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Abstract

:

The global climate crisis has cultivated the demand for sustainable energy resources as fossil derivative fuels are functional in catalyzing the rate of environmental breakdown. Sustainable energy solutions generate various renewable energy prospects capable of delivering efficient energy operations. Among these prospects, green H2 energy generated via overall water splitting is an effective approach towards sustainability ascribed to the higher gravimetric density and efficiency of H2 fuel. In this review, we sought to discuss the applicability and challenges of graphene-based derivatives in H2 evolution operations through photochemical, electrochemical and photoelectrochemical water-splitting pathways. The unique layered structure of graphene-based derivatives alongside marvelous optoelectronic and physicochemical properties ease out the thermodynamic uphill of water splitting better than their non-layered counterparts. In addition, the heterojunction formation in the graphene derivatives with visible light catalysts propels the kinetics of HER. Functionalized GO and rGO derivatives of graphene are riveting catalysts that have received extensive interest from researchers attributed to their accelerated chemical and mechanical stability, tunable band structure and larger surface area, providing more exposed active sites for HER. The surface organic functional groups of GO/rGO assist in establishing synergetic interfacial contact with other catalysts. Thus, these groups provide structural and chemical versatility to GO/rGO-based heterostructured catalysts, which effectively improve their physicochemical parameters that drive their catalytic performance towards HER. In order to develop a cost-effective and highly efficient catalytic system, graphene-based derivatives are promising heterostructured catalysts that exhibit a good relationship between catalytic efficiency and robustness.
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1. Introduction


The world is running headlong towards a dearth of energy as the limited supply of fossil fuel sources and their derivatives fail to adequately meet current operational demand. The spike in the energy prices of conventional energy resources in recent years has triggered the researchers to look beyond them as the energy crisis has far-reaching consequences, which are not limited to just energy scarcity but rather propelling several environmental catastrophes as well. In a broader sense, the price rise in energy inflicts the price rise of finished goods as the cost of manufacturing escalates; thus, the economy destabilizes due to inflation, as recently experienced by the once-flourishing nation of Venezuela. Correspondingly, the offshoots of fossil fuel usage are not so environmentally friendly, and the pollution caused by fossil fuels is calamitous. It is a well-known fact that air pollution is an invisible killer. Recent research has reported that 8.7 million premature deaths were globally accounted for in 2018 due to the burning of fossil fuels, which caused a substantial exposure of PM 2.5 [1,2,3]. It was found in a study that the air pollution caused by fossil fuels is culpable for nearly one out of every five deaths worldwide [4]. At present, more than 80% of the global energy requirement is fulfilled by fossil fuel sources and their derivative fuels [5]. These circumstances are navigating the world to immediate concerns and indicate an important potential lesson for future energy strategies. Another catastrophic situation of the COVID-19 pandemic has put the world at a crossroads, as oil demand faced a historic decline worldwide at the time of the shutdown, which has rebounded again in 2021 and, as expected, demand will increase in the coming years, as depicted in Figure 1a [6].



Despite the impact of COVID-19, in 2021, energy demand increased by 4.6%, more than counterpoising the 4% shrinkage in 2020 [7]. According to the United States Energy Information Administration (USEIA), global energy demand will rise to 47% by 2050. At this critical point, the world can switch to replenishable energy sources that are environmentally benign. Renewable energy is the best possible alternative to fossil fuels as it is more sustainable than its fossil counterparts [8,9]. Hydrothermal, geothermal, wind and solar energies are renowned renewable energy reservoirs that are clean, abundant and trustworthy for reducing pollution and the impact of global warming [10]. Renewable energy solutions (RESs) are the focal point of the energy transition to subdue carbon emissions due to their more sustainable nature [11,12]. RESs have expanded rapidly in recent decades, and there has been steady growth in their scalability and applicability. The brightest spot of RESs remains the electricity sector; nevertheless, electricity only accounts for one-fifth of global energy consumption. The role of renewable energy in the heating and transportation sectors is still a question that needs to be answered, as shown in Figure 1b [13]. To accomplish cost-effectiveness and high reliability, more comprehensive, flexible energy systems and complex policy measures are required. In recent decades, hydrogen (H2) extracted through green pathways has been appreciated as a remedy for resolving multiple environmental issues because it is the epitome of clean fuel [14,15,16]. When green H2 energy is used as a fuel, it not only attributes as an excellent efficiency in energy transformation but also emerges as a zero-pollution producer as it yields water as a by-product, which does not require further treatment [17,18,19,20,21]. H2 has emerged as a promising alternative to fossil fuels. Hydrogen is the most common and abundant element in the universe, even though it never exists by itself [22,23]. Hydrogen always occurs in a combined form with other elements, such as carbon and oxygen [24]. Nevertheless, once separated, it is an excellent carrier of clean energy [25]. The use of H2 as an alternative fuel is not a new topic to discuss, as it has played an essential role in global energy systems in recent decades. However, till now, its scope of applicability has been very specific and limited. A fruitful changeover to a H2 economy would bring immense benefits, including the reduction and sequestration of carbon emissions from the decreased use of hydrocarbons, the mitigation of fossil fuels depletion and would also be helpful in meeting the energy needs of the increasing population [26,27,28,29,30,31,32,33,34,35]. According to International Energy Agency (IEA) data, the demand for H2 and its derivative products has increased by 300% since 1975 in various applications. Figure 1c illustrates the global demand for pure H2 from 1975 to 2018 [36]. Additionally, in the coming decades, the IEA estimates a continued increase in H2 use and expects a 30% increase in global hydrogen use in the transportation sector by 2070. It also reckons the growth in H2 employment for the production of ammonia and synthetic kerosene by 10% and 20%, respectively, in the coming decades. Figure 1d depicts the IEA estimation of the global demand for H2 by different sectors under a sustainable development scenario for the coming five decades [37]. There are a number of conventional methods for H2 production, such as the electrolysis of water and sodium borohydride through hydrolysis or pyrolysis. Sodium borohydride (NaBH4) hydrolysis to produce hydrogen can occur under ambient conditions [38]. NaBH4 can be prepared by utilizing different methods and can achieve high yields. The NaBH4 solution from hydrolysis reactions releases a 90% stoichiometric amount of H2. The NaBH4 solubility in water is comparatively low; therefore, the hydrolysis needs more water than required by stoichiometry to make certain the solubility of NaBH4 [39]. Though, NaBH4 can be treated as a water-splitting agent because 50% of the hydrogen produced is from water. Another traditional method is water electrolysis, where water splits into oxygen and hydrogen via the utilization of electrical energy. Generally, the electrolysis of water system consists of a cathode, an anode segregated by an electrolyte and a power supply. The electrolyte is commonly made up of an aqueous solution that contains ions and an oxygen ion-exchange membrane or a proton-exchange membrane. Water electrolysis is not a spontaneous process due to the negative standard global potential. Thus, it needs a power source (an external intervention), and the reaction can be written as H2O + electricity → H2 + ½ O2 [40].
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Figure 1. (a) Oil demand forecast, 2010–2026, pre-pandemic and in Oil 2021 [6]. (b) Change in energy demand and renewables output in electricity, heat and transport, 2019 to 2020 [13]. (c) Global demand for pure hydrogen, 1975–2018 [36]. (d) Global hydrogen demand by sector in the Sustainable Development Scenario, 2019–2070 [37]. 
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One of the most economical and efficient ways of H2 production is overall water splitting (OWS) [41]. OWS is a chemical approach that enables H2 evolution by breaking the water into its elemental composition, hydrogen and oxygen [42]. The transformation of solar light energy into chemical energy using a photocatalytic system is known as photochemical water splitting (PWS), which can generate H2 and O2 [43,44]. In 1972, PWS operation for H2 generation was the novel work of Fujishima and Honda, who used TiO2 as the photocatalyst [45]. The most plentiful, clean, natural and renewable energy resources on Earth are water and sunlight [46]. Their transformation to H2 has been reported to be an ideal solution to reduce fossil fuel use and the environmental problems related to fossil fuels [47]. The PWS process is considered to be the most efficient and renewable option for H2 generation [47,48,49,50]. In this process, reductive and oxidative reactions take place simultaneously under solar light illumination [51]. H2 can also be generated from OWS by utilizing the electricity produced by renewable energy sources, which is known as electrochemical water splitting (EWS) [52]. The rate of simultaneous half-reactions of water splitting taking place, hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) depend on the overpotential values of an efficient electrocatalytic system [53,54]. The production of H2 through EWS has become a remarkable strategy for transforming electrical energy to clean H2 fuel [55]. In recent years, thanks to the global interest in solar energy research, photoelectrochemical (PEC) water splitting has received significant attention. PEC imitates the natural photosynthesis Z-scheme, which is where photogenerated electrons (or holes) transfer to a cathode (or anode) surface to participate in the H2 reduction (or oxidation) reaction. As the reaction sites are segregated spatially in this route, H2 and O2 do not need to be sequestered by external means. More so than any other pathway, H2 generation through PEC proved cost-effective in the scenario of depleted fossil fuels [56]. Presently, we are dealing with such metals that are not at all cost-effective in nature, for example, Pt, Pd, Rh and Au, which are noble metal catalysts. They possess great potential to confront both energy and environmental problems, although they are very expensive and inefficient to work with. Expensive metal catalysts are affected by their shortage and comparatively low stability, which hinder their general use in large-scale applications. Consequently, catalysts with higher activity and lower cost are imperatively needed for large-scale practical applications [57]. Table 1 includes the advantages and disadvantages of the photochemical, electrochemical and photoelectrochemical methods.



Lately, graphene-based catalytic systems have earned tremendous attention from the research community to bring about sustainable operations. In 2010, K.S. Novoselov and A.K. Geim were honored with a Nobel Prize for their innovative experiments on graphene. This provided an enormous boost to the present research and utilization of graphene and similar materials in an interdisciplinary field of sciences [58]. Graphene possesses a unique sp2 bonded carbon monolayer, accelerated electrical and thermal conductivity (nearly about 5000 W m−1 K−1), a very high theoretical surface area (~2600 m2/g), mechanical strength and excellent charge carrier mobility at room temperature (2 × 105 cm2 V−1 s−1) [59,60]. All of these properties mean that graphene and graphene-based materials are promising candidates for applications that enable producing environmentally friendly green H2 energy, as demonstrated in Figure 2. Due to the fact that the fabrication sketch of graphene and its derivatives does not vary drastically, we have not gone into detail with its synthetic literature [61]. However, the synthesis of graphene and its derivative-based heterostructures has made steady progress, and various diverse modern synthetic approaches have been developed to design graphene and its derivative-based catalytic systems with diverse nanostructures [62,63]. The usual trait among all of the chemical routes is not only to escalate the ultimate physiochemical properties but also to generate a greater number of catalytically active sites [64,65]. Thus, in order to have the required morphology and surface-area-driven nanocatalysts, it is essential to utilize innovative synthetic routes, such as hydrothermal/solvothermal methods [66,67], chemical vapor deposition (CVD) [68], the reverse-micellar method [69,70] and polymeric citrate precursor (PCP) route [71,72].



El-Maghrabi et al. [73] synthesized a NiTiO3/graphene photocatalyst that exhibited a higher H2 evolution rate compared to bare NiTiO3 nanoparticles. This can be ascribed to an effectual separation of photo-generated charged carriers, the strong absorption of light in the visible region and lowered charge carrier recombination. Du et al. [74] designed a Ru/Graphene catalyst, which exhibited exceptionally high catalytic activity for H2 generation. This noteworthy refinement of catalytic activity is believed to be due to the synergistic effect of Ru nanoparticles with graphene. As a further matter, these examples may open up a new path for the preparation of other nanoparticles supported with graphene for enhancing H2 generation.



Among the diverse classes of graphene, one is graphene oxide (GO), an oxidation product of graphene. Due to its low production cost, it is one of the most important graphene derivatives [75]. GO contains various oxygen functional groups (OFGs), namely hydroxyl, epoxy and carboxyl groups, due to which its plane becomes bulkier. GO is hydrophilic and water soluble in nature due to the presence of OFGs, and in aqueous solutions, it forms stable suspensions [76,77]. GO is easy to fabricate, and in many scientific fields, it is the preferred choice of material for discrete applications [78]. Furthermore, because of the presence of OFGs in GO, it has better chemical reactivity in comparison to graphene. GO has the upper hand over other carbon-based compounds, such as graphene, diamond, carbon nanotubes and fullerenes, because of its wide specific surface area and time–cost-effective synthesizing process. Wang et al. [79] prepared MoS2/g-C3N4/GO as an effective photocatalyst for H2 generation utilizing solar energy. GO with a high surface area performed as a very good conductive substrate for increasing the mobility of photo-charged carriers. As a result, the H2 evolution rate and photocurrent density of MoS2/g-C3N4/GO ternary composite improved significantly than the MoS2/g-C3N4 photocatalyst. CdS/ZnO/GO and CdS/Al2O3/GO were synthesized by Khan et al. [80] to examine the photochemical activity of these compounds. Both of the compounds showed an enhanced photocatalytic response, which was attributed to GO nanosheets, providing higher surface area for easy charge transfer and effective mass transfer that retarded the recombination frequency of photo-induced electron–hole pairs. These results highlight the specific characteristics of GO, which is an exceptional material for electron transporters and collectors to segregate the photo-generated charge carriers. Additionally, these studies open up new avenues for the production of highly effective GO-based heterostructured catalysts driven by visible light that can be utilized for H2 generation via OWS.



Reduced graphene oxide (rGO) is another marvelous derivative of graphene, which can be synthesized by several methods, including thermal and chemical methods, so that the oxygen content can be minimized for enhanced stability [81]. The flowchart of the fabrication of graphene and its derivatives using different chemical and physical routes is illustrated in Figure 3. GO, in its regular oxidation state, has subdued sensitivity making it electrically insulating due to the presence of OFGs. Although, reducing GO through thermal or chemical methods, such as hydrogen sulphide, dimethylhydrazine, aluminium powder, hydrazine hydrate vapor and NaBH4, can regain the conductivity by reducing the oxygen content and maintaining the double bond of aromatic carbon atoms [82,83,84,85,86,87,88]. After processing using these methods, few OFGs remain in the GO. Despite that, it does not transform into graphene after thermal and chemical submission. As a result, rGO exhibits advanced stability and conductivity, making it a potential candidate for various applications in science [89]. Park et al. [90] synthesized MoSe2-rGO heterostructures, which revealed exceptional HER response having diminished the Tafel slope and overpotential values attributed to the synergistic effect between MoSe2 nanocrystals and rGO nanosheets and their specific porous structures. Cu2ZnSnS4 (CZTS)/MoS2-rGO has been synthesized by Ha et al. [91]. The photochemical H2 generation rate of CZTS was enhanced by 320% as MoS2-rGO was incorporated. The photo-generated electrons of CZTS can be easily transferred to MoS2 by using an rGO backbone, resisting the recombination of electron–hole pairs. These results are ascribed to the synergistic effect of the increased catalytically active sites of MoS2 and the high charge separation tendency of rGO. To conclude, after considering these results, easy and cheap preparation methods for graphene and its derivatives are aspiring catalytic supports the building of an effective catalyst for H2 generation. The multi-functional applications of graphene-based derivatives are schematically represented in Figure 4. Table 2 includes the preparation methods, most cost-effective routes and the properties of graphene, graphene oxide and reduced graphene oxide.




2. Scope of the Review


The thought process that motivated us to review the current successes of graphene-based derivatives for green H2 energy solutions is their unique layered structure and advanced physiochemical properties. Graphene heterostructured catalytic systems have the caliber to replace noble-metal-based HER catalysts, which are inefficient due to their whopping cost. There are scattered reviews that discuss the catalytic efficiency of graphene and its derivatives; however, we aim to review their thorough applicability in photochemical, electrochemical and photoelectrochemical overall water splitting operations as these are exceptionally green routes that produce H2 efficiently without generating toxic by-products. We have meticulously discussed the recent reports of graphene derivatives with critical insight into their HER performance.




3. Photocatalytic H2 Production


Enhancing the photochemical response of photocatalysts is basically reliant on four factors that are (a) inhibiting the recombination of photo-induced electron–hole pairs, (b) tailoring the band gap of photocatalysts in the visible light region, (c) suitable catalytic support acting as a co-catalyst and (d) a higher specific surface area as it provides more adsorption sites [3,14,41,92]. To improve the photocatalytic activity, an efficient photocatalytic system should possess durable photo-induced charge carriers, fewer charge-capturing sites and a suitable band gap [93,94,95,96]. The mechanism of PWS for H2 generation is displayed in Figure 5. Many efforts have been undertaken in recent decades to enhance the photocatalytic performance of catalysts, including modifications to the structure, tuning the bandgap and the interfacial heterostructuring of semiconductor photocatalysts [97,98,99,100,101,102,103]. In general, graphene and graphene-based derivatives act as catalytic supports with primary photocatalysts to improve their photochemical activity. Their tendency to accelerate the kinetics of photocatalytic reactions has recently received attention in the last decade [104,105,106,107].



Generally, pristine semiconductors show relatively inadequate photocatalytic activity because of the limited absorption of light energy and quick recombination of photo-excited electron–hole pairs [108]. These disadvantages can be effectively conquered by coupling graphene and its derivatives with appropriate photocatalytic materials, in particular metal chalcogenides, metal oxides and organic semiconductors [109,110]. Graphene and its derivatives containing one or two different photocatalytic materials are denoted as binary and ternary graphene, GO- or rGO-based heterostructures. The main purpose for fabricating such types of binary and ternary heterostructures is to attain optimized photocatalysts that are able to utilize a wide spectrum of solar light, restrain the quick recombination rate of photo-excited charge carriers and possess excellent robustness and stability [111,112]. Such advantageous features of graphene and graphene derivative-based photocatalysts need to be advanced to compose next-generation cost-effective photocatalytic systems for the transformation of solar energy [113,114]. A schematic illustration of binary and ternary graphene and its derivatives-based heterostructures are depicted in Figure 6a,b, respectively, and Figure 6c illustrates the different photocatalysts with their corresponding band gaps.




4. Graphene as a Photocatalyst


There have been numerous studies emphasizing the cogent design of graphene-based heterostructured photocatalysts with remarkable photocatalytic performance. Graphene is renowned for having a two-dimensional layered support that enhances the specific surface area of the photocatalytic system, and its circuit board exhibits an appealing potential, which leads to the effective utilization of the magnificent redox and electrical properties [115]. Khalid et al. [116] synthesized Ag-TiO2/graphene photocatalysts to examine and compare their photochemical activity with respect to pristine TiO2, TiO2/graphene and Ag-TiO2 samples. The results of the Ag-TiO2/graphene showcased the noticeably improved H2 generation activities compared to pristine TiO2, TiO2/graphene and Ag-TiO2 samples. This improved photocatalytic H2 generation performance was ascribed to the extended visible light absorption, the suppressed recombination of photo-induced electron–hole pairs and the increased surface area. This report exhibited the synergistic relationship of graphene incorporation into a metal oxide photocatalyst with UV band energy. However, a noble-metal-free photocatalyst could be employed for environmental friendliness. Xia et al. [117] fabricated CdS nanoparticles that were anchored on graphene nanoribbons (GNR). As-prepared CdS/GNR nanocomposites showed excellent photocatalytic activity for H2 evolution, as the highest achieved H2 evolution rate was 1.89 mmol h−1 g−1. The ameliorated results were attributed to the enhanced charge segregation efficiency, extended carrier lifetime and expedited surface transport reactions of the photo-induced charge carriers. In a reported work, Yu et al. [118] engineered ternary CdS/MoS2/graphene nano-heterostructures to examine the H2 production rate through PWS. The as-prepared CdS/MoS2/graphene composites exhibited as high as 1.9 mmol h−1 g−1 H2 evolution rate, which can be attributed to the anchored graphene that acted as a charge transporter along with the electron acceptor for the exceptional performance of the CdS/MoS2/graphene synergistic system. The charge recombination suppressed in CdS due to the graphene existence and the electron transfer of synergistic system played an important role in improving the photochemical activity for H2 generation. Another ternary photocatalytic system, CdS/Nb2O5/N-doped graphene for H2 generation, was synthesized by Yue et al. [119]. The results demonstrated a noteworthy photochemical performance for H2 generation as the highest amount of H2 evolved was 800 µmol g−1 under 8 h of visible light irradiation, which was 7.7-fold higher than that of pure CdS. The enhanced results were attributed to the escalated surface-area-to-volume ratio, enhanced photo-induced charge carrier separation and the outstanding electronic conductivity of N-doped graphene. Khalid et al. [120] prepared Eu-TiO2/graphene composites to investigate their PWS performance. The superior properties of the as-developed composites, such as the inhibited recombination of electron–hole pairs and increased visible light absorption simultaneously, were due to the fact that the synergistic effect of Eu and graphene resulted in excellent photocatalytic activity for H2 production. Ni-doped ZnS-graphene photocatalysts were prepared by Chang et al. [121] to investigate their photocatalytic activity for H2 evolution. The as-synthesized graphene/Ni-doped ZnS nanocomposites showed effective results, as the highest photocatalytic performance for H2 evolution achieved was 8683 µmol h−1g−1. The upgraded results were accredited to the synergistic effect between graphene and ZnS, which accelerated the transfer of photo-induced electrons, increased the surface area and also enhanced the dispersing properties. In a study, Xiang et al. [122] reported WS2/Graphene-CdS(CWG) ternary heterostructured nanocatalysts for H2 evolution via PWS, as demonstrated in Figure 7a. Due to the combined effect of WS2 and graphene, the physicochemical properties of the ternary composites amended the reduction in charge recombination and improved the interfacial charge transfer, resulting in efficient photocatalytic performance. The H2 evolution rate achieved from the as-prepared ternary composites CWG with a 4.2 molar ratio of WS2 and graphene to CdS was the highest, which was 1842 µmol h−1g−1, as shown in Figure 7b.



Chang et al. [123] investigated and compared the photocatalytic activity of ZnO-ZnS/graphene photocatalysts with ZnO-ZnS, as shown in Figure 8a. The optimum rate of the H2 evolution of ZnO-ZnS/graphene with a weight ratio of 0.05 reached 1070 µmol h−1g−1, which was 5.5 times that of ZnO-ZnS, as shown in Figure 8b. Graphene incorporation led to an increase in the separation rate of photo-generated charge carriers and decreased the interface resistance. Additionally, the exceptional photocatalytic activity of ZnO-ZnS/graphene was attributed to the extended light absorption and effective transfer of photo-induced electrons. The stability of the as-prepared photocatalysts was also tested using three repeated cycles, as depicted in Figure 8c. Raghavan et al. [124] synthesized Graphene QDs/TiO2 nanocomposites for photocatalytic H2 generation. The as-prepared photocatalysts exhibited excellent photocatalytic activity with a very high hydrogen generation rate of 29,548 μmol g−1 h−1, which is almost 14 times higher than pure P25 TiO2.



The aforementioned results of the graphene-based photocatalysts proved to be propitious photocatalytic materials for the future of H2 generation through PWS. The presence of graphene in the above-mentioned heterostructures enhanced the photochemical H2 generation rate of the photocatalysts by possessing an increased range of light absorption, higher specific surface area and outstanding electron conductivity.




5. Graphene Oxide as a Photocatalyst


Graphene oxide, with a diverse band gap between 2.4–4.3 eV and favorable chemical and physical features, proved to be an efficient photocatalyst for H2 generation [125]. A wide number of studies have reported on the encouraging results of graphene oxide as a photocatalytic material for PWS. Gao et al. [126] engineered graphene oxide-CdS-Pt nanocomposites to examine H2 generation through PWS. The optimum H2 evolution rate observed was 123 mL h−1g−1, which was nearly 10-fold greater than pure CdS. This exceptional result was attributed to the synergistic effect of GO and Pt with CdS, in which GO played the role of an electron acceptor to resist the recombination of photo-induced charge carriers, enhancing photocatalytic activity. In another work, Rahman et al. [127] fabricated ternary GCN (graphitic carbon nitride)/ACN (amorphous carbon nitride)/GO heterostructures to investigate photocatalytic activity for H2 generation. The results demonstrated an exceptional H2 evolution rate of 251 µmol h−1, which was ascribed to the synergistic effect that remarkably accelerated the segregation of photo-induced electron–hole pairs and subdued the recombination of charge carriers. The migration and collection of photo-induced electrons by GO expanded the reduction surface, which in turn enhanced the photocatalytic activity of the GCN/ACN/GO heterostructures. Sulfur-doped-graphene oxide quantum dots (S-GO QDs) were prepared and examined for photocatalytic H2 generation by Gliniak et al. [128]. The H2 evolution rate was obtained as 30.519 mmol h−1g−1 in 80% ethanol aqueous solution and in pure water as 18.166 mmol h−1g−1 with a prolonged lifespan of the photocatalyst. The nanocomposite GO-C3N4-LaVO4 was prepared by Zhou et al. [129] to test the photocatalytic activity for H2 generation, as shown in Figure 9a. The as-prepared GO-C3N4-LaVO4 demonstrated stable and superior photocatalytic performance with a H2 evolution rate of 717.6 µmol g−1h−1, as shown in Figure 9b. The effective results had significant benefits due to the enhanced charge separation and extended light absorption of the photocatalyst. The stability of the as-prepared photocatalyst proved remarkable even after long-term exposure to irradiation, as shown in Figure 9c.



In a reported work, Tie et al. [130] prepared a Pt/GO-ZnS photocatalyst that exhibited exceptional photocatalytic activity for H2 production by yielding it at an evolution rate of 1082 µmol h−1g−1, which was far better than pure ZnS. The excellent performance of Pt/GO-ZnS was attributed to the synergistic effect of GO and Pt, which extended visible light harvesting and increased interfacial charge transfer. Pei et al. [131] designed a nitrogen-doped TiO2/GO, which exhibited enhanced photocatalytic activity for H2 generation with a 716 µmol h−1g−1 evolution rate under UV light irradiation. This could be ascribed to the narrowing of the band gap by GO and the synergistic effect of the fast electron transfer of photo-induced electrons and the effective electron capturing of GO resisting charge recombination. Gao et al. [132] prepared AgBr/polyoxometalate/graphene oxide (AgBr/POM/GO) ternary composites for H2 evolution reactions under different reaction conditions where the POMs were PW12, PMo12, SiW12, P2Mo18 and P2W18. The utilization of AgBr/POM/GO was optimized, and the outcomes illustrated that the optimum amount of catalyst was 5 mg, as shown in Figure 10a; also, the optimization amount of AgBr in the as-prepared composites was 5%, as shown in Figure 10b. Further reaction conditions checked were the pH value adjustment and the sacrificial agent amount; the best sacrificial amount was found to be TEOA/H2O with 10% (V/V), as shown in Figure 10c, and the optimum pH value for the reaction was 7.5, as illustrated in Figure 10d. The as-fabricated AgBr/PMo12/GO, AgBr/PW12/GO, AgBr/SiW12/GO, AgBr/P2Mo18/GO and AgBr/P2W18/GO heterostructures obtained average H2 evolution rates of 256.0 μmol g–1 h–1, 223.2 μmol g–1 h–1, 212.0 μmol g–1 h–1, 177.2 μmol g–1 h–1 and 207.2 μmol g–1 h–1, as illustrated in Figure 10e–h, respectively. These results demonstrated that AgBr/POM/GO ternary composites exhibit noteworthy photocatalytic activity for H2 generation due to their outstanding redox properties and high capacity for photo-induced electron–hole generation.



TiO2/graphene oxide was prepared by Wang et al. [133] to overcome the quick recombination problem of photo-generated charge carriers. The as-prepared TiO2/GO nanocatalyst exhibited enhanced photocatalytic activity compared to pure TiO2 owing to the larger surface area and that it inhibited the recombination of the charge carriers by accelerating the separation of the photo-carriers. Peng et al. [134] fabricated GO-CdS nanocomposites that exhibited enhanced photocatalytic activity for H2 generation compared to CdS alone. The H2 evolution rate of GO-CdS reached as high as 314 µmol h−1. This improved performance was attributed to the coupling of GO with CdS, which effectively accepted and transferred the electrons from the semiconductor, which was beneficial for resisting the recombination of the charge carriers and then enhanced the interfacial charge transfer, which resulted in improved photocatalytic activity. Zn(O,S)/GO heterostructures have been examined for photocatalytic H2 evolution by Gultom et al. [135]. The highest H2 evolution rate observed was 2840 µg h−1, which was two-fold superior to Zn(O, S) without GO. GO proved to be an inexpensive and beneficial cocatalyst for Zn(O,S). Designing heterostructures with GO is considered to be a feasible strategy to uplift the photocatalytic performance of the heterostructures as the superior electron conductivity of graphene oxide enables it to effectively accept photo-generated electrons. Consequently, the more efficient separation of photo-induced charge carriers is beneficial to enhance the photocatalytic performance of semiconductors, as proved by the abovementioned results of various GO-based heterostructures.




6. Reduce Graphene Oxide as a Photocatalyst


The role of rGO as a catalytic support with the features of an electron acceptor and a transporter in photocatalytic heterostructured systems has been widely studied for H2 generation via OWS in recent years. When rGO is composited with other semiconductor photocatalysts, it accelerates the effective charge transfer via its conjugated structure and, therefore, suppresses the recombination rate of photo-induced electron–hole pairs. In a work, Wang et al. [136] fabricated and examined Pt/TiO2/rGO for photocatalytic H2 generation. The continuous H2 generation profile is demonstrated in Figure 11a, and the highest photocatalytic H2 evolution rate achieved was 1.075 mmol h−1g−1 of Pt/TiO2/rGO-2%, which was 81 times higher than TiO2 alone and five times more than Pt/TiO2, as shown in Figure 11b. This excellent photocatalytic outcome was ascribed to the combined effect of TiO2, Pt and rGO, which elevated the transfer of electrons to resist the recombination of photo-excited charge carriers. Because of the excellent photocatalytic activity demonstrated by the as-prepared catalyst Pt/TiO2/rGO-2%, the stability of the compound was examined. Figure 11c,d reveal the photocatalytic stability of the Pt/TiO2/rGO heterostructured photocatalyst. The schematic fabrication process of the as-prepared nanocomposites is illustrated in Figure 11e.



Wang et al. [137] developed a ZnO/rod-CdS/rGO heterostructure that exhibited almost a four-fold higher photocatalytic H2 evolution rate than the binary ZnO/rod-CdS heterostructure. The upgraded photocatalytic activity between CdS and ZnO was attributed to the facile charge transfer via rGO nanosheets. In another work, Tran et al. [138] incorporated Cu2O with rGO in a nanocomposite, employing rGO as an electron acceptor to withdraw photo-excited electrons from the cuprous oxide to deactivate the rapid recombination of the charge carriers. As a result, Cu2O-rGO exhibited significantly enhanced photocatalytic activity for H2 generation. A TiO2/In0.5WO3/rGO ternary heterostructure was synthesized and compared with bare TiO2 and TiO2/In0.5WO3 by Shaheer et al. [139]. The optimized photocatalytic activity was shown by photocatalyst TiO2/2 wt% In0.5WO3/0.5 wt% rGO, and the H2 evolution rate was found to be 309.98 µmol h−1g−1, which was 12 times higher compared to TiO2 alone and five times greater than TiO2/In0.5WO3, as revealed in Figure 12a,b, respectively. Further, the stability of the optimized TiO2/2 wt% In0.5WO3 and TiO2/2 wt% In0.5WO3/0.5 wt% rGO photocatalysts was examined, as demonstrated in Figure 12c,d, respectively. This enhanced photocatalytic activity of TiO2/In0.5WO3 was attributed to the rGO incorporation as it caused the narrowing of the band edge due to the heterojunction formation above the rGO nanosheets that ultimately accelerated the electron–hole pair separation. The S-scheme mechanism of the TiO2/In0.5WO3/rGO photocatalyst for H2 production performance is represented in Figure 12e.



Yadav et al. [140] synthesized CuO/rGO binary heterostructures for H2 production through PWS. The comparative study between bare CuO and CuO/rGO revealed the excellent photocatalytic efficiency of the latter. The H2 evolution rate of CuO/rGO was 19.2 mmol h−1g−1, which was approximately three times higher than bare CuO. He et al. [141] fabricated SrTiO3-rGO for H2 evolution via PWS. The SrTiO3-rGO exhibited enhanced photocatalytic activity than SrTiO3 alone. This upgraded performance was attributed to resisting rapid charge carrier combination and the increased active sites due to the synergic effect of rGO with SrTiO3. Xue et al. [142] designed rGO/Cd0.5Zn0.5S/g-C3N4 photocatalytic systems for H2 generation. The rGO/Cd0.5Zn0.5S/g-C3N4 ternary heterostructures showed a H2 production rate as high as 39.24 mmol g−1h−1, which was much better than Cd0.5Zn0.5S alone and pristine g-C3N4. This effective result was attributed to the combined out-turn between g-C3N4 and Cd0.5Zn0.5S in the presence of rGO, which played key role as an intermediary of the charge carriers in between two semiconductors. The nanocomposites GO/ZnIn2S4 were prepared and examined by Ye et al. [143] for photocatalytic H2 production. The rGO/ZnIn2S4 nanocomposites exhibited improved photocatalytic activity for H2 generation, which was ascribed to the synergistic effect of rGO with ZnIn2S4. Hafeez et al. [144] prepared an rGO-supported g-C3N4-TiO2 ternary photocatalyst and investigated it in relation to its photocatalytic performance for H2 generation. The g-C3N4-TiO2/rGO nanocomposites exhibited massive 23,143 mmol g−1h−1 H2 production activity, which was 78 times more than pristine g-C3N4 and 2.5 times higher than TiO2 alone. The enhanced outcomes were credited to the extended absorption in visible light and the efficient segregation of photo-excited charge carriers. A study on the photocatalytic activity for H2 generation of rGO/CdS was reported by Zeng et al. [145]. The rGO/CdS showed much better photocatalytic performance for H2 production, which was ascribed to the suppression of the rapid recombination of photo-induced charge carriers by rGO.



All of these research successes infer that for improvising the photochemical response of photocatalysts, rGO has been employed as a support material in binary and ternary photocatalytic systems owing to numerous advantages, including considerable adsorption sites due to its higher specific surface area, proclivity to suppress the recombination rate of photo-generated electron–hole pairs, the band edge attenuation of semiconductors and its ability to impede the rate of photo-corrosion. These features mold it into an appreciable material in the area of visible-light-driven PWS technology, which has also been corroborated by the aforementioned reports of binary and ternary rGO-based heterostructured photocatalysts. The catalytic efficiency of graphene and its derivative-based photocatalysts is summarized in Table 3.




7. Electrochemical H2 Production


The H2 generation process via EWS is an eminently propitious approach for resolving the energy crisis and environmental pollution problems [146,147,148]. The requirement of the electrical energy for electrocatalysis is generally fulfilled by photovoltaic cells that generate electricity directly from solar light [149]. EWS operation includes both half-cell reactions for OER and HER. For that, an electrolysis cell contains two electrodes that are dipped in an electrolyte suspension. The current starts to flow from an anode, which is a positive electrode, to a cathode, which is a negative electrode, when the direct current source is attached to the electrodes. Thereby, the water that is in the electrolyte splits into H2 from the negative electrode (Half reaction at the cathode: 2H2O + 2e−→ H2 + 2OH−) and oxygen from the positive electrode (Half reaction at the anode: 4OH−→ 2H2O + O2 + 4e−). For overall EWS (H2O + electric current → H2 + 1⁄2 O2 + heat), the electrode surface (cathode) is an essential parameter for effective H2 production. Hydrogen evolution reaction (HER) is commonly considered a two-electron migration process, which is one of the intermediaries of the adsorption–desorption method. On the electrocatalyst surface, one proton adsorbs succeeded by the deduction of one electron, resulting in the H* adsorbed intermediate (*showing the adsorbed active site), which is known as the Volmer step. Successively, the H* couples with H+ and removes one electron, which leads to the production of one H2 molecule, known as the Heyrovsky step. On the other hand, in the Tafel step, the adsorbed H* tends to combine with another H* to form a H2 molecule under a higher range of surrounding H*. Unlike the two-step process in acidic media, on the surface, the adsorbed H2O begins to dissociate at the start of HER because of the proton presence in the alkaline medium. Hence, H2 can be generated through the coupling of H* with a H2O molecule. The oxygen evolution reaction (OER) follows the four-electron transfer method with a number of intermediates. The variation in the total free energy of OER is found to be 4.92 eV. Generally, platinum-based catalysts are the most conventionally equipped cathodes for EWS. Platinum is a very expensive material, and consequentially, electrolysis is the simplest method, but woefully it is not cost-effective. To overcome this obstacle, the development of economical, stable and highly efficient catalysts is needed for H2 evolution via EWS [150,151,152].



One of the pioneering, trail-blazing approaches to overcoming the cost barrier is the utilization of lucrative graphene and its derivative-based binary and ternary heterostructures, which are much cheaper, have extremely high surface areas and excellent electrical conductivity. In addition, their declined Tafel slope and overpotential values make a strong case for their application as advanced electrocatalysts. There are many fascinating studies that have reported on exploiting graphene and its derivatives as supporting materials for EWS, stressing their scalability, as discussed below. Zhang et al. [153] fabricated an rGO-incorporated transition metal phosphide (TMP) electrocatalyst. They successfully doped O into resulting TMPs through pyrolyzing phytic acid crosslinked complexes and then incorporated them within the rGO nanosheets, as depicted in Figure 13a–e. The resultant configuration widened the bonds of metal-P and accelerated the intrinsic conductivity of metal phosphides, which manifested its tremendous electrocatalytic activity. The HER results of the rGO-incorporated MoP hybrid in the alkaline and acidic mediums required a small overpotential of 93 mV and 118 mV to achieve a current density of 20 mA cm−2, respectively, as demonstrated in Figure 13f,g.



In another study, Xu et al. [154] prepared penroseite (Ni,Co)Se2 nanocages utilizing analogs of Prussian blue as the precursor and then anchored them on a 3D graphene aerogel (GA), as illustrated in Figure 14a–h. The special morphology of (Ni,Co)Se2 nanocages offered a number of active sites, and during the vigorous binding between GA and (Ni,Co)Se2, it accelerated the charge transfer and improved their interfacial contact. (Ni,Co)Se2-GA electrocatalyst demanded a small overpotential of 128 mV to obtain a 10 mA cm−2 current density, which was effectively smaller than the (Ni,Co)Se2 and GA catalysts, as revealed in Figure 14i–k.




8. Graphene as Electrocatalyst


As a salient member of the carbon family, graphene, with its considerable features, has captivated noteworthy and tenacious attention. However, bare graphene having significant graphitization is inert electrochemically and possesses comparatively low HER activity. A number of chemical modifications have been reported for the betterment of its catalytic performance as an electrocatalyst, as discussed through some visionary reports here. Fei et al. [155] reported Co-Nitrogen doped Graphene (Co-NG) electrocatalyst for H2 generation. The electrocatalyst demonstrated an excellent electrochemical response, with a small overpotential of 30 mV and a Tafel slope value of 82 mV dec−1. The outstanding catalytic activity, scalability and cost-effectiveness of the Co-NG electrocatalyst make it an optimistic substitute for Pt. Subramanya et al. [156] fabricated a Co-Ni-Graphene(Co-Ni-G) electrocatalyst to investigate the electrocatalytic efficiency of an as-prepared ternary heterostructure for H2 generation. The Tafel slope obtained was 84.5 mV dec−1 at 40 mA cm−2, and the highest current density reached 850 mA cm−2 (at 1.6 V), which was about four-fold higher than a Co-Ni binary alloy, indicating the beneficial incorporation of graphene, which significantly increased the active surface area and enhanced the catalytic performance for H2 generation. An Fe-Ni-Graphene composite was prepared by Badrayyana et al. [157] for electrochemical H2 evolution. The Tafel slope was observed to be 88.1 mV dec−1, which implied the rapid adsorption/desorption rate of HER, and the exchange current density was found to be 284.5 µA cm−2, which was nearly thrice that of an Fe-Ni binary alloy. This improved catalytic performance for H2 generation was attributed to the embedding of graphene on the Fe-Ni alloy, which increased its electrochemically active surface area. Huo et al. fabricated an Mo2C/Graphene [158] electrocatalyst for H2 production, and the as-designed electrocatalyst yielded excellent catalytic efficiency toward HER. The Mo2C/Graphene showed a very low overpotential of 8 mV with a Tafel slope of 58 mV dec−1, which was ascribed to the acceleration in the rate of charge transfer and a higher electrochemically active surface area. Han et al. [159] reported the synthesis of an Ni2P-G@NF electrocatalyst (nickel phosphide on graphene/nickel foam) for H2 generation via EWS. Ni2P-G@NF demonstrated superior performance for electrocatalytic H2 generation, with a 7 mV overpotential in an alkaline situation. The excellent results were ascribed to the large surface area and the rapid electron transfer rate. Li et al. [160] fabricated an Ni/Mo2C@C (Ni/Mo2C with graphene) electrocatalyst for effective H2 generation. The as-prepared electrocatalyst showed noteworthy performance with long-time-span stability, which corresponded to the combined effect between Mo2C, Ni and graphene together. Huang et al. [161] prepared a Nitrogen-doped mesoporous Graphene (N-MPG) electrocatalyst for H2 evolution, in which the Tafel slope was obtained to be 109 mV dec−1. The as-prepared electrocatalyst demonstrated efficient electrocatalytic activity for HER owing to the remarkable current density and outstanding stability. The excellent performance was attributed to the synergistic effect between Ni/Mo2C and graphene that enhanced the electrochemical H2 generation. Figure 15 shows the schematic demonstration for the synthesis of mesoporous graphene.



A Pd/Graphene nanocomposite was fabricated and investigated by Ghasemi et al. [162] for electrocatalytic H2 evolution. The Pd/Graphene electrocatalyst demonstrated effective results for H2 generation, with a lower Tafel slope value of 46 mV dec−1, which was a much greater catalytic performance than pristine Pd and graphene electrocatalysts. These results proved that graphene is an outstanding support catalyst for H2 generation via EWS. The encouraging quantum leaps of cost-effective graphene-based electrocatalysts as a promising replacement of costly nanomaterials towards efficient HER is substantiated by the aforementioned results. It is effortless to perceive that graphene-based cost-effective heterostructures are dynamic and stable electrocatalysts, which are envisaged for scalable H2 production.




9. Graphene Oxide as Electrocatalyst


For efficient H2 production through EWS by employing GO-based heterostructures, extensive research has been widely undertaken in recent years. Zhou et al. [163] fabricated an MoS2/GO binary heterostructure for EWS. The MoS2/GO exhibited noticeable electrochemical performance for HER, carrying a very small overpotential (107 mV) and Tafel slope (86.3 mV dec−1). This accelerated performance was ascribed to the synergistic effect of MoS2 and GO, where GO has provided a higher number of active sites. Cu2ZnSnS4 (CZTS)/GO heterostructured nanocatalyst was fabricated by Digraskar et al. [164] to examine the electrocatalytic activity for HER. As a result, it was revealed to be an efficient electrocatalyst with a high current density of 908 mA cm−2 and a low overpotential of 53.1 mV. The enhanced catalytic activity was mainly attributed to the incorporation of GO, which accelerated the charge transfer rate, improving the H2 evolution performance. In another study, Narwade et al. [165] reported the synthesis of an Rh-GO nanocatalyst, which exhibited significantly enhanced electrocatalytic activity for HER, with a very small overpotential of 2mV and a 10 mV dec−1 Tafel slope. This result was attributed to the decoration of rhodium nanoparticles on GO, which led to facilitating interfacial electron transfer. Hu et al. [166] prepared MoSx/GO with different oxidation degrees of GO, denoting GO1, GO2 and GO3, which showed excellent electrocatalytic activity for HER. The highest electrocatalytic activity for HER with an onset potential of 0.1 V was exhibited by MoSx/GO2, as represented in Figure 16a. The optimal electrochemical activity of MoSx/GO2 reached a small overpotential (195 mV) and nearly a 47.7 mV dec−1 Tafel slope, and the largest active surface area was possessed by MoSx/GO2, as demonstrated by the Tafel plot and impedance spectra in Figure 16b,c, respectively. For each active site, the TOF of MoSx/GO2 was calculated as 0.94 s−1, which was much better than other samples, as revealed in Figure 16d. The enhanced electrochemical activity for HER was ascribed to the enhanced conductivity and dispersion of GO in MoSx.



Graphene Oxide coated with Nickel foam (GO@Ni) was fabricated by Sarawutanukul et al. [167] to examine the electrocatalytic efficiency for H2 evolution. The as-engineered electrocatalyst exhibited excellent results, with a 55.7 mV Tafel slope and an 83.2 mV overpotential, which was much better than pristine Ni foam. The superior catalytic activity was attributed to the synergistic effect between GO and Ni foam. Fu et al. [168] synthesized Ni0.85Se/N-Graphene Oxide nanocomposites for electrocatalytic H2 generation. The robust contact between N-Graphene Oxide (N-GO) and Ni0.85Se demonstrated efficient electron transfer, which resulted in excellent HER performance, showing low overpotential (104 mV) and a small Tafel slope (50.7 mV dec−1). Lotfi et al. [169] developed a Platinum/Graphene Oxide/Nickel-Copper/Nickel Foam (Pt/GO/Ni-Cu/NF) electrocatalyst for H2 generation through water splitting. The Pt/GO/Ni-Cu/NF electrocatalysts revealed superior electrochemical activity and advanced stability. The overpotential obtained was 31 mV at 10 mA cm−2, and the Tafel slope was 51 mV dec−1, which was attributed to the elevated electrochemically active surface area due to the introduction of GO, which enhanced the HER performance of the Pt/GO/Ni-Cu/NF electrocatalyst. Theerthagiri et al. [170] synthesized FeS2/GO heterostructures to investigate their catalytic efficiency toward H2 generation via EWS. The optimum FeS2/GO electrocatalyst achieved a low overpotential value of 250 mV and 64 mV dec−1 for the Tafel slope. The efficient HER performance was ascribed to the synergistic effect of FeS2 and GO, which resulted in an abundance of electroactive sites and an acceleration in the charge transfer rate. These results imply that the addition of GO to primary electrocatalytic systems is favorable to magnifying the electrochemical performance and extending the lifespan of electrocatalysts. The enormously inspiring results of GO-based electrocatalysts for H2 generation through EWS make it an excellent precursor of sustainable energy solutions.




10. Reduced Graphene Oxide as Electrocatalyst


Owing to the diverse structural features of GO, there is a wide array of physicochemical modifications that can be undertaken in order to improve its electrical properties. One such alteration is the reduction of GO, which galvanizes it in order to augment its electrical conductivity, increases the specific surface area and enhances the optoelectronic properties. Reduced graphene-oxide-based binary and ternary heterostructures have exhibited phenomenal results, which sets their course as ameliorated electrocatalysts for H2 generation through EWS. Chen et al. [171] prepared nano and micro- FeS2/rGO heterostructures for the investigation of the electrochemical activity for HER. The nano-FeS2/rGO showed tremendous improvement for HER, reaching a low overpotential (139 mV) and Tafel slope (66 mV dec−1), with remarkable prolonged stability for 100 cycles with trivial deterioration and at a constant overpotential (70 mV) catalyzed continuous H2 generation. As illustrated in Figure 17a–d. The Gibbs free energy of FeS2/rGO was also examined, which revealed that the HER activity was exhibited by all of the FeS2 surface sites, as demonstrated in Figure 17e. The strong interfacial contact between FeS2 and rGO was the driving force behind the excellent HER electrochemical performance of nano-FeS2/rGO.



A W-Mo-O/rGO nanocomposite was fabricated by Imran et al. [172] and analyzed for electrochemical performance towards HER. The results manifested a lower onset potential of 50 mV and a Tafel slope of 46 mV dec−1 with a sublime lifetime span. The durability and enhanced HER performance stemmed from the synergistic effect of W-Mo-O with rGO. Ma et al. [173] synthesized a CoP/rGO electrocatalyst and examined the HER activity. The CoP/rGO exhibited improved electrocatalytic activity, having a small Tafel slope of 104.8 mV dec−1. This improvement was ascribed to the plentiful electrochemically active sites and enhanced electrocatalytic conductivity of the CoP/rGO nanocomposite.



The pristine NiS2 and NiS2/rGO heterostructures were prepared by Chen et al. [174] for the relativistic study of HER electrocatalytic performance. NiS2/rGO exhibited superior HER performance compared to bare NiS2. This enhanced electrocatalytic activity for HER was due to the abundant active sites and synergistic effect between NiS2 and rGO. Liu et al. [175] synthesized a Co-Ni-P/rGO ternary electrocatalyst for HER performance through EWS. This ternary heterostructured electrocatalyst exhibited noteworthy HER performance, with a 207 mV overpotential. This improved electrocatalytic activity was attributed to the compilation effect and the larger surface area. An Au-Pd/rGO electrocatalyst was prepared by Darabdhara et al. [176] to evaluate the HER response. The outcomes demonstrated that the achieved onset potential was as low as 0.8 mV and the Tafel slope was 29 mV dec−1 with high durability. The improved results were due to the remarkably enhanced electrocatalytic conductivity, higher surface area and augmented active site availability. Ojha et al. [177] designed MoP/rGObinary heterostructures for electrochemical H2 generation. The as-prepared electrocatalyst showed remarkable electrocatalytic performance, with a 42 mV dec−1 Tafel slope. In another study, P-MoS2/N,S-rGO heterostructures were reported by Guruprasad et al. [178] for H2 production via EWS. The as-fabricated electrocatalysts exhibited significantly enhanced electrocatalytic performance toward H2 production, with a 47 mV Tafel slope and a small overpotential (94 mV), which was ascribed to the combined effect of P-MoS2 with N- and S-doped rGO. Chen et al. [179] synthesized CoP/rGO electrocatalyst for H2 production. The as-synthesized electrocatalyst demonstrated remarkable electrocatalytic performance toward HER, with an overpotential of 36.6 mV and a 43.1 mV dec−1 Tafel slope.



Among discrete electrocatalytic systems, it is predicted that rGO-based electrocatalysts are immensely uncovering electrolytic water applications and widely capturing the attention of researchers because of their intrinsic features. Appreciable development has been made in the exploitation of non-precious rGO-based heterostructures toward HER, as confirmed by the abovementioned results. The catalytic efficiency of some of the graphene derivative-based electrocatalysts are summarized in Table 4.




11. Photo-Electrocatalytic H2 Production


The photoelectrochemical (PEC) water-splitting pathway propounds an ultimate route for the production of H2 energy using solar light and electricity [180]. The ideal catalyst for PEC H2 generation should have some essential features, such as cost-effectiveness, ample abundance, a non-toxic nature, narrow band edge, effective surface area, intrinsic conductivity, long-term stability and high mobility for charge carriers [181,182,183,184]. Figure 18 demonstrates the necessary requirements for an appropriate semiconducting material as a photo-electrode for water splitting. Photo-electrocatalysis imitates the natural photosynthesis Z-scheme in which photo-induced electrons and holes transfer to the cathode and anode surface to take part in the water reduction and oxidation reaction, respectively. As the reaction sites are spatially segregated, that eliminates the need to separate H2 and O2. The PEC system conventionally requires a minimum of two electrodes (cathode and anode) to propel the reduction and oxidation reactions independently [185]. In a conventional PEC system, p-type and n-type semiconductors are anchored as a photo-cathode and photo-anode, respectively. The Gibbs free energy required for a water-splitting reaction to ensue is +237 KJ mol−1, which is equal to −1.23 eV for H2 evolution [186]. Consequently, at least 1.23 eV band energy is obligatory and ought to be supplied from solar light sources [187,188]. For water oxidation and reduction processes, the thermodynamic potentials are 1.23 eV and 0 eV, respectively [187,189,190]. For effective PEC and photocatalytic operations, the band locations of the targeted catalyst should be appropriate for water oxidation and reduction; thus, the location of the conduction band should be below 0 eV, and the location of the valence band should be higher than 1.23 eV [191,192].



Graphene-based heterostructures are scrutinized as the most propitious catalysts due to the excellent electrical conductivity of graphene and its derivatives. The band gap of primary catalysts can be tuned by the appropriate doping of graphene-based derivatives, as these compounds exhibit versatile electronic properties. At the time of PEC operation, when the catalytic system is irradiated, the photo-generation of the charge carriers takes place at the semiconducting base, where graphene-based derivatives participate in the process of charge transfer. The major part of the graphene in the binary/ternary heterostructures is to serve as a transporter, electron acceptor and mediator, having a 2D conductive structure [193,194,195,196,197,198,199,200]. Graphene, owing to its unique layered structure, accelerates the electron–hole segregation and transport of electrons in distinct photo-electrodes. The application, fabrication and design of graphene-based catalysts in photo-electrodes for H2 evolution through PEC water-splitting have emerged as promising in research areas.




12. Graphene/GO/rGO as Photo-Electrocatalysts


For the ideal photo-electrode, the catalytic system should have features such as a befitting band gap, ample sunlight absorption, suitable alignments of the band energy levels, advanced stability, excellent charge transport properties and environmental benignity. To attain all of these benchmarks, materials such as graphene, GO and rGO displayed tremendous potential for solar-propelled H2 generation via PEC water splitting. Nevertheless, these substances have shown marvelous response toward PEC to a certain limit; however, they also have experienced many drawbacks in practical utilizations. These materials experienced low light absorption due to their thin 2D structure; as a consequence, they need to be combined with other semiconductor catalysts for efficient H2 generation. Samsudin et al. [201] prepared BiVO4/Graphene quantum dots (GQD)/g-C3N4 to examine and compare their PEC H2 generation performance with binaryBiVO4/g-C3N4 heterostructures. The BiVO4/GQD/g-C3N4 achieved a photocurrent density as high as 19.2 mA cm−2, which had an effectively improved performance by 75.7% as compared to its binary counterpart. The enhanced results stemmed from the graphene quantum dots, which served as an outstanding electron transporter within the system of the ternary heterostructure. Cheng et al. [202] synthesized Au and TiO2 quantum dots on 3D graphene flowers (Au@TiO2@3DGFs) for PEC H2 production through water splitting. The as-synthesized composite demonstrated an astonishing PEC result by achieving a 90 mA cm−2 photocurrent density with stunning chemical stability. The improved results were attributed to the synergistic effect between 3DGFs and TiO2 by not only attaining a high surface area but also by accelerating the segregation of the photo-generated charge carriers. MoS2/N- doped graphene nanocomposites were prepared by Carraro et al. [203] to investigate the PEC activity for H2 production. The MoS2/N-doped graphene nanocomposites exhibited seven-fold better results in comparison to the bare MoS2.The enhanced outcomes were attributed to the nanojunction formed between MoS2 and N-doped grapheme, which promoted effective electron–hole pair separation. Garcia et al. [204] prepared N-doped graphene as photoelectrodes for H2 generation. The N-doped graphene showed constant H2 evolution with a 60 mA cm−2 photocurrent density. Yuan et al. [205] fabricated Polyaniline/Graphene Oxide/TiO2 (PANI-GO-TiO2) ternary hybrids to examine the PEC H2 evolution activity. The results of the as-prepared ternary hybrids showed a greater H2 evolution rate than most of the TiO2-based nanocatalysts reported. Figure 19a illustrates that the synergistic effect between GO and PANI efficiently improved the segregation efficiency of photo-excited charge carriers, thus, enhancing the PEC performance. The best photocurrent observed was 0.13 mA cm−2, as shown in Figure 19b, which was attributed to the combined effect of GO/TiO2 and PANI. Figure 19c demonstrates the band structure, and the mechanism of charge transfer of PANI/GO/TiO2 ternary hybrid films.



In another work, a PbS-Graphene Oxide-Polyaniline nanocomposite was fabricated by Shaban et al. [206] to study its PEC activity for H2 production. The catalytic efficiency of the as-engineered heterostructure was enhanced as the optimum photocurrent density was found to be 1.75 mA cm−2. Gupta et al. [207] synthesized Bi2Ti2O7/reduced graphene oxide (BTO/rGO) to examine and compare the PEC H2 production activity with BTO alone. The outcome illustrated the enhanced current response of the BTO/rGO composite that was 41 µA than the BTO photocurrent (2.8 µA). The upgraded results were indeed credited to the addition of rGO, which facilitated the removal and transportation of electrons that inhibited the recombination of the charge carriers. Zhao et al. [208] fabricated g-C3N4-rGO on Ni foam (CNG/Ni) for H2 generation through PEC water splitting. The as-prepared CNG1.0/Ni showed the highest photocurrent density, as depicted in Figure 20a. The maximum PEC activity of CNG/Ni observed was around 6.0 μmolh−1cm−2, with remarkable durability, as revealed in Figure 20b,c. The effective H2 evolution results stemmed from the interface formation between rGO and g-C3N4, which effectively enhanced the generation of photo-excited electron–hole pairs and suppressed the recombination rate of the charge carriers, as demonstrated in Figure 20d.



A study has been reported in which Aykuz et al. [209] prepared N/B/P-doped rGO-Cd0.60Zn0.40S heterostructures to test the PEC activity for H2 generation. Figure 21a demonstrates the scheme of the photocatalytic hydrogen evolution reaction (PCHER) and photo-electrocatalytic hydrogen evolution reaction (PECHER). The N-doped rGO/Cd0.60Zn0.40S displayed the best results among the fabricated heterostructures. The conduction and valence band potentials of the N-doped rGO/Cd0.60Zn0.40S were −0.46 V and 1.97 V, respectively, calculated from the photo-voltages observed in Figure 21b. The photocurrent density of N-doped rGO/Cd0.60Zn0.40S was obtained to be 0.92 mA cm−2, as shown in Figure 21c, which was ascribed to the efficient segregation and transfer of the charge carriers.



Samsudin et al. [210] embedded rGO on g-C3N4/BiVO4 for PECH2 generation. The g-C3N4/BiVO4 demonstrated a 9.73 mA cm−2 photocurrent density, which was the result of resistivity in the migration of the photo-induced charge carriers, while the incorporation of rGO on g-C3N4/BiVO4 immensely improved the photocurrent density (14.44 mA cm−2) by inhibiting the recombination rate of the photo-excited charge carriers. Mo-TiO2/rGO nanocomposites were designed by Dargahi et al. [211] to examine the PEC performance for H2 evolution. The as-prepared optimized heterostructure showed boosted PEC activity as the photocurrent density was achieved to be 55.8 µA cm−2, which was nearly eight-fold higher than pristine TiO2.The tailoring of the band gap from 3.12 eV of pristine TiO2 to 2.22 eV of the Mo-TiO2/rGO. The improved PEC performance stemmed from the depletion of the band gap and the effective segregation and increased time span of the recombination of the electron–hole pairs. Rambabu et al. [212] fabricated a TiO2/rGO/CdS ternary catalyst system that showed a high photocurrent density of ~11 mA cm−2. The improved results were attributed to the charge segregation property of rGO. In another work, GO/rGO layers were deposited on TiO2 nanotubes by Rambabu et al. [213] and compared the PEC activity for the water splitting of pristine TiO2, rGO/TiO2 and GO/TiO2. The rGO-deposited TiO2 nanotubes showed an enhanced photocurrent because of the higher charge transfer and separation rate of the photo-induced electrons from TiO2, having a low-resistance path provided by rGO. Long et al. [214] fabricated ZnAgInSe/TiO2/GO photoelectrode for hydrogen generation. The photocurrent density of the as-fabricated photoelectrode was found to be ~6.7 mA cm−2, which attributed to the synergistic effect between ZnAgInSe QDs and TiO2/GO.



Carbon element graphene and its derivatives hold magnificent potential as functional nanomaterials owing to their outstanding conductivity, relatively higher surface area and cost-effectiveness. However, as far as PEC water splitting is concerned, there are still some challenges to meet for graphene and its derivatives, such as graphene having no or zero electronic band gap, it must be hybridized with other photo-active substances for PEC applications. On the grounds of some excellent results mentioned above, it is crystal clear that they have further paved the way for graphene and its derivatives for their employment as photo-electrodes in PEC applications. On that account, systemized and organized studies are compulsory to deduce the nature of the junction formed between graphene/GO/rGO and semiconductors, which are still lacking for PEC water splitting. The catalytic efficiency of a few graphene derivative-based heterostructured PEC catalysts is demonstrated in Table 5.




13. Conclusions


In this review, we have summarized the latest effective research on the designing and utilization of graphene and its derivative-based photocatalysts for photochemical H2 evolution. The incorporation of graphene and its derivatives in these photocatalysts improved the photochemical performance impressively, possessing an extended range for light absorption, a higher surface area and magnificent electron conductivity. The encouraging quantum leap of cost-effective graphene and GO/rGO-based electrocatalysts has been concluded as the substitute to costly nanomaterials toward efficient HER. Different electrocatalysts with synergistic effects between graphene and its derivative have been meticulously reviewed. In general, possessing a large surface area, excellent chemical stability and high electrical conductivity, graphene and GO/rGO-based electrocatalysts have been broadly studied by researchers, and huge inspiring attainments have been developed in recent years. It has been concluded that graphene and its derivatives have enormous capability as utilitarian nanomaterials for PEC water splitting. Mainly, they have received attention due to their enhanced charge transport kinetics, having loftier electrical conductivity. However, there is limited research in the area of PEC water splitting containing graphene/GO/rGO-based photo-electrodes. There is still much scope available to exploit them as photo-electrodes to understand their features in a much better way for PEC water splitting. In order to have scalable applicability of graphene-based derivative catalytic systems toward H2 evolution via photochemical, electrochemical and photoelectrochemical water splitting pathways, it is fundamental to optimize the operational conditions, such as the robustness, longevity and stability of graphene-based derivative catalytic systems, homogeneity in the light-harvesting and voltage applied during an experimental run and most importantly their adaptability and superiority over conventional energy sources.




14. Perspectives and Outlook


Since the last century, the dependency on fossil derivative fuels for meeting energy demands has escalated dramatically; as a consequence, at present, approximately 80 percent of the energy requirement is served by fossil derivative fuels globally. As of now, everybody is heavily paying for price-utilizing excessive fossil fuel for energy production, which has exacted a colossal toll on the environment and humanity. The effects of the utilization of these conventional energy sources are dreadful as ice sheets and glaciers are dwindling, lakes and rivers are scattering before their geological time, geographic ranges of animals and plants are repositioning and the habitat of flora and fauna is perturbed. Realizing all of these consequences, it is high time for the energy transition towards sustainable sources and end the fossil fuel domain once and for all. Green H2 fuel is glorified as the fuel of the future, and of course, as a remedy to the energy crisis and air pollution. However, it is fundamental to produce it without any harmful emissions; otherwise, it would no longer be considered a green H2 fuel. Overall, water splitting provides such a propitious strategy for the production of H2 that generates no or zero harmful emissions. Water splitting includes PWS, EWS and PEC water splitting, which have received significant attention but still, H2 production via water splitting is somehow expensive, which is why it is lacking behind its far-reaching applications. The need for cost-effective catalysts is in high demand; therefore, graphene and its derivatives, such as graphene-oxide and reduced graphene-oxide, have come into enlightenment as a substitute for precious noble metal catalysts.




15. Advancements in Photocatalytic Hydrogen Evolution


Some benchmark improvements have been obtained via graphene derivative-based PWS for efficient H2 energy. Nevertheless, there is always a scope for further improvement, and it is needed in this emerging field to achieve optimally effective graphene and its derivative-based photocatalysts. As an example, a stronger understanding of the mechanisms of photochemical performance improvement by graphene and its derivatives is still a challenge but is pivotal for fabricating novel and superior graphene and its derivative-based photocatalysts. To shed light on the mechanism of the photochemical process, all features in the relationship of fabrication, property and structure will have to be understood better. Further research is still required to build more advanced heterostructures, specifically binary and ternary graphene-based heterostructures. In the binary or ternary heterostructures, band-gap tuning of the constituent substances can ease the charge segregation effectively at a distinct level. Additionally, the developments of highly effective methodologies are desired for the extensive interfacial relationships between graphene derivatives and primary photocatalysts to enhance the photochemical activity. The abovementioned results of graphene or GO, rGO-based derivatives illustrated that electrical conductivity played a key role in the interfacial connection between graphene or GO, rGO and photocatalyst in understanding the photochemical H2 evolution. Hence, more effective fabrication strategies for graphene and its derivative-based photocatalysts would be in demand to address these matters.




16. Advancements in Electrocatalytic Hydrogen Evolution


With the excessive achievements of electrocatalytic HER in recent years, the addition of graphene and its derivatives have been acknowledged as beneficial to enhancing performance and increasing durability. Despite continuous developments in graphene and the GO- and rGO-based electrocatalysts that have been accomplished, even now, there are some challenges that demand attention to resolve for far-reaching applications. The actual catalytic performance of the active control center in the structure of graphene and its derivatives is cloudy. While an HER takes place, a complex reconstruction on the structure usually occurs on the surface of the catalyst, which hugely modifies the environment of the control center and chemical structure, creating a difficult situation to understand the catalytic mechanism. For that reason, there is a need for advanced characterization techniques to untangle the structural progress of the active control center and provide improvised guidelines for the design of catalysts. As graphene and its derivatives can be synthesized via diverse routes, there are clear differences appear in physiochemical features in the resulting products. During the stage of study and application, the utilization of distinct types of graphene and its derivatives creates hurdles in the quality of the HER. This condition implies the urgency of establishing and ensuring a unified approach to measuring the features of graphene and its derivatives, which maintains the continuous enhancements in graphene and its derivative-based electrocatalytic HER.




17. Advancements in Photo-Electrocatalytic Hydrogen Evolution


However, despite the fact that graphene and its derivatives have a number of merits for PEC water splitting, there is still too little research reported that corresponds to PEC water splitting. This issue needs further systematic exploration of how the interfacial features dominate the photo-conversion mechanism and how the synthesis should be carried out for the most effective graphene and its derivatives containing heterostructures with superior PEC performance for water splitting. The study of the interface between the photoactive components and graphene and its derivatives at molecular levels should be carried out using a mechanistic approach to better achieve HER results. On that account, more attempts should be made toward controlling, modifying and understanding the catalytic performance of graphene and its derivatives.
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Figure 2. Diagrammatic representation of multi-functional properties of graphene. 
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Figure 3. Flowchart of fabrication graphene and its derivatives through different chemical and physical routes. 
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Figure 4. Multi-functional applications of graphene and its derivative based composites. 
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Figure 5. Mechanism of photocatalytic water splitting for hydrogen generation. 
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Figure 6. (a) Photocatalytic sketch of binary graphene and its derivatives-based composite, (b) Photocatalytic sketch of ternary graphene and its derivatives-based composite and (c) Different semiconductors with their corresponding band gaps. 
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Figure 7. (a) Schematic illustration of the tentative mechanism proposed for the high H2-production activity of the ternary CWG composite and (b) Comparison of the photocatalytic activity of the C(WG)0, C(WG)0.65, C(WG)1.15, C(WG)2.1, C(WG)4.2, and C(WG)12.4 samples for the photocatalytic H2 production. (Reprinted with permission from reference [122]. Copyright 2016, John Wiley and Sons). 
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Figure 8. (a) Illustration of water-splitting reactions over the ZnO-ZnS/graphene photocatalyst under light irradiation. (b) The amount of produced H2 by (i) ZG0, (ii) ZG1, (iii) ZG5 and (iv) ZG10 photocatalysts prepared at different graphene/ZnO-ZnS weight ratios during 3 h irradiation. (c) Photostability of recycled ZG0 and ZG5 photocatalysts with 3 h of irradiation for each test. (Reprinted with permission from reference [123]. Copyright 2018, Elsevier). 
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Figure 9. (a) Photo-produced electron transfer scheme over the GO-C3N4-LaVO4 composite. (b) Dynamic curves of H2 produced over the as-prepared GO-C3N4-a, the physical mixture of GO-C3N4 and LaVO4-b, the physical mixture of GO, C3N4 and LaVO4-c, GO-C3N4 (1:1)-LaVO4 nanocomposite-d, g-C3N4-LaVO4-e, GO-LaVO4-f, pure g-C3N4, g- and LaVO4-h, respectively. (c) Cyclings of H2 production over the GO-C3N4-LaVO4 composite. (Reprinted with permission from reference [129]. Copyright 2021, Elsevier). 
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Figure 10. (a) Effect of the catalyst quality of AgBr/PMo12/GO-5% on hydrogen evolution yields. (b) Effect of the amount of AgBr on hydrogen evolution yields. (c) Effect of the content of TEOA on hydrogen evolution yields. (d) Effect of the pH value on hydrogen evolution yields. Photocatalytic hydrogen evolution experiments of control samples with AgBr/POM/GO-5%. Reaction conditions: 5 mg of composites (e) AgBr/PMo12/GO-5%, (f) AgBr/PW12/GO-5%, (g) AgBr/SiW12/GO-5%, and (h) AgBr/P2W18/GO-5% with 100 mL of 10% (V/V) TEOA/H2O (pH = 7.5) solution. (Reprinted with permission from reference [132]. Copyright 2021, American Chemical Society). 
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Figure 11. (a) H2 generation profile, (b) rate of hydrogen generation for different samples, (c) stability study, (d) H2 generation from a continuous measurement for Pt/TiO2/rGO-2%, and (e) schematic preparation procedure of Pt/TiO2/rGO nanocomposite. (Reprinted with permission from reference [136]. Copyright 2017, Elsevier). 
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Figure 12. Photocatalytic H2 production activity of (a) TiO2, In0.5WO3 and different wt% In0.5WO3 loaded photocatalysts, (b) Different wt% rGO loaded TiO2/2 wt% In0.5WO3 photocatalysts, (c) Stability test for optimized TiO2/2 wt% In0.5WO3, (d) Stability test for rGO optimized photocatalyst TiO2/2 wt% In0.5WO3/0.5 wt% rGO and (e) A plausible mechanism for solid state-supported S-scheme photocatalytic H2 production activity. (Reprinted with permission from reference [139]. Copyright 2021, Elsevier). 
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Figure 13. (a) STEM image of MoP nanoparticles. Inset: intensities for different elements. (b) Large area STEM-EDS mapping to Figure 13a. (c) HAADF-STEM image of MoP with the corresponding crystal structure superimposed. The intensity profile along orange dashed line directly shows the presence of O atoms. (d) The STEM image of CoP. Inset: the intensities of the elements present in particles. (e) HAADF-STEM image of CoP with the crystal structure superimposed. Scan bars, 1 nm. (f) Optical photograph showing the generation of bubbles on the MoP- and CoP-based electrodes. (g) Polarization curves of MoP measured both in 0.5 M H2SO4 and 1 M KOH (left) and curves after 5000 potential sweeps at 20 mV·s−1 (right), without iR-drop corrections. (Reprinted with permission from reference [153]. Copyright 2016, American Chemical Society). 
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Figure 14. (a) SEM image of NiCo PBA nanocubes. (b) SEM and (c,d) TEM images of NiCo PBA-GA. (e) SEM, (f,g) TEM images, and (h) HADDF image and the corresponding elemental maps of (Ni,Co)Se2-GA. The inset of (g) shows the HRTEM image of (Ni,Co)Se2-GA. (i) IR-corrected HER polarization curves of (Ni,Co)Se2-GA (j) Corresponding Tafel plots. (k) H2 and O2 production catalyzed by (Ni,Co)Se2-GA in 1 m KOH at room temperature. (Reprinted with permission from reference [154]. Copyright 2017, American Chemical Society). 
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Figure 15. Schematic illustration for preparing mesoporous graphene. (Reprinted with permission from reference [161]. Copyright 2014, Nature Publishing Group). 
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Figure 16. (a) Linear sweep voltammogram curves in 0.5M H2SO4 for different MoSx/GO electrocatalysts; (b) Tafel plots of different MoSx/GO electrocatalysts; (c) AC impedance spectra for different MoSx/GO electrocatalysts; (d) Calculated turnover frequencies of different MoSx/GO electrocatalysts, the dashed line is the TOF curve with iR correction. (Reprinted with permission from reference [166]. Copyright 2016, Elsevier). 
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Figure 17. HER electrocatalytic performance of FeS2 nanoparticles. (a) The HER polarization curves of nano-FeS2-RGO in comparison to micro-FeS2-RGO at 2 mV s−1 in 0.5 m H2SO4. (b) Corresponding Tafel slopes. (c) Cycling stability of nano-FeS2-RGO after continuous potential sweeps at a scan rate of 50 mV s−1 in 0.5 m H2SO4. (d) Time-dependence of the cathodic current density of nano-FeS2-RGO during electrolysis under a constant overpotential of 170 mV in 0.5 m H2SO4. (e) The configurations of hydrogen adsorption on the different FeS2 surfaces (left (100), middle (111), and right (211)) and the corresponding free energy. In the case of (100), there are two equal S-sites for the HER process, and the free energies are 0.15 and −0.15 eV for the first and second hydrogen. The black boxes denote the used supercells. (Reprinted with permission from reference [171]. Copyright 2017, John Wiley and Sons). 
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Figure 18. Important requirements for an appropriate semiconducting material as a photoelectrode for water splitting process. 
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Figure 19. (a) EIS spectra of TiO2, GO/TiO2, PANI/TiO2 and PANI/GO/TiO2 hybrid films electrodes. The frequency range of 100 kHz-0.01 Hz, an amplitude of 10 mV at an applied potential of +0.6 V, the electrolyte was of 0.42 mol L−1 NaCl, 0.055 mol L−1 MgCl2 and 0.029 mol L−1 Na2SO4. (b) The photocurrent response of hybrid film electrodes. The potential of the working electrode was set as 0.6 V vs. Ag/AgCl/3M KCl. (c) Sketching map of energy band structure, charge separation and PEC hydrogen generation mechanism for ternary PANI/GO/TiO2 film electrode. (Reprinted with permission from reference [205]. Copyright 2018, Elsevier). 
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Figure 20. (a) Photocurrent responses of CNG1.0-Ni foam electrode and g-C3N4-Ni foam electrode under visible-light (λ > 420 nm) irradiation. (b) H2 evolution rates of pure Ni electrode, g-C3N4-Ni foam electrode and CNG-Ni foam electrode with different percentages of rGO. (c) Current density of CNG1.0-Ni foam electrode within 24 h. (d) Schematic depiction showing the energy diagram and electron migration process of CNG1.0-Ni foam electrode. (Reprinted with permission from reference [208]. Copyright 2019, Elsevier). 
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Figure 21. (a) Schematic illustration for PCHER and PECHER systems. (b) Open-circuit potential (OCP) versus time under on/off of visible light irradiation with interval 50 s. (c) The linear sweep voltammograms of the photocatalysts under visible light irradiation. (Reprinted with permission from reference [209]. Copyright 2019, Elsevier). 
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Table 1. Advantages and disadvantages of photochemical, electrochemical and photoelectrochemical methods.






Table 1. Advantages and disadvantages of photochemical, electrochemical and photoelectrochemical methods.





	Methods
	Advantages
	Disadvantages





	Photochemical
	Uses most abundant sources (solar energy and water), economically and environmentally benign.
	Limited properties of photocatalysts, requires doping or cocatalysts for enhanced photocatalytic conversion efficiency.



	Electrochemical
	Eco-friendly, sustainable energy
	Expensive as the most effective electrocatalysts are Pt, Ru, etc.



	Photoelectrochemical
	Comprises electrical and photon energy, more efficient than photochemical and electrochemical pathways
	More expensive than photochemical and electrochemical pathways
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Table 2. Preparation methods, cost-effective route and properties of graphene and its derivatives.
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Material

	
Preparation Methods

	
Cost-Effective Method

	
Properties






	
Graphene

	
Top-down method

	
Bottom-up

	
Top-down

	
Bottom-up

	
Good electronic properties; High mechanical strength; High surface area; Tunable optical properties.




	
Mechanical Exfoliation, Electrochemical, Chemical Exfoliation, Chemical Fabrication

	
Pyrolysis, Epitaxial Growth, Laser ablation CVD, Plasma Synthesis

	
Electrochemical

	
Laser ablation




	
Graphene Oxide

	
Brodie Method, Staudenmaier Method, Hummers Method, Modified Hummers Method, Improved Hummers Method

	
Improved Hummers method

	
High colloidal constancy; Good dispersion in water; Contains rich oxygenated functional groups.




	
Reduced Graphene Oxide

	
Chemical exfoliation, Reduction methods (Thermal, Chemical, Electrochemical, Hydrothermal, Photochemical)

	
Chemical reduction

	
Greater electron transport properties; Restoration of sp2 domains.
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Table 3. Photocatalytic activity of graphene and its derivatives based photocatalysts.
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	Photocatalyst
	Synthetic Route
	Light Source/Photo Conversion

Efficiency
	Sacrificial Agent
	Band Gap (eV)
	H2 Evolution

Performance
	Ref.





	Ag-TiO2/graphene
	Microwave-assisted hydrothermal
	300 W Xenon Lamp
	Methanol/Water
	~2.8
	225 µmol h−1 g−1
	[116]



	CdS/graphene nanoribbons
	Solvothermal
	300 W Xenon Lamp
	Lactic acid
	2.17
	1.891 mmol h−1g−1
	[117]



	CdS/MoS2/graphene
	Biomolecule assisted
	300 W Xenon Lamp
	Lactic acid/Water
	-
	1913 µmol h−1 g−1
	[118]



	CdS/Nb2O5/N-doped graphene
	Hydrothermal
	150 W Xenon Lamp
	Na2S/Na2SO3
	2.0
	800 µmol g−1
	[119]



	Eu-TiO2/graphene
	Sol-gel/

Hydrothermal
	Metal Halogen Lamp
	Na2S/Na2SO3
	-
	100 mmol h−1 g−1
	[120]



	Ni-doped ZnS-graphene
	Solvothermal
	300 W Mercury Lamp
	Na2S/Na2SO3
	-
	8683 µmol h−1 g−1
	[121]



	WS2/Graphene-CdS
	Solvothermal
	500 W Xenon Arc Lamp
	Na2S/Na2SO3
	2.4
	1842 µmol h−1 g−1
	[122]



	ZnO-ZnS/graphene
	Calcination/

Deposition
	300 W Mercury Lamp
	Glycerol
	3.35
	1070 µmol h−1 g−1
	[123]



	Graphene QDs/TiO2
	Hydrothermal
	Natural Solar Light/9.84%
	Glycerol
	2.72
	29548 μmol h−1 g−1
	[124]



	GO-CdS-Pt
	Reduction
	400 W Mercury Lamp
	Methanol
	-
	123 mL h−1g−1
	[126]



	GCN/ACN/GO
	Soft grafting
	Xenon Arc Lamp
	Triethanolamine
	2.55–2.60
	251 µmol h−1
	[127]



	S-GO QDs
	Hydrothermal
	500 W Xenon Lamp
	Ethanol
	2.34
	30,519 µmol h−1 g−1
	[128]



	GO-C3N4-LaVO4
	Hydrothermal
	300 W Xenon Lamp
	Na2SO4
	-
	717.6 µmol h−1g−1
	[129]



	Pt/GO-ZnS
	Hydrothermal/

Deposition
	300 W Xenon Lamp
	Lactic acid
	3.34
	1082 µmol h−1 g−1
	[130]



	N-doped TiO2/graphene oxide
	Hydrothermal
	500 W Mercury Lamp
	Methanol/Water
	2.69
	716 µmol h−1 g−1
	[131]



	TiO2/graphene oxide
	Sol-gel/Calcination
	550 W Xenon Lamp
	Methanol/Water
	2.43
	0.321 mmol g−1h−1
	[133]



	GO-CdS
	Precipitation
	300 W Xenon Lamp
	Na2S/Na2SO3
	-
	314 µmol h−1
	[134]



	Zn(O,S)/GO
	Co-precipitation
	UV Lamp
	Ethanol/Water
	-
	2840 µg h−1
	[135]



	Pt/TiO2/rGO
	Photo-reduction
	Solar Simulator
	Triethanolamine
	2.76
	1075.68 µmol h−1 g−1
	[136]



	ZnO/rod-CdS/rGO
	Light irradiation
	300 W Xenon Lamp
	Na2S/Na2SO3
	-
	0.59 mmol h−1
	[137]



	Cu2O-rGO
	Co-precipitation
	150 W Xenon Lamp/18%
	Methanol/Water
	-
	264.5 µmol gcat−1 h−1
	[138]



	TiO2/In0.5WO3/rGO
	Wet impregnation/

Hydrothermal
	Xenon Arc Lamp
	Glycerol
	3.02
	304.98 ± 11.4 µmol h−1 g−1
	[139]



	CuO/rGO
	Hydrothermal
	300 W Xenon Lamp
	Methanol
	-
	19.2 mmol h−1 g−1
	[140]



	SrTiO3-rGO
	Hydrothermal
	300 W Xenon Lamp
	Methanol
	3.03
	363.79 µmol h−1 g−1
	[141]



	rGO/Cd0.5Zn0.5S/g-C3N4
	Hydrothermal
	Xe Lamp
	Na2SO4
	-
	39.24 mmol h−1g−1
	[142]



	rGO/ZnIn2S4
	Solvothermal
	300 W Xenon Lamp
	Lactic acid
	2.4
	40 µmol h−1
	[143]



	g-C3N4-TiO2/rGO
	Wet impregnation
	250 W Xenon Lamp
	Glycerol/Water
	2.56
	23143 µmol h−1g−1
	[144]



	rGO/CdS
	Solvothermal
	300 W Xenon Lamp
	Na2S/Na2SO3
	2.03
	420 µmol h−1
	[145]
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Table 4. HER activity by graphene and its derivatives based electrocatalysts.






Table 4. HER activity by graphene and its derivatives based electrocatalysts.





	Electrocatalyst
	Electrolyte
	Overpotential/Onset Potential
	Tafel Slope

(mV dec−1)
	Stability
	Ref.





	Co-Nitrogen doped Graphene
	0.5 M H2SO4
	30 mV
	82
	10 h, 1000 CV
	[155]



	Co-Ni-Graphene
	6 M KOH
	−1.15 V
	−84.5
	25 min, 50 CV
	[156]



	Fe-Ni-Graphene
	6 M KOH
	−1.18 V
	−88.1
	25 min, 50 CV
	[157]



	Mo2C/Graphene
	0.5 M H2SO4
	8 mV
	58
	20 h, 3000 CV
	[158]



	Ni2P-Graphene@NF
	1 M KOH
	7 mV
	30
	15 h, 500 CV
	[159]



	NiMo2C@C
	1 M KOH
	65 mV
	84
	10 h, 2000 CV
	[160]



	N-doped Mesoporous Graphene
	0.5 M H2SO4
	340 mV
	109
	5000 CV
	[161]



	Pd/Graphene
	0.5 M H2SO4
	~100 mV
	46
	1000 CV
	[162]



	MoS2/GO
	0.5 M H2SO4
	−107 mV
	86.3
	2000 CV
	[163]



	Cu2ZnSnS4/GO
	0.5 M H2SO4
	53.1 mV
	70
	1000 CV
	[164]



	Rh-GO
	0.5 M H2SO4
	2 mV
	10
	7000 s
	[165]



	MoSx/GO
	0.5 M H2SO4
	195 mV
	47.7
	500 CV, 10,000 s
	[166]



	GO@Ni
	1 M H2SO4
	83.2 mV
	55.7
	30 h
	[167]



	Ni0.85Se/N-GO
	0.5 M H2SO4
	104 mV
	50.7
	20 h
	[168]



	Pt/GO/Ni-Cu/NF
	1 M KOH
	31 mV
	51
	6000 s,

1000 CV
	[169]



	FeS2/GO
	0.5 M H2SO4
	250 mV
	64
	-
	[170]



	FeS2/rGO
	0.5 M H2SO4
	139 mV
	66
	500 min, 1000 CV
	[171]



	W-Mo-O/rGO
	0.1 M HclO4
	50 mV
	46
	2000 CV
	[172]



	CoP-rGO
	0.5 M H2SO4
	-
	104.8
	500 CV
	[173]



	NiS2/rGO
	0.5 M H2SO4
	200 mV
	52
	3000 CV
	[174]



	Co-Ni-P/rGO
	1 M KOH
	207 mV
	65
	30 h
	[175]



	Au-Pd/rGO
	0.5 M H2SO4
	−0.8 mV
	29
	24 h, 5000 CV
	[176]



	MoP/rGO
	0.5 M H2SO4
	82 mV
	42
	20 h
	[177]



	P-MoS2/N,S-rGO
	0.5 M H2SO4
	94 mV
	47
	-
	[178]



	CoP/rGO
	1 M KOH
	36.6 mV
	43.1
	20 h, 5000 CV
	[179]
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Table 5. Summary of PEC activity by graphene and its derivative photoelectrodes.
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	Photo-Electrocatalyst
	Electrolyte
	Light Source/

Photoconversion Efficiency
	Band Gap
	Photocurrent

Density
	Ref.





	BiVO4/GQD/g-C3N4
	0.5 Na2SO4
	500 W Halogen Lamp/0.57%
	2.47 eV
	19.2 mA cm−2
	[201]



	Au/TiO2/3DGFs
	1 M KOH
	Xenon Lamp
	-
	90 mA cm−2
	[202]



	MoS2/N-Graphene
	0.5 M H2SO4
	White LED Lamp
	~1.7 eV
	94 mA cm−2
	[203]



	PANI-GO-TiO2
	NaCl, MgCl2, Na2SO4
	300 W Xenon Lamp
	2.50 eV
	0.13 mA cm−2
	[205]



	PbS-Graphene Oxide-PANI
	0.3 M Na2S2O3
	400 W Metal Halide Lamp/1.75%
	1.16, 2.0 eV
	1.75 mA cm−2
	[206]



	BTO/rGO
	0.5 M NaOH
	500 W Xenon Lamp
	2.26 eV
	41 µA
	[207]



	CNG/Ni
	Methanol, 0.5 M NaOH
	300 W Xenon Lamp
	2.51 eV
	1.0 mA cm−2
	[208]



	N-doped rGO-Cd0.60Zn0.40S
	Na2S/Na2SO3
	300 W Xenon Lamp/1.77%
	2.43 eV
	0.92 mA cm−2
	[209]



	rGO/g-C3N4/BiVO4
	0.5 M Na2SO4
	500 W Halogen Lamp/0.41%
	2.54 eV
	14.44 mA cm−2
	[210]



	Mo-TiO2/rGO
	0.1 M Na2SO4
	PHILIPS PL-S9W lamp
	2.22 eV
	55.8 µA cm−2
	[211]



	TiO2/rGO/CdS
	Na2S/Na2SO3
	Xenon Lamp/5.11%
	~2.2 eV
	~11 mA cm−2
	[212]



	rGO/TiO2
	0.5 M Na2SO4
	300 W Xenon Lamp/0.12%
	-
	0.26 mA/cm2
	[213]



	ZnAgInSe/TiO2/GO
	Na2S/Na2SO3
	AM 1.5G, 100 mW/cm2
	~1.82 eV
	~6.7 mA/cm2
	[214]
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