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Abstract

This work demonstrates that ultrathin (4 nm) tungsten oxide (WO3) coatings on copper gallium selenide 
(CuGa3Se5) photocathodes have the potential for long-term solar hydrogen evolution. With a combination 
of a robust 1.84-eV CuGa3Se5 absorber layer, a WO3 protective coating, and a Pt catalyst, we obtain a 
new durability milestone for any non-silicon photoelectrochemical hydrogen-producing device by passing 
21,490 C cm-2 of charge across six weeks of continuously-illuminated chronoamperometric testing under 
applied bias.

Text

One approach to storing the vast but variable solar resource is to use integrated solar-driven, hydrogen 
fuel-producing devices in a process called solar water splitting.1 A key challenge for these systems has 
been demonstrating technologically-relevant durability in the corrosive aqueous environments required 
for their operation.2 Few semiconductors with high solar energy conversion efficiency have demonstrated 
intrinsic chemical stability while exposed to water under illumination. As a result, a common approach 
for solar water splitting devices involves physically isolating the light absorbing material from the 
electrolyte using a coating, while maintaining good optical transmittance and electrical conductivity 
through this layer.3–5 For the hydrogen-evolving half-cell, studies have shown continuous operation for 
longer than ten days either by employing titanium dioxide (TiO2) or molybdenum disulfide (MoS2) 
coatings on silicon absorbers6–8 or by constructing their photoactive junction using a semiconducting 
material that achieves long-term operability in contact with the electrolyte.9–13 

In seeking to fabricate a photoelectrochemical (PEC) device with high theoretical efficiency for water 
splitting and long-term operational durability, we identified the p-type chalcopyrite-like, ordered vacancy 
compound material copper gallium selenide (CuGa3Se5) as a candidate absorber for several reasons: 1) 
given that its 1.84 eV band gap is wider than that of many state-of-the-art chalcopyrite PEC 
absorbers,9,11,22–26,14–21 it has the potential to produce the >1 V photovoltage required to enable efficient 
tandem unassisted water splitting devices when paired with a narrow bandgap absorber; 2) it has achieved 
greater than 10 mA cm-2 in PEC hydrogen evolution under 1 sun illumination,12 another requirement for 
high-efficiency devices; and 3) it has shown impressive durability under operation in aqueous 
electrolyte.12,27
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While capping layers such as CdS,9–11,15–17 TiO2,20,21 AZO/TiO2,18 Al2O3/TiO2,19 In2S3,22 ZnS,27,28 ZnO,24 
TiO2/MoS2,26 and Ti/Mo29,30 have been applied in chalcopyrite-based photocathode devices, only CdS, 
ZnS, and Ti/Mo coatings have enabled greater than 24 h of illuminated hydrogen-evolving operation,9–

11,17,27 and only in near-neutral electrolyte conditions that may prove unsuitable from a device engineering 
perspective. Alternatively, we hypothesized that pairing a CuGa3Se5 absorber with a coating of tungsten 
oxide (WO3) would yield a device that is highly durable and high-performing. WO3 is predicted to have 
good chemical stability in acidic environments31 and limited absorption of visible light (due to its indirect 
Eg = 2.7 eV band gap),32 motivating the study herein.

Drawing inspiration from the development of ultrathin TiO2 protective coatings,33 this work demonstrates 
the use of ultrathin WO3 coatings as a new strategy for enabling long-term durability in solar hydrogen 
production, with the potential for utility in other acidic-media electrocatalytic reactions. While previous 
workers have utilized bulk n-type WO3 as a heterojunction partner with p-type semiconductor 
photocathodes without addressing the long-term operation of these devices,32,34,35 this work explores the 
durability advantages of WO3 coatings.

Scheme 1: CuGa3Se5|WO3|Pt photocathode device

Ultrathin WO3 coatings were synthesized via pulsed chemical vapor deposition36 onto CuGa3Se5 
absorbers that had been co-evaporated on molybdenum-coated soda-lime glass substrates,12 as shown in 
Scheme 1. The thickness of the WO3 coatings was 3.8 nm, as determined by spectroscopic ellipsometry of 
the film synthesized on a silicon wafer substrate during the same deposition. Grazing incidence x-ray 
diffraction (GI-XRD) measurements were unable to detect signal from the ultrathin WO3 coatings (Figure 
S1), indicating that the as-prepared films are either not sufficiently crystalline or too thin to yield 
detectable diffraction patterns in this instrument. The WO3-coated samples were then loaded with a 
nanoparticulate platinum layer by electron beam evaporation, as the hydrogen-evolving catalyst. Both the 
WO3 and Pt coatings were shown to be uniformly distributed over the entire CuGa3Se5 substrate as 
measured by scanning electron microscopy and energy-dispersive x-ray (SEM-EDX) elemental mapping 
(Figure 1). Cross-sectional SEM measurements were not sensitive enough to differentiate the ultrathin 
WO3/Pt layers from the underlying absorber (Figure S2) but appear to show conformal surface coverage 
of the CuGa3Se5 crystallites with these coatings (Figure S2c). These coatings were also shown to transmit 
a majority of the simulated solar flux, as demonstrated by UV/Vis transmittance measurements (Figure 
S3).
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Figure 1: (a) SEM image of an as-prepared CuGa3Se5|WO3|Pt device and associated EDX elemental maps 
of the Cu Lα (b), W M (c), and Pt M (d) signals; all of the scale bars are 10 μm in length.

The activity and durability of these photocathodes for the hydrogen evolution reaction (HER) under 
continuous simulated 1 Sun AM1.5G illumination were investigated via linear sweep voltammetry (LSV) 
and chronoamperometry (CA), respectively (Figure 2). As determined from the LSV data displayed in 
Figure 2a, the CuGa3Se5|WO3|Pt photocathode generated a saturation photocurrent density of 
‑8.5 mA cm‑2 and a photocurrent onset potential (as defined previously26 and determined in Figure S4) of 
E = +0.32 V vs. RHE compared to -8.1 mA cm-2 and +0.30 V vs. RHE for the bare CuGa3Se5 
photocathode. A separate CuGa3Se5|Pt photocathode shows an improved onset potential (+0.39 V vs. 
RHE) compared to the bare CuGa3Se5 photocathode (Figure S5) due to the improved catalysis of the Pt 
catalyst compared to the bare CuGa3Se5 surface. However, the CuGa3Se5|WO3|Pt photocathode has an 
onset potential 0.07 V lower than that of the CuGa3Se5|Pt photocathode, apparently due to a suboptimal 
CuGa3Se5|WO3 interface. Indeed, we predict there is room for improvement at this interface, since the 
idealized band energy diagrams for the CuGa3Se5|WO3|Pt device (Figure S6) indicate the possibility of 
achieving photovoltage exceeding 0.5 V from an ideal CuGa3Se5/WO3 heterojunction device.12,37,38 The 
complicated effects of the Pt catalyst and WO3 coating on the onset potential provide motivation for a 
quantitative investigation of the system’s interfacial energetics involving multi-modal spectroscopies39,40 
that are, however, outside of the scope of the current work.
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Figure 2: (a) PEC LSV of a bare CuGa3Se5 photocathode (maroon) and a CuGa3Se5|WO3|Pt photocathode 
(green); LSV with the light blanked (‘dark LSV’) shown in dashed lines, which track the j = 0 axis; (b) 
PEC CA of the same photocathodes over the first week of operation at potentials of -0.3 V vs. RHE (bare 
CuGa3Se5) and -0.15 V vs. RHE (CuGa3Se5|WO3|Pt); (c) long-term CA of the same photocathodes 
(maroon squares and green squares) along with duplicates of each electrode type (pale maroon triangles 
and pale green triangles, ECA=-0.2 V and -0.25 V vs. RHE, respectively)—here the lines are solely guides 
for the eye to connect the one daily data point shown; (d) integrated charge passed by a CuGa3Se5|WO3|Pt 
photocathode (green) and a bare CuGa3Se5 photocathode (maroon) over six weeks of CA testing, with the 
secondary vertical axis representing the equivalent volume of H2 (at P =1 atm) that would be produced by 
this amount of charge; all experiments were performed in 0.5 M H2SO4 electrolyte purged with H2 gas, 
utilizing a Hg/HgSO4 reference electrode and an Ir/IrOx counter electrode, with light experiments 
performed under continuous simulated 1 Sun AM1.5G illumination.

The photocurrent densities and onset potentials measured here are commensurate with those reported for 
other photocathodes employing CuGa3Se5 as absorber. In previous studies, the maximum photocurrent 
densities under simulated 1 Sun AM 1.5G illumination range from -5 mA cm-2 to -10.4 mA cm-2, and the 
onset potentials range from +0.1 V vs. RHE with a bare CuGa3Se5 photocathode to +0.35 V vs. RHE with 
a Pt-catalyzed CuGa3Se5 photocathode.12,41 With these studies for context, we will demonstrate further 
below that we were able to achieve milestone durability targets utilizing CuGa3Se5 photocathodes that 
approach state-of-the-art performance. We aim to develop strategies for stability that can continue to be 
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leveraged as CuGa3Se5 photocathodes approach ideality. As a single-junction device employing a 1.84 eV 
band gap absorber, a CuGa3Se5 photocathode can generate a theoretical maximum photocurrent density of 
-18.5 mA cm-2 under 1 Sun AM 1.5G illumination42–44 and a theoretical photovoltage exceeding 1 V. The 
disparity between our photocathode activity and that of an ideal CuGa3Se5 photocathode could result from 
several factors, including: 1) the possibility of phase impurities in the absorber layer that could lead to 
recombination in the film that may limit the saturation photocurrent density, as discussed in previous 
work,12 and 2) the absence of an interfacial buffer layer, i.e. a non-ideal junction between the CuGa3Se5 
absorber and the applied overlayers that may suppress the demonstrated onset potential.

For chronoamperometric durability testing, each photocathode device was operated under continuous 
simulated 1 Sun illumination at a potential where its photocurrent density approaches its saturation value. 
Since this bias condition induces the maximum amount of charge to be passed through the PEC device, 
we note that this is a strenuous durability testing protocol, while recognizing the importance of 
standardizing durability testing within the solar hydrogen production community. Whereas the 
photocurrent density of the bare CuGa3Se5 photocathode immediately began to decrease from its initial 
value (-8.0 mA cm-2), the CuGa3Se5|WO3|Pt photocathode was able to maintain its initial photocurrent 
density (-8.1 mA cm-2) for 67 h of operation during the CA durability experiment (Figure 2b). This 
improved stability indicates that the WO3|Pt coating plays a substantial role in sustaining effective solar-
driven hydrogen production over these initial stages of the experiment. This notion is supported by the 
fact that the durability of a Pt-coated CuGa3Se5 photocathode without any WO3 coating is significantly 
worse than either the CuGa3Se5|WO3|Pt or bare CuGa3Se5 photocathode over a week of testing (Figure 
S7). Furthermore, a degenerately doped n-type Si conductive substrate coated with WO3 and Pt 
(n+Si|WO3|Pt, an HER electrocatalytic analogue electrode) maintained reasonable activity over 40 h of 
continuous operation at -10 mA cm-2, whereas a n+Si|Pt device without WO3 coating degraded rapidly 
within 3 h of testing (Figure S8), demonstrating that the WO3 coating also plays a role in extending 
durability in this case.

Ultimately, the aforementioned CuGa3Se5|WO3|Pt photocathode, another identically processed 
CuGa3Se5|WO3|Pt photocathode, and a bare CuGa3Se5 photocathode all sustained light-driven hydrogen 
evolution for over 6 weeks of continuous operation under applied bias (Figure 2c and Figure S9). Figure 
2d compares the cumulative charge passed as a function of time for the most-durable CuGa3Se5|WO3|Pt 
device (pale green data in Figure 2c) to that of a bare CuGa3Se5 device (pale maroon data in Figure 2c); 
the experiments resulted in passing 21,490 C cm-2 and 12,590 C cm-2 of charge, respectively. In fact, both 
of the CuGa3Se5|WO3|Pt photocathodes surpassed the previous durability milestone (in C cm-2) for any 
non-silicon solar hydrogen-producing device (Figure S9c) by generating 21,490 C cm-2 and 19,510 C cm-

2, respectively.5,12 Table 1 contains a comparison of durability results calculated from literature reports of 
Cu chalcopyrite photocathodes, which have demonstrated the best durability of any non-silicon devices.

Table 1: Comparison of most-durable Cu chalcopyrite photocathodes

Absorber Coating pH t (days) Q (C cm-2) ref.
CuGaSe2 CdS 7 12 3400 Moriya, 2013

(Ag,Cu)GaSe2|CuGa3Se5 CdS|Pt 7 20 12900 Zhang, 2015
Cu(In,Ga)Se2 CdS|Ti|Mo|Pt 6.8 10 16300 Kumagai, 2015

CuGa3Se5 none 0.3 17 11750 Muzzillo, 2018
CuGa3Se5 none 0.3 48 12590 this work
CuGa3Se5 WO3|Pt 0.3 44 21490, 19510 this work
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For insight into morphological, chemical, and structural changes undergone by the device during PEC 
durability testing, SEM-EDX (Figures 3, 4, and S10) and GI-XRD (Figure S11) analyses were conducted 
on the CuGa3Se5|WO3|Pt photocathode after six weeks of testing. Table 2 presents the atomic 
concentration of the CuGa3Se5|WO3|Pt photocathodes as-prepared and after six weeks of durability 
testing, quantified from the EDX spectra in Figure 4. The most notable changes in composition over the 
course of testing are the dramatic increase in the Cu signal relative to the Ga and Se signals, the 
significant decrease in signal from Pt, and the absence of W signal after testing. The SEM image in Figure 
3a reveals dramatic changes to the sample surface over the course of extended PEC testing, and the EDX 
mapping shows that in contrast to previously uniform distribution, Cu-rich regions appear in a striated 
pattern after testing (Figure 3b). EDX mapping of the Ga and Se signals from this same sample reveals 
that the Cu-poor regions are enriched in Ga and Se, and vice versa (Figure S10). The GI-XRD analysis 
indicate that the crystalline component of the CuGa3Se5 absorber layer remains largely unchanged before 
and after long-term operation of the CuGa3Se5 and the CuGa3Se5|WO3|Pt devices, and no signal was 
detected from the WO3 or Pt overlayers either before or after testing (Figure S11a). The appearance of a 
new peak near 2θ = 25° after testing in the CuGa3Se5|WO3|Pt device is best attributed to the formation of 
a crystalline phase resembling Cu3Se2. As reported previously,12 this feature is not present in the tested 
bare CuGa3Se5 device (Figure S11b), indicating that the WO3|Pt coating may play a role in the 
stabilization or formation of this phase.

Figure 3: (a) SEM image of a CuGa3Se5|WO3|Pt photocathode after six weeks of PEC durability testing, 
and associated EDX elemental maps of the Cu Lα (b), W M (c), and Pt M (d) signals; all of the scale bars 

are 10 μm in length.
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Figure 4: EDX spectra of an as-prepared CuGa3Se5|WO3|Pt photocathode (green) and a CuGa3Se5|WO3|Pt 
photocathode that had undergone six weeks of PEC durability testing (pale green)

Table 2: Atomic concentration quantified from EDX analysis; with an accelerating voltage of 3 keV, the 
interaction volume for the technique does not include the entire thickness of the CuGa3Se5 layer

Device Sample Cu % Ga % Se % W % Pt %
CuGa3Se5|WO3|Pt as prepared 12.2 36.7 48.5 0.9 1.7
CuGa3Se5|WO3|Pt tested 6 weeks 52.4 16.0 31.1 0 0.5

Given the evolution of the Cu:Ga:Se ratio in the absorber film and drawing on previous work 
demonstrating the dissolution of Cu from copper gallium selenide photocathodes in acidic media,45 it is 
evident that the key contributor to diminishing photoactivity in these devices is dissolution of the 
constituent elements from the absorber film. The presented data lead to at least two general pathways for 
the degradation by dissolution: 1) the WO3 and Pt coatings themselves dissolve over the course of 
extended durability testing, followed by dissolution of the exposed CuGa3Se5, and 2) the CuGa3Se5 
absorber dissolves through pin holes in the WO3 and Pt coatings, ultimately compromising the 
mechanical integrity of the WO3 and Pt overlayers. We propose that the ultrathin WO3 coating employed 
in this study is extending the durability of these photocathodes by decreasing the rate of dissolution of the 
CuGa3Se5 absorber by mitigating its exposure to the corrosive electrolyte. Future work on WO3 coating of 
CuGa3Se5 absorbers will involve both optimizing the deposition and investigating the mechanical and 
(electro)chemical stability of the WO3 coatings, especially given the possibility of phase change occurring 
in the material under the present operating conditions.31 Given the relative increase in Cu content within 
the information depth probed by this EDX measurement, it is evident that the net rate of Ga and Se 
dissolution is greater than the net rate of Cu dissolution under the photoreductive operating conditions of 
the durability test. Investigating these kinetics of dissolution from photoelectrode absorbers and coatings 
through methods such as inductively-couple mass spectrometry is an important area of method 
development.46
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Importantly, we note that the vast majority of the observed charge passed over this extended time scale is 
due to solar hydrogen evolution rather than parasitic processes that occur without light impetus 
(supporting calculations are presented in the Electronic Supporting Information). This point is evidenced 
in several ways: (i) the initial ‘dark LSV’ for all photocathodes shows a current response that nearly 
overlaps the j = 0 axis (Figure 2a), (ii) the current densities of the CuGa3Se5|WO3|Pt devices decrease by 
an order of magnitude (to -0.11 and -0.26 mA cm-2, respectively) when the lamp is blanked at the end of 
the durability tests (Figure S9a), and (iii) hydrogen bubbles were seen forming and detaching from the 
electrode surface for the duration of the experiment. Developing methods for collecting and quantifying 
hydrogen over the course of long-term durability testing is a recognized need for the solar hydrogen 
community.6,7,50,8–12,47–49

In this communication, we demonstrate the utility of CuGa3Se5 absorbers coated with ultrathin WO3 
coatings for long-term operation of solar-driven hydrogen production and achieve a new durability 
milestone for any non-silicon photocathode device, passing 21,490 C cm-2 of charge over six weeks of 
continuously illuminated testing under applied bias. Since solar cell devices based upon CuGa3Se5 
absorbers have generated open-circuit voltages exceeding 0.75 V by employing interfacial buffer layers 
such as CdS,12 there is great opportunity to adapt the durability strategies developed herein to CuGa3Se5 
photocathode devices that exceed the maximum +0.39 V vs. RHE onset potential demonstrated in this 
work. With the incorporation of such a buffer layer and further optimization of the WO3 deposition 
process, this system has the potential to reach technologically relevant activity and durability for a wide 
band gap photocathode. These WO3 coatings, in turn, have the potential to be widely applicable in 
extending the durability of solar-driven hydrogen-evolving systems toward meaningful technological 
timeframes.

Electronic Supporting Information. Experimental details, materials synthesis and characterization, as 
well as calibration and data analysis methodologies, are included in the Electronic Supporting 
Information. Normalized data for the electrochemical experiments are included in an .xls file included as 
Electronic Supporting Information.
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