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We investigated the effects of stoichiometry on photovoltages and photocurrents in CuBi2O4 thin-film photocathodes grown by
pulsed laser deposition under different oxygen partial pressures to manipulate their stoichiometry. While the X-ray diffraction
patterns show crystalline phases in the CuBi2O4 thin films, it is found that the Cu/Bi ratio of the CuBi2O4 thin films varied
from ~0.3 to ~0.5 which are analyzed by X-ray photoelectron spectroscopy and energy-dispersive X-ray spectroscopy. The
slightly off-stoichiometric CuBi2O4 thin-film photocathode with a Cu/Bi ratio of ~0.44 shows the highest photocurrent density
in the CuBi2O4 thin films. More interestingly, the off-stoichiometric CuBi2O4 thin-film photocathode with a Cu/Bi ratio of
~0.44 exhibited a stable open-circuit voltage difference of ~0.2 VRHE without severe degradation over time. On the other hand,
the photovoltage of the stoichiometric CuBi2O4 thin-film photocathode with a Cu/Bi ratio of ~0.5 gradually decreased as a
function of time. Our results suggest that stoichiometry manipulation can be one of the promising strategies to achieve long-
term stable Cu-based oxide photocathodes with the maintenance of a stable photovoltage.

1. Introduction

Chemical stoichiometry is key to determining physical prop-
erties of materials and functionality of various electronic and
energy devices [1–4]. Tuning the stoichiometry of oxide
thin-film photoelectrodes used in photoelectrochemical
(PEC) water splitting changes not only their charge-
transport properties by employing phase transitions but also
their cation oxidation states, which affect the oxidation or
reduction of water on a photoelectrode surface [5–8]. Fur-
thermore, the impact of surface stoichiometry has been
increasing with the development of complex metal oxide
photoelectrodes toward high photocurrent density and
long-term stability [9–11]. For example, the surface cation
ratio of BiVO4 thin-film photoanodes has been investigated

systematically to understand fundamental photocurrent
generation in terms of the oxygen evolution reaction [9].
Interest into the development of stable photoelectrodes has
been increasing gradually; however, the effect of stoichiome-
try on oxide photocathodes has been investigated to a rela-
tively less extent due to scarce photocathode candidates
caused by their poor stability, such as photocorrosion under
aqueous environments in well-known p-type semiconduc-
tor oxides including Cu-based binary oxides [12, 13].
Although Cu-based oxide photocathodes can be catalyti-
cally stabilized depending on their stoichiometry, to our
best knowledge, the fundamental relationship between the
stoichiometry and photoelectrochemical properties of Cu-
based oxide photocathodes has been rarely investigated.
Thus, it is imperative to examine the relationship between
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stoichiometry and PEC properties to develop robust oxide
semiconductor photocathodes.

Cu-based oxide photocathodes are well known to exhibit
advantages of earth-abundant Cu and narrow band gaps of
~2 eV, which enable the efficient absorption of light energy
[14]. Among the interesting Cu-based oxide photocathode
candidates, ternary oxide CuBi2O4 (CBO) demonstrates
promise due to its narrow band gap of ~1.8 eV and consid-
erable photovoltage originating from a high onset potential
of greater than 1 VRHE [15, 16]. Recently, CBO photocath-
odes were reported to exhibit an excellent PEC performance
with a high photocurrent density of approximately -3.5mA/
cm2 at a potential of 0.4 VRHE and long-term stability of
greater than 8h at a potential of 0.4 VRHE [17, 18]. CBO is
expected to be used as an oxide photocathode for efficient
green hydrogen production as well as reduction of CO2 to
valuable chemicals [19, 20]; however, owing to its poor sur-
face catalytic behavior, it is not durable as a photocathode
for use in practical PEC water splitting. These limitations
motivated us to shift our investigation from performance
improvement to the fundamental investigation of CBO pho-
tocathodes. For example, the fundamental studies require a
well-defined thin-film structure and pure crystalline phases
such as single-crystalline and polycrystalline states of the
CBO thin-film photocathodes [18, 21]. And the Cu/Bi stoi-
chiometry ratio could be also controlled by pulsed laser
deposition (PLD) and rapid thermal processing for the syn-
thesis of the pure CBO phase [22, 23]. In addition, Oropeza
et al. reported that surface states of the substoichiometric
CuBi2O4-x layer affect surface band bending, which improves
charge-carrier transport properties [24]. These results reveal
that stoichiometry manipulation affects PEC properties of
the CBO photocathodes. Accordingly, it is imperative to
understand the relationship between stoichiometry and
PEC properties to overcome catalytic degradation such as
photocorrosion, originating from the sluggish surface-
exchange kinetics in CBO photocathodes [25].

Measurement of open-circuit potential (OCP), involving
the measurement of photovoltage under chopping light illu-
mination, is one of the easiest technical methods to practi-
cally investigate light-induced electrochemical reactions
involving the generation of photogenerated charge carriers
and their recombination in PEC cells [26]. From OCP mea-
surement, the flat band potential of the semiconductor
photoelectrode can be estimated via the measurement of
the band bending formed at the photoelectrode surface with
the electrolyte [27]. To examine the photostability and sur-
face states of various photoelectrodes as well as enhance
open-circuit voltage (Voc), OCP measurements were con-
ducted to understand thermodynamic stability, including
photocorrosion reactions [28]. In particular, OCP differ-
ences under various bubbling gases and morphologies were
measured to identify the surface states for achieving durable
CBO photocathodes [29]. However, some undesirable geo-
metric factors such as uneven morphology and exposed bot-
tom electrode hinder reliable comparison in terms of the
fundamental investigation of CBO photocathodes. Hence, a
well-defined geometric structure is mandatory to overcome
the photocorrosion of CBO photocathodes. Moreover, the

relationship between stoichiometry and OCP changes as a
function of time on the CBO photocathode has not been
investigated systematically.

In this study, we fabricated polycrystalline CBO thin
films grown by PLD under controlled oxygen partial pres-
sures to investigate the effects of stoichiometry on photocur-
rent/photovoltage of CBO thin films. Notably, PLD is well
known to grow well-defined geometric thin films under sys-
tematic changes in various growth parameters (e.g., temper-
ature [30], oxygen partial pressure [31], and laser energy
[32]). In particular, the control of the oxygen partial pressure
in PLD induces a systematic change in the cation/oxygen
stoichiometry of complex oxide thin films [33]. Energy-
dispersive X-ray spectroscopy (EDX) and X-ray photoelec-
tron spectroscopy (XPS) confirm that the cation ratio (Cu/
Bi) of CBO thin films is clearly dependent on the oxygen
partial pressure (60, 200, and 600mTorr). With the increase
in the oxygen partial pressure, the cation ratio of Cu/Bi is
similar to that of stoichiometric CBO. Notably, a high pho-
tocurrent density and stable photovoltage generation are
achieved in a slightly off-stoichiometric CBO thin film, while
an identical optical band gap of ~1.94 eV is observed for
CBO thin films. The photocurrent density trend of the
CBO thin-film photocathode will be discussed in conjunc-
tion with their chopped OCP measurements and stoichiom-
etry change.

2. Experimental Section

2.1. Fabrication of a CuBi2O4 Ceramic Target. High-purity
oxide precursors of pure Bi2O3 (Kojundo Chemical Lab
Co., Ltd., Japan; purity: 99.99%, 5–10μm) and CuO
(Kojundo Chemical Lab Co., Japan; purity: 99.9%, 1μm)
were used as raw materials. Bi2O3 and CuO powder were
mixed in a molar ratio of 1 : 1 by wet milling for 100min
in a stainless-steel jar using a planetary ball mill (Fritsch,
Pulverisette 5 Planetary Mill) at 350 rpm. ZrO2 ceramic balls
(diameter: 5mm) and ethyl alcohol were used as the milling
medium and solvent, respectively. After mixing, the powders
were dried at 120°C for 24 h in an oven, and the dried pow-
ders were subsequently calcined at 600°C for 20 h in a box
furnace to synthesize the CBO phase.

Next, the calcined CBO powders were crushed in an
agate mortar with a pestle. The crushed powders were uni-
axially pressed into a cylindrical target under ~7MPa. After
the green target was sintered at 720°C for 24h, the sintered
CBO target with a diameter of ~20mm and a thickness of
~5mm was obtained. The relative mass density of this target
was confirmed to be ~94% by the Archimedes method using
deionized water.

2.2. Preparation of CuBi2O4 Thin-Film Photocathodes. Poly-
crystalline CBO thin films were grown on the fluorine-doped
tin-oxide glass substrate (FTO glass, Pilkington, TEC 15) by
PLD equipped with a KrF (248 nm) excimer laser (Coherent
COMPexPro 205F, λ = 248 nm). To deposit CBO thin films
with a controlled cation ratio, oxygen partial pressures were
controlled at 60, 200, and 600mTorr (Figure 1(a)). The base
pressure, laser energy density, and repetition rate were
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3:0 × 10−6 Torr, 2.0 J/cm2, and 10Hz, respectively. The
CBO thin-film thickness was 800nm. Hereafter, CBO thin
films grown at 60, 200, and 600mTorr will be referred to
as CBO–60, CBO–200, and CBO–600, respectively.

2.3. Photoelectrochemical Measurements. PEC measurements
were conducted under an illumination source (AM 1.5G,
100mW/cm2) using a 150-W xenon lamp (Model 10500,
ABET Technology) with a three-electrode system, including
the photocathodes (CBO-60, CBO-200, and CBO-600) as
the working electrode, graphite as the counter electrode,
and [Ag/AgCl (saturated KCl)] as the reference electrode.
The potential versus a reversible hydrogen electrode (VRHE)
was calculated using the following equation:

VRHE = V0 Ag/AgCl ðsaturatedKClÞ + VAg/ AgCl +
0:059 × pH, where V0 Ag/AgCl ðsaturated KClÞ = 0:197V at
25°C. The electrolyte of the potassium phosphate buffer
solution (0.1M, pH8.55) was prepared by mixing 0.1M
potassium phosphate monobasic (Sigma Aldrich, ≥98.0%)
and 0.1M potassium phosphate dibasic (Sigma Aldrich,

≥98.0%). PEC measurements were performed using two
electrolytes: potassium phosphate buffer solution (pH
~8.55) with and without H2O2 as the hole scavenger (pH
~8.55). We carried out PEC measurements to estimate
photovoltages of CuBi2O4 thin films using chronopotentio-
metry measurement mode. Note that the open-circuit volt-
age is obtained by potential difference when photoelectrode
is exposed to light illumination from dark mode. Dark/light
chopping is automatically controlled per 10 s through Thor-
labs APT User software in this work (Thorlabs MFF101/M).

3. Results and Discussion

Figure 1(b) shows powder X-ray diffraction (XRD) patterns
of polycrystalline CBO thin films grown on FTO glass sub-
strates as a function of oxygen partial pressures (600 (top),
200 (middle), and 60 (bottom) mTorr). Even though the
oxygen partial pressure was varied from 60 to 600mTorr
for as-grown CBO thin films, the main Bragg reflections cor-
responding to CBO are observed, including strong (211)
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Figure 1: (a) Schematic of the CuBi2O4 crystal structure and its thin films grown by pulsed laser deposition under controlled oxygen partial
pressures. (b) X-ray diffraction patterns of the films grown on FTO substrate and PLD target. (c) Enlarged Braggs peak (310) region.
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diffraction peaks at 2θ ~ 28 ° . In addition, the CBO peaks
are well indexed to those of the bulk CBO ceramic target.
Notably, the thickness of the CBO thin films is maintained
at 800nm to remove effects of thickness on the structural
and PEC properties between the CBO thin films
(Figures 2(d)–2(f)). Meanwhile, in our previous studies,
poly- and single-crystalline CBO thin films are grown by
PLD under an oxygen partial pressure of 300mTorr [18,
21]. Considering the low oxygen background-gas pressure
environments of the CBO thin film under 60mTorr com-

pared to our previous growth condition of CBO thin films,
the cation stoichiometry of the CBO thin film grown at a
pressure of 60mTorr is expected to be distinct to those of
CBO thin films grown under oxygen partial pressures of
200 and 600mTorr. While the substrate peak positions
between samples are overlapped, the (310) peak of CBO-60
is shifted to as low as 2θ ~ 0:1 ° compared with those of
CBO-200 and CBO-600, as shown in Figure 1(c), corre-
sponding to a d-spacing difference of ~0.1Å in the CBO lat-
tice structure. This result indicates that the control of oxygen
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Figure 2: Topographic surface and cross-sectional SEM images of CuBi2O4 thin films under controlled oxygen partial pressures of (a, d)
600, (b, e) 200, and (c, f) 60mTorr. (g) Raman spectra and (h) estimated cation ratio of the CuBi2O4 thin films (thickness ~800 nm)
depending on their oxygen partial pressures. Note that the dashed line indicates the cation ratio (Cu/Bi = 1/2) of the stoichiometric CuBi2O4.
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partial pressure can induce lattice parameter modification,
originating from changes in the cation/oxygen stoichiometry
of the CBO thin films. Notably, the incorporation of oxygen
vacancies could induce the expansion of the lattice structure
in oxide compounds [34].

To understand the dependence of microstructures on the
oxygen partial pressure, topographic surface measurements
of CBO-60, CBO-200, and CBO-600 by scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
were conducted (Figures 2(a)–2(c)) (for AFM images, check
supplementary Figure S1). The surface morphologies of
CBO-60, CBO-200, and CBO-600 revealed smooth, dense,
and crystalline grains, which are features of CBO thin films
grown by PLD [21]. Meanwhile, the surface roughness
(root mean square roughness (Rq) ~8.6 nm) of CBO-60
with circular grains is slightly less than those of CBO-600
(Rq ~15.3 nm) and CBO-200 (Rq ~12.5 nm).

To determine the discrepancy in changes in the lattice
expansion and surface morphologies of CBO-60, CBO-200,
and CBO-600, Raman spectra of CBO thin films (CBO-60,
CBO-200, and CBO-600) were measured as shown in
Figure 2(d)]. The Raman spectra of CBO-200 and CBO-
600 are well matched with those of previously reported pure
CBO phases [35], whereas the Raman spectrum of CBO-60
exhibits peaks corresponding to those of CuO and Bi2O3,
indicating that CBO-60 is formed by CBO composites with
secondary phases such as CuO and Bi2O3. These results sug-
gest that a low oxygen partial pressure leads to the formation
of secondary phases beyond the nonstoichiometry of the
CBO thin films. That is, the oxygen deficiency induces cation
modulation via decomposition in the CBO thin films. Fur-
thermore, the control of the cation ratio of Cu/Bi modifies
the morphologies and phase formation [36]. Thus, the opti-
mum oxygen partial pressure of 200–600mTorr is selected
for the synthesis of pure CBO thin films without the forma-
tion of secondary phases based on Raman spectra and sur-
face morphology analyses. In addition, EDX and XPS
compositional analyses of CBO thin films were conducted
to estimate the cation ratio between copper (Cu) and bis-
muth (Bi) in the CBO thin films (Figure 2(e)) (for EDX
and XPS survey scans, check supplementary Figure S2).
Notably, the vertical axis of the Cu/Bi ratio corresponds to
the atomic percentage ratio of the measured cations; hence,
a Cu/Bi ratio of ~0.5 indicates stoichiometric CBO. If the
horizontal axis of the Cu/Bi ratio is less than 0.5 (dotted
horizontal black line in Figure 2(e)), the Cu-deficient CBO,
Bi-rich CBO, and Bi2O3 secondary phases would be
formed in the CBO thin films. With the increase in the
oxygen partial pressure from 60 to 600mTorr, the Cu/Bi
ratio is closer to 0.5, as confirmed by EDS and XPS
analyses. In particular, the Cu/Bi ratio (0.39 (EDS) and
0.30 (XPS)) of CBO-60 is more deviated from 0.5 than
those of CBO-200 and CBO-600. Considering that Raman
spectra reveal secondary phases such as Bi2O3 in CBO-60,
a low Cu/Bi ratio of less than 0.4 would promote the
decomposition of CBO, with secondary phases such as
CuO and Bi2O3 in CBO-60. By contrast, Cu/Bi ratios of
0.4–0.5 are observed in CBO thin films, exhibiting pure
CBO phases with no formation of secondary phases, under
oxygen partial pressures of 200 and 600mTorr.

To investigate the dependence of the optical difference of
CBO thin films on the oxygen partial pressure, optical absor-
bances of CBO-60, CBO-200, and CBO-600 were measured
using an ultraviolet-visible spectrometer, as shown in the
inset of Figure 3(a). The absorbances of CBO-60, CBO-
200, and CBO-600 reveal comparable spectra across wave-
length ranges as CBO thin films are formed by dominant
CBO phases. Meanwhile, the absorbance of CBO-60 is
slightly less than those of CBO-200 and CBO-600 in the
wavelength range of 400–1000 nm. This result might be
related to the formation of CBO-Bi2O3 composites in
CBO-60. Next, Tauc plots of ðahvÞ1/r also were recorded
to estimate optical band gaps of CBO-60, CBO-200, and
CBO-600. Their band gaps were estimated to be ~1.94 eV,
which is similar to previously reported values [16, 18]. This
result indicates that the CBO phases in the CBO thin films
are dominant regardless of the CBO-Bi2O3 compositions of
CBO-60, CBO-200, and CBO-600.

The photocurrent densities of CBO thin-film photocath-
odes (CBO-60, CBO-200, and CBO-600) were investigated
under dark and light illumination, as shown in Figure 3(b).
Interestingly, CBO-200 exhibits the highest photocurrent
density (-0.33mAcm-2) at a potential of 0.4 VRHE. Mean-
while, the photocurrent densities of CBO-600 and CBO-60
are -0.13 and -0.15mAcm-2, respectively. Considering that
CBO-60 is a CBO composite with Bi2O3, it is expected to
exhibit a poor photocurrent density as the light absorbance
of Bi2O3 is low owing to its wide band gap of ~3 eV [37,
38]. The other notable finding is that the performance of
CBO-600 is less than that of CBO-200 in the applied poten-
tial range from 0.4 to 1.2 VRHE although the compositional
ratio of Cu and Bi approaches 0.5 in CBO-600. Furthermore,
at a potential of less 0.4 VRHE, the dark current density of
CBO-600 increases sharply in comparison to those of
CBO-60 and CBO-200, as shown in the inset of
Figure 3(b). To further compare the dependence of the pho-
tocurrent stability of CBO-200 and CBO-600 on the oxygen
partial pressure, chopped chronoamperometry measure-
ments of CBO-200 and CBO-600 also were performed
(Figure 3(c)). The photocurrent density of CBO-200 is
greater than that of CBO-600 over time. In particular, the
relaxation time at which photocurrent relaxation occurs dur-
ing the initial ~3min after switching light illumination was
compared to evaluate the photostability of CBO photocath-
odes. Notably, the relaxation time was defined as 40% of
the maximum photocurrent density with spike. The relaxa-
tion time of CBO-200 (at ~2.2min) is considerably faster
than that (>3min) of CBO-600. This result indicates that
the overpotential is reduced for driving the hydrogen evolu-
tion reaction on a semiconductor photoelectrode and the
electrolyte interface in CBO-200, as shown in the inset of
Figure 3(c).

To determine discrepancies in the photocurrent relaxa-
tion behaviors of CBO-60 and CBO-600, chronopotentio-
metry was conducted while maintaining zero current for
OCV measurements of the 0.1M KPi solution electrolyte
with and without H2O2 as the scavenger under dark illumi-
nation, as shown in Figures 4(a)–4(f). Notably, OCV mea-
surements reveal a potential difference in terms of the
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electrochemical surface reaction at the photoelectrodes, such
as charge transfer and surface charge traps [26].
Figures 4(a)–4(c) show the light-chopped OCV results for
the electrolyte without H2O2 as the scavenger for CBO-60,
CBO-200, and CBO-600, respectively. The chopped OCV
curves of Cu/Bi ratio-controlled CBO thin-film photoelec-
trodes (CBO-60, CBO-200, and CBO-600) were relaxed dur-
ing light on and off. At 10 s, the OCV is ~0.2 VRHE when the
light turned on for all samples, which is defined as the
photovoltage. Note that the our OCV of ~0.2 VRHE is com-
parable to that of recent CBO photocathodes [15, 16, 24]
(check supplementary Table S1). In particular, CBO-600
exhibits sluggish relaxation compared to the sharp
relaxation of CBO-60 and CBO-200 between 10 and 20 s.
The OCV potential differences (0.147 VRHE (t1 − t0), 0.184

VRHE (t2 − t0), and 0.198 VRHE (t3 − t0)) of CBO-600
gradually increase, indicating that the photogenerated
carriers in CBO-600 remain at the bulk/surface regions.
Considering that OCV potential differences increase over
time in CBO-600, the photogenerated carriers are assumed
to be trapped at the photoelectrode surface of CBO-600.
By contrast, those of CBO-60 and CBO-200 exhibit
relatively stable photovoltage relaxation behaviors even
with repeated light chopping. Furthermore, the surface-
trapped photogenerated charges were confirmed from
light-chopped OCV measurements using the electrolyte
with H2O2 for all CBO thin films. As expected, a
significant difference in the OCV potentials of all samples
over time is not observed, as shown in Figures 4(d)–4(f).
This result indicates that the photogenerated carriers suffer
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Figure 3: (a) Tauc plots obtained from UV-Vis absorbance spectra (inset) and (b) linear sweep voltammetry scans of CuBi2O4 (thickness
~800 nm) thin-film photocathodes. Inset: Enlarged dark current regions from 0.3 to 0.5 VRHE. Dashed lines and solid lines represent dark-
current density and photocurrent density, respectively. (c) Chopped chronoamperometry measurements of CuBi2O4 thin-film
photocathodes at a potential of 0.3 VRHE. These measurements were performed in a 0.1M KPi buffered solution as the electrolyte
without H2O2 scavengers.
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from sluggish surface kinetics between the electrolyte without
H2O2 and all CBO thin films. In particular, for CBO-600, the
largest OCV difference (0.147–0.198 VRHE) without the
scavenger indicates poor surface-exchange behaviors, leading
to increased dark current and poor stability caused by self-
reduction or recombination in CBO thin films. In addition,
the occupancy of Cu oxidation states at a Cu 2p3/2 binding
energy of ~934.1 eV in as-grown CBO-60, CBO-200, and
CBO-600 was analyzed (check supplementary Figure S3).
The higher the increase in the oxygen partial pressure in
PLD, the smaller Cu2+ ratio corresponds to ~84%, 66%, and
56% occupancy sites of the surface Cu species for CBO-60,
CBO-200, and CBO-600, respectively.

In conjunction with Cu/Bi ratio analyses in Figure 2(h),
this result suggests that the slightly Cu-deficient CBO thin
films might be beneficial for enhancing the Cu2+ concentra-
tion, corresponding to an ideal charge valence of Cu2+ in the
pure CBO phase. In this regard, the preservation of the Cu2+

concentration is important to achieve the long-term stability
in the CBO thin-film photocathodes. In fact, it was reported
that the Cu reduced species (Cu1+ or Cu0) occur upon stabil-
ity measurements in the single-crystal CBO thin films [21].
The OCV could be increased due to downward band bend-
ing by reduced surface state of Cu in the CBO photocathodes
[24]. These results imply that the photocorrosion might
accompany the reduction of Cu2+ and photovoltage increase
over time. And Cu deficiency probably shifts Fermi level

toward nontrapping of photoelectrons in the Cu 3d of the
CBO thin film. Although the CuO secondary phases were
not observed in our CBO thin films, it would enhance the
photovoltage via type-ІІ heterojunction between CuO/CBO
even if Cu2+ is obtained via CuO segregation in the CBO
thin film [39]. Notably, Cu+ and Cu originate from the
reduced species, including Cu2O secondary phases [24].

4. Conclusion

In summary, CBO thin films (thickness of 800 nm) were fab-
ricated by PLD under the control of oxygen partial pressures
(60, 200, and 600mTorr). Their structural, compositional,
optical, and photoelectrochemical properties were analyzed
systematically in this work. Oxygen partial pressure-
controlled CBO thin films showed the Cu/Bi ratios of 0.3,
0.44, and 0.49 (analyzed by XPS measurements) for CBO-
60, CBO-200, and CBO-600, respectively. Additionally,
CBO-60 exhibited an off-stoichiometric CBO phase and a
secondary phase such as Bi2O3 (analyzed by Raman spec-
troscopy), while CBO-200 and CBO-600 exhibited pure
CBO phases only. In particular, the slightly off-
stoichiometric CBO-200 exhibited the highest photocurrent
density (-0.33mA/cm2 at a potential of 0.4 VRHE) and rela-
tively stable photocurrent density as a function of time in
the CBO thin films. It was found that the photovoltage dif-
ference of CBO-600 gradually increased from 0.147 to
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Figure 4: Chopped open-circuit potential measurements for CuBi2O4 thin-film photocathodes in the electrolytes of 0.1M KPi buffered
solution (pH ~8.55) with and without H2O2 as the electron scavenger. Notably, the time (t0, t1, t2, and t3) indicates measured potentials
under dark-illumination conditions after 10 s to achieve surface equilibrium.
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0.198 VRHE over time under the repeated switching of light.
By contrast, CBO-200 exhibited relatively stable photovol-
tages with small OCV differences around 0.20 VRHE over
time. Our OCV potential analyses suggest that the slightly
Cu-deficient CBO phases could exhibit stable photovoltage
generation via fast surface kinetics between the electrolyte
and the surface of CBO thin-film photocathodes. Our stud-
ies would be beneficial to optimize the growth of CBO thin
films for the subsequent enhancement of their photocurrent
density and the photoelectrochemical properties of CBO
photocathodes via the control of the modest cation off-
stoichiometry between Cu and Bi in CBO thin films.
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