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ABSTRACT: The reliance on fossil fuels has led to a substantial increase in greenhouse gas emissions, presenting a critical 
environmental challenge. Addressing this issue necessitates the adoption of alternative renewable energy sources, with green 
hydrogen emerging as a promising candidate due to its high gravimetric energy density and absence of harmful emissions. Among 
the various hydrogen production techniques, photocatalytic technology has garnered significant attention for its dual potential to 
produce green hydrogen and degrade pollutants, thereby addressing both energy and climate crises. Efforts to scale photocatalytic 
technology for industrial applications have identified cocatalyst integration as a pivotal strategy, as it enhances reaction kinetics by 
lowering the activation energy and mitigating charge carrier recombination. This review comprehensively examines the hydrogen 
economy, the underlying principles of photocatalysis, recent technological advancements, key factors influencing photocatalytic 
reactions, the role of catalysts in hydrogen evolution reaction (HER) surface mechanisms, strategies for cocatalyst optimization, 
and future directions for the field. 
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1. Introduction 

1.1. Background of Photocatalytic Water Splitting 

With the growing global population and rapid advancements in technology, the demand for energy is rising 
concurrently, leading to an increased reliance on fossil fuels such as coal, oil, and natural gas [1,2]. This escalating 
consumption of fossil fuels has become a major contributor to climate change, posing a significant global concern [3–
5]. The energy sector remains the largest source of CO2 emissions, with electricity generation and transportation playing 
pivotal roles due to their heavy dependence on fossil fuels [6–8]. In 2008, the global energy consumption rate was 15 
TW, and it is projected to rise to 19.5 TW for primary energy and approximately 3 TW for electricity alone [9–11]. 
Hydrogen offers a viable alternative to fossil fuels because of its high gravimetric energy density and the absence of 
harmful byproducts [12,13]. Various methods exist for hydrogen production, including electrocatalysis, 
photoelectrochemical water splitting, thermochemical water splitting, and photocatalysis [14–24]. Among these, 
photocatalysis has garnered significant attention due to its ability to harness renewable resources such as sunlight and 
water, in conjunction with semiconductor materials, to produce hydrogen without requiring external bias and at a low 
cost [25,26]. In 1972, Fujishima and Honda achieved a groundbreaking milestone in hydrogen production by 
demonstrating water splitting using a TiO2 semiconductor as a photoactive material under UV light, leading to hydrogen 
(H2) generation [27]. The photocatalytic water splitting process involves the following key steps: (i) Solar Light 
Absorption: Semiconductor materials absorb solar light, generating excitons (electron-hole pairs) or charge carriers. (ii) 
Charge Carrier Transportation: The generated charge carriers are transported to the surface of the semiconductor. (iii) 
Surface Reactions: At the photocatalyst surface, oxidation and reduction reactions occur, resulting in the production of 
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O2 and H2, respectively, as illustrated in Figure 1 [28,29]. The efficiency of hydrogen production via photocatalysis is 
influenced by several factors, including solar harvesting ability: Efficient absorption of solar radiation by the 
semiconductor. Semiconductor Stability: Stability of the semiconductor material in aqueous media during the reaction. 
Charge Separation: Effective separation of charge carriers to prevent recombination. Low Charge Recombination: 
Minimizing the recombination of electrons and holes to enhance the overall reaction efficiency. These factors 
collectively determine the feasibility and scalability of photocatalytic hydrogen production [30–32]. 

 

Figure 1. Basic representation of photocatalysis for water splitting. 

1.2. Evaluating Efficiency in PCWS 

Efficiency of the PCWS can be decided by two measure factors: One is Turnover Frequency (TOF) and the other 
is Apparent Quantum Efficiency (AQE). Here we will discuss them in detail. 

1.2.1. Turnover Frequency (TOF) 

Turnover Frequency (TOF) is a widely used parameter for evaluating the efficiency of photocatalysts in 
photocatalytic water splitting. TOF quantifies the number of product molecules (H2 or O2) generated per active site of 
the photocatalyst per unit time, providing a measure of the intrinsic catalytic activity. Unlike overall yield, TOF is 
independent of the amount of catalyst used, making it a more reliable indicator of the photocatalyst’s performance. TOF 
can be calculated by below mentioned equations. 

TOF (Sିଵ)  =  
NO. of Products

No. of active sites × Reaction time 
 

TOF (Sିଵ)  =  
NO. of reacted electrons

No. of atoms in the photocatalyst 
 

TOF (Sିଵ)  =  
NO. of reacted electrons

No. of atoms on the surfaces or specific surface area 
 

In summary, a higher TOF directly correlates with superior photocatalytic performance, showcasing the 
photocatalyst’s ability to efficiently convert absorbed energy into chemical products [33].  

1.2.2. Apparent Quantum Efficiency 

AQE is also another critical parameter to evaluate the efficiency of the photocatalyst in the PCWS. AQE represents 
the capacity of a photocatalyst to convert incident photons into chemical energy during the PCWS process. It provides 
critical insights on the photocatalyst’s ability to utilize sunlight, making it an important parameter in PCWS technology. 
AQE can be measured by the below mentioned equation [34]. 
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AQE (%)  =  
No. of electrons utilized in product formation × 100

No. of Incident Photons
 

No. of electrons for H2 and O2 are 2 and 4, respectively. The AQE can be expressed in another way as well. 

AQE (%)  =  
No. of Hଶ or Oଶ  × electrons per molecule × Avogadro number × 100 

Incident photon flux × Area × time
 

1.3. Strategies to Enhance the Efficiency of Photocatalyst 

To enhance photocatalytic efficiency, numerous strategies have been developed to broaden solar energy absorption 
and improve charge separation and migration. Key approaches include heterojunction formation, metal/non-metal 
doping, morphology engineering, surface plasmon resonance (SPR) metal particle loading, and cocatalyst loading, as 
illustrated in Figure 2.  

(i). Heterojunction Formation: This strategy combines two materials with different band gaps to extend the 
photocatalyst’s absorption into the visible light region. The heterojunction structure facilitates better charge 
separation and generates a higher density of charge carriers, improving the photocatalytic process [35,36]. Various 
types of heterojunction systems exist, including type-II, S-scheme, Z-scheme, p-n junction, and J-type 
heterojunctions [37]. Among these, J-type heterojunctions have recently attracted significant attention due to their 
remarkable anisotropic electrical properties. When the energy band alignment of a J-type heterojunction resembles 
that of a type-II heterojunction, where only the first semiconductor is exposed to light, photoexcited electrons 
migrate from the CB of the first semiconductor to the CB of the second semiconductor, while the photoinduced 
holes remain in the VB of the first semiconductor. This spatial separation of charge carriers enhances hydrogen 
evolution efficiency. However, constructing J-type heterojunctions presents a significant challenge, particularly 
due to the anisotropic electrical conductivity of materials such as ZnIn2S4. The design of these heterojunctions 
must not only optimize photoinduced charge separation but also ensure efficient charge transport. Anisotropic electrical 
conductivity refers to the directional dependence of electrical transport properties within a material. This anisotropy can 
arise due to variations in crystal structure, intrinsic defects, or electronic band configuration, all of which influence 
charge carrier dynamics [38–41]. 

(ii). Metal/Non-Metal Doping: Substituting guest metal or non-metal elements into pristine materials modifies their 
electronic band structure. This adjustment makes the photocatalyst more active under visible light, increases charge 
carrier density, and enhances the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) at the 
photocatalyst interface [42,43].  

(iii). Morphology Engineering: By employing capping agents and varying reaction conditions, the photocatalyst’s 
morphology can be optimized. These modifications influence the material’s electronic and structural properties, 
increasing the number of active sites for OER and HER at the interface [44–46].  

(iv). Surface Plasmon Resonance (SPR): Loading SPR-active metal particles (e.g., Au, Ag) on the photocatalyst 
enhances absorption in the visible light region. When the irradiated light matches the resonance energy of these 
metals, their conduction band electrons are excited, boosting charge carrier density and facilitating photocatalytic 
water splitting [47]. 

(v). Cocatalyst Loading: Cocatalyst loading involves integrating electroactive materials onto the photocatalyst surface 
to enhance photocatalytic efficiency. Cocatalysts facilitate efficient charge transfer by capturing charge carriers 
promptly, thereby improving charge separation. This process significantly reduces the activation energy required 
for water splitting, accelerating reaction kinetics [48,49]. Additionally, cocatalyst loading enhances the stability of 
the photocatalyst by minimizing direct contact between the semiconductor and the aqueous media, thereby 
preventing degradation. These properties make cocatalyst strategies highly appealing for practical applications. 
Key benefits of cocatalyst loading include reduction in threshold potential and lowering the energy barrier for 
reactions, enabling easier hydrogen production and pollutant degradation. The presence of cocatalysts speeds up 
surface reactions by efficiently mediating charge transfer. Improved Photocatalyst Stability: By shielding the 
photocatalyst from direct interaction with aqueous environments, cocatalysts enhance the long-term operational 
stability. Due to these distinctive properties, cocatalyst strategies are considered highly effective for long-term 
hydrogen production and pollutant degradation. These advancements could play a crucial role in addressing energy 
crises and mitigating climate change by supporting sustainable and efficient photocatalytic systems [28,50,51]. 
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Figure 2. Strategies to Improve the Efficiency for the photocatalyst/Photoelectrodes. 

Cocatalysts play a crucial role in enhancing the efficiency of photocatalytic water splitting by selectively 
optimizing the respective half-reactions. They are classified into two main types: oxygen evolution cocatalysts (OECOs) 
and hydrogen evolution cocatalysts (HECOs) [52–55]. OECOs enhance the oxygen evolution reaction (OER) by 
increasing the reaction rate and reducing the activation energy. They are further categorized into noble metal-based, 
non-noble metal-based, and metal-free cocatalysts, with noble metal oxides such as RuO2 and IrO2 being widely studied 
for their superior OER activity. These cocatalysts significantly improve overall water-splitting efficiency by facilitating 
oxygen release [56,57]. Conversely, HECOs enhance the hydrogen evolution reaction (HER) by accelerating the 
reaction rate, reducing activation energy, and mitigating charge recombination through efficient electron acceptance, 
thereby increasing hydrogen production. HECOs are classified into noble metal-based, non-noble metal-based, and 
metal-free cocatalysts. Among them, noble metals such as Pt, Ru, Rh, Pd, Au, and Ag have been widely studied [58–
63]. Pt stands out as the most efficient HECO due to its high work function, excellent conductivity, and lowest 
overpotential for HER. Photocatalysts loaded with Pt have demonstrated the highest photocatalytic efficiency for 
hydrogen production under sunlight [64]. Achieving efficient overall water splitting requires: Minimizing backward 
reactions: Suppressing the recombination of hydrogen and oxygen gases, as well as preventing photoreduction of 
oxygen. Selective Cocatalyst Activity: Cocatalysts must be highly active and selective to promote forward HER and 
OER reactions while inhibiting side reactions. Among state-of-the-art cocatalysts, Rh2−yCryO3 and core–shell-structured 
Rh-Cr2O3 have shown remarkable performance in facilitating HER [65,66]. These materials effectively suppress 
backward reactions, enhance charge separation, and improve overall water-splitting efficiency. This combination of 
OECOs and HECOs, along with high-activity and selectivity cocatalysts, forms the backbone of advanced 
photocatalytic systems, making them highly promising for sustainable hydrogen production and addressing energy 
challenges. The noble-metal-based cocatalysts mentioned earlier, while highly efficient, face limitations due to their 
high cost and scarcity, rendering them unsuitable for large-scale energy applications. Consequently, there is a growing 
emphasis on developing cost-effective and efficient cocatalysts derived from abundant and inexpensive materials. 

Recent research has introduced innovative cocatalysts based on non-noble metals based have shown promise in 
enhancing photocatalytic water-splitting performance. Additionally, materials like MoS2 and graphene have gained 
attention due to their synergistic effects. For instance, studies have demonstrated a significant improvement in 
photocatalytic efficiency when graphene and MoS2 are used as cocatalysts with TiO2-based photocatalysts. This synergy 
enhances charge separation, electron mobility, and active site availability, leading to better HER efficiency [67,68]. 
Given the significant advancements in the field of photocatalytic water splitting, particularly in the development of 
HECOs, there is a need for a comprehensive review to consolidate recent findings. This review will focus on their role 
in HER reactions, understanding how cocatalysts facilitate HER and influence the reaction pathway, exploring factors 
like charge separation, surface area, and stability, and highlighting breakthroughs in affordable, non-noble metal 
cocatalysts such as transition metal hydroxides, sulfides, and carbon-based materials. This review aims to provide a 
detailed understanding of the current state of research in HECOs, serving as a foundation for future advancements in 
the development of sustainable and scalable photocatalytic systems for hydrogen production.  
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2. Requirement of Cocatalyst Loading in Photocatalytic Water Splitting (PCWS) 

2.1. Role of Cocatalyst Loading in PCWS 

Photocatalytic water splitting has emerged as a promising alternative to conventional energy production pathways, 
offering the potential to reduce reliance on fossil fuels and mitigate climate change. This technology enables the 
production of green hydrogen as a clean, sustainable fuel using abundant renewable resources such as sunlight and 
water. By harnessing these resources, photocatalytic water splitting addresses the growing energy demand while 
contributing to climate change mitigation, a critical concern for current and future generations. The performance of 
photocatalytic systems is influenced by several factors, including semiconductor band edge positions, charge carrier 
generation rates, charge transportation, photocorrosion in aqueous media, and high charge recombination rates of 
electrons and holes, which reduce the availability of charge carriers for surface reactions. To address these challenges, 
cocatalyst technology has garnered significant attention. Cocatalysts enhance photocatalytic efficiency by lowering the 
energy barrier for water splitting reactions, capturing photogenerated holes or electrons, thereby suppressing charge 
recombination and protecting the photocatalyst from photocorrosion in aqueous environments. By integrating 
cocatalysts, the reaction rates are accelerated, and the durability of the photocatalyst is significantly improved, making 
photocatalytic water splitting a viable solution for sustainable hydrogen production and a key technology in addressing 
global climate challenges. 

2.2. Key Factors for Affecting Cocatalyst Performance in PCWS 

As discussed in Section 2.1, the incorporation of cocatalysts offers significant advantages in enhancing PCWS 
performance, particularly for the HER and overall water splitting. However, the efficiency of this process is influenced 
by several critical factors, as illustrated in Figure 3. The most common forms of cocatalysts are transition metal oxides 
or oxyhydroxides, sulfides (NiS2, CoS), phosphides (CoP, Ni3P2), and noble metals (Pt, Pd, Ru, Rh, and Ir). Performance 
is significantly impacted by the type of cocatalyst [67,69]. Noble metal-based cocatalysts, with their small overpotential 
and easy electron transfer tendency, have demonstrated improved catalytic activity for HER. However, inexpensive, 
non-noble metal-based materials are gaining popularity because they are easy to prepare and have ideal size and 
dimensions, which speed up the rate of reaction by supplying more active sites. Here we will discuss the reaction 
affecting factor with the cocatalyst loading. 

(i). Electronic and band alignment properties: The electronic properties, particularly the work function of a cocatalyst, 
play a critical role in determining the efficiency of PCWS. As an electroactive material, the cocatalyst accelerates 
reaction rates by facilitating charge transfer and reducing charge recombination, but its effectiveness depends 
heavily on the band alignment with the photocatalyst. The alignment of energy levels between the photocatalyst 
and cocatalyst is crucial for enabling efficient charge transfer, directly impacting the product efficiency and 
reaction mechanism. The conduction band (CB) of the photocatalyst must be more negative than the hydrogen 
evolution potential (0 V vs. SHE). The cocatalyst must efficiently capture and transfer the photogenerated electrons 
from the CB of the photocatalyst to drive HER. The synergy between the photocatalyst and cocatalyst, driven by 
proper band alignment and electronic properties, is vital for optimizing PCWS. In HER systems, a conduction band 
more negative than 0 V and a cocatalyst capable of timely electron capture and transfer are essential for achieving 
high efficiency. By tailoring these electronic interactions, it is possible to enhance the overall performance and 
scalability of photocatalytic systems [69]. 

(ii). The interfacial interaction between the photocatalyst and the cocatalyst is a critical factor that facilitates effective 
charge separation and suppresses charge recombination in PCWS. A strong interaction ensures efficient transfer 
of photogenerated electrons or holes from the photocatalyst to the cocatalyst, enhancing the reaction rate and 
overall efficiency. Optimizing synthesis procedures and minimizing interface defects are essential for ensuring 
effective charge separation, suppressing recombination, and maximizing photocatalytic performance [48].  

(iii). Catalytic selectivity is a critical factor in the PCWS technology, as it determines the preferential enhancement of 
desired reactions while suppressing unwanted side reactions. For efficient PCWS, the cocatalyst must exhibit high 
selectivity to ensure the effective generation of H2 and O2 while minimizing competing processes, such as H2O2 
formation or backward reactions. This ensures higher yields of H2 and O2, improved catalyst durability, and more 
efficient use of solar energy [70].  

(iv). Both the loading amount of cocatalysts and the reaction atmosphere are crucial factors influencing the efficiency 
and durability of photocatalytic water splitting (PCWS). These parameters must be carefully optimized to achieve 



Photocatalysis: Research and Potential 2025, 2, 10005 6 of 28 

 

the desired reaction performance and long-term stability of the photocatalyst. The amount of cocatalyst loaded 
onto the photocatalyst significantly impacts the overall efficiency of PCWS by optimal loading, underloading, and 
overloading. As underloading may fail to provide required active sites on the cocatalyst surface whereas 
overloading could block the semiconductor surface from being exposed to sunlight, which results in the generation 
of a smaller amount of charge carriers, it may also lead to the agglomeration of cocatalyst particles on the 
semiconductor surface which could again inhibit the active sites and impact the PCWS activity. The reaction 
atmosphere, including pH, temperature, and surrounding gas conditions, plays a critical role in PCWS performance. 
Considering factors like pH, temperature, and the surrounding gas environment, alongside precise cocatalyst 
loading, can significantly improve the overall performance and long-term stability of photocatalytic systems [71]. 

 

Figure 3. (a,b) Schematic shows the function and the intrinsic role of the semiconductor in reducing the activation barrier in overall 
water splitting. Reproduced with permission from Ref [48]. Copyright © 2013, American Chemical Society. (c) A volcano-type 
relationship between the loading amount of a cocatalyst and the photocatalytic activity of the cocatalyst-loaded semiconductor 
photocatalyst. Inspired from Ref [69]. 
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3. Classifications of HER Cocatalyst in PCWS 

HER-based cocatalysts are essential components in PCWS, where they play a pivotal role in facilitating the 
reduction of protons to molecular hydrogen (H2). These cocatalysts are classified into distinct categories based on their 
compositional and functional characteristics, each offering specific advantages and facing certain limitations. This 
section delves into these classifications, providing a detailed exploration of their properties and discussing recent 
advancements that contribute to a deeper understanding of their roles in PCWS. 

3.1. Noble Metal Based Cocatalyst 

Cocatalysts have proven to be a highly effective strategy for mitigating charge recombination in PCWS, thereby 
enhancing the efficiency of the HER. Among these, noble metals have exhibited outstanding catalytic performance for 
HER, attributed to their advantageous electronic properties, such as low overpotential and optimal work function values, 
which facilitate efficient charge transfer and favorable reaction kinetics. This section examines the most extensively 
studied noble metal-based cocatalysts, specifically platinum (Pt), palladium (Pd), and rhodium (Rh), highlighting their 
roles and recent advancements in the field. 

3.1.1. Pt Based Cocatalyst for HER 

Platinum (Pt) has long been regarded as the benchmark cocatalyst for the HER in PCWS due to its near-zero 
hydrogen adsorption free energy (∆GH*). This property facilitates efficient proton adsorption and desorption, which are 
critical steps in HER. When loaded onto the surface of a photocatalyst, Pt acts as an electron collector, accelerating the 
reaction rate and suppressing charge recombination. These characteristics have made Pt a subject of extensive 
exploration in PCWS. Recently, Li et al. reported the Tb4O7/CN heterojunction photocatalyst loaded with Pt cocatalysts 
using two distinct Pt precursors with opposite charges: [PtCl6]−2 (negatively charged) and [Pt(NH3)4]+2 (positively 
charged). The negative precursor led to selective Pt loading on the positive Tb4O7 section of the heterojunction, forming 
Pt@Tb4O7/CN. This synergistic configuration enhanced charge separation between Tb4O7 and CN, facilitating efficient 
electron transfer. This approach led to higher H2 Evolution Rate of 132 μmolh−1g−1, a significant improvement due to 
the strong interaction between Pt, Tb4O7, and CN. When the positive precursor resulted in Pt loading on the negative 
CN section, forming Tb4O7/CN@Pt. This configuration was anti-synergistic, as it disrupted the charge separation and 
reduced the interaction between photocatalyst components. This approach led them to lower the H2 evolution rate to 
18.2 μmolh−1g−1, lower than both Pt@ Tb4O7/CN and even the bare Tb4O7/CN heterojunction. As shown in Figure 4a, 
the synergistic configuration demonstrates the facile charge transfer across the heterojunction where photogenerated 
electrons are efficiently collected by Pt on Tb4O7. The alignment of the band edges ensures effective separation of 
charge carriers, leading to enhanced H2 production. In this case, an anti-synergistic configuration displays a mismatch 
in band edge alignment, hindering charge transfer and resulting in poor hydrogen production efficiency. This study 
highlights the critical role of precursor selection and site-specific Pt loading in achieving optimal interaction between 
the photocatalyst and cocatalyst. The Pt@Tb4O7/CN heterojunction, with its synergistic charge separation, significantly 
enhances H2 production efficiency, emphasizing the importance of band alignment and interfacial interactions for 
optimizing PCWS systems. The loading of Pt cocatalyst has been phenomenal to accelerate the reaction rate and 
produces good amounts of H2 [72].  
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Figure 4. (a) Synergism charge transfer mechanism (b) Anti-Synergism charge transfer mechanism (c) Hydrogen production 
efficiency (d) Overall water splitting reaction mechanism [72]. 

3.1.2. Pd Based Cocatalyst for HER 

Palladium (Pd), a noble metal-based cocatalyst, has shown significant potential for improving the efficiency of the 
hydrogen evolution reaction (HER). While not as efficient as platinum (Pt), Pd is considered a highly attractive option 
due to its cost-effectiveness, high work function value (greater than the water reduction potential), and tunable 
properties, making it a promising alternative for enhancing photocatalytic efficiency. Pd cocatalysts are typically loaded 
onto photocatalyst surfaces to enhance their performance. Acting as an electron sink, Pd captures photogenerated 
electrons from the photocatalyst and transfers them to the surface, where they reduce protons (H⁺) to produce hydrogen 
(H2), thus driving the HER efficiently. By timely capturing electrons, Pd forms an electron cloud at the catalyst surface, 
enhancing photocatalytic activity, suppressing charge recombination, and improving charge separation. Furthermore, 
Pd can influence both the Volmer and Heyrovsky/Tafel reaction pathways in HER, contributing to efficient hydrogen 
production. Inspired by these advantages, Pd has been employed with various semiconducting photocatalysts to enhance 
H2 production. Recently, Zhu et al. reported a synergistic effect of Pd nanoparticles with carbon quantum dots (CQDs) 
for improving the HER efficiency of TiO2 nanosheets (NSs)-based photocatalysts. In this study, the selection of this 
combination was selected because TiO2 was chosen for its high photoactivity, CQDs were selected for their excellent 
conductivity and Pd served as a cocatalyst, acting as an electron sink to boost charge separation and suppress 
recombination. This composite material achieved an impressive hydrogen production rate of 13.4 mmol h−1gcat−1, which 
was 901.5 times higher than bare TiO2, 41.8 times higher than 0.5CQDs/TiO2, 1.7 times higher than Pd/ TiO2. The 
enhancement in efficiency can be attributed to the proposed charge transfer mechanism, which is depicted in Figure 5a 
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[73]. The synergistic interaction between Pd, CQDs, and TiO2 resulted in efficient charge separation, reduced 
recombination, and a significant boost in hydrogen production. 

 

Figure 5. (a,b) Photocatalytic performances of the series of TiO2-based samples in the lactic acid-water mixture at 25 °C. (c) 
Schematic illustration of the photocatalytic H2 evolution mechanism over the Pd-0.5CQDs/TiO2 catalyst in lactic acid-water mixture 
(d) Schematic illustration of the photocatalytic H2 evolution mechanism over the Pd-0.5CQDs/TiO2 catalyst in lactic acid-water 
mixture [73]. 

3.1.3. Rh Based Cocatalyst for HER  

Rhodium (Rh), a noble metal-based cocatalyst, has garnered significant attention due to its exceptional catalytic 
activity for the hydrogen evolution reaction (HER). Its low overpotential for HER makes it an efficient choice for 
boosting photocatalytic performance. Rh exhibits excellent electrical conductivity, enabling effective charge transfer 
between the photocatalyst, cocatalyst, and water molecules. This efficient charge transfer reduces charge recombination, 
thereby enhancing HER efficiency. Additionally, Rh demonstrates high resistance to photocorrosion in aqueous 
environments, ensuring its durability and making it a suitable cocatalyst for practical applications. 

When Rh is loaded onto a photocatalyst, it acts as an electron sink, facilitating enhanced charge separation and 
boosting photocatalytic efficiency. Rh can also work synergistically with metal nanoparticles, further improving the 
performance of the photocatalyst. Its ability to be synthesized with various morphologies through nanostructure 
engineering allows for increased active sites, while particle size tuning offers researchers new opportunities to optimize 
HER efficiency. Owing to these dynamic properties, Domen et al. recently reported the synergistic effect of Bi and Rh 
metal nanoparticles as cocatalysts on a photocatalyst SrTiO3 (STO), significantly enhancing HER efficiency. The 
BiRh@STO composite material was prepared using a solid STO-molten (Bi2O3 and Rh2O3) reaction, where STO served 
as the template. Bi2O3 and Rh2O3 were used as dopant precursors. The enhancement in the photocatalytic response was 
attributed to a well-engineered electronic structure, characterized by the effective stabilization of the Rh3+ energy state, 
the removal of the Rh4+ energy state and the absence of additional defect states. These structural and electronic 
properties contributed to STO:Bi,Rh being the most active Rh-doped-based STO material for H2 evolution, surpassing 
the activities of STO:Rh and STO:La,Rh by factors of approximately 16 and 4, respectively. The synergistic interaction 
between Bi and Rh in the BiRh@STO composite, coupled with the optimized electronic structure and extended visible 
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light activity, significantly enhanced HER efficiency. The improved charge transfer and hydrogen evolution 
mechanisms are depicted in Figure 6a,b, illustrating the key role of Rh and Bi as cocatalysts in this system. This study 
highlights the potential of Rh-based cocatalysts for advancing photocatalytic water splitting technologies [74].  

In another study, Hirayama et al. demonstrated the effectiveness of Rh-Cr2O3 cocatalyst selectively loaded onto a 
SrTiO3 (STO) photocatalyst, achieving excellent long-term H2 evolution performance. The high hydrogen production 
efficiency was attributed to the facet-selective loading method, where the cocatalyst was strategically deposited on the 
active facets of the photocatalyst. The study utilized 1.2 nm Rh2−xCrxO3 nanocluster (NC) cocatalysts loaded onto 18-
faceted STO (18-STO). This selective placement significantly enhanced the efficiency of H2 production by ensuring 
optimized charge separation and reaction kinetics at the active sites. The photocatalyst obtained using this developed 
F-NCD method achieved the highest AQY to date for an STO prepared by hydrothermal synthesis. By optimizing the 
placement of Rh2−xCrxO3 nanoclusters on STO, the researchers achieved remarkable H2 evolution efficiency and long-
term stability. The mechanisms underlying the enhanced hydrogen production and charge transfer processes are 
depicted in Figure 7a,b, providing valuable insights into the role of facet-selective strategies in photocatalytic water 
splitting [75]. 

 

Figure 6. (a) DRS spectra, and (b) electronic-structure diagrams of SrTiO3:Rh, SrTiO3:La,Rh, and SrTiO3:Bi,Rh [65]. 
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Figure 7. (a) Facet based charge transfer mechanism for PCWS (b) Comparison of HER and OER [75]. 

There have been several studies based on noble metals (Pt, Pd, Rh) based cocatalyst loading on photocatalyst for 
enhanced PCWS. We have done a detailed comparison of recent studies based on AQE, hydrogen production rate, TOF 
and durability of the photocatalyst in Table 1. 

Table 1. Comparison of Noble metal based Cocatalyst studies in the PCWS. 

Photocatalyst Synthesis Method 
H2 Rate 

(mmolg−1h−1) 
AQE 
(%) 

Sacrificial 
Reagent 

References 

g-C3N4/Pt 
Thermal polymerizing and photo-

deposition 
1.2 × 10−3  0.3 NA [76] 

TiO2/Pt In-situ photodeposition ~20 NA Glycerol  [77] 
(0.01–0.5%)Pt/g-C3N4 Thermolysis & Chemisorption of Pt 9.4 7.1 TEOA  [78] 

CdS/Pt@NU-1000 Ultrasonication & Agitation  3.604 4.57 NaOH  [79] 
BiVO4@Pt Precipitation  115.7 × 10−3 NA C2H=OH [80] 

Pt@C3N5 
Thermal polymerizing and 

Ultrasonication 
444.2 × 10−3 0.47 TEOA  [81] 

Pt@Tb4O7/CN Hydrothermal & Photo-deposition  132 × 10−3 5.9 NA [72] 
Pd-TCPP Solvothermal 21.3 NA Ascorbic acid  [82] 

Pd-CQDs/TiO2 Hydrothermal & Photo-deposition 11.7 NA CH3OH [73] 
Pd@Al:SrTiO3 Molten salt  1.43 38.4 CH3OH [83] 

Pd@CdS 
Hydrothermal and chemical 

reduction method 
18.33 18.5 NA [84] 

R-TAP-Pd(II)@g-C3N4 Thermolysis & Ultrasonication 1085 × 10−3 11.92 TEOA  [85] 
Pd@Ti3C2Tx-TiO2 Pd loading & Exfoliation  35.11 35.8 NA [86] 

Pd/CuS/Fe2O3 Hydrothermal & photodeposition 1120 × 10−3 NA TEOA  [87] 
Bi3TiNbO9/Rh Hydrothermal & photodeposition 70.45 × 10−3 0.61 NA  [88] 
SrTiO3:Bi:Rh Molten salt 600 × 10−3 7.1 CH3OH [74] 

Rh-Cr2O3/STO Facet selective 
nanocluster deposition 

Hydrothermal  650 × 10−3 2.14 NA [75] 

Rh-NiFeLDH Hydrothermal 2.09 6.1 Lactic acid  [89] 
Rh-Cr-ZnIn2S4 Hydrothermal & photodeposition 3 × 10−3 NA NA [90] 

Rh/GaN-ZnO/Al2O3 ALD & photodeposition 50 × 10−3 7.1 NA [91] 

NA = Not Available. 

3.2. Non-Noble Metal Based Cocatalyst for PCWS 

Cocatalysts based on noble metals have shown significant potential for addressing energy and climate challenges, 
but their high costs limit their practical applications. To overcome this, researchers have shifted to non-noble metal-
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based cocatalysts, which are more cost-effective, abundant, and possess distinctive properties, making them viable 
alternatives. Materials like MoS2, Ni2P, and CoP have demonstrated remarkable HER activity, while Co3O4, NiOOH, 
and FeOOH excel in OER performance. These cocatalysts play a crucial role in enhancing the stability and durability 
of photocatalysts under challenging conditions. MoS2, Ni2P, and CoP have received considerable attention as HECOs 
due to their ability to lower the energy barriers for PCWS by acting as electron capturers, thereby reducing charge 
recombination and boosting HER efficiency. Recent studies have extensively investigated non-noble metal-based 
cocatalysts, including those containing Co, Ni, W, Fe, and Mo, due to their affordability and ability to form Schottky 
barriers at metal/semiconductor interfaces. These barriers enhance charge separation and minimize recombination. In 
water splitting, H+ ions adsorb onto the cocatalyst surface, where sunlight-activated electrons from the photocatalyst 
reduce the protons to produce H2. This section focuses on individual non-noble metal-based cocatalysts, emphasizing 
their improved HER activity, unique characteristics, and recent advancements in the field. 

3.2.1. Ni-Based Cocatalyst for PCWS 

Nickel-based cocatalysts play a crucial role in enhancing the efficiency of photocatalytic water splitting by 
providing active sites for HER and OER. These cocatalysts offer several advantages, including cost-effectiveness, high 
catalytic activity for HER, resilience under harsh conditions, synergistic properties, tunable electronic characteristics, 
and reduced overpotential, making them indispensable for PCWS. Various Ni-based cocatalysts, such as Ni metal 
nanoparticles, Ni2P, and NiS/Se, have demonstrated exceptional HER activity in aqueous media. Recently, Thabet et al. 
investigated the loading of Ni cocatalysts onto TiO2 using different methods, including wet impregnation, hydrothermal, 
and photocatalytic deposition, with varying weight percentages (0.1–1%), as depicted in Figure 8a–c. The choice of 
loading method influenced the resulting nanostructures, significantly impacting HER activity. Among these, Ni loaded 
via the hydrothermal method exhibited the highest hydrogen production, attributed to a shift in absorption towards the 
visible light region, as shown in Figure 8d [92].  

 

Figure 8. Schematic representation (a) Wet impregnation method (b) hydrothermal method (c) photodeposition method (d) 0.3 
wt%Ni_TiO2 with different metal loading methods [92]. 

The Ni-based cocatalyst Ni2P has been extensively studied as an efficient cocatalyst due to its notable properties, 
including excellent electrical conductivity, high catalytic activity for HER, and chemical stability. When combined with 
semiconducting photocatalysts, Ni2P provides additional active sites, significantly enhancing HER activity. Recently, 
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Yiming Lu et al. reported the in-situ deposition of Ni2P onto CdS for photocatalytic conversion of C2H5OH, enabling 
synergistic H2 evolution. In this study, Ni2P was loaded onto CdS using a simple in-situ photodeposition method. 
Electron Paramagnetic Resonance testing revealed that the presence of Ni2P enhances the adsorption of hydroxyethyl 
radicals (*CH(OH)CH3), thereby improving the selectivity of acetaldehyde. This research highlights the importance of 
cocatalyst loading on bare photocatalysts in improving both the durability and selectivity of reaction products. To further 
elucidate the enhanced photocatalytic efficiency, the charge transfer mechanism is depicted in Figure 9a. It shows that 
ethanol oxidation occurs via strongly oxidizing photogenerated holes, producing various products, while water 
molecules are reduced by electrons to generate hydrogen. Figure 9b provides a comparative analysis of *CH(OH)CH3 
based on its relative signal intensity. The results indicate that the Ni2P-10/CdS composite significantly reduced 
*CH(OH)CH3 levels in solution compared to pure CdS under equivalent light exposure, demonstrating improved 
selectivity and efficiency. 

 

Figure 9. (a) Photocatalytic ethanol conversion mechanism of Ni2P-10/CdS and (b) EPR spectra of CdS and Ni2P-10/CdS [93]. 

Another Ni-based cocatalyst, Ni3P2, has been investigated for its outstanding properties, such as reducing 
overpotential and enhancing the stability of semiconducting photocatalysts as an HECO in photocatalytic water splitting 
reactions. In a recent study, Song et al. reported the development of a ZCS/PO/Ni3P2 photocatalyst for a three-stage 
photocatalytic water splitting process to produce H2 and H2O2. The composite material was synthesized using a 
hydrothermal method followed by a two-step photosynthesis process. The ZCS/PO/Ni3P2 composite demonstrated an 
excellent hydrogen production rate of 9.26 and 9.53 mmolh⁻¹g⁻¹ through the oxidation of NaH2PO2 in the two-step 
photosynthesis process. Furthermore, the composite exhibited efficient H2 and H2O2 evolution rates of 1.464 and 1.375 
mmolh⁻¹g⁻¹, respectively, over 20 h during the PIWS (photocatalytic intermediate water splitting) process. Using a 
three-stage process of (photocatalytic partial water splitting) PPWS → PPWS → PIWS, a total of 6.88 mmol of H2 was 
produced under visible light irradiation within 25 h, corresponding to an average H2 production rate of 0.28 mmolh⁻¹. 
Notably, this represents the highest reported photocatalytic hydrogen production rate for a Zn1−xCdxS composite in 
PIWS under visible light irradiation. The observed efficiency enhancement is attributed to the charge transfer 
mechanism, as the composite material demonstrated efficient charge transfer, as illustrated in Figure 10. This study 
underscores the potential of Ni3P2-based cocatalysts in advancing photocatalytic hydrogen production technologies [94]. 
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Figure 10. The photocatalytic water splitting mechanism [94]. 

3.2.2. Co-Based Cocatalyst for PCWS 

In addition to Ni-based cocatalysts, Co-based cocatalysts have also been extensively studied as HECOs in 
photocatalytic water splitting. Co-based materials, including metallic forms, sulfides, and phosphides, have attracted 
considerable interest due to their ability to reduce overpotential, as well as their stability and regenerative or self-healing 
properties, making them promising candidates for efficient and durable photocatalytic systems. 

The Co-metallic cocatalyst has been extensively studied for its remarkable properties, such as atomic-scale 
production capabilities and exceptional stability in both acidic and alkaline environments. However, to mitigate light 
blockage caused by cocatalysts, the development of more transparent alternatives is essential. The photocatalytic 
response of Co-metallic cocatalysts can be influenced by their morphology and loading amount, making it critical to 
optimize cocatalyst loading for an efficient system. Morphology is largely determined by the synthesis method and 
reaction conditions. Due to these properties, Thabet et al. recently reported Co-loaded TiO2 photocatalysts for enhanced 
photocatalytic water splitting (PCWS). The Co@TiO2 photocatalysts were synthesized using different methods, 
including incipient wet impregnation (Imp), hydrothermal (HT), and photocatalytic deposition (PCD), resulting in 
distinct morphologies that also affected the TiO2 band edge in the visible light region, as shown in Figure 11a. The 
study observed that excessive cocatalyst loading reduced efficiency, likely due to incident light blockage at the 
photosensitive TiO2 active sites. Among the methods, Co loaded using the wet impregnation technique exhibited 
superior performance due to the homogeneous distribution of Co with TiO2, which enhanced electron capture and 
reduced charge carrier recombination. The 0.3% Co@TiO2 prepared via wet impregnation achieved a hydrogen 
production rate of 16.55 mmolh⁻¹g⁻¹, outperforming the 0.3% Co@TiO2 prepared by HT or PCD methods, as shown in 
Figure 11b [92]. 
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Figure 11. (a) UV-Vis DRS spectra for 0.3 wt%Co@TiO2 (b) The relation between initial H2 production rates and 50 mg of, 0.3 
wt%Co@TiO2, nanocomposites of different metal loading methods [92]. 

Cobalt-phosphide (CoP) has been extensively studied as an HECO in photocatalytic water splitting (PCWS) due 
to its self-healing properties, low overpotential, high conductivity, and cost-effectiveness. Its self-healing capability 
ensures long-term operational stability under harsh acidic or alkaline conditions, making it a promising candidate for 
PCWS applications. In a recent study, Feitong Zhao et al. investigated a CoP-loaded Mn-doped CdS (MCS) 
photocatalyst for efficient hydrogen production. Initially, varying amounts of Mn were doped into CdS via a 
solvothermal method, followed by the deposition–phosphorization of an optimal amount of CoP. The resulting 
MCS/CoP-7% composite exhibited the highest hydrogen production rate of 40.5 mmolg⁻¹h⁻¹, approximately five times 
higher than that of MCS alone. This enhancement was attributed to the formation of a Schottky heterojunction between 
MCS and CoP, which facilitated charge transfer and reduced charge recombination. The charge transfer mechanism, 
illustrated in Figure 12, shows the movement of electrons within the composite. Electrons in the conduction band (CB) 
of MCS preferentially transfer to CoP due to the lower work function of MCS (3.65 eV) compared to CoP (4.86 eV) 
[95]. When CoP is used as a cocatalyst on MCS nanorods, its metallic properties enable it to act as an electron trap, 
effectively capturing electrons from the CB of MCS, thereby enhancing photocatalytic efficiency [96]. 

 

Figure 12. Charge transfer mechanism in MCS/CoP [97]. 

  



Photocatalysis: Research and Potential 2025, 2, 10005 16 of 28 

 

3.2.3. Mo-Based Cocatalyst for PCWS 

Among non-noble metal-based cocatalysts, Mo-based cocatalysts have garnered significant attention for HER 
reactions in PCWS due to their unique properties. Materials such as MoS2, MoP, and Mo2C have been explored for their 
superior aqueous stability, low overpotential, and abundance of active sites for HER. 

MoS2, in particular, has been widely studied for its layered structure with active edge sites, excellent electrical 
conductivity, and synergistic interactions with photocatalysts, which enhance HER activity. Its potential to address real-
world challenges, such as pollutant degradation and the energy crisis, makes it a highly promising material. A 
computational study even suggests that MoS2 exhibits HER activity comparable to that of Pt, highlighting its importance 
[98]. Building on these features, Wei et al. recently reported the g-C3N4@N-MoS2 photocatalyst for enhanced HER in 
aqueous media via PCWS [99]. In their study, g-C3N4 was prepared through pyrolysis followed by exfoliation at 500 °C 
to produce ultrathin layers. Subsequently, N-MoS2 was synthesized via a solvothermal process, where MoS2 was 
oxidized to MoO3 and then subjected to a sulfurization-nitrogenization process to dope it with nitrogen. The introduction 
of N-sites significantly enhanced the catalytic activity for H⁺ reduction on the (002) plane of N-MoS2. Furthermore, the 
heterostructure formed between g-C3N4and N- MoS2 accelerated HER activity by increasing the exposure of active sites 
and improving charge separation. Optimal N-MoS2 doping exhibited the highest H2 production rate of 360.4 μmolg⁻¹h⁻¹, 
representing a 19.6 and 14.3-fold increase compared to g-C3N4 and 5 wt% MoS2@g-C3N4, respectively. The charge 
transfer mechanism, illustrated in Figure 13, reveals efficient electron transfer from g-C3N4 to the N-MoS2 cocatalyst 
surface, facilitating HER. 

 

Figure 13. (a) The band structures of the MoN1.2xS2−1.2x@g-C3N4 hybrid and (b) The schematic illustration of the proposed 
mechanism for the photocatalytic H2 evolution [99]. 

Other than MoS2, Mo-based carbides have also gained significant attention for their exceptional HER activity in 
photocatalytic water splitting. Their excellent electrical conductivity facilitates efficient charge transfer at the 
photocatalyst-cocatalyst interface, boosting the reaction rate. Additionally, Mo-based carbides exhibit remarkable 
catalytic activity, reducing charge recombination and lowering the overpotential for HER in PCWS. Their stability 
under harsh aqueous conditions further highlights their potential for practical applications. The strong interface they 
form with photocatalysts enhances charge transfer, thereby improving HER efficiency. Inspired by these properties, 
Yan Wang et al. recently developed a MoxC@g-C3N4 nanocomposite for enhanced HER in PCWS. The photocatalyst 
was synthesized by polymerizing melamine at 520 °C for 4 h to produce nanosheets, followed by ultrasound-assisted 
processing and evaporation. Optimal MoxC loading was achieved by varying the temperature during synthesis at 700 °C, 
800 °C, and 900 °C. Among these, the nanocomposite MoxC700@g-C3N4 exhibited the highest H2 production rate of 7 
mmol g⁻¹ h⁻¹ under identical reaction conditions displayed in Figure 14b. This superior performance is attributed to the 
formation of a Mo2C-MoC heterostructure, which facilitates efficient charge transfer and enhances HER activity. The 
charge transfer mechanism, illustrated in Figure 14a, provides insights into the efficient electron transfer process within 
the nanocomposite, contributing to the observed enhancement in HER activity. 
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Figure 14. (a) Schematic diagram of the photocatalytic H2 production over MoxC/g-C3N4 nanocomposites, illustrated for 
MoxC700/g-C3N4 [100]; (b) H2 generated per gram of photocatalyst as a function of irradiation time; results from g-C3N4 and the 
blank test are also included. Reaction conditions: 25% v/v ethanol aqueous solution and T = 20 °C. 

Non-noble metal Mo-based cocatalysts have demonstrated significant advancements with sulfides and carbides 
due to their versatile properties. Recently, researchers have expanded their focus to Mo-phosphide (MoP)-based 
cocatalysts for enhancing HER in photocatalytic water splitting. MoP has been recognized as an efficient cocatalyst for 
HER, effectively reducing overpotential and accelerating reaction rates. Its Pt-like catalytic behavior makes it an 
attractive and cost-efficient candidate for practical applications. 

MoP exhibits excellent electrical conductivity, enabling efficient charge separation and suppressing charge 
recombination. It demonstrates high stability in acidic and neutral aqueous media and synergizes well with 
semiconducting photocatalysts to enhance reaction rates. MoP’s surface properties can be tailored to optimize HER 
activity and its interface with semiconductor photocatalysts. Its favorable H2 adsorption energy balances the adsorption 
and desorption of H⁺ intermediates during HER. Additionally, MoP plays a dual role as an electron capturer and 
cocatalyst, accelerating reaction rates while providing stability for real-world applications. Building on these properties, 
Wang et al. recently developed a TiO2/MoP/CdS photocatalyst for enhanced H2 evolution under continuous UV-Vis 
light irradiation for over 150 h in neutral conditions, demonstrating potential for large-scale operations. The 
TiO2/MoP/CdS photocatalyst was prepared by solvothermal synthesis of TiO2 and CdS, followed by calcination of MoP. 
The individual components were then combined via ultrasonication to form the composite. This material achieved the 
highest H2 production rate of 42.2 mmolg⁻¹h⁻¹, 30.1 times greater than that of TiO2/CdS, making it the most active 
TiO2/CdS-based photocatalyst, as shown in Figure 15a. The improved hydrogen production was attributed to a type-II 
heterojunction mechanism. Electrons transfer from the conduction band (CB) of CdS to MoP and subsequently to the 
CB of TiO2, facilitating HER at the TiO2 surface. Simultaneously, holes migrate in the opposite direction to the CdS 
surface, enabling OER, as illustrated in Figure 15b. This efficient charge separation and directional transfer significantly 
enhance the photocatalytic performance [101].The comparison of recent studies based on non-noble metal HECOs is 
given in Table 2. 
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Figure 15. (a) H2 production rate for different photocatalysts (b) Possible charge transfer mechanism for HER in The 
TiO2/MoP/CdS photocatalyst [101]. 

Table 2. Comparison of the non-noble metal based cocatalysts for HER in PCWS. 

Photocatalyst Synthesis Method 
H2 Rate 

(mmolh−1g−1) 
AQE (%) 

Sacrificial 
Reagent 

References 

Ni@NiO/NiCO3 In-situ thermal treatment 80 × 10−3 NA NA [102] 
TiO2/Ni Wet Impregnation 10.82 NA CH3OH [92] 
CdS/Ni Hydrothermal  7.4 37.8 C2H5OH [103] 

Zn2In2S5/Ni2P Hydrothermal & Ultrasonic deposition 17.74 NA TEOA [104] 
CdS/Ni2P Hydrothermal & In-situ deposition 2.2 NA C2H5OH [93] 
CdS/Ni2P Hydrothermal & Ultrasonic deposition 4.34 NA TEOA [105] 

ZCS/PO/Ni3Pi2 Hydrothermal & Photosynthesis 1.45 1.86 NA [94] 
CdS/Co Hydrothermal & Photodeposition 26 NA (NH4)2SO3 [106] 

g-C3N4/Co Thermal treatment & Photodeposition 2.3 6.2 TEOA [107] 
P-g-C3N4/Co In-situ thermal treatment 892.5 × 10−3 NA TEOA [108] 

CoP/Mn-CdS 
Hydrothermal & Deposition–

phosphorization 
40.5 19.6 Na2SO3/Na2S [97] 

CoP/Ni-CdS Hydrothermal & Calcination 42.14 16.8 Na2SO3/Na2S [109] 
CoP/ZnIn2S4 Hydrothermal & Phosphorization 4.24 NA TEOA [110] 
CdS/MoS2 Hydrothermal  31.09 NA Lactic acid [111] 
MoS2/g-

C3N4/ZnIn2S4 
Hydrothermal 5.6 13.6 TEOA [112] 

MoC/NC-CdS Hydrothermal & In-situ deposition 11.4 13.38 Formic acid [113] 
MoC-Q3/g-C3N4 Ultrasonication and heating 50.1 NA TEOA [114] 

MoP/SiC Hydrothermal  589.23 × 10−3 27.6 Ethylene glycol [115] 
ZnIn2S4/MoP Solvothermal 2.03 10.5 Na2SO3/Na2S [116] 

NA = Not Available. 

3.3. Metal Free Cocatalyst 

As previously discussed, noble and non-noble metal-based cocatalysts have shown significant potential for large-
scale applications in addressing energy crises and climate change. However, the environmental concerns associated 
with metal-based cocatalysts, including the risk of photocorrosion, have driven researchers to explore alternative 
solutions. Metal-free cocatalysts have recently gained attention as a promising alternative. Composed of elements like 
boron (B), carbon (C), phosphorus (P), and nitrogen (N), these cocatalysts are eco-friendly and highly robust, making 
them well-suited for use under severe conditions in real-world applications. While metal-free cocatalysts have been less 
extensively studied compared to their metal-based counterparts, they hold significant potential for further exploration 
and development. Notable examples of well-studied metal-free cocatalysts include polyaniline (PANI), polypyrrole 
(PPy), and graphene quantum dots (GQDs). In this section, we will focus on the role of GQDs, PPy, and PANI 
cocatalysts in photocatalytic water splitting (PCWS) and their contributions to enhancing HER activity. 

The PANI cocatalyst has been extensively studied due to its unique properties as a highly conductive polymer, 
which facilitates efficient charge transfer between the photocatalyst and reaction sites, thereby suppressing charge 
recombination. Its structure includes nitrogen (N) atoms, which can act as active sites for HER by adsorbing and 
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stabilizing H⁺ ions. Furthermore, PANI exhibits excellent stability under acidic and neutral aqueous conditions, essential 
for HER activity. Acting as an electron capturer, PANI reduces charge recombination and accelerates HER reaction 
rates, making it a promising candidate for real-world applications. Due to its dynamic properties, PANI has been widely 
explored in photoelectrochemical (PEC) and photocatalytic water splitting (PCWS) systems for HER. Recently, Sindhu 
et al. reported a novel V, S co-doped Ta3N5 photocatalyst protected with a PANI composite for enhanced hydrogen 
production. This study explored the synergistic effect of the conductive polymer and the doped semiconductor 
photocatalyst. The V, S co-doped Ta3N5 photocatalyst was prepared via a two-step method: ball milling (V2O5 + Ta3N5) 
followed by calcination. Sulfur (S) doping was achieved by adding urea as a sulfur source. The PANI was synthesized 
separately through the polymerization of aniline. To form the composite, the V, S-Ta3N5 and PANI were mixed using 
ultrasonication. The resulting composite material demonstrated a hydrogen production rate of 98.4 μmolg⁻¹h⁻¹, 
significantly outperforming other photocatalysts, as shown in Figure 16a [117]. The enhanced hydrogen production was 
attributed to the efficient charge transfer facilitated by the modified electronic structure of the pristine Ta3N5, which 
was optimized through V and S doping. The subsequent PANI loading was further contributed to timely capturing 
electrons, effectively reducing charge recombination, as illustrated in Figure 16b. This combination of properties 
highlights the potential of PANI-based composites in advancing HER applications. 

 

Figure 16. (a) The H2 evolution activity of the pristine Ta3N5, and the synthesized materials V-doped Ta3N5, S-Ta3N5, and V@S 
codoped-Ta3N5 (b) Schematic representation of the possible mechanism for the evolution of H2 via the photocatalytic process [117]. 

In addition to PANI, polypyrrole (PPy) has also been extensively explored as an HECO due to its ability to tune 
the photocatalyst bandgap, enhance visible light absorption, and provide high mechanical strength and electrical 
conductivity. PPy exhibits excellent stability in acidic and neutral media, biocompatibility due to its intrinsic continuous 
π-conjugation, and nanoscale dimensions, making it an efficient cocatalyst for H2 production through PCWS [118]. 
Owing to these dynamic properties, Ghosh et al. recently reported a mixed copper-cuprous oxide (CuO/Cu2O) 
composite with PPy for enhanced hydrogen production in PCWS. The composite was synthesized through a simple in-
situ oxidative polymerization method. The integration of mixed CuO/Cu2O with PPy extended light absorption into the 
visible spectrum, as illustrated in Figure 17a, resulting in a 7-fold increase in H2 production compared to other 
photocatalysts. The enhanced performance was attributed to reduced charge recombination, a higher number of free 
charge carriers, an increased number of active HER sites, and intimate contact between PPy nanofibers and the 
CuO/Cu2O interface. The charge transfer mechanism responsible for this improvement involves the formation of a p-n 
heterojunction between Cu2O and CuO, and a p-p heterojunction between CuO and PPy. These heterojunctions facilitate 
charge transfer via upward and downward band bending, forming a space-charge layer and generating an internal 
electric field that supports efficient charge transfer. Additionally, PPy plays a critical role under sunlight by inducing a 
π−π* electron transition from its valence band (VB) to the conduction band (CB), with these excited electrons quickly 
transferring to the CB of mixed CuO/Cu2O. This process, along with the overall charge transfer mechanism, is 
schematically detailed in Figure 17b, highlighting the role of PPy in boosting PCWS efficiency. 
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Figure 17. (a) UV-Vis spectra for mixed copper/cuprous with PPy cocatalyst loading for different time. (b) Bandedge structure 
and charge transfer mechanism [119]. 

Graphene Quantum Dots (GQDs) have also been explored as cocatalysts for HER in photocatalytic water splitting 
(PCWS) due to their unique properties. GQDs exhibit high stability in aqueous conditions, excellent electrical 
conductivity, active sites for H⁺ adsorption, and 3D electron confinement, which collectively enhance HER activity. 
Additionally, GQDs possess low toxicity and tunable fluorescence emission properties, making them highly versatile 
[120]. In a recent study, Raghavan et al. reported the development of GQDs-loaded TiO2 composites for enhanced 
hydrogen production in PCWS. The TiO2@GQDs composite was synthesized using a hydrothermal method, with P-25 
serving as the TiO2 source. GQDs were fabricated through ultrasonic fragmentation of graphene. Optimization of GQDs 
loading revealed that a 15% GQDs loading on TiO2, designated CNTP-3, yielded the best results. The P-25 TiO2, 
containing both rutile and anatase phases, also played a critical role in achieving the enhanced hydrogen production 
rate. The CNTP-3 composite achieved a remarkable hydrogen production rate of 29,548 μmolg⁻¹h⁻¹, significantly 
outperforming pristine TiO2, as depicted in Figure 18a. The enhanced performance was attributed to efficient charge 
transfer facilitated by the synergistic interaction between GQDs and TiO2, which minimized charge recombination. The 
charge transfer mechanism, thoroughly detailed in Figure 18b, highlights the role of GQDs in improving electron 
mobility and facilitating HER at the composite interface, making GQDs-loaded TiO2 a promising system for PCWS 
applications [121]. The comparison of recent studies based on metal free HECOs is given in Table 3. 

 

Figure 18. (a) Rate of H2 generation by GQD-TNP composites with different weight percentages of GQDs. (b) Charge transfer 
mechanism [121]. 

Table 3. Comparison of metal free HECO in PCWS. 

Photocatalyst Synthesis Method H2 Rate (mmolh−1g−1) AQE (%) Sacrificial Reagent References 
Nb-Ta3N5 @PANI Ultrasonication & calcination 71.3 NA NA [122] 
V,S-Ta3N5 @PANI Ball-milling mixing & Chemisorption 98.4 NA NA [117] 
Ta3N5/BSC@PANI Ball-milling mixing & Chemisorption 76.9 × 10−3 NA CH3OH [123] 
PANI/BiOCl/GO Oxidative polymerization 1000 × 10−6 17.97 CH3OH [124] 
Pani@rGO/CuO Hydrothermal 16.7 NA CH3OH [125] 

Cu6Sn5/PANI Chemical reduction and hydrothermal 121.3 × 10−3 NA NA [126] 
Cd-ZnS/PANI Hydrothermal 721 × 10−3 30.2 Na2S/Na2SO3 [127] 
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CeO2/PPy/BFO Hydrothermal and coprecipitation 18.5 NA CH3OH [128] 
CeO2/PPy Hydrothermal and coprecipitation 8.4 NA CH3OH [128] 
ZnO/PPy Polymerization & Wet Impregnation 162 16.1 CH3OH [129] 
TiO2/PPy Polymerization & Wet Impregnation 76 7.5 CH3OH [129] 
PPy/ZnO Etching 11.62 × 10−3 NA Na2S/Na2SO3 [130] 

ZnFe2O4@WO3−x/PPy Hydrothermal 657 × 10−3 NA CH3OH [131] 
ZnIn2S4/PPy Ultrasonication & Low temp rotation 1200 × 10−3 6.43 NA [132] 
GQDs/Bi2S3 Hydrothermal 869.12 × 10−3 NA IPA [133] 

Cu-TiO2/CQDs MW-assisted 7.2 × 10−3 NA CH3OH [134] 
SN-GQDs/TiO2 Hydrothermal 19.2 NA CH3OH [135] 

MoS2/ZIS/GQDs Hydrothermal 21.63 15.19 Ascorbic Acid [136] 
g-C3N4/N-GQDs Thermolysis & Hydrothermal 1.1 NA TEOA [137] 

TiO2/GQDs Hydrothermal 2.2 × 10−3 NA C2H5OH [138] 

NA = Not Available. 

4. Conclusions and Future Perspectives 

Photocatalytic water splitting (PCWS) holds immense promise for addressing renewable energy challenges, such 
as green hydrogen production and mitigating climate change. However, significant hurdles remain, including limited 
long-term stability, high charge recombination rates, low hydrogen production efficiency, restricted apparent quantum 
efficiency (AQE), and low turnover frequency (TOF). Recent studies have emphasized the critical role of cocatalysts 
in enhancing HER activity in PCWS, highlighting the need for periodic reviews to guide future research effectively. In 
this review, we examined various cocatalyst loading processes and their roles in improving HER activity, focusing on 
the fundamental aspects of cocatalysts in PCWS. We provided detailed insights into charge transfer mechanisms 
between cocatalysts and photocatalysts under challenging conditions. The discussion included noble metal-based 
cocatalysts (e.g., Pt, Pd, Rh), non-noble metal cocatalysts (e.g., Ni2S, Ni2P, Ni3P2, MoP, Mo2C, MoS2, CoP, CoxS), and 
metal-free cocatalysts (e.g., PANI, PPy, GQDs). Our findings underline the critical role cocatalysts play in enhancing 
stability, improving synergistic interactions with photocatalysts, and accelerating HER reaction rates. HECOs 
effectively capture electrons and reduce charge recombination, making them indispensable for achieving higher 
efficiency in PCWS. This review aims to provide comprehensive and conclusive resource for researchers in the field. 

Though cocatalyst loading significantly enhances HER efficiency and stability, achieving optimal hydrogen 
production cannot rely solely on this strategy. Challenges remain in tuning the semiconductor band edge and creating 
suitable interfaces for large-scale H2 production. Several strategies, such as shifting the band edge into the visible light 
region, forming passivation layers, and designing Schottky junctions between semiconductors and cocatalysts, must be 
further explored. The development of core-shell structures and hybrid 2D/3D systems should be prioritized to address 
energy and climate challenges effectively. Additionally, self-healing cocatalysts like CoP and metal-free cocatalysts 
require deeper investigation to unlock their full potential. Advancing fabrication techniques to create stable and efficient 
cocatalysts under severe conditions is essential for overcoming current limitations and realizing the full potential of 
PCWS for sustainable energy solutions. 
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