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Abstract: Green energy resources as a replacement for fossil fuels have become a topic of concern 

amongst researchers. The creation of energy using water splitting is emerging as a very permissive 

source in this context that can generate H2, which can be considered a next-generation fuel. Even though 

there is considerable research in this field, the efficiency of H2 production (HER; hydrogen evolution 

reaction) is still not up to the mark. Different catalysts in combination with nanostructured metal oxides, 

metal phosphide, 2D materials, graphene, and its derivatives have been showing promising results in 

improving process efficiency. The present review work offers a comprehensive study of numerous 

methods of water splitting and examines several nanocomposites based on reduced graphene oxide 

(rGO). The electrochemical properties of rGO-based nanocomposites, including current density, 

overpotential, and Tafel slope, are analyzed and compared herein. In addition, the paper reviews 

ZnO/rGO nanocomposites in various forms and analyzes their photochemical and photoelectrochemical 

properties for water splitting. Furthermore, this review analyzes the photoelectrochemical performance 

of ZnO/rGO heterostructures with Cu2O, CeO2, and metals such as Ni, Co, and Mn. It provides insights 

into the advancements and potential of rGO-based nanocomposites for efficient Water splitting and can 

serve as a roadmap for future research in this field.  

Keywords: green energy resources; water splitting; electrochemical properties; photochemical; 

photoelectrochemical. 
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1. Introduction 

Recently, there has been continuous research in the field of water splitting (WS) for 

eco-friendly (green) H2 generation by the reaction 2𝐻2𝑂 → 2𝐻2 + 𝑂2 which is referred to as a 

‘water splitting’ reaction. It can be done by conventional WS process (as shown in Figure 1) 

with hydrocarbons or coal as a primary energy source, 

electrochemical/photochemical/photoelectrochemical water splitting, photobiological 

methods, or thermochemical cycle process [1]. 
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Figure 1. WS determined by diverse green energy systems [2]. 

Electrochemical WS is an effective, cheap, and promising technology. This gaseous H2 

can be used directly or stored as chemical energy as an M-H bond in metal hydrides, which 

would be used as futuristic sustainable energy [3]. However, the challenge associated with 

water splitting is grid scalability. Worldwide research groups are working on different 

parameters of the WS process to overcome this bottleneck and change the current fossil fuel-

based energy scenario. But at the same time, industrial H2 production during natural gas 

refining produces a large amount of CO2 emission, which is undesirable. So, only renewable 

resources should be recommended to produce ‘Green H2’. Renewable energy resources include 

(i) sunlight, (ii) wind energy, and (iii) tidal energy. For the effective use of sunlight, the 

construction of photoelectrodes to absorb sunlight efficiently is followed by the generation of 

potential difference (i.e., photovoltage) [2]. This can be supplied as the external energy for 

electrocatalysis. Solar cells are another possible approach to supplying energy for this process. 

Thermoelectric materials can also convert the heat produced by sunlight into electrical energy 

and serve as a clean external energy source [4]. Wind and tidal energy can also be used for 

HER with the help of triboelectric nanogenerators [5-7].  

H2 has emerged as a promising energy source due to its high energy density and 

minimal environmental impact, but production efficiency through HER still needs 

improvement [8]. Researchers have recently explored various catalysts combined with 

nanostructured metal oxides [9], metal phosphides, 2D materials, graphene, and their 

derivatives to enhance HER efficiency. Among these catalysts, functional nanomaterials like 

multiferroics [10,11] and metal phosphides decorated with rGO and ZnO/rGO have shown 

significant potential for efficient WS. In this review paper, we will focus on these catalysts' 

electrochemical and photoelectrochemical properties and compare their effectiveness in 

parameters like current density, overpotential, stability, and Tafel slope.  

1.1. Electrochemical water splitting. 

Electrochemical WS is a viable technique for producing clean H2 fuel from renewable 

energy sources. In this process, water is oxidized at the anode, and protons are reduced at the 

cathode, forming H2 gas. For this technique to be used in practice, effective and reliable 

electrocatalysts for total WS are essential. To have better control and accuracy of the 
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electrochemical reactions, a 3-electrode setup is frequently employed in electrochemical water 

splitting. In this configuration, a reference electrode is attached to the anode (working 

electrode) and cathode (counter electrode) to measure the electrode potential and steady voltage 

across the cell. The reference electrode is made of an inert metal, such as Ag/AgCl, and its 

potential is well-defined [12]. It is possible to compare and improve the performance of various 

electrocatalysts by adjusting the voltage, current density, and electrolyte composition. The 

reference electrode can also be used as a diagnostic tool to find any alterations in electrode 

potential and spot any potential degradation or fouling of the electrode surface [13,14]. This 

review paper thoroughly summarizes current developments in electrochemical water splitting, 

covering core concepts, significant difficulties, and potential approaches for boosting the 

effectiveness and longevity of electrocatalysts based on rGO and rGO/ZnO heterostructures. 

1.2. Photochemical water splitting. 

Another potential method that uses solar energy to produce H2 gas from water is 

photochemical water splitting, as shown in Figure 2.  

 
Figure 2. Transfer of charges between host and co-catalysts in photochemical water splitting [15]. 

In this process, the catalyst absorbs light coming from any natural or artificial source 

and produces exciton (𝑒− − ℎ+) pairs, which initiates the water-splitting reaction. The process 

uses a reaction vessel with a photocatalyst coated on substrates like Fluorine-doped Tin Oxide, 

an electrolyte, and a light source like the sun or any artificial light source like Xe flashlight. A 

few essential components must be assembled for a photochemical water-splitting system using 

a nanocomposite photocatalyst. The first part is the photocatalyst material, which consists of a 

semiconductor material, like TiO2 or CdS, combined with a small quantity of a co-catalyst 

material, like Pt or Pd [16,17]. The substrate on which the nanocomposite photocatalyst is 

placed is the second element of the system. This can be a glass or metal substrate such as FTO 

glass, and the nanocomposite photocatalyst is placed as a thin film or nanoparticulate layer on 

top of it. A sacrificial reagent, such as a hole scavenger or electron donor, such as methanol or 

Na2SO3, is added to the solution for an efficient water-splitting reaction. The fourth component 

of the system is the light source, which is utilized to stimulate the photocatalyst and enterprise 

to initiate the water-splitting reaction. It could be actual sunlight or an artificial light source 

like a powerful LED or a solar simulator. The system's performance can be evaluated by 

measuring the amount of gaseous H2 produced over time and, hence, the efficiency of the 

process in terms of quantum yield or solar-to-hydrogen value [1]. The optimization of 

photocatalyst, electrolyte solution, and light source can be used as a probe to maximize the 

efficiency of photochemical reaction [18,19]. 
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1.3. Photoelectrochemical water splitting. 

PEC water splitting, shown in Figure 3, is another potential method for sustainable and 

clean energy production by using semiconducting material as photoanode to harvest solar 

energy and produce gaseous H2 by decomposing water molecules due to both high efficiency 

and inexpensive [21]. In PEC water splitting, the three-electrode setup is typically used. A 

working electrode (photoelectrode), a counter electrode, and a reference electrode are all 

components of this system. The working electrode usually comprises a semiconductor 

nanomaterial that absorbs light and produces exciton. The electrode material is usually placed 

on a glass or FTO because of its good conductivity, transparency, and stability in an alkaline 

electrolyte medium [22]. The electrons produced at the working electrode are gathered by 

utilizing a counter electrode. Then the electrons are transmitted to the electrolyte, where they 

can react with water molecules to produce gaseous H2. The counter electrode is often made of 

a conductive material, such as Pt or IrO2. The reference electrode is utilized to monitor the 

reaction'’s progress and the ideal potential of the working electrode operating for water 

splitting;’s progress and the ideal potential of the working electrode operating for water 

splitting. The three-electrode system ensures that the reaction continues successfully without 

producing any undesirable adverse reaction products and enables precise control over the 

potential at the working electrode.  

 
Figure 3. Three-electrode system for photoelectrochemical setup [20]. 

 

One important aspect that affects the PEC ’cell’s overall performance is the 

’photoelectrode’s efficiency, i.e., current density (CD), which represents the extent of electrical 

energy available to power the reaction. Efficiency rises along with CD up to a certain point, 

and beyond that limit, it can cause catalyst instability in terms of increased recombination and 

thermal degradation. To achieve the required balance between efficiency and stability, it is 

crucial to optimize the photoelectrode's CD density by adjusting the electrode material's 

features, such as its defects, bandgap, and morphology [17]. High current densities and 

efficiencies can be attained through careful optimization, producing robust and effective PEC 

cells for industrial water-splitting applications. In this review work, we have reviewed several 

ZnO/rGO heterostructures as photoelectrodes for efficient PEC water splitting [16,23]. 

2. Results and Discussion 

2.1. Review the rGO-based nanocomposite for electrochemical water splitting. 

Wang et al. (2016) synthesized CoP2/rGO using a low-temperature phosphidation 

reaction for both HER and OER (oxygen evolution reaction) with ultrahigh catalytic activity. 
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For HER, an overpotential of 88mV and 106mV to drive 10mA/cm2 and 20mA/cm2 of CD 

showed better results than monolithic CoP2. The obtained Tafel slope was also lower for 

CoP2/rGO nanocomposite, which was less than bulk CoP2 and even better than commercial 

Pt/C catalysts. In addition, CoP2/rGO exhibited an onset overpotential of 38mV for HER (0.5M 

H2SO4), which was smaller than bulk CoP2. For OER, 10mA/cm2 and 20mA/cm2 at 300mV 

and 330mV as overpotentials were obtained for CoP2/rGO, which was slightly larger than 

RuO2. Interestingly, beyond 360mV (overpotential), the current density of CoP2/rGO surpasses 

RuO2 with 96mV/dec as the Tafel slope. Furthermore, under strong alkaline conditions, 

CoP2/rGO exhibited superior stability, which was better than CoP2 [24].  

Romeiro et al. (2017) synthesized rGO-ZnO nanocomposite (8rGO-ZnO and 16rGO-

ZnO, according to weight taken in synthesis) by a microwave-hydrothermal method [25-27]. 

The authors further studied the electrochemical characteristics of nanocomposite films by 

cyclic voltammetry and chronoamperometry analysis. The 16rGO-ZnO nanocomposite 

exhibited impressive results of 0.48V as onset potential at pH = 7.0 and 0.67V as onset potential 

at pH = 13 for OER. It also showed the highest current density during electrolysis amongst 

ZnO and 8rGO-ZnO stable current density as a function of time [28]. 

Narwade et al. (2019) used a chemical synthesis method to prepare Ni/NiO on rGO 

(Ni/NiO@rGO), a bifunctional electrocatalyst. Glassy carbon (GC) modified with 

Ni/NiO@rGO, Pt foil, and saturated calomel electrode (working electrode), counter electrode, 

and reference electrode have been taken, respectively. Ni/NiO@rGO demonstrated an onset 

potential of -0.4mV vs RHE and 582mV overpotential at 10mA/cm2 in HER while exhibited 

480mV overpotential at 10mA/cm2 with an onset potential of 1.6V vs. RHE under OER. In 

addition, Tafel slope values of 63mV/dec and 41mV/dec were obtained for HER and OER, 

respectively [29]. 

Maghrabi et al. (2020) fabricated Ni/NiO-TiO2/rGO on porous carbon cloth using the 

PECVD process proposed by Nada et al. [30,31]. The electrochemical assessments were 

achieved using a three-electrode configuration using carbon cloth, Ag/AgCl, and graphite as 

working, reference, and counter electrodes (respectively) in 0.5M H2SO4 electrolyte solution. 

During HER, Ni/NiO-TiO2/rGO@CC exhibited 0.13V overpotential @ 10mA/cm² and an 

onset potential of 30mV during OER. A Tafel slope of 40mv/dec was also obtained during 

HER. Also, Ni/NiO-TiO2/rGO showed long-term durability with high activity up to 60h in 

0.5M H2SO4 medium [32]. 

Zhi-yi Pan et al. (2020) synthesized CoNiO2@rGO on Ni- foam by hydrothermal 

method. The authors did the electrochemical tests on a standard three-electrode system. The 

reversible hydrogen electrode is a reference electrode, the carbon rod electrode is a counter 

electrode, and the CoNiO2@rGO/NF is the working electrode. According to the authors, 

CoNiO2@rGO/NF had a low onset potential of 1.48V compared to RHE. For OER, they 

reported a 272mV overpotential to obtain a current density of 100mA/cm2, and for HER, a 

126mV overpotential to obtain a current density of 10mA/cm2.The Tafel slope value for OER 

was 49mV/ dec, and for HER it was 72mV/dec. The authors also reported a current density of 

10mA/cm² @ an overall overpotential of 1.56V. This nanosheet array maintained stability for 

at least 40h [33]. 

Cao et al. (2021) Synthesized NiFe2O4@N/rGO bifunctional electrocatalysts using 

PVP self-template method. The authors studied the electrochemical characteristics of these 

electrocatalysts in a standard three-electrode system, taking graphite rod and platinum wire as 

counter electrodes for HER and OER, respectively Ag/AgCl as reference electrode, and for the 
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working electrode, catalyst-modified Ni foams are used. The authors reported that catalytic 

activity for OER showed an overpotential of 252mV, 287mV, 276mV, and 283mV for 

NiFe2O4@N/rGO-800, NiFe2O4@N/rGO-700, NiFe2O4@N/rGO-900, and NiFe2O4@rGO-

800 respectively to achieve a current density of 20mA/cm². They also reported when current 

density reached up to 100mA/cm², the overpotentials reached 290mV, 332mV, 321mV, and 

318mV for NiFe2O4@N/rGO-800, NiFe2O4@N/rGO-700, NiFe2O4@N/rGO-900, and 

NiFe2O4@rGO-800 respectively. For analyzing the kinetics of OER Tafel slope values were 

calculated by the authors to be 49.7mV/dec, 73.6mV/dec, 59.5mV/dec, and 52.4mV/dec for 

the NiFe2O4@N/rGO-800, NiFe2O4@N/rGO-700, NiFe2O4@N/rGO-900 and NiFe2O4@rGO-

800 samples respectively. The authors reported the catalytic activity for HER showed an 

overpotential of 157mV, 169mV, 167mV, and 186mV for NiFe2O4@N/rGO-800, 

NiFe2O4@N/rGO-700, NiFe2O4@N/rGO-900, and NiFe2O4@rGO-800 respectively to obtain 

a current density of 10mA/cm². They also reported that when current density reached upto 

100mA/cm², the overpotentials reached 271mV, 331mV, 305mV, and 335mV for 

NiFe2O4@N/rGO-800, NiFe2O4@N/rGO-700, NiFe2O4@N/rGO-900 and NiFe2O4@rGO-800 

respectively. While analyzing the kinetics of HER, Tafel slope values obtained by the authors 

for NiFe2O4@N/rGO-800, NiFe2O4@N/rGO-700, NiFe2O4@N/rGO-900, and NiFe2O4@rGO-

800 were 94.7mV/dec, 121.2mV/dec, 123.5mV/dec and 129.9mV/dec respectively. 

NiFe2O4@N/rGO-800 showed the lowest overpotential for HER and OER. For overall water 

splitting, the authors used NiFe2O4@N/rGO-800 as both cathode and anode in a two-electrode 

electrolytic cell. The authors reported NiFe2O4@N/rGO-800 reached a current density of 

10mA/cm² and 20mA/cm² @ overpotentials of 1.6V and 1.67V, respectively, and good stability 

of 24h achieved at 10mA/cm² and 20mA/cm² [34]. 

Arif et al. (2021) synthesized NiVB/rGO (nickel vanadium boride/rGO) nanocomposite 

by chemical reduction method. For electrochemical studies of NiVB/rGO, the authors used a 

standard three-electrode system in which NiVB/rGO modified glassy carbon electrode (GCE) 

is used as working, Ag/AgCl is used as a counter electrode, and Pt wire as a reference electrode. 

The authors reported that At OER NiVB/rGO, an overpotential of 0.267V was required to 

achieve a current density of 10 mA/cm². They also reported a 44mV/dec Tafel slope value for 

OER, and at HER, they reported an overpotential of 0.151V to achieve a current density of 

10mA/cm² and a Tafel slope value of 88mV/dec. For the overall water splitting measurement, 

the authors used both cathode and anode electrodes made with NiVB/rGO in a two-electrode 

system in which the electrodes act for HER and OER. To attain current densities of 10mA/cm2 

and 100mA/cm2, the authors reported overall overpotentials of 1.56V and 1.76V, respectively. 

There was a negligible fluctuation in current density, showing good stability of NiVB/rGO 

nanocomposite [35].  

Li et al. (2022) synthesized NiCo2S4/N, S co-doped rGO (NCS/NS-rGO) by one-pot 

hydrothermal method. The authors performed electrochemical characterization using a 

standard three-electrode system in which the working electrode was fabricated using NCS/NS-

rGO loaded Ni foam (1cm x 1cm), reference electrode by Ag/AgCl, and counter electrode by 

pt foil. To reach the current density of 10mA/cm², the authors reported the overpotential of 

92.7mV for NCS/NS-rGO at HER. For HER they reported a Tafel slope value of 77.6mV/dec. 

To achieve a current density of 10mA/cm² at OER. The authors reported an overpotential of 

253.4 mV. A Tafel slope value of 71.7mV/dec at OER was also reported. For overall water 

splitting measurement, the authors used cathode and anode electrodes made with NCS/NS-rGO 

in a two-electrode system where the electrodes act for HER and OER. The authors achieved an 
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onset potential of 1.58V and an overpotential of 348mV at 10mA/cm². Also, the authors 

reported that NCS/NS-rGO showed a stable current density of around 10mA/cm² after 10h of 

overall water splitting; stability was up to 93% [36]. 

Kareem et al. (2022) have synthesized Ni2P-N, S-rGO (Ni2P nanoparticles supported 

on nitrogen, sulfur-reduced graphene Oxide) by hydrothermal method and reported promising 

HER. The authors also synthesized Ni2P-rGO, Ni2P-MWCNT, and Ni2P-C by the same method 

concerning rGO, MWCNT (Multi-walled carbon nanotubes), and Vulkan Carbon as N, S-rGO 

used to synthesize Ni2P-N, S-rGO. Further, the authors analyze the obtained electrocatalysts. 

For electrochemical characterization, the authors used PINE RDE (Rotating disk electrode) as 

a working electrode, a 10mm diameter acid-treated graphite rod as a counter electrode, and 

commercial Ag/AgCl as a reference electrode. The authors analyzed the overpotential to be 

179mV, 269mV, 331mV, 368mV, and 552mV for electrocatalysts Ni2P-N, S-rGO, Ni2P-rGO, 

Ni2P-MWCNT, Ni2P-C, and pure Ni2P respectively at 10mA/cm² current density. The Tofel 

slope values of synthesized electrocatalysts were calculated as 71, 90.8, 139.4, 169, and 

181.5mV/decade for Ni2P-N, S-rGO, Ni2P-rGO, Ni2P-MWCNT, Ni2P-C, and pure Ni2P, 

respectively. Ni2P-N and S-rGO showed the highest catalytic activity towards HER amongst 

other synthesized electrocatalysts. Ni2P-N, S-rGO showed the lowest overpotential of 179mV 

at 10mA/cm² current density and Tofel slope value 71mV/decade [37]. 

Table 1. Abstract the electrochemical activities towards HER and OER of rGO-based nanocomposite 

electrocatalysts for overall water splitting. 

Sr. 

No. 

Catalyst Synthesis 

Method 

Current Densities 

(mA/cm2) 

Tafel Slope 

(mV/dec.) 

Overpotential 

(mV) 

Ref. 

HER OER HER OER HER OER 

1 CoP2/rGO low-temperature 

phosphidation 

10 

20 

10 

20 

50 96 88 

106 

300 

330 

[24] 

2 16rGO-ZnO Microwave 

Hydrothermal 

- - - - 480 

onset 

- [28] 

3 Ni/NiO@rGO Chemical 

Synthesis 

10 - 63 41 582 480 [29] 

4 Ni/NiO-

TiO2/rGO@CC 

PECVD 10 - 40 - 130 30 

onset 

[32] 

5 Ni/NiO-

rGO@CC 

PECVD 10 - 54 - 244 90 

onset 

[32] 

6 CoNiO2@rGO/

NF 

Hydrothermal 10 100 72 49 126 272 [33] 

7 NiFe2O4@N/rG

O-800 

PVP self-template 10 20 94.7 49.7 157 252 [34] 

8 NiVB/rGO Chemical 

reduction 

10 - 88 44 151 267 [35] 

9 NCS/NS-rGO one-pot 

hydrothermal 

10 - 77.6 71.7 92.7 253.4 [36] 

10 Ni2P-N, S-rGO Hydrothermal 10 - 71 - 179 - [37] 

11 Ni2P-rGO Hydrothermal 10 - 90.8 - 269 - [37] 

2.2. Review on ZnO/rGO-based heterostructure for photochemical and photoelectrochemical 

water splitting. 

Yusoff et al. (2015) investigated the photoelectrochemical activity of core-shell Fe3O4-

ZnO nanoparticles on reduced graphene oxide sheets (rGO) hetero-nanostructure for water 

splitting. The authors synthesized the samples through hydrothermal synthesis with different 

weight ratios of Fe3O4-ZnO and rGO. Then, the authors performed a photoelectrochemical 

analysis using a conventional three-electrode system with a screen-printed electrode (SPE) 

modified with the Fe3O4-ZnO/rGO nanocomposite. The authors used linear sweep 

voltammetry (LSV) to analyze the photoelectrochemical activity of the samples under the 
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irradiation of simulated solar AM 1.5G in the presence of 0.1M KOH. According to the authors, 

upon irradiation, the Fe3O4-ZnO/rGO nanocomposites showed a sign of an n-type 

semiconductor, resulting from an increase in anodic current from 0.6V to 1.33V vs. RHE. The 

authors also reported the greatest photocurrent density of 850µA/cm2 at 1.23V vs. RHE was 

achieved by the Fe3O4-ZnO/rGO (1:1:4) nanocomposite; also, the photocurrent density of bare 

ZnO was the lowest. The photoelectrochemical responses reported by the authors of the various 

modified electrodes arranged from highest to lowest Fe3O4-ZnO/rGO (1:1:4) > Fe3O4-

ZnO/rGO (1:1:30) > Fe3O4-ZnO/rGO (1:1:2) > ZnO/rGO > Fe3O4/rGO > Fe3O4-ZnO > Fe3O4 

> ZnO. Due to the huge electrode-electrolyte interfacial contact area and the robust intimate 

interaction between the ternary Fe3O4-ZnO and rGO, Fe3O4-ZnO/rGO nanocomposite 

demonstrated the greatest photocurrent across all compositions. The authors discussed that the 

electrical interaction and interfacial electron transport at the electrode/electrolyte interface 

were the two aspects of improved PEC water-splitting. This improved photoelectrochemical 

water-splitting efficiency was further supported by the poor rate of recombination of electron-

hole pairs in the Fe3O4-ZnO/rGO (1:1:4) nanocomposite, which was shown by 

photoluminescence study [38]. 

Bai et al. (2015) described the ZnIn2S4/RGO/ZnO nanocomposites’ performance as 

photocatalysts for water splitting. The authors synthesized ZnO NAs on FTO using a 

hydrothermal method and synthesized ZnIn2S4/RGO using a solvothermal method. They used 

ZnO NAs as a substrate for depositing the ZnIn2S4/RGO nanocomposite via dip-coating. The 

authors used an electrochemical workstation with AM1.5 G illumination to perform the PEC 

characterizations. They reported that adding rGO increased the photoanode’s surface areas and 

accelerated the water oxidation process at ZnO/electrolyte interfaces. The authors also reported 

that ZnO NAs/rGO achieved a photocurrent density of 1.43mA/cm2, higher than that of pure 

ZnO NAs. 

Furthermore, the authors also reported that the highest photocurrent density of 

2.25mA/cm2, was achieved by adding ZnIn2S4 to the ZnO NAs/RGO nanocomposite. This 

photocurrent density was 1.6 and 2 times greater than that of ZnO NAs and ZnO NAs. The 

authors discussed that the enhanced photocatalytic activity of the ZnIn2S4/RGO 

nanocomposites could be attributed to the synergistic effect between the RGO and ZnIn2S4, 

which improves the transport of electrons and reduces the electron-hole recombination rate 

[39]. 

Khan et al. (2017) synthesized ZnO/rGO nanowire arrays (NWAs) on FTO using the 

sonication-assisted hydrothermal method. The authors reported that the electrolyte used for the 

photoelectrochemical water splitting test was done using 0.5M sodium sulfate (Na2SO4) in 

distilled water. To measure photocurrent, the authors used a typical 3-electrode system with a 

reference electrode made of Ag/AgCl, the counter electrode made of platinum foil, and 

rGO/ZnO NWAs as the working electrode was utilized. The photo-potential electrodes and 

current are controlled by a potentiostat (Autolab). A xenon lamp was used to simulate a light 

with a power density of 100 mW/cm2. The visible component of the light spectrum was utilized 

after the filtration of UV spectrum part using a UV cut-off filter. The voltage sweep range was 

maintained between -1 and 1 volts. The authors reported that in the absence of sunlight, no 

appreciable photocurrent was noticed for the material. This finding suggested to the authors 

that materials become inactive in the dark. Yet, even in the dark, the minimal current density 

is seen due to overpotential at high voltage. The authors additionally reported that under the 

illumination of solar simulators, the maximum value of photocurrent is reached to 2.4mA/cm2 
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at 0.8V. The oxygen evolution reaction (OER) was fairly dominant for the material at the 

specified voltage range, as evidenced by the LSV measurements of positive photocurrent 

density under solar visible light luminescence [40]. 

Ghorbani et al. (2018) synthesized porous ZnO/rGO nanocomposite using the sol-gel 

method. As-prepared sols with various concentrations of GO were utilized. The thin films were 

coated on fluorinated tin oxide (FTO) glasses. The authors used an Autolab model 273A 

potentiostat/galvanostat to conduct electrochemical tests. A standard three-electrode 

photoelectrochemical cell was used, with the working electrodes being ZnO or ZnO/rGO, the 

counter electrode being a platinum wire, and the reference electrode being Ag/AgCl. An 

aqueous Na2SO4 solution (0.5mol/L) was employed as the electrolyte. A UV lamp-equipped 

optical bench held the photoelectrochemical cell. The applied external potential was altered 

from 0 V to +1.5V in relation to Ag/AgCl. The authors reported that the electrodes exhibit very 

little capacitive current in the darkness, and the OER is indicated by the current at potentials 

greater than 1.34V. The increase in current density with increasing anodic bias under the 

illumination condition is evidence of the n-type nature of the pure ZnO and the ZnO/rGO 

nanocomposite samples. They also reported that the performance of electrodes in 

photoelectrochemical reactions is enhanced by adding rGO to the ZnO matrix. This was largely 

due to the efficient e-collection and transit properties of rGO, which greatly inhibit the 

recombination of photogenerated e- - h+ pairs. 

Additionally, the authors described that the ZnO ’nanostructures’ spherical shape and 

hierarchical porosity promote effective interactions between H2O molecules and ZnO surface 

atoms. The authors reported that owing to an increment in no. of photogenerated charge 

carriers, the nanocomposite containing 1mg/mL rGO exhibits the greatest photocurrent density 

of 1.02mA/cm2 at 1.5V vs. Ag/AgCl. The photocurrent density decreases when the rGO 

concentration rises from 1mg/mL to 2mg/mL. This may result from the clumping of rGO sheets 

and the lower absorbance at higher rGO concentrations [41]. 

Zhang et al. (2018) first synthesized ZnO/rGO nanocomposite on FTO glass, and then 

the authors used a modified photochemical method to synthesize M-Bi/rGO/ZnO (M= Ni, Co, 

Mn). Then, the authors did photoelectrochemical tests in a 3-electrode system (electrode as Pt 

plate, FTO substrate deposited with M-Bi/rGO/ZnO as working photoelectrode, and the 

reference electrode was made of Ag/AgCl). The author did LSV with a voltage that was swept 

at a rate of 10mV/s while exposed to simulated solar light with an AM 1.5G spectrum and a 

light intensity of 100mW/cm2 (equal to 1 sun). The author reported that the performance was 

best in the Ni-Bi/rGO/ZnO sample. At 1.23V, the water oxidation photocurrent increased by 

0.86mA/cm2 and there was a cathodic shift of the onset potential of 0.17V (from 0.58 to 0.41V) 

compared to ZnO. The Co-Bi/rGO/ZnO sample, in contrast, at 1.23V, had a photocurrent 

density of 0.80mA/cm2 and a cathodic shift of 0.12V in the onset potential. As reported by the 

authors, with only a 0.04 V shift in the onset potential and a photocurrent density of 

0.69mA/cm2, the Mn-Bi/rGO/ZnO sample was less active. The authors also reported that to 

assess the ’photoanodes’ stability at 1.23V the potentiostatic measurements were made. ’ZnO’s 

photocurrent density rapidly decreased upon exposure to light, falling to 0.22mA/cm2 (a 37% 

decrease), but the M-Bi/rGO/ZnO composites displayed superior stability, seeing a decrease of 

less than 9% [42]. 

Wang et al. (2020) cast off a one-step microwave-abetted solvothermal method to 

create ZnO hollow spheres on rGO nanosheet. The authors reported that the resulting product, 

ZrG-1, had a 1% GO content in comparison to the mass of ZnO. The authors synthesized further 
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samples ZrG-2, ZrG-0.5, ZrG-0.2, and ZnO by varying mass ratios of GO to ZnO (2, 0.5, 0.2, 

and 0 percent), respectively. The authors reported that hydrogen was evolved by photocatalysis 

in a sealed glass system. Normally, 0.5g of the sample is dissolved in 0.1L of distilled water 

with the sacrificial reagents Na2SO3 (0.25mol/L) and Na2S (0.35mol/L). 30 minutes of N2 

deaeration of the suspension were followed by 300 watts of Xenon illumination. The authors 

used a gas chromatograph (SP-7820, TCD) to find the gases that were generated. The authors 

reported HER was lowest in the ZnO sample, which has a value of 279.4µmol/h/g. 

The high rate of photoinduced e- and h+ pair recombination may explain this. 

Unexpectedly, the ZrG-0.2 nanocomposite demonstrates a significantly improved HER of 

427.1µmol/h/g. This is due to ’rGO’s ability to serve as an electron receiver with a 2D 

nanosheet structure, which is advantageous for the movement of electrons in photocatalytic 

systems. They also reported that for the ZrG-1 nanocomposite, hydrogen evolution occurs at 

648.1µmol/h/g, the highest rate of HER among the synthesized nanocomposites. The authors 

discussed the following three factors that can be used to explain the good HER of ZrG-1. First, 

during the photocatalytic reaction, the ZrG-1 nanocomposite showed a greater number of 

photoexcited charge carriers;; higher surface-active areas may be the cause. Second, the ZrG-

1 sample shows the slowest recombination rate for photoinduced e- h+ pairs, which is the cause 

of the lowest photoluminescence emission intensity. Finally, and probably most crucially, the 

synthesis-produced extraordinary interface between ZnO and rGO strongly encourages the 

separation and transfer of the interfacial carriers in a spatially accessible manner. As reported 

by the authors, the HER of ZrG-2 shows a little decline from 648.1 to 518.8µmol/h/g with a 

GO increment of 1 to 2 percent by mass. The drop in photocatalytic performance that has been 

seen may be explained by the following facts: When rGO concentration reaches a certain level 

(1%), rGO and ZnO may compete to absorb light, which might deactivate HER by blocking 

some UV light from reaching ’ZnO’s surface. On the other hand, excessive rGO could function 

more like a recombination hub than an electron pathway [43]. 

Murali et al. (2020) synthesized ZnO-CeO2-rGO via the hydrothermal method by 

varying weight proportions of CeO2 and ZnO and evaluated its potential in 

photoelectrochemical water splitting. Photoelectrochemical measurements were carried out by 

the authors in a three-electrode design using a Gamry 600 D electrochemical workstation, and 

for electrolyte, Na2SO4 solution was used. Linear sweep voltammetry (LSV) scans were 

conducted by the authors under light illumination using a xenon flashlight and in the dark. The 

authors reported that the ZCG3 electrode (85:15 mass proportion of ZnO and CeO2, 

respectively) displayed the least photocurrent onset potential at −0.45V vs. Ag/AgCl and 

produced a good photocurrent density of 0.69mA/cm2 at 1.5V due to its excellent charge 

transfer and separation. These findings by Murali et al. suggest that the ZnO-CeO2-rGO ternary 

nanocomposite has the potential to be used in PEC water-splitting applications, with 

performance dependent on both the photocurrent density and onset potential [44]. 

Shanmugasundaram et al. (2021) utilized a simple two-step RF sputtering-annealing 

growth method to fabricate FTO/Cu2O (FC)-based photocathodes, as well as FTO/Cu2O/ZnO 

(FCZ) and FTO/Cu2O/ZnO/rGO (FCZG)-based photoanodes. The authors performed the PEC 

test in a standard three-electrode system. For illumination AM 1.5G with a power density of 

100mW/cm2
 was used. The authors reported that the bare Cu2O photoelectrode current density 

based on (Cu2O was sputtered on FTO with various thicknesses) FC3 > FC2 > FC1 were ~ 

3.27, 2.64, and 1.53mA/cm2, respectively, at 0V vs. RHE. The authors discussed that the grain 

size and increased surface roughness of the photoelectrode produced at a higher sputtering 
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duration may be used to explain the increase in current density. The current density increased 

with increasing photoelectrode thickness. Nevertheless, it was discovered that the current 

density reduced when the Cu2O photoelectrode film thickness was increased to 1.5μm, i.e., 

FC4 ~3.08mA/cm2. The authors reported the photocurrent density of FC3ZG and FC3Z, which 

were ~ 4.94mA/cm2 and 4.51mA/cm2, respectively, at 0V vs. RHE. Compared to the FC3 and 

FC3Z photoelectrodes, the FC3ZG hybrid photoelectrode demonstrated a greater photocurrent 

density and improved stability. Overall, the results presented by the authors demonstrate the 

effectiveness of the synthesized FCZG hybrid photoelectrode in improving PEC performance 

for water splitting [45]. 

3. Conclusions 

As a green and sustainable energy source, producing green hydrogen by water splitting 

has attracted a lot of attention. The use of renewable resources is essential for the generation 

of green hydrogen; however, the present difficulty is addressing the scalability issue. To 

increase the efficiency of hydrogen production, scientists are investigating a variety of 

nanocomposites as electrodes or photoelectrode in electrochemical, photochemical, and 

photoelectrochemical processes. This review paper discusses the electrochemical and 

photoelectrochemical properties of different rGO and ZnO/rGO nanocomposite-based 

electrodes and their effectiveness in water-splitting. The photoelectrochemical (PEC) and 

electrochemical activity of photoelectrodes and electrodes, respectively, for water splitting can 

be improved by combining reduced graphene oxide (rGO) with metal oxide nanocomposites 

such as Cu2O/ZnO, Fe3O4-ZnO, ZnIn2S4, and Ni/NiO-TiO2. Improved interfacial electron 

transfer occurs at the electrode/electrolyte interface by adding rGO to metal oxide 

nanocomposites, which upsurges the interfacial contact area and improves electronic 

interaction. The introduction of Cu2O to the ZnO/RGO nanocomposites resulted in the highest 

photocurrent density, indicating the synergistic effect between rGO, ZnO, and Cu2O that 

improves the transport of electrons and reduces the electron-hole recombination rate. 

Moreover, at a particular thickness of Cu2O/ZnO/rGO, photoelectrode showed a 

promising result of 4.94mA/cm2 at 0V vs.The RHE for PEC water splitting, which was the 

highest among the literature reviewed. For electrochemical water splitting, the synthesis of 

Ni/NiO-TiO2/rGO electrode using the PECVD method showed the best results as lowest onset 

potential and tafel slope value of 30mV and 40mV/decade, respectively, and showed longer 

stability among the literature reviewed. These studies show the potential of rGO-based 

nanocomposites as effective electrodes for efficient water splitting, which can aid in producing 

renewable energy sources. To create a more environmentally friendly and sustainable energy 

scenario, further research is required to investigate more effective electrodes and boost 

hydrogen production efficiency. 
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