinized procedures was insignificant: StMS120 = 82.4 m2/g and StMS200 = 81.5 m2/g [49].

Much similar to the previous activations, the mica treatment with experimental sequences MS120 and MS200 gave samples with similar d’ values: 3.1 µm and 3.4 µm, respectively. The SEC was higher for the MS120 sequence (658.9 kWh/t) in comparison with 480.9 kWh/t obtained for MS200 sequence [14]. The MAP values used in experimental sequences M120 and M200 were 4.5 min and 3.3 min, respectively. During MS80 experimental sequence, a relatively long activation period of 14.5 min was recorded and the obtained SEC was very high: 2594.69 kWh/t. Thereby, the MS80 provided adequate mean grain diameter and specific surface area but the specific energy combustion value was not satisfactory.

The MS80 sequence in all of the experiments generally produced the activated material with excellent product related parameters; however the treatment’s parameters were unsustainable. Adversely, MS500 sequence was characterized by good production parameters, but inadequate characteristics of the activated product. The preliminary parameters obtained in the sequences MS120 and MS200 can be considered adequate for the application of these powdery mixtures in the synthesis of refractory and ceramic coating materials; therefore these results were submitted to further statistical estimation.



13.3.2 Principal Component Analyses

The PCA was employed for the reduction of the variables’ quantity and for the detection of interrelations among experimentally obtained parameters and factors of various processing treatments applied to different material samples (previously presented in Figure 13.1). The full auto scaled data matrix was submitted to the PCA. Data trends were visualized and the descriptors’ discriminating efficiency was obtained from the scatter plot of samples using the first two principal components (PCs) issued from PCA of the data matrix. The PCA score plot is illustrated in Figure 13.2.
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Figure 13.2 PCA biplot for characteristics of observed activated materials.



The analysis gave a precise differentiation of the observed samples. Talc group of samples are positioned at the left of the graphic, ash and mica samples are located at the central part, while the alumina samples are positioned at the upper part of the PCA graphic. Mica samples treated with MS500 set of parameters are located at the bottom right of the graphic. Talc samples are characterized by the highest St and Sr values. The greatest d2, R1, d’, and d95 values are observed in mica samples, while alumina samples are characterized by the greatest MAP and SEC values. The applied activation parameters developed the highest specific surface area in the talc samples, because talc is characterized by low hardness which makes it easily grindable, while the procedure consumes relatively small amount of the energy. Adversely, the alumina, being one of the hardest minerals, requires greater amounts of energy for the mechano-chemical activation (as shown in Figure 13.2).

Activated samples produced in MS80 and MS120 experimental sequences are located at the left side of each material group in PCA diagram, while the sequences MS200 and MS500 are positioned more to the right. The groups of the MS80 and MS120 results are mutually intersected and characterized by the highest St and Sr values, which is in the agreement with the results of descriptive statistics (Figure 13.1). The samples produced in MS500 experimental sequence are located at the right side and towards the bottom right corner of the graphic, having the greatest d2, R1, R2, d’, and d95 values. High diameter values are an indicative that the activation period was short. The set of results belonging to the MS200 experimental sequence is located partially at the center of the PCA graphic and partially on the left side transecting the MS500 group of results. The results of the descriptive statistics, i.e., PCA score plot are in the agreement regarding the MS80 being the experimental sequence with the highest obtained specific surface areas: St and Sr. However, MS80 is not the optimal solution, because this sequence is characterized by the longest activation period and the highest activation energy (SEC). A converse correlation was noticed for MS500 experimental sequence: d’ is high and St/Sr is low, while MAP is short. Both interrelations are economically unsustainable, because they either require too much energy for the treatment, or produce materials with inadequate properties.

Quality results show that the first two principal components, accounting for 57.33% of the total variability can be considered sufficient for the data representation. d1 (15.4%), d2 (13.8 %), R1 (15.9 %), d2 (13.8 %), d95 (11.8 %), St (13.9 %) and Sr (12.7%) were found as the most influential for the first factor coordinate calculation, while the contribution of MAP (16.5%), Q (7.4%), SEC (13.5%), R2 (7.1 %), d2 (14.5 %), n (22.0 %) and d95 (9.3 %) were the most important variables for the second factor coordinate calculation. The PCA data analysis highlighted the MS120 as optimal set of parameters for the activation, due to the satisfactorily small average diameter, high specific surface area, and adequately low values of specific energy consumption which classifies this procedure as energetically efficient.



13.3.3 Response Surface Methodology

The analysis of variance showed significant influence of the independent variables to the responses and interactions of these variables. Also, it was indicated which of responses were significantly affected by the varying activation process combinations (Table 13.1).



Table 13.1 THe analysis of variance of activated material parameters.





	 
	dF
	d1
	d2
	R1
	R2
	d’
	N
	d95
	St
	Sr



	Material
	1
	26+
	507**
	23
	23
	509+
	0.32+
	1595+
	2.E+05
	2.E+05



	Material2
	1
	29+
	4737+
	163+
	920+
	2060+
	3.26+
	5307+
	9.E+06+
	1.E+07+



	MS
	1
	4*
	542**
	24**
	8
	62**
	0.24+
	182**
	4.E+04
	9.E+03



	MS2
	1
	1
	61
	15
	1
	55**
	0.00
	207**
	3.E+05
	4.E+05



	MAP
	1
	24+
	7
	98+
	10
	59**
	0.09**
	2
	7.E+05**
	1.E+06*



	MAP2
	1
	10+
	18
	10
	101+
	271+
	0.85+
	145
	8.E+05*
	1.E+06*



	CRS
	1
	13+
	512
	0
	8
	3
	0.16*
	12
	2.E+05
	3.E+05



	CRS2
	1
	1
	0
	2
	28
	85
	0.07
	177**
	1.E+05
	2.E+05



	Q
	1
	25+
	9
	102+
	9
	52**
	0.08**
	0
	7.E+05**
	l.E+06*



	Q2
	1
	0
	16
	0
	0
	32
	0.10**
	67
	2.E+05
	3.E+05



	Material × MS
	1
	1
	9491+
	3
	14
	4262+
	0.11*
	15294+
	5.E+04
	6.E+03



	Material × MAP
	1
	13+
	5
	23
	13
	14
	0.64+
	115
	4.E+05
	4.E+05



	Material × CRS
	1
	3*
	1
	3
	33
	268+
	0.13*
	1103+
	2.E+05
	4.E+05



	Material × Q
	1
	13+
	806*
	2
	19
	848+
	0.07
	1900+
	1.E+05
	1.E+05



	MS ×MAP
	1
	0
	2114+
	21
	16
	638+
	0.05
	1428+
	2.E+05
	4.E+05



	MS ×CRS
	1
	5
	58
	57+
	1
	119+
	0.07
	370*
	2.E+05
	3.E+05



	MS ×Q
	1
	3**
	508**
	29**
	14
	59**
	0.23+
	308*
	9.E+04
	5.E+04



	MAP ×CRS
	1
	25+
	55
	44
	57*
	24
	0.66+
	76
	6.E+05**
	1.E+06



	MAP ×Q
	1
	25+
	6
	99+
	10
	58**
	0.08
	1
	7.E+05**
	1.E+06



	CRS × Q
	1
	4
	617
	13
	0
	59**
	0.01
	200**
	2.E+03
	7.E+03



	Error
	107
	85
	16477
	890
	1513
	1804
	3.04
	5916
	2.E+07
	3.E+07



	r2
	 
	0.903
	0.892
	0.804
	0.690
	0.969
	0.893
	0.966
	0.625
	0.597





+Significant at p<0.01 level, *Significant at p<0.05 level,

**Significant at p<0.10 level, 95% confidence limit, error terms have been found statistically insignificant


It was observed that the SOP models for all variables were statistically significant and the response surfaces were fitted to the models. The calculation of d1 was mostly influenced by the linear and the quadratic terms of material type and MAP, the linear term of CRS and Q, and the non-linear terms Material × MAP, Material × Q, MAP × CRS and MAP × Q (statistically significant at p<0.01 level). The SOP model for d2 evaluation was mostly influenced by the quadratic term of material type, and the non-linear terms Material × MS and MS × MAP (p<0.01). The prediction of R1 was mostly influenced by the quadratic term of the material type, the linear terms of MAP and Q, and the non-linear term MS × CRS (p<0.01). The calculation of R2 was mostly influenced by the quadratic terms of material type and MAP (statistically significant at p<0.01 level). The SOP model for the prediction of d’ was mostly influenced by the linear and the quadratic terms of material type and MAP, and the non-linear terms Material × MAP, Material × CRS, Material × Q, MS × MAP and MS × CRS (p<0.01). The evaluation of n was mostly influenced by the linear and the quadratic terms of material type, the linear term of MS, the quadratic term of MAP, and the non-linear terms Material × MAP, MS × Q and MAP × CRS (statistically significant at p<0.01 level). The SOP model for the prediction of d95 was mostly influenced by the linear and the quadratic terms of material type, and the non-linear terms Material × MS, Material × CRS, Material × Q and MS × MAP (p<0.01). The SOP models for the prediction of St and Sr were mostly influenced by the quadratic terms of material type (statistically significant at p<0.01).

The ANOVA calculation highlighted that the properties of the activated materials such as mean diameter and specific surface area are directly influenced by type of the material (i.e., the physico-chemical, mineralogical and microstructural properties of the activated material) and the duration of the applied activation procedure. The interrelations with MS parameter were expected since d1 and d2 values are acquired from the grain-size distribution graph of the activated material; the R: and R2 represent accumulated retained masses that correspond to the d1 and d2; and d’, d95, and St originate from the grinding kinetic model (Rosin-Rammler-Sperling equation) which makes them dependent on the grain size distribution of the activated sample. The SOP model proved that parameters of the activation procedure (e.g., capacity of the mill, circumferential rate of the rotor) and their correlations with MAP or NRR particularly determine the output data.

The results that are provided in the Table 13.1 show values of the residual variance and determination coefficient (r2). The residual variance represents an absence of fit variation that illustrates various contributions except for the higher order terms and shows that the model failed to represent the data in the experimental domain at which points were not included in the regression. The r2 coefficient is the ratio of the residual variation to the total variation explained by its magnitude, as well as the variability proportion in the response variable, which is accounted for the regression analysis [12–14, 48, 49]. All SOP models showed negligible lack of fit tests, which means that these models are acceptable for the data representation. The r2 values are high (0.903; 0.892; 0.804; 0.690; 0.969; 0.893; 0.966; 0.625 and 0.597, for the prediction of d1, d2, R1, R2, d’, n, d95, St and Sr) and they show the adequate fit of the proposed model to the experimental results. High accuracy of the obtained d’ and d95 parameters are explained by adequate choice of d1 and d2 values on the material grain-size distribution diagram which approves the application of the RRS equation.

Results of MS80, MS120, MS200 and MS500 experimental sequences for mechano-chemical treatments of observed materials are shown in 3D diagrams, in order to visualize the obtained outcome and to observe the fitting of regression models to experimental data (Figure 13.3).


[image: Figure shows experimental sequences for mechano-chemical treatments of observed materials & fitting of regression models to experimental data.]

Figure 13.3 Visualization of the most important response parameters determined by SOP.





13.3.4 Standard Score Analysis

The SS is a unitless value that is in consistent accordance with scrutinized assays (d’, n, d95, St, Sr). Namely, it is a mean value of standard score transformed from the initial data obtained through different analyses in which every singular item was computed assigning each applied parameter the equal weight. SS illustrates the precise rank of observed samples, even though it is a relative index and may not represent a specific characteristic of a sample. The SS with values that are above 0.700 characterize the high standard in observed material properties. The SS analysis of experimental measurements showed optimal processing parameters (Table 13.2). The main results obtained during Standard score analysis for different raw materials are summarized below.



Table 13.2 Standard score analysis of observed material processing parameters.





	Fly ash



	No.
	MS
	CI
	MAP
	CRS
	Q
	SEC
	d1
	d2
	R1
	R2
	d’
	N
	d95
	St
	Sr
	SS



	1
	80
	2.8
	20
	55
	2.363
	360.65
	2
	10
	88.9
	3.18
	3.2
	1.39
	9.76
	500.2
	512.79
	0.86



	2
	120
	3.35
	8
	99.5
	2.678
	275.2
	3
	13
	86.0
	2.9
	3.87
	1.5
	12.65
	447.2
	450.45
	0.93



	3
	200
	2.65
	10
	56
	3.232
	180.37
	4
	15
	88.4
	4.5
	4.6
	1.5
	14.3
	430.58
	440
	0.83



	4
	500
	1.7
	12
	64
	1.985
	190.27
	4
	15
	90.1
	4.1
	4.75
	1.42
	14.55
	445.2
	448
	0.723



	Talc



	No.
	MS
	CI
	MAP
	CRS
	Q
	SEC
	d1
	d2
	R1
	R2
	d’
	n
	d95
	St
	Sr
	SS



	1
	80
	2.3
	7
	55.26
	0.22
	220.22
	1
	8
	78
	4
	3.1
	1.25
	7.4
	2405.46
	2886.56
	0.59



	2
	120
	3.5
	1
	43.09
	1.55
	125.9
	1
	8
	91
	16
	5.2
	1.53
	10.9
	1053.44
	1264.13
	1.00



	3
	200
	1.9
	1
	61.55
	1.55
	251.66
	1
	10
	89
	18
	6.3
	1.17
	15.5
	1350.86
	1621.04
	0.88



	4
	500
	2.2
	2
	116.74
	0.78
	228.08
	2
	13
	92
	28
	11
	1.46
	22.7
	483.11
	579.74
	0.79



	Alumina



	No.
	MS
	CI
	MAP
	CRS
	Q
	SEC
	d1
	d1
	R1
	R2
	d’
	n
	d95
	St
	Sr
	SS



	1
	80
	2.7
	150
	72
	0.19
	4121.4
	5
	40
	92.8
	1.8
	6.05
	0.57
	25.78
	80.78
	39
	0.85



	2
	120
	1.85
	170
	70.9
	0.31
	1697.6
	7
	40
	96.5
	4.5
	7.02
	0.6
	33.64
	77.85
	39
	0.96



	3
	200
	4.1
	100
	44.6
	0.9
	1200.85
	8
	45
	98.9
	6
	8.96
	0.65
	42
	69.9
	35
	0.29



	4
	500
	1.7
	300
	76.2
	0.41
	1369.6
	10
	50
	99.5
	4
	9.96
	0.69
	50.25
	68.47
	30
	1.00



	Mica



	No.
	MS
	CI
	MAP
	CRS
	Q
	SEC
	d1
	d1
	R1
	R2
	d’
	n
	d95
	St
	Sr
	SS



	1
	80
	3.6
	6
	86.9
	0.52
	1620.3
	5
	30
	92
	9
	19.43
	1.87
	34.09
	201.86
	605.58
	0.81



	2
	120
	2.8
	2.5
	52.13
	2.08
	311.85
	5
	63
	97.6
	6
	38.09
	1.84
	67.44
	104.72
	314.18
	0.74



	3
	200
	3
	2.5
	50.58
	1.6
	415.67
	5
	74
	98.4
	8.5
	45.2
	1.86
	81.5
	87.2
	250.08
	0.62



	4
	500
	1.2
	4.5
	81.2
	0.95
	369.6
	5
	147
	99.43
	4
	81.1
	1.86
	146.25
	47.47
	142.41
	0.62






The statistically recommended set of processing parameters that produced the activated ash sample with the optimal characteristics is as follows: MS = 120 µm, CI = 3.35 A, MAP = 8 min, CRS = 99.5 m/s, SEC = 275.2 kWh/t and Q = 2.678 kg/h. The quality of thus obtained product is described with the following response variables: d1 = 3 µm, d2 = 13 µm, R1 = 86 %, R2 = 2.9 %, d’=1.5 µm, n = 0.6, d95 = 12.65 µm, St = 447.2 m2/kg and Sr = 450.45 m2/kg. Other analyzed sets of processing parameters showed either high SEC (e.g., MS80) which is energetically and economically infeasible, or produced inadequate response values and low SS (e.g., MS500 and MS200). Statistical tools highlighted the MS120 combination of activating parameters. Thereby obtained optimal ash sample is characterized by relatively uniform grain sizes, rather compact grain structure, small pores, low porosity, and vague agglomeration tendency.

The consecutive analyses of the quality indexes of the activated talc and the ultra-centrifugal pulverization variables led to conclusion that the optimal process parameters, with SS value as high as 1.0, are: MS = 120 µm, CI = 3.5 A, MAP = 1 min, CRS = 43.09 m/s, and Q = 125.9 kg/h. The quality of optimal product is described with: d1 = 1 µm, d2 = 8 µm, R1 = 91 %, R2 = 16 %, d’=5.2 µm, n = 1.53, d95 = 10.9 µm, St = 1053.44 m2/kg and Sr = 1264.13 m2/kg. The MS500 experimental sequence showed minimal MAP, however it required maximal SEC, and produced micronized talc with high d’ parameter and small St. On the other side, the MS80 sequence gave relatively long activation period. As a consequence both experimental sequences were discarded as not sufficiently cost effective. Experimental sequences MS120 and MS200 produced activated talc with low d’ and high St, and both procedures were characterized by low SEC. The average activation periods of MS120 and MS200 sequences were shorter than MAP of MS80, but longer than MAP of MS500. Therefore, the eligibly longer activation periods proved preferable than extremely short activation procedure since they gave lower values of SEC.

The statistically suggested optimal processing parameters of alumina treatment are: MS = 120 µm, CI = 1.85 A, MAP = 170 min, CRS = 70.9 m/s, SEC = 1697.60 kWh/t and Q = 0.31 kg/h. The quality of thus obtained optimal product is described with following response variables: d1 = 7 µm, d2 = 40 µm, R1 = 96.5 %, R2 = 4.5 %, d’=7.02 µm, n = 0.6, d95 = 33.64 µm, St = 77.85 m2/g and P=39%. Other discussed set of processing parameters showed either high SEC (e.g., MS80) which might be unsustainable from energetic and economical aspect, gave unsatisfactory response values - d’, St, P (e.g., MS500), or proved unacceptable due to the low SS value (e.g., MS200). Thereby, the MS120 set of parameters is established as optimal and this parameter combination will be tested in an industrial probe.

The following statistically suggested optimal processing parameters are adopted for the mica processing in the ultra-centrifugal activator: MS = 80 µm, CI = 3.6 A, MAP = 6 min, CRS = 86.9 m/s, SEC = 1620.3 kWh/t and Q = 0.52 kg/h. The quality of optimal product, described with response variables is: d1 = 5 µm, d2 = 30 µm, R1 = 92 %, R2 = 9 %, d’=19.43 µm, n = 1.87, d95 = 34.09 µm, St = 201.86 m2/kg and Sr = 605.58 m2/kg. However, the MS80 set of parameters showed unreasonably high SEC which might be proven unsustainable from energetic and economical aspect. The MS120 set of parameters provides satisfactory response values (d1 = 5 µm, d2 = 63 µm, R1 = 97.6 %, R2 = 6 %, d’=38.09 µm, n = 1.84, d95 = 67.44 µm, St = 104.72 m2/kg and Sr = 314.18 m2/kg). The MS120 SEC is, by being 311.85 kWh/t, more than 5 times lower than MS80 SEC. Therefore the MS120 set of parameters is established as optimal and such parameters combination will be tested in the industrial probe.

The optimal sample was obtained using MS120, for most of materials (obtained SS was equal to 0.93, 1.00, 0.96 and 0.74, for ash, talc, alumina and mica), which is in accordance with previously presented results (descriptive statistics, PCA). The MS80 experimental sequence showed better standard score in case of mica activation, but the specific energy consumption was unsustainably high, therefore the MS120 set of parameters was accepted as the optimal for the applied mechano-chemical activation. Therefore, the MS120 experimental sequence can be adopted as an optimal set of activation parameters since d’, d95, St, Sr, and also SEC and MAP values are recognized as satisfactory. This mechano-chemical treatment can be regarded as energetically sustainable and cost-effective. Namely, according to the SS analysis, the MS120 activation procedure characterized by short MAP (8 min for fly ash; 3.5 min for talc; 170 min for alumina; and 2.5 min for mica) and relatively low SEC produced material raw material with a mean diameter and specific surface area. Besides reduction of the negative effect of the raw material inherent properties on the final score, the application of ultra-centrifugal pulverization improves properties or raw materials, but it also consequently enhances the performances of refractory and/or ceramic coating material based on activated component.




13.4 Conclusion

The material production technology that deploys mechano-chemical activation and its transferal into an economically attractive and sustainable solution for the design of the industrial byproducts and/or economic primary resources based coating materials is highlighted in this investigation. The assets of different raw materials processing schemes were emphasized, and a specific attention was paid on enhancing of the reactivity of the material to achieve its high volume utilization in the design of a final refractory and/or ceramic coating material. The main purpose of the investigation was to optimize the raw materials activation via ultra-centrifugal mill using mathematical tools, and to find a single set of activation parameters which can be applied for all treated solids. The application of the Response Surface Methodology enabled significant reduction of number of the experimental runs, but provided sufficient information for the statistically valid results. The position of quality data and the directions for the improving of the treated ash characteristics was achieved via application of Principal Component Analysis and the disclosing of the different coordinates of the treated samples. A multiple influence of linear and nonlinear terms of second order polynomial model was exhibited by ANOVA calculation of the response parameters. The Standard Scores (SS) analysis promoted the optimal output basing on the evaluation of multiple influences of the parameters, which altered during technological treatment, on the quality of the micronized raw material.

The MS120 set of parameters showed the highest standard score values in all four experiments. The obtained SS was equal to 0.93, 1.00, 0.96 and 0.74 for fly ash, talc, alumina and mica. Therefore the optimal sample of a raw material was obtained using the 120 µm sieve and accompanying set of activation parameters, which was also confirmed by descriptive statistics and PCA analysis. The MS80 experimental sequence showed better standard score in case of mica activation, but the specific energy consumption was unsustainably high, therefore the MS120 set of parameters was accepted as the optimal for the applied mechano-chemical activation. Therefore, the MS120 experimental sequence was adopted as an optimal set of activation parameters since mean diameters and specific surface areas of the investigated raw materials, and also SEC and MAP values were recognized as satisfactory. This mechano-chemical treatment can also be regarded as energetically sustainable and cost-effective due to the short activation period and relatively low specific energy consumption. Besides reduction of the negative effect of the raw material inherent properties on the final score, the application of this pre-treatment will increase the replacement factor of the observed material and consequently improve the characteristics of the final product.

It was demonstrated that the mechano-chemical activation achieved by use of the high energy mill greatly enhances the fly ash characteristics and reactivity, which turns a waste disposal problem into a cost-effective opportunity for reducing an environmental burden, opens new possibilities for the ash industrial application and efficiently contributes to rationalization of refractory and ceramic coating materials production technology.
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Abstract

Laser surface cladding is a process that involves the use of a high-powered laser beam that melts the coating material with minimum dilution, thereby resulting in a perfect bonding to the substrate at the interface. The basic physics of laser surface treatment is heat generation through laser interaction with the surface of an absorbing material and subsequent cooling of the material, either by heat conduction into the interior or by thermal re-radiation at high temperatures from the surface of the material. Laser has become a mainstream manufacturing tool in many industries as a result of its ability for continuous advancement and its flexible use for the protection of materials against: wear, corrosion and oxidation. It has also found potential for the deposition of self-lubricating coatings and thermal barriers and for the restoration of high cost industrial components that may have worn. The suitability of the types of deposited materials, used for treating small areas enables the possibility of tailoring surface properties to service requirements. This chapter brings to light the different processing techniques, the physics of laser surface treatment, micro fabrication, nano fabrication and additive manufacturing. The challenges of laser material processing and the future prospects of advanced materials for laser cladding were discussed.
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14.1 Introduction

Laser cladding is a processing technique used for adding one material to the surface of another in a controlled manner. The technique involves the production of surface layers with properties that are different from the substrate as they are tailored to the application. The technique has been extended in order to build up three-dimensional objects, and is one of a family of rapid manufacturing processes [1]. The powder used in laser cladding is usually of a metallic nature; this powder is injected into the system by either coaxial [2, 3] or lateral nozzles [4]. Melting takes place as a result of the interaction of the metallic powder stream and the laser; this is known as the melt pool. This is deposited onto a substrate; moving the substrate permits the melt pool to solidify and hence yields a track of solid metal. A crucial factor that influence the success of laser cladding is the achievement of a strong metallurgical bond over the entire interface between the substrate and the clad-layer. It is therefore understood that the formation of a strong bond between the clad and the substrate is primarily governed by the solidification condition and performance behaviour at the interface between the two [5]. Furthermore, the properties of the clad-layer principally relate to its grain structure. Hence, a good understanding of the solidification behaviour of the laser melt zone is very important. Melt is the most common technique; nonetheless, some processes involve moving the laser/nozzle assembly over a stationary substrate in order to produce solidified tracks. The motion of the substrate is guided by a computer-aided design (CAD) system which interpolates solid objects into a set of tracks, thus producing the desired part at the end of the trajectory [6].

The increasing demand for light-weight materials for engineering applications in many industries makes the development of materials with improved properties a pressing issue. Thus, laser processing of materials is a multidisciplinary field of research with new developments that involves the several aspects of new laser materials. The current advances in laser technology have generated new opportunities for the application of lasers in materials processing. The advancement in laser materials processing is a promising route, where a high-power laser beam is used as a source of heat for processing of materials. Faster processing speed, refinement and homogenization of microstructure, narrow heat affected zone, and processing of any materials are the remarkable advantages related to laser materials processing [7]. This chapter highlights the different processing methods, the physics of laser surface treatment, micro fabrication, nano fabrication and additive manufacturing. The challenges of laser material processing and the future prospects of using advanced materials for laser cladding will be reviewed.



14.2 Laser Processing Techniques

The conventional techniques of surface-modification processes such as chemical vapour deposition (CVD), physical vapour deposition (PVD), and thermal spray are being used to deposit various coatings. Nonetheless, the use of these techniques has been limited by several factors, such as the need for high input energy, the cost of a vacuum chamber, the size of the work piece, poor bond strength, and environmental hazards. Several new coating methods, such as pulse electrode surfacing, ion-beam assisted deposition techniques, and laser processing techniques, are being investigated [8]. Laser processing is a universal term for methods in which a laser beam is used to manufacture a variety of products from various materials. The laser cladding overlay process uses a laser beam to fuse a broad range of materials from alloys to composites comprising of ceramic compounds onto a substrate. The process delivers purer chemistry with a thinner, smoother overlay than traditional welding. This section reviews laser processing techniques due to their significantly improved corrosion properties and coating adhesion.


14.2.1 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a PVD technique that uses a high-power pulsed laser beam (typically ~108 Wcm-2) to melt, evaporate and ionize material from the surface of a target. The high-power pulsed laser beam is concentrated inside a vacuum chamber to strike a target of the material that is to be deposited. The material that is to be deposited is vaporized from the target which deposits it as a thin film on a substrate. This process could take place in ultra-high vacuum or in the presence of a background gas, such as oxygen which is usually used when depositing oxides to fully oxygenate the deposited films.

In the late 1980’s - PLD as a film growth technique attained reputed fame and attracted wide spread interest in industry and academia. It was in particular employed to fabricate crystalline thin films with epitaxy quality. There has been huge interest and growth in the use of this unique PVD process since Dijkkamp et al., [7] published an article on pulsed laser deposition of Y1Ba2Cu3O7-x (YBCO). They reported the first successful preparation of thin films of Y-Ba-Cu-O superconductors using pulsed excimer laser evaporation of a single bulk material target in vacuum. Since then, PLD has become a standard technique for the production of thin films of complicated stoichiometry or sandwich structure. The PLD technique turned out to be an efficient way of producing films of complex materials, e.g. high Tc-superconductors, and the fast development of reliable, pulsed lasers led to a break-through for PLD in thin film fabrication [7–10]. Although PLD is now established as an indispensable frontline technique in leading research institutions, the processes during the material transfer are only partly understood [11]. The fast experimental development of PLD was not complemented by a corresponding theoretical progress, but it was gradually acknowledged that the laser ablation and the expansion processes during PLD were more complicated than just laser heating and subsequent evaporation [12]. The detailed mechanisms of PLD are very complex; this include the ablation process of the target material by the laser irradiation, the development of a plasma plume with elevated energetic ions, electrons, neutrals and the crystalline growth of the film itself on the heated substrate. The ablation mechanisms involve many complex physical phenomena such as collisional, thermal and electronic excitation, exfoliation and hydrodynamics. Generally, the PLD process can be divided into four stages:


14.2.1.1 Laser Ablation of the Target Material and the Creation of Plasma

The physical processes in laser material interaction is very essential in order to understand the potentials and limitations of laser machining processes. When laser beam hits the target material, some of the energy is reflected and some of it is absorbed, the absorbed energy heats up the target materials. Reflection and absorption have a resonant feature due to the microstructures of materials. When laser beam acts on the material, laser energy is first absorbed by free electrons. The absorbed energy will then spread through the electron subsystem, then transferred to the lattice. Hence, laser energy is transferred to the ambient target material as shown in Figure 14.1. Most of the laser absorption takes place in a vapour layer confined close to the targeted surface. In the layer, the electron ion density is very high and the plasma pressure may exceed hundreds of kbar [13]. This process has a resonant property due to the fact that materials show different absorptions to lasers with different wavelengths; the dependence of absorption on wavelength and the incident light is determined by the microstructure and electromagnetic properties of the material.
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Figure 14.1 Laser energy absorption by target material.



If the laser fluence is sufficiently high, a plasma plume can be formed and the material is removed from the surface as excited electrons, ions and neutrals [14]. Plasma plume can be produced from the targeted surface in the laser power density regime, the leading edge of the laser pulse is absorbed by the surface layer and quickly heats it to vaporize the condensed phase matter into gases. In addition to the latent heat of evaporation, a part of the absorbed laser power must be expended into latent heat of fusion if in a solid form. The heating of the surface layer means a partial loss of the absorbed power into the bulk as a heat sink by the thermal conduction process. The process of evaporation and heating will continue until the electron density of the partially ionized gas becomes high enough for the heating of the gas by the inverse bremsstrahlung process to begin [15].



14.2.1.2 Dynamic of the Ablation Materials

During the second stage of PLD deposition, the material expands in the plasma parallel to the normal vector of the target surface towards the substrate due Coulomb repulsion and recoil from the target surface [16]. The emitted materials tend to move towards the substrate according to the laws of gas-dynamic and show the forward peaking phenomenon. In such a case, the angular and velocity distributions of the expanding vapour atoms are described by a thermal cosβ law, β being the angle with respect to the normal of the target surface [17]. The effect of the distance on the target-substrate is reflected by the angular scattering of the ejected flux. Different features may occur depending on the position of the substrate. The optimal position of the substrate is determined by the plasma evolution in order to obtain stoichiometric structures. The best depositions (with regards to uniformity, homogeneity and stoichiometry) are attained when the plasma span is identical with the target-substrate separation distance [18]. The spot size of the laser and the plasma temperature have significant effect on the uniformly deposited film. Another parameter that governs the angular spread of the ablated materials is the target-to-substrate distance [19].



14.2.1.3 Deposition of the Ablation Material on the Substrate

The high energetic species ablated from the target bombarding the substrate surface could cause damage to the surface by sputtering off atoms from the surface and also by causing defect formation in the deposited film [20]. The sputtered species from the substrate and the particles emitted from the target form a collision region, which serves as a source for condensation of particles. As soon as the condensation rate is high enough, a thermal equilibrium can be reached and the film will grow on the substrate surface at the expense of the direct flow of ablation particles and the thermal equilibrium attained. If the film is of the same material as the substrate, the process is called homoepitaxy. Homoepitaxy deposition represents one of the cornerstone techniques for building micromachine. The growth rate of homoepitaxy depends on the substrate crystal orientation [21].



14.2.1.4 Nucleation and Growth of the Film on the Substrate Surface

Nucleation-and-growth of crystalline films depends on many factors such as the density, energy, degree of ionization, the type of the condensing material, the temperature and the physical-chemical properties of the substrate. The two main thermodynamic parameters for the growth mechanism are the substrate temperature T and the supersaturation Δm; they can be related by equation (14.1):


(14.1)
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where k is the Boltzmann constant, R is the actual deposition rate, and Re is the equilibrium value at temperature T.

The interfacial energies that influence nucleation process between the three phases present are the substrate, the condensing material and the vapour. The minimum-energy form of a nucleus is like a cap. The critical size of the nucleus is governed by the driving force, i.e. the deposition rate and the substrate temperature [19]. For the large nuclei with a characteristic of small supersaturation, they create isolate patches (islands) of the film on the substrate that eventually grow and coalesce together. As the supersaturation increases, the critical nucleus shrinks until its height reaches on atomic diameter and its shape is that of a two-dimensional layer. For large supersaturation, the layer-by-layer nucleation will happen for incompletely wetted foreign substrates [22].




14.2.2 Matrix-Assisted Pulsed Laser Evaporation (MAPLE)

Matrix-Assisted Pulsed Laser Evaporation (MAPLE) is a thin film deposition technique derived from PLD with the purpose of making the deposition of soft small or large molecular weight species (e.g., polymeric, organic, bio) materials from the condensed phase into the vapor phase. Despite the fact that PLD is now successfully used to produce high quality thin films [23], it usually fails when soft materials [24] are considered, as the laser beam energy used for target ablation damages such molecules. On the other hand, in the MAPLE approach, the target is a frozen solution or suspension of the guest material in a matrix [25]. The frozen target consists of a solution of a polymeric compound dissolved in a relatively volatile solvent that would be ablated by the laser. The target material is dissolved in the solvent with a weight concentration lower than 5% (w/v) [26]. In the course of the deposition process, the majority of the laser energy is initially absorbed by the solvent molecules. This mechanism has the capability of protecting the target molecules and prevent them from being damaged by the high energy laser beam. Among the photo thermal process, the frozen solvent molecules absorbed the energy of photons and is converted to thermal energy which in turn heats the target molecules and allows the solvent to vaporize [27]. Once the target molecules absorb enough energy through collisions with solvent molecules under the evaporation process, the target molecules are moved to the vapor phase [26]. The target solution (matrix) which is layer by layer depleted and maintain the same concentration through the MAPLE process. The substrate is placed on the direction of the molecule movement in order to make the target molecule reach it easily. During the MAPLE process, the target molecules start fabricating the thin film on the surface of substrate. At this point, the solvent molecules are pumped away by the pumps since their adhesion coefficient are low [28].

Initial investigation done using MAPLE process made use of ultraviolet radiation sources; the polymer films fabricated through this process often exhibited chemical degradation as a result of the guest material absorption of the laser and the laser-induced free radical generation in the solvent matrix [29]. Further studies have utilized longer wavelength 355 nm neodymium-doped yttrium aluminum garnet (Nd: YAG UV) lasers in the fluence range 2–10 J/cm2 with the intention of having reduced polymer degradation [30, 31]. A further extension of MAPLE; Resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE) aims to decrease the guest material degradation during deposition by stimulating specific molecular vibrational bond stretches in the host material through infrared radiation [31, 32]. Some studies have also used free electron lasers [29], although over the last decade, there were successful investigations using Er: YAG [32, 33] laser sources for the deposition of different polymers; nonetheless, the specifics of the MAPLE deposition process are not completely understood [33]. In the past one decade, no theoretical or computational works for a better understanding of MAPLE process have been conducted. Theoretical investigations indicate that the MAPLE process may be more complicated, and is most likely non-evaporative ablation [34, 35]. For the first time a computational model (a coarse-grained molecular dynamic (MD) model) was developed to explain the basic mechanisms related to laser–material interaction and non-equilibrium processes and the resulting film characteristics, especially morphology [36]. The authors established the fact that, at low concentration (0.1–5% wt.) of active material in the matrix, the active molecules can have impact on the molecular ejection and subsequently the morphology of the films. The simulations predicted that the composition of the target surface can be modified by the ablation process induced by matrix evaporation. It is expected that an increase of active material concentration in the target is produced, particularly in a multipulse irradiation regime. Based on this model, it is likely to avoid or lessen the deposition of molecular clusters in MAPLE and achieve a molecule-by-molecule deposition of ultrathin films without significant roughness by selecting the appropriate set of transfer parameters [36].



14.2.3 Ultrashort Laser Pulses

Ultrashort laser pulses are electromagnetic pulses with length of time in the order of a picosecond (10-12 second) or less. This is owing to the fact that the spans for these processes can be as short as some 10’s of femtoseconds. The applications of ultrashort laser pulses come into place as a result of two characteristics of such pulses. (1) Their very short duration, which can be used to instigate and measure ultrafast phenomena with temporal resolution of femtoseconds and recently, with hundreds of attoseconds, besides minimizing heat transfer to the target. (2) the huge electric and magnetic fields associated to the pulses that can surpass the ones that bind electrons to atoms, leading to large ionizations that results to material modifications; the free electrons generated can also be accelerated by the electromagnetic field to high energies, even into the relativistic regime [37, 38]. These kind of pulses have a broadband optical spectrum and can sometime be created by mode-locked oscillators with such short duration [39, 40]. A mode-locked femtosecond laser needs an average broadband gain, such as Ti: Sapphire, which can sustain over 100,000 longitudinal modes in a laser cavity [40]. They also have a high peak intensity and can form pulse trains at a high repetition rate. Furthermore, ultrashort pulses can only be created by materials that have adequately wide spectral (and hence, frequency) bandwidth. This is because the time-bandwidth product satisfies the equation 14.2. The value for the constant depends on the line-shape, for most ultrafast solid state lasers it is 0.33 [40].


(14.2)
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As these pulses shrink in length and grow in utility, the capacity to measure them becomes increasingly important [41]. It is imperative to acknowledge the association between spectral width and pulse duration in consideration for the generation of ultrashort pulses. The general time and frequency Fourier transforms of a pulse are given in equations 14.3 and 14.4 [42].


(14.3)
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(14.4)
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The spectral width and the length of time of a pulse can then be calculated with standard statistical definitions using equations 14.5 and 14.6


(14.5)
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(14.6)
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These quantities can then be related by the following inequality,


(14.7)
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Equation 14.7 is the product of spectral bandwidth and pulse duration; it is known as the time-bandwidth product. In principle, this means that, in order to generate a short pulse of light with a specific duration (Δt), a broad spectral bandwidth (Δω) is required. When equality to [image: ] is reached in Equation 14.7 the pulse is called a Fourier transform-limited pulse. Hence, the variation in phase of such a pulse is homogeneously uniform and thus, has linear time dependence, i.e. the instantaneous frequency is time independent [42, 43].

A quicker phenomenon is required to measure an event, and the extremely short duration of ultrashort pulses make them perfect for measuring processes that occur in the picosecond and femtosecond time scales. Femtosecond pulsed laser interaction with matter activates a variety of timescale-dependent processes, influenced by the fluence and pulse duration [44], these parameters have the capability of inducing phase transition or material removal. Hence, ultrashort pulses can be used to instigate a series of fast phenomena in various kinds of samples with the benefit of shortening the transient behaviour that comes from the optical excitation. The magnitudes of this perturbation are free to develop in time. The shorter the pulse, the faster the transient behaviour vanishes and the excitation evolution can be measured [36]. For example, a solid material subjected to ultrashort pulsed laser heating at an adequately high fluences undergoes a phase transition to a superheated liquid whose temperature reaches 0.90Tcr; Tcr is the thermodynamic critical temperature [44, 45]. Bubble nucleation subsequently results to a rapid transition of the superheated liquid into a mixture of vapour and liquid droplets that are expelled from the bulk material (phase explosion). This was proposed as a material removal mechanism [45]. Furthermore, ultrashort pulses have the benefit of marginal heat transfer to the sample, not stirring vibrational modes that can bring about noise or even mask the signal under measurement. The sample can be a dielectric material, whose absorption coefficient is changed as a result of the saturation of this absorption and a semiconductor in which the charge carriers formed in the conduction band by the ultrashort pulse change the material properties [46]. The sample can also be a metal whose magnetic features are changed by the ultrashort pulse [47], and even an atom that has its electronic properties modified by the light absorption [48].

The generation of femtosecond pulsed laser is practically accomplished with the technique of passive mode locking. A passive mode locking is a method of mode locking centred on a saturable absorber with appropriate properties inside the laser resonator. In principle, ultrashort optical pulses can be generated by beginning with a continuous light source and utilizing a fast modulator, which allows the light pass only for a short period of time. Nonetheless, this type of method is not efficient, as most of the light will be lost at the modulator, furthermore, the pulse duration is restricted by the speed (bandwidth) of the modulator. Pulses with much higher energies and much shorter durations can be generated in pulsed lasers. Types of ultrashort lasers are briefly listed in the next sub-section.


14.2.3.1 Bulk Laser

Bulk laser refers to a solid-state laser with a bulk piece of doped crystal or glass as the gain medium, typically a rod which is doped with rare earth ions (e.g., Nd3+ or Yb3+), pumped with laser diodes, and cooled from the side. The cost-effectiveness of glass as host material for solid-state lasers has led to the development and investigation of various Yb-doped glass bulk lasers [49, 50]. Passively mode-locked solid-state bulk lasers have the capacity to emit high-quality ultrashort pulses with typical durations between 30 fs and 30 ps. Numerous diode-pumped lasers, e.g. based on neodymium-doped or ytterbium-doped gain media, operate in this regime, with typical average output powers between ≈ 100 mW and 1 W [51]. Titanium-sapphire lasers with a well-advanced dispersion compensation are even appropriate for pulse duration below 10 fs, in extreme cases down to approximately 5 fs. The pulse rate of repetition is in most cases between 50 MHz and 500 MHz, however there are low rate of repetition versions with a few megahertz for higher pulse energies, and also miniature lasers with tens of gigahertz [51].

It is well known that the strong nonlinearities inherent to narrow-gap materials avert extremely localized energy deposition of ultrafast infrared light in the bulk [52]. As a result of this, achieving ultrafast optical breakdown and/or local structural manipulations inside important materials, such as silicon and other semiconductors was prevented [53]. In order to confirm this statement, recent efforts have been made in order to achieve ultrafast breakdown in the bulk of silicon, but these efforts failed for the highest pulse intensity and for all, even the largest, numerical aperture (NA) tested so far [53–56]. As a result of this difficulty, some groups of researchers recently turned to multipulse accumulation regimes [54, 55] and nanosecond pulse durations [56]. The thermal nature of bulk modifications in silicon interactions does not allow achieving a level of control comparable to that demonstrated for femtosecond breakdown inside dielectrics, hence, make such approaches unrealistic for high-precision applications. Thus, attaining controllable ultrafast modifications in semiconductors still seems to be the most promising approach. The limitations inherent to infrared femtosecond interactions in semiconductors to fully identify their origins was recently discreetly studied by Chanal et al., [57]. They demonstrated the absence of a strict physical limit to ultrafast energy localization, which permitted them to detailed an experimental solution in order to achieve permanent refractive index control in the bulk of silicon. Inspired by solid-immersion microscopy, this solution was based on hyper-focused ultrafast beams that are basically free from aberrations resulting to highly confined interactions deep into silicon. By creating the conditions for an interaction with an extreme numerical aperture near 3 in a perfect spherical sample, repeatable femtosecond optical breakdown and controllable refractive index modifications were attained inside silicon. This made a way to the direct writing of three-dimensional monolithic devices for silicon photonics. Furthermore, it provides perspectives for new strong-field physics and warm-dense-matter plasma experiments.



14.2.3.2 Fiber Lasers

Fiber laser is a laser in which the active gain medium is an optical fiber doped with rare earth elements such as neodymium, ytterbium, dysprosium, praseodymium holmium, erbium and thulium. Although some lasers with a semiconductor gain medium such as a semiconductor optical amplifier and a fiber resonator are also called fiber lasers. In addition, devices containing some kind of laser (e.g., a fiber-coupled laser diodes) and a fiber amplifier are often called fiber lasers or fiber laser systems [49]. In order to form a laser resonator with fibers, some kind of reflector (mirror) to form a linear resonator or building a fiber ring laser is needed. Fiber lasers are optically pumped, most usually with laser diodes but in a few cases with other fiber lasers. The optics used in these systems are usually fiber components, with most or all of the components fiber-coupled to one another. Sometimes, bulk optics are used, and sometimes an internal fiber-coupling system is combined with external bulk optics [58].

Fiber lasers have recently attained notable development as a result of their outstanding performance and distinctive captivating benefits, such as freedom from alignment, high beam quality, easy thermal management, robust operation and superior reliability [59]. The notable development was obvious by using high quality LMA Yb-doped fibers (YDFs) and high-brightness high power pump diodes. The power-scaling of Yb-doped fiber lasers has even emerged output power more than 1 kW. Jeong et al., [59] demonstrated a cladding-pumped Yb-doped fiber laser generating an output power up to 2.1 kW. Xu et al., [60] achieved a high power narrowband all-fiber super-fluorescent fiber source employing three stage master oscillator power-amplifier chain and obtained the maximal output power of 1.87 kW. The output power of YDF lasers has moved to multi-kilowatt even more than 10 kW with near diffraction limited beam quality [61]. A kilowatt-class all-fiber laser oscillator was recently demonstrated by some researchers [62]. This was done by using LMA FBGs with different parameters. The signal light and backward light of the all-fiber laser were measured for different reflective bandwidths of HR gratings such as 2 nm, 2.2 nm, 2.5 nm and 3 nm, respectively. The forward laser output power and the backward signal leakage were measured and analyzed. It was found that the laser output power and efficiency depended on the bandwidth of the high-reflection (HR) fiber Bragg grating (FBG) used in the laser cavity. The broader bandwidth gives higher laser efficiency, especially at high power level. Another group of researchers demonstrated a new all-fiber laser with Yb-doped double-cladding microstructure optical fiber (MOF) that was fabricated by a non-chemical vapor deposition (Non-CVD) technology [63]. In their experiment, both of seed laser and the amplifier are made of the same kind of Yb-doped MOF by spatial light coupling method. Seed source was an independent home-built Yb-doped double-cladding photonic crystal fiber (PCF) laser. The amplifier output power was 5.03 W with a one-stage amplifier when the seed laser power was 1.07 W. The signal power was amplified about five times. These results can provide motivation for the application of Yb-doped MOF. The experiment can imply a potential application for the high power, all-fiber laser in the future.



14.2.3.3 Dye Lasers

A dye laser is a laser which uses an organic dye as the lasing medium, typically as a liquid solution. A dye can usually be used for a much wider range of wavelengths often spanning 50 to 100 nanometers or more when compared to gases and most solid-state lasing media. The wide bandwidth makes them mostly suitable for tunable lasers and pulsed lasers. For example, the dye rhodamine 6G, can be tuned from 635 nm (orange-red) to 560 nm (greenish-yellow), and produce pulses as short as 16 femtoseconds [64]. Numerous dyes such as exalite, coumarin, rhodamine, pyrromethene, pyridine, fluorescein, pyridine or styryl are now available and in total they can cover huge wavelength regions. They can characterize a whole family of dyes with slightly different chemical structures, having somewhat different ranges of emission wavelengths and being distinguished with additional numbers. For example, one may use coumarin 2, 47, 102 or 153 for lasers in the blue to green spectral region [49].

Liquid dye lasers are a coherent source of radiation with wide tuning range and they are used in various fields. Nonetheless, these lasers cannot be used in some certain applications as a result of the need for large volumes of organic solvents. The use of solid matrices containing laser dyes is an appealing substitute to the conventional liquid dye solutions [65]. The first solid-state dye lasers were demonstrated in the 60’s by stimulating emission from polymeric matrices doped with organic dyes. Nonetheless, work on solid-state dye lasers was not pursued for over a decade due to low lasing efficiencies and fast photodegradation of the dye [66, 67]. The laser beams interference is used in several spheres of science and technology, most especially, for achieving laser emission. Particularly, double beam coherent pumping has been utilized in the last four decades in order to obtain a distributed feedback (DFB) in dye lasers [68–71]. Spatial modulation of laser emission controlled by the structure of excitation light field was investigated [72]. A dye doped polymer film used as an active medium was sandwiched between two laser mirrors forming a laser cell. The pumping was done by an interference pattern designed with two mutually coherent beams of the second harmonic of a Q-switched Nd: YAG laser (532 nm) and located in the plane of the laser cell. The laser emission was observed normally on the plane of the cell. The cross-section of the obtained laser emission was modulated in intensity with an interval between maximums. This depend on the period of the pumping interference pattern. Hence, the emitted light field qualitatively looks like diffraction from an elementary dynamic hologram, that is, a holographic diffraction grating [72].



14.2.3.4 Semiconductor Lasers

Semiconductor lasers are very small in size and appearance and they use a semiconductor as the grain or medium. They are devices that causes laser oscillation by flowing an electric current to semiconductor. The parameters that are of utmost important for the design of semiconductor lasers are the bandgap, the band offsets, the refractive index and notably difference of the refractive index [73]. Optical gain is generally accomplished by stimulated emission at an inter-and transition under conditions of a high carrier density in the conduction band. A typical prerequisite for inter-band-transition laser materials is the energy band gap Eg and it has to be corresponded to the desirable wavelength according to the relationship [73]:


(14.8)
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where λ is in micrometres and Eg is in electron-Volts.

Many semiconductor lasers are laser diodes; they are pumped with an electrical current in an area where an n-doped and a p-doped semiconductor material meet [49]. Gallium Arsenide is the material which is often used in semiconductor laser, hence semiconductor laser is also called Gallium Arsenide, and sometimes, injection laser. There is quite a lot of different semiconductor lasers, spanning wide parameter regions. They are optically pumped surface-emitting external-cavity semiconductor lasers, Surface-emitting lasers, Small edge-emitting laser diodes, Broad area laser diodes, High-power diode bars, High-power stacked diode bars, Small edge-emitting laser diodes, External cavity diode lasers, hot-hole laser and Quantum cascade lasers (QCLs) etc. Contrary to usual interband semiconductor lasers that release electromagnetic radiation via the recombination of electron-hole pairs across the material band gap, QCLs are unipolar and laser emission is attained through the utilization of intersubband transitions in a repeated stack of semiconductor multiple quantum well heterostructures. Quantum cascade lasers that emit in the mid- to far-infrared portion of the electromagnetic spectrum were first demonstrated by Jerome et al., [74]. The requirements for QCLs materials follow the consideration of the energy difference between the quantum-confined states as the transitions that takes place between such states in one (conduction) band [75]. Nonetheless, a QCL does not use bulk semiconductor materials in its optically active region. It however consists of a periodic series of thin layers of different material composition forming a superlattice. The superlattice introduces a varying electric potential across the span of the device, hence, there is a varying probability of electrons occupying different positions over the span of the device. By utilizing an appropriate design of the layer thicknesses, a population inversion between two subbands in the system can be probably engineered which is essential in order to achieve laser emission. Since the place of the energy levels in the system is principally determined by the layer thicknesses and not the material, it is likely to tune the emission wavelength of QCLs over an extensive variety in the same material system [76, 77].

Semiconductor lasers have been effectively introduced into daily practice. There are several versions of the traditional laser structures, they are mostly based on semiconductor alloys. A simple structure of a semiconductor laser is shown in Figure 14.2. Some semiconductor lasers them have established applications in the high-resolution IR spectroscopy of atoms and molecules where the tunability of semiconductor lasers plays a significant role; example of such laser is lead salt-based lasers. Furthermore, spectroscopic sensors and high-sensitivity heterodyne-type IR receivers have also been demonstrated by using the narrow line IR semiconductor lasers. The bulk semiconductor materials used in lasers are mostly used as substrates for multilayer structures. An exception is germanium, used in hot-hole lasers with a moderately large dynamic volume. In addition, bulk active material can be applied in semiconductor lasers with electron-beam pumping and photo-pumping in semiconductor spin-flip lasers [75]. The hot-hole lasers are mainly appropriate for the far IR region, while tunneling-based quantum-cascade lasers (QCLs) are promising for high-temperature operation in the mid-IR region.


[image: Figure shows a simplified structure of a semiconductor laser. ]

Figure 14.2 Structure of a semiconductor layer.



Here, the active layer, also known as the light emission layer, sandwiched between the p- and n-type clad layers (double heterostructure) is made on the substrate. Voltage is applied across the p-n junction from the electrodes. The two edges of the active layer have mirror-like surface. When forward voltage is applied, electrons combine with holes at the p-n junction to discharge the light. This light is confined within the active layer because the refractive index of the clad layers is lower than that of the active layer. Furthermore, the ends of the active layer act as a reflecting mirror where the light reciprocates in the active layer. Then, the light is amplified by the stimulated emission process and laser oscillation is generated [78].



14.2.3.5 Free Electron Lasers

A free-electron laser (FEL) is a relatively exotic kind of laser whose lasing medium consists of very-high-speed electrons moving freely through a magnetic structure [79] to produce stimulated emission of electromagnetic radiation, thus, the term free electron [80]. The free-electron laser is tunable and has the widest frequency range of any laser type [81]. The kinetic energy of a relativistic electron beam in a free electron laser is changed into an intense beam of electromagnetic radiation by wiggling the electrons transversely in a periodic magnetic field known as an undulator [82]. High-gain FELs based on linear accelerators exploit low emittances and the likelihood of bunch compression to attain a high peak current [83]. Substantial power output is then reached in single pass of the electron beam through the undulator. Such FELs are used for generating short-wavelength radiation (Å-level) and quite a number of them are effective and under construction around the world [84]. These FELs however suffer from lower repetition rate and larger wasted power as compared to storage ring-based light sources [84]. As a matter of fact, during the last three decades, FEL research installations and user facilities were built all over the world [85]. Simultaneously there was a steady gathering of advances in all the three sub-fields of the FEL technology-which are (1) electron injection, (2) main electron acceleration, and (3) FEL interaction and optics; the division is somewhat arbitrary, but logical and widely mentioned [85]. Hence, FEL is all-electric device in the sense that, unlike high-power chemical lasers, it uses only electricity as the primary power.

The FELs radiation wavelength are typically by orders of magnitude shorter than the undulator period, they are extending laboratory laser experiments to shorter wavelengths, adding element and chemical state specificity by exciting and probing electronic transitions from core levels [86]. The shortest wavelength of such FELs is limited to ultraviolet of about 190 nm [87], basically, owing to the lack of high reflectivity materials for short wavelength cavities. However, some progress began in the last decade and X-ray free electron laser (XFEL) oscillators could technically become achievable [88]. The first hard X-ray free electron laser XFEL in the World, America’s, LCLS (Linac Coherent Light Source) was successfully lased with the design wavelength of 1.5 Å or 0.15 nm [89]. The successful lasing of LCLS proves that XFEL is a feasible technological approach to realize the new generation radiation facilities. Another XFEL machine, SACLA in SPring-8, Japan, is also in operation [90]. Ishikawa et al., [90] reported the successful generation of sub-ångström laser light by utilizing a compact XFEL source, joining a short-period undulator with an 8 GeV electron beam. The shortest wavelength achieved was 0.634 Å (63.4 pm) which is four orders of magnitude smaller than the 694 nm generated by Maiman’s first laser [91]. The maximum peak power surpassed 10 GW with a pulse duration of 10–14 s. This accomplishment could add to the extensive use of XFEL sources and make available broad prospects of exploring new fields in science and engineering.

The XFEL is a new light source that can yield intelligible, ultra-brilliant, femtosecond X-ray pulses. The current XFEL pulse is characterized by its peak power of 10–50 GW and its pulse duration of a few to about 100 femtoseconds (fs) [92, 93]. This X-ray beam provides new possibilities for studies in various field of science and engineering. X-ray free electron lasers are a new-generation light sources driven by self-amplified spontaneous emission. In XFEL, as accelerated electrons pass through an undulator, electron bunches are formed as a result of interactions between photons and electrons, resulting in coherent X-ray beams in repeating short-pulses [94]. One pulse is made up of 1011–1012 photons packed within a few to 10 fs, and pulses are generated at a frequency up to 120 Hz, based on the design of the equipment [90]. The pulse intensity is influenced by the beam focus and other possible losses, but could reach 1012 photons/µm/pulse, assuming 1 µm focusing and no energy loss [93]. The high pulse energies existing make sure that spectroscopies belonging to table top laser, such as, nonlinear optics, can cross the frontier into this new wavelength range [86]. In order to fulfil the demands of high-end engineering/scientific users in the 21st century, XFEL is promptly advancing in the following directions: complete control of time structure and longitudinal coherence, tune of central wavelength with high peak brightness, high average brightness and high average power [94].




14.2.4 Hybrid Laser Arc Welding (HLAW)

Hybrid laser arc welding (HLAW) is one of the utmost potential technologies used for joining thick and heavy parts for production of oil and gas pipes, building constructions, bridge sections, shipbuilding industry. The main advantage of HLAW is the likelihood to be weld by one path materials with thickness of up to 20 mm and more, including new type of steels and modern alloys [95]. Hybrid laser arc welding is a welding process that combines the principles of laser beam welding and arc welding. Laser beam welding and arc welding have long been used in industries as they allow a wide range of applications. These processes have their specific areas of application which can be described by the physical processes of energy transport and the obtained energy flow [96]. Energy is transferred from the laser to the arc via high-energy infrared coherent radiation by using a fiber optic cable. The arc transfers the heat needed for welding by a high electric current flowing to the workpiece through an arc column.

Laser welding has gained reputation as a result of its ability to produce narrow and deep weld pool, as the laser beam can be focused on a very small area. The tight focus of the beam allows higher welding speed, which in turn reduces the heat input and the chances of thermal distortion in welded parts [97]. However, laser radiation results to a very constricted heat affected zone with a large ratio of welding depth to joint width because the energy efficiency is poor. The ability of the laser welding process to bridge root openings is low owing to its small diameter, and thus it needs high precession in workpiece fit-up and edge preparations. Laser welding is also very challenging for highly reflective materials like aluminium, copper, gold, etc [98]. In contrast to laser welding, arc welding processes have the ability of an excellent gap bridging, high electrical efficiency and they can effectively weld the materials having high reflectivity [99]. The physical mechanisms controlling arc welding operations are many and involved, both within the arc and at the electrodes. Some of the detected behavioural variations can be directly attributed to changes in conditions within the structure of the arc [96]. Welding arcs are designated by the transfer of mass among the electrodes. In consumable welding, the motion of the mass involves the transfer of molten metal from one electrode to another. The direction of motion is reliant on the mode of the arc operation. In both consumable and non-consumable welding, gaseous products are transported through the arc. The forces produced depend on prevailing conditions near the electrodes, environmental conditions and boundary conditions at the edges of the discharge [100]. Arc welding systems are much cheaper than the laser welding systems of equal capacity [101]. Nonetheless, low energy density during arc welding makes the process slower, which instigates high heat input at weld zone and lead to thermal distortion of welded part. When laser welding and arc welding are applied in the same weld pool, the hybridization effect compensates for the drawbacks of both processes and compliments their benefits [102].

Hybrid laser arc welding process possess several process advantages when compared with the laser welding and arc weld processes. The advantages are less required number of welding passes [103], higher welding speed [104], higher penetration depth [105] with increased productivity [106], improved gap bridging ability [101], lower capital cost [106], narrow weld seam with small heat affected zones [107], improved weld seam stability and side wall fusion [108]. Though, hybrid welding can afford high-quality weld seam whose properties are comparable with laser weld seam properties, but the use of this technology in the case of real production is limited by high complicity of the process [109] and appearance of different defects, such as porosity, cracks, spiking, and humping in the weld seam [95]. Hybrid laser arc welding have need of strict groove accuracy and machine cutting of grooves prior to welding as the quality is significantly influenced by the accuracy of the laser target during welding. Thus, special equipment is required, including clamping equipment that will avert any shifting of the steel plates during welding. The process of cutting a part out of a steel plate, fitting the part, and forming a groove is essential in order to ensure the accuracy of the groove. Hybrid laser arc welding has the advantage of arc welding, with characteristic of a large tolerance for groove accuracy. Furthermore, HLAW is capable of absorbing small gaps, and uses a laser beam with a high energy density as the heat source. In this kind of welding, the narrow area at the end of the welding groove is deeply penetrated, thus reducing the heat input and the welding deformation [110]. Though the HLAW process has several process benefits, the process has other restrictions such as: high initial investment cost, difficulty in controlling large numbers of process parameters, and additional safety measures.




14.3 Physic of Laser Surface Treatment (LST)

Surface treatment is generally applied on material with the needed surface characteristics to improve its surface structure, such as hardness, wear resistance and corrosion properties in order to meet excellent performance and reliability of industrial requirements such as high pressure and high load [111]. The laser is a perfect instrument for surface treatment. Absorption of radiant energy from a laser occurs in the top few atomic layers of an opaque material, where it can either heat the surface or excite the surface atoms, resulting to pyrolytic or photolytic processes [112]. As a result of the properties of the laser radiation, laser surface treatment (LST) has abundant important advantages over other techniques: the thermally affected region is easily controlled in depth, extent and time above temperature, due to the ease with which this form of energy can be shaped and switched [112], reduced heat affected zone, low distortion and high accuracy. It has the capacity to convey almost any vital thermal experience to a surface from mild bio-stimulation for relieving rheumatism to the generation of solid state plasmas as in laser peening [113]. Laser surface treatment consist of hardening, quenching, cladding, surface alloying, or laser blasting etc [114]. In the framework of laser processes, LST brings about microstructural modifications depending on the process parameters, such as power beam (P), scanning speed (v) and/or energy intensity (P/vd2), where d is the spot diameter [115].

Cladding can be done in different ways and they differ in the manner of delivering the material to be melted as a clad. The material can be delivered as a foil, powder, wire, sheet or gas; the gas route can be a form of laser chemical vapour deposition. In all the melting processes, the melt pool is strongly agitated by the Marangoni forces caused by the steep thermal gradients with boiling point to melting point in the width of the melt zone. The blowing of the powder into the laser-generated melt pool is one of the more successful cladding systems. This technique can provide fusion-bonded clad layers having low dilution with the substrate [113]. During laser powder cladding, a stream of a needed powder is delivered into a focused laser beam and melting starts at the surface. The powder being heated and melted is trapped in the melt pool when passing through the laser beam. The required powder is passed across the target surface, leaving behind a deposited coating of the selected material.


14.3.1 Physic of Laser Cladding Process

When laser beam gets to the surface, the important part of its energy is directly absorbed by the substrate and a small part of laser energy is absorbed by powder particles; then the energy absorbed by the substrate develop the melt pool. This process phase is expressed only by the heat conduction equation. Surface tension gradient pushes the fluid flow within the melt pool. As long as the flow field penetrates in the substrate, the energy transfers mechanism deviates to a mass convection mechanism. During this occurrence, the melted powder particles are mixed speedily in the melt pool. This step of the process is expressed by the momentum, the heat transfer, and continuity equations [116]. Hence, the three appropriate governing equations for laser cladding processes are heat conduction, continuity, and momentum.



14.3.2 Governing Equation

Modelling is an efficient mean used to optimize and analyse laser cladding process, since it saves time and investment. For the laser cladding system of interest, the conservation equations for energy, mass and momentums are very important to optimize, analyse and predict laser cladding process.


14.3.2.1 Law of Conservation of Energy

In order to formulate the problem at initial step for a laser cladding process, it is considered that laser beam interaction surface of steel plate region is covered by laser beam heat flux (Gaussian) [115] and laser beam with a general distribution intensity strikes on the substrate of metallic sample at t = 0 [116]. An excess of energy which substantially remelts the substrates material leads to dilution of the clad composition and hence the degradation of clad properties [117]. As a result of the additive material together with the heat conduction process, the solidified clad forms on the substrate as shown in the Figure 14.3. The laser or the work-piece displaces at relative speed u called the process speed. The temperature distribution T (x, y, z, t) which is given by the law of conservation of energy is gotten from the three-dimensional heat conduction in the substrate as [115].


[image: Figure illustrates the laser based process of solidified clads formation on the substrate with heat conduction.]

Figure 14.3 Physic phenomenon of laser based cladding process.




(14.9)
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where Qv is power generation per unit volume of the substrate [W/m3], λ is thermal conductivity [W/m·K], Cp is specific heat capacity [J/kg·K], ρ is density [kg/m3], t is time [s], and u is the travel velocity or process speed of the workpiece [m/s].


14.3.2.1.1 Initial and Boundary Conditions

The absorption by the workpiece of the laser beam energy falling on the treated surface is put into consideration. The total power absorbed on the sample surface is denoted by Pw, and the thermal convection and radiation losses are also taken into consideration on the processed and the nonprocessed regions. Thus, the boundaries conditions are written as [116]:


(14.10)
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where [image: ] is the surface normal vector, hc the convection heat transfer coefficient, ε is the surface emissivity, σ is the Stefan Boltzmann constant [5.67*10-8 W/m2 K4], Ω is the surfaces of the work-piece, and Γ the part of surface that is reached by the laser beam at a given instant t and Ta is the ambient temperature [K].

The initial conditions that should be satisfied are:


(14.11)
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When the time becomes relatively important to the process time scale, the temperature distribution inside the workpiece can be considered to be at the ambient conditions such as [116]:


(14.12)
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On the surface of the melt pool, if g is vertical, the surface tension should be given as:


(14.13)
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(14.14)


[image: ]


where z is a vertical coordinate [m], γ is surface tension [N/m], and R is the clad surface curvature [m] [118, 119].

At the solid /liquid interface


(14.15)
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and


(14.16)
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and


(14.17)
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Where f (x, y, z, t) is a function that presents the melt pool interface with substrate, and ux, uy and uz are fluid velocity in x, y, and z directions, respectively [m/s] [120]. Tm is the molten temperature. This condition is only valid for pure elements. The freezing range should be taken into consideration for the alloys [116].




14.3.2.2 Conservation of Mass

The continuity equation is given as:


(14.18)
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The effect of latent heat of fusion on the temperature distribution can be approximated by increasing the specific heat capacity as: [115]


(14.19)
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Buoyancy force in the momentum equation is taken into account using the following equation


(14.20)
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Darcy’s governing equation in the momentum equation can be given by


(14.21)
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FG is the Darcy force, fL is liquid fraction, which can be express as:


(14.22)
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With the limit of 0 and 1 if Ts ≤ T, Ts <T < TL; TL < TL



14.3.2.3 Powder Particle Melting Governing Equations

The equation for the conservation of mass of solid powder particles is given as [119]:


(14.23)
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where ρs is the mass of the solid per unit volume of the mixture of solid and liquid, ρs is the rate of reduction of the solid mass per unit volume as a result of melting and v is the surrounding fluid velocity. It has been assumed that the solid particles are moving with the same velocity as the surrounding fluid velocity, i.e., there is no slip between the solid particles and the surrounding liquid [119]. When a spherical metal particle at its melting temperature is exposed to a surrounding superheated melt pool of its own liquid, the melting begins; with the passage of time, the mass of the solid reduces until it is entirely melted to liquid. The rate in which the solid is melted with respect to the reduction of solid mass per unit volume, ρs is subjected to the superheat of the surrounding melt [121, 122]. Similarly, the equation for the liquid can be written as:


(14.24)
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Since ρs + ρl = ρ, the addition of equations (15.23) and (15.24) gives the continuity equation in the following form:


(14.25)
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14.3.2.3.1 Boundary Conditions for Powder Particle Melting

It has been assumed that the powder particles entirely melt within the melt pool before getting to the solid-liquid interface since the powder particles are fed around the location of maximum pool temperature. The mass of the incoming powder particles through the powder injection window is incorporated into the powder particle equation as the surface flux and it is assumed uniform for the entire area of the particle injection window. For the powder particles are transported by carrier gas with the loading of 1%, the particle velocity vp that will achieve powder mass flow rate of over injection area of Ssf is given by [119]:


(14.26)
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The solid concentration close to the surface after injection into the melt pool at a mass flow rate of [image: ] through a surfer area of Ssf is determined by the rate at which the solid particles are moved away by the surrounding molten liquid [119].






14.4 Laser Fabrication

Laser fabrication is one of the most important developments in laser processing industry. In recent times, new developments in micro/nano fabrication have allowed novel potentials that lasers fabrication can bring to the manufacturing industry. A unique new beam material interaction has occurred as a result of the availability of high brightness lasers such as fibre and disk lasers as well as ultra-fast lasers such as femto-second and picosecond laser. Understanding and the optimization of the elementary science of the beam/material interactions, material characteristics and new material properties generated by lasers involved in laser processing plays a critical role in advancing laser materials processing [113]. A range of laser material fabrication processes will be presented for fabricating structures in the micro and nanometer scale length regions.


14.4.1 Laser Microfabrication

Microfabrication is the technique of fabricating miniature structures of micrometre scales. These miniature structures or array of devices usually have parts with electrical and mechanical operational principles. Miniaturization and high precision are fast becoming a necessity for many industrial processes and products. There is thus, greater interest in the use of laser microfabrication technology in order to realise these objectives. Currently, virtually all the functional key components used in high-end electronic appliances, automotive industry and medical equipment, etc., are made of several well-designed materials with sophisticated structures having fine feature sizes and require sophisticated leading edge microfabrication technologies. These microfabrication technologies must meet the essential demands for device processing quality, performance, throughput and yield specifications etc [123]. Surface textures advanced fabrication techniques are increasingly being used in engineering as an engineering tool to improve performance in specific applications. They yield higher precision, ease of use, and lower processing costs [124, 125].


14.4.1.1 Laser Surface Micro-Texturing in Automobile Industries

Laser surface micro-texturing is an environmental friendly technique with the application of a high energy density pulsed laser beam on the surface to ablate material from the surface and thus, introducing the surface roughness with preferred orientation [125]. Surface modification has a lot of industrial applications as a result of the number of properties of a material which are surface dependent, such as wettability, corrosion resistance, adhesion and friction [126]. Laser surface micro-texturing is generally a surface modification technique with a significant amount of current research focus. Since surface micro-engineering techniques have become available, texturing of contact surfaces in order to reduce friction and wear has recently attracted much attention. One vital application is the piston-ring/cylinder-liner contact in combustion engines, which accounts for up to 5% of fuel consumption [127]. It is well known that some texture is needed in order to avoid friction between the ring pack and the liner, and honed liners have been used for many decades for that purpose [128]. Microcosmic geometrical topography of contact surface of cylinder and piston ring [129, 130] has a great result on the broad performances of internal combustion engine. Studies have recently shown that automotive piston-liner friction could be reduced to about 50% if the surface of the liner is laser textured with certain configurations of micro-pockets [131–134]. Vlădescu et al., [132] used a recently developed, reciprocating, test apparatus to conduct wear tests under highly loaded conditions. Fused silica specimens with a variety of pocket geometries were rubbed against a convex steel pad. Contact conditions were set to eliminate the influence of initial surface roughness on texture behaviour. These tests showed that, as the specimen become worn and surface roughness increases, the contact progresses further into the mixed and boundary regime. This resulted in a significant improvement in the relative performance of the textured specimens, showing reductions in friction of up to 70%, compared with the non-texture case. Hua et al., [133] investigated the effect of discriminating partition laser surface micro-texturing on the comprehensive performance of an engine. The cylinder bore was divided into five different sections based on the wear characteristics and lubricating performances; the three schemes of laser surface micro-texturing partition were designed on the cylinder surface. The performance test bench revealed that the diesel engine equipped with the three different laser surface micro-texturing cylinders have different decreasing amplitude in fuel consumption compared to the standard cylinder. The maximal oil consumption was decreased by 45.5%. They further observed a significant reduction in specific fuel consumption of the engine with the laser micro-textured cylinders compared to that of the standard cylinder. The comprehensive performance of the diesel engine fitted with the three schemes of laser surface micro-texturing cylinder established the best performance [135].



14.4.1.2 Laser Surface Micro-Texturing in Biomedical Engineering

In the medical device industry, surface texture has become an important feature of product design. It provides the means to refine the physical appearance of an item and increases an item’s surface grip qualities. Through surface texturing, manufacturers can create medical tools that pick up less fluid and debris, mark implants for tracking, and add textures that help in implant acceptance [136]. Laser texturing can also can be used in the fabrication of molds and dies for medical components. These applications have recently benefitted from the developments in laser texturing, including the introduction of femto lasers and dual laser systems [136]. Titanium and its alloys are important biomedical materials and are widely used in applications such as implants where they come into direct contact with the body [137]. Many new medical devices are now fabricated from biocompatible polymers such as Polyether ether ketone (PEEK), though most medical components are till fabricated from titanium alloys. In all cases, the long term stability of implant is very dependent on how well the component fit in with the bony structures. Beyond the mechanical design of medical devices, micro scale surface texturing has been shown to be effective in improving Osseo-integration [138]. Though conventional machining methods are appropriate for the manufacturing of implant itself, laser micro-machining is well suitable for surface modification with dimensionalities of tens to hundreds of micrometer down to the nanometer range [138]. Investigations have also shown that surface texture affects cell response [139, 140]. Hence, the control of cell response has the potential to enhance fixation of implants into bone and, in other applications, to prevent undesired cell adhesion [137].

Surface texturing has been utilized to form micro-dimples or microchannels on medical needles in order to increase the visibility of ultrasound-guided percutaneous procedures. However, micro-features generally increase the friction between the needle and biological tissue; hence, higher insertion forces could lead to patient discomfort and undesired needle placement errors [140]. Hence, the success of these procedures is dependent on the accurate placement of the medical needles for either drug delivery or tissue sample removal [141]. Various micro-features through laser surface texture have been applied to improve the tribological properties of contact surfaces. Due to the important potential, attempts have been made to extend laser surface texture to medical needles. This is seen as a promising technique to improve friction behaviour and ultrasound visibility during percutaneous procedures [142]. Wang et al., [142] studied the effect of process parameters in laser surface texture of medical needles with the aim to achieve the desired geometry of micro-features with high surface quality. Based on response surface regression, mathematical models for correlating the machined depth and surface roughness with the overlap and overscan number were developed. Their results indicated that the developed mathematical models can predict the machined depth and surface roughness during laser surface texture operation satisfactorily. Analyses were made to study the effect of the process parameters on the machined micro-channel. From the analysis, they found that the overlap and overscan number have great influences on the machined depth and surface roughness [143, 144].




14.4.2 Laser Nanofabrication

Laser nanofabrication has been extensively applied in industries in order to carry out marking, drilling, annealing, and surface modification, as a reliable energy source in cost-effective manufacturing systems [145]. The advancements that takes place in industries now requires the reduction of feature size of devices down to submicron or even nanometer scale. Laser nanofabrication has its distinctive advantages in a flexible setup. It can be operated in air, vacuum or liquid environment, which makes it as the most attractive processing tool for much more extensive applications [146]. The use of pulsed lasers provides a novel distinctive tool for nanofabrication [147]. When focused on the surface of a solid target, pulsed laser radiation causes a variety of effects. These effects include heating, melting and finally ablation of the target and such processes can lead to an efficient material nanostructuring [148]. The laser ablation of material from a solid target results in the fabrication of nanoclusters [149]. When the production is done in gaseous environment or in vacuum, these nanoclusters can then be deposited on a substrate resulting to the formation of a nanostructured film [150, 151]. When the production is done in liquid environment, the nanoclusters can be released into the liquid forming a colloidal nanoparticle solution [152, 153]. Whatever the case may be, properties of formed nanostructures will be unique [154]. Laser induced nanofabrication has a variety of unique properties that are of importance for various applications such as photovoltaics, optoelectronics, biological sensing, imaging and therapeutics. Industry experts predict that nanosized textures will eventually be used in medical component traceability. In these instances, a manufacturer would create a unique pattern, invisible to the naked eye, to mark parts to uniquely identify those they produced [136].


14.4.2.1 Laser Surface Nanotexturing

Laser surface nanotexturing can be used to protect against counterfeit parts. It is well known that ultrafast laser sources can be used for the formation of a variety of micro- and nanostructures on various metal substrates [155]. The fundamental principle is that rough micro-nano hierarchical structures have been fabricated on the material surface followed by the modification of surface using a reagent with a low surface energy [156]. Ultrafast laser pulse interaction with material surface has attracted much interest due to its abilities of unique surface modification and efficient material ablation [157]. Some of the laser-induced morphological changes reported are the formation of whiskers, ripples, roughness and self-organized conical micro/ nano structures formation [157]. Huang et al., [156] found that periodic ripples were formed by interference of surface plasmon and laser pulses and the grating assisted coupling. Dar et al., [157] experimentally investigated the formation of laser induced periodic surface structures (LIPSS) on titanium (Ti) metal upon irradiation with linearly polarized Ti: Sapphire femtosecond (fs) laser pulses of ~110 fs pulse width and 800 nm wavelength in air and water environments. They observed that initially formed random and sparsely distributed nano-roughness (nanoholes, nanoparticles and nanoprotrusions) gets periodically structured with increase in number of laser pulses. The fs laser induced surface modifications were found to suppress the specular reflection of the Ti surface over a wide wavelength range of 250–2000 nm to a great extent [157]. Barmina et al., [158] experimentally studied the surface nanotexturing of tantalum by ablation with short laser pulses in water using three ablation sources: a neodymium laser, an excimer laser and a Ti: sapphire laser. The morphology of the nanotextured surfaces was examined and their results demonstrate that the average size of the hillocks produced on the target surface depends on the laser energy density and is ~200 nm at an energy density approaching the laser-melting threshold of tantalum and a pulse duration of 350 ps. Nanotexturing was accompanied by changes in the absorption spectrum of the tantalum surface in the UV and visible spectral regions.

Using a plasma to generate a surface nanotextured with size characteristics in the order of tens to hundreds of nanometers is a promising technique to be considered in order to enhanced the efficiency of nanoparticles in laser texture nanofabrication. Xu and Liu [159] created and integrated a high density and uniformity sub-100 nm surface oxidized silicon nanocone forest structure onto the existing texturization microstructures on photovoltaic device surface by a one-step high throughput plasma enhanced texturization method. Their method demonstrates the potential to improve the photovoltaic device performance with low cost and high throughput nanomanufacturing technology. Fischer et al., [160] recently investigated the influence of the initial roughness of wafers on the nanostructure formation during the SF6/O2 plasma texturing. The evolution of the optical properties of silicon samples with various initial surface during a plasma nanotexturing process was studied. During the process, they discovered that the appearance and growth of nanocone-like structures are principally independent of the initial surface finish, as quantified by the auto-correlation function of the surface morphology.





14.5 Laser Additive Manufacturing (LAM)

Laser additive manufacturing (LAM) offers the latest information on highly efficient method of layer-based manufacturing using metals, plastics or nanocomposite materials. LAM is technology that is basically appropriate for the fabrication of complicated components with high precision for a particular industrial range, including automotive, aerospace and medical/biomedical engineering. Laser melting (LM), laser sintering (LS) and laser metal deposition (LMD) are currently considered the most adaptable LAM processes. These processes normally have a complicated nonequilibrium physical and chemical metallurgical nature, which is material- and process-dependant [161]. The laser is the vital element in additive manufacturing as it melts on the metal powder and solidifies it to produce a very excellent workpiece. The common characteristics of all additive manufacturing processes is the provision of the geometrical data for the production of the parts. The real part is produced by a repeating process of applying new material layers and transferring the geometrical information of each layer into the material using a laser beam [162]. The main advantages of LMD that enable the use of LMD for repair and wear/corrosion protection applications are listed below [162].


	Laser additive manufacturing requires no tooling or moulds, making them the processes of choice for rapid manufacturing of customised individual and low-to-medium volume components.

	Laser additive manufacturing comprises of highly flexible processes.

	Laser additive manufacturing makes efficient use of (valuable) material resources, creating high-value components in a cost-effective manner (for instance, using conventional techniques such as milling 90–95% of high performance material is machined away to manufacture integral turbine components).

	Laser additive manufacturing can produce small geometrical features, currently 100–200 µm.




14.5.1 Laser Melting (LM)

Laser melting (LM) is a process that can manufacture parts in standard metals with high density, which can be further processed as any welding part. Nonetheless, this technology is rather slow, expensive and surface finishes are limited. A laser melting machine dispenses a layer of metal powder on a build platform, which is melted by a laser or multiple lasers. The build platform will then be lowered and the subsequent layer of metal powder will be coated on top. The parts are built up layer by layer in the powder bed by the repetition of the process of coating powder and melting where needed. Support structures are required for laser melting, these structures anchor parts and overhanging structures to the build platform. This allows the heat transfer away where the laser is melting the powder. Thus, reduces thermal stresses and prevents wrapping. The build envelope can be filled by numerous parts being built in parallel as long as they are all attached to the build platform [163].


14.5.1.1 Selective Laser Melting (SLM)

Selective laser melting is a rapidly developing manufacturing technique that allows the fabrication of complex-shaped parts with intricate details. This technique is also known as laser powder bed or 3D printing of metal. In this technique, the laser beam interacts with powder surface with the aim of obtaining parts by melting and fusing of a series of powder layers on top of each other under an inert atmosphere according to a designed model [164]. The SLM technique is also commonly known as LaserCusing, has been confirmed to produce near net-shape parts up to 99.9% relative density. This allows the process to build near full density functional parts and has feasible economic benefits [165]. However, there is an increasing need for SLM to create fully dense parts, where mechanical, thermal and other properties are comparable to those of wrought materials. Though, these properties and quality of built parts greatly depend on proper selection and optimisation of the combination of several key of SLM process parameters for the specific metal powder used in the system [166]. Selective laser melting is a complicated technique with a lot of process parameters; the complications of this technique makes it very difficult to evaluate each process parameter [167]. In SLM, it is possible to modify the final material properties by adjusting the process parameters. Some of the main parameters that are varied in SLM are laser power, scan speed, layer thickness, scanning space, laser diameter, focal distance, powder size, and powder temperature [168]. These parameters could differ according to materials used, build volumes and machine types [168].

Support structure is an important part in the selective laser melting process which is built especially in cases where reorientation does not eliminate overhanging features. These structures function as anchors, dissipate heat and prevent thermal warping of the parts Gan and Wong [169]. In addition, the main physical aspect of the SLM process is the transport of thermal energy. The temperature is ideally consistent just above the liquidus in the volume being melted. The melt pool should extend just into the previously consolidated layer in order to achieve good bonding and it should not expand too much outwards near the top surface [170]. The estimation of the temperature field in the powder bed in SLM technique is the main issue for understanding the binding mechanisms and for optimising the technique. Heat transfer may be intensely affected by the formation and growth of necks between particles due to melting when the contact conductivity becomes predominant in the powder bed effective thermal conductivity [171]. The transfer mechanism inside the powder bed is characterized by thermal conductivity [172]. The thermal conductivity of the powder bed is usually very low compared to the fully dense state of the same material. For metals, the difference can span several orders of magnitude [173]. The main reason is the thermal resistance of the contact points between the powder particles. Foteinopoulos et al., [174] developed a two-dimensional Finite Difference (FD) model of the thermal history of parts manufactured in powder bed fusion additive manufacturing processes. The study was done to create a model capable of accurately simulating and storing in memory the full temperature history of a 2D component (or a thin walled 3D part) manufactured in a powder bed additive manufacturing process. The temperature of the part was calculated in each time-step taking into account the moving laser heat source, the melting phase change and functions of both temperature and porosity were used for the material thermal properties. The model allowed the optimization of the process parameters in order to enhance production efficiency, from a time and energy perspective. It also provides the evolution of the phenomenon which play a major role to the mechanical properties of manufactured parts. Chivel and Smurov [175] reported the scanning at overhanging areas where the previous layer is powder. The optical system provided the possibility to measure spatial distribution of brightness temperature at two wavelengths and selected temperature profiles. They found that accumulation of heat in the molten overhang layer result in the development of the instability of the contact surface between the melt and loose powder in a gravity field. The usable wavelength band for monitoring of process emissions is severely restricted to a small band close to the laser wavelength because the same optics are employed. Krauss et al., [176] used layerwise monitoring of the temperature distribution to collect information about the process stability and the resulting part quality. The distribution of heat varies with different kinds of parameters such as scan vector length, laser power, layer thickness and inter-part distance in the job layout. Through the integration of an off-axis mounted uncooled thermal detector, the solidification and the layer deposition were monitored and evaluated. This permits the identification of hot spots in an early stage during the solidification process and helps to avoid process interrupts.




14.5.2 Laser Sintering (LS)

Laser sintering (LS), often called selective laser sintering (SLS) is a powder bed fusion additive manufacturing technique that allows the manufacturing of parts by selectively fusing together layers of powdered material with the use of a laser as the power source to sinter powdered material. The technique automatically aims at the laser at points in space defined by a 3D model until the whole part is manufactured. The three-dimensional layer upon layer objects are built by selectively sintering polymeric powders. The quality, such as the detailed resolution, mechanical integrity and dimensional stability, is determined both by the building process and the properties of the original powder [177]. The components manufactured in SLS is used as scaled prototype models for visualization or for geometric and functional testing [178–180]. The geometry of the scanned layers is related to various sections of the models established by computer-aided design (CAD) or from files produced by stereo-lithography (STL). After scanning the first layer, the scanning continues with the second layer which is placed over the first, repeating the process from the bottom to the top until the product reaches its final product of finished part [181]. Since the finished part density depends on peak laser power rather than laser duration, a SLS machine usually uses a pulsed laser [180]. The SLS machine preheats the bulk powder material in the powder bed just below its melting point in order to make it easier for the laser to raise the temperature of the selected regions to the melting point [182].

SLS technique binds the material together in order to create a solid structure. During SLS, the transient prototyping temperature is the most significant factor that will influence sintering quality [180], hence, a significant basis of establishing SLS sintering parameters [182]. In applying constant process parameters, the effects of specific material properties on the part qualities can be evaluated, as the influence of processing is eliminated [183]. In order to assess the suitability of a material for the LS process, it is essential to study its intrinsic properties such as melting and crystallisation temperatures, melt volume rate; and the non-intrinsic properties such as bulk density, flow rate. The bulk and flow properties together with the particle characteristics can be predominantly influenced by the production process of each powder in a very delicate means [183]. Ziegelmeier et al., [184] comprehensively investigated the influence of the bulk and flow characteristics of two thermoplastic elastomers, present in three different particle size distributions (PSD), on the subsequent part properties. The powder characteristics studied, were the packing, bulk density and the flow efficiency of the powder samples. The subsequent part properties were assessed in terms of their mechanical properties such as tensile, surface quality and density. SLS processing of aluminium alloy powders and their composites has recently been undertaken with a view to gaining an understanding of laser processability. Ghosh et al., [185] investigated the fabrication of an in-situ multi-component reinforced aluminum based metal matrix composite by the combination of self-propagating high-temperature synthesis and direct metal laser sintering process. The variable parameters such as powder layer thickness, laser power, scanning speed, hatching distance and composition of the powder mixture were optimized for higher density, lower porosity and higher micro-hardness using Taguchi method. Their investigation shows that the density of the specimen mainly depends upon the hatching distance, composition and layer thickness. On the other hand, hatching distance, layer thickness and laser power are the significant parameters which influence the porosity.



14.5.3 Laser Metal Deposition (LMD)

Laser metal deposition (LMD), also known as laser engineered net shaping or laser cladding, is an additive process in which a laser source is used to fully or partially melt metal-based feedstock on to a metal substrate [186, 187]. This technique is based on the injection of metallic materials into a previously melted pool of substrate material in order to create a metallurgical bonded material deposition on a substrate. The laser beam is used as heat source while a powdery filler material is injected into the molten pool [187]. Powder material is usually transported to the substrate in a transport gas by means of a nozzle, which is used as feedstock. Both coatings and complex three-dimensional parts can be produced using this technique in an additive way. This technique allows material deposition with multiple advantages, i.e., its low heat input leads to low distortion and low thermal damage in the base material. Additionally, smaller dilution and a finer microstructure can be achieved. The stable and repeatable energy input of the laser beam grants a high reproducibility of the material deposition, thus a high reliability and the opportunity to automate [187]. However, a drawback of LMD is the poor surface finish, which generally needs machining of the parts by such as milling, in order to conform to the geometrical and mechanical strength requirements [186].

Recently, laser metal deposition using wire as the filler material has been widely applied in the aerospace industry [188, 189]. A laser is used to melt wire with the aid of a robotic and automatic wire feed system, which is fed into the weld pool. The deposited metal is formed layer-upon-layer as the laser moves relative to the substrate with the melting wire [190]. When comparing the injection of metallic powdery materials method with wire-feed laser metal deposition methods, researchers found that the wire-feed method has been widely applied because of its high efficiency and satisfactory process stability [191]. The usage of metal wire, rather than metallic powder, will guarantee high deposition rates and low environmental impact as a result of much cleaner process and no material waste [192, 193]. A simple wire feeding mechanisms can be utilized in contrast to the complicated nozzles needed for laser/ powder systems. It is therefore possible to use standard laser hybrid welding equipment for this application [194]. Nonetheless, the wire feeding systems are rather sensitive to changes in process parameters, such as, the placement of the wire tip relative to the weld pool. Furthermore, problems such as droplet building during the transfer of the molten wire or, by contrast, stubbing of the wire tip against the former layer are thus common, both having severe effects on the final result [195]. The process can also be interrupted if the wire is not completely melted, hence, on-line control measure is essential in order to ensure process stability and material integrity [194]. In addition, a wire-based deposition process is sensitive to wire position and orientation in relation to the melt pool and the deposition direction. Hence, careful tuning of the wire feed rate, the travel speed and the heat input are also essential in order to achieve defect-free beads [196]. In laser metal-wire deposition, the wire position and orientation, deposition direction and angle, and detailed parameters for different materials have however, been investigated by many researchers [197] in order to obtain defect-free beads and achieve good process stability for multilayer deposition.

Combination of wire and powder feeding has also been investigated in order to achieve higher build rate and higher deposition efficiencies [198–200]. Studies have shown that simultaneously delivering powder and wire can give superior results without compromising geometrical accuracy [201, 202]. Hence, combined wire and powder deposition by laser (WPDL) has proven to be a promising method for the fabrication of metal matrix compounds (MMC). The integration of a surface MMC layer has been proven to be a promising solution to improve the surface properties of titanium alloys while their bulk properties remain unaffected. Ceramic particles, such as TiC, SiC and WC are usually selected as reinforced particles for titanium MMC [203]. Wire and powder deposition by laser was found to give deposition rates of about 87% higher than those of either the powder or wire fed process alone. Wire and powder deposition by laser could be considered as a combination of two more developed laser processes; laser direct metal deposition (LDMD) and laser wire cladding (LWC). During wire and powder deposition by laser process, laser was used to create a moving melt pool on the surface of substrate, while powder was carried into the pool through an inert gas stream [203].




14.6 Challenges of Laser Material Processing

Laser processes have greatly contributed to major fields of science and engineering, however, there are challenges encounter during these processes. Laser cutting for shaping and separating work pieces into different parts of preferred geometry is one of the greatest tasks of laser material processing; and machining results of the preferred geometry are dependent on material, laser, process parameters surface properties, optical beam path, environment-related factors. For some well-defined applications such as cutting metal sheet using CO2-lasers, suppliers of laser cutting machines make available a comprehensive database for process parameters. Nonetheless, new customized cutting processes generally have to be individually optimized with respect to the targeted geometry and the material to be cut while taking into account the equipment to be used. Furthermore, since laser cutting processes are usually governed by a multitude of parameters, in which some of the parameters interacts with each other, the optimization of a process is determined by a high degree of complexity. Hence, the optimization of an industrial laser process might consequently be a time consuming and cost demanding task, especially, when the case of simplified methods such as the one-factor at a time approach are applied [204]. The complex nonlinear relationships among the several process parameters and process performance characteristics, which describe the laser cutting process, limit the practical usage of mechanistic models, which encompass many simplifications, reduction of models and approximations [205]. Additionally, the theoretical predictions of laser cut quality are very complex; they require very complicated and sophisticated modelling approaches due to the great variety of parameters involved [206].

The characterization of the actual component shape and position form deviations resulting from previous process steps which can lead to process failures such as removal deviations. The deviation of the component position due to clamping variations can further lead to process failures [207]. In addition, as the demand for higher laser powers continues to increase, the problem of stresses on laser system components becomes more frequent; for example, focus shift, is caused by thermal effects on the laser’s components, specifically, transmissive optics such as focusing lenses and protective cover slides. When the focus moves for the same distance that the laser’s processing head is to the material, the power density changes; this causes a change in the way that the laser interacts with the material. Determining exactly where the focused spot is with respect to the parts being processed is very vital in many industrial laser applications [208].



14.7 Future Prospect of Advance Materials for Laser Cladding

The latest and advance developments in laser beam sources and laser beam processes have magnified the field of laser material processing; these developments brought along many new areas of application such as scanner welding. The state-of-the-art generation of laser beam sources, such as the disc laser, will result in a very high processing speeds and minimal downtimes, through their outstanding laser beam quality for science and engineering applications. Furthermore, the generally high requirements concerning the construction of components, the welding bevels, the clamping method and the processing sensor system grow through the increasing processing speeds [209].

High-power industrial lasers are valuable tools in material processing. Maintaining them at peak performance and optimizing the processes for which they will be used for, will increase throughput and reduce downtime. Periodic measurement and long-term monitoring of key laser variables such as focused spot size, and focus spot temporal location and laser output power provide the data required to increase accuracy and optimize laser process. The fiber laser, which provides high wall plug efficiency and high beam quality, has changed the way parts with lasers are fabricated; however, the high power densities required for different results in material processes have not changed, hence, the need for process control [208].



14.8 Conclusion

Lasers remain the utmost current energy source in additive manufacturing processes owning to the fact that the laser beam can instantly transfer a huge amount of energy into micro-scale focal region in order to solidify materials in air, hence permitting high precision and high-throughput manufacturing for an extensive range of materials. The process principles of laser cladding allow the microstructure and properties of the clad surface to be confirmed from data for rapid solidification of the material used; thus, processes based on laser surface cladding offer a distinctive means of precisely controlling the formation of microstructures. Surface engineering/modification has also led to the advanced development of laser coating techniques and materials. Such coating allows the application of the structure/component even in aggressive environments. Laser materials processing has significantly contributed to many industries in micro-processing and nano-processing. Hence, laser processes have shown the abilities to be used in different manufacturing processes such as melting, casting, forming, welding and machining of a wide range of materials which will be specially used for highly specialized applications.
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Abstract

This chapter is aimed at reviewing the methods reported to date for covering of magnetic iron oxide-based nanoparticles (NPs) with gold species and shells have found numerous applications in the recent nanomedicine as biocompatible materials for magnetohyperthermia, photothermal therapy, fluorescent and computed tomography imaging. Furthermore, through coating of magnetic NPs with gold their chemical and colloidal stability can be significantly improved allowing constructing a versatile platform for further NPs functionalization with antibodies, drugs, aptamers, and fluorescent agents.

Various studies have established the fact that a direct coating of magnetic NPs via electroless deposition using typical reducers such as sodium borohydride or citric acid is frequently problematic due to formation of gold crystallites in the solution bulk. To overcome this drawback, several methods for deposition of gold directly or through the intermediate layer onto the surface of magnetic NPs have been proposed during past 15 years. However, the reported approaches are mainly devoted to covering of magnetite (Fe3O4) and hematite (γ-Fe2O3). Therefore, our recent findings dealt with these and other iron oxide-based, e.g., cobalt ferrite, NPs are presented in more detail. Contrary to the previous works reported the formation of continuous Au0 nanoparticulate shells, we succeed in the decoration of magnetic NPs with numerous Au0/Au+ quantum dots (QDs) contributing to their prospective future applications. In addition to presentation of reported to date gold deposition techniques, an attempt was made to discuss shortly the possible application trends of these core-shelled NPs.

Keywords: Gold deposition, magnetic nanoparticles, quantum dots, clusters, TEM characterization


15.1 Introduction

Recently, gold-shelled iron oxide-based NPs are widely used for biological treatments and medical investigations because of their superparamagnetic behavior, nontoxicity, chemical stability in various fluids and biocompatibility as well as capability to interact with the specific ligands, such as proteins, antibodies, drugs, nucleic acids, etc. Taken together, uniformly sized gold-coated magnetic NPs possess a great potential for tumors detection, anticancer therapy, immunogenicity [1, 2] and analytical sensing [3–7]. Besides, the attached gold due to collective oscillation of free electrons in a continuous band structure can demonstrate crystallite size dependent plasmonic resonance band sensitive to the microenvironment [8]. As a matter of a collective magnetic and optical behavior, a variety of new applications of gold-coated magnetic NPs were reported during the past decade [8–11].

It should be noticed that in spite of numerous fabrication recipes of the gold-shelled magnetite (Fe3O4), maghemite (γ-Fe2O3), and ferrite (MeFe2O4, where Me: Ni, Co, Cu, Cr, Zn, Mn) NPs reported until now, different aspects related to the formation of the desired Au shell composition, uniformity, and thickness remain the challenging.

This study highlights the methods typically used for covering of iron oxide-based NPs with gold species and continuous shells imparting the magnetic core many intriguing functional properties. Besides, the recent synthesis routes for obtaining superparamagnetic iron oxide NPs are briefly presented because the selected route can certainly play a crucial role in the gold plating result.



15.2 Synthesis of Iron Oxide-Based Nanoparticles by Co-Precipitation Reaction

Currently, iron oxide-based NPs in average size of from several to several dozen’s nanometers can be synthesized by co-precipitation reaction [12] conducted in the aqueous alkaline solutions containing Me2+ (Me2+: Fe2+, Co2+, Ni2+, Zn2+, Mn2+) and Fe3+ ions under environment or micro wave-assisted conditions [13, 14]. Except for the traditional NaOH and ammonia bases, other bases such as alkanolamines having properties of both as alkalis and complexing agents were suggested [15] emphasizing improved magnetic properties and colloidal stability of the alkanolamine-stabilized NPs. According to Sugimoto and Matijevic [16], magnetite NPs can be also formed by oxidation of ferrous hydroxide suspensions [16, 17]. It is commonly accepted that by these co-precipitation ways, it is possible to fabricate NPs in predetermined shapes and size by adjusting the solution pH, concentration of precursors, as well as the nature and concentration of the capping agents [18].

The syntheses of iron oxide-based NPs under hydrothermal treatment conditions can be also attributed to a separate co-precipitation approach. In the case of Fe(II) and Fe(III) salts, a high pressure induced hydrolysis of these ions proceeded by reaction:


(15.1)
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results in the facile one-pot formation of magnetite NPs [19]. The same result can be obtained by hydrolysis and oxidation in an aqueous solution containing Fe(II) salt and oxidizing additive under hydrothermal conditions [20–22] via reaction:


(15.2)
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High efficiency, crystallinity, and in situ functionalization of magnetite NPs with the desired linkers are typical advantages of these NPs. In many cases, however, these NPs are not monodisperse and prone agglomerate in aqueous solutions and physiological fluids. To prevent agglomeration, their surface are covered with positively charged polymers [23, 24]. As a matter of this fact, the attached molecules changed the surface charge and chemical properties of magnetic core. What’s more, these capping layers may affect the capability to coat them with gold.



15.3 Synthesis of Iron Oxide-Based Nanoparticles by Thermal Decomposition

The second common synthesis approach of superparamagnetic iron oxide-based NPs is thermal decomposition of organic precursors in high temperature boiling solvents containing usually oleic acid and oleylamine ensuring the control of their size and stability via capping onto the NP surface. Although quite uniform in size, these NPs are highly soluble only in organic solvents. In order to make them water soluble, the subsequent modifications of their surface by substitution of the capping agents [25–29] or formation of a double layer from amphiphilic molecules [30] is required. In the latter case, the amphiphilic drug molecules, such as phospholipids, reversibly bound to the surface of NPs can be easily released in vivo.



15.4 Less Popular Chemical Syntheses

A separate synthesis approach for iron oxide-based NPs fabrication at moderate temperatures is sol-gel [31]. By this way, spherical NPs possessing a high purity and narrow size distribution can be obtained [32, 33].



15.5 Gold Shell Formation Onto the Surface of Magnetite Nanoparticles

The general strategy to synthesize core-shelled hybrid nanomaterials: form NPs of iron oxide, then use them as seeds that should be coated with gold directly or through the intermediate shell. However, it is worth noticing that to combine materials with very different lattice parameters such as iron oxide (0.835 nm for Fe3O4) and gold (0.408 nm) still faces challenging. Therefore, to overcome this drawback the activation of magnetite NP surface with perchloric acid [34–37], sodium citrate [38], hydroxylamine [39], followed by iterative additions of chlorauric acid and a reducing agent to pre-treated NPs suspension have been proposed. In the most frequently used procedure, the reduction of Au3+-containing ions directly onto the surface of magnetite NPs was conducted under a vigorous stirring of NPs in the HAuCl4 boiling solution and sodium citrate [34, 40–45]. Besides, a variety of other water soluble reducing agents, such as hydroxylamine [29, 34, 46–50], glucose [51, 52], formaldehyde [53, 54], and sodium borohydridre [55], has been proposed. First report on the formation of magnetite NPs with gold shell via reduction of Au3+ ions with hydroxylamine was dated by Cui’s group in 2001 [46]. Later, this approach with modifications was successfully used for coating of small Fe3O4 and γ-Fe2O3 NPs after their surface functionalization in a 0.1 M tetramethylammonium hydroxide solution for hydroxylamine seeding [56, 57], followed by NPs sonication in the solution of sodium citrate, to exchange adsorbed OH- ions with citrate anions, and finally – in the gold deposition bath containing an excess of NH2OH · HCl as reducer and 1% HAuCl4 aliquots added several times with 10 min intervals. The resultant NPs shown in Figure 15.1 reveal a significant NP average size increase from the initial up to 60 nm becoming obviously less aggregating [57]. Later, to design multifunctional composites of magnetite NPs synthesized by the typical co-precipitation way from an alkaline Fe2+/Fe3+ solution and sodium citrate, the reduction in situ of the AuCl4– ions onto the surface of Fe3O4 NPs with the sodium citrate solution kept at the boiling temperature has been reported by Yu et al., [42]. However, the yield and uniformity of depositions as well as the role of citrate ions linked to the surface of Fe3O4 NPs during their synthesis on the reduction of Au3+ and formation of gold shell have not been analyzed and discussed. Further more, by this way, it was impossible to prevent the aggregation of magnetite NPs and separation of the coated NPs from the uncoated ones.
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Figure 15.1 Representative TEM images of citrate-stabilized Fe3O4 NPs before (a) and after gold deposition by one (b), three (c), and five (d) incremental additions of Au3+ to an aqueous solution of Fe3O4 NPs. Reproduced in part from ref [57]. Copyright 2017 Am. Chem. Soc.



The initial attempts to coat magnetite NPs with gold also involved the application of reverse micelles as the reactors for both NP synthesis and covering with a gold [3, 51, 58, 59]. In most cases, CTAB, octane and 1-butanol were used for magnetite NPs formation, whereas gold (III) chloride and sodium borohydride solution was used for initial nucleation of numerous gold seeds at the randomly selected sites of magnetite [60]. Following this, the further growth of the attached Au0 seeds resulted in the formation of gold shell. By this way, however, it was difficult to reproduce Fe3O4@Au NPs of the same size and core shell thickness [61]. Besides, in the most cases the fabricated Fe3O4@Au NPs required separation from the pure gold crystallites formed in the deposition solution bulk and were prone to agglomerate in the aqua media. Later, despite in the aqueous solutions the covering of magnetite and maghemite NPs with a thin gold shell has been proposed via prolonged by weeks processing in a two phase system composed of octane-based magnetic fluid, an aqueous HAuCl4 solution, and N-(2-(didecylamino ethyl)-N,N-tridecyldecan-1-ammonium iodide as the phase-transfer reagent [62]. Besides, a number of hybrid NPs have been synthesized to date through a seed-mediated approach [62–64]. Similarly, gold coated magnetic NPs were prepared via attachment of 2–3 nm-sized Au NPs with 3-aminopropyl triethylsilane onto the 10 nm-sized Fe3O4 [65]. From the literature [23], polymer shells with the attached gold NPs prevent formation of large aggregates.

The third group of methods consists of both magnetic NPs synthesis and covering them with gold in organic solutions [66, 67]. Typically, the iron oxide NPs fabricated through the thermal decomposition of iron organic precursors such as carboniles, oleates, and acetylacetonates in the high temperature boiling solvents subsequently are coated via reduction of gold acetate in the chloroform media containing oleylamine as both a reducer and capping additive. For thicker gold shell formation, NPs should be pretreated in an aqueous solution of sodium citrate and cetyltrimethylammonium bromide (CTAB) and then in the room temperature aqueous solution containing gold ions, ascorbic acid and STAB. By this way, a complete gold shell with a desired thickness can be formed. To coat magnetite NPs capped with organic ligands, Wang et al., [66] proposed the gold deposition from a hot (~190 °C) phenyl ether solution containing gold acetate and oleylamine. In this solution, the desorption of the capped ligands from the surface of NPs and an in situ gold deposition onto the cleaned magnetite surface was observed. By this way, however, only some part of NPs are covered with gold requiring separation from the uncoated and partially coated ones [67]. In 2007, Park et al., reported the route for covering of the 10 nm-sized superparamagnetic Fe3O4 NPs fabricated by a typical thermal decomposition of iron (III) oleate way and the subsequent treatment in the chloroform solution containing HAuCl4 and oleylamine as a reducing agent and surfactant [68]. To make these NPs water-soluble, Fe3O4@Au NPs were dried and dissolved via sonication in the solution containing 0.1 M CTAB and 0.1 M sodium citrate.

Poly(vinylpyrrolidone) (PVP) was an another polymer-surfactant employed for nanoemulsion synthesis of Fe3O4@PVP-Au NPs in two consecutive steps [69]. In this method, Fe3O4 NPs were also synthesized via a thermal decomposition of iron (III) acetylacetonate (Feacac) in octyl ether containing the reducing agent – 1,2-hexadecanediol and PVP. In the next step, the as-grown Fe3O4 NPs were coated with gold using a same reducer and gold acetate dissolved in octyl ether at 80 °C and 215 °C under reflux for 2 hr in each. The method mentioned above, makes it possible to better control the size of quite monodisperse and long-time stable magnetite NPs as well as the thickness of their gold shells. However, these NPs tend to agglomerate quickly in the aqueous media.

In 2011 Ren et al., reported a way for the synthesis of superparamagnetic Fe3O4@Au NPs by so-called a self-assembling approach [70]. This synthesis protocol involved the synthesis of positively charged Fe3O4 NPs by reduction of FeCl3 with ethylene glycol (e.g.,) in the alkaline medium containing additionally ammonium bicarbonate and citric acid at 200 °C (see scheme in Figure 15.2). Then, the as- grown spherical Fe3O4 NPs in size of 60–200 nm were mixed with an aqueous HAuCl4 solution. Upon the subsequent reduction of Au3+ with NaBH4 solution under gentle stirring conditions, electrostatic adsorption of as-grown NPs onto the surface of Fe3O4 was obtained. It is worth noticing that thermal decomposition of ammonium bicarbonate to NH3 and CO2 gases during growth of Fe3O4 NP under solvothermal conditions results in the formation of mesoporous NP structure (Figure 15.2) possessing the NIR absorbance. Irradiation experiments indicated that these Fe3O4@Au NPs can rapidly convert laser beam energy into heat and can be used for photothermal destruction of cancer cells.
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Figure 15.2 TEM images of Fe3O4 clustered NPs before (a) and after (b) gold coating for photothermal destruction of cancer cells. In the upper part the scheme of processing.



Similarly, to increase the size uniformity and viability of Fe3O4@Au NPs, their synthesis in organic solutions and the subsequent covering with gold shell in an aqueous solution have been proposed by Hu et al., and Lim et al., [71]. Note, that although NP size control has been well achieved by these syntheses, the aggregation of NPs even after formation of Au shell remained high in the aqua media. For example, for coating of the hydrophobic 10–13 nm-sized superparamagnetic Fe3O4 NPs with a gold shell in thickness of ca. 2–3 nm possessing saturation magnetization value of about 40 emu g-1 and rendering plasmonic properties, the following method has been reported by Chin et al., [72]:


	synthesis of 8 nm-sized Fe3O4 NPs in an aqueous alkaline solution by early reported way;

	refluxing of the Fe3O4 NPs in an aqueous solution containing either (3-amino propyl)triethoxysilane or dopamine for the few hours resulting in the attachment of –NH2 groups;

	synthesis separately of gold seeds in an average size of ca. 2–3 nm from an aqueous solution containing tetrakis (hydroxymethyl) phosphonium chloride and HAuCl4;

	the sonication of imine-functionalized Fe3O4 NPs with gold seeds under stirring conditions overnight;

	formation of Au shell onto the surface of NH2-functionalized and gold-seeded Fe3O4 NPs in an aqueous glucose solution with HAuCl4 added drop-wise.



As reported, by this way, superparamagnetic 12 ± 3 nm-sized Fe3O4@Au NPs with uniform Au shell in thickness of (2–3) nm can be fabricated. However, the size and shape of resulting Fe3O4@Au NPs typically are irregular.

The facile fabrication approach of the Fe3O4@Au NPs stabilized with polidopamine (PDA) molecules which in turn can attach the gold seeds, dissociate from the Fe3O4 surface and in situ reduce AuCl4– ions by the catechol groups in PDA forming continuous gold shell, has been reported by An et all. in 2013 [73]. This procedure, however, was also multistep. To obtain magnetite NPs containing the gold shell, Au seeds should be separately synthesized and attached to the Fe3O4@PDA NPs. Therefore, to form the dense gold shells onto the gold-seeded Fe3O4@PDA NPs, they must to be further sonicated in water under mechanical stirring adding several 1% HAuCl4 small aliquots with 10 min intervals. From the TEM images, however, the size and shape of these NPs differ significantly.

To decorate the surface of hydrophobic Fe3O4 NPs with gold species, the amino-functionalized Fe3O4 NPs were prepared in the glycerol solution containing FeCl3, anhydrous Na(OOCCH3) and 1,6-hexadiamine at 200 °C for 6 hr and then functionalized via keeping in a dimethylformamide solution containing Boc-L-cisteine, O-benzotriazole-N,N,N’,N’-tetramethyluroniumhexafluoro phosphate and triethanolamine to react overnight [74]. Au NPs were synthesized separately in the HAuCl4 solution containing cetyltrimethylammonium bromide and NaBH4. The prepared Fe3O4 NPs were then dispersed in the ethanol and mixed with an aqueous solution of Au NPs under ultrasound agitation for 5 min. To remove unbounded Au NPs, Fe3O4@Au NPs were collected magnetically. As also reported, the conjugation of Au NPs with Fe3O4 surface should be ascribed to the strong interaction of gold with thiol groups in the capped layer of magnetite surface. Nevertheless, both TEM and SEM images of resultant Fe3O4@Au NPs revealed their agglomeration (Figure 15.3).
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Figure 15.3 TEM (a), SEM (b), and HRTEM (c) images of Fe3O4 NPs covered with gold seeds upon functionalization the surface of magnetite NPs with -NH2 and the subsequent attaching of Au0 species (Reprinted from ref [74]., with permission from the Am. Chem. Soc.).



To date, most of the ferrite NPs were studied mainly for their magnetic properties with few having been implemented for biomedicine applications. However, the substitution of the Fe2+ ion in magnetite NPs with Co2+, Zn2+, Ni2+, Cr2+ or Cu2+ allows to manage their magnetic and chemical properties, and biocompatibility that can be tuned to new applications. For example, cobalt ferrite (CoFe2O4) NPs have saturation magnetization of about 80 emu g–1, good permeability, a high coercivity of more than 5 kOe, and Currie temperature as well as electromagnetic performance and excellent chemical stability [75, 76]. It is worth also noticing that copper-substituted CoFe2O4 NPs have the most effective contact biocidal property among all of the iron oxide NPs, whereas zinc-substituted ones – significantly improved antibacterial activity [77].

For attachment of gold to the surface of maghemite (γ-Fe2O3) NPs with a high yield, electron beam irradiation at a dose of 6 kGy of magnetic NPs probe spread in an aqueous solution of HAuCl4, 2-propanol, and poly(vinyl alcohol) has been proposed [78, 79]. In this way, colloidal gold forms a strong Au-S bond with a thiol group without any catalysts or linker molecules.

The decoration of magnetite NP surface with the discrete gold species without formation of a complete Au shell has also been reported [65, 74, 80] via attaching of amine or thiol groups containing molecules directly to the surface of as-grown bare Fe3O4 NP before Au3+ ions reduction. Note, that the capping molecules can also attach Au0 species to the surface of magnetite NPs via a covalent binding [65, 74]. However, the decorated magnetic NPs with small Au NPs do not address NP stability and magnetite core leaching and degradation. To avoid this problem, the synthesis of Fe3O4@Au NPs through the formation of biocompatible intermediate shell composed of polyethyleneimine (PEI) and the subsequent attachment of 2 nm-sized Au NPs has been suggested by Goon et al., [23]. Note, this way resulted in the formation of only some larger Fe3O4@PEI-Au NPs namely ~ 60 nm with respect to the size of magnetic core, ca. ~ 48 nm (Figure 15.3). Moreover, except for the possibility of controlling NP size through the control of PEI and Fe3O4 NPs amounts in the gold deposition solution this method allowed controlling the number of gold seeds attached to the Fe3O4 NP surface most likely via electrostatic and covalent bonding with amines on Fe3O4@PEI. Similarly, doubly-shelled micro-sheres with a magnetic core, decorated with Au0 NPs, namely Fe3O4@SiO2@TiO2-Au (Figure 15.4) have been recently designed as a smart and efficient photocatalytic system for environmental treatments [81]. To increase photocatalytic efficiency, via separation of photogenerated carriers, the gold NPs were entrapped into the outer mesoporous TiO2 shell by electroless deposition using sodium borohydride. Note that the outer shell which decreased the magnetic saturation value of the core from 44.7 to 18.5 emu g–1 still remained the possibility to separate them by recycling in a magnetic field.
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Figure 15.4 Dark-field TEM image and elemental mapping images of a single Fe3O4@SiO2@TiO2-Au NPs microsphere fabricated according to Wang and co-authors report. Reprinted from ref [81], with permission from the Springer.



The pioneering approach for attachment of red-fluorescent gold clusters to the surface of superparamagnetic Fe3O4 NP has been reported by Sreenivasan group [82]. According to their suggestion, fluorescent gold clusters separately prepared by well-known green synthesis way using Bovine serum albumin (BSA), can be well attached to the surface of Fe3O4 NPs through anchoring of dopamine molecules.

Several years ago, we have synthesized small ca ~ 5.0 nm sized (Figure 15.5) and ultra-small with a mean diameter of 1.85 nm (Figure 15.6) CoFe2O4 NPs by typical co-precipitation approach using CoCl2, Fe2(SO4)3 and citric acid at 80° for subsequent covering with gold shells [83]. In addition to EDX, compositional stoichiometry of both small and ultra-small NPs was estimated after their dissolution in HCl (1:1) by inductively coupled plasma mass spectrometry analysis on the emission peaks at 228.616 and 239.562 nm for Co and Fe, respectively, both revealing Co to Fe at% ratio close to 1:2 The XRD patterns of 5 nm-sized NPs (Figure 15.5.c) correlated well with the standard CoFe2O4 diffraction peaks attributable to polycrystalline inverse spinel structure. Our attempts to coat these small and pure CoFe2O4 NPs with gold in the aqueous HAuCl4 solutions with typical reducers such as sodium borohydride and citric acid were unsuccessfull, – in all these cases a significant fraction of gold crystallites were formed in the colloidal solution bulk instead of coating the surface of NPs.
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Figure 15.5 In (a): AFM view of CoFe2O4 NPs synthesized by co-precipitation reaction from an alkaline (pH = 12.1) de-aerated solution containing 100 mmol L–1 CoCl2 + Fe2(SO4)3 at the 1.1:1.0 ratio +100 mmol L–1 citric acid at 80 °C for 3 hr and collected by centrifugation at 8500 rpm for 3 min. In (b, c, and d) a typical EDX spectrum, XRD pattern, and histogram with lognormal (line) distribution of NP sizes, respectively, are shown.
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Figure 15.6 TEM (a) and AFM (b, c) images and size profiles (d) of ultra-small Co-ferrite NPs synthesized by co-precipitation reaction from an alkaline (pH = 12.1) de-aerated solution containing 100 mmol L–1 CoCl2 + Fe2(SO4)3 at the 1.1:1.0 ratio +100 mmol L–1 citric acid at 80 °C for 3 hr (supernatant fraction).



Therefore, with the idea to reduce the gold ions at the NP surface, we checked the possibility to anchor initially some week reducer molecules to the surface of ferrite NP. Our choice drop on the attachment of Vitamin C (VitC) molecules because of a simple possibility to determine spectrophotometrically the concentration of ascorbic acid in the deposition solution (Figure 15.7) as well as biocompatibility and a weak reduction capability of VitC. The applied anchoring and covering scheme is depicted the histogram and log-normal distribution plot of the synthesized core-shelled NPs. Bellow, the scheme used for gold deposition and shell formation onto the surface of CoFe2O4 NPs. in Figure 15.8 together with the obtained TEM observation results indicated on the NP size increase to ca. 14 nm after two days NPs sonication in the initial 20 µmol L–1 HAuCl4 solution (Figure 15.8c). The successful coatings of these NPs were obtained via several sequential additions of low concentrated HAuCl4 and VitC solution probes to the deposition reactor under mild stirring conditions. The prolonged sonication of VitC-modified Co-ferrite NPs in the HAuCl4 containing solution even at room temperature lead to decrease in the amount of adsorbed ascorbate ions down to zero (Figure 15.7B curve d). With further addition of VitC and Au(III) species, the color of ferrofluid changed to violet and pinkish tints visiable to the naked eye. The corresponding UV-vis spectra for these ferrofluids are also shown in Figure 15.7B (curves b and c) indicating the appearance and variation in a wide plasmonic absorption band peaked in a vicinity of 520–540 nm, characteristic of nm-scaled gold crystals [84]. With increased sonication time, this absorption band red-shifts towards a longer wavelengths and lower energies signaling on increase in the thickness of gold shell around the ferrite NP core as has been reported in [85].
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Figure 15.7A Light absorbance spectra versus concentration of ascorbic acid from 5 to 40 µmol L–1. In the Inset: calibration plot of ascorbic acid at λ = 263 nm. B: Absorption spectra of ultra-small Co-ferrite NPs grown as in Figure 15.5 and neutralized by ascorbic acid to pH = 6.0 (a) at various stages of their subsequent sonication with 0.4 mmol L–1 HAuCl4 at ambient temperature for one (b), two (c) and three (d) days. After the first and next day, 0.15 mL of ascorbic acid (0.05 mol L–1) and 0.4 mL of HAuCl4 (0.01 mol L–1) was added for further gold reduction. For (a) and (d) spectra the ferrofluids were diluted 16 times.
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Figure 15.8 TEM (a) and HRTEM (b) views of CoFe2O4@Au NPs synthesized as in Figure 5 after surface functionalization with VitC and reduction of [AuCl4]– ions through two days sonication in a 20 µmol L–1 HAuCl4 solution containing the excess of VitC. In (c), the histogram and log-normal distribution plot of the synthesized core-shelled NPs. Bellow, the scheme used for gold deposition and shell formation onto the surface of CoFe2O4 NPs.



According to the previous studies, the covering of magnetite NPs with a gold shell resulted in their saturation magnetization and blocking temperature (TB) values decrease [66, 67]. Consequently, to preserve the magnetic properties of core, the gold shells ought to be uniform and as thin as possible. The influence of gold shell formed via VitC-assisted reduction on the magnetic properties of Co-ferrite core material we ascertained from the Mössbauer spectra and TB variables with the recording temperature increase from cryogenic to 75 K for the case of ultra-small cobalt ferrite NPs in a mean size less than 2.0 nm (Figure 15.6). For this reason, dried NPs as well as their ferrofluid probes were cooled to 7–10 K and the Mössbauer spectra were recorded under transmission mode. Several Mössbauer spectra were recorded further as the sample temperature increased to 75 K. Note that TB indicates the temperature above which NPs are superparamagnetic. Typical Mössbauer spectra of ultra-small Co-ferrite NPs with Ømean ≈ 2.0 nm in the aqueous ferrofluid at various recording temperatures are depicted in Figure 16.10a, while Having established the conditions of gold ions reduction with methionine amino acid through iterative addition of chlorauric acid and methionine to the suspension of CoFe2O4 NPs, similar as addition of VitC, hydroxylamine and glucose [86] we further succeed in the synthesis of cobalt ferrite and magnetite NPs using methionine amino acid as reducer variations in the hyperfine fields for the same gold-covered NPs with temperature are presented in Figure 15.10b. As seen, NPs covered with a gold shell in dry and ferrofluid states demonstrate a somewhat lower TB than naked one; most likely due to a less effective coupling of the magnetic dipole moments in the lager CoFe2O4@Au NPs justifying the observations reported earlier for gold coutings of magnetite and maghemite [66, 67, 85].


[image: Figure shows process of Vitamin-C assisted gold deposition and formation of shell onto the surface of CoFe2O4 NPs.]

Figure 15.9 The scheme used for Vitamin-C assisted gold deposition and shell formation onto the surface of CoFe2O4 NPs.




[image: Figure showing Mossbauer spectra of CoFe2O4 NPs dispersed in aqueous solution before Au deposition and a graph showing normalized average hyperfine dependence for the same CoFe2O4 NPs pre-post Au deposition.]

Figure 15.10 Mössbauer spectra of CoFe2O4 NPs (Ømean = 2.0 nm) dispersed in an aqueous solution before Au deposition at indicated temperatures and (b) the dependences of normalized average hyperfine field for the same CoFe2O4 NPs before and after Au deposition in the solution and powder state on temperature, as indicated.



It is noticing that VitC-assisted gold shell formation around Co ferrite NP method differs from the reported ones in such aspects as magnetic core material, small and ultra-small NP size, biodegradable reductant and simply controllable processing. In addition, we have found that high stability of ultra-small Co-ferrite Nps, fabricated by co-precipitation way under conditions of this study, remains approximately the same after replacement of OH- ions by VitC or ascorbic acid species.



15.6 Methionine-Induced Deposition of Au0/Au+ Species

Several years ago we have found that sequential addition of D,L-methionine and HAuCl4 low concentrated aqua probes to the suspension of cobalt ferrite NPs allow coating them with gold shell [87]. To verify this finding, we have synthesized three groups of CoFe2O4 NPs different in size, namely from ultra-small to 15 nm-sized via a typical coprecipitation way (Figure 15.11). The deposition of gold was conducted later through sonication of cobalt ferrite NPs in the solution containing 0.9 mg mL–1 NPs, 0.3 HAuCl4, 0.3 mmol L–1 methionine and NaOH (to adjust the pH to 12.0) at physiological temperature and stirring conditions for several hours. Figure 15.10 shows the TEM and STEM images of ultra-small cobalt ferrite NPs in average size of 1.85 nm after revealing the NP size increase to 2.45.


[image: Figure showing three graphs with their corresponding TEM images nanoparticulated products up to (a,b) pH = 12.4 at 80 °C for 3 hr and by (c) hydrothermal treatment at 130 °C for 10 hr.]

Figure 15.11 TEM images of nanoparticulated products synthesized in the deoxygenated solution containing 50 CoCl2 +50 Fe2(SO4)3 + 75 mmol L–1 diglycolic acid +NaOH up to pH = 12.4 at 80 °C for 3 hr (a, b) and by hydrothermal treatment at 130 °C for 10 hr (c). The size distribution histograms of corresponding NPs are shown on the right. nm after processing. Similar results were also obtained in the case of sonication CoFe2O4 NPs with average size of 4.93 nm (Figure 15.11b) and 14.6 nm (Figure 15.11c). In these cases, the average size of ferrite Nps increased to 6.6 and 17.1 nm, respectively.



To determine the structure of gold as well as organic shell formation around the Co ferrite NP, gold-coated CoFe2O4@Au NP core was dissolved in 1:1 HCl solution and the remaining precipitates were collected by centrifugation for subsequent TEM investigations. Figure 15.12 shows the TEM images of gold-coated CoFe2O4 NPs before (a) and after (c, d) dissolution of magnetic core in HCl. The selected area electron diffraction (SAED) pattern of gold coated ferrite NPs presented in Figure 15.12b clearly demonstrated the diffraction from 0.238 nm and 0.282 nm gold lattices (111) with the atoms spacing 0.235 nm and (110) with atoms spacing 0.28 nm, respectively. In this way, it was found that in the case of one-step gold plating, the thin platelet gold corpuscles remained after dissolution of NPs core allowing us to conclude about their true nature: most probably they are the fragments formed from the shell of CoFe2O4@Au NPs. In the case of NPs coated with thicker shell by repeating the deposition process, the shape of gold bubbles remaining after core etching (Figure 15.14d) resembles the shape of CoFe2O4@Au NPs, pointing to the nice covering of ferrite NPs with gold by methionine-induced deposition approach reported herein. Note that application of amino acids such as L-lysine, D,L-methionine, L-arginine, etc. as the capping agents in the co-precipitation reaction of magnetic NPs have been suggested earlier by several authors [88–91]. It is commonly accepted that superparamagnetic magnetite NPs capped with amino acids are spherical, more uniform in size, more biocompatible, and possess stability for months. We have also determined that cobalt ferrite NPs hydrothermally synthesized in an alkaline solution containing CoCl2, FeCl3, and D,L-methionine at 130 °C for 10 hr are spherical and ~6.0 nm-sized (Figure 15.15). The stabilization of cobalt ferrite NPs with metnionine molecules confers them strong non-fouling properties not allowing aggregate. The XRD pattern of these NPs (Figure 15.15c) implied the formation of pure, inverse spinel structure CoFe2O4, because all diffraction peaks observed at 2Θ positions matched well with the standard polycrystalline CoFe2O4 diffraction data summarized in the PDF Card No.: 00.022–1086. applied magnetic field before (1) and following their sonication in the gold acid solution (2) revealing the saturation magnetization value decrease from initial 27 emu g–1 to 21 emu g–1 at Hmax = 4.4 kOe supporting the claim that gold species are deposited onto the magnetic core remaining superparamagnetic. The deposition of gold species at the surface of magnetite NPs was confirmed also by high-resolution TEM image of CoFe2O4@Met NPs after gold deposition and EDX investigations (see Figure 15.16). From these results, the formation of numerous gold species at the surface side of Met-stabilized ferrite NPs is obvious. Moreover, our investigations have shown that methionine molecules are capable reduce the gold ions at the NP surface side with more than 99% yield [92].


[image: Figure showing two images of (a) TEM and (b) STEM of CoFe2O4@Au NPs fabricated by methionine-directed gold deposition (c) EDX spectrum of gold-plated NPs.]

Figure 15.12 TEM (a) and STEM (b) images of CoFe2O4@Au NPs fabricated by methionine-directed gold deposition. In (c) EDX spectrum of gold-plated NPs. In the green circled Inset: HRTEM image of the products demonstrating the Au lattice spacing ca. 0.235 nm (scale bar 5 nm). Upon the plating, an average size of CoFe2O4 NPs increased from 1.85 to 2.45 nm.




[image: Figure showing 3 Size distribution histograms for cobalt ferrite NPs after Au deposition at pH=12.2 with their corresponding TEM views of CoFe2O4@Au NPs.]

Figure 15.13 Size distribution histograms for cobalt ferrite NPs after gold deposition from the alkaline (pH = 12.2) solution containing 0.3 HAuCl4 and 0.3 mmol L–1 D,L-Methionine at 37 °C for 4 hr. Lines are fits to lognormal distributions. On the left side TEM views of corresponding CoFe2O4@Au NPs.




[image: Figure shows four TEM images of (a)CoFe2O4@Au NPs (b) gold products after CoFe2O4@Au NPs etching in the HCl for (c) thinner and (d) thicker shells.]

Figure 15.14 TEM images of the CoFe2O4@Au NPs (a) and gold products remaining after CoFe2O4@Au NPs etching in the HCl (1:1) solution for thinner (c) and thicker (d) shells. In (b) the SAED spectrum taken from the scope of gold-coated cobalt ferrite NPs.




[image: Figure shows four images (a) TEM of cobalt ferrite NPs synthesized hydrothermally in the desired solution to pH = 12.4 at 130 °C for 10 hr (b) the size distribution histogram (c) XRD pattern and (d) the magnetic responses of the NPs.]

Figure 15.15 (a) TEM image of cobalt ferrite NPs synthesized hydrothermally in the solution containing 25.0 mmol L–1 CoCl2, 50 mmol L–1 FeCl3, 0.2 mol L–1 methionine, and NaOH to pH = 12.4 at 130 °C for 10 hr. The size distribution histogram and XRD pattern of the as-formed NPs are shown in (b) and (c), respectively, whereas in (d) the magnetic responses of as-formed (1) and sonicated NPs in a 10 mmol L–1 HAuCl4 solution, kept at a pH = 12.2 °C and 37 °C temperature for 4 hr (2) are presented.




[image: Figure shows (a) TEM image of CoFe2O4@Met NPs in high resolution after sonication in 15 mmol L-1 HAuCl4 solution at 37 °C for 4 hr and (b) the EDX spectrum of desired area.]

Figure 15.16 High resolution TEM image of CoFe2O4@Met NPs after sonication in 15 mmol L–1 HAuCl4 solution at 37 °C for 4 hr (a) and the selected area EDX spectrum (b).



To determine the size of gold species tethered to the NP surface via Met-induced deposition, they were detached from ferrite NP surface, collected by centrifugation, spread on freshly cleaved mica substrate and imaged using AFM (Figure 15.17). From this observation, the vast majority of gold species tethered to ferrite NP surface was 1.85 nm-sized.


[image: Figure shows (a) 3D AFM image and (b) size distribution histogram of Au species removed from surface of CoFe2O4@Met-Au NPs.]

Figure 15.17 AFM 3D image (a) and size distribution histogram (b) of Au species removed from the surface of CoFe2O4@Met-Au NPs.



To determine the state of gold species, X-ray photoelectron spectroscopy (XPS) investigations were further conducted. Figure 15.18 depicts the characteristic XP spectrum of as-grown CoFe2O4@Au-Met NPs. The analysis of the Au 4f7/2 core-level spectrum revealed the binding energy (BE) value 83.94 eV typical for metallic Au0 [93]. The fitting of the Au 4f core-level spectrum using two spin-orbit split Au 4f7/2 and Au 4f5/2 components, however, shows an additional shoulder peaked at 85.74 eV which could be ascribed to the presence of Au+ [93]. The relative distribution areas of Au0 and Au+ BE reveals the ~13.7% fraction of Au+ species from the total gold content attached to ferrite NP surface equaled to 1.39 at.% (Table 15.1). To our best knowledge, there is only one Au0/Au+ anchoring method reported recently by us which uses the methionine amino acid both for control on the magnetic NP growth and the subsequent surface decoration with gold quantum dots [92]. Magnetic measurements showed that, compared with naked CoFe2O4 NPs, decorated with Au0/Au+ ones exhibited just some lower magnetic saturation and coercivity values (Figure 15.15d). To the end, we suspect that entrap of extremely active Au+ species into the ferrite NP shell can have a dramatic effect on the nonspecific uptake of these hybrid NPs in the body.


[image: Figure depicts the characteristic XP spectrum of as-grown CoFe2O4@Au-Met NPs.]

Figure 15.18 Deconvoluted X-rays photoelectron spectrum of Au 4f.





Table 15.1 Elemental ID and quantification of CoFe2O4@Met-Au NPs.





	Name
	Peak BE
	FWHM, eV
	Area(P) CPS
	Atomic %





	Au4f
	83.94

	1.96

	12435.07

	1.39




	C1s
	284.87

	2.88

	18041.56

	36.02




	N1s
	399.98

	2.24

	2647.25

	3.02




	O1s
	530.21

	3.03

	55974.26

	40.37




	Fe2p3
	710.75

	3.70

	63210.72

	12.68




	Co2p3
	780.67

	3.29

	36815.35

	6.47









15.7 Application Trends


15.7.1 Imagining

The advantages of iron oxide-based NPs relay on biocompatibility, biodegradability [94], easily injection into tumor cells [95, 96], and a controlled generation of heat in the oscillating magnetic field [97]. Of these, magnetic NPs have found successful applications as magnetic resonance imaging (MRI) contrast enhancing and hypothermia agents for cancer detection and therapy [98–101]. In addition, due to well-known gold surface functionalization capability Fe3O4@Au NPs linked with various aptamer molecules. As reported in several papers [102–104] hyperthermia effect of superparamagnetic NPs depends on the thickness and structure of gold shell around them. Usually, the temperature rise and the time required to reach the therapeutic temperature, i.e. 42 °C, are faster for gold-coated NPs by a 4–5 fold difference at the same concentrations. This enhancement was linked with the ability of gold-coated NPs to retain superparamagnetic feature in the oscillating magnetic field much better as compared to the naked NPs. Besides, it has been established that maghemite (Fe2O3) NPs are cytotoxic to different cell types [105, 106]. Their coating with gold shells prevent the seepage of Fe into cellular milieu and Fe-induced intracellular formation of reactive oxygen species. Consequently, gold-coated superparamagnetic NPs are attributed to a new generation of multifunctional NPs for diagnosis, therapy, and thermolysis of cancer cells [107].

In recent nanomedicine, uniformly sized superparamagnetic NPs covered with gold shell are successfully used as magnetic resonance imaging (MRI) T2 contrast-enhancing agents. As reported, the formation of gold shell enhances MRI contrast. In addition, due to well-known gold surface functionalization capability of Fe3O4@Au NP linked with various aptamer molecules [108], organic species [109], silica shells [110], and polymers [111] are prospective multimodal contrast agents for bioimaging. In vivo tests performed by Li et al., [109] for imaging of tumor HeLa cells in mice through injection of the Fe3O4@Au NPs revealed an obvious darkening of tumor regions even after 10 min post-injection. Also, due to good X-ray absorption gold-coated magnetic NPs can be used as computed tomography contrast agents with dual modality [112, 113]. For example, Cai et al., [114] developed poly(g-glutamic acid(PGA) and poly(L-lysine) (PLL) followed by entrap of gold NPs. The MRI tests have shown that Fe3O4@Au NP caped with PGA and PLL can be used both for MRI and for computed tomography.

For fluorescent imaging of integrin aνβ3 mAb cancer cells Zhou and co-workers [115] developed contrast probes comprised of Fe3O4@Au NPs labeled with fluorescein isothiocyanate. Due to generation of photoacoustic and microwave-induced thermoacoustic signals these NPs can be applied for photoacoustic imaging and microwave-induced thermoacoustic tomography.

Red-photoluminescent gold clusters stabilized with proteins such as bovine serum albumin (BSA) [116], lactoferrin [117], human insulin [118], etc. possessing good photostability, long life time, and biocompatibility gained a great attention during last years. However, the conjugation of magnetic NPs with fluorescent gold clusters remains a great problem to date because of fluorescence quenching in hybrid nanostructures. The pioneering approach for the attachment of red-fluorescent gold clusters to the surface of superparamagnetic NP has been reported by Sreenivasan group [82]. According to this suggestion, gold clusters were prepared separately by well-known green synthesis way using BSA. As reported, this cluster tethered to the surface of magnetic NP through dopamine NPs. The analysis of the Au 4f7/2 core-level spectrum revealed the binding energy (BE) value 83.94 eV typical for metallic Au0 [93]. The fitting of the Au 4f core-level spectrum using two spin-orbit split Au 4f7/2 and Au 4f5/2 components, however, shows an additional shoulder peaked at 85.74 eV which could be ascribed to the presence of Au+ [93]. The relative distribution areas of Au0 and Au+ BE reveals the ~13.7% fraction of Au+ species from the total gold content attached to ferrite NP surface equaled to 1.39 at.% (Table 15.1). To our best knowledge, there is only one Au0/Au+ anchoring method reported recently by us which uses the methionine amino acid both for control on the magnetic NP growth and the subsequent surface decoration with gold quantum dots [92]. link (see scheme 15.1) remains fluorescent. Such hybrid NPs were successfully used to remove C6 glioma cancer cells from blood and lymphatic fluids. Currently, Sony et al., [119] reported the design of superparamagnetic NPs with the attached red-fluorescent gold nanocluster (NC) and a specific targeting agent erlotimib for in vitro imaging and killing of pancreatic cancer cells. This result was achieved via four steps: (i) synthesis of positively charged Fe3O4 NPs using Arginine amino acid as reducer, (ii) synthesis of bovine serum albumin (BSA) templated gold clusters under microwave heating, (iii) conjugation of Fe3O4 NPs with Au NCs via sonication together in the PBS buffer under vigorous stirring, (iV) the drug loading to Fe3O4@AuNCs surface via sonication at 25 °C for day according to presented Scheme 15.2.


[image: Figure shows attachment of Au clusters via dopamine anchors to the surface of magnetite NP.]

Scheme 15.1 The attachment of gold clusters to the surface of magnetite NP via dopamine anchors.




[image: Figure shows stages of formation of red-fluorescent Fe3O4@Au NC@erlotinib nanoparticulate species via sonication.]

Scheme 15.2 Formation stages of red-fluorescent Fe3O4@Au NC@erlotinib nanoparticulate species.





15.7.2 Hyperthermia

Hyperthermia is based on the local heating of body tissues. This therapeutic phenomenon is based on the higher sensitivity of tumor cells to heat in comparison with the health ones since exposure of tumor cells at 42–46 °C results in opoptosis and at 46–49 °C to their killing whereas of health cells not. Superparamagnetic NPs inducing size-dependent heat in the oscillating magnetic fields, microwaves, and infrared radiation have been utilized successfully during past two decades for hyperthermia of cancer cells [120–125]. It is worth noticing that gold shells improved in times the hyperthermic effect of magnetic NPs especially in a low frequency oscillating magnetic fields [126]. As also reported, the gold shells decreased cytotoxicity of magnetic NPs and induced biocompatibility [126]. Furthermore, the typical surface Plasmon resonance of gold from the visible light range in a vicinity of 520–530 cm–1 [127] can be simply shifted to the near infrared by the increase in the NP size and gold shell thickness [125]. Consequently, the irradiation of tissues with entrapped gold as well as gold-coated NPs with an infrared laser can also increase the temperature of surrounding tissues causing hyperthermia therapy [70, 128, 129]. For example, Ren et al., reported destruction of cancer cells due to the Fe3O4@Au NPs photothermal heating just after 2 min of the NIR treatment with 3.5 W cm–2 power. Moreover, the combined light and magnetic field irradiations of Fe3O4@Au NPs injected in the HeLa cancer cells results in a quick rise of the medium temperature to 47 °C within 5 min and in the killing of tumor cells [130]. Similar multifunctional behavior of theranostic Fe3O4@Au-HA NPs were observed by Jingchao et al., both in vivo and in vitro tests with HeLa cells allowing to conclude that just thin gold shell on the Fe3O4 NP displayed a huge role in hyperthermia treatments efficiency [109].



15.7.3 Antimicrobial Agents

It is commonly accepted that gold NPs are nontoxic and biocompatible. Currently, Xie and co-workers [131] reported that small-sized gold NPs possess cytotoxity against several cancel cells. To check this effect, we performed a set of antimicrobial tests with ultra small Au0/Au+ NPs attached to the surface of magnetite Nps via Methionine-templated growth and gold deposition way [132]. In these experiments, two multidrug resistant gram-negative microorganisms (A. baumanni and S. enterica) and two gram-positive ones (S. aureus and M. luteus) were tested. Bacterium survival data after 24 hr incubation with bare Fe3O4 and gold-decorated Fe3O4@Au NPs are shown in Figure 15.19. For comparison, the survival results of all tested bacteria sonicated with methionine alone are also presented. As seen, any antimicrobial effects can be viewed for the nude Fe3O4 NPs and D,L-Methionine amino acid. Contrary, the incubation of Fe3O4@Au NPs with all bacteria tested in this study demonstrated more or less antimicrobial efficiency. Most significant, e.g., about 90%, reduce was obtained for M. luteus population whereas in the cases of A. baumannii, S. enterica, and S. aureus incubation with a same content of Fe3O4@Au NPs result in reduction of bacteria population survival to 55, 60% and 43%, respectively.


[image: Figure contains (a) AFM image and (b) histogram of antimicrobial activities of the synthesized Fe3O4@Au NPs after incubation with gram- and gram+ bacterias for 24 hr.]

Figure 15.19 AFM image (a) and antimicrobial activities (b) of the synthesized Fe3O4@Au NPs after 24 hr their incubation with gram-negative A. baumannii (a), S. enterica (b) and gram-positive S. aureus (c), M. luteus (d). For comparison, the behavior of pure D,L-methionine and magnetite NPs is presented.





15.7.4 Bio-Separation

In previous studies [38, 74, 133, 134] Fe3O4@Au NPs have been considered as a material that is well suitable for separation of cells and proteins. For example, in 2007 Zhong group [133] reported the formation of functionalized Fe3O4@Au and Fe2O3 @Au NPs of controllable sizes from 5 to 100 nm via conjugation of magnetic NPs with gold NPs prepared separately for their application in thermally activated separation of biomolecules. To achieve this goal, gold NPs were capped with alkanethiolates whereas magnetic NPs – with oleic acid and oleylamine. These results have been reached owing to a simple capability of plasmonic gold shell attach highly specific aptameric and antibody species through the Au-S bond [19, 134–138] for detection, collection, and bio-separation of cancer targeting cells in blood and body liquids at the early stage of cancer [139, 140]. By this way, the separation capability of various cancer cells has been demonstrated even at 0.001% concentrations [141].

Gold-coated magnetic NPs can be also used to recognize and concentrate bacteria with external magnetic field. For example, Wang et al., [81] synthesized MnFe2O4@Au NPs conjugated with Staphylococcus aureus antibody for recognition and separation of S. aureus with a detection limit 10 cells in mL. Although numerous other suggestions have been reported during last decade, protein-based separation and purification is still difficult in practice [142–145].



15.7.5 Targeted Drug Delivery

Chemotherapy treatments relay on the injection of the large amount of drug to the patient body thus affecting non-diseased tissues. Therefore, magnetic NPs targeted drug delivery to tumor sites are nice alternative to chemotherapy [140, 145–149]. The application of magnetic NPs functionalized with antibody, enzymes or nucleotide molecules for targeted drug delivery have been reported in several papers [150, 151]. Gold shells have proven to be desirable instrument not only for improving biocompatibility and stability of magnetic NPs but also for their surface functionalization with the linkers required to attach drug and antigen molecules [140, 149, 152]. To combine magnetic resonance imaging, targeted drug delivery, light-induced drug release and photothermal therapy, hybrid type nanomicelles composed of gold-coated Fe3O4 NPs, doxorubicin (DOX) drug molecules, and CSS-type silane nanomicelles have been synthesized using a Scheme 15.3 [153]. These nanomiceles possess surface Plasmon absorbance in the NIR region, NIR-induced hyperthermia, and controlled release of encapsulated drug during NIR illumination.


[image: Figure shows process of formation of multifunctional nanomicelles composed of DOX, Fe3O4 Nps, Gold seed and CSS template.]

Scheme 15.3 Formation steps of multifunctional nanomicelles composed of DOX as therapeutic agent, Fe3O4, gold shell, and cholesteryl succinylsilane (CSS) template according to [150].






15.8 Outlooks

In summary, this review describes the recent progress on iron oxide-based nanoparticles coating with gold species and shells. The main issue is devoted to superparamagnetic NPs in size from a few to 20 nm can successfully be applied in nanomedicine. Also, this review not seeks to cover all aspects of the gold-coated superparamagnetic Au NPs fabrication recipes reported in the hundreds of papers and several reviews presenting jus more interesting and prospective recent findings. What’s more, the biocompatible magnetic NPs with attached gold QDs containing a significant amount of extremely active Au+ ions can be a useful tool for biomedical investigations because these NPs except their own distinct functionalities offer a possibility to bind and carry various ligands and drugs into tumor cells allowing their intracellular movements to be controlled by magnetic field.

Looking at the future of this field, we envisage the main strategy for controllable decoration of magnetic NPs with gold species and subsequent formation of gold shells through the grafting of stabilizing molecules such as amino acid Methionine of Agninine capable to reduce later the gold-containing species directly at the surface. The interactions between MeFe2O4@Au0/Au+ NPs and DNA resulting in the damage of the DNA double helix chains by Au+ ions and apoptosis of the HeLa cells has yet to be evidenced by further studies.



References

1. Connor, E.E., Mwamuka, J., Gole, A., Murphy, C.J., Wyatt, M.D., Gold nanoparticles are taken up by human cells but do not cause acute cytotoxicity. Small, 1(3), 325–327, 2005.

2. Duncan, B., Kim, C., Rotello, V.M., Gold nanoparticle platforms as drug and biomacromolecule delivery systems. J. Control. Release, 148(1), 122–127, 2010.

3. Lin, P.C., Chou, P.H., Chen, S.H., Liao, H.K., Wang, K.Y., Chen, Y.J., et al., Ethylene glycol-protected magnetic nanoparticles for a multiplexed immunoassay in human plasma. Small, 2(4), 485–489, 2006.

4. Liu, Z., Liu, Y., Yang, H., Yang, Y., Shen, G., Yu, R., A phenol biosensor based on immobilizing tyrosinase to modified core-shell magnetic nanoparticles supported at a carbon paste electrode. Anal. Chim. Acta, 533(1), 3–9, 2005.

5. Liu, J.C., Tsai, P.J., Lee, Y.C., Chen, Y.C., Affinity capture of uropathogenic escherichia coli using pigeon Ovalbumin-bound Fe3O4@Al2O3 magnetic nanoparticles. Anal. Chem., 80, 5425–5432, 2008.

6. Tsai, H.Y., Hsu, C.F., Chiu, I.W., Fuh, C.B., Detection of C-reactive protein based on immunoassay using antibody-conjugated magnetic nanoparticles. Anal. Chem., 79(21), 8416–8419, 2007.

7. Gao, L.Z., Zhuang, J., Nie, L., Zhang, J.B., Zhang, Y., Gu, N., et al., Intrinsic peroxidase-like activity of ferromagnetic nanoparticles Nat. Nanotechnol, 2, 577–583, 2007.

8. Hu, M., Chen, J., Li, Z.-Y., Au, L., Hartland, G.V., Li, X., et al., Gold nanostructures: engineering their plasmonic properties for biomedical applications. Chem. Soc. Rev., 35(11), 1084–1094, 2006.

9. Huang, X., Jain, P.K., El-Sayed, I.H., El-Sayed, M.A., Gold nanoparticles: interesting optical properties and recent applications in cancer diagnostics and therapy. Nanomedicine, 2(5), 681–693, 2007.

10. Jain, P.K., Huang, X., El-Sayed, I.H., El-Sayed, M.A., Review of some interesting surface plasmon resonance-enhanced properties of noble metal nanoparticles and their applications to biosystems. Plasmonics, 2(3), 107–118, 2007.

11. Grzelczak, M., Pérez-Juste, J., Mulvaney, P., Liz-Marzán, L.M., Shape control in gold nanoparticle synthesis. Chem. Soc. Rev., 37(9), 1783–1791, 2008.

12. Massart, R., Inventor, Agence Nationale de Valorisation de la Recherche (ANVAR), assignee. Magnetic fluids and process for obtaining them. US Patent, 4329241, 1982.

13. Bensebaa, F., Zavaliche, F., L’Ecuyer, P., Cochrane, R.W., Veres, T., Microwave synthesis and characterization of Co-ferrite nanoparticles. J. Colloid Interface Sci., 277(1), 104–110, 2004.

14. Tu, W., Liu, H., Rapid synthesis of nanoscale colloidal metal clusters by microwave irradiation. J. Mater. Chem., 10(9), 2207–2211, 2000.

15. Pereira, C., Pereira, A.M., Fernandes, C., Rocha, M., Mendes, R., Fernández-García, M.P., et al., Superparamagnetic MFe2O4 (M = Fe, Co, Mn) Nanoparticles: Tuning the Particle Size and Magnetic Properties through a Novel One-Step Coprecipitation Route. Chem. Mater., 24(8), 1496–1504, 2012.

16. Sugimoto, T., Matijević, E., Formation of uniform spherical magnetite particles by crystallization from ferrous hydroxide gels. J. Colloid Interface Sci., 74(1), 227–243, 1980.

17. Tartaj, P., Morales, Madel P., Veintemillas-Verdaguer, S., Gonz lez-Carre o, T., Serna, C.J., The preparation of magnetic nanoparticles for applications in biomedicine. J. Phys. D Appl. Phys., 36(13), R182–R197, 2003.

18. Sabale, S., Kandesar, P., Jadhav, V., Komorek, R., Motkuri, R.K., Yu, X.Y., Recent developments in the synthesis, properties, and biomedical applications of core/shell superparamagnetic iron oxide nanoparticles with gold. Biomater. Sci., 5(11), 2212–2225, 2017.

19. Gao, J., Gu, H., Xu, B., Multifunctional magnetic nanoparticles: design, synthesis, and biomedical applications. Acc. Chem. Res., 42(8), 1097–1107, 2009.

20. Ge, S., Shi, X., Sun, K., Li, C., Uher, C., Baker, J.R, Jr, B., et al., Facile hydrothermal synthesis of iron oxide nanoparticles with tunable magnetic properties. J. Phys. Chem. C, 113(31), 13593–13599, 2009.

21. Fan, R., Chen, X.H., Gui, Z., Liu, L., Chen, Z.Y., A new simple hydrothermal preparation of nanocrystalline magnetite Fe3O4. Mater. Res. Bull., 36(3–4), 497–502, 2001.

22. Wang, J., Sun, J., Sun, Q., Chen, Q., One-step hydrothermal process to prepare highly crystalline Fe3O4 nanoparticles with improved magnetic properties. Mater. Res. Bull., 38(7), 1113–1118, 2003.

23. Goon, I.Y., Lai, L.M.H., Lim, M., Munroe, P., Gooding, J.J., Amal, R., Fabrication and dispersion of gold-shell-protected magnetite nanoparticles: Systematic control using polyethyleneimine. Chem. Mater., 21(4), 673–681, 2009.

24. Goon, I.Y., Zhang, C., Lim, M., Gooding, J.J., Amal, R., Controlled fabrication of polyethylenimine-functionalized magnetic nanoparticles for the sequestration and quantification of Free Cu2+. Langmuir, 26(14), 12247–12252, 2010.

25. Li, Z., Sun, Q., Gao, M., Preparation of water-soluble magnetite nanocrystals from hydrated ferric salts in 2-pyrrolidone: mechanism leading to Fe3O4. Angew. Chem. Int. Ed., 44(1), 123–126, 2005.

26. W.W, Y., Falkner, J.C., Yavuz, C.T., Colvin, V.L., Synthesis of monodisperse iron oxide nanocrystals by thermal decomposition of iron carboxylate salts. Chem. Commun, 2306–2307, 2004.

27. Peng, S., Wang, C., Xie, J., Sun, S., Synthesis and stabilization of monodisperse Fe nanoparticles. J. Am. Chem. Soc., 128(33), 10676–10677, 2006.

28. Tran, P.H.-L., Tran, T.T.-D., Vo, T.V., Lee, B.-J., Promising iron oxide-based magnetic nanoparticles in biomedical engineering. Arch. Pharm. Res., 35(12), 2045–2061, 2012.

29. Ling, D., Hyeon, T., Chemical design of biocompatible iron oxide nanoparticles for medical applications. Small, 9(9–10), 1450–1466, 2013.

30. Luchini, A., Vitiello, G., Rossi, F., Ruiz De Ballesteros, O., Radulescu, A., D’Errico, G., et al., Developing functionalized Fe3O4-Au nanoparticles: A physico-chemical insight. Phys. Chem. Chem. Phys., 15, 6087–6097, 2015.

31. Niederberger, M., Nonaqueous sol–gel routes to metal oxide nanoparticles. Acc. Chem. Res., 40(9), 793–800, 2007.

32. Lemine, O.M., Omri, K., Zhang, B., El Mir, L., Sajieddine, M., Alyamani, A., et al., Sol–gel synthesis of 8nm magnetite (Fe3O4) nanoparticles and their magnetic properties. Superlattices and Microstructures, 52(4), 793–799, 2012.

33. Xu, J., Yang, H., Fu, W., Du, K., Sui, Y., Chen, J., et al., Preparation and magnetic properties of magnetite nanoparticles by sol–gel method. J. Magn. Magn. Mater., 309(2), 307–311, 2007.

34. C.K, L., Xiao, D., Choi, M.M.F., Homocysteine-protected gold-coated magnetic nanoparticles: synthesis and characterization. J. Mater. Chem., 17, 2418–2427, 2007.

35. Rudakovskaya, P.G., Beloglazkina, E.K., Majouga, A.G., Zyk, N.V., Synthesis and characterization of terpyridine-type ligand-protected gold-coated Fe3O4 nanoparticles. Mendeleev Communications, 20(3), 158–160, 2010.

36. Ahmad, T., Bae, H., Rhee, I., Chang, Y., Jin, S.U., Hong, S., Gold-coated iron oxide nanoparticles as a T2 contrast agent in magnetic resonance imaging. J. Nanosci. Nanotechnol., 12(7), 5132–5137, 2012.

37. Klyachko, N.L., Sokolsky-Papkov, M., Pothayee, N., Efremova, M.V., Gulin, D.A., Pothayee, N., et al., Changing the enzyme reaction rate in magnetic nanosuspensions by a non-heating magnetic field. Angew. Chem. Int. Ed., 51(48), 12016–12019, 2012.

38. Hien Pham, T.T., Cao, C., Sim, S.J, Pham, T.T.H, Cao, T., Application of citrate-stabilized gold-coated ferric oxide composite nanoparticles for biological separations. J. Magn. Magn. Mater., 320(15), 2049–2055, 2008.

39. Liang, C.H., Wang, C.C., Lin, Y.C., Chen, C.H., Wong, C.H., Wu, C.Y., Iron oxide/gold core/shell nanoparticles for ultrasensitive detection of carbohydrate-protein interactions. Anal. Chem., 81(18), 7750–7756, 2009.

40. Pang, L.-L., Li, J.-S., Jiang, J.-H., Le, Y., Shen, G.L., Yu, R.-Q, J.-S, L, R.-Q, Y., A novel detection method for DNA point mutation using QCM based on Fe3O4/Au core/shell nanoparticle and DNA ligase reaction. Sens. Actuators, 127(2), 311–316, 2007.

41. Zhao, X., Cai, Y., Wang, T., Shi, Y., Jiang, G., Preparation of Alkanethiolate-functionalized core/shell Fe3O4@Au nanoparticles and its interaction with several typical target molecules. Anal. Chem., 80(23), 9091–9096, 2008.

42. Yu, Q., Shi, M., Cheng, Y., Wang, M., Chen, H.-zheng, Wg, M., H.-z, C., Fe3O4@Au/polyaniline multifunctional nanocomposites: their preparation and optical, electrical and magnetic properties. Nanotechnology, 19(26), 265702, 2008.

43. Ahmad, T., Bae, H., Rhee, I., Chang, Y., Jin, S.U., Hong, S., Gold-coated iron oxide nanoparticles as a T2 contrast agent in magnetic resonance imaging. J. Nanosci. Nanotechnol., 12(7), 5132–5137, 2012.

44. Chen, H., Qi, F., Zhou, H., Jia, S., Gao, Y., Koh, K., et al., Fe3O4@Au nanoparticles as a means of signal enhancement in surface plasmon resonance spectroscopy for thrombin detection. Sens. Actuators B, 212, 505–511, 2015.

45. Ghorbani, M., Hamishehkar, H., Arsalani, N., Entezami, A.A., Preparation of thermo and pH-responsive polymer@Au/Fe3O4 core/shell nanoparticles as a carrier for delivery of anticancer agent. J. Nanopart. Res., 17(7), 305, 2015.

46. Cui, Y., Hu, D., Fang, Y., Ma, J., Preparation and mechanism of Fe3O4/Au core/shell super-paramagnetic microspheres. Sc. China Ser. B-Chem., 44(4), 404–410, 2001.

47. Cui, Y., Hui, W.L., Wang, H.R., D.D, X., Fang, Y., J.B, M., Preparation and characterization of Fe3O4 composite particles. Sci. China Ser. B, 47(2), 152–158, 2004.

48. Kinoshita, T., Seino, S., Okitsu, K., Nakayama, T., Nakagawa, T., Yamamoto, T.A., Magnetic evaluation of nanostructure of gold–iron composite particles synthesized by a reverse micelle method. J. Alloys Compd., 359(1–2), 46–50, 2003.

49. Lim, J., Tilton, R.D., Eggeman, A., Majetich, S.A., Design and synthesis of plasmonic magnetic nanoparticles. J. Magn. Magn. Mater., 311(1), 78–83, 2007.

50. Ma, Z., Han, H., Tu, S., Xue, J., Fabrication of shape-controlled hematite particles and growth of gold nanoshells. Colloid. Surf. A, 334(1–3), 142–146, 2009.

51. Mandal, M., Kundu, S., Ghosh, S.K., Panigrahi, S., Sau, T.K., Yusuf, S.M., et al., Magnetite nanoparticles with tunable gold or silver shell. J. Colloid Interface Sci., 286(1), 187–194, 2005.

52. Chin, S.F., Iyer, K.S., Raston, C.L., Facile and green approach to fabricate gold and silver coated superparamagnetic nanoparticles. Cryst. Growth Des., 9(6), 2685–2689, 2009.

53. Stavka, I., Stoeva, F., HuoLee, J.-S., Mirkin, C.A., Three-Layer Composite Magnetic Nanoparticle Probes for DNA. J. Am. Chem. Soc., 127, 15362–15363, 2005.

54. Huang, W.-C., Tsai, P.-J., Chen, Y.-C., Multifunctional Fe3O4 @Au nanoeggs as photothermal agents for selective killing of nosocomial and antibiotic resistant bacteria. Small, 5(1), 51–56, 2009.

55. Coelho, B.C.P., Siqueira, E.R., Ombredane, A.S., Joanitti, G.A., Chaves, S.B., da Silva, S.W., et al., Maghemite–gold core–shell nanostructures (γ-Fe2O3 @Au) surface-functionalized with aluminium phthalocyanine for multi-task imaging and therapy. RSC Adv., 7(19), 11223–11232, 2017.

56. Braun, K.J., Walter, D.G., Natan, M.J., Seeding of colloidal Au nanoparticle solutions. 2. Improved control of particle size and shape. Chem. Mater., 12, 306–313, 2000.

57. Lyon, J.L., Fleming, D.A., Stone, M.B., Schiffer, P., Williams, M.E., Synthesis of Fe oxide core/Au shell nanoparticles by iterative hydroxylamine seeding. Nano Lett., 4(4), 719–723, 2004.

58. Cho, S.-J., Kauzlarich, S.M., Olamit, J., Liu, K., Grandjean, F., Rebbouh, L., et al., Characterization and magnetic properties of core/shell structured Fe/Au nanoparticles. J. Appl. Phys., 95(11), 6804–6806, 2004.

59. Mikhaylova, M., Kim, D.K., Bobrysheva, N., Osmolowsky, M., Semenov, V., Tsakalakos, T., et al., Superparamagnetism of Magnetite Nanoparticles: Dependence on Surface Modification. Langmuir, 20(6), 2472–2477, 2004.

60. Cho, S.-J., Idrobo, J.-C., Olamit, J., Liu, K., Browning, N.D., Kauzlarich, S.M., Growth mechanisms and oxidation resistance of gold-coated iron nanoparticles. Chem. Mater., 17(12), 3181–3186, 2005.

61. Lee, Y., Lee, J., Bae, C.J., Park, J.-G., Noh, H.-J., Park, J.-H., et al., Large-scale synthesis of uniform and crystalline magnetite nanoparticles using reverse micelles as nanoreactors under reflux conditions. Adv. Funct. Mater., 15(3), 503–509, 2005.

62. Semenova, E.M., Vorobyova, S.A., Lesnikovich, A.I., Fedotova, J.A., Bayev, V.G., Fabrication and investigation of magnetite nanoparticles with gold shell. J. Alloys Compd., 530, 97–101, 2012.

63. Wang, H., Brandl, D.W., Le, F., Nordlander, P., Halas, N.J., Nanorice: A hybrid plasmonic nanostructure. Nano Lett., 6(4), 827–832, 2006.

64. Wu, Y., Zhang, T., Zheng, Z., Ding, X., Peng, Y., A facile approach to Fe3O4@Au nanoparticles with magnetic recyclable catalytic properties. Mater. Res. Bull., 45(4), 513–517, 2010.

65. Caruntu, D., Cushing, B.L., Caruntu, G., O’Connor, C.J., Attachment of gold nanograins onto colloidal magnetite Nanocrystals. Chem. Mater., 17(13), 3398–3402, 2005.

66. Wang, L., Luo, J., Maye, M.M., Fan, Q., Rendeng, Q., Engelhard, M.H., et al., Core@shell nanomaterials: gold-coated magnetic oxide nanoparticles. J. Mater. Chem., 15, 1821–1832, 2005.

67. Wang, L.W.L., Luo, J., Fan, Q., Suzuki, M., Suzuki, I.S., Engelhard, M.H., et al., Monodispersed core-shell Fe3O4@Au nanoparticles. J. Phys. Chem. B, 109, 21593–21601, 2005.

68. Park, J., An, K., Hwang, Y., Park, J.-G., Noh, H.-J., Kim, J.-Y., et al., Ultra-large-scale syntheses of monodisperse nanocrystals. Nat. Mater., 3(12), 891–895, 2004.

69. Liu, H., Hou, P., Zhang, W.X., J.H, W., Synthesis of monosized core-shell Fe3O4/Au multifunctional nanoparticles by PVP-assisted nanoemulsion process. Colloids & Surfaces A: Physicochem. Eng. Aspects, 356, 21–27, 2010.

70. Ren, J., Shen, S., Pang, Z., Lu, X., Deng, C., Jiang, X., Facile synthesis of superparamagnetic Fe3O4@Au nanoparticles for photothermal destruction of cancer cells. Chem. Commun., 47(42), 11692–11694, 2011.

71. Lim, J., Eggeman, A., Lanni, F., Tilton, R.D., Majetich, S.A., Synthesis and single-particle optical detection of low-polydispersity plasmonic-superparamagnetic nanoparticles. Adv. Mater., 20(9), 1721–1726, 2008.

72. Chin, S.F., Iyer, K.S., Raston, C.L., Saunders, M., Size selective synthesis of superparamagnetic nanoparticles in thin fluids under continuous flow conditions. Adv. Funct. Mater., 18(6), 922–927, 2008.

73. An, P., Zuo, F., Li, X., Wu, Y., Zhang, J., Ding, X., A bio-inspired polydopamine approach to preparation of gold-coated Fe3O4 core-shell nanoparticles: synthesis, characterization and mechanism. Nano Brief Reports and Reviewers, 8, 1350061, 2013.

74. Bao, J., Chen, W., Liu, T., Zhu, Y., Jin, P., Wang, L., et al., Bifunctional Au-Fe3O4 nanoparticles for protein separation. ACS Nano, 1, 293–298, 2007.

75. Phua, L.X., Xu, F., Ma, Y.G., Ong, C.K., Structure and magnetic characterization of cobalt ferrite films prepared by spray pyrolysis. Thin Solid Films, 517(20), 5858–5861, 2009.

76. Meng, X., Li, H., Chen, J., Mei, L., Wang, K., Li, X., Mössbauer study of cobalt ferrite nanocrystals substituted with rare-earth Y3+ ions. J. Magn. Magn. Mater., 321(9), 1155–1158, 2009.

77. Sanpo, N., Berndt, C.C., Wen, C., Wang, J., Transition metal-substituted cobalt ferrite nanoparticles for biomedical applications. Acta Biomater., 9(3), 5830–5837, 2013.

78. Mizukoshi, Y., Seino, S., Okitsu, K., Kinoshita, T., Otome, Y., Nakagawa, T., Sonochemical preparation of composite nanoparticles of Au/gamma-Fe2O3 and magnetic separation of glutathione. Ultrason. Sonochem., 12(3), 191–195, 2005.

79. Kojima, H., Mukai, Y., Yoshikawa, M., Kamei, K., Yoshikawa, T., Morita, M., et al., Simple PEG conjugation of SPION via an Au-S bond improves its tumor targeting potency as a novel MR tumor imaging agent. Bioconjug. Chem., 21(6), 1026–1031, 2010.

80. Seino, S., Kinoshita, T., Otome, Y., Nakagawa, T., Okitsu, K., Mizukoshi, Y., Nakayama, T., et al., Gamma-ray synthesis of magnetic nanocarrier composed of gold and magnetic iron oxide. J. Magn. Magn. Mater., 293(1), 144–150, 2005.

81. Wang, D., Yang, J., Li, X., Zhai, H., Lang, J., Song, H., Preparation of magnetic Fe3O4@SiO2@mTiO2-Au spheres with well-designed microstructure and superior photocatalytic activity. J. Mater. Sci., 51(21), 9602–9612, 2016.

82. Durgadas, C.V., Sharma, C.P., Sreenivasan, K., Fluorescent and superparamagnetic hybrid quantum clusters for magnetic separation and imaging of cancer cells from blood. Nanoscale, 3(11), 4780–4787, 2011.

83. Jagminas, A., Mažeika, K., Kondrotas, R., Kurtinaitienė, M., Jagminienė, A., Mikalauskaitė, A., Functionalization of cobalt ferrite nanoparticles by a vitamin C-assisted covering with gold. Nanomater. Nanotechn., 4(2), 11, 2014.

84. Taleb, A., Petit, C., Pileni, M.P., Synthesis of highly monodisperse silver nanoparticles from AOT reverse micelles: A Way to 2D and 3D self-organization. Chem. Mater., 9(4), 950–959, 1997.

85. Xie, Y., Ye, R., Liu, H., Synthesis of silver nanoparticles in reverse micelles stabilized by natural biosurfactant. Colloids Surf. A Physicochem. Eng. Asp., 279(1-3), 175–178, 2006.

86. Liang, C.-H., Wang, C.-C., Lin, Y.-C., Chen, C.-H., Wong, C.-H., Wu, C.-Y., Iron oxide/gold core/shell nanoparticles for ultrasensitive detection of carbohydrate–protein interactions. Anal. Chem., 81(18), 7750–7756, 2009.

87. Mikalauskaitė, A., Kondrotas, R., Niaura, G., Jagminas, Aru?nas, Jagminas, A., Gold-coated cobalt ferrite nanoparticles via methionine-induced reduction. J. Phys. Chem. C, 119(30), 17398–17407, 2015.

88. Bagherpour, A.R., Kashanian, F., Seyyed Ebrahimi, S.A., Habibi-Rezaei, M., L-arginine modified magnetic nanoparticles: green synthesis and characterization. Nanotechnology, 29(7), 075706, 2018.

89. Durmus, Z., Kavas, H., Toprak, M.S., Baykal, A., Altinçekiç, T.G., Aslan, A., et al., l-lysine coated iron oxide nanoparticles: Synthesis, structural and conductivity characterization. J. Alloys Compd., 484(1–2), 371–376, 2009.

90. Žalnėravičius, R., Paškevičius, A., Mažeika, K., Jagminas, A., Fe(II)-substituted cobalt ferrite nanoparticles against multidrug resistant microorganisms. Appl. Surf. Sci., 435, 141–148, 2018.

91. Rehana, D., Haleel, A.K., Rahiman, A.K., Hydroxy, carboxylic and amino acid functionalized superparamagnetic iron oxide nanoparticles: synthesis, characterization and in vitro anti-cancer studies. J. Chem. Sci., 127(7), 1155–1166, 2015.

92. Jagminas, A., Mikalauskaitė, A., Karabanovas, V., Vaičiūnienė, J., Methionine-mediated synthesis of magnetic nanoparticles and functionalization with gold quantum dots for theranostic applications. Beilstein J. Nanotechnol., 8, 1734–1741, 2017.

93. Moulder, J.F., Stickle, W.F., Sobol, P.E., Bompen, P.E., Handbook of X-ray photoelectron spectroscopy. Chastain, J., King, R.C. Jr., (Eds.), Physical Electronics. Eden Prairee, MN, 1995.

94. Sanvicens, N., Marco, P., Multifunctional nanoparticles –properties and prospects for their use in human medicine Trends Biotechn, 26, 425–433, 2008.

95. Corchero, J.L., Villaverde, A., Biomedical applications of distally controlled magnetic nanoparticles. Trends Biotechnol., 27(8), 468–476, 2009.

96. Purushotham, S., Chang, P.E., Rumpel, H., Kee, I.H., Ng, R.T., Chow, P.K.H., et al., Thermoresponsive core-shell magnetic nanoparticles for combined modalities of cancer therapy. Nanotechnology, 20(30), 305101, 2009.

97. Thiesen, B., Jordan, A., Clinical applications of magnetic nanoparticles for hyperthermia. Int. J. Hyperther., 24(6), 467–474, 2008.

98. Habash, R.W.Y., Bansal, R., Krewski, D., Alhafid, H.T., Thermal therapy, Part 2: Hyperthermia techniques. Crit. Rev. Biomed. Eng., 34(6), 491–542, 2006.

99. Kawai, N., Futakuchi, M., Yoshida, T., Ito, A., Sato, S., Naiki, T., et al., Effect of heat therapy using magnetic nanoparticles conjugated with cationic liposomes on prostate tumor in bone. Prostate, 68(7), 784–792, 2008.

100. Suto, M., Hirota, Y., Mamiya, H., Fujita, A., Kasuya, R., Tohji, K, Manuya, H., et al., Heat dissipation mechanism of magnetite nanoparticles in magnetic fluid hyperthermia. J. Magn. Magn. Mater., 321(10), 1493–1496, 2009.

101. Bao, F., Yao, J.L., Gu, R.A., Synthesis of magnetic Fe2O3/Au core/shell nanoparticles for bioseparation and immunoassay based on surface-enhanced Raman spectroscopy. Langmuir, 25(18), 10782–10787, 2009.

102. Wang, L., Park, H.-Y., Lim, S.I.-I., Schadt, M.J., Mott, D., Luo, J, Lim Stephanie, I.-I., et al., Core@shell nanomaterials: gold-coated magnetic oxide nanoparticles. J. Mater. Chem., 18(23), 2629–2635, 2008.

103. Lu, Z., Prouty, M.D., Guo, Z., Golub, V.O., Kumar, C.S.S.R., Lvov, Y.M, Gao, Z, Kumar, C., Magnetic switch of permeability for polyelectrolyte microcapsules embedded with Co@Au nanoparticles. Langmuir, 21(5), 2042–2050, 2005.

104. Mohammad, F., Balaji, G., Weber, A., Uppu, R.M., Kumar, C.S.S.R., Influence of gold nanoshanell on hydrothermia of superparamagnetic iron oxide nanoparticles. J. Phys. Chem. C, 114(45), 19194–19201, 2010.

105. Pisanic, T.R., Blackwell, J.D., Shubayev, V.I., Fiñones, R.R., Jin, S., Nanotoxicity of iron oxide nanoparticle internalization in growing neurons. Biomaterials, 28(16), 2572–2581, 2007.

106. Apopa, P.L., Qian, Y., Shao, R., Guo, N.L., Schwegler-Berry, D., Pacurari, M., et al., Iron oxide nanoparticles induce human microvascular endothelial cell permeability through reactive oxygen species production and microtubule remodeling. Part. Fibre Toxicol., 6, 1–14, 2009.

107. Xu, Y., Mahmood, M., Fejleh, A., Li, Z., Watanabe, F., Trigwell, S., et al., Carbon-covered magnetic nanomaterials and their application for the thermolysis of cancer cells. Int. J. Nanomedicine, 5, 167–176, 2010.

108. Azhdarzadeh, M., Atyabi, F., Saei, A.A., Varnamkhasti, B.S., Omidi, Y., Fateh, M., et al., Theranostic MUC-1 aptamer targeted gold coated superparamagnetic iron oxide nanoparticles for magnetic resonance imaging and photothermal therapy of colon cancer. Colloids Surf. B Biointerfaces, 143, 224–232, 2016.

109. Li, J., Hu, Y., Yang, J., Wei, P., Sun, W., Shen, M., et al., Hyaluronic acid-modified Fe3O4@Au core/shell nanostars for multimodal imaging and photothermal therapy of tumors. Biomaterials, 38, 10–21, 2015.

110. Ma, M., Chen, H., Chen, Y., Wang, X., Chen, F., Cui, X., et al., Au capped magnetic core/mesoporous silica shell nanoparticles for combined photothermo-/chemo-therapy and multimodal imaging. Biomaterials, 33(3), 989–998, 2012.

111. Montazerabadi, A.R., Oghabian, M.A., Irajirad, R., Muhammadnejad, S., Ahmadvand, D., Delavari H, H., et al., Development of gold-coated magnetic nanoparticles as a potential MRI contrast agent. Nano, 10(04), 1550048, 2015.

112. Zhao, H.Y., Liu, S., He, J., Pan, C.C., Li, H., Zhou, Z.Y., et al., Synthesis and application of strawberry-like Fe3O4-Au nanoparticles as CT-MR dual-modality contrast agents in accurate detection of the progressive liver disease. Biomaterials, 51, 194–207, 2015.

113. Li, J., Zheng, L., Cai, H., Sun, W., Shen, M., Zhang, G, Sun, M, Shen, W., et al., Facile one-pot synthesis of Fe3O4@Au composite nanoparticles for dual-mode MR/CT imaging applications. ACS Appl. Mater. Interfaces, 5(20), 10357–10366, 2013.

114. Cai, H., Li, K., Shen, M., Wen, S., Luo, Y., Peng, C., et al., Facile assembly of Fe3O4@Au nanocomposite particles for dual mode magnetic resonance and computed tomography imaging applications. J. Mater. Chem., 22(30), 15110–15120, 2012.

115. Zhou, C., Yu, J., Qin, Y., Zheng, J., Grain size effects in polycrystalline gold nanoparticles. Nanoscale, 4(14), 4228–4233, 2012.

116. Xie, J., Zheng, Y., Ying, J.Y., Protein-directed synthesis of highly fluorescent gold nanoclusters. J. Am. Chem. Soc., 131(3), 888–889, 2009.

117. Xavier, P.L., Chaudhari, K., Verma, P.K., Pal, S.K., Pradeep, T., Luminescent quantum clusters of gold in transferrin family protein, lactoferrin exhibiting FRET. Nanoscale, 2(12), 2769–2776, 2010.

118. Garcia, A.R., Rahn, I., Johnson, S., Patel, R., Guo, J., Orbulescu, J., et al., Human insulin fibril-assisted synthesis of fluorescent gold nanoclusters in alkaline media under physiological temperature. Colloids Surf. B Biointerfaces, 105, 167–172, 2013.

119. Nebu, J., Anjali Devi, J.S., Aparna, R.S., Abha, K., Sony, G., Erlotinib con-jungated gold nanocluster enveloped magnetic iron oxide nanoparticles–A targeted probe for imaging pankreatic cancer cells. Sensors and Actuators B: Chemical, 257, 1035–1043, 2018.

120. Pineiro, Y., Vargas, Z., Rivas, J., Lopez-Quintela, M.A., Iron oxide based nanoparticles for magnetic hyperthermia strategies in biological applications. Eur. J. Inorg. Chem., 2015(27), 4495–4509, 2015.

121. Shete, P.B., Patil, R.M., Ningthoujam, R.S., Ghosh, S.J., Pawar, S.H., Magnetic core–shell structures for magnetic fluid hyperthermia therapy application. New J. Chem., 37(11), 3784–3792, 2013.

122. Chatterjee, D.K., Diagaradjane, P., Krishnan, S., Nanoparticle-mediated hyperthermia in cancer therapy. Ther. Deliv., 2(8), 1001–1014, 2011.

123. Salunkhe, A.B., Khot, V.M., Pawar, S.H., Magnetic hyperthermia with magnetic nanoparticles: a status review.. Curr. Top. Med. Chem., 14(5), 572–594, 2014.

124. Bohara, R.A., Thorat, N.D., Pawar, S.H., Role of functionalization: strategies to explore potential nano-bio applications of magnetic nanoparticles. RSC Adv., 6(50), 43989–44012, 2016.

125. Liu, B., Li, C., Cheng, Z., Hou, Z., Huang, S., Lin, J., Functional nanomaterials for near-infrared-triggered cancer therapy. Biomater. Sci., 4(6), 890–909, 2016.

126. Mohammad, F., Balaji, G., Weber, A., Uppu, R.M., Kumar, C.S.S.R., Influence of gold nanoshell on hyperthermia of superparamagnetic iron oxide nanoparticles. J. Phys. Chem. C, 114(45), 19194–19201, 2010.

127. Kawasaki, H., Hamaguchi, K., Osaka, I., Arakawa, R., pH-dependent synthesis of pepsin-mediated gold nanoclusters with blue green and red fluorescent emission. Adv. Funct. Mater., 21(18), 3508–3515, 2011.

128. Shanmugam, V., Selvakumar, S., Yeh, C.-S., Near-infrared light-responsive nanomaterials in cancer therapeutics. Chem. Soc. Rev., 43(17), 6254–6287, 2014.

129. Jain, S., Hirst, D.G., O’Sullivan, J.M., Gold nanoparticles as novel agents for cancer therapy. Br. J. Radiol., 85(1010), 101–113, 2012.

130. Abdula–Al-Mamun, M., Kusumoto, Y., Zannat, T., Horie, Y., Manaka, H., core–shell, A.-ultrathinfunctionalized., Fe3O4@Au) monodispersed nanocubes for a combination of magnetic/plasmonic photothermal cancer cell killing. RSC Adv., 3, 7816–7827, 2013.

131. Zheng, K., Setyawati, M.I., Leong, D.T., Xie, J., Antimicrobial gold nanoclusters. ACS Nano, 11(7), 6904–6910, 2017.

132. Jagminas, A., Mikalauskaitė, A., Karabanovas, V., Vaičiūnienė, J., Methionine-mediated synthesis of magnetic nanoparticles and functionalization with gold quantum dots for theranostic applications. Beilstein J. Nanotechnol., 8, 1734–1741, 2017.

133. Park, H.Y., Schadt, M.J., Wang, L., Lim, I.I., Njoki, P.N., Kim, S.H., et al., Fabrication of magnetic core@shell Fe oxide@Au nanoparticles for interface bioactivity and bio-separation. Langmuir, 23(17), 9050–9056, 2007.

134. Liu, H.L., Sonn, C.H., Wu, J.H., Lee, K.M., Kim, Y.K., Synthesis of streptavidin-FITC-conjugated core-shell Fe3O4-Au nanocrystals and their application for the purification of CD4+ þlymphocytes. Biomaterials, 29(29), 4003–4011, 2008.

135. Famulok, M., Hartig, J.S., Mayer, G., Functional aptamers and aptazymes in biotechnology, diagnostics, and therapy. Chem. Rev., 107(9), 3715–3743, 2007.

136. Lal, S., Clare, S.E., Halas, N.J., Nanoshell-enabled photothermal cancer therapy: Impending clinical impact. Acc. Chem. Res., 41(12), 1842–1851, 2008.

137. Bardhan, R., Lal, S., Joshi, A., Halas, N.J., Theranostic nanoshells: from probe design to imaging and treatment of cancer. Acc. Chem. Res., 44(10), 936–946, 2011.

138. Xie, J., Liu, G., Eden, H.S., Ai, H., Chen, X., Surface-engineered magnetic nanoparticle platforms for cancer imaging and therapy. Acc. Chem. Res., 44(10), 883–892, 2011.

139. Xu, C., Sun, S., Superparamagnetic nanoparticles as targeted probes for diagnostic and therapeutic applications. Dalton Trans., 37(29), 5583–5591, 2009.

140. Elbialy, N.S., Fathy, M.M., Khalil, W.M., Doxorubicin loaded magnetic gold nanoparticles for in vivo targeted drug delivery. Int. J. Pharm., 490(1–2), 190–199, 2015.

141. Fan, Z., Shelton, M., Singh, A.K., Senapati, D., Khan, S.A., Ray, P.C., Multifunctional plasmonic shell-magnetic core nanoparticles for targeted diagnostics, isolation, and photothermal destruction of tumor cells. ACS Nano, 6(2), 1065–1073, 2012.

142. Xie, H.-Y., Zhen, R., Wang, B., Feng, Y.-J., Chen, P., Hao, J., Fe3O4 /Au Core/Shell Nanoparticles Modified with Ni2+–Nitrilotriacetic Acid Specific to Histidine-Tagged Proteins. J. Phys. Chem. C, 114(11), 4825–4830, 2010.

143. Cui, Y.R., Hong, C., Zhou, Y.L., Li, Y., Gao, X.M., Zhang, X.X., Synthesis of oriented bioconjugated core/shell Fe3O4@Au magnetic nanoparticles for cell separation. Talanta, 85(3), 1246–1252, 2011.

144. Quaresma, P., Osório, I., Dória, G., Carvalho, P.A., Pereira, A., Langer, J., et al., Star-shaped magnetite@gold nanoparticles for protein magnetic separation and SERS detection. RSC Adv., 4(8), 3690–3698, 2014.

145. Li, J., Hu, Y., Yang, J., Wei, P., Sun, W., Shen, M., et al., Hyaluronic acid-modi field Fe3O4 @Au core/shell nanostars for multimodal imaging and photothermal therapy of tumors. Biomaterials, 38, 10–21, 2015.

146. Wang, D.-Y., Lin, C.-P., Yeh, M.K., The recent development of gold nanoparticles in the applicationn of anticancer therapies and immunogenecity. Lett in Appl. NanoBioScience, 5, 335–341, 2016.

147. Mohammad, F., Yusof, N.A., Doxorubicin-loaded magnetic gold nanoshells for a combination therapy of hyperthermia and drug delivery. J. Colloid Interface Sci., 434, 89–97, 2014.

148. Mody, V.V., Cox, A., Shah, S., Singh, A., Bevins, W., Parihar, H., Magnetic nanoparticle drug delivery systems for targeting tumor. Appl. Nanosci., 4(4), 385–392, 2014.

149. Karamipour, S., Sadjadi, M.S., Farhadyar, N., Fabrication and spectroscopic studies of folic acid-conjugated Fe3O4@Au core–shell for targeted drug delivery application, Spectrochim Acta A Mol. Biol. Spectrosc., 148, 146–155, 2015.

150. Chomoucka, J., Drbohlavova, J., Huska, D., Adam, V., Kizek, R., Hubalek, J., Magnetic nanoparticles and targeted drug delivering. Pharmacol. Res., 62(2), 144–149, 2010.

151. Sensenig, R., Sapir, Y., MacDonald, C., Cohen, S., Polyak, B., Magnetic nanoparticle-based approaches to locally target therapy and enhance tissue regeneration in vivo. Nanomedicine, 7(9), 1425–1442, 2012.

152. del Mar Ramos-Tejada, M., Viota, J.L., Rudzka, K., Delgado, A.V., Preparation of multi-functionalized Fe3O4/Au nanoparticles for medical purposes. Colloids Surf. B Biointerfaces, 128, 1–7, 2015.

153. Ma, Y., Liang, X., Tong, S., Bao, G., Ren, Q., Dai, Z., Gold nanoshell nanomicelles for potential magnetic resonance imaging, light-triggered drug release, and photothermal therapy. Adv. Funct. Mater., 23(7), 815–822, 2013.






Chapter 16
Functionalized-Graphene and Graphene Oxide: Fabrication and Application in Catalysis

Mahmoud Nasrollahzadeh1,*, Mohaddeseh Sajjadi1 and S. Mohammad Sajadi2

1Department of Chemistry, Faculty of Science, University of Qom, Qom, Iran

2Department of Petroleum Geoscience, Faculty of Science, Soran University, Kurdistan Regional Government, Iraq

*Corresponding author: mahmoudnasr81@gmail.com


Abstract

Graphene and its analogues including graphene oxide (GO) and reduced graphene oxide (RGO) have main performances, particularly in the area of catalytic applications. High thermal stability, specific surface area, adsorption capacity and good mechanical strength are some successful cases of these materials performance. Furthermore, these structures (graphene and GO) can be coupled with other active materials through covalent and noncovalent interactions to make their composites with accentuated features. Therefore, significant efforts have been directed toward functionalization of these materials. Functionalization of graphene to fabricate high performance composites, could be hold with various species including organic materials, molecular and also biomolecules linkers, polymers, metals and metal oxide-based nanoparticles and so on. Specifically, much attention has been given to wide range of applications of functionalized-graphene with nanoparticles in various fields and new technology. The functionalization is a surface modification commonly used to reduce the cohesive force between the graphene sheets and manipulate the chemical and physical properties. This chapter presents recent advances in the preparation of tailor-made graphene and graphene oxides and also some significant applications in catalysis.
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16.1 Introduction

Carbon is the unique element of organic materials that not only indicated as the most abundant elements on the earth, but also well known as the only element of the periodic table, which occurs in the different allotropic forms from zero-dimensions to three-dimensions owing to its hybridization abilities to build up spn networks. The two usual allotropic forms of carbon are graphite with n = 2 containing the sp2-hybridized carbon atomic layers and also diamond with n = 3, as a well-known matter over the past decades. It is clear which all other 1 < n < 3 is possible [1]. Generally, a series of carbon-based materials are all made of sp2-hybridized carbon atoms such as buckyballs (zero-dimensional), carbon nanotubes (one-dimensional) and graphene (two-dimensional, consist of a single layer of graphite) and while diamond (three-dimensional) with sp3-hybridized. Since the discovery of nanostructures, carbon nanotube structures, CNTs, have attracted a vast interest in most areas of basic science and engineering. CNT has great potential in the materials science owing the unique physicochemical properties [2].

Recently among the members of the nanocarbon family, graphene, has been revolutionized in the field of materials science and due to its fantastic properties, largely attracted many interests as a main component of nanotechnology. Graphene is commonly the mother element of the carbon allotropes such a graphite, fullerenes (C76, C80, C240), and carbon nanotubes (CNTs) (Figure 16.1) [2–6]. Other nanostructure allotropes of carbon including graphene nanoplatelets [7, 8], graphene nanoribbons [9–11], graphenated CNTs [12, 13], double-walled CNTs (DWCNTs) [14], nanobuds [15, 16], nanodiamonds [17], carbon foam [18, 19], and variations of fullerenes (nano-C20, nano-C70) [20, 21]. Graphene is a single planar layer of carbon atoms consisting sp2-hybridized bonded carbon which tightly packed into a two-dimensional (2D) honeycomb structure [22–24]. Initially, it was theoretically investigated in 1940 s [25], however, this study wasn’t followed until the 1962 through separated thin carbon layers from graphite oxide [26, 27]. In 2004, the subject of graphene become one of the scientific community’s basic focuses by Geim and Novoselov [28], and also the Nobel Prize in physics gained for their investigations on synthesis and isolation of graphene samples, in 2010 [28–31]. The carbon atoms in the sp2-hybridized configuration of the graphene form three in-plane σ bonds and one out-of-plane π bonds [31, 32]. Thereby, it is a newer class of two-dimensional honeycomb crystal lattice of carbon that resembles a large polyaromatic molecule as a thick 2D planar hexagonally sheet of carbon atoms, as shown in Figure 16.1 [3, 22, 28].


[image: Figure shows all forms of graphene structure displaying a 2D honeycomb crystal lattice of carbon.]

Figure 16.1 Basis of all graphitic forms. Graphene is a 2D building matter for carbon materials of all other dimensionalities that can be wrapped up into 0D buckyballs, rolled into 1D nanotubes, or stacked into 3D graphite. Reproduced with permission from ref. [3]. Copyright (2007) Nature Publishing Group.



Graphene-based materials have highly cited the enormous amount of attention worldwide due to their exceptional properties from both applied science and fundamental research groups, such as engineers, physics, chemistry, material and medical scientists. The exploration and advancement of new material, processes, and phenomena at the nanoscale and also the development of nanosystems have played a key role in novel theoretical and experimental techniques of technology that was offered the fresh opportunities in various industrial sectors. As a result, a large number of nanomaterials with tunable sizes, morphologies and shapes have appeared during the last few decades [33–37]. The discovery and subsequent applications of the graphene, graphene oxide and reduced graphene oxide, have allowed the progress of a perfect branch of nanotechnology and nanoscience based on these versatile materials [37]. Nowadays, for the graphene-based nanocomposites to be successfully used in any catalysis application, the preparation of high quality graphene and its analogues nanoplatelets on a massive scale is required, thereby, functionalized-graphene and graphene oxide production encompassing various methods and new routes are constantly being developed. Due to their extraordinary properties and their excellent potential, graphene-based nanomaterials are one of the best options for the synthesis of various organic compounds as promising nanomaterials with high performance in the catalysis.

Among different carbon-based nanomaterials, graphene oxide (GO) as a graphene-derived sheet is one of the best options for a wide variety of catalytic applications [33]. Graphene oxide is a single planar two-dimensional (2D) monolayer of carbon atoms arranged in sp2 and sp3-hybridized configurations that densely packed into a honeycomb lattice. GO generally is inexpensive when compared to other carbon-based nanocomposites such as CNT [29], and also its physicochemical properties due to the presence of many functional groups is largely different from other graphene analogs [34]. Moreover, GO sheets can be reduced through chemical and biological reduction techniques for the synthesis of the reduced graphene oxide (RGO) as a chemically modified graphene layers. Besides that, the preparation of reduced graphene oxide as a chemically modified graphene layers through reduction techniques of GO by different reagents was performed [35, 36]. The graphite oxide could be easily dispersed and exfoliated in water by use of sonication, and then fabricating single or few layers of GO. Hence, the basic difference between graphite oxide and GO are originated from the number of layers and theirs interplanar spacing, caused by water intercalation. Therefore, the GO is easily dispersible in water and organic solvents, that is owing to the presence of different oxygen functionalities. These functional groups are suitable positions to connect with the organic molecules via covalent or noncovalent approaches.

A large number of fields particularly for the synthesis of various organic compounds has triggered the extreme development of production methods. Therefore, the discovery and subsequent applications of these carbon nanomaterials allowed the development of an entire branch of nanotechnology based on these versatile materials. The high specific surface area of graphene is one of the main interests for its use as promising supports for development of heterogeneous catalytic systems. In addition, the GO has large specific surface area and oxygen-containing functional groups which demonstrated good catalytic activities as an ideal support for metallic nanocatalysts in several organic transformations. Beyond synthesis of graphene using different techniques, it immediately appears clear that graphene need processing after its synthesis. The functionalization is a surface modification considerably used to decrease the cohesive force between the graphene layers as well as to manipulate the chemical and physical properties. Aggregation could be reduced using the attachment of other species, small molecules or polymers and metals nanoparticles to the graphene sheets. Therefore, the presence of hydrophobic or hydrophilic functional groups hinders the aggregation of graphene sheets using their bulky size and/or by strong polar-polar interactions [38]. More applications and higher performance of functionalized graphene compared to unmodified graphene has been explored based on their unique properties such as thermal stability, electrical conductivity, mechanical performance, high dispersibility, etc. Thereby, our purpose is to provide a scientific progress of graphene-based nanomaterials, comprising topics such as fabrication, characterization, and catalytic application of functionalized-graphene and graphene oxide.



16.2 Synthesis

One other fundamental subject to be taken into account for the preparation of carbon nanomaterials, especially graphene in different fields is their high grade of purity, high-quality sheets and defect free, which mostly turn to the production method [6, 37]. Thus, the discovery of graphene, its properties, and potential utilized in a large amount of products in the catalysis application has triggered the intense research on developing methods of the graphene synthesis [39, 40]. These methods have two basic types for the graphene synthesis, including: (i) the methods that isolate graphene from graphite and (ii) the methods that grown graphene instantly on a substrate using a source carbon. Numerous routes for the graphene synthesis have been reported through the literatures, which here only five methods of them will be discussed: micromechanical exfoliation of graphite [28, 41], chemical vapor deposition (CVD) [42], reduction of graphite oxide [43], epitaxial growth of graphene on silicon carbide [44] and unzipping CNTs [45]. Figure 16.2 reveals some types of graphene preparation paths, outlining the general real-life applications [37]. Nevertheless, the controlled mass synthesis of graphene is one of the probable drawbacks for its application, because its layer number and defects considerably influence the properties of the product. The advantages and disadvantages of some work involving graphene production are summarized in Table 16.1.


[image: Figure depicts a scheme of different conventional synthesis technique and main features, potential and usage of graphene.]

Figure 16.2 Scheme depicting the different conventional synthesis techniques of graphene along with their main features, and their potential and current applications. Reproduced with permission from ref. [37]. Copyright (2015) Sciencedirect.





Table 16.1 Summary of the different methods used in the synthesis of graphene.





	Method
	Advantages
	Disadvantages
	Ref.





	Micromechanical exfoliation of graphite
	Easy procedure, good quality, large-scale production, low cost, weak control
	Low quality, small-scale production, high amount of defects, size up to tens of microns
	[5, 44, 46]




	CVD
	High growth rate, large-scale production, good quality, good control
	High cost, harsh reaction conditions, complex method, toxic chemicals
	[5, 46, 47]




	Reduction of graphite oxide
	Rapid and cheap method, large-scale production, moderate control
	Low quality, toxic chemicals
	[5, 46, 48]




	Epitaxial growth of graphene on silicon carbide
	Good quality, good control, large area of graphene
	High temperature, expensive substrate, very small-scale production
	[46, 49, 50]




	Unzipping CNTs
	High quantity of graphene production, good control
	Low quality of products, high cost, very small-scale production
	[46, 51]








16.2.1 Micromechanical Exfoliation of Graphite

Graphite is constructed of stacked layers of graphene sheets that bonded together by use of week van der Waals force. Exfoliation processes of graphite such as micromechanical cleavage, sonication, and ball milling are being developed to overcome these weak bonds and individual graphene sheets can be separate out directly from graphite. Mechanical exfoliation generally is the first method utilized for graphene synthesis from a high purity graphite sheet that these bonds could be broken. The simplest procedure developed by Novoselov and Geim through manual mechanical cleavage of graphite sheet to a monolayer thin sample is known as the “Scotch tape” or “peel-off” process [3]. The exfoliated graphene demonstrates a superior property with unique structure, however, this synthesis method is not enforceable on a large-scale production [49]. Thereby, chemical vapor deposition can be an alternative method for the production of large quantities of graphene.

Ultrasonication assisted liquid-phase exfoliation of graphite toward single graphene layers is a facile, cost effective and fast method in organic solvents [52]. One of the positive point of this procedure is the easy route for the graphene production, but the concentration of obtained single graphene is very low (0.01 mg/mL) that is a negative point for using this method to the practical applications. As a consequence, a large number of researchers investigate to arrive high-concentration graphene using increasing the sonication time and also initial graphite concentration, adding surfactants and polymers, mixing solvents, solvent exchange methods and so on [33, 53]. The next fast and common method in graphene production industry is the ball milling assisted exfoliation of graphite by using shear force [53, 54]. This approach is shared the interests of graphite chemical exfoliation such as the readiness for scale-up production and application of possible starting materials. The amount of defects can’t be controlled in this method due to collisions between the grinding media in the milling device.

Generally, micromechanical exfoliation of highly oriented pyrolytic graphite has yielded tiny samples of graphene as a helpful way in fundamental study, nevertheless large surface area graphene films (single up to few layer) have been created by using CVD growth on metal.



16.2.2 Chemical Vapor Deposition of Graphene

Nowadays one of the most promising methods is chemical vapor deposition (CVD), such as ethylene decomposing on nickel lowed using a vast of work by surface-science community onto “monolayer graphite” [55]. The feasible method by chemical vapor deposition, was firstly reported in 2006 for the large-scale synthesis of few-layer graphene [56, 57]. In this work, Somani’s group synthesized the graphene films on Ni foils as catalyst by using low-cost, natural and eco-friendly camphor as precursor [37, 48]. initially, camphor was evaporated at 1800 °C and then pyrolyzed in other chamber of the CVD furnace at about 800 °C by using carrier gases (e.g., Ar, H2 and carbon source gas). Lastly, several novel advances in this synthesis method were reported by various metal substrates such as Cu [58], Mo [59], Ir [60], Pt [61], or Au [62]. Also, high quality, efficient, and large-area graphene can be grown by use of thermal CVD on the surfaces of catalytic transition metal e.g. Ni and Cu [57, 63].

Several transition metals as catalyst can be used in CVD graphene growth, especially nickel and copper are most broadly used for high quality, efficient, large-area, and scale-up graphene production [37, 47]. When a catalyst reacts with a precursor (commonly a hydrocarbon) in a reaction chamber at high temperature, CVD of graphene was performed in a gas phase. Thereby, the graphene is prepared on the surface of catalyst [47]. Generally, when Ni was used as a catalyst, Ni substrates are placed in a CVD chamber at a vacuum and an atmosphere of hydrocarbon gas. For example, Reina et al., synthesized single and few-layer graphene on polycrystalline Ni substrate (1–2 cm2) [64]. This process can start when gaseous hydrocarbons (e.g., methane, ethylene and acetylene) as the carbon source is deposited on the surface of Ni after cooling process [37, 60, 64–66]. The quality of graphene produced by this method strongly depends on different aspects like the type of catalyst, growth temperature, cooling rate, and the carbon concentration dissolved in Ni and so on. Here we present some of the important factors in graphene growth. Figure 16.3 shows the graphene production by CVD using nickel substrate [67].


[image: Schematic representation of formation of Graphene on Ni.]

Figure 16.3 Schematic diagram of graphene formation on Ni. Reproduced with permission from ref. [67]. Copyright (2013) American Chemical Society.





16.2.3 Reduction of Graphite Oxide

Another feasible and promising alternative method to generate large quantities of graphene is the reduction of graphite oxide or graphene oxide (GO). GO is a single hexagonally flat layer of graphite sheet that can be oxidized to make carbon-oxygen bonds. Graphite oxide was firstly reported by Brodie in the over 150 years ago [68]. It can be mostly produced by using following methods established by Staudenmaier, Hummers and Offeman [68–70], which the scientific community mainly continued to investigate graphite oxide as a bulk form of the GO. In fact, by oxidation of graphite in the presence of strong oxidizing agents like KMnO4, KClO3, H2SO4, NaNO3, etc. the oxygenated functionalities are presented in graphite structure followed by the thermal or mechanical/chemical exfoliation of graphite oxide to form GO (Figure 16.4) [71]. Based on the above-mentioned three methods, the level of graphite oxidation, precursor graphite used and reaction conditions can be verified. Graphite oxide involves of a layered structure of “graphene oxide” sheets or graphene sheets decorated mainly with carboxylic, hydroxyl and epoxide groups, which are powerfully hydrophilic [72]. It is known that the method developed by Hummers generates exfoliated oxidized single graphene layers by simple dispersion of graphite oxide in water. Thus, the oxidation-exfoliation-reduction of the graphite can be performed by conversion of graphite to hydrophilic graphite oxide then exfoliated into graphene oxide (single layer graphite oxide) through stirring or mild sonication conditions in water.


[image: Figure shows the process of oxidation and reduction of graphite to GO and RGO respectively.]

Figure 16.4 Oxidation of graphite to GO and reduction to reduced graphene oxide (RGO). Reproduced with permission from ref. [71]. Copyright (2011) Wiley-VCH.



In fact, GO is a functionalized graphene consisting the hydroxyl, carboxylic, ketone, alcohol, and epoxide groups provided the reaction sites in the chemical modifications [73]. Beside these, chemically prepared monolayers of GO can be considered as precursors for the preparation of graphene using the removal of oxygen groups. Based on different structural models, the GO sheets are constituted of planar and graphene-like aromatic layers that domains using a network of cyclohexane-like units [74]. In order to prepare graphene, the reduction of GO is carried out chemically [29, 37, 75], thermally [76] and biologically [77]. However, the reduction of dispersed GO without stabilizer leads to precipitate of graphite particles due to the rapid, irreversible aggregation of graphene sheets. Indeed, some recent achievements in the graphene production is chemical and thermal exfoliation via preparation of the derivatized graphene sheets, e.g. GO [78, 79], and rGO (by the removal of functional groups of GO) [80] (Figure 16.4). As shown in Table 16.2, the chemical reduction of GO monolayers to graphene is executed by many research groups using different reducing agents in the following years [81, 92] but no groups obtained full reduction of the GO into graphene. Typically, hydrazine hydrate is one of the most common utilized reagents to prepare single graphene layers (Table 16.2) [81]. Thermal reduction of graphene from GO also is one of the feasible methods that can be achieved by using a microwave, heat, and visible light. In microwave method, GO was dispersed in water and sonicated with N, N-dimethylacetamide then, this suspension was subjected to several microwave exposure time intervals [93]. Thereby, the final isolated carbon monolayers derived from the reduction of GO is usually called reduced graphene oxide (RGO), chemically modified graphene [CMG], and chemically converted graphene [CCG] or graphene restored from the graphitic structure and conductivity of graphene [94]. Reduced graphene oxide is among the most extensive applied graphene-based renewable energy substances due to its facile preparation process, large productivity, low cost, and potential for functionalization [95].



Table 16.2 Summary of reduction agents for chemical and biological reduction of graphene oxide.





	Reduction agent
	Reduction time (H)
	Temperature (°C) during reduction
	Electrical conductivity (Sm-1) after reduction
	Ref.






	Hydrazine
	24
	100
	~2 × 102
	[81]




	Hydroquinone
	20
	25
	-
	[82]




	Alkali
	A few minutes
	50–90
	-
	[83]




	Alcohols
	24
	100
	~2.2 × 103
	[82]




	Ascorbic acid (vitamin C)
	24
	95
	~7.7 × 103
	[84]




	Sodium borohydride
	2
	25
	~4.5 × 101
	[85]




	Hydroiodic acid
	1
	100
	3 × 104
	[86]




	Pyrogallol
	1
	95
	~4.9 × 102
	[84]




	Hydroiodic acid (with acetic acid)
	40
	40
	~3.0 × 104
	[85]




	Benzylamine
	1.5
	90
	-
	[87]




	Hydroxyl amine
	1
	90
	~1.1 × 102
	[88]




	Amino acid (L-cysteine)
	12–72
	25
	-
	[89]




	Sodium hydrosulfite
	0.25
	60
	~1.4 × 103
	[90]




	Barberry fruit extract
	10
	75
	-
	[77]




	Withania coagulans leaf extract
	6
	100
	-
	[91]







Also, reduction of GO can be achieved via photochemical reduction [96], electrochemical reduction [97, 98], solvothermal reduction [99], and thermal annealing at 1100 °C [100]. Afterward the removal of the surface oxygen groups, RGO could be better graphitized through thermal annealing at high temperatures, thereby, the defects that remain after its reduction can be rearranged. Generally, the present oxygen groups on the surface of the graphene cannot be always undesirable. Indeed, the oxygenated functional groups can be conjugated with different moieties of biomolecules, DNA, polymers, quantum dots (QDs), and nanoparticles which utilized to further functionalization of the graphene layers for applications in energy storage, gas sensors, environmental remediation and catalysis [101–104].



16.2.4 Epitaxial Growth of Graphene on Silicon Carbide

Epitaxial growth of graphene as one of the attractive methods is based on the sublimation of silicon atoms from the electrical insulating surface of a single-crystalline silicon carbide (SiC) and then leaving a face carbon-rich that forms graphene [50]. One of the favorite popular procedures of graphene growth is thermal decomposition of Si on the planar surface (0001) of single crystal of 6H-SiC [105]. This technique is much promising to the production of large size graphene sheets, almost with defect free, elevated purity and identical properties [50, 58]. The difference between epitaxial growth and CVD of graphene is their carbon source. In thermal decomposition of SiC, carbon previously exists in substrate, while in CVD; commonly a source of carbon is applied to grow the graphene sheets [44]. In the recent years, several studies have been shown the feasibility of growing controlled layers of graphene on SiC by use of different procedures, including ultra-high vacuum (UHV) conditions at temperatures ranging 1000 and 1500 °C, and under Ar and N2 atmosphere [37, 69, 106, 107]. Although thermal annealing at high temperatures hampers the large-scale preparation of graphene [5, 35], because of the rapid diffusion of Si from the surface of SiC under non-equilibrium conditions at high temperatures [107].



16.2.5 Unzipping CNTs

Another appealing method for the production of graphene with predetermined size is the chemical unzipping of carbon nanotubes (CNTs) [108]. There are different methods to obtain graphene nanoribbons from CNT unzipping that the first method was published by Márquez et al., [109]. In this technique, CNT was opened longitudinally via intercalation of ammonia and lithium followed by exfoliation. Two weeks later, another new method reported through the solution-based oxidation [11] and also Ar plasma etching [10]. In fact, CNTs are considered as graphene sheet rolled up in a seamless tube that can be cut along their axis through plasma etching or strong oxidation process for the preparation of graphene nanoribbons [10, 108]. Later on, different other methods appeared and used to produce graphene sheets from the CNT opening [108, 110]. A scheme that presents several methods to unzip carbon nanotubes is shown in Figure 16.5 [108, 110, 111]. CNT unzipping methods are simple and appealing that led to well-defined shaped graphene in the small-scale production [5, 112]. Although the negative point of this method is not suitable for the mass production of graphene as the starting materials are expensive. These methods have some negative points: firstly, the mass production of graphene is impossible and secondly, the starting materials are expensive [46].


[image: Figure represents images of various techniques to unzip CNTs into graphene nanoribbons.]

Figure 16.5 Schematic and representative images of several techniques for unzipping CNTs into graphene nanoribbons. Reprinted from ref. [108] with permission. Copyright (2010) Sciencedirect.






16.3 Graphene and Graphene Oxide Functionalization

Until 1980, the carbon family was confined to the well-known substance diamond and graphite perfectly changed by discovery of some carbon allotropes such as fullerenes, CNTs, and recently, graphene [113]. As summarized above, the unique structural properties, applications and outstanding performance of the graphene has attracted tremendous interests and attentions. Among these carbonaceous nanomaterials, the production cost of graphene sheets is very low. And as above-mentioned, the large-scale production of graphene can be controlled by different synthetic conditions. Each production method has advantages and disadvantages over the other methods, and also provides flexible graphene sheets for the different applications [37, 58]. Besides, the features and applications of graphene can be totally adjusted by other parameters, including dimensions, number of layers, and particularly surface modification [22]. Thereby, there has been enhancing interests in the scientific society in researching various aspects, especially for the surface modification of graphene that is essential to allow further application and better manipulation of these materials. Functionalization and dispersion of graphene were fundamental importance in their applications. In fact, surface modification was not only one of the principal methods utilized to decrease the cohesive force between the sheets of graphene, but also used to manipulate the physicochemical properties of graphene [114, 115]. Recently, new functionalization strategies have been developed to uniformly disperse of graphene and its analogues which allow their application [116, 117]. Chemically functionalized graphene could be processed usually by using solvent-assisted techniques, including spin-coating, filtration, and layer-by-layer assembly. Due to graphene sheets are also hydrophobic, so fabricated stable suspension of graphene in solvents is a serious issue in the production of graphene-based devices [118, 119]. The agglomeration of the single layer graphene can be also prevented through suitable chemical functionalization of graphene during its reduction in solvent phase to maintain the graphene inherent properties.

Functionalization of graphene is a continuous solution to overcome such these problems. Of course, one of the permanent solutions to overcome all the above problems is the surface modification of graphene. Beside that, many further useful properties can be resulted from graphene after its surface functionalization by various functionalities and additional molecules. Functionalization provides several additional functions for the graphene sheets, therefore playing a significant role in potential applications in gas sensing, band gap engineering, nanofluids, photovoltaic cells, spintronics, and so on [3, 120–122]. The surface modification of graphene can categorize mainly covalent and noncovalent approaches. GO has been applied usually as an efficient starting material for the preparation of processable graphene. One of the typical routes to procure functionalized-graphene is the chemical functionalization of GO via reduction using suitable reducing agents. As mentioned above, there are several techniques for the fabrication of GO from natural graphite sheets, such as the modified Hummers method which is extremely useful in producing GO [70, 113]. The surfaces of GO are very oxygenated, bearing hydroxyl, ether, epoxide, ketone, diol, and carboxyl functional groups [74, 81]. Due to the presence of the additional carboxyl and carbonyl groups situated at the edge of the sheets creates GO sheets which powerfully are hydrophilic and so readily disperse in water [123, 124]. Later on, the protocol of the production of GO by Lerf-Klinowski model was reported by Ajayan group that confirmed the presence of ring lactols at the edges of the GO sheets (Figure 16.6) [74].


[image: Figure shows structural model of GO introduced by Ajayan et al., that confirms the presence of ring lactols at the edges of the GO sheets.]

Figure 16.6 A structural model of GO introduced by Ajayan et al., Reprinted from ref. [75] with permission. Copyright (2009) Nature Publishing Group.



It is well known that the dispersion of the GO reduction without using stabilizer leads to precipitation of the graphite particles owing to fast and irreversible aggregation of the graphene sheets. Thus, surface modification of the GO sheets before the reduction can be carried out through covalent modifications and noncovalent functionalization’s, followed by using reduction process to obtain functionalized-graphene sheets [125]. Typically, reduction of the alkyl amine-modified GO prepares stable dispersions of functionalized-graphene in organic solvents. The carboxylic and sulfonate groups on the basal planes of graphene sheets can be induced to obtain the water-dispersible graphene sheets [6, 45, 126]. Different surface modification methods have also been reported to obtain stable dispersion of the functionalized-graphene sheets (Figure 16.7).


[image: The chart shows various methods for surface modification of graphene.]

Figure 16.7 Different approaches for the surface modification of graphene.




16.3.1 Covalent Surface Functionalization of Graphene

Covalent modification of a graphene framework offers high potential to develop novel functional structures, materials and devices in nanoscale for extraordinary and promising applications, especially in catalysis of the chemical reactions. The alteration of the structure could take place at the end of the graphene sheets or on the basal surface. The covalent functionalization is based on the covalent linkage of the unsaturated π bonds of carbon with other functional groups [37]. Surface functionalization of graphene sheets is related to rehybridization of the sp2 carbon atoms of the π-network into the sp3 configuration, leading to simultaneous loss of electronic conjugation [114]. Graphene is able to the formation of the covalently bond with other molecules since it is chemically unsaturated and so the intrinsic chemical and physical properties of graphene can be modified. Figure 16.8 shows a schematic illustration of the covalent molecular functionalization of graphene [31].


[image: Figure shows schematic representation of covalent functionalization of graphene.]

Figure 16.8 Schematic illustration of covalent functionalization of graphene. Reprinted from ref. [31] with permission. Copyright (2013) Sciencedirect.



The covalent functionalization of graphene can be performed in two main routes: (i) the covalent bond formations between highly reactive species such as dienophiles, C = C bonds, and free radicals of the pristine graphene and (ii) the covalent bond formations between oxygen groups of GO with other functional groups. Covalent surface formations of graphene can be generally achieved in four different ways, including electrophilic addition, nucleophilic substitution, condensation, and also cycloaddition reactions. Table 16.3 shows different kinds of covalent modification of graphene by different modifying agents and their dispersion stability in various solvents.



Table 16.3 Different kinds of covalent surface functionalization of GO by use of various modifying agents and their dispersion stability in various solvents.





	Functionalizationmethods
	Organicmodifiers
	Dispersingmedium
	Ref.






	Nucleophilic substitution
	Allylamine
	H2O, DMF
	[126]




	 
	4-Aminobenzenesulfonic acid
	H2O
	[127]




	 
	Alkylamine/amino acid
	CHCl3, THF, DCM, Toluene
	[128]




	 
	Dopamine
	H2O
	[129]




	 
	4,4’-Diaminodiphenylether
	Xylene, methanol
	[128]




	 
	Poly(norepinephrine)
	H2O, MeOH, acetone, DMF, NMP, THF, toluene
	[130]




	 
	APTS
	H2O, EtOH, DMF, DMSO
	[131]




	 
	IL-NH2
	H2O, DMF, DMSO
	[132]




	Electrophilic substitution
	4-Bromoaniline
	DMF
	[133]




	 
	Sulfanilicacid
	H2O
	[38]




	 
	ANS
	H2O
	[134]




	 
	NMP
	EtOH, DMF, NMP, PC, THF
	[135]




	Condensation reaction
	TPP-NH2
	DMF
	[136]




	 
	PVA
	H2O, DMSO
	[137]




	 
	PEG-NH2
	H2O
	[118]




	 
	CS
	H2O
	[138]




	 
	TMEDA
	THF
	[139]




	 
	TPAPAM
	THF
	[140]




	 
	α-CD, β-CD, γ-CD
	H2O, EtOH, DMF, DMSO
	[141]




	 
	β-CD
	H2O, acetone, DMF
	[142]




	 
	Organic diisocyanate
	DMF
	[143]




	 
	Organic isocyanate
	DMF, NMP, DMSO, HMPA
	[144,145]




	Cycloaddition addition
	Aryne
	DMF, Orthodichlorobenzene (O-DCB)
	[146]




	 
	POA
	THF
	[147]




	 
	Polyacetylene
	O-DCB
	[148]




	 
	Cyclopropanatedmalonate
	Toluene, O-DCB, DMF, DCM
	[149]








16.3.1.1 Nucleophilic Substitution Reaction

Graphene covalent functionalization has been investigated in the experimental study through synthesized GO by the Hummers’ method and then functionalized GO. The surface of GO consists of some oxygenated species such as carboxyl, epoxy, and hydroxyl groups. The presence of these oxygen functional groups intensively can be facilitated the covalent functionalization of graphene [150]. One of the main reactive sites of the functional groups of GO, epoxy, has an inherent tendency in the nucleophilic substitution reaction. Owing to the difference in electronegativity, the epoxy groups of GO can easily react with the electron donating functional groups. Besides in comparison to other techniques, nucleophilic substitution reaction can be easily occurred in the aqueous medium and also at room temperature. All types of the amine functionality of the modifying organic agents, including aromatic and aliphatic amines, amino acids, amine terminated biomolecules, small molecular polymers, ionic liquids, organic silanes compounds, and so on have been successfully used in the fabrication of functionalized-graphene and GO [6, 126–132, 134, 147, 151–154].

According to Bourlinos et al., the surface treatment of graphite oxide can occur by using primary alkyl amines and amino acids at room temperature [126]. A series of primary alkyl amines, CnH2n+1NH2 (n = 2–18) with different carbon chain lengths is used as surface modifier. The functionalization can proceed through nucleophilic attack of the ANH2 end group and the epoxy groups of graphite oxide. Kuila et al., and Wang et al., produced organophilic graphene by the reaction of dodecyl amine (DA) and octadecyal amine (ODA) with GO [38, 144]. The interlayer spacing of the surface-modified graphene is dependent on the carbon chain length of different alkyl amines that is in good agreement with the study of Bourlinos et al., [126]. Kuila et al., showed that the thickness of DA-modified graphene is be ca. 1.5 nm and can also be soluble in toluene [155]. According to Wang et al., the ODA-modified graphene was found to be soluble in various solvents, such as ethanol, toluene, cyclohexane, DMF, and THF. Figure 16.9 shows the preparation of alkyl amine-modified graphene [6].


[image: Figure shows the route for preparation of alkyl amine-modified graphene.]

Figure 16.9 A simple route for the preparation of functionalized graphene sheets from graphite: (a) oxidation of natural flake graphite to graphite oxide, followed by ultrasonication; (b) an aqueous GO dispersion is treated with alkyl amine to obtain amine-modified GO (RNH-GO); (c) RNH-GO is reduced using hydrazine to produce amine-modified graphene (RNH-G). Reprinted from ref. [6] with permission. Copyright (2012) Sciencedirect.



Yang et al., have used the 3-aminopropyltriethoxysilane (APTS) for the preparation of the APTS-functionalized graphene sheets through facile covalent functionalization [131]. The surface modification proceeds via nucleophilic ring-opening reaction of the epoxy groups of GO with amine groups of APTS, as shown in Figure 16.10. The functionalized chemically converted graphene (f-CCG) nanosheets disperse well in water, ethanol, DMSO, DMF and also APTS due to the enhanced solubility and electrostatic repulsion presented by the APTS units. The thickness of f-CCG was determined to be ca. 1.78 nm, which originates from APTS coverage on both sides of the graphene. The resulting GO and f-CCG were characterized well by SEM and TEM images depicted in Figure 16.11. It is noteworthy that f-CCG sheets exhibit a well dispersion in APTS modifier, which is much important for further preparation of nanocomposite materials based on the graphene. Additionally, f-CCG is an interesting starting material for the synthesis of nanocomposites and precursor for nanoparticles with applications in various fields, especially catalysis of chemical reactions.


[image: Figure illustrates the reaction mechanism between GO with 3-APTS and incorporation of f-CCG sheets into the silica matrix.]

Figure 16.10 A schematic illustration of the reaction between GO with 3-aminopropyltriethoxysilane (APTS) and incorporation of f-CCG sheets into the silica matrix. R = -OH or -CH2(CH2)2NH2. Reprinted from ref. [131] with permission. Copyright (2009) Royal Society of Chemistry.




[image: Figure consists of four images showing (a,c)SEM and (b,d) TEM images of graphene oxide and f-CCG.]

Figure 16.11 SEM (a, c) and TEM (b, d) images of GO (a, b) and f-CCG (c, d). Reprinted from ref. [131] with permission. Copyright (2009) Royal Society of Chemistry.



Wang and his coworkers prepared chemically functionalized graphene by reacting amino-terminated Kevlar oligomer with the residual epoxy functionality of hydrophilic GO sheets [151]. The maximum solubilities of functionalized graphene in N-methyl pyrolidone (NMP) was determined to be 0.2 mgml-1 one week after its preparation. The general bio functionalization of graphene sheets using poly-L-lysine (PLL) in an alkaline solution can be performed [156]. The amine functional groups of PLL chains directly react to epoxide functional groups of GO and forms covalent bond. Chemical analysis using XPS shows that the GO is cross-linked via the epoxy groups for the successful preparation of graphene-PLL (Figure 16.12) [156]. The average thickness graphene-PLL was found to be ca. 3.6 nm, which found from APTS coverage on both sides of the graphene. AFM analysis clearly indicates that the thickness of graphene-PLL is higher than that of GO (Figure 16.13). This is attributed to the adsorption of PLL molecular chains on both sides of the GO surface. The friendly nature and biocompatible relatively of amino groups of the PLL lead to the further immobilization of bioactive molecules on the graphene-PLL surface to prepare the nanocomposites.


[image: Figure shows C1s XPS spectrum for (upper) graphene oxides and (lower) graphene-PLL.]

Figure 16.12 The C1s XPS spectra of graphene oxides (upper) and graphene-PLL (lower). Reprinted from ref. [156] with permission. Copyright (2008) Nature Publishing Group.




[image: Figure contains two AFM images of (a) Graphene oxide and (b) graphene-PLL.]

Figure 16.13 AFM images of graphene oxides (a) and graphene-PLL (b). Reprinted from ref. [156] with permission. Copyright (2008). Nature Publishing Group.



Simultaneous reduction and chemical functionalization of GO can be performed by various amino acids as a new modification technique. Chen et al., and Pham et al., showed the dual role of L-cysteine and l-glutathione, respectively for the reduction and surface modification of GO [89, 157]. Thus, L-cysteine can be reduced GO to functionalized-graphene without using any additional stabilizer. UV-Vis spectra analysis clearly revealed that the GO can reduce to functionalized-graphene sheets by the adsorption of L-cysteine on the GO surface. According to AFM images, the thickness of RGO was decreased to 0.8 nm from 1.0 nm due to removal of the oxygen functional groups after its reduction. Similarly, Pham et al., has used L-cysteine as a reducing and stabilizing agent for the reduction of GO and a modifying agent to functionalized-graphene [157]. Removal of the carboxyl (-COOH) and epoxide (-CO-C-) functionalities from the surface of GO has been confirmed by FT-IR and XPS analysis. The RGO sheets form stable dispersion in water, THF, DMF, and DMSO as solvent [157]. Simultaneous reduction, surface modification and stitching of GO can be performed by different primary amines such as ethylenediamine, Figure 16.14 [158]. Liu et al., and Kim et al., showed the ternary roles of polyethyleneimine (PEI) and ethylenediamine, respectively that can successfully take place under mild condition reactions [158, 159]. The RGO can stably disperse in a variety of polar solvents which demonstrate a good electrical conductivity (~1075 Sm–1). The mechanical properties of ethylenediamine-modified graphene can efficiently improve in comparison to the unstitched graphene due to the good stitching of graphene layers by ethylenediamine. Polyethyleneimine can not only use as a reducing agent, but also depending on the concentration can act as a surface modifier and polymer host [159].


[image: Figure contains representation for simultaneous reduction, surface modification, functionalization & stitching of GO performed by ethylenediamine.]

Figure 16.14 Schematic for the proposed mechanism of simultaneous reduction, functionalization and stitching of GO using ethylenediamine. Reprinted from ref. [158] with permission. Copyright (2013) Royal Society of Chemistry.



Recently, Pham et al., have prepared polyglycerol-grafted GO nanostructure (PG-g-GO) via a new modification technique by reacting GO sheets as a nucleophile and polyglycerol in the presence of potassium methoxide as base [160]. The obtained product is highly dispersible in water and can be immobilized via boroester bonds with boronic acid-functionalized Fe@Au nanoparticles (B-f-MNPs). Appearance of the new peaks related to the stretching vibration of -CH2- and B-O bonds and disappearance of the characteristics of the oxygen functional groups confirm the formation of functionalized-graphene.



16.3.1.2 Electrophilic Substitution Reaction

One of the substitution reactions in the preparation of functionalized-graphene is the electrophilic substitution reaction of the GO with various surfaces modifying agent that involve the displacement of a hydrogen atom by using an electrophile. Spontaneous grafting of the aryl diazonium salt to the graphene surface is a type of an electrophilic substitution process. Typically, the diazonium salt of para-nitro aniline can be rapidly grafted onto the surface of the graphene [161]. Essentially, the preparation of functionalized-graphene and GO via electrophilic substitution reaction can follows in three steps including, preparation of RGO by using mild reducing agents under controlled condition reactions, preparation of aryl diazonium salt of surface modifier and coupling with RGO or graphene prepared by different methods, and then post-reduction of surface-treated, RGO with hydrazine monohydrate to remove the residual oxygen functional groups. An easy synthetic route for the preparation of water-dispersible graphene by using diazonium salt of sulfanilic acid has been introduced by Si and Samulski [38]. The high electrical conductivity of the sulfonated graphene (1250 Sm–1) comparing to other functionalized graphenes can be concluded due to its conjugated structure. Lomeda et al., and Zhu et al., have demonstrated the electrophilic surface modification of surfactant-wrapped GO by using aryl diazonium salt [162, 163]. Figure 16.15 shows the covalent surface modification of graphene with diazonium salt. In this case, the sodium dodecyl benzene sulfonate (SDBS) as surfactant is firstly wrapped on the GO surface and followed by reduction with hydrazine monohydrate. Then, the grafting of the aryl diazonium salt on the surface of SDBS-wrapped CCG occurred DMF solvent at room temperature. Also, the resulting diazonium-functionalized graphene forms stable dispersion in N, N′-dimethylacetamide (DMAc), DMF, and NMP with minimal precipitation. Avinash et al., showed a new concept for the covalent modification of GO through a Friedel-Crafts acylation using ferrocene (Figure 16.16) [164]. The covalently-linked ferrocene-GO exists as monolayer (thickness ~0.91 nm) and shows high magnetic behavior at room temperature.


[image: Figure contains representation of reduction, functionalization and covalent surface modification of graphene with diazonium salt.]

Figure 16.15 Reduction and functionalization of intermediate SDBS-wrapped CCG with diazonium salts, starting with SDBS-wrapped GO. Reprinted from ref. [162] with permission. Copyright (2008) American Chemical Society.




[image: Figure contains the structural representation of covalent modification of graphene oxide with ferrocene.]

Figure 16.16 Covalent modification of graphene oxide with ferrocene by Friedel-Crafts monoacylation on an acidic alumina surface. Reprinted from ref. [164] with permission. Copyright (2010) Royal Society of Chemistry.



Electrophilic surface modification of GO can be performed through solvothermal reduction process by using NMP [135]. Simultaneous reduction and functionalization of GO occurs in NMP as a starting material. Indeed, free radicals can be generated from NMP during solvothermal reduction of GO at high temperature and then the electrophilic surface modification using aryl diazonium salts during heating in aerial condition carried out in a similar route. It was supposed that the oxidization of NMP occurs using dissolved oxygen at its methyl group to form proxy radicals for the attachment on the RGO surface. The functionalized-graphene forms stable dispersion in ethanol, DMF, NMP, THF, and polycarbonate (PC).



16.3.1.3 Condensation Reaction

In condensation reaction two molecules or functional groups combine together to form a single molecule in the chemical transformations. Generally, isocyanate, diisocyanate, amines, and polymers with graphene take part in condensation reaction through the formation of ester linkages and amides. A series of organic isocyanates used for the surface modification of GO in the condensation reactions [144, 145]. Stankovich and coworkers have prepared isocyanate-modified GO by the combination of the hydroxyl and carboxyl groups of GO sheets with organic isocyanates [144, 145]. Figure 16.17 is a schematic depiction for the functionalization of GO with solid isocyanate. Compared to pure GO, isocyanate-modified GO can be highly dispersed in DMF (concentration of 1.0 mgml–1) and so is very useful in the fabrication of polymer nanocomposites [145].


[image: Figure illustrates reaction during the isocyanate treatment of GO. Isocyanates react with hydroxyl (Left oval) and carboxyl (Right oval).]

Figure 16.17 Proposed reactions during the isocyanate treatment of GO where organic isocyanates react with the hydroxyl (left oval) and carboxyl groups (right oval) of graphene oxide sheets to form carbamate and amide functionalities, respectively. Reprinted from ref. [145] with permission. Copyright (2006) Sciencedirect.



Grafting of amine terminated porphyrin (TPP-NH2) onto the GO surface can be performed by activating the carboxyl functionality of GO using SOCl2 in DMF [136]. Functionalization occurs via the formation of a covalent bonds between the SOCl2-activated GO and the TPP-NH2. The solubility and dispersion stability of the functionalized-graphene significantly improved in organic solvents through attachment of TPP-NH2. It has been suggested that the organic solution-processable modified graphene material could be utilized as a solar energy conversion material in optoelectronic devices.



16.3.1.4 Cycloaddition Addition Reaction

In organic addition reactions two or more molecules is combined together to form a larger molecule. The compounds having double or triple carbon bonds and double carbon-hetero atom bonds (C = X, X = O, N) can undergo addition reactions. Figure 16.18 is a schematic representation of 1,3-dipolar cycloaddition of the azomethine ylide on the surface of graphene sheets. One of the best examples of addition reactions is organic pericyclic induced by heating or photoirradiation. Covalent functionalization of epitaxial graphene can be performed through cycloaddition of azomethine ylide, alkylazides, azidotrimethylsilane and Poly(oxyalkylene) amines [24, 148, 165–172]. The chemically functionalized-graphene sheets were prepared by the reaction of epitaxial graphene with azidotrimethylsilane (ATS) [165]. The reaction occurs through an electrophilic [2 + 1] cycloaddition of nitrene radical or biradical approach with graphene. The azide-functionalized-graphene sheets in NMP and pyridine have been prepared using a similar procedure [166, 168]. The adsorbed nitrene species are highly stable and thus organically functionalized-graphene can be useful in the electronic device applications.


[image: Figure indicates (a) 1,3 dipolar cycloaddition of azomethine ylide on graphene (b) dispersion of graphene-f-OH in ethanol.]

Figure 16.18 (Left) Schematic representation of the 1,3 dipolar cycloaddition of azomethine ylide on graphene. (Right) dispersion of graphene-f-OH in ethanol. Reprinted from ref. [168] with permission. Copyright (2010) Royal Society of Chemistry.






16.3.2 Noncovalent Surface Functionalization of Graphene

Noncovalent functionalization primarily is a nondestructive method to manipulate the electronic, physical, chemical, and mechanical properties of the graphene. Noncovalent functionalization of the graphene preserves the native structure and properties of pristine graphene for more application. Noncovalent interactions are basically through hydrophobic, electrostatic, van der Waals forces, and π-stacking interaction and so on [173]. In fact, noncovalent functionalization of the graphene primarily requires to the physical adsorption of appropriate molecules on the graphene surface. Adsorption of different molecules can be occurred on both sides of the graphene surface, that allowing very high loading of the aromatic molecules through π-stacking interaction. Noncovalent surface modification of the carbon nanomaterials is generally achieved by using polymers wrapping, ionic liquids, interaction with porphyrins or biomolecules (e.g., DNA, peptides, etc.), and adsorption of surfactants or small organic molecules [174]. Moreover, this technique is usually simple, rapid, involving simple steps such as ultrasonication, magnetic stirring, filtration, centrifugation, and also particularly do not perturb the electronic structure of the sp2 networks [175]. Noncovalent functionalization generally indicates the intermolecular attractive forces, which are totally different from covalent bonding. Noncovalent functionalization’s of graphene and GO with different kinds of organic compounds as organic modifiers exhibits the same methods to produce graphene soluble in various solvents and obtaining high dispersion [176–187]. Table 16.4 summarizes different kinds of noncovalent modification of GO.



Table 16.4 Noncovalent modification of GO by use of different modifying agents and their dispersion stability in various solvents.





	Modifying agent
	Dispersing medium
	Refs.






	PSS
	H2O
	[176]




	Porphyrin
	H2O
	[177]




	SDBS
	H2O
	[178, 179]




	PPESO3-
	H2O
	[180]




	Coronene derivative
	H2O
	[181]




	Amine terminated polymer
	l,3-Dimethyl-2-imidazolidinone, γ-butyrolactone, 1-propanol, EtOH, ethylene glycol, DMF
	[182]




	SPANI
	H2O
	[183]




	SLS, SCMC, HPC-Py
	H2O
	[184]




	PBA
	H2O
	[185]




	PYR-NHS
	H2O
	[186]




	Poly (maleic anhydride-alt-1-octadecene)
	H2O
	[187]







The first attempt in the fabrication of noncovalent-functionalized graphene from graphitic nanoplatelets with poly(sodium 4-styrenesulfonate) (PSS) has been conducted by Stankovich et al., [176]. Exfoliation and in situ reduction of GO by using PSS as a surface modifier can be prepared as noncovalently-functionalized graphitic nanoplatelets. The surface modified graphene is highly dispersible in water (1.0 mgml–1) due to the presence of PSS that is noncovalently attached to the surface of rGO. One of the most well-known surfactant is SDBS that has been broadly applied in the surface functionalization of CNTs and graphene [178, 179]. For example, Zeng et al., and Chang et al., successfully have described SDBS-modified graphene [178, 179]. The resulting product exhibits good electrical conductivity, good transparency, high electrochemical stability and water solubility. Additionally, SDBS-wrapped graphene can be utilized as a bio sensing material in detection of hydrogen peroxide. Noncovalent functionalization of graphene can be obtained using some biomolecules like sodium carboxymethyl cellulose (SCMC), sodium lignosulfonate (SLS), and also pyrene-containing hydroxypropyl cellulose (HPC-Py) [184]. The bio-modified graphene forms a stable aqueous dispersion for more than 4 months which is highly sensitive to variety of pHs demonstrating their potential application in nanoelectronics, medicine, sensors, biology, and other relevant fields. Kodali et al., have reported a chemically functionalized graphene using pyrene-containing hydroxypropyl cellulose (PYR-NHS) in protein micropatterning [186]. The pyrenyl group in bifunctional molecule PYR-NHS interacts powerfully with the basal plane of graphene sheets through π-π stacking, and so without disturbing the sp2 bond of carbon honeycomb lattice of graphene.



16.3.3 Other Methods of Functionalization of Graphene

Due to the rich spectrum of physicochemical properties obtained by adding different graphene-metal NCs such as Au, Cu, Pd, and Ag among others, graphene functionalized with metal NPs has received considerable attention for several important applications (Figure 16.19) [188]. For example, graphene-Pt NPs are used in the elaboration of fuel cells as a catalytic system, while composites of graphene functionalized with Au NPs (graphene-Au) are used in the production of optoelectronic devices [189]. The most numerous methods have been developed for immobilization of metal NPs on graphene sheets mainly based on:(a) anchoring the metal NPs on previously formed functionalized-graphene [175], (b) reducing the metal salts in the presence of GO [77, 190, 191] and (c) the growth of metal NPs on graphene supported on different metal surfaces [192]. Solvothermal and hydrothermal synthetic approaches are one of the popular synthetic strategies for the expansion of various graphene-based nanocomposite. Wang et al., functionalized two-dimensional rGO with MnO2 (MnO2/rGO) by using a simple hydrothermal method and studied its performance in a catalytic ozonation [193]. The results display that the MnO2/rGO nanocomposite exhibited a great catalytic efficiency for catalytic ozonation of 4-nitrophenol (4 NP) compared to either rGO or MnO2. This technique was employed by other authors for functionalizing graphene with Co(OH)2 [194] and Co3O4 [195]. Chemical reduction is next process among the most popular methods for the preparation of several graphene-metal NCs. For example, in 2013, Jeong et al., successfully reported a simple and efficient reduction method for the preparation of Au@Pd/graphene nanostructure as a recyclable catalyst for ethanol oxidation (Figure 16.20) [196]. Moreover, Liu and co-workers reported the synthesis of Pt/Ni-G hybrids via a reduction method [197]. The catalyst was successfully used in the reduction of aromatic nitro compounds. Also, Teymourian et al., used ammonia solution as a reducing agent for the synthesis of Fe3O4 magnetic nanoparticles/rGO hybrid nanosheets [198].


[image: Figure illustrates the procedure of penetration of heterogeneous nano catalyst on the graphene sheets.]

Figure 16.19 Penetration mechanism of heterogeneous nano catalyst towards graphene sheets. Reproduced with permission from ref. [188]. Copyright (2015) Sciencedirect.




[image: Figure illustrates a mechanism for preparation of Au@Pd/graphene nanostructure as a recyclable catalyst for ethanol oxidation.]

Figure 16.20 The synthetic scheme of Au@Pd/graphene nanocomposite. Reproduced with permission from ref. [196]. Copyright (2013) The Royal Society of Chemistry.



Microwave (MW)-assisted synthesis is a beneficial method for the quick fabrication of nanoparticles with uniform particle size distribution. The microwave irradiation has been used to manufacture of graphene-based metal oxide hybrids such as preparation of dispersed titanium dioxide nanoclusters on rGO in a toluene-water system by MW-irradiation-assisted process [199]. Hassan et al., successfully prepared the microwave-assisted synthesis of metal NPs (Cu, Pd and PdCu) dispersed on the graphene [200]. Herein, several types of metallic and bimetallic NPs were dispersed on graphene sheets to prepare new nanocatalysts supported on the high surface area of thermally stable graphene. Furthermore, graphene functionalization with Fe3O4 NPs was also studied in other works. Renteria et al., used Fe3O4 NPs dispersed on the graphene layers [201]. Graphene nanocomposite was synthesized from graphite powder via a scalable method based on liquid-phase exfoliation. The composite of Fe3O4 NPs anchored on graphene fillers by an external magnetic field. The authors showed that graphene filler alignment leading to a strong enhancement in thermal conductivity of the nanocomposites.

In recent years, green synthesis of graphene-based nanocomposites has received much attention due to the growing need to develop environmentally benign technology in nanoparticles synthesis using plant extracts as biological materials under mild conditions [39, 77, 202]. The present hydroxyl groups of phenolics in the plant extracts are directly responsible for the reduction of metal ions to metal nanoparticles (MNPs). The dispersion of MNPs onto the surface of graphene and/or its subtypes such as graphite oxide, GO and rGO materials potentially provides a new way to develop catalytic materials. For example, Nasrollahzadeh et al., studied the catalytic performance of functionalized GO with ZnO (GO-ZnO). GO/ZnO nanocomposites were synthesized using the biological method. The results display an improved catalytic property such as excellent performance rate, good recyclability and stability compared to pure ZnO NPs [203]. Most recently, Nasrollahzadeh and coworkers reported the synthesis of functionalizing GO/MnO2 nanocomposite with Cu NPs (Cu/GO/MnO2 nanocomposite) by using Cuscuta reflexa plant leaf extract and studied its activity in a catalytic reduction of nitroarenes and organic dyes [40]. GO/MnO2 nanocomposite was synthesized by using a facile one-step hydrothermal method without using any toxic solvents. Figure 16.21 shows the TEM images of MnO2 and GO/MnO2 nanocomposite. The results showed that the catalytic efficiency of Cu/GO/MnO2 was superior to either MnO2, GO or GO/MnO2 in the catalytic degradation.


[image: Figure contains transmission electron microscopy (TEM) images of (a) MnO2 (b)GO/MnO2.]

Figure 16.21 (a) TEM images of MnO2 (inset photo is HR-TEM of MnO2) and (b) TEM image of GO/MnO2 (inset photo is FESEM of GO/MnO2). Reproduced with permission from ref. [40]. Copyright (2018) Sciencedirect.






16.4 Properties and Applications of Graphene

Graphene is a nanometer-thick 2D allotrope of carbon atoms in which each carbon was bonded with another carbon atom by sp2 bonds. Graphene has lately attracted much attention due to its special properties, in the scientific community concerning its great mechanical strength, high electrical conductivity, thermal and optical absorption properties. Graphene and its analogues has displayed some exceptional properties, such as very high carrier mobility, quantum confinement in nanoscale ribbons, long range ballistic transport at room temperature, and single-molecule gas detection sensitivity. The carbon atoms are densely packed into a 2D honeycomb crystal lattice through a bond length of 0.141 nm. Moreover, the thickness of graphene from 0.35 nm to 1.00 nm by enormous researchers have been measured [204]. Novoselov et al., have measured the platelet thickness of single layer graphene about 1.00 nm to 1.60 [28]. Gupta et al., have determined the film thicknesses of single layer graphene as 0.33 nm by AFM images [205]. Surface properties of graphene are intimately relevant to graphite and can be shown in terms of the graphite structure. In addition, as a flexible material with large particular surface area, graphene has shown to be an outstanding building-block. The breaking strength of graphene is about 200 times higher than the one measured in steel, making it among the strongest substances ever examined. The evaluation of the Young’s modulus and Poisson’s ratio for graphene yielded almost 0.5–1.0 TPa and 0.149, respectively [206]. These amounts, mixture with the relative low value of thin graphite, produce this material as a promising candidate for mechanical reinforcement. Additionally, graphene will be performed soon in flexible electronic devices such as transparent, stretchable screens, displays, sensors and antenna due to its special elastic properties. Graphene also is a zero-band gap semiconductor, whither the charge carriers possess a linear dispersion relationship near the Dirac point, basically leading to a zero-effective mass [28, 207]. Because of their mass absence, the graphene electrons practice very similar to photons in their mobility. These charge carriers are capable to move sub-micrometer distances without any scattering. Hence, graphene suggests high surface area, high conductivity, exceptionally high mechanical strength and one of the fastest available electron transfer capabilities. More information about the general properties of single-layer graphene is given in Table 16.5 [188]. These fascinating properties make graphene a potential candidate for applications in electronics, sensor technology, and energy storage and as a filler for polymer composites.



Table 16.5 Typical properties of graphene.





	Properties
	Values





	Tensile strength (σ)
	130 GPa



	Electron mobility
	15 × 103 cm2V–1



	Thermal conductivity(κ)
	4.84–5.30 × 103 WmK–1



	Electrical conductivity
	7200 Sm–1



	Surface area to mass ratio
	2600 m2g–2



	Superior charge carrier mobility
	2 × 105 cm2V–1s–1






Similar to graphene, GO as a graphene-derived sheet is fundamentally one-atom thick two-dimensional material as wide as tens of micrometers, resulting in a unique kind of material building block, characterized through two very different length scales. GO sheets are oxidized to form carbon-oxygen bonds, having epoxy and hydroxyl functional groups on their basal plane, as well as carboxyl and carbonyl groups located in their zig-zag edges. Due to their inimitable structure and great properties, GO is ideal to work as catalytic support in biosensors, fuel cell electrodes and transducers. Further, the great resistance of GO is owing to the entity of oxygen functionalities, which can be introduced some defects to graphene. Due to the presence of oxygenate functional groups produced GO sheets are strongly hydrophilic that allows to readily disperse in water to prepare stable colloids. Also, deoxygenation can recover the GO conductivity to some amount. Recently, it has been demonstrated that deoxygenation happens in GO in temperatures above 100 °C, resulting in a thermal reduction. Thus, the sheet electrical resistance of constructed samples can be investigated. On the other side, due to the disturbance of its sp2 bonding network, GO usually functions like an electrical insulator. That is considerable to reduce the GO in order to recover the honeycomb hexagonal lattice of graphene, so as to restore electrical conductivity [207].

Processing of pristine graphene sheets is very difficult owing to its incompatibility with organic materials. Additionally, the single layers of graphene and GO evermore tends to be agglomerated resulting in loss of its exceptional properties. Thereby, surface modification of graphene and GO is an effective prerequisite for forming processable graphene. The surface functionalized-graphene and GO not only provide reactive sites to form various functionalized graphene, but also forms stable and easy dispersion in water, different organic solvents, and also organic polymer matrix. It is well known applications of surface-modified graphene in various areas of polymer composites, drug delivery systems, biosensors, hydrogen storage, optics, and especially catalytic systems [208–210]. In next section, the potential applications of the aforesaid graphene, functionalized-graphene and GO-based metal nanocomposites are reviewed.

The careful reactivity of graphene including shape, size and feasibility for stoichiometric control are presently not well understood. Surface modified-graphene and GO are an analog of a giant aromatic “poly-molecule” in nature owning highly dense electron that can be either above or below the plane. These highly-mobile electrons of graphene and its analogues demonstrated (π)-electrons of plane and easily are interacted with the frontier molecular orbitals of various organic and inorganic molecules. Hence, electrophilic substitution of graphene analogues is very simpler than nucleophilic substitution. The chemical reactivity of graphene lattices has been described by Loh et al., [211]. Graphene analogues could take part in broad class of reactions including cyclo-additions, carbine insertion, and click reactions [211, 212]. Although the preparation of a covalent bond on the surfaces of graphene sheets hamper its planar structure and leads to the destruction of sp2 structure and formation of defects on the graphene. The edge regions can be obvious as either arm-chair tracks or zig-zag tracks. It is well known that the zig-zag edges of graphene sheets illustrate better chemical reactivity in contrast to the arm-chair edges which is due to the attainment of aromatic sextets frustrated in the zig-zag edges leading to the thermodynamically unstable structure [211, 213].



16.5 Applications of Graphene-Based Nanocomposites

Due to their exceptional properties, graphene and GO-based nanocomposites attracted the attentions of many researchers to study as good catalytic systems for several organic transformations. The goal for extension of composite materials is to magnify their potential for pragmatic applications. In specific, enormous interest has been generated in preparing graphene and GO-based nanocomposites to develop them for various applications. Recently, graphene and GO-based nanocomposites are used in the field of the fuel cell transistors, nanoelectronics, biosensors, drug delivery, supercapacitors, touch screens, H2 storage, optics, polymer nanocomposites and especially in the catalysis, making this material an excellent candidate for future nanocatalysts [6, 24, 40, 77, 121, 151]. Graphene plays a main role in the advancement of nanocomposites and heterogeneous carbocatalysts due to its unique graphitized plane structure, large specific surface area, and excellent electrical, mechanical, and thermal properties. Although, as mentioned previously, chemical functionalization’s are necessary to gain an excellent performance and high catalytic activities of the nanocomposites, because of a uniform dispersion, less aggregation and improved compatibility with the matrix [22]. Due to its unique properties, many other applications have been developed. In the following paragraphs, some functionalized graphene-based nanocomposites applications in catalysis will be discussed.


16.5.1 Graphene-Based Nanocomposite as Photocatalyst

Several factors like surface area, light response range, adsorption capacity and recombination time of photogenerated charge carriers display an important role in determining the photocatalytic activity of any photocatalytic material. Graphene analogues in nanocomposite photocatalytic materials can show a major role via enhancement the solar light absorption efficiency. The band gap of the semiconductors is important for the special kind of photocatalytic method. Graphene also reduces the band gap of semiconductors leading to an efficient solar light absorber. In the last years, fundamental consideration has been given to the use of graphene-based nanocomposites with semiconducting properties in photoelectrochemistry areas such as electrochemical solar cells, optoelectronic devices, photocatalytic conversion of fuels, photocatalytic degradation of organic pollutants, etc. The photoelectrochemical efficiency and also visible light absorption via the semiconductor matters have been modified by use of different metal-ions doping, adding co-catalyst, dye sensitization, loading noble metal particles, and forming composite semiconductors. Due to its great absorptivity, high transparency, good conductivity, diverse functionalities and controllability, graphene is ideal to work as super photoelectrochemical via manufacturing its hybrids with semiconductors.

Despite all the unique properties mentioned earlier, graphene possesses zero band gap and chemical inertia. Therefore, the absence of a bandgap is one of the substantial problems that limits the graphene applications as semiconductors and sensors in photocatalysis. The surface modification by functionalization of graphene, both covalent and noncovalent, offers an alternative approach that can modify its electronic properties through opening the energy gap and making possible nanoelectronic device applications [115, 168]. Chemical functionalization of graphene is among the solutions to address the above challenges of graphene. Chemical functionalization via synthetic chemistry methods allow for the preparation of graphene-based nanocomposites containing metal and metal oxide NPs covalently or nano-covalently bonded to graphene network. Last research concentrates on the fabrication and applications of GO modified photocatalyst due to its large particular surface area and great performance in most catalytic processes. Photocatalysis is an evolving technology for decomposing organic contaminants in environment. Thus, the functionalization of graphene with NPs of semiconductor photocatalysts caused to use graphene in photocatalytic applications. Additionally, graphene with its high surface area leading to enough space for adsorption of organic pollutants that is one of the key factures for heterogeneous photocatalysis. For example, Ag NPs are important materials in photocatalysis, due to their unique plasmon resonance that can enhance the light-absorption capability. Graphene has already been applied as a conducting support for Ag NPs. The use of Ag-graphene based nanocomposites for photocatalysis has been carried out. For instance, Meng et al., prepared Ag-rGO nanocomposites via one-step hydrothermal method found that this as-prepared nanocomposites showed promising photodegradation towards Rhodamine B (RhB) [214]. Also, Ye et al., successfully synthesized a Pd-NiFe2O4/reduced graphene oxide (Pd-NiFe2O4/rGO) photocatalyst through a green hydrothermal method [215]. Similarly, Gao et al., prepared a plasmonic Ag-AgBr photocatalyst functionalized with GO-Pd as a recyclable and heterogeneous visible-light responsive photocatalyst in Suzuki-Miyaura coupling reaction under visible light irradiations and N2 atmosphere [216]. The results indicate that Pd-free Ag-AgBr and Ag-AgBr-free GO-Pd are inactive, while the GO-Pd@Ag-AgBr is active in photocatalytic coupling reaction.



16.5.2 Graphene-Based Nanocomposite as Catalyst

Important nanotechnological applications arise when it is possible to get materials with large specific surface area. Graphene has played a main role in the advancement of nanocomposites and heterogeneous carbocatalysts due to its unique graphitized plane structure, high specific surface area, and excellent electrical, mechanical, and thermal properties. Among the most important subjects in this area, the development of graphene-based nanocatalysts materials are used as catalytic support in the production of fuel cells electrodes. GO has already large specific surface area, resistance to corrosion, great electrical conductivity, and exhibited excellent catalytic activities for several organic transformations. Nanotechnology suggests new insights in order to achieve the progress of advanced materials and composite for alternative energy sources. Currently, Pt and other metal precious metals have been utilized as catalysts; however, with the arrival of graphene-based nanocatalysts, these new nanomaterials with indubitable advantages have been developed. In the recent years, enormous works and studies have been made to produce composites of graphene and GO with nanoparticles (NPs), often based on transition metal and metal oxide NPs for the future nanocomposites. Thus, these new materials focus on preparing more active support surfaces, optimizing the catalytic metal NPs, achieving lower precious metal content, easy recovery and recyclability, and present higher catalytic activity (Figure 16.19).

Tuning the size, morphology of the NPs and properties of the support material is essential to enhance the catalyst efficiency. For instance, the optimal size of Pt NPs has been defined about 3–5 nm for electrocatalysts used in fuel cells [217]. It has been found that the properties of functionalized graphene are very better than that of pure graphene. As above-mentioned, the use of pure graphene can be usually problematic owing to its tendency unto processing, dispersion and aggregation difficulty [211]. Due to its extraordinary properties, many other applications can be developed. The development of functionalized graphene in catalyzed organic reactions has opened a new and interesting area of materials science due to preparing processable graphene. There are several reports for the preparation of functionalized graphene and their application as catalyst in chemical reactions. Some works involving graphene-based nanocatalysts applications is summarized in Table 16.6.



Table 16.6 Important examples of functionalized-graphene and graphene oxide application in chemical reactions.





	Entry
	Catalyst
	Application
	Conditions
	Ref.





	1
	Functionalized graphene oxide supported copper(I) complex (GO-CONH-IA-cu(I))
	One-pot three component synthesis of 1,2,3-triazoles
	Alkyne(1.0 mmol), alkyl halide (1.0 mmol), NaN3(1.1 mmol), catalyst (0.01 g),H2O-EtOH(1:1)(6.0 mL), 70 °C, 1-8 h
	[218]




	2
	Immobilized polytriazole complexes of copper(I) onto graphene oxide(GO@PTA-Cu)
	Synthesis of β-hydroxy-1,2,3-triazoles
	Alkyne(1.0 mmol), epoxide (1.0 mmol), NaN3(1.1 mmol), catalyst (10.0 mg), H2O(5.0 mL), 60 °C, 35-150 min
	[219]




	3
	Sulfonic acid functionalized graphene oxide (GO-HSO3)
	Synthesis of benzimidazoles
	Diamine (1.0 mmol) and aldehyde (1.0 mmol), catalyst (0.1 mg), solvent-free, r.t., 3-10 h
	[220]




	4
	Graphene oxide immobilized with ionic liquids (GO-[SmIm]X)
	Cycloaddition of CO2 using various cyclic epoxides
	Cyclicepoxide (15.0 mL),pCO2(2.0 MPa), catalyst (0.6 g), 140 °C, 4 h
	[221]




	5
	5-Sulfobenzoicacid-functionalized graphene oxide (SBGO)
	Synthesis of polyhydroacridines
	Aldehyde 1 (1.0 mmol), dimedone (1.0 mmol), ammonium acetate (1.0 mmol), catalyst (0.005 g), solvent-free, 95 °C, 58-120 min
	[222]




	6
	1,3,5-Tris(2-hydroxyethyl) isocyanurate functionalized graphene oxide (GO-THEIC)
	Synthesis of 3,4-dihydropyrimidin-2(1H)-ones
	Benzaldehyde(1.0 mmol), urea/thiourea (1.5 mmol) and ethyl or methylacetoacetate (1.0 mmol), catalyst (15 mg), solvent-free, 80 °C,30-90 min
	[223]




	7
	Rhodium complex immobilized on graphene oxide (Rh-f-GO)
	Hydrogenation of cyclohexene
	Cyclohexene(2.5 mL), toluene (47.5 mL), hydrogen atmosphere (106Pa), 80 °C, 3h
	[224]




	8
	Dioxomolybdenum(VI) complex covalently attached to amino-modified graphene oxide(MoO2-salen-GO)
	Epoxidation of alkenes
	catalyst(5.0 mg), Alkene (5.0 mmol), CHCl3 or MeCN (5.0 mL) TBHP or H2O2(5.0 mmol), 70 °C, 8 h
	[225]




	9
	3-Aminopropyl-triethoxysilane functionalized graphene oxide (GO-APTS)
	Knoevenagel condensation
	Aldehyde(5.0 mmol), ethyl cyanoacetate or malonontrile (5.0 mmol), GO-APTS(30 mg), EtOH (10.0 mL), 80 °C, 30-90 min
	[226]




	10
	Ionicliquid functionalized graphene oxide decorated with copper oxide nanostructures (rGO-IL-CuO)
	H2 generation from sodium borohydride
	NaBH4(158.72 mM), catalyst (20.0 mg), 30 °C
	[227]




	11
	Diamine-functionalized graphene oxide
	Synthesis of pyrazolopyranopyrimidine derivatives
	Hydrazinehydrate (1.0 mol), ethyl acetoacetate (1.0 mol), aldehyde (1.0mol), 1,3-dimethylbarbaric acid (1.0 mol), EtOH (5.0 mL), reflux,45-70 min
	[228]




	12
	Organoamine-functionalized graphene oxide
	One-potHenry-Michael reaction
	Benzaldehyde(3.0 mmol), nitromethane (6.0 mL), catalyst containing 0.075 mmolnitrogen species, 100 °C, 6.0 h, then 30 °C, malononitrile (3.6mmol), 6 h
	[229]




	13
	Carboxyl functionalized graphene quantum dots (CGQDs)
	Synthesis of xanthene derivatives
	CGQDs(0.002 g), 2-naphthol (2.0 mmol), benzaldehyde (1.0 mmol), 90 °C, MWI (300 W), 2 min
	[230]




	14
	Copper(I)complex covalently anchored on graphene oxide (Cu(I)-f-GO)
	Sonogashira coupling reaction
	Arylhalide (0.5 mmol), phenylacetylene (0.75 mmol), K2CO3(1.0 mmol), catalyst (0.049 mol% ofCu),H2O(5.0 mL), 80 °C, 28-333 min ‘
	[231]




	15
	Pdnanoparticles decorated on chitosan functionalized graphene oxide(GO-Chit-Pd)
	Buchwald-Hartwigamination reaction of aryl halides
	GO-Chit-Pd(30. Mg), aryl halide (1.0 mmol), amines (1.2 mmol) andt-BuOK(1.5 mmol) DMF (5.0 mL), 100 °C
	[232]




	16
	Nitrogenand sulphur functionalized graphene oxide-palladium nanoparticle(GL-Pd)
	Heck coupling reaction
	Arylhalide (1.0 equiv.), Alkene (2.0 equiv.), GL-Pd (8.0 mg), DMF:H2O(2.0 mL), 120 °C, 24 h
	[233]




	17
	Pdnanoparticles supported on Fe4O4@amine-functionalized graphene (Pd/Fe4O4@GON)
	Sonogashira coupling reaction
	Arylhalide (0.5 mmol), terminal acetylene (0.55 mmol), NaOAc (2.0equiv.), catalyst (0.4 mol%), DMSO (10.0 mL), 120 °C, 30 min
	[234]




	18
	Organo functionalized graphene with Pd nanoparticles
	Suzuki coupling reaction
	Arylhalide (1.0 mmol), phenylboronic acid (1.2 mmol), catalyst (0.05g), K3PO4(0.0018 mmol), H2O(20.0 mL), 90 °C, 25 min
	[235]




	19
	Three-dimensional hemin-functionalized graphene hydrogel (Hem/GH)
	Photodegradation of methylene blue
	Hem/GH(10.0 mg), MB aqueous solution (80 mL, 50 mg L-1),150 W Xe lamp (The illuminating light intensity was 16 mW cm-2)
	[236]




	20
	AuNPs decorated tannic acid functionalized graphene hydro-gel (Au@TA-GH)
	Reduction of methylene blue
	Au@TA-GH(2.0 mg), MB aqueous solution (pH 7, 20mL, 10 mg L-1), NaBH4 aqueous solution (6.0 mg), 9 min
	[237]




	21
	Cu dopedamine functionalization graphene oxide (Cu@AGO)
	Oxidation of benzyl alcohols
	Cu@AGO(0.15 g), benzyl alcohol (1.0 mmol), molecular oxygen, H2O2(10.0 mmol), MeCN (5.0 mmol), 70 °C, 3 h
	[238]




	22
	Pd(II)dispersed over diamine functionalized graphene oxide (Pd(II)-AAPTMS@GO)
	Oxidation of benzyl alcohols
	Catalyst(0.15 g), benzyl alcohol (1.0 mmol), pyridine (5.0 mmol), 60 °C,1 atm of O2,3 h
	[239]




	23
	Rhenium-oxocomplex immobilized on Schiff base functionalized graphene oxide
	Oxidation of amines
	Amine(1.0 mmol), 50% aq. H2O2(3.0 mmol), catalyst (1.0 mol%), methanol (5.0 mL), 60 °C, 4-12h
	[240]




	24
	Aunanoparticles onto polydopamine-functionalized graphene (graphene/PDA-Au NPs)
	Reduction of 4-nitrophenol
	4-Nitrophenol(1.0 mL, 1 mM), NaBH4(4.0 mL, 0.33 M), N2 and 25 mL of distilled water containing a certain amount of catalyst
	[241]




	25
	Aunanoparticles on thiolated reduced graphene oxide (Au/SRG)
	Reduction of 4-nitrophenol
	4-Nitrophenol(20.0 mL, 1 mM), NaBH4(0.4 mL, 2.0 M) and catalyst (20.0 mg), r.t.
	[242]




	26
	Amine-functionalized gold nanoparticles on phosphonate-functionalized graphene nanosheets (Au-NPs@NH2/GNS-PO3H2)
	Reduction of 4-nitrophenol
	4-Nitrophenol(0.3 mL, 0.002 M), NaBH4(2.7 mL, 0.037 M) and catalyst (15.0 mL, 0.3gL-1), r.t.
	[243]




	27
	GO/Fe4O4/Pdnanocomposite
	Reduction of 4-nitrophenol
	4-Nitrophenol(25.0 mL, 2.5 mM), NaBH4(25.0 mL, 0.25 M) and catalyst (7.0 mg), r.t.
	[244]




	28
	Ag NPs supported on the reduced graphene oxide (Ag/RGO)
	Reduction of 4-nitrophenol
	4-Nitrophenol(25.0 mL, 2.5 mM), NaBH4(25.0 mL, 0.197 M) and catalyst (7.0 mg), r.t.
	[245]




	29
	Cu-Nibimetallic nanoparticle supported organo functionalized grapheme oxide (Cu-Ni-AAPTMS-GO)
	Hydrogenation of cinnamaldehyde
	Catalyst(15.0 mg),cinnamaldehyde (1.2g), methanol (16.0 mL), 80-120 °C,1 h
	[246]




	30
	Cu/reduced graphene oxide/Fe3O4 (Cu/RGO/Fe3O4) nanocomposite
	Cyanation of aldehydes
	Aldehyde(1.0 mmol), catalyst(1.0 mol%), K4Fe(CN)6(1.0 mmol), H2O(5.0 mL), 100 °C, 2 h
	[247]







Among the highly important organic transformations, the reduction of nitroarenes such as 4-nitrophenol (4 NP) as a “priority pollutant” recognized by the US Environmental Protection Agency (EPA) [248]. For example, Ag NPs immobilized on poly(N-vinyl pyrrolidone)-grafted GO (GO-PNVP) can be as highly effective and recyclable catalyst for the reduction of the 4 NP to 4-aminophenol (4-AP) by NaBH4 [249]. Thus, the grafted PNVP enhances the properties of GO as immobilizing base for Ag NPs in which the nanoparticles adhered to the surface of GO-PNVP make it much suitable system for catalytic application. Paul et al., also found that Ag/Fe2O3 decorated rGO (Ag/α-Fe2O3-rGO) showed high catalytic activity towards hydrogenation of ten kinds of aromatic nitro groups to the corresponding amine [250]. After five successive cycles of chemoselective reduction, the reduction efficiency was almost remained the same. In addition, Nasrollahzadeh and co-workers reported the preparation of Ag NPs on GO/TiO2 by using Euphorbia helioscopia L. leaf extract and showed its application as an effective catalyst for reduction of 4 NP, Congo red (CR) and methylene blue (MB) in aqueous media at an ambient temperature [251].

Functionalized graphene has been considered for use as promising supports for metallic nanocatalysts like Pd, Au and etc. in organic reactions due to their aforesaid unique properties. Moreover, when functionalized graphene analogues are used as a precursor, its functional groups facilitate the NPs immobilization [252]. For example, Jonnalagadda et al., reported a facile strategy to the preparation of well distributed Pd NPs on organo diamine functionalized graphene (Pd(0)AAPTMS@G) [253] (Figure 16.22). GO was functionalized by a coupling reaction of [3-(2-aminoethylamino) propyl] trimethoxysilane (AAPTMS) and then reduction of the palladium nitrate in the presence of NaBH4 under ultrasound irradiation. Their results showed a formation of chemical bonding between the hydroxyl groups of GO with N group of the AAPTMS. The synthesized carbocatalysts showed a high catalytic activity for the Suzuki-Miyaura coupling reactions of aryl halides with phenylboronic acid in the presence of tripotassium phosphate as the base and deionized water as solvent at 90 °C for 25 min.


[image: Figure contains structural representation of the Suzuki coupling reaction over Pd(0)-AAPTMS@G catalyst.]

Figure 16.22 Schematic diagram of the Suzuki coupling reaction over Pd(0)-AAPTMS@G catalyst. Reproduced with permission from ref. [253]. Copyright (2015) Sciencedirect.



In 2015, Du et al., produced a biosensor based on the functionalized graphene [254]. They investigated Au NPs on rGO functionalized by β-lactoglobulin (BLG) (BLG-rGO-AuNDs) for glucose sensing with rapid response time and remarkable sensitivity. Yadav and Cho can be fabricated f-GNP/PU nanocomposite through the incorporation of the functionalized graphene nanosheets (f-GNP) into a polyurethane (PU) [255]. In fact, the f-GNP/PU nanocomposite showed enhanced mechanical and thermal properties compared to a pure PU.




16.6 Conclusion

Extensive studies were carried out on the surface modification of graphene to improve the processability of pristine graphene with the goal of imparting desirable physicochemical properties. The surface modification of graphene by various techniques has been discussed in detail during the current chapter. This book summarizes the key techniques of synthesis of graphene-functionalized materials, in addition to the main applications of each one. The functionalization of graphene can be performed by covalent and noncovalent interactions with various functionalization agents including organic materials, molecular and biomolecules linkers, polymers, and metals or metal oxide-based NPs. The increasing attachment in graphene-based nanocomposites for several applications in catalysis have led to a diversity of new processes proposed for the preparation of composite nanomaterials. Many authors have illustrated that tailor-made graphene and graphene oxides present better properties than polymer matrices or other carbon-based composites to specifically use in catalysis. As it was shown, a number of novel nanocomposites have been prepared using graphene and metal or metal oxide NPs. In all cases, surface modification of graphene oxide followed by reduction has been carried out to obtain functionalized graphene. Finally, it must be noted that an economic approach for the mass preparation of graphene has not yet been identified.
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