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Particulate photocathode composed of 

(ZnSe)0.85(CuIn0.7Ga0.3Se2)0.15 synthesized with Na2S for enhanced 

sunlight-driven hydrogen evolution  

Yosuke Kageshima,a Tsutomu Minegishi,ab Yosuke Goto,Ka Hiroyuki Kaneko,a and Kazunari 

Domen*a 

A particulate solid solution, (ZnSe)0.85(CuIn0.7Ga0.3Se2)0.15, was synthesized by the flux method with using various amounts of 

a Cu precursor (to make Cu-deficient, stoichiometric, or Cu-excess specimens) and/or a Na2S additive, to assess the effects 

of synthesis conditions on photoelectrochemical (PEC) properties. A stoichiometric (ZnSe)0.85(CuIn0.7Ga0.3Se2)0.15 

photocathode prepared with Na2S produced a cathodic photocurrent in a neutral aqueous electrolyte approximately 2.3 

times greater than that obtained from a sample made without Na2S. Elemental analyses by inductively coupled plasma 

mass spectrometry and X-ray photoelectron spectroscopy demonstrated that the presence of Na2S facilitated the 

incorporation of Li from the flux into the solid solution, in addition to the insertion of O atoms at Se vacancies, during the 

synthesis. Consequently, a (ZnSe)0.85(CuIn0.7Ga0.3Se2)0.15 photocathode with appropriate surface modification and back 

contact demonstrated an onset potential for cathodic photocurrent as high as 0.77 VRHE, a -5.2 mA cm-2 of photocurrent at 

0 VRHE and a half-cell solar-to-hydrogen conversion efficiency of 1.1% at 0.37 VRHE. The present study provides new insights 

into techniques for the preparation of particulate Cu-chalcogenide photocathodes for efficient hydrogen evolution. 

Introduction 

Sunlight-driven water splitting to produce hydrogen and 

oxygen using semiconductor photocatalysts or 

photoelectrodes has attracted significant attention as a 

promising means of harvesting solar energy in the form of 

chemical energy.1 Among the many possible photocatalytic 

materials, the group II-VI chalcogenides possess many 

attractive properties, such as long absorption edge 

wavelengths and band structures suitable for water splitting.2 

The majority of these chalcogenides exhibit n-type 

semiconducting properties, indicating that they would function 

as photoanodes.3 However, these compounds are generally 

not stable under the conditions used to promote oxidation 

reactions.4 Cu-chalcopyrites are among the most promising 

chalcogenides because they possess properties that allow 

them to act as photocathodes, including p-type 

semiconductivity, high optical absorption coefficients, usability 

in the polycrystalline state, high cathodic photocurrents at 

negative potentials, and stability during photoelectrochemical 

(PEC) reduction reactions.5 Indeed, a polycrystalline 

CuIn0.7Ga0.3Se2 (CIGS) photocathode has exhibited a half-cell 

solar-to-hydrogen (HC-STH) efficiency at 0.38 V versus a 

reversible hydrogen electrode (VRHE) as high as 8.5%.5c 

Additionally, our own group has reported a polycrystalline 

(Cu,Ag)GaSe2 photocathode capable of generating hydrogen 

from a  weakly alkaline aqueous electrolyte under simulated 

sunlight in a stable manner for approximately 20 days.5h  

 Recently, we demonstrated novel polycrystalline thin-film 

photocathodes made from a solid solution of ZnSe and CIGS 

((ZnSe)0.85(CIGS)0.15) that showed the beneficial features of 

both II-VI compounds and Cu-chalcopyrite, as noted above.6 A 

(ZnSe)0.85(CIGS)0.15 photocathode prepared using a bilayer 

method exhibited a long absorption edge up to 900 nm and 

significant cathodic photocurrents as high as -12 and -4.9 mA 

cm-2 at 0 and 0.6  VRHE, respectively, as well as a positive onset 

potential of approximately 0.9 VRHE under simulated sunlight.6b 

As a consequence of the high cathodic photocurrent of the 

(ZnSe)0.85(CIGS)0.15 photocathode at positive potentials, a PEC 

cell consisting of this photocathode in conjunction with a 

BiVO4 photoanode7 successfully demonstrated overall water 

splitting with a solar-to-hydrogen (STH) conversion efficiency 

up to 1.0% without any external bias voltage.8 The suitable 

onset potential of the (ZnSe)0.85(CIGS)0.15-based photocathode 

is attributed to a positive shift of the valence band maximum 

(VBM) relative to the shallow VBM of other CIGS-based 

material that result from the presence of Cu 3d orbitals.5a, 9 It 

is probable that the VBM shift is triggered by the reduced Cu 
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content in the former, resulting in a lesser contribution of Cu 

3d orbitals to the formation of the valence band. In addition, 

we more recently reported that a (ZnSe)0.85(CIGS)0.15 

photocathode can also be prepared from powdered materials 

(synthesized by a flux technique in a sealed quartz ampoule) 

via the particle transfer (PT) method.10 The fabrication of 

photoelectrodes from powders has the potential to be 

economically feasible upon scale-up in the future, especially in 

comparison with polycrystalline units prepared under non-

equilibrium conditions using vacuum co-evaporation. The 

possibility of fabricating integrated photoelectrodes on the 

microscopic scale, such as in the form of photocatalyst sheets, 

is another advantage of particulate photoelectrodes.11 A 

particulate (ZnSe)0.85(CIGS)0.15 photocathode modified with 

sulphide layers composed of ZnS and CdS and a Pt catalyst 

generated a relatively large photocurrent of -4.3 mA cm-2 at 

0 VRHE and an onset potential of 0.8 VRHE under simulated 

sunlight, even though it was prepared from powders.10 In 

addition, a PEC cell fabricated from a particulate 

(ZnSe)0.85(CIGS)0.15-based photocathode and a BiVO4 

photoanode was found to be capable of driving overall water 

splitting under simulated sunlight with a 0.60% STH.10 

 In the past, both polycrystalline and particulate 

(ZnSe)0.85(CIGS)0.15 synthesized using an excess of Cu have been 

investigated as photocathodes.6, 10 It is still unclear why an 

excess of Cu assists in producing active (ZnSe)0.85(CIGS)0.15 

photocathodes, and the origin of the p-type semiconducting 

properties of this material is also unclear. Thus, additional 

information concerning the effects of the amount of Cu on the 

PEC properties of (ZnSe)0.85(CIGS)0.15 could be quite important 

to future material design research, as well as the development 

of more efficient photocathodes. In addition, it has been 

established that the introduction of alkali metal species 

enhances the photovoltaic performance of CIGS-based 

materials.12 However, there have been no reports concerning 

the effects of alkali metal species on the PEC properties of Cu-

chalcogenides. In the case of a previously reported 

polycrystalline thin-film (ZnSe)0.85(CIGS)0.15 photocathode 

prepared by the vacuum co-evaporation method, Na species 

could be incorporated from the soda-lime glass substrate, as 

has also been observed in conventional CIGS thin-film solar 

cells. Even so, Na doping into particulate (ZnSe)0.85(CIGS)0.15 

has not yet been examined. This could represent one possible 

reason for the limited efficiencies of particulate 

(ZnSe)0.85(CIGS)0.15-based photocathodes compared to 

polycrystalline thin films, although the lack of detailed studies 

of synthesis conditions makes it difficult to draw conclusions. 

 In the present study, the synthesis conditions applied in 

the fabrication of (ZnSe)0.85(CIGS)0.15 particles were carefully 

investigated to examine the relationship between the particle 

composition and PEC performance. Particulate 

(ZnSe)0.85(CIGS)0.15 was initially synthesized by a flux method 

using various amounts of a Cu precursor (producing either Cu-

deficient, stoichiometric, or Cu-excess materials), to clarify the 

effects of the amount of Cu on the p-type semiconducting 

properties and PEC performances of the resulting solid 

solution. In addition, Na doping into the (ZnSe)0.85(CIGS)0.15 

particles was also examined, using Na2S as the additive. These 

strategies were found to be effective at enhancing the PEC 

performances of the particulate photocathodes. As a result,  

this work provides new insights into the design of particulate 

Cu-chalcogenide photocathodes for efficient hydrogen 

evolution. 

Experimental 

Synthesis of (ZnSe)0.85(CIGS)0.15 particles  

Particulate (ZnSe)0.85(CIGS)0.15 was synthesized by the flux 

technique in sealed quartz tubes according to a previously 

reported method.10 The precursors, ZnSe, Cu2Se, In2Se3, Ga2Se3 

and Se powders, were purchased from the Kojundo Chemical 

Laboratory Co., Ltd., whereas LiCl, KCl and Na2S were 

purchased from Wako Pure Chemical Industries. LiCl and KCl 

were dehydrated by heating at 200 °C for 1 h under vacuum 

prior to use. Prior to each synthesis, ZnSe and Ga2Se3 powders 

were ball-milled in ethanol to obtain fine particles, and then 

combined with Cu2Se, In2Se3, Se, LiCl, KCl and Na2S in a 

nitrogen-filled glovebox. The Zn/(Zn + In + Ga), Ga/(In + Ga) 

and LiCl/KCl molar ratios in the mixture were 0.85, 0.3 and 1.5, 

respectively. The amounts of the Cu precursor and Na2S 

additive were varied to give Cu/(In + Ga) and Na/Cu molar 

ratios in the ranges of 0.9v1.4 and 0v1, respectively. It 

should be noted that the optimal molar ratio for the Na2S 

additive was Na/Cu = 0.2, as discussed in the Electronic 

Supplementary Information (ESI). Each mixture was 

subsequently sealed in a quartz ampoule and heated at 500 °C 

for 15 h. The calcination duration was separately optimized, as 

described in the ESI. Following this heat treatment, the 

resulting (ZnSe)0.85(CIGS)0.15 particles were separated from the 

chloride flux by several washes with distilled water. The 

(ZnSe)0.85(CIGS)0.15 particles synthesized at Cu/(In + Ga) ratios < 

1, 1 and > 1 are denoted herein as Cu-deficient, stoichiometric, 

and Cu-excess specimens. 

 

Fabrication of the particulate photocathodes 

Photocathodes made of the particulate (ZnSe)0.85(CIGS)0.15 

were subsequently fabricated using the PT method.10, 13 The 

synthesized particles were coated onto a clean glass substrate 

by drop casting a suspension of the photocatalyst powder in 

isopropanol, followed by drying. A Mo and/or C contact layer 

and a Ti conductor layer were then deposited in sequence on 

the photocatalyst layer by radio frequency (RF)-magnetron 

sputtering. During the deposition of contact and conductor 

layer, temperature of the glass substrate was kept at 200 °C. It 

should be noted that a thin Mo and subsequent C and Ti layers 

were deposited on the particles in the case of a Mo and C 

bilayer, denoted Mo/C. The details regarding the optimization 

of contact layer thickness are provided in the ESI. The final 

assembly, consisting of the metal layers and (ZnSe)0.85(CIGS)0.15 

particles, functioned as a photocathode after fixing the layers 

on a second glass plate using carbon tape and removing 

excessive particles by sonication.  
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inserted between the (ZnSe)0.85(CIGS)0.15 particles and the C 

contact layer. The particulate (ZnSe)0.85(CIGS)0.15 photocathode 

with a Mo/C bilayer contact showed similar and slightly larger 

cathodic photocurrents at 0 VRHE and at positive potentials, 

respectively, compared to the samples with solely Mo or C 

monolayer contacts. Remarkably, a 

Pt/CdS/(ZnSe)0.85(CIGS)0.15/Mo/C/Ti photocathode exhibited 

the highest cathodic photocurrent over the potential range of 

0.3v0.85 VRHE among the examined photocathodes. We 

suggest that the incorporation of a small amount of Mo 

between the (ZnSe)0.85(CIGS)0.15 particles and the C contact 

layer leads to superior Ohmic contact at the semiconductor-

contact layer interface.19 

 It has also been reported that sulphide overlayers 

composed of ZnS and CdS further enhance the cathodic 

photocurrent due to the increased thickness of the depletion 

layer at the solidtliquid interface and the promotion of charge 

separation.10 Thus, surface modification with a ZnS/CdS bilayer 

was also applied to the present particulate photocathode 

made from stoichiometric (ZnSe)0.85(CIGS)0.15 synthesized with 

Na2S. The Pt and ZnS/CdS-modified photocathode generated a 

far higher cathodic photocurrent than a Pt/CdS-modified 

specimen, with a value as high as -5.2 mA cm-2 at 0 VRHE. The 

onset potential also remained comparable to that of a Pt/CdS-

modified cathode (Fig. 10a). The faradaic efficiency during PEC 

hydrogen evolution was confirmed to be almost 100% based 

on analyses via gas chromatography (see ESI). The half-cell 

solar-to-hydrogen (HC-STH) conversion efficiency of the 

Pt/ZnS/CdS-modified photocathode was as high as 1.1% at 

0.37 VRHE, while that of the Pt/CdS-modified sample was 0.70% 

at 0.38 VRHE, as shown in Fig. 10b. The wavelength dependence 

of the incident-photon-to-current conversion efficiency (IPCE) 

of the Pt/ZnS/CdS-modified photocathode, as measured at 

0 VRHE (Fig. 10c), demonstrates the onset of a cathodic 

photocurrent in the vicinity of 800 nm. This onset in the IPCE 

spectrum is in good agreement with the absorption edge of 

the present (ZnSe)0.85(CIGS)0.15 particles, indicating that the 

PEC hydrogen evolution was triggered by the band gap 

photoexcitation of the (ZnSe)0.85(CIGS)0.15 and that the weak 

light absorption of this material at longer wavelengths than 

the absorption edge did not contribute to the PEC reaction. 

The IPCE became greater than 25% in the shorter wavelength 

region (below 560 nm) and reached 34% at 360 nm. These PEC 

characteristics are certainly among the highest values ever 

observed among this type of particulate photocathode. 

Therefore, it is apparent that the techniques proposed in this 

study, including the utilization of Na2S and improving the 

electrode surface and backside structure, are viable means of 

obtaining an efficient Cu-chalcogenide photocathode for 

sunlight-driven hydrogen production. 

Conclusions 

The conditions for the synthesis of the particulate solid 

solution (ZnSe)0.85(CIGS)0.15 were carefully investigated while 

using various amounts of a Cu precursor to generate Cu-

deficient, stoichiometric, and Cu-excess materials. A Na2S 

additive was also employed to improve the PEC performance. 

All solid solutions showed an obvious cathodic photoresponse 

due to incorporation of Li from the flux and the suppression of 

Zn anti-sites. The Na2S also promoted the insertion of Li and O 

into the solid solution and thus more than doubled the 

cathodic photocurrent. The optimal photocathode was made 

from stoichiometric (ZnSe)0.85(CuIn0.7Ga0.3Se2)0.15 particles 

synthesized with Na2S in conjunction with an appropriate 

electrode structure, Pt/ZnS/CdS surface modification, and a 

Mo/C back contact. This device demonstrated an onset 

potential as high as 0.77 VRHE, a -5.2 mA cm-2 photocurrent at 

0 VRHE and a 1.1% HC-STH at 0.37 VRHE. These are among the 

highest values yet reported for a particulate photocathode, 

and so the present study suggests a new approach to 

preparing particulate Cu-chalcogenide photocathodes for 

efficient sunlight-driven hydrogen evolution. 
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