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ABSTRACT: Large-scale and high-quality Cu2O microcrystalline films
with high photoactivity are synthesized using a novel and low-cost method.
The enhanced photoactivity is achieved through the formation of Cu2O
microcrystalline films having well-defined crystal facets and porous
structure. Cu2O microcrystalline films are fabricated by decomposing
previously synthesized Cu(OH)2 nanowires on a Cu foil under a vacuum.
Subsequent crystal growth during the annealing process is driven by
outward diffusion of Cu ions and oxidation. Crystal growth induces
coalescence of the nanowires and results in the formation of Cu2O
microcrystals enclosed by four {111} facets. Photoelectrochemical
evaluation of the annealed samples performed under chopped simulated
AM 1.5G illumination reveals that the sample annealed at 500 °C for 2 h
exhibited the highest photocurrent of 4.07 mA/cm2 at 0 V/RHE. This large
photocurrent is ascribed to a high carrier density (∼1.36 × 1018 cm‑3) and a low carrier transfer resistance in electrolyte, as
evidenced by electrochemical impedance spectroscopy. The obtained low-cost Cu2O microcrystalline film (2 h) may serve as an
excellent solar absorber and carrier provider for use in photovoltaics and artificial photosynthesis.
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1. INTRODUCTION

Cuprous oxide (Cu2O) is a well-known metal-deficit p-type
semiconductor with holes as the charge carriers.1,2 The direct
energy bandgap of 1.9−2.5 eV makes it a promising material for
solar energy conversion. In addition, the position of the
conduction band (more negative than −0.7 V vs RHE)
provides a large driving force for proton reduction in
photoelectochemical cells.3−5 Thus, Cu2O has been used as a
visible light catalyst for H2 production from water,6−10 as an
electrocatalyst for CO2 reduction,

11 and as a high open-circuit
voltage solar cell in the configuration of conventional solid
state12 or semiconductor/liquid junctions.13

Electrodeposition3−5,14 and thermal oxidation of Cu1,2 are
the two most common methods for the fabrication of Cu2O
films. Several studies on Cu2O photocathodes for water
splitting prepared by electrodeposition showed that water can
hardly be split at Cu2O via a normal photocatalytic
reaction3−5,14 and under some conditions the observed small
photocurrent can be attributed to the reduction of oxygen in
the solution.3,4 The low photoactivity of those Cu2O
polycrystalline films and powder may be due to the low carrier
density and inefficient charge transport, thus limiting the overall
water splitting performances when Cu2O was used in
combination with other n-type materials.6,14 However, by
controlling the electrodeposition parameters (e.g., temperature
and pH) properly, Paracchino et al.5 reported a high
photocurrent of 2.4 mA/cm2 at 0.25 V vs RHE for a bare

Cu2O film under AM 1.5G illumination. Although part of the
current originated from the reduction of Cu2O to Cu, highly
active and stable photocathodes for H2 production were
obtained after coating Cu2O by protective layers.7,15,16

Similarly, the PEC performance of the unstable Cu2O
electrodes with a high photocurrent of about 2.28 mA/cm2 at
0 V vs RHE prepared by thermal annealing of Cu(OH)2 can
also be optimized by carbon coating.10 Coating of the bare
Cu2O with appropriate protective layers is essential for efficient
and stable water splitting, and the photoactivity of Cu2O is
crucial for the efficiency of the Cu2O/protective layer structure.
In this report, a highly photoactive Cu2O microcrystalline

film exhibiting a considerably large photocurrent of 4.07 mA/
cm2 (0 V vs RHE) in PEC measurement under standardized
AM 1.5 light illumination was obtained. Cu2O films were
prepared by thermal decomposition of Cu(OH)2 nanowires
under a proper annealing pressure at 500 °C. The Cu2O film
morphology was continuously modified with the annealing
time. The Cu2O film annealed for 2 h achieved the highest
photocurrent as well as the largest carrier density (∼1.36 × 1018

cm−3) compared to the 1, 3, and 4 h samples. The high
photoactivity and robust Cu2O film may serve as an excellent
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substrate for light absorption and carrier provider for the
application of photoelectrolysis and photovoltaics.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Cu(OH)2 Nanowires. The Cu(OH)2

nanowires were grown on a Cu foil using a simple and scalable wet
chemical method.17 A typical fabrication process was performed as
follows. The Cu foil (99.96%, Nilaco) with a size of 10 × 10 mm2 and
a thickness of 0.2 mm was cleaned sequentially in acetone and ethanol
ultrasonic bath for 10 min. The cleaned Cu foil was then immersed
into a solution containing 2.67 M NaOH (97.0%, Wako) and 0.133 M
(NH4)2S2O8 (98.0%, Wako) for 10 min. In addition, gentle stirring of
the solution at low temperature (5 °C) was implemented to prevent
the formation of CuO flowers on the Cu(OH)2 nanowires. CuO
flowers were found to grow under the conditions of inhomogeneous
solution and increase in temperature near the Cu/solution interface
caused by the chemical reaction. Finally, the Cu foil with a light blue
color was taken out from the solution, rinsed with deionized water,
and dried in air.
2.2. Fabrication of Cu2O Microcrystalline Films. The Cu2O

microcrystalline films were prepared by annealing the Cu(OH)2
nanowire film at 500 °C for different times under an Ar atmosphere.
More specifically, the Cu(OH)2 nanowires/Cu foil were loaded into
an alumina boat and placed at the center of a quartz tube. The quartz
tube was evacuated to about 36 Pa before heating, and the flow rate of
Ar was 50 sccm during the annealing. The working pressure during the
annealing was kept at about 2.5 × 103 Pa. The Cu(OH)2 nanowires/
Cu samples were annealed at 500 °C for 1, 2, 3, and 4 h to obtain
Cu2O microcrystalline films with different morphologies.
2.3. Photoelectrochemical and Electrochemical Impedance

Measurements. The photoelectrochemical performance of the Cu2O
electrodes was performed in a three-electrode configureuration using
an Ag/AgCl reference electrode and a Pt wire counter electrode. The
electrolyte was a 0.5 M Na2SO4 solution with a pH of 6. Before the

measurements, the Na2SO4 solution was stirred and purged with Ar
gas for 10 min. The photoresponse was measured under chopped AM
1.5G simulated sunlight corresponding to an irradiance of 100 mW/
cm2. The scan rate for the linear sweep voltammetry was 10 mV/s.

The electrochemical impedance measurements of the Cu2O films
were carried out under dark conditions using a potentiostat
(VersaSTAT 4, Princeton Applied Research) with an AC amplitude
of 10 mV and a frequency of 1 kHz. An aqueous solution of 0.01 M
PBS (phosphate buffer saline, pH 7.4) was used as the electrolyte.

2.4. Structural Characterization. The morphology of the
samples was characterized by using a field-emission scanning electron
microscope (JEOL JSM 7600FA). The X-ray diffraction (XRD)
patterns were determined using a diffractometer (Miniflex II-MW,
Rigaku Co. Ltd., Japan) with Cu Kα radiation. The Raman spectra of
the samples were measured with a Renishaw inVia Raman Microscope
system using 488 nm excitation light directed through a ×20 objective
with 1.21 mW for top surface analysis and ×100 objective with 0.1
mW for cross-section analysis. The UV−vis diffuse reflectance spectra
were determined with a spectrophotometer (DRS, V-560, Jasco).

3. RESULTS AND DISCUSION

3.1. Morphology of the Structures. The Cu(OH)2
nanowires were prepared on a Cu foil by a wet chemical
method in sodium hydroxide and ammonium solution, as
reported previously.17 The synthesized Cu(OH)2 nanowires,
shown in the lower right inset of Figure 1a, have a diameter of
approximately 200 nm and a length of about 5 μm. The XRD
pattern (Figure S1, Supporting Information) indicates that only
Cu(OH)2 and Cu peaks can be found in the Cu(OH)2
nanowires/Cu structure. After annealing in an Ar atmosphere
at 500 °C, the Cu(OH)2 nanowires were completely trans-
formed into Cu2O by dehydration of Cu(OH)2 into CuO at

Figure 1. FE-SEM images of the Cu2O films prepared at 500 °C with different annealing times. (a−d) Cu2O microcrystalline films prepared at 500
°C for 1, 2, 3, and 4 h, respectively. The top right insets in all images are the enlarged images of the microcrystal, and the lower right inset in part a is
the Cu(OH)2 nanowires before annealing.
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about 120 °C and further removal of oxygen from CuO, leading
to the formation of Cu2O at higher temperature.18 The sample
morphology was found to continuously vary with the annealing
time. The nanowires coalesced to larger crystals, and the size of
the crystals increased with annealing time. Parts a−d of Figure
1 show the SEM images of Cu2O films prepared under Ar
atmosphere at 500 °C for 1, 2, 3, and 4 h, respectively. For the
1 h sample shown in Figure 1a, it is found that the neighboring
nanowires merge into larger micro-nano aggregates (∼0.5 μm)
having their tips enclosed by four incomplete {111} facets. For
the longer annealing time of 2 h, larger microcrystals are
observed and their mean size increases to 1.5 μm, as shown in
Figure 1b. The inset of Figure 1b is evidence for the formation
of some microcrystals completely covered by smooth {111}
facets. When the annealing time is further increased to 3 h
(Figure 1c), the size of the microcrystals was increased to 2 μm
and most of the crystals display a four {111} facets tip (inset of
Figure 1c). At the longest time (4 h, Figure 1d), irregular
microcrystals with a size of about 2.5 μm were observed, which
indicates that a long annealing time at 500 °C degrades the
regularity of the crystals to some extent. The formation of the
microcrystals was presumably induced by an appropriate
oxygen partial pressure during the annealing process. Indeed,
the base pressure (36 Pa) in the vacuum furnace is relatively
high compared to other results obtained in high-vacuum
annealing systems.8−10 To confirm the effect of the oxygen
partial pressure, we annealed the Cu(OH)2 nanowires in a high-
vacuum chamber (∼10−5 Pa) at 500 °C for 3 h and found that
the nanowire structure was not changed; that is, no
morphology reconstruction was observed (Figure S2, Support-
ing Information), in agreement with previous reports.8−10 The
mechanism of the surface reconstruction coalescence may be
explained as follows. For low O2 partial pressure, the high
temperature annealing (∼500 °C) will only separate the oxygen
from the lattice of CuO to form Cu2O and the stress resulting
from the phase change bends the nanowires, as shown in Figure
S2a (Supporting Information). For high O2 partial pressure, the
temperature and oxygen partial pressure of this experiment are
considered to be in the region of stability of Cu2O according to
the phase diagram.19 Thus, besides the removal of oxygen from
the lattice of CuO to form Cu2O, the growth of the Cu2O layer
proceeds under this pressure by outward diffusion of Cu ions
from the Cu substrate via Cu vacancies to the oxide/oxygen
interface and reacts with the oxygen from the gas phase.2,20,21

The oxidation reaction on the surface leads to a volume
expansion of the nanowires and consequently coalescence of
the nanowires. Finally, large crystals enclosed by low surface
energy facets {111} are formed in order to minimize the total
surface energy of the system.22 The thickness of the oxide layers
was estimated to be 7.5, 18.5, 28, and 37 μm for the annealing
times of 1, 2, 3, and 4 h, respectively. In summary, subsequent
growth of the Cu2O crystals from nanowires induces oxide
growth along the nanowires so that the grown crystals offer
well-defined exposed crystal facets as well as clear separation
between each crystal, providing a large surface area for chemical
reaction.
3.2. XRD and Raman Characterization. The XRD

patterns of the Cu2O microcrystalline films prepared at 500
°C for different annealing times are shown in Figure 2. The
results suggest the coexistence of two types of Cu2O phases in
the films. For the 1 h annealed sample, two sets of diffraction
peaks are clearly seen and the diffraction peaks are well indexed
to the peaks of the cubic structure Cu2O-I (indicated by dashed

line, space group Pn-3m, lattice constant 4.2600 Å, ICDD PDF
card No. 1010941) and the Cu2O-II (indicated by solid line,
space group Pn-3m, lattice constant 4.2685 Å, ICDD PDF card
No. 9007497). As the annealing time increases, the intensity of
the Cu2O-I peaks decreases and simultaneously the intensity of
the Cu2O-II peaks increases. For an annealing time of 4 h and
judging from the XRD pattern, the sample was completely
transformed into the Cu2O-II phase. The change of the
intensity of Cu peaks may be explained by the outward
diffusion of Cu ions from the Cu foil to the oxide layer. The
outward diffusion of Cu ions should be supported by the
gradient of Cu vacancies between the oxide/oxygen interface
(high concentration) and the Cu/oxide interface (low
concentration).2,20,21 In addition to the outward lattice
diffusion of Cu ions under high temperature (above 800−900
°C), grain-boundary diffusion becomes relevant at low
annealing temperature (500 °C).23,24 Thus, diffusion through
the lattice may account for the continuous increase in the Cu2O
oxide layer,24 whereas Cu ions via grain-boundary diffusion may
accumulate and form Cu grains embedded in the oxide layer as
detected by XRD. When the annealing time increases from 1 to
2 h, the increase in the Cu peaks may be due to the continuous
migration of Cu ions through the Cu2O grain-boundary and
thus more Cu grains accumulated in the Cu2O layer. With
further increase in the annealing time (3 and 4 h), the thickness
of the oxide layer increases further and the grain-boundary
diffusion should become limited by long range transport, so
that the intensity of the Cu2O peaks increases and the intensity
of the Cu peaks decreases.
The phase transformation was further confirmed by Raman

spectroscopy. The crystal structure of Cu2O is a cubic lattice
with six atoms in the primitive unit cell and belongs to the Pn-
3m space group. In a perfect Cu2O lattice, only the peaks from
3Γ25

+ (Raman active) and 2 3Γ15
− (infrared active) can be

observed. However, several Raman scattering studies reported
the relaxation of the selection rules resulting from impurity in
non-stoichiometric Cu2O.

25 Figure 3c shows the Raman spectra
taken from the top surface of the Cu2O films prepared with
different annealing times. The characteristic peaks can be
identified as follows:25 the lines at 148, 626, and 649 cm−1 are
essentially attributed to the intrinsic Γ15

− infrared-allowed (IR)
active modes; the lines observed at 412 and 496 cm−1 are
interpreted as originating in double-photon processes; the line
at 217 cm−1 corresponds to the activation of the zone edge

Figure 2. XRD patterns of the Cu2O samples obtained by annealing
the Cu(OH)2 nanowires at 500 °C for 1, 2, 3, and 4 h. The two phases
of Cu2O are indexed using the ICDD PDF card nos. 9007497 and
1010941 and indicated by the solid line and dashed line, respectively.
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photons both in the Raman and in the IR spectra; the line
observed at 794 cm−1 is attributed to IR active localized modes;
the lines at 58, 109, and 298 cm−1 can be ascribed to Γ15

−, Γ12
−,

and Γ2
− band modes, respectively. All samples of Figure 3c

exhibit the same characteristic Cu2O peaks, indicating that all
sample surfaces possess similar vibration modes within the
penetration depth of the excitation laser. The apparent
discrepancy between Raman scattering and XRD results is
explained by greater sensitivity of Raman spectroscopy to the
sample surface when compared with XRD analysis.26,27

Investigation into the phase depth profile is further
conducted by Raman spectroscopy using spot measurements
on a cross section of the 3 h annealed sample. Figure 3a shows
an optical microscope image of the analyzed sample cross

section with an estimated oxide thickness of 28.2 μm. Six spots
marked by (1), (2), (3), (4), (5), and (6) from the Cu substrate
to the Cu2O thick film were chosen to probe phase change in
the sample depth. The cross-section Raman spectra exhibit a
continuous phase transformation from the outer region to the
inner bulk region of Cu2O, as shown in Figure 3b. In the Cu2O
region, the Raman spectrum from the outermost region (spot
(6)) has the same characteristic bands as that of the top surface
(Figure 3c). However, the Raman spectra taken from spots (2),
(3), and (4) possessing the same characteristic bands are
different from spot (6) by the absence of the peak at 91 cm−1

(Γ25
−) and the presence of the peaks at 79 cm−1 (band modes),

138 cm−1, 159 cm−1 (resonant modes), and 626 cm−1. From
spot (6) to spot (5), the very strong increase in the forbidden

Figure 3. (a) Optical microscope image of the cross section of Cu2O prepared at 500 °C for 3 h. The different positions along the central axis line of
the cross section are marked by symbols (1), (2), (3), (4), (5), and (6), respectively. The Raman spectra taken at these positions are presented in
part b. Part c shows the Raman spectra taken from the top surfaces of the Cu2O samples prepared for the different annealing times of 1, 2, 3, and 4 h.

Figure 4. (a) Diffuse reflectance spectra and (b) calculated Kubelka−Munk function vs excitation energy plots for the 1, 2, 3, and 4 h annealed
samples.
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148, 298, and 649 cm−1 lines and Raman-allowed features at
217 and 498 cm−1 are similar to the changes induced by ion-
implantation reported by Powell et al.28 The change of the 217
and 498 cm−1 is not clear at this stage. Since no structural
damage from external ion implantation is involved in our
samples, the increase in 148, 298, and 649 cm−1 peak intensities
is likely caused by the relaxation of the symmetry selection rules
due to the formation of defects (Cu vacancies or other point
defects).29−31 Also, the existence of the defects in this region
leads to a deviation from stoichiometry and a change of the
lattice constant of Cu2O compared to the Cu2O on the surface,
in agreement with the results in XRD data. In summary, by
combining XRD and Raman results, we conclude that for all
samples the outer layer should be ascribed to Cu2O-II while the
underneath layer to Cu2O-I, and the thickness of Cu2O-II
increased with annealing time.
3.3. Optical Properties. The optical properties of Cu2O

films measured by UV−vis diffuse reflectance spectra showed
that the absorption intensity changes with annealing time, as
presented in Figure 4a. The improved absorption in the region
ranging from 250 to 600 nm for the 1 h annealed sample
compared to the samples with larger crystals (2−4 h) may be
attributed to its nanostructured morphology enhancing light
trapping. The same effect was observed for the Cu2O nanowire
structures prepared under high vacuum (Figure S2c,d,
Supporting Information). In order to evaluate the band gap
energy of these films, (F(R) × hν)2 values for a direct band gap
material14 were plotted versus excitation energy where the
absorption coefficient F(R) was calculated according to the
Kubelka−Munk (K−M) equation:32,33

= −
F R

R
R

( )
(1 )

2

2

(1)

where R is the reflectance value of the thick Cu2O layers. The
samples annealed at 500 °C with different times have band gap
energies between 1.99 and 2.02 eV, in agreement with the
reported band gap energy for Cu2O,

3,34 thus realizing efficient
conversion of solar energy into chemical energy. The K−M
plots of Figure 2b also reveal a shoulder in the band edge
absorption at 1.95 eV, indicating the presence of doping levels.
This result is confirmed later by the high carrier density found
in Mott−Schottky analysis.
3.4. Photoelectrochemical Measurements. The photo-

electrochemical (PEC) performances of the fabricated Cu2O
electrodes were evaluated in 0.5 M Na2SO4 (pH 6) electrolyte
by linear sweep voltammetry (LSV) measurements under
chopped AM 1.5G simulated sunlight at an irradiance of 100
mW/cm2. A Pt wire and an Ag/AgCl electrode were used as the
counter and reference electrodes, respectively. The scan rate
was 10 mV/s, and the on−off interval was 2 s. The PEC
responses of the Cu2O electrodes prepared with different
annealing times are presented in Figure 5. The photocurrent
densities of −1.55, −4.07, −2.57, and −2.11 mA/cm2 were
obtained at 0 V/RHE for annealing times of 1, 2, 3, and 4 h,
respectively. The photocurrents increased slowly for low
external applied voltage (0.6−0.25 V vs RHE) and increased
rapidly above 0.25 V vs RHE (the voltage sweep is from
positive to negative). The best sample annealed for 2 h
generated a photocurrent of −4.07 mA/cm2 at 0 V vs RHE and
reached a plateau at this voltage.
Above −0.1 V vs RHE, the dark current increased due to

metal oxide reduction and/or water reduction. The photo-
current of the Cu2O electrode (2 h) in our experiment was

larger than the 2.28 mA/cm2 at 0 V vs RHE of Cu2O nanowires
fabricated by thermal annealing of Cu(OH)2 nanowires

10 and
that of Cu2O film prepared by electrodeposition which
saturated at ∼2.4 mA/cm2.5 Similarly to previous reports,5,7−10

a large proportion of the photocurrent is generated by the
reduction of Cu2O to Cu, as confirmed by the analysis of the
Cu2O electrode after water splitting shown in Figure S3
(Supporting Information). The XRD patterns (Figure S3b,
Supporting Information) show an increase in the intensity of
the Cu peaks of the Cu2O electrode after the photo-
electrochemical measurement compared to the original sample.
The characteristic peaks of Cu2O were found to shift from the
Cu2O-II (ICDD PDF card no. 9007497) to the Cu2O-I (ICDD
PDF card no. 1010941), thus suggesting that part of the Cu2O-
II was consumed and reduced to Cu metal. The nanoparticles
formed on the surface of the electrode likely come from this
Cu2O reduction, as shown in Figure S3a (Supporting
Information). Three times LSV scans of the Cu2O samples
taken under visible light (>420 nm, HOYA L42 cut-off filter) of
a Xe lamp indicate an improved stability of the Cu2O samples
with the annealing time (Figure S4, Supporting Information).
In a stability test, the photocurrent density of the Cu2O
electrodes decreased to about 0.11 ± 0.02 mA/cm2 after 20
min under continuous illumination (Figure S5, Supporting
Information). Although the high photocurrent of the Cu2O film
partially originated from the reduction of Cu2O to Cu on the
oxide surface, the large amount of carriers generated under
illumination can be collected for efficient water splitting if the
carriers can overcome the kinetic barrier at the oxide/
electrolyte interface and react with protons. This can be
achieved by coating n-type materials on the Cu2O surface to
generate a built-in field facilitating the transport of minority
carriers into the electrolyte and obtain a more stable
photocathode.7,15,16 Thus, a protective layer is necessary for
this structure for stable H2 production in PEC cells.

3.5. Electrochemical Impedance. To know the flatband
potential and charge carrier density, the Cu2O electrodes were
characterized by electrochemical impendence spectroscopy.
The potential sweep was performed at a fixed frequency (1
kHz) with a scan speed of 10 mV/s. The flatband potential and
charge carrier density can be extracted from the x-intercept and
slope of the plot between the reciprocal of the square of
capacitance per unit area, 1/C2, versus the applied voltage, V,
according to the Mott−Schottky equation:35

Figure 5. Photoelectrochemical responses of the electrodes prepared
with the samples annealed for 1, 2, 3, and 4 h. The linear sweep
voltammetry scans were conducted in 0.5 M Na2SO4 electrolyte (pH
6) under chopped AM 1.5G light illumination.
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where e is the electronic charge, ε is the relative permittivity of
Cu2O (ε ∼ 7.5),36 ε0 is the permittivity of vacuum, kB is
Boltzmann’s constant, T is the absolute temperature, and NA is
the carrier density. The active areas of the samples were
accounted for by geometric consideration through a roughness
factor.37,38 The roughness factor f r is estimated to be 3.2, 2.8,
1.75, and 1.7 for the 1, 2, 3, and 4 h annealed samples,
respectively. Thus, from the slope kMS of the lines, the carrier
concentration NA in the samples could be estimated from the
equation:38

εε
=N

e k f
2

A
0 MS r

2
(3)

Figure 6 shows the Mott−Schottky plot for the Cu2O
electrodes taken in 0.01 M PBS electrolyte (pH 7.4). For the
Cu2O electrodes prepared with an annealing time from 1 to 4 h,
the measured flatband potentials and charge carrier densities
were 0.69, 0.71, 0.73, and 0.78 V vs RHE and 4.05 × 1017, 1.36
× 1018, 5.61 × 1017, and 3.92 × 1017 cm−3, respectively. The
conduction bands are positioned at −1.24, −1.23, −1.18, and
−1.13 V vs RHE, according to the above band gap energies and
the following equation:

− =E E k T
N
N

lnF VB B
V

A (4)

where NA is the carrier density and NV is the effective density of
states in the valence band which can be expressed as

π
=

*⎛
⎝⎜

⎞
⎠⎟N

m k T
h

2
2

V
B

2

3/2

(5)

where m* = 0.58m0 is taken as the effective hole mass.36

The conduction band position (1, 2, and 3 h) is more
negative than those previously reported by Paracchino et al.5 of
−1.17 V vs RHE and de Jongh et al.3 of −0.7 V vs RHE. Our
relatively high conduction band may provide a larger driving
force for hydrogen production. The carrier density in the
fabricated Cu2O films compared well with literature values
having a higher value than the 5 × 1017 cm−3 and lower value
than the 3.5 × 1020 cm−3 of the Cu2O films prepared by
electrodeposition.5,39 The relatively high carrier density of the
fabricated Cu2O films may also contribute to the water splitting

performance of our Cu2O PEC cell. The Nyquist plots of
Figure 6b were used to analyze the interfacial charge transfer
process of the Cu2O electrodes with the electrolyte. The
measurement was carried out in the frequency range of 10 kHz
to 1 Hz at a potential of 0.43 V vs RHE under dark conditions.
The diameter of the semicircle is indicative of the interfacial
charge transfer resistance, Rct, across the electrode/electrolyte
interface.40 The 2 h sample showed the lowest Rct value, and
the resistance follows the order of Rct (2 h) < Rct (3 h) < Rct (1
h) < Rct (4 h).
It is well known that the crystal surface plays an important

role in controlling catalytic activities by providing a surface and
energetically favorable sites (terraces, steps, kinks, and
vacancies) for chemical reactions.22,41−44 In this report, the
annealing time is found to increase the crystal size, thus
decreasing the available surface for reaction, as well as
decreasing surface irregularities, thus reducing the density of
active sites for reaction. The decrease in the density of active
sites also leads to a decrease in Cu vacancies in the vicinity of
the sample surface which can serve as acceptors and thus
should reduce the surface carrier density, as found in Figure 6a.
Thus, the photocurrent decreases with the annealing time. We
should note that the 1 h annealed sample is very unstable, as
indicated by a color change from red to shallow black within a
few days and the formation of a black dot under laser
illumination, evidence for oxidization. This fast oxidation would
not allow for correct estimation of the photocurrent, as the
sample surface is likely transformed to CuO which has a low
photocurrent. The 3 and 4 h annealed samples are far more
stable but have only fair PEC performance due to the decrease
in active catalytic sites (terraces, steps, and kinks) and increase
of exposed low-index crystal facets {111}.3,44 In contrast, the 2
h annealed sample has the largest photocurrent and a more
stable state against surface oxidation in air, which are likely
explained by the combination of high active site density and
initial formation of {111} facets.

4. CONCLUSION
In this study, a new and low-cost fabrication method was
introduced to synthesize Cu2O microcrystalline films with high
photoactivity. The two-step fabrication method consists of the
synthesis of Cu(OH)2 nanowires and their subsequent
transformation into Cu2O at 500 °C under a vacuum. By
controlling the annealing time, the size of the crystals can be
tuned and the preferential exposed facets {111} can be formed.
Investigation into the samples’ depth crystal properties reveals

Figure 6. (a) Mott−Schottky analysis and (b) Nyquist plot taken with 0.01 M PBS solution (pH 7.4) of the samples annealed for 1, 2, 3, and 4 h.
For Mott−Schottky measurements, the electrodes were scanned with a frequency of 1 kHz in the potential range of chemical stability. The Nyquist
plot measurements were carried out at 0.43 V vs RHE by varying the frequency between 10 kHz to 1 Hz under dark conditions.
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that the outer and inner regions of the oxide layer were
composed of two types of cubic Cu2O with different lattice
constants, as evidenced by XRD and Raman analysis. The
conduction band values of −1.24, −1.23, −1.18, and −1.13 V vs
RHE and the large carrier densities of 4.05 × 1017, 1.36 × 1018,
5.61 × 1017, and 3.92 × 1017 cm−3 for the 1−4 h samples
presumably contributed to the high photocurrents of −1.55,
−4.07, −2.57, and −2.11 mA/cm2 at 0 V vs RHE under AM
1.5G illumination, respectively. The next challenge is to
stabilize the bare Cu2O electrode with appropriate protective
layers as well as load proper H2 evolution catalysts on the Cu2O
surface to reduce water to hydrogen more efficiently.
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