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Abstract

:

Graphene-based nanomaterials functionalized by different doping strategies have attracted great attention for energy conversion themes, due to their large specific surface area, high conductivity, and appreciable electrocatalytic properties. This mini-review presents an overview of the recent progress in the synthesis of graphene-based nanomaterials as counter electrodes for dye-sensitized solar cells based on iodine/iodide electrolytes, along with challenges and perspectives in this exciting field.
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1. Introduction


With the blossoming demand of energy in the planet, accompanied by the depletion of fossil fuel reserves, research on new horizons has become imperative. In the past few decades, environment-friendly energy sources and their practical applications have attracted increasing attention. Producing green and efficient energy sources is one of the biggest challenges that we deal with in the current century. Among the proposed green energy sources, dye-sensitized solar cells (DSSCs) have been considered a class of the most promising power devices [1]. A dye-sensitized solar cell is a photoelectrochemical device that can convert solar energy into electrical energy, through electron transfer interactions between the electrode materials and an electrolyte. Usually, the anode consists of a porous semiconductor film (TiO2), at which the inorganic nanoparticles are decorated with dye sensitizer molecules. As a cathode electrode or counter electrode (CE), a thin film of a conductive and electrocatalytic material is deposited onto a glass substrate, usually fluorine-doped tin oxide (FTO). The power conversion efficiency of the device (PCE or n, %) is actually the ratio of power output (Pout) versus power input (Pin) (Equation (1)). The former parameter is dependent upon implicit properties of the device itself, such as the short-circuit current (ISC), open-circuit voltage (VOC) and fill-factor (FF). Power input is dependent upon the incident light flux (Io). The short-circuit current density (JSC) is defined as the ratio of ISC versus the area of device.


PCE = n = Pout/Pin × 100 = JSC VOC FF/Io × 100



(1)







Among the metal catalysts for counter electrode reactions, platinum (Pt) exhibits the highest electrocatalytic activities for the reduction of iodine within the electrolyte system. However, several obvious disadvantages largely limit the utilization of Pt in dye-sensitized solar cells. The main disadvantage involves the limited supply of the metal in nature, which is reflected its high cost. Thus, the high cost of the material deposited onto the cathode of a dye-sensitized solar cell can be largely reduced by developing Pt-free alternative electrocatalysts [2,3]. To obtain ideal electrocatalysts for dye-sensitized solar cells, the nanostructured materials are required to possess large surface area, increased surface active sites, and high conductivity. Among a variety of electrocatalysts, the family of carbon-based nanostructures—in their parent or doped forms—has attracted the interest of the research community [4,5,6]. In recent years, carbon nanomaterials such as graphene, carbon nanotubes (CNTs), and nanofibers have been synthesized by various chemical doping strategies [7]. The dopant component may be either organic dyes, conjugated polymers, inorganic nanoparticles/alloys, or heteroatoms. Such doped nanomaterials have been used as potential counter electrode components with the aim of replacing the expensive and rare platinum. In the carbon material family, graphene is the newest member discovered in 2004 by Geim et al. [8]. Graphene has a unique two-dimensional and single-atom-thick structure with sp2-hybridized carbon atoms arranged in a honeycomb-like crystal lattice. Graphene nanosheets have demonstrated great potential as 2-D electrocatalysts, due to the following properties. First, graphene possesses a large theoretical specific surface area (SSA) of ∼2600 m2/g, which is twice that of single-walled CNTs. This is due to the fact that graphene may interact with both sides with its chemical environment. Second, graphene consists of a fully conjugated network of sp2-hybridized carbon atoms in its basal plane, giving rise to ultrahigh electrical conductivity and excellent mechanical integrity. Specific sites at the periphery of a pristine two-dimensional nanostructure are considered as defect sites, due to their sp3 hybridization. The generation of additional defect sites (vacancies, holes) as well as the decoration of graphene surface by oxygen-containing functional groups (carbonyls, epoxides, hydroxyls, etc.) may take place through oxidation reactions of graphite flakes, resulting in the formation of graphene oxide (GO) [9]. The latter processes lead to the exfoliation of multilayered nanostructures and the isolation of individually dispersed sheets in liquid media. Such lattice defects can be used as nucleation sites for the growth and immobilization of inorganic nanoparticles as well as an anchor for further surface modification. Therefore, notable effort has been devoted to the synthesis of novel nanostructured graphene-based hybrid catalyst systems. It is anticipated that such nanomaterials represent a promising class of electrocatalysts for dye-sensitized solar cells. Starting from the 2008 seminal work of Shi’s group [10], a large number of publications have been centered upon the development of graphene-based nanostructures as counter electrode materials. These works have been analyzed and discussed in some excellent reviews [11,12,13,14]. To keep the rapidly increasing advances in this topic updated, it is a perfect time to review the recent progresses and the challenges of the graphene-supported counter electrodes in dye-sensitized solar cell devices. In this mini-review, we first analyze the developed synthetic approaches for the preparation of chemically modified graphene, accompanied by the processes by which the nanomaterials are deposited onto electrode substrates. It is noted that only iodine-based dye-sensitized solar cells are discussed in this review. It is not within the scope of the review to analyze and discuss all the related literature, but rather to isolate the most important advances that have appeared in these specific types of solar devices. At least from a personal point of view, the discussed examples are considered to pave the way for the next steps in the electrocatalyst synthesis field. In the following section, we summarize these important advances and suggest potential alternative approaches towards the development of multifunctional electrocatalytic systems. Finally, a brief conclusion and an outlook on the development of graphene-based elecrocatalysts will be provided. We hope that this review will contribute to the advancement of this research field.




2. Synthetic Approaches


Below, various synthetic protocols will be discussed towards the development of multifunctional counter electrodes in iodine-based DSSCs. In the first part, the focus will be on graphene-based nanostructures, in which the graphitic component was prepared by liquid-phase processes. These include either the sonication-assisted exfoliation of graphite or the preparation of graphene oxide and its reduced form (RGO). Such derivatives are shown to be doped with inorganic nanostructures, heteroatoms, low molecular weight dyes, and polymers. In the second part, the focus will be on graphitic nanomaterial grown by the chemical vapor deposition (CVD) technique.



2.1. Liquid-Phase Exfoliated Graphene


2.1.1. Electrophoretic Deposition


Graphene nanostructures can be deposited onto substrates for device fabrication by various processing methods. These include substrate coating with graphene grown by chemical vapor deposition (CVD), spin coating with liquid-phase exfoliated graphene suspensions, and electrophoretic deposition (EPD). The latter is an industrial method, by which one may prepare homogeneous and robust films on the surface of a substrate. By adopting this process, Jeon and co-workers [15] mixed chemically reduced graphene oxide sheets with magnesium nitrate into an ethanol/water mixture.



Magnesium cations were used in order to attach the graphitic nanostructures by electrostatic interactions to the oxygen-containing moieties of reduced graphene oxide. An FTO glass substrate was used as a cathode in the electrophoretic solution (Figure 1). By applying a potential of 10 V for a period of 10 s, a thin film of graphene flakes was deposited onto FTO. After optimization tests, the fabricated counter electrode showed a power conversion efficiency of 5.7%, after annealing at 600 °C. It was suggested that pyrolysis was responsible for the removal of magnesium ions and oxygenated functionalities, resulting in the improvement of the electrocatalytic properties of the deposited film.



In an analogous approach, graphene oxide was mixed with cobalt(II) nitrate in isopropyl alcohol. After the immersion of the electrode substrates, a potential of 50 V was applied for 10 min and graphene/Co(OH)2 was obtained [16]. After electrophoretic deposition, the substrate was calcinated at 400 °C in order to convert the metal hydroxide to oxide. This process was followed by soaking in a Na2S aqueous solution, in order to obtain the graphene/CoS hybrids. The efficiency of the fabricated DSSC devices was 5.5%, slightly lower than that of reference Pt.



In a subsequent work, Huo et al. [17] somewhat revised the protocol for preparing graphene/CoS hybrid films by electrophoretic deposition. The authors applied a potential of 3 V for 5 s, resulting in the deposition of a graphene/cobalt compound film. The latter was immersed in a Na2S methanol solution for ion exchange deposition (IED) to form the film containing sulfide. By repeating EPD and IED processes each four times, a GO/CoS hybrid film was prepared, which was subsequently reduced by NaBH4 for obtaining RGO/CoS. The optimized efficiency of such hybrids as counter electrodes in DSSCs was about 9.4%, outperforming that of reference Pt (7.3%).




2.1.2. Graphene/Pt Hybrids by Reduction of Precursor Salt


In an effort to study the synergetic effects of graphene and Pt nanoparticles, Yen et al. [18] mixed graphene oxide and H2PtCl6 precursor salt in an ethyleneglycol/water mixture. After heating at 120 °C, the precursor was thermally converted to Pt nanoparticles, which were adsorbed onto the surface of reduced graphene oxide. TGA analysis showed that the content of Pt nanoparticles in the hybrid was about 15 wt%. The utilization of such graphene/Pt nanostructures as counter electrode material in DSSCs revealed increased power conversion efficiency (6.4%), when compared both to reference Pt (5.3%) and parent reduced graphene oxide films (2.9%).



Similar graphene/Pt hybrids were alternatively synthesized by a photoinduced reduction of graphene oxide/H2PtCl6 in an ethanol-water mixture (Figure 2) [19]. In parallel with the illumination process, the suspension was heated at 80 °C for various periods, ranging from 1 to 18 h. It was found that the presence of ethanol was critical, since it provided the electrons for the reduction process. The utilization of the resulting graphene/Pt hybrids as counter electrodes demonstrated that the material illuminated for 3 h was the most efficient electrocatalyst, with an efficiency approaching 6.8%, higher than that of sputtered Pt.




2.1.3. Plasma-Induced Processes


Decoration of graphitic surface by inorganic nanoparticles was achieved by the dry plasma reduction (DPR) process. This method was adopted for the synthesis of graphene/NiO hybrids as potential counter electrodes in DSSCs [20]. A solution of nickel chloride was dropped onto a graphene oxide film, followed by the evaporation of the solvent. The specimens were then reduced using Ar plasma at atmospheric pressure at a power of 150 W. Thus, a simultaneous co-reduction of Ni precursor ions and GO took place towards its conversion to Ni atoms and RGO, respectively. Yet, owing to the formation of oxygen radicals during the plasma reduction process, NiO shell structures were generated on the surfaces of Ni nanoparticles. The synergetic effects of graphene and NiO components resulted in an appreciable power conversion efficiency of 7.4%.



Similarly, by using the DPR method, PtRu alloy/reduced graphene oxide nanohybrids were studied as potential counter electrodes in DSSCs [21]. It was found that the Pt0.7Ru0.3/RGO hybrid gave the highest efficiency of about 8.4%, exceeding that of Pt/RGO (7.5%). Analogous results were drawn for the synthesis of PtCo alloy/reduced graphene oxide nanohybrids, in which the Pt0.1Co0.9/RGO nanomaterial showed great enhancement in electrocatalytic properties [22].



In a recent study, the same group of researchers focused on the synthesis and systematic screening of alloyed Pt0.9M0.1/RGO (where, M = Au, Co, Cu, Fe, Mo, Ni, Pd, Ru, and Sn) nanohybrid materials and their applications as efficient low-cost CEs for DSSCs [23]. The trend for the acquired power conversion efficiencies was the following: PtMo/RGO (9.11%) > PtCo/RGO (8.85%) > PtSn/RGO (8.76%) > PtNi/RGO (8.63%) > PtPd/RGO (8.44%) > PtFe/RGO (8.42%) > PtCu/RGO (8.31%) > PtRu/RGO (8.15%) > Pt/RGO (8.05%) > PtAu/RGO (7.87%).



Using a different concept, dispersible graphene flakes were synthesized by a thermal plasma jet system. A carbon source, namely ethylene gas, was continuously inserted through an argon plasma flame, resulting in its decomposition to carbon atoms, followed by the production of graphitic soot [24]. The latter was found to be deposited onto the collector substrate by epitaxial growth (Figure 3). The soot was composed of small sized graphenes of about 100 nm, which made the material readily dispersible in common organic media. Due to the collision forces of the Ar atom flow and the collector substrate, the small sized graphenes were stripped away from the substrate, towards the wall of the plasma chamber. Counter electrodes based on deposited films of such nanostructures afforded an improved electrocatalytic activity, with an efficiency of about 9%, similar to that of Pt.




2.1.4. Heteroatom-Doped Graphenes by Annealing Process


A versatile route to synthesize doped graphene/metal nitride hybrids was reported by Wen et al. [25]. First, a hybrid of carbon nitride (C3N4) and graphene oxide was synthesized by a thermal treatment of a GO/cyanamide mixture at the moderate temperature of 400 °C. The C3N4/GO hybrid was then dispersed in a solution containing the Ti metal precursor, and the dried blend was annealed at 750 °C. This led to the simultaneous decomposition of carbon nitride, nitrogen doping in graphene, and the formation of metal-nitride nanoparticles on the graphene surface. Synergetic effects between the nitrogen-doped graphene and the titanium nitride nanoparticles afforded an appreciable enhancement in photovoltaic efficiency for the titanium-based hybrid (15% relative increase over Pt). With minor variation in the synthesis protocol, FeN/N-doped graphene core-shell nanostructures were obtained, by which an extraordinary efficiency of 10.9% was achieved [26].



The concept of obtaining nitrogen-doped graphene by pyrolysis of a graphene oxide/cyanamide mixture was studied by Zou and co-workers [27]. The annealing temperature ranged between 700 and 1000 °C. The photocatalytic activity was found to be dependent on the speciation of nitrogen moieties and not the total content of heteroatom. The DSSC device prepared by the hybrid annealed at 900 °C showed enhanced efficiency (5.4%), slightly higher than that of reference Pt.



Similarly, cyanamide adsorbed onto microwave-exfoliated graphite flakes was thermally treated by a two-stage process [28]. In the first step, the blend was heated at 450 °C, at which temperature cyanamide was polymerized to carbon nitride. Subsequently, the graphene/C3N4 hybrid was annealed at 900 °C, leading to the formation of crumbled N-doped graphene. The utilization of such nanostructures as counter electrodes in DSSCs resulted in promising efficiencies of about 7.2%.



By adopting the strategy of mixing graphene oxide with a heteroatom precursor followed by annealing, boron-doped graphene was obtained after pyrolysis of a GO/B2O3 blend at 1200 °C [29]. In similar works, heteroatom-doped graphene was obtained either by annealing graphene oxide in the presence of precursor substances or by pyrolysis of chemically modified graphene derivatives. In the former case, typical precursors include triphenylphosphine (P-doped material) [30], cobalt phthalocyanine (CoNx-doped material) [31], and elemental sulfur (S-doped material) [32]. In the latter case, B,N-doped graphene nanostructures were obtaining by pyrolysis of graphene oxide grafted with 1-aminopropyl-3-methylimidazolium tetrafluoroborate ionic liquid [33].




2.1.5. Chemical Doping by Ball Milling


A simple, low-cost, and eco-friendly dry ball milling process was demonstrated to be effective for the decoration of various moieties onto the graphitic lattice [34]. The mechanochemical process was responsible for the dissociation of graphitic C–C bonds in exfoliated graphite flakes, creating carbon-based active species. In the presence of molecular entities within the ball milling chamber, such transient species were found to react with them, leading to heteroatom fixation at the edges of the graphene surface. Using this concept, Kim and co-workers [35] synthesized edge-carboxylated graphene nanoplatelets (ECGnPs). The latter nanostructures were prepared by the simple, efficient, and eco-friendly ball-milling of graphite in the presence of dry ice (solid carbon dioxide). Mechanochemically driven graphitic C–C bond scissions generated transient carbon species (mainly carbon radicals and carbanions), which reacted with carbon dioxide to yield graphene nanoplatelets (GnPs) with edge-carboxylate groups. These functionalities were subsequently protonated by exposure to air moisture and hydrochloric acid treatment. Such powders were readily exfoliated in isopropanol and were used as oxygen-rich metal-free counter electrodes in DSSCs. The photovoltaic activity (n%) of such graphene electrodes was about 8% higher than that of reference Pt, in relative terms.



Alternatively, instead of using metallic balls for the mechanochemical reaction, stainless steel pins were used for the nitrogenation of graphene flakes. This reaction took place in an environment saturated with molecular gas nitrogen [36]. The DSSC device with such a nitrogenated graphene counter electrode exhibited a power conversion efficiency of 7.7%, which was comparable to that of a cell with Pt.



Similarly, metal phthalocyanines (M-Pc) were mixed with graphene within a ball milling reactor [37]. Thus, MN4-type moieties were found to dope the graphitic lattice, yielding variable photovoltaic activity, which depended on the central metal ion. It was found that the cobalt derivative afforded an efficiency of about 8.4%.



Dual-doped graphene was obtained by a combination of ball milling and annealing processes. Graphene oxide was ball milled in the presence of both melamine and triphenylphosphine. The resultant blend was pyrolyzed in an inert atmosphere at 900 °C, thus, obtaining N,P-doped graphene [38]. Dual doping of N and P heteroatoms was found to synergistically enhance the photovoltaic performance of DSSCs, and a high conversion efficiency of about 8.6% was achieved, superior to Pt CE and much higher than that of the simple-component N- or P-doped graphene electrodes.




2.1.6. Hydrothermal Synthesis


Nitrogen-doped graphene sheets were prepared through a hydrothermal reduction of colloidal dispersions of graphite oxide in the presence of hydrazine and ammonia at a pH of 10 [39]. The reactants were hydrothermally treated for 3 h at 120 °C and the resulting hybrids were used as potential counter electrodes in DSSCs [40]. The devices demonstrated a photoefficiency of about 4.8%, a value which approached that of Pt. Similarly, graphite oxide flakes were hydrothermally reduced in the presence of ammonia (pH 11) at 150 °C for 24 h [41]. The resulting nitrogen-doped graphene afforded a photovoltaic efficiency of about 7%, a value which approached the one of Pt (7.34%).



Dual heteroatom doping of graphitic lattice was obtained through hydrothermal treatment of graphene oxide in the presence of thiourea. The latter substance also played the role of the reducing agent, leading to the partial deoxygenation of graphene oxide and its conversion to the reduced form [42,43]. The presence of both heteroatoms seemed to be beneficial for the enhancement of electrocatalytic properties of the formed counter electrodes.



Due to the established electrocatalytic activity of transition metal phosphides, Dou et al. [44] synthesized hybrids consisting of nickel phosphide nanoparticles embedded onto the graphene surface. The composite nanostructures were prepared by the hydrothermal reaction of red phosphorus, nickel chloride, and graphene oxide in a mixture of ethylene glycol and water at 180 °C. Under these conditions, crystalline inorganic Ni12P5 nanoparticles were adsorbed onto the hydrothermally reduced graphene oxide sheets. The DSSC with the nickel phosphide-embedded graphene as the counter electrode showed an excellent performance, competing with that of the Pt counter electrode.



In an analogous approach, RGO-NiS2 hybrids were synthesized by the mixing of graphene oxide, carbon disulfide, and nickel chloride under hydrothermal conditions. The solvent used was a mixture of ethylene glycol and water, and the reaction took place at 180 °C for 12 h [45]. Synergetic effects from both graphitic and inorganic components gave rise to an enhanced photovoltaic efficiency of about 8.6%.



Similarly, hydrothermal treatment was adopted for the synthesis of a variety of graphene/inorganic nanostructured hybrids. These include graphene/Bi2S3 by graphene oxide, bismuth(III) nitrate, and cysteine [46]; graphene/Ni0.85Se by graphene oxide, NiSO4·7H2O, and Na2SeO3·5H2O [47]; graphene/SnS2 by graphene oxide, SnCl4·5H2O, and cysteine hydrochloride monohydrate [48]; graphene/CoS by graphene oxide, CoCl2·6H2O, and thiourea [49]; graphene/CoSeO3·2H2O by graphene oxide, CoCl2·6H2O, and Se [50]; graphene/Fe2O3 by graphene oxide and FeCl3·6H2O [51]; graphene/NiSe-Ni3Se2 by graphene oxide, NiCl2·6H2O, and SeO2 [52]; graphene/Co9S8 by graphene oxide, CoCl2·6H2O, and Na2S [53]; graphene/CoS2 by graphene oxide, CoCl2·6H2O, and thioacetamide [54]; graphene/NiS/CoS by graphene oxide, metal chlorides (or acetates), and thiourea [55]; and graphene/NiCo2S4 by graphene oxide, metal acetates, and thiourea [56].



Synergetic effects of metal sulfide nanoparticles decorated with heteroatom-doped graphene afforded extraordinary electrocatalytic properties to the nanocomposites [57]. In one pot hydrothermal reaction, cobalt sulfide component was synthesized by using cobalt nitrate hexahydrate and thiourea as reactants, whereas graphene oxide sheets were nitrogenated by ammonia. All starting components were treated within an autoclave chamber at 200 °C for 12 h. Such hybrids demonstrated an efficiency of 10.7% when used as counter electrodes in DSSCs.




2.1.7. Polymer-Mediated Functionalization


A typical strategy towards the development of graphene/polymer hybrids for counter electrodes is to prepare a colloidal suspension of graphene oxide sheets (either in parent, reduced, or chemically modified form), followed by solution mixing with the macromolecular component. By using as a starting material reduced graphene oxide stabilized by pyrene butyrate [58], Shi and co-workers [10] prepared mixed suspensions of graphene and polystyrenesulfonate-doped poly(3,4-ethylenedioxythiophene) (graphene/PEDOT–PSS). The graphene content of the mixture was controlled by the volume ratios of each suspension. Composite films of graphene and PEDOT-PSS were prepared by spin coating onto indium tin oxide (ITO) substrates. A 60-nm thick composite film (contained 1 wt% graphene)-coated ITO electrode exhibited high transmittance (>80%) at visible wavelengths and high electrocatalytic activity. The energy conversion efficiency of the cell with this film as a counter electrode reached 4.5%, which was comparable to the 6.3% of the cell with the reference platinum electrode.



Polymers have been widely used as binder components for the fabrication of stable films. Their presence could be multifunctional in the case of graphene-based coatings. Due to the appreciable difference in thermal stability between nanostructured graphitic carbon and saturated polymer chains, the latter may be selectively decomposed at moderate temperatures (250–450 °C). To this end, Aksay and co-workers [59] first prepared functionalized graphene sheets through the thermal exfoliation of graphite oxide sheets at 1000 °C. The latter nanomaterial was dispersed in a poly(ethylene oxide) aqueous solution, by the aid of an amphiphilic triblock copolymer (PEO-PPO-PEO, pluronic type). The resulting suspension was spin-coated onto FTO, whereas the polymeric substances were thermally decomposed at 350 °C, forming a porous network of graphene sheets.



Similarly, ethyl cellulose was used both as a binder and a sacrificial agent [60,61]. The lowest charge transfer resistance value was observed at the decomposition temperature of 370 °C, at which the polymer residue weight fraction in the electrode was about 20% [61]. DSSCs using these porous graphene-based networks as electrodes had comparable efficiencies (η) to those using thermally decomposed chloroplatinic acid electrodes, approaching values of 6.8%.



By using an analogous approach for the fabrication of porous electrodes, Qiu and co-workers [62] unzipped carbon nanotubes by an oxidative approach, towards the synthesis of graphene ribbons. The latter were mixed with urea and thermally treated at 1000 °C. The resulting nitrogen-doped graphene nanoribbons were mixed with carboxyethyl cellulose binder and the slurry was coated onto FTO glass, followed by annealing at 500 °C. Both the porous character and the presence of a heteroatom dopant resulted in enhanced photovoltaic efficiencies of such electrodes, reaching a value of 8.6%.



The technique of mixing with sacrificial agents was adopted for the synthesis of graphene/Ni0.85Se hybrid nanostructures. A slurry of graphene oxide and Ni0.85Se mesoporous spheres was made by mixing the components in an ethanolic solution of poly(ethylene glycol) [63]. After deposition by doctor blade, the film was annealed at 450 °C in order to obtain the rGO/Ni0.85Se counter electrode. The utilization of the latter hybrids in DSSC devices afforded photovoltaic efficiencies up to 7.9%, slightly exceeding that of reference Pt.



In a different synthesis protocol, graphene oxide was first reduced within an autoclave at 180 °C. Subsequently, in situ polymerization of aniline took place in the presence of reduced graphene oxide flakes in an aqueous environment, by using ammonium persulfate as an initiator [64]. Polyaniline (PANI)/graphene counter electrodes were prepared by spraying a stable suspension of hybrid onto an FTO substrate and drying. The solar device with this counter electrode achieved a conversion efficiency of 6.1%, which was comparable to that of the cell with the Pt counter electrode (6.9%).



Analogous in situ polymerization of pyrrole has been demonstrated in the presence of chemically reduced graphene oxide [65]. Nitrogen-doped graphene-based nanostructures were obtained by the annealing of rGO/polypyrrole composites at 700 °C. The electrocatalytic performance of the annealed material was comparable to that of reference Pt.



Instead of applying chemical in situ polymerization process followed by hybrid deposition, Lianos and co-workers [66] fabricated a macroscopic bilayer of graphene/PEDOT film as a counter electrode. In the first place, the authors demonstrated that the charge transfer resistance values were dependent on the thickness and the annealing temperature of the deposited graphene oxide film. After calcination at the optimized temperature of 350 °C, the conductive polymer PEDOT was deposited onto the graphene film by potentiostatic electrodeposition. The combined PEDOT/RGO/FTO electrode gave a comparable efficiency to that of the reference Pt/FTO (6.5%).



As an extension to the previous work, the same group performed in situ chemical polymerization of pyrrole in the presence of graphene oxide [67]. The resulting hybrid was spin-coated onto FTO and GO sheets were thermally reduced at 300 °C. In the last step, PEDOT was electrodeposited onto the rGO/polypyrrole film, yielding an rGO/polypyrrole/PEDOT counter electrode. The efficiency of the latter was lower than that of reference Pt, by about 24%.



In order to further enhance the charge transfer interactions between the graphene-based layer and the electrochemically deposited PEDOT film through heteroatom doping of the graphene surface, Ho and co-workers [68] utilized a commercially available nitrogen-doped graphene (NGr), dispersed in a slurry containing 0.2% (v/v) of Nafion in ethanol. In the second step, PEDOT was decorated onto the NGr film by an electrochemical deposition method (Figure 4). Such a composite film of nitrogen-doped graphene and polymer (NGr/PEDOT) fabricated by sequential deposition showed enhanced electrocatalytic properties, which were ascribed to the chemical crosslinking between nitrogen and sulfur moieties.



An analogous enhancement of electrocatalytic performance was obtained when electrochemically exfoliated graphene flake material was mixed with ethyl cellulose and the mixture was spin-coated onto FTO [69]. The formed film was annealed in order to decompose the binder component and, in a subsequent step, a PEDOT film was electrodeposited on top. The combination of graphene conductivity, the porous character of the film, and the charge transfer interactions between graphene and PEDOT gave rise to photovoltaic efficiencies reaching values of 8%.



By using the sophisticated process of layer-by-layer (LbL) assembly, Xu et al. [70] reported the facile synthesis of nanocomposite thin films, consisting of reduced graphene oxide and poly(diallyldimethyl ammonium chloride) (PDDA). The starting aqueous suspensions were those of negatively charged graphene oxide and positively charged poly(diallyldimethyl ammonium chloride), respectively. Alternate cycles of substrate dipping and rinsing gave rise to the formation of multilayered films, in which the components remain adhered by electrostatic interaction. In a subsequent step, the graphene oxide sheets were electrochemically reduced. The resulting hybrid thin-film counter electrodes reached power conversion efficiencies of 9.5% and 7.6% in conjunction with low volatility and solvent free ionic liquid electrolytes, respectively.



The technique of LbL assembly was adopted for the synthesis of graphene/CoS2 hybrid nanostructures [71]. The authors first fabricated a GO/PDDA multilayered film. A cobalt disulfide precursor mixture, containing CoCl2·6H2O and thioacetamide, was dropped onto the GO film and was annealed at 400 °C for thermal reduction. The latter process simultaneously resulted in the de-oxygenation of GO and the formation of CoS2 on top of the graphitic film. It was found that the synergetic effect between the electrode components contributed to an enhanced electrocatalytic activity, which was comparable to that of reference Pt.



Instead of using alternative depositions of graphene sheets and PDDA polymer, the latter polyelectrolyte was coated onto FTO only once [72]. Then, different numbers of graphene-based bilayer stackings were deposited on top, driven by electrostatic interaction between adjacent graphitic nanostructures (Figure 5). The latter include negatively charged graphene oxide GO(−), positively charged nitrogen-doped graphene oxide N-GO(+), and positively charged nitrogen and sulfur co-doped graphene oxide NS-GO(+). Positively charged nitrogen-doped graphene oxide N-GO(+) was synthesized by decorating an amine functional group on the surface of GO(−). A GO(−) suspension was treated with 1-ethyl-3-[3-(dimethylamino) propyl] carbodiimide hydrochloride (EDC) and ethylamine, and the adduct was considered as a positively charged nitrogen-doped graphene oxide. Positively charged nitrogen and sulfur co-doped graphene oxide NS-GO(+) was synthesized by attaching amine and thiol functional groups on the surface of GO(−). A GO(−) suspension was treated with EDC, ethylamine, and 4-amino thiophenol, and the adduct was considered as a positively charged nitrogen and sulfur co-doped graphene oxide. In the first set of samples, alternate deposition cycles of negatively charged graphene oxide and positively charged nitrogen-doped graphene oxide took place on top of the PDDA/FTO substrate by spin coating (Figure 5).



In the second set of samples, negatively charged graphene oxide and positively charged nitrogen/sulfur-doped graphene oxide sheets were alternately deposited onto the aforementioned PDDA/FTO substrate by the spin coating technique. Thus, this versatile synthesis approach seemed to be thickness- and composition-controlled. Beside the two sets of multilayered films, an additional batch of electrodes was developed, in which the PDDA film was covered by just one bilayer of the aforementioned oppositely charged graphenes by spray coating (Figure 5). Both families of samples (spin-coated multilayers and spray-coated monolayer) were annealed at 400 °C in an inert atmosphere in order to reduce the graphene oxide nanostructures. From the tested samples, it was found that the multilayered film [rGO(−)/N-rGO(+)]10, as a counter electrode, showed comparable efficiency with that of Pt (about 7%) [72].





2.2. Chemical Vapor Deposition-Grown Graphene


Beyond the utilization of liquid phase-exfoliated graphene sheets as counter electrode components, interesting results have been produced by carbon nanostructures derived from chemical vapor deposition approaches. However, the inert nature of the pristine graphene basal plane often restricts the charge transfer interactions with the electrolyte. In addition, planar supported CVD graphene has little accessibility of its electrocatalytic sites. To this end, vertically grown pristine graphene has shown great potential as a counter electrode in DSSCs [73]. Due to the enhanced specific surface area of the carbon-based nanostructures, charge transfer interaction with the electrolyte would be greatly improved. This was supported from the improved power conversion efficiency over that of reference Pt.



A novel approach for the growth of 3D-structured graphene networks was developed by Hu and co-workers [74]. Lithium oxide (Li2O) powder was loaded into a ceramic tube reactor and exposed to carbon monoxide gas at 550 °C. After washing with concentrated HCl and de-ionized water, the graphitic nanomaterial was deposited onto an FTO substrate. These graphene sheets exhibited excellent catalytic performance as a counter electrode for DSSCs with an energy conversion efficiency as high as 7.8%.



In a subsequent work, the same group developed an analogous protocol towards the synthesis of high surface area CVD-grown graphene networks. This involves the high temperature reaction (550–650 °C) between liquid Li and carbon dioxide gas [75]. These 3D graphene sheets exhibited excellent electrocatalytic performance as a counter electrode for DSSCs with an energy conversion efficiency as high as 8.1%.



Similarly, flower-like graphene networks were synthesized by the high temperature reaction (600 °C) between liquid Na and carbon dioxide gas [76]. The dye-sensitized solar cell with the 3D graphene as a counter electrode exhibited a high energy conversion efficiency of 10.1%, which was much higher than that (7.7%) of the DSSC with the Pt-based counter electrode.



An alternative method for the fabrication of functional counter electrode materials in DSSCs was developed by Jang and co-workers [77]. The authors reported the synthesis of three-dimensional graphene nanonetworks (3D-GNs) via a precursor-assisted CVD process. DSSCs based on the pristine single component 3D-GNs without any treatment recorded comparable photovoltaic efficiency to reference Pt. Superior performance to Pt was accomplished through the immersion of 3D graphene assemblies into nitric acid solutions at specific dilutions. It was found that p-doped graphitic nanostructures with an optimized nitrogen content of 0.5% exhibited a maximum photoconversion efficiency of about 8.5%, which is 6% greater than that exhibited by Pt-based DSSCs.



The utilization of inorganic oxide sheets as sacrificial templates for the growth of porous graphene networks was developed by Li and co-workers [78]. The authors performed CVD growth of graphene by using MgO sheets as templates. The latter were removed by acid washing. The high surface area 3D graphene networks associated with the enriched surface edge defects gave rise to an appreciable electrocatalytic activity towards iodine reduction. The DSSCs with the graphene networks as a counter electrode material showed a power conversion efficiency of 7.3%, which was comparable to that of Pt (7.3%).



The generation of new electrocatalytic sites onto the graphitic lattice may take place through chemical modification by either covalent bonding or physical adsorption. By adopting this concept, a few layer graphene sheets were grown onto a Cu foil, using methane as carbon precursor. After the transfer of graphene onto FTO, the CVD-grown nanostructures were treated with CF4 reactive-ion plasma, resulting in the doping of fluorine ions onto graphene [79]. Electrochemical characterization showed that the catalytic activity of graphene for iodine reduction increased with increasing plasma treatment time, which was attributed to an increase in the population of catalytic sites. Further, the fluorinated graphene, as a counter-electrode, showed an efficiency of about 2.6%.



Similarly, nitrogen plasma treatment on 3D holey graphene resulted in the edge-enhanced modification of the graphitic network [80]. Electrochemical measurements demonstrated a higher catalytic activity with respect to those of Pt. DSSCs with such graphene networks as counter electrodes exhibited a power conversion efficiency of 9.1%, which was superior to that of DSSCs with Pt as CEs (8.2%).



Beside the doping of CVD-grown graphene with elemental transient species, the decoration of inorganic nanoparticles has been reported in the literature. Huang and co-workers [81] synthesized CVD graphene/metal sulfide hybrids (metal: Co, Ni) as counter electrodes in DSSCs. The supported graphene was dipped into a solution of metal ethylxanthogenate, which was the precursor substance. The latter was converted to metal sulfide after annealing at 400 °C in an inert environment (Figure 6). The efficiencies of graphene/metal sulfide electrodes were comparable with that of Pt (5.2%).



Supported graphene-wrapped copper-nickel nanospheres were synthesized by a similar strategy. Dipping CVD-grown graphene into an ethanolic solution of Cu/Ni acetates and subsequent calcination at 400 °C afforded the formation of a thin layer of CuO/NiO onto the graphene surface. After the insertion of the substrate into a CVD chamber, the oxides were reduced under hydrogen atmosphere at a high temperature. The formed Cu-Ni alloy nanospheres were used both as catalyst and template for the subsequent growth of the graphene layer, with the latter acting as a wrapping film for the inorganic nanostructures [82]. The synergetic effect of graphene and Cu-Ni nanospheres made the corresponding counter electrode exhibit high electrocatalytic activity with an efficiency of 5.5%.



In an analogous protocol, porous Na-embedded carbon nano-walled materials were synthesized as potential counter electrodes in DSSCs [83]. These nanostructures were obtained by the high temperature (600 °C) reaction between liquid sodium and carbon monoxide, with sodium carbonate being the by-product. The latter was removed by acid washing, resulting in porous Na@carbon, with a sodium content ranging between 1.8 and 2.7 wt%. The DSSC device with the Na@C counter electrode reached a high power conversion efficiency of 11.03%, which seems to be the highest value ever reported for an iodine-based electrolyte.



Usually, counter electrode materials are deposited onto transparent conductive (TCO) substrates, such as FTO. The high cost of these materials has ignited the interest of researchers in alternative substrates, such as flexible polymer films. The first to be considered as a potential substitute for TCOs was poly(ethylene terephthalate) (PET) membranes. In the work of Park and co-workers [84], a graphene monolayer—synthesized by the chemical vapor deposition method—was transferred onto a PET substrate. On top of this, a prepolymerized PEDOT solution was deposited by the spin coating technique. The post-polymerization process took place at 70 °C, giving rise to a layer-by-layer structure, consisting of PET, graphene, and PEDOT. The graphene/PEDOT films without TCO and platinum were used as counter electrodes in DSSCs, resulting in a power conversion efficiency of 6.3%, whereas the efficiencies of DSSCs with Pt/ITO and PEDOT counter electrodes were 6.7% and 5.6%, respectively.



CVD conditions may be used not only for growing carbon-based nanostructures, but also for decomposing heteroatom-containing precursors for the doping of graphitic assemblies. In the work of Dai and co-workers [85], a graphene oxide aerogel was first prepared by a combination of freezing and lyophilization of an aqueous suspension. The porous foam-like macroscopic aerogel was inserted into a horizontal furnace, in which a flow of ammonia/argon mixture was introduced. After the annealing of the graphene oxide foam at 800 °C, N-doping took place. The porous N-doped assembly was used as a counter electrode in DSSCs and demonstrated comparable efficiency with that of reference Pt (7.1%).





3. Selected Literature Data and Conclusions


From the aforementioned studies, a great number of graphene-based hybrid nanostructures has shown promising perspectives as potential counter electrode materials in DSSC devices.



It is anticipated that, in the near future, such nanomaterials could be exploited in energy conversion horizons for the needs of society, after some optimization. These counter electrodes demonstrated comparable or even appreciably higher power conversion efficiency than that of the reference Pt electrode. A selected family of such studies is illustrated in Table 1. Specific information about related parameters are given in this table, such as power conversion efficiency values (including those of the reference electrode), VOC/JSC data, and short details about chemical structure and synthesis. These examples were isolated from the wealth of related literature, ranging from 2008 to mid-2017. The highest power conversion efficiencies achieved for each separate year of the aforementioned period are 4.5%, 4.99%, 6.81%, 7.07%, 9.54%, 10.71%, 9.39%, 11.03% and 9.4%, respectively. It is noted that these data concern iodine-based dye-sensitized solar cells. It is observed that the enhanced electrocatalytic properties were reached by graphene-based nanostructures, which were doped with either heteroatoms, conjugated polymers, metal salt nanoparticles, or a combination of these. Extraordinary results were achieved by the thermal reaction of alkali metal melts with either carbon monoxide or dioxide gas. To our knowledge, the highest power conversion efficiency registered up to now was reported by Wei et al. [83], and involved the development of porous Na-embedded carbon nanocomposites. These hybrids were obtained by the high temperature (600 °C) reaction between liquid sodium and carbon monoxide. The porous character of the prepared Na@carbon hybrids resulted from the rinsing step, which washed away the solid byproduct of the thermal process, sodium carbonate.



We strongly believe that carbon-based porous nano-assemblies, enriched in graphitic domains and doped with heterostructures, could play a vital role in energy-related issues in the near future. Besides being employed as counter electrodes in dye-sensitized solar cell devices, graphene and graphene-based nanomaterials have shown great potential as electrodes in Schottky-type solar cells [86] and energy storage devices [87,88].
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Figure 1. Set of electrophoretic deposition of graphene suspension. Reproduced with permission from Reference [15]. Copyright Royal Chemical Society, 2011. 
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Figure 2. Photoinduced platinum salt reduction onto graphene oxide. Reproduced with permission from Reference [19]. Copyright American Chemical Society, 2012. 
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Figure 3. Schematic illustration of the (a) thermal plasma jet system; (b) growth and stripping away of graphene flakes. Reproduced with permission from Reference [24]. Copyright Elsevier, 2016. 
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Figure 4. Two-step fabrication of NGr/PEDOT counter electrode. Reproduced with permission from Reference [68]. Copyright Elsevier, 2015. 
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Figure 5. (a–c) Synthetic route of alternate deposition of oppositely charged graphene oxide sheets and subsequent annealing; (d) Illustration of the resulting dye-sensitized solar cell device. Reproduced with permission from Reference [72]. Copyright American Chemical Society, 2016. 
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Figure 6. Overall procedure for the synthesis of graphene/MS (M: Co, Ni) hybrid counter electrodes for DSSCs. (a) Synthesis of MS precursor; (b) Solutions of metal ethylxanthogenate in acetone (Ni salt) and ethanol (Co salt); (c) Graphene substrate; (d) CVD-grown graphene onto SiO2; (e) Graphene decorated with MS nanoparticles; (f) Graphene/MS counter electrode in DSSCs. Reproduced with permission from Reference [81]. Copyright Elsevier, 2013. 
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Table 1. Electrocatalytic performance data of selected counter electrode materials.






Table 1. Electrocatalytic performance data of selected counter electrode materials.





	Year
	n (%)
	nPt (%)
	VOC (V)
	JSC (mA·cm−2)
	Counter Electrode Material
	Ref.





	2011
	5.78
	5.03
	0.728
	12.34
	Ti nitride–N-doped rGO (TiN/NG) hybrid
	25



	2011
	6.35
	5.27
	0.79
	12.06
	Pt nanoparticles/rGO hybrid
	16



	2013
	9.54
	9.14
	0.692
	18.77
	Electrochemically Reduced Graphene Oxide/PDDA Multilayer Films (LbL)
	70



	2013
	8.55
	8.15
	0.749
	16.55
	NiS2/rGO nanocomposites
	45



	2014
	10.71
	9.73
	0.71
	20.38
	Quasi core-shell nitrogen-doped rGO/cobalt sulfide
	57



	2014
	9.31
	8.67
	0.889 *
	14.07
	Edge-carboxylated graphene nanoplatelets (ball milling)
	35



	2014
	8.46
	7.98
	0.713
	17.2
	p-Doped (N and O) 3D graphene networks
	77



	2014
	8.07
	7.5
	0.79
	19.04
	3D cauliflower-fungus-like rGO
	75



	2015
	9.39
	7.34
	0.764
	19.42
	CoS/rGO hybrid film
	17



	2015
	8.57
	7.84
	0.78
	15.18
	N-doped rGO nanoribbons
	62



	2015
	8.3
	8.17
	0.739
	15.60
	PEDOT-decorated nitrogen-doped graphene
	68



	2016
	10.86
	9.93
	0.74
	18.83
	N-doped rGO–FeN core-shell nanoparticles
	26



	2016
	8.4
	7.98
	0.72
	17.32
	N-doped graphene nanosheets with active metal (Co) sites
	37



	2016
	9.82
	8.24
	0.767
	18.903
	CoS/rGO hybrid
	49



	2016
	8.08
	6.34
	0.77
	15.3
	B,N co-doped rGO
	33



	2016
	9.89
	8.39
	0.747
	19.94
	CoSeO3·2H2O/rGO
	50



	2016
	8.44
	7.54
	0.745
	16.25
	Pt-Ru nanoparticles supported on rGO
	21



	2016
	10.1
	7.7
	0.78
	19.29
	3D flower-like graphene made from CO2 (CVD)
	76



	2016
	8
	7.7
	0.64
	22.8 *
	Electrochemically exfoliated graphene/PEDOT composite films
	69



	2016
	9.03
	9.07
	0.78
	16.25
	Thin films of graphene flakes produced by thermal plasma jet
	24



	2016
	8.57
	7.58
	0.77
	15.91
	N and P co-doped rGO
	38



	2016
	11.03 *
	7.89
	0.8
	20.95
	Highly conductive porous Na-embedded carbon
	83



	2017
	9.11
	8.03
	0.745
	18.73
	PtMo alloy on rGO
	23



	2017
	9.07
	8.19
	0.744
	17.19
	N-doped holey graphene
	80



	2017
	9.4
	9.1
	0.744
	16.86
	3D N and S co-doped rGO networks
	43



	2017
	8.67
	7.88
	0.75
	16.70
	porous S-doped rGO
	32







* Highest values for corresponding column.
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