Coatings 2015, 5, 293-311; doi:10.3390/coatings5030293

coatings

ISSN 2079-6412
www.mdpi.com/journal/coatings

Review

Chalcopyrite Thin Film Materials for Photoelectrochemical
Hydrogen Evolution from Water under Sunlight

Hiroyuki Kaneko, Tsutomu Minegishi and Kazunari Domen *

Department of Chemical System Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan; E-Mails: h_kaneko@chemsys.t.u-tokyo.ac.jp (H.K.);
tmine@chemsys.t.u-tokyo.ac.jp (T.M.)

* Author to whom correspondence should be addressed; E-Mail: domen@chemsys.t.u-tokyo.ac.jp;
Tel.: +81-3-5841-1148; Fax: +81-3-5841-8838.

Academic Editor: Francesco Di Benedetto

Received: 30 May 2015 / Accepted: 14 July 2015 / Published: 17 July 2015

Abstract: Copper chalcopyrite is a promising candidate for a photocathode material for
photoelectrochemical (PEC) water splitting because of its high half-cell solar-to-hydrogen
conversion efficiency (HC-STH), relatively simple and low-cost preparation process, and
chemical stability. This paper reviews recent advances in copper chalcopyrite photocathodes.
The PEC properties of copper chalcopyrite photocathodes have improved fairly rapidly:
HC-STH values of 0.25% and 8.5% in 2012 and 2015, respectively. On the other hand, the
onset potential remains insufficient, owing to the shallow valence band maximum mainly
consisting of Cu 3d orbitals. In order to improve the onset potential, we explored substituting
Cu for Ag and investigate the PEC properties of silver gallium selenide (AGSe) thin film
photocathodes for varying compositions, film growth atmospheres, and surfaces. The
modified AGSe photocathodes showed a higher onset potential than copper chalcopyrite
photocathodes. It was demonstrated that element substitution of copper chalcopyrite can help
to achieve more efficient PEC water splitting.

Keywords: photoelectrochemical water splitting; hydrogen; photocathode; chalcopyrites;
materials and thin film characterization
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1. Introduction

Hydrogen is considered to be a promising alternative to conventional fossil fuels, such as petroleum,
coal, and natural gas. Photoelectrochemical (PEC) water splitting is poised to become a viable method
for producing hydrogen utilizing solar energy. The discovery of the Honda-Fujishima effect in 1972 has
stimulated extensive research on PEC water splitting, and a large number of semiconducting materials
have been investigated as photoelectrodes to achieve efficient PEC water splitting [1-4].

Photoexcited holes and electrons separated by the band bending at the semiconductor-electrolyte
interface of semiconductor photoelectrodes can result in the oxidation and reduction of water,
respectively. Generally, oxygen evolution reactions (OERs), and hydrogen evolution reactions (HERs)
take place on the surfaces of n-type semiconductor electrodes, accompanied by upward band bending,
and of p-type semiconductor electrodes, accompanied by downward band bending at the solid-liquid
interfaces, respectively. Consequently, n-type and p-type semiconductor electrodes act as photoanodes
and photocathodes, respectively. From the viewpoint of practical hydrogen production through PEC
water splitting, the system should exhibit a large photocurrent without an external bias voltage and stable
water splitting over the long term. Given a water oxidation potential of 1.23 Vrue and a reduction
potential of 0 Vrug, in the case of driving water splitting reactions by combination of a photoanode and
a photocathode, both photoelectrodes should show a large enough photocurrent at around 0.6 Vrue, and
therefore, the onset potential of the photocathode (photoanode) should be more positive (negative) than
0.6 Vrue. Since the flat-band potential of a semiconductor electrode reflects the Fermi level of the
semiconductor material [5], band edge engineering of the photoelectrode material combined with
conductivity control is essential to achieving the desirable PEC properties for applications.

Various types of oxide- and (oxy)nitride-based n-type semiconductor materials, such as hematite [6-8],
vanadate [9,10], the GaN:ZnO solid solution [11], nitrides [12,13], and oxynitirides [14,15] have been
reported as photoanode materials. In the case of the photoanode, self-oxidation makes it difficult to
utilize non-oxide materials. In contrast, the photocathode can be made of a non-oxide material, such as
p-type Si [16-19], copper oxide [20,21], phosphides [22-25], and oxysulfides [26,27]. Most
photocathodes showing a relatively high half-cell solar-to-hydrogen conversion efficiency (HC-STH) [28]
have been composed of single-crystalline materials, as in the cases of Si, InP, and InGaP2, owing to their
low defect densities; however, these electrodes require time-consuming and costly processes to fabricate.
Recently, it has been reported that copper chalcopyrite photocathodes in the polycrystalline state show
relatively high HC-STH values that are comparable even to those of photocathodes consisting of the
abovementioned single-crystalline materials. The main features of chalcopyrite materials are tunable
band gaps from the visible light region to the infrared region, high optical absorption coefficients in the
visible region, and relatively simple and low-cost preparation processes.

In the present review, we focus on chalcopyrite materials for hydrogen evolution by water reduction
under visible light. Following a survey of chalcopyrite photocathodes, we discuss the improvement in
onset potential achieved in these photocathodes by deepening the valence band maximum (VBM). We
substitute Cu for Ag and determine the PEC properties of silver-gallium-selenide-based photocathodes.
The effects of surface modification and hydrogen introduction during crystal growth on the PEC
properties are also investigated.
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2. Hydrogen Evolution from Water Using Copper Chalcopyrite Photocathodes

I-III-V12 chalcopyrites have been investigated as both photocatalysts and photocathodes. In the
2000s, it was reported that hydrogen evolution using AgInS> from an aqueous solution with sacrificial
reagents [29] and that using solid solutions with ZnS and CulnS2 showed relatively high photocatalytic
activity [29-31]. Recently, Kato et al. reported photoelectrochemical and photocatalytic water splitting
using the combination of a solid solution of CuGaS: and ZnS for hydrogen evolution and BiVOs4 for
oxygen evolution [32].

Such chalcopyrite-based semiconductors are also expected to be likely candidates for a photocathode
owing to their p-type semiconductor properties, suitable conduction band minimum for hydrogen
evolution through water reduction, and high optical absorption coefficient in the visible region (2 x 10* cm™
at 2.0 eV and 6 x 10* cm™! at 2.6 eV for CuGaSe2) [33]. We note that, from the 1970s on, CuGaSe,
CulnSez, and Cu(In,Ga)Se:2 have been investigated for photoelectrochemical applications as well as solar
cells [34-36].

After Valderrama et al. demonstrated HER using Cu(In,Ga)Sez in 2005 [37], various types of
copper-based chalcopyrite materials have been investigated as photocathodes for water splitting.
Marsen et al. reported the usability of CuGaSe: as a photocathode [38]. Despite its small grain size of
<100 nm, the photocathode showed a cathodic photocurrent of 16.6 mA/cm? under sunlight. Usability
in the polycrystalline state can be another advantage of these materials, because most efficient
photoelectrodes currently use single-crystalline materials, which are expensive and are prepared by
time-consuming processes [39]. CuGaSe: has a relatively long absorption edge of 750 nm, and shows a
relatively high incident-photon-to-current efficiency (IPCE) in the visible region, e.g., 63% at 640 nm
under an applied potential of —0.65 Vsce [40]. In these studies, acidic electrolytes such as 0.5 M H2SO4
were used and no surface modifications were explored. In 2010, Yokoyama et al. reported hydrogen
evolution from water using surface-modified Cu(In,Ga)Se2 photocathodes, viz., Pt-modified
Cu(In,Ga)Se2 (Pt/CIGS), and Pt- and CdS-modified Cu(In,Ga)Se2 (Pt/CdS/CIGS), in an aqueous
solution of 0.1 M Na2SOas with the pH adjusted to 9.5 by the addition of NaOH [41]. In that study, the
Pt deposited on the photocathodes as nanoparticles served as a HER catalyst. Moreover, the Pt/CdS/CIGS
electrode generated a three-times-larger photocurrent with a 0.3 V higher onset potential than Pt/CIGS.
The CdS layer enhanced the charge separation through forming a p-n junction with the CIGS layer at
the solid-liquid interface, resulting in the larger photocurrent and higher onset potential.

In 2013, Moriya et al. demonstrated long-term hydrogen evolution from water under visible light
using a CdS- and Pt-modified CuGaSe: (Pt/CdS/CuGaSe2) photocathode [42]. The Pt/CdS/CuGaSe:
photocathode showed a larger photocurrent than Pt-modified CuGaSe: (Figure 1) with an HC-STH of
0.83% at the maximum and stable hydrogen production at 0 Vrue for over 10 days (Figure 2).
Photocathodes made of powders of copper gallium selenide (CGSe, Ga/Cu = 2) fabricated using the
particle transfer method were also investigated and found to be applicable to the photocathode [43,44].
Such powder materials are preferable from the viewpoint of scalability as well as allowing a liquid-phase
process to be employed. As with the report by Yokoyama et al. [41], the CGSe photocathode with a CdS
layer (Pt/CdS/CGSe) showed a larger photocurrent and higher onset potential than that without CdS
(Pt/CGSe). To reveal the details of the function of the CdS layer, the band alignment at the solid-liquid
interface was calculated using Poisson’s equation. The calculation showed that insertion of a CdS layer
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with a thickness of several tens of nanometers leads to a thicker depletion layer, owing to the formation
of a p-n junction and appropriate pinned potentials of band edges of the outer CdS layer at the
solid-liquid interface. Thus, charge separation is promoted to extract excited electrons to the surface
without recombination. Moreover, the large VBM offset of 0.98 eV between CGSe and CdS also
prevents the diffusion of holes to the electrode surface, resulting in a larger photocurrent with a higher
onset potential for Pt/CdS/CGSe than for Pt/CGSe.

[ PYCuGaSe,
[ Ligth‘FF

uuUUUUUUPFFrFFFF

:- 5 mAcm”
[ I ]

- Light ON

Current density

- | 5mvs’
[ -

I FFTE T T P FETT ST P e |
01 00 01 02 03 04 05 06 07 08

Potential / V vs. RHE

Figure 1. Current-potential curves for Pt/CuGaSe2 and Pt/CdS/CuGaSe: electrodes [0.1 M
Na2S0s4(aq), pH 9, 300 W Xe lamp]. Reprinted with permission from Reference [42]
(Copyright American Chemical Society 2013).
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Figure 2. Current-time curve for a Pt/CdS/CuGaSe: electrode [0.05 M Na;HPOas(aq) + 0.05
M NaH:POs(aq), pH 7, 150 W Xe lamp, 0 Vrue]. Reprinted with permission from
Reference [42] (Copyright American Chemical Society 2013).

Zhang et al. investigated the PEC properties of Pt- and CdS-modified AgxCui-xGaSe:
(Pt/CdS/AgxCui-xGaSez) photocathodes by partial substitution of Cu with Ag [45], which they found
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resulted in a higher HC-STH (1.22% at 0.3 Vrug) than that of Pt/CdS/CuGaSe>. The small grain size of
conventional CuGaSe: limited the photocurrent; the partial substitution with Ag led to a significantly
larger grain size thanks to the relatively low melting point of AgGaSe: (Figure 3). It was found that the
optimum ratio of Ag to Cu for the HC-STH is Ag/(Ag + Cu) = 5.9%. For further increases in photocurrent
and onset potential, the effects of the multilayer structure were investigated [46]. Inserting a CuGasSes
layer between CdS and AgxCui-xGaSe: (Pt/CdS/CuGasSes/AgxCui-xGaSe2) increased the onset potential
by 0.14 V. The thickness of the depletion layer was calculated to be 234 nm for both
Pt/CdS/CuGasSes/AgxCui-xGaSe2 and Pt/CdS/AgxCui—xGaSe2 at 0.6 Vrue. Thus, the increases in
photocurrent and onset potential are attributable to a lower rate of carrier recombination. Since the
CuGasSes/AgxCui—xGaSe: interface is prepared in situ, resulting in the formation of a high-quality
CuGasSes/AgxCui-xGaSe2 interface, recombination at the interface is significantly suppressed.
Moreover, calculations of the band alignment at the solid-liquid interface of CdS/CuGasSes/AgxCui-xGaSe2
indicated that the band offsets of conduction band minimum (CBM) and VBM between CdS and
AgxCui—xGaSe2 with a stepped-down alignment prevent photoexcited holes from diffusing into the
defective CdS/CuGasSes interface, resulting in a higher onset potential and photocurrent value than
Pt/CdS/AgxCui—xGaSez. It should be noted that the Pt/CdS/CuGasSes/AgxCui-xGaSe2 photocathode
produced hydrogen stably for over 19 days.

(

a) CGSe

(b) Ag 5.9% (c)Ag 10.0%__ (d)Ag 19.4%

Figure 3. Top and cross-sectional views of CuGaSe: (a), (e), and AgxCui—xGaSe: films with
X = 5.9% (b), (f), 10.0% (c), (9), 19.4% (d), (h). Reproduced from Reference [45] with
permission (Copyright The Royal Society of Chemistry 2014).

A large leap in maximum photocurrent and HC-STH was achieved using a surface-modified
CIGS-based photocathode with thin conductor layers employing a neutral phosphate buffer solution as
an electrolyte [47]. This suggested that a conductor layer such as titanium and molybdenum prevents the
formation of a Schottky barrier between Pt and CdS. Furthermore, because the conductor layer is
electron-rich, it acts as a mediator, ensuring the smooth transfer of electrons from CdS to active sites
(Figure 4). By contrast, in the absence of a conductor layer, minority carriers generated in the CIGS
layer need to reach the active sites directly. Consequently, the Pt-, Mo-, Ti-, and CdS-modified CIGS
(Pt/Mo/Ti/CdS/CIGS) photocathode showed a maximum photocurrent of 30 mA/cm? and a maximum
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HC-STH of 8.5%, which are the highest values reported to date for a photocathode based on
polycrystalline materials (Figure 5).
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Figure 4. Proposed mechanisms for hydrogen evolution on the surfaces of CIGS
photocathodes with and without a conductor layer. Adapted from Reference [47] with
permission (Copyright The Royal Society of Chemistry 2015).
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Figure 5. (A) Current-potential curves and (B) corresponding HC-STH values for
Pt/M/Cu(In,Ga)Se: electrodes (M = none, Ti, Mo, Mo/Ti) [0.5 M Na2SOs4(aq) + 0.25 M
NaxHPOu4(aq) + 0.05 M NaH2POu4(aq), pH 6.8, AM1.5G]. Reproduced from Reference [47]
with permission (Copyright The Royal Society of Chemistry 2015).

From the viewpoint of solar energy harvesting, the scalability of the photoelectrode fabrication
method is an important factor. The photocathodes described above are prepared by vacuum evaporation
methods, which are not very scalable. Some photocathodes based on copper chalcopyrites can be
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prepared by scalable methods. Ikeda et al. have reported hydrogen evolution from water using Pt- and
CdS-modified CulnS2 (CIS) photocathodes. The CIS thin films were prepared by a combination of
electrodeposition and sulfurization, which is scalable and cost-effective [48]. Pt- and CdS-modified CIS
(Pt/CdS/CIS) photocathodes showed IPCEs above 20% at wavelengths ranging from 500 nm to 750 nm
at —0.37 Vrue. These results indicate that CIS prepared by a liquid-based process can show a
photocurrent comparable to that for other copper-chalcopyrite-based photocathodes prepared by vacuum
processing. Recently, Gunawan et al. reported that In2Ss is preferable to CdS as a surface modifier for
CIS photocathodes. A Pt- and In2S3-modified CIS (Pt/In2S3/CIS) photocathode showed a photocurrent
of 15 mA/cm? at 0 Vrue under AM1.5G irradiation. One of the most important problems with CIS-based
photocathodes is the instability of the photocurrent. Zhao et al. achieved stabilization of the photocurrent
and hydrogen evolution for over an hour. The deposition of an additional TiO: layer with an appropriate
thickness on CdS-modified CIS, followed by Pt deposition, served as a protective layer, enabling stable
PEC hydrogen evolution from water with a faradaic efficiency of ~90% [49].

In summary, the performance of photocathodes based on copper chalcopyrite materials has improved
rapidly: the maximum HC-STH increased from 0.25% to 8.5% between 2012 and 2015 (Table 1). Thus,
chalcopyrite photocathodes are promising materials for the PEC hydrogen production system.

It also should be noted that p-type Cu2ZnSnS4, which has a kesterite structure, has been investigated
as a photocathode, and shows photocurrent values comparable to those of chalcopyrite materials [S0-52].
This material is attractive in that it is made of Earth-abundant and low-toxicity elements.

3. Band Structure Modulation by Composition Control

However, copper chalcogenide photocathodes show a maximum HC-STH at potentials more negative
than 0.4 Vrue. Considering combination with photoanodes without external bias voltage, the
photocathodes should show a sufficient photocurrent above 0.6 Vruge. Because copper chalcopyrites,
such as CuGaSez, CIS, and CIGS, have a relatively shallow VBM, mainly because of the Cu 3d orbitals [53],
their onset potential is more negative than the desired potential. Therefore, the photocurrent at positive
potentials is limited. Increasing their onset potentials requires deepening their VBM by band engineering.

As mentioned above, the VBM of copper chalcopyrites involves Cu 3d orbitals. Thus, two strategies
can be employed to obtain a deeper VBM: decreasing the amount of Cu and/or substituting Cu for
another element, such as Ag. In 2012, Kim et al. reported that a CuGasSes-based photocathode modified
with Pt (Pt/CuGasSes) showed a higher onset potential than a Pt-modified CuGaSe: photocathode [54].
The higher onset potential of the cathodic photocurrent is due to the deeper VBM potential of CuGasSes
against CuGaSe2. We note that CuGasSes contains Cu vacancies and Gacu antisites, decreasing the
influence of Cu 3d orbitals on the VBM potential.

Given that the potentials of Ag 4d orbitals are much deeper than those of Cu 3d orbitals [55], another
way to deepen the VBM is to substitute Cu with Ag. Silver chalcopyrites have been investigated for PV
applications [56,57]. However, there are no reports on its photocathodes. In the next chapter, PEC
properties of gallium selenide and silver gallium selenide are discussed, with an eye toward more
positive onset potentials compared to those of copper chalcopyrite photocathodes.
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Table 1. Reported PEC properties of copper chalcopyrite photocathodes.

300

Photocathode Published Photocurrent Maximum Stability at
IPCE at 0 VrHE Ref.
[Electrolyte] Year Value at 0 VrHE HC-STH 0 VrHE
Pt/CdS/CIGS 12 mA cm™? 59% at 600 nm
2010 N.A. Unstable [41]
[0.1 M Na2SO4 pH 9.5] under Xe lamp (at —0.24 VruE)
Pt/CdS/CIS 6 mA cm™? >20% at 500~750 nm
2011 ) N.A. N.A. [48]
[0.1 M Na2SO4 pH 13] under Xe lamp (at —0.37 Vrue in pH 4)
Pt/CuGasSes 4.95 mA cm™ 0.35% at
2012 15% at 600 nm N.A. [58]
[0.1 M Na2SOs4 pH 9.5] under AM1.5G 0.17 VruE
Pt/ZnS/CuGasSes 4.35 mA cm 0.25% at
2012 25.4% at 520 nm 25h (at 0.1 Vrue) | [54]
[0.1 M Na2SO4 pH 9.5] under AM1.5G 0.1 VReE
Pt/CdS/CuGaSe: 7.5 mA cm? 0.83% at
2013 45% at 520 nm >10 days [42]
[0.1 M Na2SO4 pH 9] under AM1.5G 0.2 VRHE
Pt/CdS/CGSe
2.4 mA cm
(powder, Ga/Cu = 2) 2014 N.A. N.A. 16 h (at 0.1 Vrug) | [43]
under AM1.5D
[0.1 M Na2SO4 pH 9.5]
Pt/CdS/AgxCuixGaSe2
8.1 mA cm 1.22% at
(x=5.9%) 2014 54% at 550 nm 55h [45]
under AM1.5G 0.3 VREE
[0.1 M Na2SO4 pH 9.5]
Pt/In2S3/CIS 15 mA cm™? 1.97% at
2014 37%41% at 520700 nm N.A. [59]
[0.1 M Na2SO4 pH 9] under AM1.5G 0.28 VRHE
Pt/TiO2/CdS/CIS 13.0 mA cm2 1.82% at
2014 62% at 500-700 nm 1h [49]
[0.1 M Na,HPOs4 pH 10] under AM1.5G 0.25 VRHE
Pt/CdS/CuGasSes/
AgxCuixGaSez 8.79 mA cm 1.81% at
2015 >57% at 520-600 nm 20 days [46]
(x=5.9%) under AM1.5G 0.36 VruE
[0.1 M Na2HPOs pH 10]
Pt/Mo/Ti/Cu(In,Ga)Se2 )
10 days (with a
[0.5 M Na2SO4 +0.25 30 mA cm? 8.5% at
2015 N.A. decrease on a [47]
M NaHPOs + 0.25 M under AM1.5G 0.38 VrHE

NaH2PO4 pH 6.8]

daily basis)

4. PEC Properties of AGSe Photocathodes

4.1. Experimental Methods

Gallium selenide and AGSe thin films with a thickness of ~1 um were prepared by co-evaporation in

a vacuum chamber. Mo-coated soda-lime glass (5 mm x 10 mm), prepared by RF magnetron sputtering

deposition of a 50-nm-thick Ti layer to improve adhesivity, followed by a 400- to 500-nm-thick Mo

layer, was used as a substrate. Elemental Ag, Ga, and Se with purities of SN, 6N, and 6N, respectively,

were heated in effusion cells and evaporated. The deposition rates of Ga and Se were kept at 0.06 and

0.5-1.0 nm/s, respectively, while that of Ag was varied between 0 and 0.05 nm/s, according to the

required Ag/Ga ratio. The base pressure of the deposition chamber was 107 Pa.

To facilitate charge separation, CdS layers were deposited on prepared thin films by chemical bath
deposition (CBD). The CBD solution contained 14 wt% ammonia (Wako), 25 mM of Cd(CH3COO)2
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(Kanto, 98.0%), and 0.375 M of SC(NH2)2 (Kanto, 98.0%). After 1 min of CdS deposition, the samples
were annealed in air at 573 K for 1 h.

These samples were analyzed using X-ray diffraction (XRD) (RINT-Ultima3, Rigaku, Tokyo, Japan),
photoelectron spectroscopy in air (PESA) (AC-3, Riken Keiki, Tokyo, Japan), and scanning electron
microscopy (SEM) (S-4700, Hitachi, Tokyo, Japan).

The typical three-electrode setup was used to characterize the PEC properties. A Pt wire and Ag/AgCl
in saturated aqueous KCI solution were used as the counter and reference electrodes, respectively. The
PEC measurements were performed under an Ar atmosphere using an aqueous solution containing 0.1 M
NaxSO4 (pH adjusted to 9 by NaOH addition) as the electrolyte. The potentials obtained from each
measurement were converted into values against a reversible hydrogen electrode (RHE). 300 W Xe lamp
equipped with a cold mirror (CM-1, Optoline, Tokyo, Japan) and cutoff filter (L42, Hoya, Tokyo, Japan)
was employed as the light source. The applied potential was swept in the positive direction at 10 mV-s™!
under intermittent irradiation of the Xe lamp from —0.2 Vrue to the potential at which a cathodic
photocurrent vanishes. To estimate the Faradaic efficiency of hydrogen generation, the gaseous products
were analyzed using micro-gas chromatography (GC, GC3000A, Inficon, Bad Ragaz, Switzerland) in
an airtight three-electrode cell.

Pt particles were deposited on the prepared electrodes by photo-assisted electrodeposition as
hydrogen evolution catalysts. The electrodes were exposed to the 300 W Xe lamp equipped with filters
while immersed in a solution containing 10 uM H2PtCls (Kanto, 98.5%), 10 uM NaOH (Wako, from 0.1 M
solution), and 0.1 M Na2SO4 at a potential of —0.8 to —0.6 Vagagci for 1-3 h.

4.2. Results and Discussion
4.2.1. PEC Properties of Gallium Selenide and AGSe Photocathodes

The XRD patterns for the prepared gallium selenide and AGSe (Ag/Ga = 2%—77%) films (see
Figure 6) indicate that the gallium selenide films consisted of a layered GaSe (e-GaSe) phase, while the
AGSe films consisted of e-GaSe and a-GazSes phases, whose XRD peaks shifted to lower angles with
the Ag/Ga ratio increase, owing to the gradual formation of the defective chalcopyrite phase. It should
be noted that a-GaxSes, defect-containing chalcopyrite, and the defect-free chalcopyrite phase all have a
kind of diamond structure. The only structural difference between these phases has to do with the
absence/presence of vacancies and elemental substitutions. The XRD peaks for e-GaSe did not show a
clear shift in diffraction angle, which indicates that Ag was mainly incorporated into the a-GaxSes phase.
We note that the AgGaSe: phase was found in the pattern for AGSe with an Ag/Ga ratio of 77%.

The current-potential curves for Pt-loaded AGSe (Pt/AGSe) electrodes are shown in Figure 7.
All electrodes exhibited a clear photo-response, and AGSe with an Ag/Ga ratio below 9% showed larger
cathodic photocurrents with relatively high onset potentials of greater than 0.4 Vrue. The anodic
photo-response detected in the case of >2% Ag/Ga at potentials above the onset potentials indicates that
the prepared films contained n-type sections that limited the onset potential of the electrodes. This
suggests that Ag-poor compositions are better at enhancing the p-type character of the prepared AGSe
films. The Ag-free electrode showed the largest cathodic photocurrent and the highest onset potential of
0.5 Vrue. However, a clear decrease in cathodic photocurrent was observed in the second potential
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sweep, as seen in Figure 7. In contrast, AGSe with a Ag/Ga ratio of 2% did not show a clear decrease in
the second sweep. Moreover, the AGSe photocathode worked stably for over 12 h (Figure S1). The XRD
results indicate that the Ag in AGSe plays an important role in preventing photo-reduction of the
photocathode through the formation of the defect-containing chalcopyrite phase.
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Figure 6. XRD patterns for gallium selenide and AGSe films prepared with various Ag/Ga
ratios. Reference peak positions are shown. ICSD numbers of e-GaSe, AgGaSe2, and
a-Ga2Se3 are #2002, #52570, and #35028, respectively.
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Figure 7. Current-potential curves for Pt/AGSe electrodes with various Ag/Ga ratios.
A 0.1 M aqueous Na2SOs4 solution (adjusted to pH 9 by NaOH addition) was employed as
the electrolyte. Onsets of cathodic photocurrents are pointed out by arrows.
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Figure 8 shows plane-view and cross-sectional SEM images of gallium selenide and AGSe
(Ag/Ga = 2%). These images indicate that a very small amount of Ag causes a significant variation in
the film structure. As shown in Figure 8 A, the gallium selenide film has a smooth surface with triquetrous
facets and bead-like spheres. The cross-sectional view in Figure 8C reveals that the gallium selenide
film is composed of parallel-lying flakes. The structure of the gallium selenide film is very similar to
that reported by Chang et al. [60]. On the other hand, the cross-sectional SEM image in Figure 8D
verifies that the AGSe (Ag/Ga = 2%) film has a dense structure. This difference in film structure seems
to be consistent with the XRD patterns shown in Figure 6, as the e-GaSe film consists of a layered
compound, while AGSe consists of a layered compound and defect-containing chalcopyrite.

| IV
SLG Ti Mo f#lGa8e

B

|
)

Figure 8. SEM images of a GaSe film (A,C) and AGSe (Ag/Ga = 2%) film (B,D): plane
(A,B) and cross-section (C,D). An ultrathin CdS layer (not detectable in these images) is
deposited on the films for cross-sectional imaging.

To determine the VBM potential of gallium selenide and AGSe, PESA measurements were
conducted. Interestingly, as shown in Figure 9, gallium selenide and AGSe (Ag/Ga = 2%) showed VBM
potentials deeper than 1.23 Vnge. It is most likely that the phase transition, as shown in XRD pattern,
contributes to the deeper VBM of AGSe (Ag/Ga = 2%) than that of e-GaSe. This indicates that gallium
selenide and AGSe are very attractive materials because of the possibility of obtaining a high onset
potential of > 1.23 Vrue. The difference in VBM potential between these materials is not fully consistent,
with the difference in onset potential observed in the current-potential curves shown in Figure 7. We note
that the onset potential is clearly lower than would be expected from the PESA results, especially the
case of Ag/Ga = 0%, because of the existence of local photoanodes in the prepared films, which is due
to the tendency of e-GaSe and AGSe to easily act as an n-type semiconductor, and because of the lack
of proper surface modifications.
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Figure 9. PESA spectra of the prepared AGSe with different Ag/Ga ratios and VBM positions.
4.2.2. Effects of CdS Modification and AGSe Film Preparation under Partial Pressure of Hydrogen

AGSe (Ag/Ga=2%) showed the highest onset potential. However, its film structure was not desirable
because it consisted of small grains. It has previously been reported that the introduction of hydrogen
into the deposition chamber during the deposition of polycrystalline CuGasSes films having a
defect-containing chalcopyrite structure increases the grain size [54]. To demonstrate the potential of the
AGSe electrode for water splitting, the effects of hydrogen introduction during AGSe film deposition on
PEC properties were investigated.

Upon the introduction of hydrogen, the intensity ratio of e-GaSe increased (Figure S2), and the surface
became coarser as in the case of CuGasSes (Figure S3) [54]. It is known that the introduction of hydrogen
during deposition enhances the surface migration of adatoms, which leads to an increase in grain
size [61,62]. Current-potential curves for Pt/AGSe prepared with and without hydrogen are shown in
Figure 10. The introduction of hydrogen during deposition clearly more than doubled the cathodic
photocurrent, while the increase in onset potential was negligible. The remarkable enhancement in
cathodic photocurrent reflects the beneficial effects of hydrogen introduction into the deposition
chamber during AGSe film preparation, although more significant increases in photocurrent have been
reported for chalcopyrite materials. Unlike in the case of CuGasSes [54], the XRD peaks did not become
sharper, suggesting that the increase in photo-response was not due to an increase in the degree of
crystallinity, but to a change in the crystal phase ratio. Interestingly, AGSe with the e-GaSe phase is
presumably a larger contributing factor to the increases in photocurrent and onset potential.

To facilitate the photocurrent, surface modification with CdS was conducted. Pt- and CdS-modified
AGSe electrodes prepared with hydrogen introduction (Pt/CdS/AGSe(Hz)) showed a larger photocurrent
and higher onset potential than those without CdS, as shown in Figure 10. In this case, CdS modification
was very effective in increasing the onset potential and maximum photocurrent. We note that the surface
modification with Pt and CdS was also effective to increase the photocurrent of AGSe photocathodes
prepared without hydrogen introduction as shown in Figure S4. Indeed, Pt/CdS/AGSe(Hz) showed
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clearly higher photocurrent (7.5 mA-cm 2 at 0 Vrue) and onset potential (0.8 Vrue) than Pt/AGSe(H>)
(3.5 mA-cm 2 at 0 Vraue; and 0.4 VruE, respectively).
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Figure 10. Current-potential curves for Pt/AGSe, Pt/AGSe(Hz2), and Pt/CdS/AGSe(H2)
electrodes. A 0.1 M aqueous Na2SOs4 solution (adjusted to pH 9 by NaOH addition) was
employed as the electrolyte.

The band alignment for CdS/AGSe at a solid-liquid interface is schematized in Figure 11 on the basis
of experimental results and reports. PESA results revealed that the VBM potential for AGSe is
+1.3 Vg, which is 0.4 V deeper than the reported value for CuGaSez [42]. Given the VBM difference
between CuGaSe2 and CdS of 0.98 V and the VBM potential difference between AGSe and CuGaSez,
the VBM difference between AGSe and CdS is estimated to be 0.58 V. The pinned band edge potentials
at solid-liquid interfaces can be estimated from the flat-band potential of CdS, reported to be —0.1 VruE
at pH 9 [63].
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Figure 11. Schematic band alignment at a solid-electrolyte interface for the CdS/AGSe electrode.
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The amount of evolved hydrogen gas was measured using micro-GC to confirm the contribution of
the cathodic photocurrent to hydrogen evolution. The measurements revealed that the faradaic efficiency
was 96%, as shown in Figure S5. This indicated that almost all of the photocurrent from the
Pt/CdS/AGSe(H2) photocathode contributed to HER.

The onset potential of the modified AGSe photocathode is more positive than that of copper
chalcopyrite photocathodes. The deeper the VBM potential of the photocathode material, the more
positive the onset potential, which is preferable. Controlling the VBM potential through compositional
fine tuning, for example, by decreasing the amount of Cu, substituting Cu for another element, and/or
alloying with II-VI compounds, can further improve the PEC properties [32,58].

5. Conclusions

Copper chalcopyrite materials are promising candidates for photocathode materials because of their
relatively high HC-STH, usability in the polycrystalline state, and chemical stability. Recent reports
show a rapid increase in the maximum HC-STHs of photocathodes based on copper chalcopyrite
materials. However, the onset potentials of these copper chalcopyrite photocathodes have been limited
by the shallowness of their VBMs due to the Cu 3d orbitals. To achieve efficient PEC water splitting
with photoanodes, a higher onset potential is indispensable for copper chalcopyrite photocathodes.

Effective approaches to improving the onset potentials of copper chalcopyrite photocathodes, i.e., to
making them more positive, include deepening the VBM potential through compositional modifications,
such as the substitution of Cu for Ag or decreasing the amount of Cu. To verify the effects of the
substitution of Cu for Ag, the PEC properties of AGSe photocathodes were investigated in this study. A
gallium-selenide-based photocathode showed a larger photocurrent than AGSe, even though gallium
selenide cannot evolve hydrogen stably. SEM images and XRD patterns revealed that the surface
morphology and crystal structure change significantly upon the addition of Ag, from parallel-lying flakes
into triquetrous facets, which helps to prevent photocorrosion. PESA measurement results demonstrated
that the VBM potential of AGSe is suitable for constructing a water splitting system with photoanodes,
although the observed onset potential was more negative than expected from the PESA results, owing to
the existence of local photoanodes in the AGSe film. Hydrogen introduction during AGSe deposition
and surface modification with CdS increased both the photocurrent and onset potential of the AGSe
photocathode, from 1.5 to 7.7 mA/cm? and from 0.4 to 0.8 VruE, respectively. The modified AGSe
photocathode showed stoichiometric hydrogen evolution for about 1 h, and its onset potential was more
positive than that for conventional photocathodes based on copper chalcopyrite materials. This work
demonstrates that VBM engineering by, for example, the substitution of Cu for Ag, can contribute to the
construction of a PEC overall water splitting system with photoanodes.
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