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Abstract: Whereas wide-bandgap metal oxides have been
extensively studied for the photooxidation of water, their
utilization for photoreduction is relatively limited. An impor-
tant reason is the inability to achieve meaningful photovoltages
with these materials. Using Cu2O as a prototypical photo-
cathode material, it is now shown that the photovoltage barrier
can be readily broken by replacing the semiconductor/water
interface with a semiconductor/semiconductor one. A thin ZnS
layer (ca. 5 nm) was found to form high-quality interfaces with
Cu2O to increase the achievable photovoltage from 0.60 V to
0.72 V. Measurements under no net exchange current con-
ditions confirmed that the change was induced by a thermody-
namic shift of the flatband potentials rather than by kinetic
factors. The strategy is compatible with efforts aimed at
stabilizing the cathode that otherwise easily decomposes and
with surface catalyst decorations for faster hydrogen evolution
reactions. A combination of NiMo and CoMo dual-layer alloy
catalysts was found to be effective in promoting hydrogen
production under simulated solar radiation.

Among all sources of renewable energy, solar energy is the
only one that can be utilized on a scale comparable to that of
our ever-growing needs.[1,2] Its utilization, however, must
address challenges associated with its diurnal and intermittent
nature. In principle, this issue can be addressed by carrying
out water splitting reactions using methods such as photo-
electrochemistry (PEC) that harvest and store solar energy in
chemical bonds.[3, 4] To successfully carry out these reactions,

we need high-performance photoelectrode materials for both
the oxidation (anode) and reduction (cathode) reactions.[5–7]

Based on cost and stability considerations, metal oxides are
attractive photoelectrode candidates. Whereas significant
research efforts have been devoted to studying oxides as
photoanodes,[5,8–14] comparably little has been done on using
metal oxides as photocathodes. This is in part due to the fact
that p-type metal oxides are relatively rare compared to n-
type ones. The lack of research on oxide photocathodes is also
a result of bandgap matching considerations for dual absorber
systems.[15] As metal oxides often feature wide bandgaps
(> 2 eV), studies on oxide photocathodes will be of practical
value only if stable narrow-bandgap (ca. 1 eV) photoanodes
are available. Previously, this has been a challenge. Recent
developments in stabilizing narrow-bandgap photoanodes,
such as those made of silicon, have changed this situation.[6,16]

It is within this context that Cu2O, a non-toxic, low-cost p-type
semiconductor with a band gap of 2 eV, stands out as the
photocathode of choice.[17, 18] Indeed, Cu2O has received
sustained interest for over a decade, and prior research has
primarily been focused on increasing the photocurrent and
stabilizing it in water under reducing conditions.[18–20] The
important question of how to increase its photovoltage has
not been addressed. Limited by the difference between the
Fermi level of Cu2O (�5.19 eV)[18, 21] and the hydrogen
evolution potential (�4.50 eV at pH 0), the highest photo-
voltage measured on Cu2O in H2O was 0.6 V,[20,22] which is
lower than what is needed to match the relatively low
photovoltage by a narrow-bandgap photoanode. When char-
acterized in a non-aqueous system, a photovoltage of up to
0.8 V has been measured on Cu2O,[23] suggesting that there is
still much room for improvement in terms of photovoltage
generation by Cu2O in H2O. Herein we show a strategy to
address this issue. By substituting the Cu2O/H2O interface
with a Cu2O/ZnS junction, we were able to readily increase
the photovoltages by up to 20%. Importantly, our approach is
compatible with treatments aimed at stabilizing Cu2O, for
example, with TiO2 grown by atomic layer deposition
(ALD).[18–20] The system is shown to perform well in
conjunction with catalysts based on earth-abundant elements
(e.g., NiMo and CoMo).[24, 25]

The governing principle of metal-oxide-based PEC water
splitting is the effect known as band edge pinning, in which
the band edge positions are pinned relative to the H2O redox
potential. The degree of band bending, and hence the
maximum achievable photovoltage, is defined by the differ-
ence between the flatband potential (Vfb) and the chemical
potential of the targeted reaction in H2O (hydrogen evolution
reaction, or HER, in the present study).[26,27] In the case of
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Cu2O, the value is approximately 0.6 based on Fermi level
data in vacuum. To break the barrier, we would need to shift
the band edge positions, for example, by introducing surface
dipoles. Although organic dipole molecules have been shown
to work well for this purpose in dye-sensitized solar cells,[28,29]

their utility in solar water-splitting devices is limited owing to
their poor stabilities under harsh conditions. An alternative
approach is based on the formation of buried solid/solid
junctions. For this purpose, we require n-type semiconductors
whose valence and conduction band edges are sufficiently
negative. With a valence band maximum of �7.58 eV and
a conduction band minimum of �3.90 eV,[30] ZnS stands out
(Figure 1a). This approach is similar to decorating p-type Si
with n+ players, which was described by Lewis et al.[31] It also
aligns with our approach to form homojunctions on hematite
for water oxidation.[11] The key to its success is to keep the top

layer thin because the primary role of the n-type layer is to
increase band bending within the p-type photocathode.
Opposite band bending may develop in a thicker n-type
layer, trapping electrons to negatively influence the function-
ality of the device (see the Supporting information).

One particular weakness of Cu2O that has received
significant attention is its instability in H2O. Often, Cu2O
undergoes reduction to yield Cu instead of H2 when used as
the photocathode. To address this issue, we used ALD-grown
TiO2 as a protection layer (ca. 100 nm).[18–19,32] Catalysts were
used to promote the HER. The overall material structure is
shown in Figure 1b. The structural details are presented in
Figure 2a, where scanning electron microscopy (SEM) data is
presented. A conformal coverage of Cu2O by the TiO2

overlayer is afforded by the ALD growth (Figure 2a). The
ZnS decoration, owing to its thinness, is not pronounced at
the magnification used in Figure 2a. Scanning transmission
electron microscopy (STEM) was therefore carried out to
probe the elemental composition (Figure 2b).

In principle, the design shown in Figure 1a and b should
work for any HER catalyst. In practice, the performance of
the photoelectrode is sensitive to the nature of the catalyst/
semiconductor interface. To focus on the effect of the ZnS
decoration on the performance of the Cu2O, we will next
present results that were obtained with the best performing

Figure 1. Replacing the Cu2O/H2O interface with Cu2O/ZnS junctions
readily improves photovoltage generation by Cu2O. a) A schematic
representation of the band structures shows how the addition of ZnS
moves the band edge position in the positive direction for a more
substantial built-in field. b) Three-dimensional perspective view of the
material structure, the TiO2 protective layer, and the surface HER
catalysts. c) Polarization curves of bare Cu2O (Cu2O/TiO2/Pt) and
Cu2O/ZnS (Cu2O/ZnS/TiO2/Pt) in KH2PO4 buffer solution (0.2m,
pH 7), under chopped AM 1.5 illumination.

Figure 2. Microstructures of the Cu2O/ZnS/TiO2 photocathode and
OCP measurements. a) Scanning electron micrograph showing a con-
formal overlayer of TiO2 on Cu2O. b) Scanning transmission electron
micrographs with selected filters revealing the elemental composition
of the different layers across the top image. From top to bottom:
overall view, Cu distribution, Zn distribution, S distribution, Ti distribu-
tion, and W distribution. W was deposited as a protection layer by
focused ion beam milling. c) Compared with bare Cu2O, Cu2O/ZnS
shows a more positive open circuit potential under illumination,
indicating a positive shift of its Vfb value, as shown in Figure 1a.
d) The true Vfb values of both bare Cu2O (blue) and Cu2O/Zn (orange)
are probed by increasing the illumination intensity.
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HER catalyst, Pt nanoparticles. Afterwards, we will show that
similar results can be obtained with more earth-abundant
catalysts, such as NiMo and CoMo alloys.

Our first task was to confirm that the application of ZnS
indeed increases the degree of band bending within Cu2O.
Steady-state current–voltage measurements are the most
popular technique to evaluate the performance of photo-
electrodes. As shown in Figure 1c, the difference between
Cu2O with and without ZnS decoration was obvious. If we
define the turn-on voltage as the potential where we first
observed photocurrent under chopped light, a Von of 0.6 V
was obtained for the Cu2O photoelectrode. When ZnS was
present, a Von of 0.72 V was measured. Nevertheless, the
steady-state current measurements are not suitable for
quantitative analysis because the change in Von may be
influenced either by thermodynamic (increase in band bend-
ing) or kinetic (reduction in kinetic overpotentials) factors or
both.[33, 34] To obtain information specific to band bending, we
previously developed an open-circuit potential (OCP) mea-
surement technique that permits us to probe the resting
potentials at zero net exchange current densities, where
kinetic factors do not play a role.[10, 34] As shown in Figure 2c,
in the absence of illumination, the resting potential should be
equal to that of the HER, namely 0 V (vs. RHE, reversible
hydrogen electrode). We caution that it is critical to establish
a reversible HER at or near standard conditions to measure
0 V (vs. RHE). It means that the solution should be saturated
with H2 gas, and the presence of a HER catalyst is necessary.
Otherwise, erroneous OCP values are obtained in the dark
(see the Supporting Information). Once the conditions out-
lined above were met, the results presented in Figure 2c were
highly reproducible. Under illumination, photoexcited elec-
trons populate the conduction band on or near the surface,
splitting the quasi-Fermi levels of electrons and holes, which
leads to the flattening of the band. The measured OCP tracks
the Fermi level of the majority carriers (holes in the case of p-
type Cu2O). The Fermi level of the holes is expected to move
in the positive direction under illumination, and the OCP
difference in the dark and under illumination describes the
photovoltage generated by the semiconductor/water inter-
face. Indeed, Cu2O without ZnS gave a photovoltage of 0.58�
0.04 V, which is consistent with literature reports. The
presence of ZnS modifies the Cu2O/H2O interface and
increases the degree of band bending. A greater photovoltage
(0.73� 0.03 V) was correspondingly measured (Figure 2c). It
should be noted that Al-doped ZnO (AZO) has previously
been used to form p–n+ junctions on Cu2O. Whereas the
charge collection could be improved, no obvious effect on the
photovoltage was reported.[18] The degenerate doping and the
positions of the Fermi level relative to the band edges in the
case of AZO may be reasons for the apparent differences.

The degree of quasi-Fermi level splitting and hence the
measured photovoltage are expected to depend on the light
intensity.[35] Under relatively weak illumination, the band is
partially flattened; the degree of band flattening follows the
light intensity with an exponential relationship and reaches
saturation under strong illumination owing to saturation of
the states available for minority carrier densities. We could
indeed observe this trend (Figure 2d). The results offer us

confidence that the OCP measurement as discussed above is
a reliable technique to probe the degree of band bending
without the influence of kinetic factors. Furthermore, it is
noteworthy that the OCP results are not sensitive to the
pH value (see the Supporting Information), further high-
lighting the validity of the technique.

As the surfaces of both photoelectrodes (with and without
ZnS decoration) are decorated with the same HER catalysts
(Pt nanoparticles), the charge transfer kinetics across the
photoelectrode/water interface may be regarded as compa-
rable. Under such limiting conditions, we may quantify the Von

values by steady-state measurements more precisely follow-
ing the Butler method.[36] To do so, monochromic illumination
is required so that the light absorption coefficient of the
photoelectrode is defined more accurately. A Von value of
0.59 V was measured for Cu2O; with ZnS, the value increased
to 0.71 V (Figure 3a), which corresponds to an anodic shift of
0.12 V.

Collectively, the OCP measurements, the steady-state
characterization under white light, and the Butler quantifica-
tion under monochromic light support the hypothesis that the
application of ZnS increases the degree of band bending
within Cu2O from 0.59 V to 0.71 V. Whereas the absolute
increase (0.12 V) may seem modest, it is the first time that
a photovoltage of greater than 0.6 V, the theoretical value
based on the difference between the Fermi level of Cu2O and
the HER, has been measured and reported. This result
highlights that there is indeed much to gain from Cu2O,
opening up possibilities of integrating this material with
narrow-bandgap anodes stabilized by metal oxide protective
layers. Lastly, we want to emphasize that the steady-state
measurements (Figure 1c and 3a) indeed correspond to the
HER. By detecting the reaction product, H2, and by compar-
ing the amount formed with the number of charges passed
through, we obtained a Faradaic efficiency close to 100%
(Figure 3b).

Before the system shown in Figure 1 can be used for
practical applications, there are still two issues that deserve
further discussion. The first issue concerns the ALD-grown
TiO2 layer. Despite its thickness, the presence of this layer

Figure 3. Characterization of Cu2O/ZnS performance. a) Butler plot
demonstrating the more positive Vfb value for Cu2O/ZnS. b) Amount of
hydrogen evolved by Cu2O based photocathodes as detected by mass
spectrometry, matching the number of charges measured. The theoret-
ical line was calculated according to Faraday’s law of electrolysis:
NH2
¼ 1

2 NCharge.
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does not seem to alter the nature of the Cu2O/H2O interface
in any significant fashion. Similar results have been inde-
pendently obtained by Gr�tzel et al.[19] on ALD-grown TiO2

and by Chorkendorff et al.[32] on thermally grown TiO2. It has
been suggested that this may be due to the the coincidental
alignment of the TiO2 Fermi level with the HER. The
understanding of the true electronic nature of the TiO2

protection layer, however, requires additional research. It
should be noted that the TiO2 layer employed in our studies
does not feature any intentional doping. Films that are thinner
than 20 nm failed to provide adequate protection, and those
thicker than 200 nm resulted in dramatically reduced photo-
current densities. Films of 100 nm offered the best perfor-
mance in terms of stability and photocurrent densities (see the
Supporting Information, Figure S9).

The second issue concerns the usage of Pt. There is
a rapidly growing interest in replacing Pt with earth-abundant
HER catalysts. New classes of compounds that are based on
chalcogenides or phosphides have proven effective,[37] some
of which have been employed in combination with Cu2O for
the photoelectrode reduction of H2O.[20, 38] As a proof of
concept, we would like to demonstrate that the strategy
presented herein is compatible with earth-abundant HER
catalysts. For this purpose, we studied two Mo-based alloy
systems, NiMo and CoMo nanoparticles, which have been
shown to enable HER in neutral and basic solutions, with
Ni8.6Mo and Co37Mo featuring h values of 200 mV and
170 mV, respectively, at J = 100 mAcm�2.[25] Interestingly, we
found that whereas CoMo exhibited a better HER activity
than that measured by Piron,[25] NiMo enabled greater
photovoltages, as indicated by the more positive Von value
(Figure 4; see also the Supporting Information, Figure S10).

We believe that the CoMo material produced in our studies is
catalytically more active whereas the NiMo afforded a higher-
quality interface with TiO2. Inspired by the approach of Choi
et al. to decorate BiVO4 surfaces with FeOOH and
NiOOH,[39] we applied dual-layer catalysts with NiMo as the
underlayer and CoMo as the outer layer. In the absence of
ZnS, a Von of 0.61 V was measured, the corresponding J at
HER was 0.47 mAcm�2. When ZnS was present, the Von

increased to 0.73 V, and the J at HER also increased to

0.71 mAcm�2. Clearly, optimization is still needed to obtain
a performance comparable to that of Pt. Higher current
densities have been achieved when nanoscale features are
introduced to the Cu2O substrate.[18, 20] Nonetheless, to the
best of our knowledge, the turn-on values are the highest that
have been reported in the literature to date.

In conclusion, we have shown that a simple ZnS modifi-
cation strategy can readily increase the photovoltage gener-
ated by Cu2O in H2O. This work addresses an important issue
in photoelectrochemical water splitting. Whereas a dual-
absorber system has widely been recognized as a promising
configuration, the achievement of large photovoltages from
wide-bandgap top layers constitutes a significant challenge.
Often the achievable photovoltage is limited by the difference
between the flatband potential and the electrochemical
potential of the solution, compounded by partial or complete
band edge unpinning effects. Our results suggest that
modifying the semiconductor/H2O interface is a strategy
that can be used to enable the construction of photoelectrode
materials with desired properties. Although more investiga-
tions are still required to improve photovoltage and photo-
current with promising materials such as Cu2O, new doors
have been opened to enable the development of practical
solar water splitting devices that are based on earth-abundant,
stable metal oxide semiconductors.
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