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Abstract−We report photoelectrochemical hydrogen evolution reaction using a Cu2O-based photocathode with a
layer doped with Zn ions. The doping results in the shift of the onset flat-band potential of the photocathode, likely a
consequence of maximized band-bending in the Cu2O/Zn : Cu2O heterojunction. Systematic electrochemical analysis
reveals that expansion of depletion region is responsible for the enhanced photoelectrochemical performance, e.g., the
increase of photocurrent and reduced internal resistance.
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INTRODUCTION

Photoelectrochemical (PEC) conversion of water into hydrogen
and oxygen molecules has received a tremendous amount of atten-
tion, deservingly so as the process utilizes abundant solar irradia-
tion and the hydrogen molecules produced from the reaction can
be used in a wide variety of petrochemical processes [1-4]. The
awareness on hydrogen economy is ever-increasing by virtue of
increasing volume of production for hydrocarbons, and consequently
expanding demand on key reactant, hydrogen. Water splitting using
a PEC reaction has also gained a great deal of interest, because of
the pressing need to diversify the sources of hydrogen production,
particularly the processes involving less CO2-production concern.
This interest leaves considerable research efforts in the develop-
ment of photocathodes.

Among p-type semiconductors, cuprous oxide (Cu2O) has been
intensively studied, due to its low toxicity, high abundance and low
processing cost [5-9]. However, the theoretical maximum photo-
voltage of Cu2O in PEC water splitting is estimated to be ca. 0.6 V
considering the difference between the Fermi level of p-type Cu2O
(−5.19 V) [10,11] and the hydrogen evolution potential (−4.50 eV
at pH 0) [12]. The small photovoltage is bound to cause low solar-
to-hydrogen (STH) conversion efficiency in the absence of external
bias [13]. One solution to address this issue is to deposit a thin n-
type buffer layer so as to make the valence and conduction bands

sufficiently more negative than those of Cu2O and form p-n junc-
tion to maximize the band bending within Cu2O and achieve high
STH efficiency. Bosco et al. introduced a thin ZnS layer on Cu2O.
ZnS has a valence band maximum of −7.58 eV and a conduction
band minimum of −3.90 eV [14]. Dai et al. deposited ZnS layer
(~5 nm) on Cu2O by thermal evaporation deposition. With the ZnS
buffer layer, the photovoltage of photocathode increased to 0.71 V
from 0.59 V [15]. Li et al. deposited Ga2O3 layer on Cu2O nanow-
ires via atomic layer deposition (ALD), and onset voltage shifted
markedly to 1.02V vs. RHE and the photocathode with Ga2O3 pro-
duced a photocurrent of −2.95 mA cm−2 at 0 V vs. RHE with a con-
version efficiency of 0.78% at 0.45 V vs. RHE [13,16]. But ZnS or
Ga2O3 crystals, as efficient as they are in terms of band bending, are
expected to cause lattice strain at their interface with Cu2O [17,18].
This explains why the previous reports on these heterostructures
have been limited to thin layer of these n-type crystals, while in-
creasing the length of depletion region would be necessary to maxi-
mize the band-bending. A key strategy to minimize the lattice strain
is to use Cu2O crystal with impurity atoms doped within.

There have been reports on Cu2O doped with various group IV
elements such as Co [19], In [20], Al [19], Mn [21], and Zn [19,22-
26]. Notably, Zn-doped Cu2O (Zn : Cu2O) demonstrates improved
performance in photovoltaics [26], photocatalytic and PEC hydro-
gen generation [22,25]. Zhang et al. synthesized Zn-doped Cu2O
microcubes and reported remarkable enhancement of photocata-
lytic activity of Cu2O. Cu2O with 0.1 wt% of Zn dopant showed an
apparent quantum yield of 38.95% [25]. Hu et al., who further ap-
plied Zn : Cu2O to PEC system, developed a facile Zn-doping elec-
trodeposition approach to improve the photostability of Cu2O pho-
tocathodes in PEC water splitting [22]. In addition, Zhu et al. in-
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troduced Zn : Cu2O layer to photovoltaics, in which higher Fermi
level positioning and improved conductivity in the Zn : Cu2O films
enabled substantially improved performance in an electrodepos-
ited Cu2O homojunction photovoltaic device [26].

Herein, we introduce thin Zn : Cu2O buffer layer on Cu2O pho-
tocathode for PEC water splitting to maximize band bending within
Cu2O resulting in enhancement of photovoltage and charge sepa-
ration. To elucidate the role of Zn : Cu2O buffer layer, various elec-
trochemical analyses are presented, particularly in the context of
depletion region.

EXPERIMENTAL SECTION

1. Materials
The following chemicals were purchased from Sigma-Aldrich

and used without additional treatment: copper(II) sulfate pentahy-
drate (CuSO4·5H2O, ≥99.99%), sodium hydroxide (NaOH, ≥97%),
sodium DL-lactate (60 wt% in H2O), sodium acetate (CH3COONa,
≥99.9%), sodium perchlorate (NaClO4, ≥98.0%), zinc nitrate hexa-
hydrate (Zn(NO3)2·6H2O, ≥98%), potassium bicarbonate (KHCO3,
99.7%), sodium sulfate (Na2SO4, ≥99.9%), potassium phosphate
monobasic (KH2PO4, ≥99.9%), ammonium tetrathiomlybdate
((NH4)2MoS4, ≥99.97%) and tetrakis(dimethylamido)titanium (IV)
(TDMAT, 99.999%). Ammonium hydroxide (NH4OH, 25-28%) was
purchased from Daejung. Multiwall carbon nanotube (MWCNT,
TMC 220-05) was purchased from Nano Solution.
2. Electrodeposition of Cu2O and Zn : Cu2O

Both Cu2O and Zn : Cu2O layers were electrodeposited by using
a conventional three-electrode cell with a platinum coil counter elec-
trode and a Ag/AgCl (3 M NaCl solution) reference electrode at
60 oC. The electrodeposition solution for Cu2O layer contained:
0.02 M copper (II) sulface pentahydrate, and 0.34 M sodium lac-
tate; the pH was adjusted to 11 using dilute NaOH. The FTO
working electrode potential was held at −0.4 V vs. Ag/AgCl. Elec-
trodeposition solutions for the Zn : Cu2O layers contained: 0.01 M
copper sulfate pentahydrate, 0.1 M sodium acetate, 0.03 M zinc
nitrate, and 0.004M sodium perchlorate. Zn :Cu2O film was depos-
ited using an applied potential of −0.1 V vs. Ag/AgCl at pH 5.80.
3. Atomic Layer Deposition of TiO2

TiO2 was coated on photocathodes with active materials by using
atomic layer deposition (ALD). ALD process was carried out in
the ALD system (DAEKI HI-TECH, Co., Ltd., Korea) at tempera-
tures at 80 oC (TDMAT) was used as the Ti precursor and the
reaction chamber was maintained at 10−3 Torr with steady N2/H2

plasma reactant gas. The TiO2 coating layer was made by simulta-
neously changing H2O and N2/H2 reactant gas. The number of
ALD cycles was in the range between 50 to 100 cycles.
4. Synthesis of O-CNT/Mo3S13 Catalyst

Synthesis of Mo3S13: 0.1 g of MoS3 was dispersed in 40 ml of 25-
28% ammonium hydroxide solution by bath-sonication for 10 min.
Then, the mixture was kept for seven days at room temperature.
Finally, precipitates were collected by filtration and washed using
DI water followed by freeze-drying.

Oxidation of MWCNT: 0.1 g of MWCNT was dispersed in 100
ml of HNO3 (30 wt%) and H2SO4 (70 wt%) mixture by batch son-
ication. The mixture was refluxed under magnetic stirring for 6 h

at 50 oC. The resulting suspension was then diluted by adding DI
water slowly. Finally, O-CNT was obtained by filtration and washed
using DI water followed by drying in vacuum oven at 60 oC.
5. Physiochemical Characterization

Different types of photocathodes were characterized by X-ray
photoelectron spectroscopy (XPS), and X-ray diffraction (XRD).
XPS measurements were performed with a Sigma Probe (Thermo
VG Scientific). XRD measurements were performed with an Ultima
IV (RIGAKU) operated with a CuKα source (λ=1.54 Å). The data
were collected with a scan rate of 3o min−1 ranging from 20 to 70o.
6. PEC Measurements

PEC reaction was conducted in a three-electrode configuration
cell using a Pt coil as the counter electrode and Ag/AgCl (3M NaCl)
as the reference electrode. The potential measured using a Ag/AgCl
reference electrode was converted to the reversible hydrogen elec-
trode (RHE) using the following formula:

ERHE=EAg/AgCl+0.197+0.059pH

Different photocathodes with an exposed surface area of 1 cm2

were connected to custom-made Pyrex reactor. An aqueous solu-
tion of 0.5 M Na2SO4 and 0.1 M KH2PO4 (pH 4.25) was used as
the electrolyte during the measurement. Linear sweep voltammetry
(LSV) was carried out using a VERTEX potentiostat (Ivium Tech-
nologies) at a scan rate of 20 mV s−1 under a chopped illumination
of 100 mW cm−2 (using LS 150 with AM1.5G filter, Abet Technol-
ogies).
7. Impedance Measurements

The electrochemical impedance measurements involved using
the same experimental setup. The Nyquist plots were obtained in
the dark and under AM1.5G illumination at an applied potential of
0, 0.3 and 0.6 V (vs. RHE) within the frequency range of 1 MHz to
1 Hz using an amplitude of 10 mV. The Mott-Schottky analysis was
run with the potential range of 0.4 to 0.7 V (vs. RHE) was per-
formed at 1 kHz.

RESULTS AND DISCUSSION

To maximize the band bending of p-type Cu2O without signifi-
cant lattice mismatch, we introduced thin Zn : Cu2O buffer layer
on electro-deposited Cu2O film. At the same time, to address the
issue of stability in Cu2O-based photocathodes, atomic layer depo-
sition (ALD) of TiO2 was employed [27,28]. O-CNT/Mo3S13 cata-
lyst was also adopted to promote the hydrogen evolution reaction
(HER) at photocathode/electrolyte interface. First, we investigated
whether the introduction of Zn : Cu2O buffer layer indeed induces
the band bending within Cu2O. The key in PEC buffer layer is to
deposit the top layer as uniform as possible since the primary role
of buffer layer is to increase band bending within a thicker Cu2O.
In addition, the buffer layer should be thin enough, since the elec-
tron transfer at semiconductor/electrolyte interface could be im-
peded due to the formation of a Schottky barrier in the thick buf-
fer layer (Fig. S1 in the Supporting information) [15]. As shown in
Fig. 1, without Zn : Cu2O buffer layer, pure Cu2O photocathode
exhibits cathodic photo-response around 0.7 V vs. RHE, and max-
imum photocurrent density of ca. 2mA cm−2 at 0V vs. RHE. In addi-
tion, ranging from 0.7 to 0V, the photocurrent increases mono-
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tonically, which means the fill factor of photocathode is relatively
low. On the contrary, Zn :Cu2O ad-layer enhances both onset poten-
tial and photocurrent density. Notably, the onset potential can be
extended to ca. 1 V vs. RHE with the significant increase of the
photocurrent density over the positive potential range (0.6-1 V vs.
RHE). For instance, at 0.6V, vs. RHE, the photocurrent of Zn :Cu2O/
Cu2O is 0.88 mA cm−2, which is over seven-times higher than the
one of pure Cu2O. We believe that this is due to the increased band
bending within Cu2O layer with proper thickness of buffer layer.

It has been reported that this early onset and increased photo-

activity extending over the positive potential range (0.6-1V vs. RHE)
can be achieved by reducing the conduction band misfit and
defective interface, through the introduction of Ga2O3 buffer layer

Fig. 1. Light chopped linear sweep voltammetry curve of Cu2O
(orange) and Zn : Cu2O/Cu2O (blue) in 0.5 M Na2SO4 and
0.1 M KH2PO4 solution.

Fig. 3. Nyquist plot of Cu2O (a) in the dark and (b) under AM 1.5G irradiation, and Zn : Cu2O (c) in the dark and (d) under AM 1.5G irradi-
ation at 0, 0.3, and 0.6 V vs. RHE.

Fig. 2. X-ray diffraction patterns of Cu2O (red), Cu2O/Zn : Cu2O
(orange), and Zn : Cu2O (sky blue) deposited on FTO glass.
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[13]. Considering the homo-junction nature of our buffer layer sys-
tem, the conduction band misfit can be excluded. Thus, we inves-
tigated the lattice misfit between Cu2O and Zn : Cu2O.

XRD analysis reveals that all peaks are assigned to cubic Cu2O
or FTO substrate, and there is no peak assigned to pure ZnO (Fig.
2). This suggests that Zn ions are incorporated into the Cu2O lat-
tice [29], which is well matched with XPS analysis (Fig. S2 in the
Supporting Information). In addition, bare Cu2O and Zn : Cu2O
show only 0.3o of (111) peak shift, which corresponds to 0.04 Å of
lattice change. Indeed, it is reasonable that ionic radius of Cu+ and
Zn2+ cations are 0.46 and 0.4 Å, respectively, which is similar in size
[23].

To gain more insight into the effect of Zn : Cu2O buffer layer on
the carrier kinetics, we used impedance spectroscopy to measure
the charge transfer resistance (Rct) of photocathode. Fig. 3 shows
the Nyquist plot of Cu2O and Zn : Cu2O photocathodes in the dark
and under AM 1.5G irradiation at various potentials; the results
are summarized in Table 1. In the Nyquist plot, the high-frequency
limit shows the overall ohmic resistance (Rs) including semicon-
ductor, wire connection, and electrolyte. On the other hand, the
semi-circular feature in low frequency region describes charge trans-
fer at the semiconductor/electrolyte interface with RC parallel cir-
cuit, where R is the charge transfer resistance and C is the capacitance
[30]. After adopting Zn : Cu2O layer, Rct at various potentials de-
crease in the dark. For example, Rct of Cu2O are 22.106 and 75.241
kΩ cm−2 at 0 and 0.6 V, whereas ones of Cu2O/Zn : Cu2O are 3.279
and 21.480 kΩ cm−2 at 0 and 0.6 V, respectively. The reduction of
Rct over the entire potential range implies that the charge carriers
within photocathode are more efficiently separated and transferred
due to the band-bending through Zn : Cu2O buffer layer.

Remarkably, this enhancement becomes more obvious under
irradiation at the low bias region. Specifically, Rct at 0 and 0.3 V vs.
RHE from both types of films are dramatically reduced due to the
photo-generation of charge carriers. In stark contrast, there is almost
no change at 0.6 V vs RHE where there is no photo-response, while
with Zn : Cu2O buffer layer, the resistance is reduced by 20%. There-
fore, it can be concluded that Zn : Cu2O layer facilitates the charge
separation and transfer, which is extended to the lower-bias region.

To further verify how the Zn : Cu2O buffer layer pushes the oper-
ation condition toward the lower bias, we quantified the open-cir-
cuit potential (Voc) in the dark and under irradiation. Voc was
monitored by measuring the potentials at zero net current densi-
ties, where the kinetic factor does not have a critical role [15,31].
To acquire more reliable results, we measured Voc of five different
photocathodes for Cu2O and Zn : Cu2O, respectively. As shown in
Fig. 4, Voc with Zn : Cu2O shift to 0.61 V from 0.58 V in the dark.
The shift of Voc in the dark can be explained by the shift of flat band
potential (Vfb) after Zn : Cu2O deposition. Voc in the dark is defined
as the difference between Vfb and the redox potential of the HER.
Since the theoretical reduction potential of HER is 0 V vs. RHE, we
can consider Voc under dark is the same as Vfb, and the values are
well matched with the measured Vfb (Fig. 5(a)). Under illumina-

Table 1. Summary of charge transfer resistance at 0, 0.3, and 0.6 V
vs. RHE (unit: kΩ cm−2)

Potential 
(V, vs. RHE)

Cu2O Zn : Cu2O/Cu2O
Dark Irradiation Dark Irradiation

0.0 22.106 00.568 03.279 00.420
0.3 35.438 02.511 07.630 01.445
0.6 75.241 74.971 21.480 17.114

Fig. 4. Average open-circuit potential of Cu2O and Zn : Cu2O pho-
tocathodes in the dark and under AM 1.5G irradiation. Voc of
five different photocathode was measured and averaged.

Fig. 5. (a) Mott-Schottky plots of Cu2O and Zn : Cu2O photocathodes without TiO2 protective layer, and (b) calculated depletion layer width
based on Mott-Schottky analysis.
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tion, photo-generated electrons in the conduction band and deple-
tion layer split the quasi-Fermi levels of charge carriers. This split
causes the flattening of the band and the measured Voc means the
Fermi level of holes in Cu2O [15]. Under irradiation, it is expected
that the Fermi level of Cu2O shifts toward the positive direction.
The measured Voc in Fig. 4 indeed moves in the positive direction
and the values are 0.69 and 0.77V vs. RHE for Cu2O and Zn:Cu2O,
respectively. The difference of Voc in the dark and under irradia-
tion demonstrates the photovoltage generated by the semiconduc-
tor/electrolyte interface. The measured photovoltages of Cu2O and
Cu2O/Zn : Cu2O photocathodes are 112.5±18.2 and 157.8±21.5 mV,
respectively. After introduction of buffer layer, photovoltage increases
by 45.3 mV. The value of photovoltage presents the position of con-
duction band energy level and the degree of band bending. There-
fore, increased photovoltage by Zn : Cu2O also supports that the
buffer layer maximizes the degree of band bending within Cu2O.

Finally, to quantify the degree of band bending within Cu2O, we
performed Mott-Schottky analysis and calculated the depletion layer
width (WD). For a p-type semiconductor, the electric field is induced
in the semiconductor near semiconductor/electrolyte interface caused
by the charge depletion. This depletion is the origin of the band
bending. Specifically, the photo-generated electrons in the deple-
tion region or the electrons diffuse from bulk to depletion layer are
assumed to generate the photocurrent. Considering the short dif-
fusion length of minority carrier (electron) of Cu2O ranging from
10 to 100 nm [32], the WD can play a critical role in the collection
of charge carriers. To calculate the WD of Cu2O before and after
Zn : Cu2O deposition, we did Mott-Schottky analysis without TiO2

protective layer. Since n-type depletion layer by amorphous ALD
TiO2 is very short (~2 nm) when the electron quasi-Fermi level is
at 0 V, vs. RHE, we can assume that Cu2O based semiconductor
layer directly forms Fermi level equilibrium with the reduction
potential of HER and TiO2 does not affect the formation of deple-
tion layer within Cu2O [16].

The Mott-Schottky plot in Fig. 5(a) was analyzed using the modi-
fied Mott-Schottky equation: [33]

1/C2
sc=(2/eεε0NA)(V−Vfb−kT/e) (1)

where Csc are the space-charge capacitance (in F/cm2); e is the elec-
tronic charge (in C); ε is the relative dielectric constant of semi-
conductors; ε0 is the permittivity of vacuum; NA is the carrier den-
sity (in cm−3); Efb is the flat-band potential (in V); k is the Boltz-
mann constant; and T is temperature (in K). ε for Cu2O was selected
to be 7.5 [34], and the Vfb is obtained from the intercept of the lin-
ear part of curves with x-axis. The measured Vfb for Cu2O and
Zn : Cu2O are 0.58 and 0.62 V vs. RHE with 1.82×1016 and 1.51×
1016 cm−3 of carrier concentration, respectively. The shift of Vfb to
positive potential with Zn : Cu2O buffer layer indicates that Zn :
Cu2O/Cu2O photocathode has larger built-in potential than bare
Cu2O photocathode. This behavior is similar to that of p-n homo-
junction between p-Cu2O and n-Cu2O [35]. The lower concentra-
tion of carrier (hole) may be due to the fewer defect sites in Zn :
Cu2O/Cu2O per unit volume [36]. In general, it is accepted that p-
type behavior of Cu2O originates from the vacancies on the Cu
sites in the crystal [37]. With Zn dopant, the possibility that the
Cu vacancies are substituted by Zn2+ cation becomes high since

the binding energy between Zn and O (530.5 eV) is smaller than
that between Cu and O (943.0 eV) and ionic radius of Zn2+ is also
smaller than that of Cu+ [23,38,39]. Therefore, the reduced carrier
density is due to the lower concentration of Cu vacancy sites with
Zn : Cu2O layer.

Based on the results of Mott-Schottky analysis, we calculated
the WD using following equation:

(2)

The calculation results are shown in Fig. 5(b). The difference of
WD between Cu2O and Zn : Cu2O at 0 V vs. RHE is 22 nm, and
the value reaches 46 nm at Vfb of Cu2O. Considering the relatively
short electron diffusion length in Cu2O, the difference can be influ-
ential. In a PEC water splitting system, photocurrent density and
quantum efficiency are determined by the depletion layer. As in
Gärtner’s model [40], photocurrent density (J) can be expressed by
J=JDL+JDIFF, where JDL is the drift current density due to carrier gen-
erated in the depletion regime and JDIFF is the diffusion current
density of electron generated outside the depletion layer [41]. Since
the diffusion length of electrons in Cu2O is very short (10 to 100
nm) [32], JDL is a major factor that determines the photocurrent
density and can be expressed by following equation:

(3)

where G(x) is the generation rate of electrons, and is at the semi-
conductor/electrolyte interface. Because the thickness of Cu2O is
too thick compared with that of Zn : Cu2O, we can assume that
the electron generation by Zn : Cu2O layer is negligible (Fig. S3 in
the Supporting information), so we can consider that G(x) is the
same in both photocathodes. Therefore, JDL is the only function of
WD. In addition, the quantum efficiency (η) of PEC system can be
expressed in terms of WD: [42]

(4)

where hν is the photon energy, n is the transition order number,
Eg is the band gap of the semiconductor, and An is a constant. In
this equation, the only variable is WD since Eg of light harvesting
layer is the same in both photocathodes, as discussed above. There-
fore, WD is the most important factor to determine the performance
of photocathode. Typically, in more positive potential range than
0.3 V, where the effect of Zn : Cu2O stands out, ca. 20 nm of WD

difference can be critical because WD of Cu2O is shorter than 100
nm. Therefore, we can conclude that effect of Zn : Cu2O buffer layer
is mainly from the maximized band bending within Cu2O by the
increased WD.

CONCLUSION

We have successfully introduced Zn : Cu2O thin buffer layer via
electrodeposition method for maximizing band bending within
Cu2O photocathode. With Zn : Cu2O buffer layer, the photocath-
ode showed photo-response from ca. 1 V vs. RHE and the Vfb was
shifted to 0.62 V from 0.58 V. In addition, the generated photovolt-

WD = 
2ε0ε

eNA
---------- − V + Vfb + 

kT
e
------

⎝ ⎠
⎛ ⎞

1/2

JDL = e G x( )dx,
0

WD

∫

η  = WDAn
hν − Eg( )n

hν
-----------------------,
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age of Zn:Cu2O/Cu2O photocathode increased to 157.8mV, whereas
that of Cu2O was 112.5 mV. In impedance analysis, charge trans-
fer kinetics is also with Zn : Cu2O buffer layer enhanced over the
entire potential range both in the dark and under illumination. All
these effects of Zn : Cu2O buffer layer are attributed to the increased
degree of band bending within Cu2O originated from expanded
depletion layer. Based on our results, it is expected that we can run
PEC water splitting reaction and get improved STH efficiency with-
out external bias by combining the Zn : Cu2O/Cu2O photocathode
and a previously developed photoanode.
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XPS analysis was performed to see the valence state of incorpo-
rated Zn atoms in Cu2O. The Zn 2p3 peak position in Zn : Cu2O
layer is located around 1,020 eV, whereas the Zn 2p3 peak position
of ZnO has been reported to be centered at 1,022.4 eV [1,2]. The
shift of XPS peak position indicates that doped zinc does not exist as
pore ZnO but is more likely present a Zn2+ Zn-O-Cu brides [3,4].

Fig. S3 shows the result of the measurement for photocurrent
generation by Zn : Cu2O on FTO. The thickness of Zn : Cu2O is the

same as that of Zn :Cu2O buffer layer on Cu2O. Thin Zn:Cu2O layer
generates lower photocurrent by two to three orders of magnitude
than bare Cu2O layer. In addition, Zn : Cu2O shows the only anodic
photo-response. Therefore, we can assume that charge generation
by Zn : Cu2O has no effect on the significant increase of cathodic
photocurrent generation over the positive potential range (0.6-1 V
vs. RHE) and Zn : Cu2O buffer layer has a synergetic effect only on
charge separation.

Fig. S1. (a) Light-chopped linear sweep voltammograms (LSV) for Cu2O and Zn : Cu2O/Cu2O photocathodes depending on the electrodepo-
sition time of Zn : Cu2O buffer layer. The longer deposition time presents the thicker Zn : Cu2O layer. (b) Light-chopped LSV for
Zn : Cu2O/Cu2O photocathodes depending on the applied potential of Zn : Cu2O buffer layer. More zinc atom is incorporated into
Cu2O when applied potential is more negative.
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Fig. S2. X-ray photoelectron spectroscopy (XPS) spectrum of Zn 2p3
of Cu2O/Zn : Cu2O (dash line: binding energy of pure ZnO).

Fig. S3. Light-chopped LSV for Zn : Cu2O electrochemically depos-
ited on FTO glass for 40 s at 0.1 V vs. RHE.
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