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Abstract
With limited global resources for many of the elements that are found in some of the most common renewable energy technologies, there is a growing need to use ‘Earth-abundant’ elements as a long-term solution to growing energy demands. The dye-sensitised solar cell has the potential to produce low-cost renewable energy, with inexpensive production and most components using Earth-abundant elements. However, the most commonly used material for the cell counter electrode (CE) is platinum, an extremely expensive and rare element. Here we discuss a selection of the materials investigated as alternative CEs, including metal sulphides, oxides, carbides and nitrides and carbon-based materials such as carbon nanotubes, graphene and conductive polymers. As well as having the potential for lower cost, these materials can also produce more efficient devices due to their high surface area and catalytic activity. Therefore, once issues such as stability have been studied in more detail and scale-up of production methods are considered, there is a very promising future for the replacement of Pt in DSSCs with lower-cost, Earth-abundant alternatives.
Introduction: the wider context of Earth-abundant elements in solar energy conversion 
For the last ten years there has been increasing interest in the use of Earth abundant  elements (Fe, Cu, Zn, Sn, Se, Te, Al etc) for solar energy conversion systems[1], catalysts[2,3], electrocatalysts[4,5]  and photocathode/photoanode systems for thin film, standard p-n type and DSSC photovoltaic devices [6–8]. The applications for these elements are many and varied as the references thus far indicate, but there is still little commercial impact of these systems trickling down to an end user. It should also not be forgotten that there has, for some time, been a significant amount of effort researching the applications of materials such as hematite[9–11], copper oxide [12], and derivatives of tungsten oxide[13–16] as well as functional materials such as barium titanate [17–20] as possible photocathode and photoanodes. These metal oxide systems are all derived from elements that are significantly more abundant than for example the platinum group or other (semi-)precious metals. In addition to the significant amount of published work in the area there are now sessions being dedicated to Earth abundant elements at some of the most prestigious global conferences such as those run by the Materials Research Society, The Royal Society of Chemistry and the American Chemical Society – the impact and level of interest in Earth abundant elements for energy harvesting systems has, arguably, never been higher. 
As such, it seems that this is a good opportunity to summarise the recent work and look at some key developments within the perspective of what might come next and how future prospects. In this progress report it will not be possible to present an exhaustive list of all applications for Earth abundant elements in hybrid optoelectronic devices. Instead we will summarise some of the most recent developments where Earth abundant elements, and materials, are being applied to hybrid electronic and optoelectronic devices and show how these systems are bringing together disparate research activities to further enhance our understanding and knowledge base. 
In order to set out the context for optoelectronic and other hybrid systems using Earth abundant materials it is prudent to first highlight some the range of applications for these materials. Perhaps the best studied of systems is the use of oxide materials based on Fe, W and Cu. It should not be forgotten that the ubiquitous system for light energy conversion are the various crystal structures of TiO2, notably Anatase and Rutile. Combinations of TiO2 crystal structures have been used in almost every aspect of photochemistry and photon conversion technologies.  
Metal oxide (MO) systems have been extensively studied since the work of Fujishima and Honda [21,22] showed that it was possible photochemically split water to its constituent H2 and O2. The need for other MO systems was quickly established as TiO2 could not effectively split water in the absence of an external bias due to the conduction band falling above the potential to reduce H+ to H2 by injecting electrons. A further complication is the band gap of TiO2, which at ca. 3.2 eV limits photon absorption to the UV region of the solar spectrum and reduces the maximum overall efficiency of the photocatalyst. These considerations led to research moving to study a wider range of materials such as Fe2O3 and WO3 which, with lower band gaps, have the ability to harvest more of the solar spectrum. However, these materials have yet to provide the perfect solution due to issues with carrier lifetime and/or carrier diffusion characteristics. In addition to the interest in MO systems there have also been studies on sulphide and selenide-based photocatalysts. In the case of materials like CdS or CdSe there was great hope that these materials would provide a good photocatalyst due to the low band gap of the material, leading to good light absorption properties. Again, the materials were found to be unstable in aqueous solutions under illumination as is explained in some detail by an early review by Nozik [23].
A number of solutions have recently been proposed to address the current problems of further developing photocatalyst using Earth abundant elements, including using multi-ferroic materials such as BiFeO3 [24–27] or BaTiO3 a ferroelectric material that shows some remarkable photocatalytic performances. Both these, and indeed all ferroic (ferroelectric and piezoelectric) materials can exhibit an internal polarisation field when at rest (in the case of a ferroelectric) or when undergoing dynamic strain (as in the case of a piezoelectric) material[28]. The impact of this polarisation field is to generate an internal electric field which has been shown to separate photoexcited carriers [29,30], shown in Figure 1. Such ferroic materials can have some quite fascinating photochemical properties [19,31–34] as well as being well understood, formed of readily available elements and common-place in a number of electronic systems and devices. It is therefore possible that there could be a growing and significant contribution from ferroic materials to the technological area of photo-conversion technologies. 
This is especially true as ferroelectric or multiferroic materials have been making some impact on photovoltaic technology in the past few years. In 2013 Snaith and co-workers at Oxford demonstrated the use of an organo-halide system in a planar photovoltaic device[35]. This fuelled a growing area of investigation into the organo-halide perovskite materials. Some of the key interest has focused on the crystallography where a number of metal oxide systems that poses the perovskite crystal structure are ferroelectric[36,37]. During later 2014 and early 2015 some detailed studies in this area are showing that organo-halide[38] perovskites being developed for PVs are now being reported to be ferroelectric[39–42] demonstrating both theoretical and actual ferroelectric hysteresis. Work of Rappe and co-workers [43] and the findings of Xiong and co-workers  [44] are starting to shed some significant light on the interaction of the ferroelectric dipole within organo-halide materials as used in a photovoltaic. 
Despite all the developments in thin-film based photovoltaic devices using organo-halide materials, there has been a very significant effort in recent years to find suitable counter electrodes for dye cell type photovoltaics. The motivation for this is to replace the Pt most commonly used as the counter electrode. The counter electrode has two roles, the first is to carry the current of electrons and so a low resistance is required and the second is to regenerate the redox couple. Pt is ideally placed to undertake this role but is an expensive and rare element. The development of suitable counter electrode systems using more abundant elements has been undergoing some interesting developments with the latest materials systems showing performances that match, or in some cases exceed the Pt architectures. In this progress report we highlight some of the compounds that are being identified as suitable candidates for counter electrodes and indicate some of the problems associated with the processing and application of these new materials.
 

Figure 1, drift of carriers due to the internal polarisation of a ferroelectric BaTiO3 (a) causing movement of photoexcited carriers and regio selective photochemistry (b) taken from [17].

Earth-abundant elements in DSSC counter electrodes
The dye-sensitised solar cell (DSSC) concept has undergone a huge amount of research effort since the seminal paper of O’Regan and Grätzel in 1991 demonstrated that by using a nanostructured TiO2 scaffold, a molecular dye could be used as the light-absorbing material in a photovoltaic device to produce efficiencies approaching 10%,[45] which now exceed 12%.[46] This technology presents an attractive possible alternative to current photovoltaic technologies, as it does not require the extremely high-quality, high-purity materials that are essential for efficient operation of current silicon and thin-film photovoltaics. Its construction also lends itself to high-throughput techniques such as roll-to-roll printing, offering the possibility of large-scale, low-cost manufacture. Many of the essential components of the device are based on elements that are abundant in the Earth’s crust such as titanium at 0.57%, the ninth most abundant element. However, there are some components such as the transparent conducting oxide layer, usually based on indium-tin-oxide (ITO) of which indium is scarce (the 68th most abundant element) as is the ruthenium (the 73rd most abundant element) found in the best performing dye molecules.
The basic concept of the device is to use a molecular dye, which absorbs light in the visible region, promoting electrons to the excited state (Figure 2a). These excited electrons are then transferred to the conduction band of the semiconducting oxide layer, where they are transported to an electrode, usually a transparent conducting oxide. By receiving an electron from an electrolyte, the dye is reduced back to its ground state, and the oxidised electrolyte diffuses to the counter electrode where it is reduced, completing the cycle. The dyes used in such devices had been developed for over a decade for optimum light absorption and interfacial properties with the TiO2 surface. However, it was the use of a nanostructured scaffold (Figure 2b) that presented a significantly higher surface area for dye adsorption and therefore light harvesting that led to a step change in device efficiencies. For some time the most common dyes used in DSSCs were ruthenium (Ru) complexes consisting of a Ru centre with ligands designed to optimise spectral response and binding to the TiO2 surface, an example of which (N719) is shown in Figure 3. These complexes have shown excellent combinations of these properties, providing some of the highest reported efficiencies. However, a number of alternative organic dyes have been developed in recent years, such as those known as D35, Y123, LEG4 or MK2. These avoid the use of the rare element Ru, and have demonstrated  high efficiencies and good stability, especially when using iodine-free redox electrolytes. A number of reviews are available that deiscuss their properties and uses in detail, and also give full information on their chemical structures.[47,48]
An additional important element of the DSSC operation is the rapid regeneration of the electrolyte at the counter electrode. For this reason, platinum (Pt – the 71st most abundant element) is the material of choice for this application, also demonstrating excellent chemical stability and electrical conductivity. A growing area of investigation in recent years is the use of earth-abundant materials and compounds to replace the Pt counter electrode in DSSCs. The requirement to replace Pt is driven by both the cost of the raw material Pt and the processing steps required to manufacture the electrode system. The successful replacement of this expensive and rare material would significantly improve the potential for mass-implementation of these devices by contributing to the reduction the overall cell cost, and, as discussed below, earth-abundant element-based materials have shown significant success in this area. In this report, unless otherwise stated, the solar cells tested always have used bis(tetra-n-butylammonium) cis-(diisothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II) (N719) dye and an iodide/tri-iodide (I-/I3-) electrolyte. In addition, cell efficiency refers to the power conversion efficiency (PCE), which is the ratio of the electrical power density produced by the device to the incident power of the light. Again, in this report, unless otherwise stated the incident power is 100 mWcm-2, known as 1 sun. 

     
Figure 2. Operation of DSSC under illumination (a) and schematic (b) of a nanostructured DSSC. In (a) arrows show flow of electrons through cell. On absorption of a photon of energy hν the dye is excited from the ground (D) to excited (D*) state, and transfers an excited electron to TiO2. The dye is regenerated by an electron from the redox couple, A/A-, (e.g. iodide/triiodide, I/I3- ), which is itself reduced by an electron from the back contact.


Figure 3. Bis(tetra-n-butylammonium) cis-(diisothiocyanato)bis(2,2’-bipyridyl-4,4’- dicarboxylato)ruthenium(II) (N719) dye. TBA =  tetra-n-butylammonium.

A number of sulphide and selenides have been investigated as counter electrodes to replace Pt in DSSCs. Sulphur is highly abundant, the 17th most abundant element, on Earth being found as ‘brimstone’ near many volcanic vents where is it expelled as an almost pure element. Additionally there are many examples of sulphur and selenium based materials that include the earth-abundant elements Cu, Zn, and Fe, all being in the top from simple binary systems (e.g. FeS2), to quaternary systems, such as Cu2ZnSn(S,Se)4. Sn ranks as the 49th most abundant element on Earth whereas Fe is 4th and so there is a significant advantage in using compounds of Fe and Cu over those of Sn and Zn. However, the abundance of Sn and Zn is far greater than those of the precious and semi-precious metals commonly used in current systems.
Cu2ZnSnS4 (CZTS) has been studied extensively as an earth-abundant alternative to thin-film photovoltaics, particularly CuInGaSe2.[49] However, in 2011 it was also demonstrated that it could act as an effective catalytic material to replace Pt in dye cell photovoltaic devices[50]. The CZTS material was produced using a simple solution-based approach to prepare a nanocrystal-based precursor, which is attractive as such solution-based methods are easy to scale up. Acetylacetonates of copper, zinc and tin were dissolved in oleylamine, and sulphur was injected at 225°C to produce the nanoparticles, which were precipitated with toluene, and separated by centrifugation. This produced nanoparticles of around 15 nm in diameter (Figure 4). To produce the counter electrodes the nanoparticles were dispersed in toluene and spin-coated onto a fluorine-doped tin oxide (FTO) substrate, before annealing in selenium vapour at 540°C to produce Cu2ZnSn(S,Se)4, giving films approximately 180 nm thick. Such coating of FTO with catalytic material allows the conductivity of the FTO to be utilised such that the catalytic material does not need to be highly conductive, a method commonly applied to allow the use of very thin Pt layers as counter electrodes.[50] The addition of the thin layer of Pt to the counter electrode improves device efficiency significantly but adds further reliance on a precious metal for the performance of the device. 
The DSSC using the CZTS,Se counter electrode was shown to produce equivalent efficiencies to the Pt counter electrode, with 7.37% for the CZTS counter electrode device and 7.04% for the Pt based system. One complication to the use of the CZTS counter electrode was the requirement for a secondary Se treatment. This treatment was found to be a necessity as since the as-produced film gave an efficiency of only 3.62% which was far below that of the analogous Pt based counter electrode device.  The need for this additional processing step was attributed to the resistance added by the oleylamine capping ligand found in the as produced film. The hypothesis, which was supported by electrochemical impedance measurements, showed that the pre-annealed film had a higher series resistance and charge-transfer resistance (Rct) than the annealed film. These are the resistances through the CE, and at the CE/electrolyte interface. Therefore Rct gives a good indication of the catalytic performance of the CE for that electrolyte. These additional resistances added to losses in the overall device with the associated reduction in efficiency. The removal of the capping molecule during high temperature annealing reduced the resistance, leading to the higher efficiencies. Thus, although the solution-based synthesis and simple coating process is attractive compared to commonly used vacuum-based techniques. However, in this instance the need to anneal the films at 540°C in a selenium vapour makes less attractive as a simple alternative to the use of Pt as a counter electrode. 

Figure 4. Transmission electron micrograph of Cu2ZnSn(S,Se)4 nanoparticles produced by the chemical reaction of Cu, Zn and Sn acetylacetonates with sulphur in oleylamine at 225°C, followed by selenization at 540°C. From Ref. [50].

As was highlighted by the work of Nozik [23] in the late 1970’s S and Se produce a number of compounds that are suitable for use in a variety of photochemical and photoactive systems but they do suffer from inherent instabilities in the presence of moisture. Such instabilities are not only present when using the materials actively but also when the material is being processed and manufactured. This has led to the investigation of methods to produce material that can be directly transferred onto a suitable support and used as a counter electrode.
One such approach has been to synthesise Cu2ZnSnSe4 nanoparticles directly by chemical methods for use in a counter electrode. This approach typically focuses on Cu, Sn and Zn precursors which are then dissolved in water with ethylenediamine. The Se is dissolved in hydrazine and the two solutions are mixed.[51] After mixing there is a hydrothermal step at 200°C which was used to produce 200-300 nm particles. These particles were then drop-cast onto FTO glass followed by annealing at 500°C in argon to produce the required textured thin film. 
Although this method did not require annealing in selenium, the use of hydrazine in the synthesis is a factor that is undesirable for commercial implementation due to its toxicity. The process also required a relatively high annealing temperature which although not a barrier to commercial application does add cost to the manufacturing steps. Using an architecture of TiO2/N719/(I-/I3-)/Cu2ZnSnSe4/FTO the measured solar cells efficiencies of around 3.8% were produced. These compared to 4.03% for Pt  electrode, the performance though comparable is still lower than would be required for commercial interest. A slight dependence of efficiency on film thickness was found, though the efficiency was still 3.78%, even up to 4.5 μm thick. This demonstrates that despite addition of some series resistance to the cells, efficiencies of counter electrodes produced from such materials do not necessarily depend strongly on layer thickness.
As well as depositing nanoparticle films, CZTS electrodes have also been produced by direct reaction on the surface using spray pyrolysis.[52] Chlorides of Zn, Cu and Sn were sprayed with thiourea in an aqueous solution onto an FTO substrate at 350°C. Again, the necessity for post-annealing was demonstrated, where films annealed in N2 + 5% H2S at 500°C gave efficiencies of 6.4% compared to 3.7% for as-deposited films, and 8.3% for Pt. The necessity for annealing was again linked to a higher resistance in the as-deposited films, but a much lower efficiency than for Pt indicated that even the annealed films were not as efficient at electrolyte regeneration as the Pt film.
As an alternative to solution-based approaches, CZTS films have also been produced using vacuum-based magnetron sputtering of Cu-Zn-Sn metal alloys, followed by sulphurization by annealing the films under vacuum in the presence of sulphur at 440°C followed by 560°C.[53] Although such vacuum-based techniques do not seem practical for scale-up, it did allow the effect of film stoichiometry to be systematically controlled, demonstrating that the film closest to stoichiometry did produce the highest efficiency of 7.94% compared to 8.55% for Pt, related to a low Rct demonstrating good electrocatalytic activity. Again there is an emphasis on reducing the resistance of the system while still maintaining a good catalytic activity. It is a combination of these two requirements that drives the desire to develop nanostructured systems that have suitable carrier mobilities.
A wide number of binary sulphides and selenides have also been used as counter electrodes in solar cells. In 2009 it was shown that CoS could act as an extremely effective counter electrode for DSSCs.[54] In addition, these counter electrodes were produced on flexible indium-tin oxide (ITO)-coated polyethylene naphthalate (PEN) substrates. The use of flexible substrates is extremely attractive for scale up to roll-to-roll production. Roll-to-roll production is a manufacturing technique where the layers of the device are build up sequentially similar to the process used for mass printing of colour onto paper, or other substrates. In this case the CoS was deposited electrochemically on the ITO/PEN from an aqueous solution of cobalt chloride and thiourea at room temperature. The authors went on to show that this CoS film in fact had a higher catalytic activity for I-/I3- than Pt-coated PEN, indicated by a lower Rct. Solar cells were produced using TiO2 sensitised with NaRu(4-carboxylic acid-4’-carboxylate) (4,4’-dinonyl-2,2’-bipyridyl) (NCS)2 (Z-907Na) dye and an ionic liquid electrolyte. The cell using CoS gave a 6.5% efficiency, which was identical to that using a Pt-coated ITO/PEN CE. By using an ionic electrolyte the authors avoided issues with volatile solvents from the electrolyte permeating through the plastic substrate leading to high long-term stability of the devices, retaining 85% of the initial efficiency after 1000 h. Such a study of the stability of the device is extremely valuable in assessing the viability of any CE material. It is known that Pt, as a noble metal, is extremely stable, and therefore is unlikely to contribute to the degradation of a DSSC over time. However, this is unlikely to be the case for the many compound materials that have been investigated as alternatives, and therefore any investigation of their stability is extremely valuable in assessing their long-term viability. This counter electrode produced with earth-abundant elements at room-temperature on a flexible substrate is therefore attractive as an alternative to Pt in DSSCs.
More recently electrochemically deposited CoS has been investigated as a CE in a DSSC structure which does not use the common combination of N719 dye and an iodide electrolyte. Instead the efficacy of the counter electrode is investigated in a cell that uses the dye  known as C218,[55,56] combined with a Co-based electrolyte.[57] This allows the advantages of a Pt-free CE to be investigated alongside these alternative DSSC components, which have been developed to increase efficiency by absorbing a larger portion of the incident light and reducing interfacial recombination in the case of C218, and increasing the cell Voc via a higher redox potential in the case of the Co-based electrolyte. The electrodeposition process led to high surface area honeycomb-like CoS structures, contributing to a lower Rct than for Pt (0.75 Ωcm-2 compared to 0.85 Ωcm-2). This contributed to the CoS CEagain producing an efficiency close to that of Pt (6.72 % compared to 6.94 %). Thus, the demonstration that an earth-abundant CE can work effectively with more recently developed, high efficiency DSSC components such as non Ru-based dyes and Co-based electrolytes is extremely valuable in their development as commercially-viable alternatives to Pt.
The process of electrochemical deposition has also been used to produce NiS counter electrodes, using an aqueous NiCl2-thiourea solution at room temperature on FTO-glass.[58] The conditions were optimised to produce a film close to stoichiometry, giving an Rct that was lower than the Pt/FTO counter electrode. The efficiency of the solar cell was 6.83%, close to the 7.00% for Pt. The film also demonstrated a high electrochemical stability, which is essential for DSSC applications. In addition to the process of making thin film systems there have been attempt to pre-synthesise the metal sulphide as a nanostructure before deposition as a the counter electrode material. This approach has been used for the NiS system where films of NiS nanoplatelets were produced for use as counter electrodes using a two-step process. The first of the steps was the production of nanoplatelets from a Ni hydroxide that were produced hydrothermally at 150°C from a Ni nitrate precursor. This was then followed by sulphurisation using thiourea, also at 150°C.[59] The result of this process was a film with a very high surface area due to the nanostructured platelets, that had a total thickness of almost 5 μm. When the device made with these NiS counter electrodes was tested it produced an efficiency of 7.10%, which was very close to 7.35% for Pt. In all cases the ambition of developing a new non-Pt counter electrode has been to match or exceed the performance of the comparable Pt cell. This has not always proved possible as loses associated with the carrier mobility and associated extra resistance of the device often reduce performance.
Iron (Fe) is one of the most abundant elements on Earth and in the compound FeS2 has been used as a counter electrode in DSSCs by spin coating an ink containing chemically-synthesised FeS2 nanocrystals onto an ITO-glass substrate. This produced a compact film around 100 nm thick (Figure 5).[60] Rather than using thermal annealing to remove the oleic acid and oleylamine ligands, the films were dipped into ethanedithiol in acetonitrile and then spin coated, which removed the ligands. This was demonstrated by an increase in the film conductivity by a factor of 20 over systems where ligands are in place. As is a common theme when producing films from stabilised nanoparticles the removal of the stabilising ligands is required for the effective transport of the photoexcited carriers. The treatment to remove the ligands was shown to be necessary to reduce Rct and improved the efficiency of the device from 5.74% to 7.31% compared to 7.52% for a Pt counter electrode. Furthermore the devices were shown to be stable after 500 test cycles, and FeS2 counter electrodes were also produced on flexible ITO/PET substrates giving an efficiency of 6.36%. By using a nanocrystal ink and solvent treatment, rather than thermal annealing, this method is attractive for the implementation of this potentially low cost material.

Figure 5. Cross-section scanning electron micrograph of FeS2 nanoparticle filmspin-coated onto an ITO-glass substrate. From Ref. [60].

In the case of NiS2 counter electodes in DSSCs, improved efficiency has been achieved by combining them with a reduced graphene oxide scaffold.[61] Graphene and compounds of graphene have been of increasing interest for a large number of optoelectronic devices.[61,62] In this case the NiS2 was synthesised on the reduce graphene oxide by mixing graphene oxide, carbon disulphide and NCl2 followed by hydrothermal treatment at 180°C leading to graphene oxide reduction and NiS2 nucleation. This material was drop cast onto FTO-glass substrates and dried. It was found that the composite contained approximately 91 wt.% NiS2, and consisted of 200-300 nm nanoparticles attached to the reduced graphene oxide surface. The reduce graphene oxide also helped to prevent NiS2 aggregation, which occurred if it was not included, and the composite was found to have improved catalytic activity for I3- reduction compared to NiS2 alone, leading to an efficiency of 8.55% for the composite electrode, which exceeded that of either NiS2 (7.02%) or reduce graphene oxide (3.14%) alone, as well as the Pt CE (8.15%). 
The fact that the composite counter electrode efficiency exceeded that of Pt demonstrates the good potential for combining such materials to combine the high activity and low Rct of the sulphide, with the high surface area (and therefore catalytic sites) and high conductivity of the reduce graphene oxide. Carbon is the 15th most abundant material on Earth and as such the increased use of C in optolectronic devices could lead to a significant enhancement in the long term sustainability of such devices. For example it was shown in early 2015 that re-used crustacean shells could have proteins extracted and converted into nanostructured C for use in a photovoltaic device. [63] While the performance of these biomass based devices was poor it does represent a new approach to the production of optoelectronic devices using sustainable sources.
Continuing the interest in metal sulphide, and nanostructured carbon, systems for counter electrodes in a photovoltaic device, MoS2 has also been combined with nanostructured carbons in the form of multi-walled carbon nanotubes (MWCNTs) to form effective DSSC counter electrodes.[64,65] MoS2 nanosheets were formed on the MWCNT surface by mixing of the two materials in an acidic solution followed by annealing at 650°C in H2. [64]  The counter electrodes were formed by drop casting pastes of the composite onto FTO glass and drying at 120°C. This gave a higher catalytic activity than either of the individual materials or Pt, attributed to a very high surface area, leading to an efficiency of 6.45%, slightly higher than 6.41% for Pt. Alternatively, MoS2-MWCNTs composites have been produced using a glucose-aided hydrothermal synthesis at 200°C, using Na2MoO4 and thiourea as Mo and S sources, with CNTs present in the reaction. [65] This produced dendritic structures comprised of clusters of plate-like growths (Figure 6), which were formed into a slurry, doctor bladed onto FTO-glass and dried at 100°C. Again, the composite was found to have higher catalytic activity than either of the components, or a Pt electrode, and gave an efficiency of 7.92% compared to 7.11% for Pt. The same method was also used to produce WS2-MWCNTs composite counter electrodes by replacing Na2MoO4 with Na2WO4, which also showed a very low Rct and efficiency of 7.36% compared to 7.54% for the Pt counter electrode.[66] 

Figure 6. Scanning electron micrograph of MoS2-MWCNTs composites produced using a glucose-aided hydrothermal synthesis. From Ref. [65].

These studies further confirm the potential for composite counter electrodes combining sulphide materials with nanostructured carbons, with the composite of sulphide and nanostructured carbon producing higher efficiency than either of the individual materials. However, with the right synthesis method and morphology such high efficiencies can be achieved without such carbons; in a previous report, both MoS2 and WS2 had been produced hydrothermally at 200°C and used individually without nanostructured carbons as DSSC counter electrodes.[67] Both materials demonstrated efficiencies equivalent to Pt (7.59%, 7.73% and 7.64% for MoS2, WS2 and Pt) and remarkably Rct values around 10 times lower than Pt. One factor that was attributed to the high efficiency of these counter electrodes was the very high surface area, as indicated by a high chemical capacitance, which is an advantage of using chemically-synthesised inorganic counter electrodes, and is the case for many of the counter electrodes discussed herein.
Both W and Mo have been investigated for counter electrodes in the form of carbides – MoC and WC - which were synthesised within porous carbon electrodes.[68] The synthesis involved the decomposition of a mixture of organic materials and W or Mo precursors at 800°C in nitrogen, producing particles with an average size of 100 nm, which were spray-coated on FTO-glass. These were comprised of porous carbon containing MoC or WC particles (Figure 7). Again, the high surface area of this composite was cited as key for good catalytic activity, which was measured to be 611 m2g-1 and 598 m2g-1 respectively, measured using the Brunauer–Emmett–Teller (BET) method. This high surface area led to a high chemical capacitance, and combined with a low Rct, these electrodes produced efficiencies of 8.34% and 8.18% for MoC and WC, compared to 7.89% for Pt. This again demonstrates that not only can earth-abundant materials provide a lower-cost alternative to Pt, but can potentially also produce improved DSSC efficiency due to the combination of high surface areas and high catalytic activity.

Figure 7. Transmission electron micrographs of MoC (left) and WC (right) incorporated into a porous carbon scaffold. From Ref. [68].

A carbide – nanostructured carbon composite has also been produced with Fe3C and N-doped carbon, via the carbothermal reduction of iron(II) oxalate (FeC2O4) nanowires and cyanamide (NH2CN) at 600°C.[69] By forming the Fe3C at this temperature, the common problem of α-Fe formation was avoided, which is common at higher temperatures, as this material is unstable in the I-/I3- electrolyte. The inclusion of cyanamide in the reaction helped to prevent aggregation of the Fe3C such that the high surface-area nanowire structure was maintained, and with a higher proportion of cyanamide, an N-doped carbon network was also produced which increased the conductivity of the electrode. As in similar composites discussed above, the combination of the high surface area of the catalytically active material (Fe3C) within a highly conductive carbon scaffold was attributed to a high efficiency of 7.36%, compared to 7.15% for Pt.
Although these carbide-carbon composites clearly demonstrate equivalent or superior efficiencies to Pt counter electrodes, the requirement for high-temperature decomposition of the precursors to produce the material is likely to add significant cost to the manufacture process, reducing the benefit of replacing the rare-earth Pt for this application. Nanostructured carbon materials have been investigated themselves for use as counter electrodes in DSSCs for some time; the low-cost and widespread material carbon black has been shown to be an effective catalytic material, although requiring up to 15 μm thickness to achieve sufficient photocatalytic activity.[70] Deposited onto FTO-glass this achieved an efficiency of 9.1%, but it was also shown that an equivalent efficiency could be achieved by depositing the carbon black onto stainless steel, which is beneficial as it has a lower cost than FTO glass, reducing the overall cell cost.
Carbon-based CEs have also been shown to be effective when using alternative, Co-based electrolytes, as discussed above with relation to CoS CEs. This is partly motivated by the poorer performance of Pt for non-iodine-based electrolytes, where it is hoped that the wide range of potential alternative CE materials may open up the full potential of newer, alternative electrolyte systems.[71] Commercially-available nanoplatelets (GNPs) were shown to form an effective CE for a DSSC using a Co-based electrolyte by simply drop-casting a dispersion onto an FTO-coated glass sheet.[72] These CEs were shown to be much more effective for Co-based than iodine-based electrolytes, demonstrating the importance of investigating alternative CEs with a wide range of electrolyte systems. In addition, the CEs demonstrated better catalytic activity for the Co-based electrolyte than the Pt-based electrode, giving an efficiency for cells using the dye known as Y123[72] of 9.3% at 1 sun compared to 8.1% for Pt. This clearly highlights the importance of investigating alternative CE materials when using non-iodine based electrolytes, since as well as the benefits of using earth-abundant materials, it has clearly been demonstrated that they may out-perform Pt in these systems.
Other forms of graphene have also been investigated as CE materials for Co-based electrolyte systems. This includes graphene oxide (GO) films, which produced equivalent catalytic performance to Pt when reduced using hydrazine.[73] It was found that the GO adhered better than GNPs, and therefore made a more stable CE after testing over one day. This mechanical stability has been further addressed by embedding GNPs in a conductive carbon matrix that adhered well to the substrate.[74] Increasing GNP content led to a reduction in the Rct of the CEs, and the carbon-composite CE gave an efficiency of 9.11%, again improving on the 8.61% achieved by Pt.
Furthermore, conductive polymers have also been investigated as counter electrodes in photovoltaic devices. Generally containing only carbon, oxygen and sulphur, these materials clearly contain only earth-abundant elements, and it is therefore useful to consider some examples of their use in photovoltaic devices. Poly(3,4-ethylenedioxythiophene) (PEDOT)-based polymers can be easily coated from solution onto conductive glass substrates for use as photovoltaic device counter electrodes, and have been investigated for some time since it was demonstrated that they could demonstrate good catalytic activity.[75] Many variations have since been investigated. For example, poly(styrene sulfonate)-doped PEDOT (PEDOT:PSS) was further modified with polyethylene glycol (PEG) and acetylene black to improve the polymer binding and conductivity.[76] By adding these further dopants and efficiency of 4.39% was achieved, compared to 4.5% for Pt. Unlike the common spin coating technique use to prepare PEDOT:PSS thin films, the authors produced a PEDOT:PSS/PEG/acetylene black paste that was doctor bladed onto FTO glass. This would be expected to produce a much thicker film than spin coating, though this was not measured. The addition of both additives helped to reduce Rct, through an increase in both conductivity and surface area.
An interesting variation using PEDOT nanofibers (NF) has been reported for use as a photovoltaic counter electrode.[77] These nanofibers were synthesised by chemical oxidative polymerisation, and dispersed in methanol and spin coated onto FTO-glass to form the counter electrode. As well as testing using a liquid iodide electrolyte, cells were also tested using an ionic gel electrolyte, which formed a quasi-solid-state structure, which is beneficial for photovoltaic device implementation to reduce the chance of electrolyte leakage. The best efficiency was achieved using the liquid electrolyte, generating 8.34% for the PEDOT-NF compared to 7.2% for Pt. The best efficiency with the gel electrolyte was 6.39%, which used the PEDOT-NF. Although it is clear that the PEDOT-NF operated well as a counter electrode material, specific parameters from electrochemical analysis were not reported making it difficult to understand the different influence of factors such as catalytic efficiency and surface area. It was however stated that the PEDOT-NF had faster catalytic activity than Pt, and also a high surface area, which led to the high efficiency of the device.
Similarly to carbon-based electrodes, PEDOT has also shown good activity when using Co-based electrolytes. CEs were produced by polymerising PEDOT in-situ on FTO glass.[78] This produced a highly textured and porous PEDOT film on the surface, giving a very high surface area for catalytic activity. Similar to other CEs discussed above, the PEDOT CE also demonstrated improved catalytic activity for a range of Co-based electrolytes, as demonstrated by lower Rct values and leading to much improved fill factor for the solar cells. This led to an efficiency of 10.3% for one Co-based electrolyte at 1 sun, compared to 7.9% for Pt.
A limited number of oxides have been investigated for use as device counter electrodes. Both WO2 and WO3 were investigated by Wu et al.  in 2011.[79] WO2 nanorods were produced chemically from an ammonium paratungstate precursor at 40°C, followed by sintering at 700°C. The activity of these nanorods was compared to that of WO3 powder produced from direct pyrolysis of ammonium paratungstate at 450°C. It was found that the nanostructured WO2 gave a comparable device efficiency to that of Pt: 7.25% compared to 7.57%. The improved performance was attributed to the higher catalytic activity of WO2 compared to WO3. Although the higher surface area of WO2 may have contributed due to an average size of 20-50 nm, compared to 50 nm-2μm for WO3, the redox peaks of WO2 shown in cyclic voltammetry were very similar to that of Pt, where the cathodic peak at low potential was absent for WO3. This was also reflected in a much lower Rct for WO2.
A number of oxides were included in a large screening study of transition metal oxides, nitrides and carbides, specifically Cr2O3, V2O3, TiO2, MoO2, Nb2O5, and ZrO2.[80] However, except for Nb2O5 (with an efficiency of 4.84%), all of these materials produced inferior efficiencies compared to their carbide or nitride equivalents. This indicates why reports of earth-abundant oxides are much less common for photovoltaic device electrodes, as their catalytic activity is generally lower. The best-performing counter electrode in this study was a combination of vanadium carbide with a mesoporous carbon scaffold. As discussed previously for other examples, this combined the high catalytic activity of the VC with the high surface area and conductivity of the carbon scaffold. This produced an efficiency of 7.63%, compared to 7.50% for Pt. 
A theoretical screening has also been performed for oxides as counter electrodes using first-principle calculations to model the reaction rate of triiodide reduction.[81] They identified that α-Fe2O3 should display good catalytic activity, and confirmed this by forming a screen-printed film of α-Fe2O3 nanoparticles to test as a counter electrode. This counter electrode did produce an efficiency close to that of Pt: 6.96% compared to 7.32%. The α-Fe2O3 counter electrode demonstrated good catalytic activity as reflected by a low Rct, although the chemical capacitance was actually lower than that of Pt, and series resistance was higher, indicating that a film with higher surface area, and higher conductivity, perhaps provided by a nanostructured carbon scaffold, could potentially demonstrate higher efficiency than the films reported here. 
As mentioned, nitrides have also been investigated as counter electrodes for DSSCs. A counter electrode was demonstrated in 2009 formed of TiN nanotubes produced by anodization of Ti foil followed by treatment in ammonia atmosphere.[82] The anodization produced TiO2 nanotube arrays that were calcined at 450°C, and the ammonia treatment took place at 800°C, leading to full conversion to TiN, which were 27 μm long – much longer than the thickness of many counter electrode films discussed herein. This led to a very high surface area, reflected in a large chemical capacitance, and a low Rct indicated a good catalytic activity. This led to an efficiency of 7.73%, slightly higher than the 7.45% for Pt.
A similar process was used to produce NiN films, but without the formation of nanowires, by direct ammonia treatment of Ni foils at 450°C.[83] As with the TiN films, the remaining metallic layer under the surface could be used as the conductive contact, and the nitride surface demonstrated a good catalytic activity. However, the nitride foil alone produced an efficiency of only 5.68% compared to 8.41% for Pt-coated Ni. When Ni particles were first coated onto the Ni foil before nitriding, the efficiency increased to 8.41%, demonstrating the need for a high surface area in the counter electrode layer.
Further metal nitrides were reported by Li et al. in 2011 for use as counter electrodes in photovoltaic devices.[84] MoN, WN and Fe2N, were produced by the nitridation of their oxides in ammonia, giving porous films around 13 μm thick. These produced efficiencies of 5.57%, 3.67% and 2.65% compared to 6.56% for Pt. Although both MoN and WN had very low Rct, the diffusion impedance for the triiodide through the WN film was found to be higher, which led to a lower short-circuit current. The Fe2N had overall poorer electrochemical properties in general. 
Nitride counter electrode materials have also been combined with nanostructured carbons to produce composite counter electrodes. TiN was prepared on CNTs by thermal hydrolysis of TiOSO4, followed by nitridation in ammonia at 800°C.[85] This produced ~10 nm TiN particles loaded on the surface of the CNTs. Aggregation of TiN was prevented by using a low concentration of Ti precursor, as well as the slow hydrolysis reaction. As with previous composite examples, the TiN-CNT composite produced higher efficiency (5.41%) than either individual material, comparable to Pt (5.68%). The composite combined the low Rct of the TiN NPs, with the low series resistance of the CNTs. However, in this case Rct of the Pt was still lower than the composite catalyst, but its series resistance was higher, possibly due to it comprising a Pt-coated FTO-glass film, as commonly used.

Figure 8. Transmission electron micrographs of TiN nanoparticles embedded in CNTs. Scale bars are 200 nm (a) and 10 nm (b). From Ref. [85].


Table 1. Counter electrode materials used as alternatives to Pt in DSSCs with efficiency values of the best reported earth-abundant counter and the reference Pt cell reported in the same paper.
	CE
	Method
	Dye
	Electrolyte
	PCE, CE
	PCE, Pt
	Ref.

	Cu2ZnSn(S,Se)4
	Nanoparticle spin-coat
	N719
	I-/I3-
	7.37%
	7.04%
	[50]

	Cu2ZnSnSe4
	Nanoparticle drop cast
	N719
	I-/I3-
	3.85%
	4.03%
	[51]

	Cu2ZnSnS4
	Spray pyrolysis
	N719
	I-/I3-
	6.4%
	8.3%
	[52]

	Cu2ZnSnS4
	Sputtering+sulphurisation
	N719
	I-/I3-
	7.94%
	8.55%
	[53]

	CoS
	Electrochemical deposition
	Z907-Na
	Ionic liquid
	6.5%
	6.5%
	[54]

	CoS
	Electrochemical deposition
	C218
	Co-based
	6.72%
	6.94%
	[57]

	NiS
	Electrochemical deposition
	N719
	I-/I3-
	6.82%
	7.00%
	[58]

	NiS
	Hydrothermal growth
	N719
	I-/I3-
	7.10%
	7.35%
	[59]

	FeS2
	Nanoparticle spin-coat
	N719
	I-/I3-
	7.31%
	7.52%
	[60]

	NiS2/RGO
	Hydrothermal growth
	N719
	I-/I3-
	8.55%
	8.15%
	[61]

	MoS2-MWCNTs
	Thermal annealing, drop casting
	N719
	I-/I3-
	6.45%
	6.41%
	[64]

	MoS2-MWCNTs
	Hydrothermal + doctor blade
	N719
	I-/I3-
	7.92%
	7.11%
	[65]

	WS2-MWCNTs
	Hydrothermal + doctor blade
	N719
	I-/I3-
	7.36%
	7.54%
	[66]

	MoS2
	Hydrothermal
	N719
	I-/I3-
	7.59%
	7.64%
	[67]

	WS2
	Hydrothermal
	N719
	I-/I3-
	7.73%
	7.64%
	[67]

	MoC
	Thermal decomposition + spray coating
	N719
	I-/I3-
	8.34%
	7.89%
	[68]

	WC
	Thermal decomposition + spray coating
	N719
	I-/I3-
	8.18%
	7.89%
	[68]

	Fe3C-N-doped carbon
	Thermal decomposition + doctor blade
	N719
	I-/I3-
	7.36%
	7.15%
	[69]

	Carbon black
	Doctor blade
	N719
	I-/I3-
	9.1%
	
	[70]

	Graphene nanoplatelets 
	Drop cast
	Y123
	Co-based
	9.3%
	8.1%
	[72]

	GNPs + carbon matrix
	Spin-coating
	Y123
	Co-based
	9.11
	8.61
	[74]

	PEDOT:PSS + PEG + acetylene black
	Doctor blade
	N719
	I-/I3-
	4.39%
	4.5%
	[76]

	PEDOT nanofibres
	Spin coating
	Ru 535 bis-TBA
	I-/I3-
	8.34%
	7.2%
	[77]

	PEDOT
	Electro-oxidative polymerisation
	Y123
	Co-based
	10.3%
	7.9%
	[78]

	MoS2 nanorods
	Chemical synthesis + pyrolysis
	N719
	I-/I3-
	7.25%
	7.57%
	[79]

	Nb2O5
	Chemical synthesis + thermal decomposition
	N719
	I-/I3-
	4.84%
	7.50%
	[80]

	VC + mesoporous C
	Chemical synthesis + thermal decomposition
	N719
	I-/I3-
	7.63%
	7.50%
	[80]

	α-Fe2O3
	Hydrothermal + screen printing
	N719
	I-/I3-
	6.96%
	7.32%
	[81]

	TiN
	Anodization + ammonia treatment
	N719
	I-/I3-
	7.73%
	7.45%
	[82]

	NiN
	Ammonia-annealed Ni particles on Ni film
	N719
	I-/I3-
	8.31%
	8.41%
	[83]

	MoN
	Ammonia-annealed oxide film
	N719
	I-/I3-
	5.57%
	6.56%
	[84]

	TiN+CNTs
	Hydrolysis + ammonia annealing 
	N719
	I-/I3-
	5.41%
	5.68%
	[85]



Conclusions
Although only a selection of the plethora of possible materials reported as counter electrodes for photovoltaic devices, these studies have demonstrated that there are a wide range of possible earth-abundant alternatives to Pt for counter electrodes, many of which are able to produce equivalent if not improved efficiencies of the solar cells, as shown in Table 1. It has been widely demonstrated that the charge transfer resistance (Rct), as modelled from the equivalent circuit fit to impedance characteristics of the electrode, provides an excellent measure of the catalytic activity of the electrode, and a number of these materials display lower values than that of Pt. In addition, it is clear that the ability to produce high surface area catalysts with a large number of available catalytic sites is not only an advantage, but likely essential for an effective Pt-free counter electrodes for photovoltaic devices. In many cases composites of nanostructured carbons coupled with inorganic metal sulphides, nitrides or carbides show the highest efficiencies, commonly exceeding that of Pt electrodes tested under the same conditions. Such composite electrodes achieve the combined advantages of high conductivity and high activity found in Pt by combining a highly conductive, high surface area carbon-based scaffold with a high activity material mounted on its surface. However, in some cases it has been shown that the carbon material may not be necessary to achieve high efficiencies, demonstrating that many factors including exact composition, morphology and synthesis method can strongly influence the effectiveness of a material as a counter electrodes for a photovoltaic device.
In addition, large developments have been made in recent years to DSSCs using alternative dyes and electrolytes, but to date the majority of alternative CEs have been tested using the ‘standard’ N719 dye and iodine electrolyte, with only a few examples given here tested with more recently developed alternatives. Although this is useful to enable fair comparison between alternative materials, in order to provide the best indication of the potential of these materials in future commercial devices it would be beneficial to test them in conjunction with the most cutting-edge dyes and electrolytes.
Therefore with such a selection of effective materials, it seems that the most likely competitor to Pt will be a counter electrode that can be produced by simple, low-cost (low temperature, atmospheric pressure etc.) methods, which are easily scaled up, of which there are many examples discussed herein. In addition, as discussed, it is essential for alternative CE materials to be developed specifically for dye-electrolyte systems with the most potential for future implementation, such as metal-free organic dyes and Co-based electrolytes. However, stability is a factor that is not commonly discussed in reports of such counter electrodes. Stability is of course an essential aspect of any photovoltaic if it is to be a viable competitor in the photovoltaic market and make a significant contribution to the use of sustainable materials and elements for the use in sustainable energy harvesting systems.
Overall, it seems that it is possible to make counter electrodes for dye-sensitised photovoltaics that have efficiencies that match, or in some cases exceed, the equivalent for a Pt device. This shows great promise for the future development of photovoltaics that are less reliant on precious metals for device construction. However, there are still issues with stability and lifetime that reduce the overall impact of these new materials and factors associated with the manufacturing process must be considered when considering the feasibility of large-scale implementation.
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