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Abstract: Solar radiation is a renewable and clean energy source 

used in photoelectrochemical cells (PEC) to produce hydrogen 

gas as a powerful alternative to carbon-based fuels. 

Semiconductors play a vital role in this approach, absorbing the 

incident solar photons and converting them into electrons and 

holes. The hydrogen evolution reaction (HER) occurs in the 

interface of the p-type semiconductor that works as a 

photocathode in the PEC. Cu-chalcopyrite such as Cu(In, 

Ga)(Se,S)2 (CIGS) and CuIn(Se,S)2 (CIS) presents excellent 

semiconductor characteristics for this purpose but drawbacks as 

charge recombination, deficient chemical stability, and slow 

charge transfer kinetics, demands improvements like the use of 

n-type buffer layer, a protective layer, and a cocatalyst material. 

Concerning the last one, platinum (Pt) is the most efficient and 

stable material but the high price due to its scarcity imposes the 

search for inexpensive and abundant alternative cocatalyst. The 

present review highlights the use of metal alloys, transition metal 

chalcogenides, and inorganic carbon-based nanostructures as 

efficient alternative cocatalysts for HER in PEC.  

1. Introduction 

The high energy consumption that increases year by year and the 

elevated environmental pollution caused by the continuous use of 

fossil fuels has boosted the search for renewable, sustainable, 

and clean energy sources. In this context, solar energy has 

gained a lot of attention mainly because of its high energy 

capacity.[1,2] Among the benefits of solar radiation, which permits, 

heat generation, photovoltaic conversion, and energy chemical 

storage, the last is a promising and less developed approach. 

Currently, the photoelectrochemical cell (PEC) is the emergent 

technology for converting solar into chemical energy through the 

production of most energy-dense molecules.[3,4] In this scenario, 

one of the main applications of PEC is the production of hydrogen 

from the photoelectrochemical water electrolysis (i.e. H2O(l) → 

H2(g) + ½ O2(g)).[5] Hydrogen is considered an attractive energy 

carrier because of its high energy density (122 kJ mol-1) with an 

energy/mass ratio about 2.5 times higher than fossil fuels. Burning 

hydrogen generates nothing beyond water as a product, and 

therefore, it is considered an environmentally friendly fuel.[6,7]  

The semiconductors play an important role in PEC devices, they 

are responsible for absorbing the incident solar photons and 

converting them into electrons and holes.[8] In a p-type 

semiconductor, the electrons photogenerated migrate to the 

semiconductor/electrolyte interface becoming available for 

reduction reactions. [8] Thus, p-type semiconductors work as 

photocathodes in the PEC. In this context, the photocurrent for 

the water reduction reaction is determined by four main 

coefficients described by the following equation:[9,10] 

 

𝑗𝑝ℎ𝑜𝑡𝑜 = 𝑗0 × 𝜂𝑎𝑏𝑠 × 𝜂𝑠𝑒𝑝 × 𝜂𝑐𝑎𝑡    (1) 

 

where 𝑗𝑝ℎ𝑜𝑡𝑜  is the photocurrent, 𝑗0  is the theoretical maximum 

photocurrent, 𝜂𝑎𝑏𝑠  ,  𝜂𝑠𝑒𝑝  and 𝜂𝑐𝑎𝑡 are the efficiency of photon 

absorption, of electron-hole separation and catalytic charge 

transfer, respectively. 

P-type Cu-chalcopyrites such as Cu(In,Ga)(Se,S)2 (CIGS) and 

CuIn(Se,S)2 (CIS) have proven to be good materials for 

photoelectrochemical water reduction due to the easily tunable 

bandgap (1.0-2.4 eV) depending on the In/Ga and Se/S ratios,[11–

13] high absorption coefficients (104-105 cm−1)[14,15], and a band 

edge alignment suitable for the hydrogen evolution reaction 

(HER).[16,17] However, the bare Cu-chalcopyrite as photocathode 

exhibits a low photocurrent (at the range of μA cm-2) compared to 

its theoretical maximum photocurrent (j0 > 30 mA cm-2
 under AM 

1.5 G solar spectrum).[18,19] Due to the low bandgap and high 

absorption coefficient, the 𝜂𝑎𝑏𝑠 must be high for both CIGS and 

CIS. Therefore, the low photocurrents of bare Cu-chalcopyrite are 

due to the poor 𝜂𝑠𝑒𝑝  and 𝜂𝑐𝑎𝑡  caused by the inefficient charge 

separation and slow kinetics of charge transfer to the HER.[20–23] 

The work required to separate the photogenerated electrons and 

holes in bare CIGS or CIS is related to the electric field generated 

by the charge redistribution at the semiconductor/electrolyte 

interface, which is not high enough in bare Cu-chalcopyrite, 

resulting in a low 𝜂𝑠𝑒𝑝.[18] 

The most efficient way to improve the charge separation in these 

semiconductors is by the modification of the photocathodes’ 

surface with a thin n-type buffer layer.[20,21,25] Interfacing CIS or 

CIGS with an n-type buffer layer (p-n junction) results in a 

modulated built-in field (space charge region) at the solid-solid 

interface that reduces recombination, prolongs the life of the 

carries, and improve the onset potential for HER.[26,27] Among the 

various n-type semiconductor, CdS is by far the most used 

material as a buffer layer in CIGS or CIS photocathodes.[23,28] This 

fact is due to the high-quality p−n junction with a favorable 

alignment of the conduction bands that forming a cascade 
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structure, which facilitates the transport of electrons from CIGS to 

CdS.[28,29] In addition, CdS can be deposited as a homogeneous 

thin film on copper chalcopyrite photocathodes by an easy and 

inexpensive approach, such as the chemical bath deposition 

(CBD) method.[30,31] Despite the efficient charge separation with 

the addition of the CdS layer, these photocathodes still suffer from 

reduced stability in the HER reactional medium.[32] To overcome 

this trouble, a thin layer of a stable semiconductor, with good 

conductivity and a large bandgap, is usually deposited over 

CIGS(CIS)/CdS films. Titanium oxide (TiO2) is the protective layer 

most used in photocathodes applied in PEC for water 

splitting.[32,33] In addition to inhibiting the photocorrosion of the 

absorbent material, TiO2 has a conduction band energy slightly 

lower than CdS that provides a band alignment at the 

CIGS/CdS/TiO2 interface.[23,34] This band alignment enhances the 

transport of photogenerated electrons to the 

photocathode/electrolyte interface, as seen in Figure 1. 

The slow kinetics of charge transfer is an important factor in the 

CIGS/CdS/TiO2 photoelectrochemical efficiency. For water 

splitting, 𝜂𝑐𝑎𝑡  depends on the amount of acceptor states at the 

semiconductor/electrolyte interface available for the oxi-red 

reactions and the charge transfer rate constant, kc, which is 

controlled by both electronic coupling and the driving force.[19,34] 

For HER, the driving force (overpotential) can be mitigated by 

adding suitable nanoparticles or clusters of an efficient cocatalyst. 

Considering photoelectrochemical water reduction, cocatalysts 

play three important roles:[35] 

I. They drastically reduce the activation energy (overpotential) 

to initiate the HER. Thus, high current densities can be achieved 

at low overpotentials. 

II. They assist in the separation of the electron-hole pair at the 

semiconductor/electrolyte interface. The photogenerated 

electrons are quickly transferred to the cocatalysts where they 

reduce the water molecule, consequently reducing the 

recombination of the charge carriers in the semiconductor bulk. 

III. Cocatalysts can reduce photocorrosion or unwanted 

photoreduction of the semiconductor. Cocatalysts act 

sequestering the photogenerated electrons to reduce water, with 

consequent inhibition of the semiconductor photodegradation. 

Platinum (Pt) and other noble metals such as ruthenium and 

iridium have the best efficiency and stability for HER. Not by 

chance, Pt has been the most widely used cocatalyst for CIGS or 

CIS photocathodes.[25,36] However, the high price of this metal due 

to its scarcity, makes it unfeasible for large-scale applications. 

Thus, with a view to a future sustainable application of PEC for 

water splitting, the search for inexpensive, abundant, and efficient 

cocatalysts is essential.[37] Metal alloys,[38] transition metal 

chalcogenides[39], and inorganic carbon-based nanostructures[11] 

have been demonstrated good catalyst properties for HER and 

they have been used as substitutes to Pt as a cocatalyst for CIGS 

or CIS based photocathodes. Based on these statements, this 

review summarizes the general aspects of non-noble metals-

based cocatalyst for CIGS and CIS photocathodes applied in the 

photoelectrochemical water reduction such as transition metal 

alloys and chalcogenides, and also inorganic carbon-based 

nanostructures. 

 

 

 

 

Figure 1. Schematic photoelectrochemical water splitting system 

using CIS or CIGS as a photocathode. 
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2. Transition metal chalcogenides cocatalysts 

Transition metal chalcogenides are promising candidates in many 

energy-related applications, including the conversion of solar 

energy into fuels. Because of the different possibilities of 

compositions with various lattice structures, morphology, tunable 

electronic structure, and abundance of defects sites, they may 

enhance the performance for water splitting. 

Molybdenum disulfide (MoS2) had its catalytic activity explored for 

the hydrodesulfurization process for industrial purposes[40]. 

However, in 2005, Hinnemann et al. [41], presented the possibility 

of using MoS2 as a catalyst for the HER.  In the sense to improve 

the catalytic activity of the crystalline and nanoparticulate form, 

the research evolved to the identification of the most active sites 

for hydrogen production. Like others two-dimensional monolayer 

catalysts, the basal plane of MoS2 was proved to be inactive while 

the edge sites were the active catalytic part; moreover, the edge 

length of the crystal was directly proportional to the HER 

activity.[42,43] Nevertheless, economic and energy issues 

regarding the preparation of MoS2 nanocrystals, such as ultra-

high-vacuum and annealing at elevated temperature, hindered 

the catalyst´s implementation into electrocatalytic systems.[44],[45] 

The amorphous molybdenum sulfide (MoSx) prepared at room 

temperature and atmospheric pressure by the electrodeposition 

technique, exhibit remarkably high activities for HER, being more 

processable and scalable.[46],[47] Until then used only in 

electrocatalytic systems, molybdenum sulfide has received 

attention from other areas related to hydrogen production, being 

incorporated into photoelectrocatalytic systems as a cocatalyst 

material, replacing the high-cost Pt. 

In 2015, Grätzel´s group found MoSx as an alternative 

cocatalyst.[33] To increase the efficiency of the sunlight-driven 

water splitting, his team developed a device upon pairing the 

CuInxGa1-xSe2-based photocathode and a semitransparent 

perovskite photovoltaic device in a tandem design. The PV-PEC 

tandem presented a 6% solar-to-hydrogen conversion efficiency. 

The water splitting was investigated on bare CIGS-based 

photocathodes and photocathodes containing Pt or MoSx as 

cocatalysts (Figure 2A). Although the overpotential for the 

photocathode with MoSx was 300 mV lower than the one with Pt 

(Figure 2B), the photocurrent at 0 VRHE was the same for both 

devices (~34 mA cm-2, in 0.5 M H2SO4 under the illumination of 

100 mW cm-2, Table 1). Therefore, the results indicated the MoSx 

electrodeposited via consecutive cyclic voltammetry as a low-cost 

alternative cocatalyst. [33]  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A) Cross-sectional view of the SEM image of 

TiO2/ZnO//CIGS/CdS/Mo photocathode (Adapted with permission from Luo et 

al. Adv Energy Mater, 2015. [33]. Copyright 2015, by John Wiley & Sons). B) J-

V curves for the bare hTiO2/ZnO/CIGS/CdS/Mo photocathode, and the ones 

containing Pt and MoSx as cocatalysts. C) SEM image of Ni-MoSx covering 

CuInS2 surface. D) B) J-V curves for the bare Pt/CIS/Mo and Ni-MoSx/CIS/Mo 

photocathodes (Adapted with permission from Zhao et al. Sustainable Energy 

Fuels, 2020[48]. Copyright 2020, by Royal Society of Chemistry). 

 

More recently, in 2020, Zhao et al.[49], in a pioneer report, 

demonstrated that the replacement of the well-known cocatalyst 

Pt in the CuInS2 photocathode surface, for Ni-doped MoSx, 

improved the charge separation. Firstly, the CuInS2 thin film was 

fabricated by electrodeposition on Mo-coated soda-lime glass 

substrate followed by sulfurization. Ni-MoSx was 

photoelectrodeposited on CuInS2 (Figure 2C) by 99 scans of 

cyclic voltammetry, resulting in a thin layer approximately 25 nm 

thick. The Ni-MoSx/CuInS2 photocathode provided a photocurrent 

density of 9.0 mA/cm² at 0 VRHE in an aqueous 0.5 M KPi 

electrolyte at pH 7 under AM 1.5G illumination. Comparatively, 
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the half-solar-to-hydrogen conversion efficiency (HC-STH) 

obtained for the Pt/CuInS2 was 0.43% at 0.10 VRHE while the Ni-

MoSx/CuInS2 reached 0.68% at 0.15 VRHE (Figure 2D). The onset 

potential value exhibited the best achievement, in which the Ni-

MoSx/CuInS2 photoelectrode performed current at +0.4 VRHE while 

the value for the Pt/CuInS2 was +0.24 VRHE. The superior results 

exhibited for the Ni-MoSx/CuInS2 might be due to the junction 

formed between the CuInS2 and the Ni-MoSx cocatalyst. The 

authors suggested that Ni-MoSx also acts as a buffer layer, 

resulting in the enhancement of the charge separation in the 

photocathode surface for hydrogen production. 

Alternatively, nickel sulfide (NiS) is another low-cost and 

abundant chalcogenide compound use as a highly efficient 

cocatalyst material, specifically because of its low activation 

energy to form Ni-H bonds during proton reduction.[50–52] Liu and 

Zhou [53], loaded NiS nanoparticles on the surface of CuInS2 in the 

photocathode CuInS2/NiO/ITO. The NiS nanoparticles were 

synthesized via successive ionic layer adsorption and reaction 

(SILAR) method. The optimized quantity of NiS was reached with 

15 SILAR cycles. The resulting NiS/CuInS2/NiO/ITO 

photocathode exhibited an enhanced photocurrent of -2.23 

mA/cm² at -0.6 VRHE, representing an improvement of 175% 

comparing with the unpromoted CuInS2 photocathode. These 

improved results were achieved due to the efficiency of the charge 

separation process by the incorporation of NiS cocatalyst.[53] 

Cobalt sulfide is also a low-cost, eco-friendly, and easily available 

noble metal-free catalyst, that has been showing promising 

results for water splitting.[21][54]  All these pros are very meaningful 

to realize the large-scale implementation of this compound. 

Cobalt sulfide can be found as Co9S8, CoS, Co3S4, and CoS2. 

Among these compounds, the CoS2 exposes superior bifunctional 

catalytic performance, with lower overpotentials. [55] 

The Co-S has a good chemical/electrochemical stability, suitable 

free energy for hydrogen adsorption, and can be processed at low 

temperatures. [21] In addition, the use of this material as a 

cocatalyst shifts anodically the onset potential of the PEC device’s 

photocathode. Wang et al. reported a larger shift of the onset 

potential for chalcopyrite-based photocathodes (Co-

S/ZnO/CdS/CIGS/Mo) (+0.89 VRHE), compared to Pt (+0.85 V vs 

VRHE for Pt). It reveals an efficient transference of photo-induced 

carriers from CIGS to H+/H2 redox couples in the electrolyte.[21] 

Furthermore, they[21] reached, approximately, at the same 

conditions, a higher photocurrent density with Co-S as cocatalyst 

(-2.5 mA/cm2 at 0.0 V vs VRHE) compared to Pt (-1.25 mA/cm2 at 

0.0 V vs VRHE).  

Copper-based compounds have been also intensively used in 

photoelectrochemical reduction reactions since Copper (Cu) is an 

earth-abundant element with many oxidation states, bio-

relevance, and rich coordination chemistry. [56] However, the very 

poor H adsorption on its active site is a bottleneck for its practical 

implementation, since this step is fundamental for the 

effectiveness of an electrocatalyst for hydrogen obtaining. [57]. 

Therefore, some attempts have been made over the past few 

years to boost the H adsorption on copper. An effective method is 

based on tuning the coordination environment of copper catalytic 

sites surrounded by different anions such as N, P, and O. 

Although the apparent improvement of the electrocatalytic activity, 

these compounds suffer from poor stability at the HER medium. 

On the other hand, when Cu atoms are coordinated with S, CuS 

has a small solubility product (Ksp) value, and it guarantees high 

catalyst stability.[58] 

In addition, the CuS seems particularly suitable for applications in 

HER catalysis, because of some intrinsic properties: empty 3p-

orbitals and high density of electrons and holes in its structure, 

which promotes electron transportation. [59] In addition, CuS can 

offer plenty of permeable channels for electrolyte diffusion due to 

its unique anisotropic structure. [60] 

Kim and co-workers [61] reached a photocurrent density of 

approximately -11.5 mA/cm2 and a stable photocurrent of −8 

mA/cm2 for 3h at 0 VRHE, with a grown-in CuxS method at Cu-rich 

CIGSSe (CuxS/CIGSSe/Mo). Firstly, they deposited a Cu-rich Cu-

In-Ga film with Cu/(In+Ga) = 1.00 ratio on Mo. After that, for the 

chalcogenation process of CuInGa precursor film, they separated 

in two steps: (i) simultaneous selenization and sulfurization using 

a mixture of Se vapor and H2S gas elevating the temperature from 

150 to 460 °C, and (ii) sulfurization using H2S alone at the slightly 

varied temperature between 460 and 485 °C. Due to the formation 

temperature of CuxSe (∼320 °C) being lower than that of 

CuxS(∼360 °C), after the first step, the device resulted in a Se-

rich state compared to the S content.[61] However, after the second 

step, it resulted in an S-rich state and the natural formation of the 

CuxS film since the remained Cu reacted with S at the second 

step. Finally, since it reached a photocurrent density comparable 

to devices that uses Pt, the copper sulfide showed to be a suitable 

environment-friendly and cocatalyst candidate. 

 

 

 
Figure 3. A) SEM image of the NiS surface deposited on cuInS2/NiO/ITO photocathode and the scheme representing the PEC (Adapted with permission from Liu 

and Zhou et al. ACS Sustain Chem Eng, 2020 [53]. Copyright 2020, by American Chemical Society). B) SEM image of the surface and scheme of the photocathode 

CoS/ZnO/CdS/CIGS/Mo (Adapted with permission from Wang et al. ChemComm, 2019[21]. Copyright 2019, by Royal Society of Chemistry). C) Representation of 

the CuxS formation on CIGSSe films and the J-V curves of the photocathodes CIGSSe/Mo and CuxS/CIGSSe/Mo (Adapted with permission from Kim et al. ACS 

Energy Letters, 2019[61]. Copyright 2019, by American Chemical Society). 
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However, after the second step, it resulted in an S-rich state and 

the natural formation of the CuxS film since the remained Cu 

reacted with S at the second step. Finally, since it reached a 

photocurrent density comparable to devices that uses Pt, the 

copper sulfide showed to be a suitable environment-friendly and 

cocatalyst candidate.  

Transition metal chalcogenide cocatalysts are earth-abundant 

element-based and can be used as alternatives to Pt in 

chalcopyrite photocathodes. These compounds are good HER 

cocatalysts because they present low free energy for hydrogen 

absorption. In addition, the transition metal chalcogenides can 

form a junction with the chalcopyrite that enhances the charge 

separation and ensure efficient PEC hydrogen production.  

3. Metal alloys  

Some transition metals have good catalytic activity due to the 

high-density states of 4d-electrons at the Fermi level, allowing 

them to make strong to moderate chemisorption bonds.[62] In this 

context, metal alloys composed of Ni and Mo have been used for 

HER due to its resistance to corrosion, in acidic or basic 

conditions, added to its catalytic properties.[63] The interaction of 

Ni and Mo is beneficial, as Mo appears to stabilize Ni and make it 

last longer under acidic conditions.[64] Baek et al.[38] used Ni-Mo 

alloy as a cocatalyst in a CIGS/CdS/TiO2 electrode configuration 

reaching a photocurrent of -22.5 mA cm-2  at pH 6.5 under 100 

mW cm-2 of illumination. The composition of the alloy has a ratio 

of 4:1 Ni:Mo. As presented by Highfield et al.[65], the Ni4Mo 

solution is easier to prepare and, in this case, Mo is incorporated 

into the Ni-centered face cubic structure. The concentration of Mo 

in the alloy must be controlled so that the cocatalyst can present 

its maximum efficiency for HER. Since Ni is a ferromagnetic 

material and Mo is paramagnetic, a decreased magnetization 

occurs when the Mo content increases, due to the Ni d orbital 

filling up. As reported in the literature, when the magnetization 

disappears, there is a decrease in the catalytic activity.[66] Still, as 

H is adsorbed on Ni, at the moment that the depletion of electron 

density at level d taking part, Ni deactivation will occur.[67] This 

entire process is characterized as the discharge of protons into 

the catalyst, known as the Volmer reaction and the first step of the 

Volmer-Heyrovsky reaction.[38] After H adsorption on Ni, this H 

falls into the so-called "trap" of Mo to complete the second stage 

of the Volmer-Heyrovsky reaction. This step occurs due to the 

disturbance of the Fermi level of Mo, which is only marginal in this 

case, probably because of its high character d.[65] In the Mo active 

site, where there is the adsorbed H, occurs the connection of a 

proton and an electron to the hydrogen formation in the final 

Heyrovsky step.[38] The synergy effect of Ni and Mo forming the 

alloy improves the mechanism for HER.[65] Ni-Mo was used as 

cocatalyst on Ni-Mo/TiO2/CdS/CIGS/Mo photocathode (Figure 

3A). Baek et al.[38], studied the effect of the electrolyte pH (0.4 to 

14) on the photocurrent generated from water splitting and on the 

stability of the photocathode. Under acidic conditions, HER 

occurred more easily, with Volmer's reaction happening quickly 

and Heyrovsky as the slow and determining step of the reaction. 

This is because, at different pHs, the reaction's overpotential 

tends to change. A cocatalyst can enhance HER if the activation 

energy is reduced, which in this case is the overpotential. Thus, 

at pH 0.4 the overpotential was 42 mV, in contrast to the 

overpotential measured at pH 14, in which the HER mechanism 

becomes more difficult with a higher overpotential of 53 mV. At 

pH 14, Volmer and Heyrovsky reactions become slower.[38] 

 

 

Figure 4. A) Cross-sectional view of the SEM image of Ni-

Mo/TiO2/CdS/CIGS/Mo photocathode. B) HC-STH of Ni-Mo/TiO2/CdS/CIGS/Mo 

and Pt/TiO2/CdS/CIGS/Mo photocathodes in 0.5 M Na2SO4 in phosphate buffer 

solution pH 6.5 under chopped 100 mW cm-2 illumination (Adapted with 

permission from Baek et al. CerSusChem, 2018 [38]. Copyright 2018, by John 

Wiley & Sons) 

 

The authors also investigated the time effect for Ni-Mo deposition 

(from 2 to 5 min) on the photocurrent density.[38] The best 

performance was reached with the Ni-Mo photocathode prepared 

for 3 min, in which the thickness achieved was 70 nm. This factor 

is important because if the Ni-Mo layer is too thick it can block the 

absorption of light, and that what happened when the time of 

deposition of Ni-Mo is long. The onset potential remained close to 

-0.5 VRHE under all the different analyzed pH conditions, but at pH 

0.4 the photocurrent is quite stable. When the reaction was 

performed at pH 6.5 and 9.0, photocurrent decayed after 20 min. 

Therefore, at pH 14, the photocathode is not stable for more than 

100 seconds. 

The CIGS/CdS/Pt was also tested in other pHs, and the results of 

instability are similar. The photocurrent values obtained at each 

pH in the Ni-Mo/TiO2/CdS/CIGS/Mo configuration was -17 

mA/cm2, -22 mA/cm2, -12.5 mA/cm2, -14 mA/cm2 all in 0 VRHE at 

pH 0.4; 6.5; 9 and 14, respectively (Table 1). This same 

photocathode also features an HC-STH of 2.8% at 0.24 VRHE and 

pH 6.5, which is 20% lower than that for 

Pt/TiO2/CdS/CIGS/Mo(HC-STH = 3.5%) in the same condition.[38] 

Although there is a slight difference in efficiency, Ni-Mo is an 

inexpensive alternative cocatalyst for water splitting in 

chalcopyrite photocathodes due to its high stability in a wide range 

of pH conditions, and consequently, improved durability. 

4. Carbon nanostructures 

Despite the interest to develop Pt-free catalysts, metal-free 

catalysts have also been investigated regarding environmental 

impact due to excessive use of metals. Carbon is among one of 

the most abundant elements on Earth, and carbon-based 

materials can be produced on a large scale with lower 

manufacturing costs in comparison to metal compounds. [68,69] 

Carbon nanotubes (CNT)[70], fullerene, and carbon-dots have 

been reported to act as effective catalysts for electrochemical 

HER, although also faces overpotential and kinetics issues. 

However, carbon compounds with electron-donating/accepting 

properties are ideal candidates for acting as cocatalysts in solar-

induced reactions. Carbon nanostructures can function to 

promote charge separation and transfer, and enhance active sites, 

and accelerate the kinetics of water splitting reaction.[71]  

A) B)
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Figure 5. A) SEM image showing the carbon nanotubes covering the photocathode CdS/CIGS/Mo. B) Schematic diagram of the photoinduced charge-transfer 

mechanism during water splitting on CNT/CdS/CIGS/Mo. C) Cross-sectional representation of the CNT/CdS/CIGS/Mo photocathode structure. D) Cross-sectional 

SEM image of C60/SnS2/CIS/FTO photocathode. E) Schematic diagram of the photoinduced charge-transfer mechanism during water splitting on C60/SnS2/CIS/FTO) 

Representation of the C60/SnS2/CIS/FTO photocathode structure. 

 

 

 

 Table 1. Cocatalysts on chalcopyrite-based photocathodes for water splitting. 

Photocathode 
Electrolyte Jph at 0 VRHE 

mA cm-2 
Vonset 

(VRHE) 

HC-STH 
(%) 

References 
Composition pH 

Pt/TiO2/ZnO/CdS/CIGS/Mo 
0.5 M H2SO4 0.4 

-34 0.6 6* 
[33] 

MoSx/TiO2/ZnO/CdS/CIGS/Mo -34 0.4 -- 

Pt/CIS/Mo 

0.5 M KPi 
 
7 
 

-9.2 0.2 0.4 

[72] Ni-MoSx/CIS/Mo -9 0.4 0.7 

Pt/Ni-MoSx/CIS/Mo -15.5 0.45 1.5 

NiS/CIS/NiO/ITO 0.1 M Na2SO4 7.5 -0.5 0.4 -- [53] 

NiS/CIS/BiOCl/FTO 0.5 M Na2SO4 6.5 -0.15 -- -- [73] 

CoS/ZnO/CdS/CIGS/Mo 0.5 Na2SO4 6.5 -6 0.7 2.5 [21] 

CuxS/CIGS/Mo 0.5 Na2SO4 6.5 -8 0.1 0.3 [61] 

Pt/CdS/CIGS/Mo 0.5 M Na2SO4 6.5 -27 

0.5 

3.5 

[38] 

Ni-Mo/CdS/CIGS/Mo 

0.5 M H2SO4 0.4 -18 -- 

0.5 M NaPi +0.5 M Na2SO4 6.5 -22.5 2.8 

0.2 M Na2HPO4 9 -12.5 -- 

1 M NaOH 14 -15 -- 

C60/SnS2/CIS/FTO 0.5 M Na2SO4 6.5 -0.5 0.15 -- [74] 

CNT/CdS/CIGS/Mo 0.1 M NaOH 13 -0.9 -- -- [75] 

*𝐻𝐶 − 𝑆𝑇𝐻 = 𝐽𝐻2
× (𝐸𝑅𝐻𝐸 − 𝐸𝐻+/𝐻2) 𝑃𝑡𝑜𝑡𝑎𝑙⁄ × 100%, where JH2 is the maximum photocurrent, ERHE is the potential in VRHE, EH+/H2 is the 

standard hydrogen potential (0 VRHE), and Ptotal is the total intensity of incident light (1000 W m-2) under the assumption of 100% Faradaic 

efficiency[76]. 
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Bae et al. [77] used CNT as cocatalysts in CdS/CIGS/Mo 

photocathodes. CNT layer was deposited by spray-coating CNT 

dispersion in isopropanol on 5 x 5 cm2 substrates. Water splitting 

reactions were performed in basic conditions (1 mol L-1 NaOH). 

By adding the cocatalyst layer, photocurrent at 0 VRHE increased 

by 56% in comparison to the one for bare CIGS/CdS 

photocathode (~0.5 mA cm-2, Table 1). Moreover, CNT also 

improved stability by protecting the chalcogenide layers against 

photocorrosion. 

Fullerene (C60) has also been studied as a cocatalyst in 

chalcopyrite-based photocathodes. Due to its delocalized 

conjugated structure, it acts as an electron acceptor and eases 

photogenerated charge separation. In the work developed by 

Zhang et al.[74], C60 is embedded in a CIS/SnS nanosheet 

heterostructure film. The water reduction reaction was performed 

using a 0.5 mol L-1 Na2SO4 solution. By adding C60 as cocatalyst, 

at -0.45 VRHE, the photocurrent was 1 mA cm-2 higher than the 

produced on bare CIS/SnS photocathodes (-3.6 mA cm-2). In 

addition, the amount of hydrogen produced was 20 times higher 

due to the activity of the catalyst (127 µmol cm-2 at -0.45 VRHE 

during 6 h under 100 mW cm-2). 

Photocathode C60/SnS2/CIS/FTO exhibited the lowest work 

function. It indicates the electrons escape fast from the film 

surface improving electrons' participation in the proton reduction 

and hydrogen evolution. C60 promotes an efficient charge 

separation across CIS/SnS heterojunction and therefore 

improved PEC water reduction performance. 

The carbon nanostructures present important properties, such as 

fast electron transfer kinetics, large area (in the case of the CNT), 

and photostability. Their application as cocatalysts in chalcopyrite 

devices still presents low photocurrent in comparison to the other 

aforementioned alternatives, as reported in the literature. [77] 

However, more investigation still needs to be done about the role 

of the carbon nanostructures as HER cocatalysts.  

5. Summary and Perspectives 

Chalcopyrite-based photocathodes containing Pt as cocatalysts 

are highly efficient to convert solar energy to hydrogen from water 

splitting due to the well-known high activity of these noble metals 

for the hydrogen evolution reaction. However, drawbacks such as 

the high cost and low availability of Pt on Earth crust make it 

necessary to search for alternative materials. Here, in this 

minireview, we have highlighted recent advances in the 

preparation and application of alternative cocatalysts compounds 

like transition metal chalcogenides, alloys, and carbon 

nanostructures to also obtain highly efficient and stable 

photocathodes for hydrogen generation.  

Among the transition metal chalcogenides, MoSx has been 

identified as a potential alternative. Although its lower onset 

potential, the CIGS-based photocathode with MoSx cocatalyst 

provides the same photocurrent as the one with Pt. Modifications 

on MoSx would be able to recover the onset potential, and 

consequently, increase the efficiency. This trend was reported for 

CIS-photocathodes, where Ni-doped MoSx, provided higher onset 

potential and similar photocurrents for hydrogen evolution on 

Pt/CIS/Mo.  

The highest reported onset potential for water splitting on CIGS 

photocathodes was achieved when using CoS as cocatalyst. The 

record onset potential is 0.7 VRHE, however, the photocurrent was 

far below the one reported by the Gratzel group. The efficiency of 

this system was 2.5%. However, if CoS would be deposited on a 

high-quality CIGS film with photocurrent ~30 mA cm-2, HC-STH 

efficiency would be up to 12 %. Based on that, it may encourage 

more investigations on transition metal chalcogenides as 

cocatalysts for chalcopyrite-based photocathodes. 

CIGS photocathodes containing Ni-Mo as cocatalyst present 

equivalent results to devices based on Pt. Therefore, there are 

other alloys in potential studies to be used in HER not yet tested 

on chalcopyrites, but which could be promising based on their 

applications in electrolysis. Ni-W, Ni-Mo-Fe, and Ni-Mo-Co[78] are 

few examples of Ni-based alloys that have been broadly studied 

for HER and they can also be applied as cocatalyst in 

photocathodes. Recently, Santos et al.[79,80] have shown that a 

copper insertion in Ni-Mo and Co-Mo alloys can increase catalytic 

activity and reduce overpotential. The addition of Cu in Ni-Mo 

decreased the overpotential in almost half of the values obtained 

for Ni-Mo electrodes (η = -154 mV for Ni-Mo and η = -86 mV dec-

1 Ni-Mo-Cu at -10 mA cm-2). The synergy of NiMo-NiCu makes Ni-

Mo-Cu alloy promising for investigation as a cocatalyst in 

chalcopyrite photocathodes.  

Although, there are only a few studies on carbon-based 

cocatalysts on chalcopyrite photocathodes, carbon-based 

electrocatalysts with low overpotential toward HER might be 

investigated as cocatalyst, such as, the non-metal-doped carbon 

N, P, and S – doped carbon, and the metal@carbon materials, 

which includes Co, Fe, and Ni, embedded into carbon matrix.  

Furthermore, B/N, S/N, and P/N couples could enhance electron-

donor property by synergetic effect between the heteroatoms[81], 

and they can be good candidates as cocatalysts for CIS and 

CIGS-based devices. 

The fabrication of high-quality photocathodes is very well 

established. However, the deposition of those cocatalysts is a 

challenge to not increase the cost and time of the final 

photocathode.  Low-cost and rapid methods of deposition must 

be considered when investigating different cocatalysts. Zhao et al. 

have shown that Ni-MoSx provided equivalent results to Pt on CIS 

photocathodes. According to the author's experimental procedure, 

Pt deposition took 30 s while Ni-MoSx took 2 min. Although Pt is 

exorbitantly more expensive than Ni-MoSx (H2PtCl6 cost ~241 

USD/g and (NH4)2MoS4 is ~38 USD/g, according to Sigma-Aldrich 

on June 06, 2021), a rapid procedure could improve to scale up 

device fabrication. 

Chalcopyrites photocathodes have high absorptivity, photocurrent, 

and high HC-STH efficiency. Optimizing this photocathode to 

platinum-free and with earth-abundant and non-toxic based 

elements can result in low cost of fabrication, and more 

sustainable production of hydrogen from water. 

Regarding future perspectives on the design of new materials, 

two-dimensional (2D) compounds are being proposed as an 

interesting noble metal-free alternative due to the large surface-

to-volume ratio and the enlargement of the availability of catalytic 

sites.[82] Recently, theoretical investigations based on the HER 

process have been used to highlight the potential application of 

2D materials such as Mg3N2 monolayer,[83] and a new family of 

transition metal dichalcogenides called Janus materials, MXY (M 

= metal, X/Y = S, Se or Te, X ≠ Y).[84,85] These investigated 

compounds exhibited dynamic, structural, and thermal stability 

added to thermoneutrality, being promising for water splitting 

applications. 
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