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S
ince the pioneering work by Honda
and Fujishima,1 enormous efforts have
been focused on exploring suitable

semiconductor materials as efficient photo-
electrodes in the photoelectrochemical (PEC)
water splitting system for hydrogen genera-
tion. Within a PEC water splitting cell, the
equilibration of the semiconductor's Fermi
level with the redox potential of the electro-
lyte solution results in a band bending and
thus generation of an electrical field, which
drives the photogenerated minority charges
from the semiconductor (i.e., electrons for a
p-type semiconductor and holes for an n-type
semiconductor) toward the semiconductor/
water interface, wherewater is either oxidized
to oxygen with an n-type semiconductor
(photoanode) or reduced to hydrogen with
a p-type semiconductor (photocathode).2�6

In termsof hydrogengeneration, p-type semi-
conductors are advantageous over n-type
ones. The electrons can be directly injected
into the electrolyte on the p-type semicon-
ductors and thus directly reduce water to

hydrogen at the p-type semiconductor/water
interface while, with n-type semiconductors,
the photogenerated electrons have to mi-
grate through an external circuit before being
utilized for water reduction on the counter
electrode, which involves a potential energy
loss.7�10

Unfortunately, of the current known nat-
ural crystal structures of semiconductors,
p-type ones are much less than n-type
(e.g., TiO2, ZnO, Fe2O3, WO3).

11�16 As one
of the few metal oxides that naturally show
p-type conductivity,17 cuprous oxide (Cu2O)
is thought of bymany as themost promising
candidate for efficient photocathodematerial
for the following reasons: (1) it has a band
gap of ∼2.0 eV, which guarantees efficient
visible light absorption;18,19 (2) its conduc-
tion band lies 0.7 eV negative of the hydro-
gen evolution potential, which allows Cu2O
to drive off water reduction reaction as
photocathode;20,21 (3) the natural abundance
of copperon theearth's crustmakes the large-
scale fabrication of a Cu2O photoelectrode
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ABSTRACT In this work, we propose a solution-based carbon precursor coating and subsequent

carbonization strategy to form a thin protective carbon layer on unstable semiconductor nanostructures as

a solution to the commonly occurring photocorrosion problem of many semiconductors. A proof-of-

concept is provided by using glucose as the carbon precursor to form a protective carbon coating onto

cuprous oxide (Cu2O) nanowire arrays which were synthesized from copper mesh. The carbon-layer-

protected Cu2O nanowire arrays exhibited remarkably improved photostability as well as considerably

enhanced photocurrent density. The Cu2O nanowire arrays coated with a carbon layer of 20 nm thick-

ness were found to give an optimal water splitting performance, producing a photocurrent density of

�3.95 mA cm�2 and an optimal photocathode efficiency of 0.56% under illumination of AM 1.5G

(100 mW cm�2). This is the highest value ever reported for a Cu2O-based electrode coated with a metal/co-catalyst-free protective layer. The photostability,

measured as the percentage of the photocurrent density at the end of 20 min measurement period relative to that at the beginning of the measurement,

improved from 12.6% on the bare, nonprotected Cu2O nanowire arrays to 80.7% on the continuous carbon coating protected ones, more than a 6-fold

increase. We believe that the facile strategy presented in this work is a general approach that can address the stability issue of many nonstable

photoelectrodes and thus has the potential to make a meaningful contribution in the general field of energy conversion.
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potentially competitive. However, the practical appli-
cation of Cu2O in the PEC process is still limited by two
main drawbacks: (1) its mismatch of the intrinsic carrier
diffusion length (usually 20�100 nm)22,23 with the light
absorption depth near the band gap (approximately
10 μm);24 and (2) its poor stability due to self-photo-
corrosion in electrolyte solution.25

One-dimensional (1-D) nanostructures (e.g., nano-
wire, nanorod, nanotube) are known to have the
capability of independentlymodulating a semiconduc-
tor's actual carrier diffusion length and light absorption
depth and have been emerging as a promising solution
to the problem of the mismatch between short carrier
diffusion length and long light absorption depth, which
commonly occurs with many semiconductors.12,26�29

The synthesis of 1-D Cu2O was not reported until re-
cently when Li's group30 synthesized Cu2O nanowires
with a chemical oxidation method and when Reisner's
group reported fabrication of Cu2O nanowires via elec-
trochemical anodization.31 On the other hand, it has
been identified that the Cu2O photocorrosion occurs at
the Cu2O/electrolyte interface, so protective layer coat-
ing naturally comes as a rational strategy to keep the
semiconductor from directly contacting the electrolyte
solution.21,31,32 For this strategy to be successful, the
protective layer must meet the following criteria: (1) it
must be dense enough so that it can block the aqueous
electrolyte solution from accessing the semiconductor
surface; (2) it must be thin enough so that it does not
negatively interfere with the light absorption of the
semiconductor; (3) it must be conductive so that it can
transmit minority carriers from the semiconductor into
the electrolyte solution.
Although significant research efforts have been in-

vested in coming up with a scalable, facile, cheap, and
environmentally friendly method to synthesize a coat-
ing-layer-protected and thus highly stable Cu2O-based
photocathode, they are met only with limited success.
Recently, Paracchino et al. made a considerable stride
in increasing Cu2O photocathode's resistance to photo-
corrosion through atomic layer deposition of multiple
protective layers, but the inherent complexity of the
fabrication process significantly limits its possibility of
scaling up.21,32 Our group also reported an in situ Cu2O
protection strategy with CuO film as a protective layer,
but it is not suitable for 1-D nanostructures.33 Also a
spin-coating-based procedure for coating a layer of
metal oxide cocatalyst (NiO-Ni(OH)2) on presynthe-
sized Cu2O was suggested recently for improving the
photostability of the Cu2O photocathode.31

Carbon material is known to have superior conduc-
tivity, nontoxicity, and high strength, and the feasibility
of solution-based carbon precursor inspires the idea of
forming a thin carbon coating layer on 1-D nanostruc-
tures to protect an otherwise nonstable semiconduc-
tor-based photoelectrode.34,35 In this study, we pro-
pose anddemonstrate a solution-based carbonprecursor

coating (i.e., glucose solution) combined with subse-
quent carbonization to be an effective strategy to form
a thin protective carbon layer on radial Cu2O nanowire
arrays (NWAs). The Cu2O NWAs were grown in situ

during the carbonization/annealing step from Cu(OH)2
NWAs, which were synthesized directly on a Cu mesh
using an electrochemical anodization method. The
thus-synthesized material serves as an efficient and ex-
traordinarily stable photocathode for PECwater splitting.
Also, since the protective layer is ametal/co-catalyst-free
pure carbon layer, coated using a simple solution-based
approach insteadof costly vapordeposition, itmakes the
overall synthesis highly cost-effective and easily scalable.
We believe the proposed approach has the potential to
address the stability issue of many nonstable photoelec-
trodes and thus can make a significant contribution in
the field of energy conversion.

RESULTS AND DISCUSSION

Scheme1presents the design and synthesis strategy
of the carbon-layer-protected Cu2O NWAs on Cu mesh
(C/Cu2O NWAs/Cu mesh) as a photocathode. Cu mesh
was selected as the basematerial for the photocathode
based on the following considerations: (1) it is a con-
ductive substrate; (2) it can serve as a precursor of Cu2O
NWA directly; (3) the unique open area of the mesh
benefits the flow of electrolyte, and themesh structure
provides extra lateral surface in comparison to a Cu
sheet/foil.36,37 The Cu mesh (100 mesh with the wire
diameter being 0.11 mm, Figure S1 in Supporting In-
formation) was first electrochemically anodized with a
galvanometric model in 3 M NaOH aqueous solution
(Scheme 1a). The galvanometric anodization curve,
with a constant current density of 10 mA cm�2, is pre-
sented in Figure S2. Under these anodization condi-
tions, uniform Cu(OH)2 NWAs were formed on the Cu
mesh surface (Scheme 1b and I). Although CuO is a
p-type semiconductor, unlike Cu2O, it cannot be em-
ployed as photocathodes for hydrogenation because
its conduction band edge is more positive than the
Hþ/H2 reduction potential, and H2 formation is there-
fore thermodynamically unfavorable.38,39 In view of
the desirable 1-D NWA structure, it is imperative
to maintain the NWA architecture of the anodized
Cu(OH)2/Cu mesh while converting it to Cu2O. In the
current synthesis, a solution-based glucose coating of
the Cu(OH)2 NWAs/Cu mesh (Scheme 1c and II) and
subsequent annealing of the glucose/Cu(OH)2 NWAs/
Cu mesh under inert environment (Scheme 1d) was
applied to achieve the delicate conversion of the Cu-
(OH)2 to Cu2O along with the simultaneous formation
of a thin carbon film as a protective layer (Scheme 1e
and III). In more detail, the anodized Cu(OH)2 NWAs/Cu
mesh was first soaked into an aqueous glucose solu-
tion, dried at ambient condition, and then annealed at
550 �C in N2 atmosphere to form carbon-layer-coated
Cu2O NWAs. The concentration of the glucose solution
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was varied to control the thickness of the final carbon
layer on the Cu2O NWAs. For the convenience of
discussion, we denote the carbon-layer-coated Cu2O
NWAs/Cu mesh samples with C-x-/Cu2O NWAs/Cu
mesh, where x represents the glucose solution concen-
tration (mg mL�1). The conversion of Cu(OH)2 to Cu2O
is presumably achieved by dehydration of Cu(OH)2 to
CuO, followed by removal of oxygen from the lattice of
CuO to form Cu2O at high temperature in inert N2

atmosphere.40,41 At the early stage of the annealing,
the glucose dehydrates and cross-links, and as the
reaction continues, aromatization and carbonization
take place, resulting in a firm carbonized shell covering
the NW surfaces, which protects and guarantees the
integrity of the original morphology of the starting
Cu(OH)2 NWAs.42

This synthesis procedure is simple and facile and,
due to its solution-based carbon precursor coating
process, it can be employed to nanostructures with
other morphologies, as well. The rationally designed

and synthesized C/Cu2O NWAs/Cumesh is expected to
work as an efficient and stable photocathode for water
splitting application because (1) the Cu2O NWAs with a
high surface area provide more contact with electro-
lyte; (2) their high aspect ratio facilitates carrier diffu-
sion; (3) the carbon layer (Scheme 1III) serves as a protec-
tive film, preventing the electrolyte from contacting Cu2O
NWAs; and (4) the carbon layer also inhibits electron hole
recombination,43,44 facilitating electron transfer into the
electrolyte solution where H2 is generated.
Figure 1a�c presents the digital photographs, scan-

ning electron microscopy (SEM), and transmission
electron microscopy (TEM) images of the Cu(OH)2
NWAs/Cu mesh, Cu2O NWAs/Cu mesh without carbon
layer, and C-3-/Cu2O NWAs/Cu mesh. The digital photo-
graph of the Cu(OH)2 NWAs/Cu mesh (Figure 1a1)
showed a blue color, which agrees well with the typical
color of Cu(OH)2. Both X-ray diffraction (XRD) (Figure S3)
and X- ray photoelectron spectroscopy (XPS) (Figure S4)
measurements also confirmed the pure Cu(OH)2 phase,

Scheme 1. Photocathode design and synthesis strategy of C/Cu2O NWAs/Cu mesh: (a) electrochemical anodization of Cu
mesh in 3MNaOH solution; (b) Cu(OH)2 NWAs on the Cumesh; (c) glucose coating on the Cu(OH)2 NWAs; (d) carbonization of
the glucose; (e) carbon-layer-protected Cu2O NWAs. (I) Cu(OH)2 NW; (II) glucose layer on the Cu(OH)2 NW surface; and (III)
carbon-layer-protected Cu2O NW.

Figure 1. Digital photographs, scanning electron microscopy, and transmission electron microscopy images of the Cu(OH)2
NWAs/Cu mesh (a1�a6); Cu2O NWAs/Cu mesh (b1�b6); and C-3-/Cu2O NWAs/Cu mesh (c1�c6).
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with noCu2O andCuObeing identified. The SEM images
in Figure 1a2�a5 show that the Cu mesh substrate was
uniformly covered with a dense layer of the Cu(OH)2
NWAs. Annealing the naked (i.e., nonprotected) Cu(OH)2
NWAs/Cumesh in N2 atmosphere at 550 �C converted it
to Cu2ONWAs/Cumesh, which showeda shiny red color
(Figure 1b1), while for the glucose/Cu(OH)2 NWAs/Cu
mesh (Scheme 1II), the annealing under otherwise the
same conditions produced C-x-/Cu2O NWAs/Cu mesh,
which showed a dark red color as exemplified by the
C-3-/Cu2O NWAs/Cu mesh (Figure 1c1).
The SEM images (Figure 1c2�c5) and TEM image

(Figure 1c6) of the C-3-/Cu2O NWAs/Cu mesh clearly
show that there were no significant morphological
changes, and the NWA structure remained during the
annealing process. More importantly, the C-3-/Cu2O
NWAs/Cumesh showed smooth surfaces with no obvious
fractures (Figure 1c6), which stood in a sharp contrast with
the Cu2O NWAs/Cu mesh whose images showed abun-
dantpresenceof isolated fractures (Figure1b4�b6),which
would be very undesirable for PEC application of Cu2O
given its already high tendency toward photocorrosion.
The comparison implies that the carbon layer helps to
keep the integrity of NWAs during the annealing pre-
sumably due to the high strength of the carbon layer.
The cross-sectional SEM image of the C-3-/Cu2O NWAs/
Cumesh in Figure S5 reveals that the length of the Cu2O
NWs was around 7�10 μm, which is close the Cu2O's

maximum light absorption depth near the band gap
(approximately 10 μm),24,45 and thus guarantees an
efficient light absorption. As mentioned previously, the
thickness of the carbon layer of the C-x-/Cu2O NWAs/Cu
mesh can be easily tuned simply by varying the starting
glucose concentration. A series of the C-x-/Cu2O NWAs/
Cu mesh samples were prepared with different glucose
concentrations (i.e., 1, 2, 3, 4, 5, 10mgmL�1), and clearly,
all of the C-x-/Cu2O NWAs/Cu mesh samples showed
muchbetter integrity of the original NWA structure than
non-carbon-protected Cu2O NWAs/Cu mesh (Figure 1
and Figure S6).
It is noted that the C-x-/Cu2O NWAs/Cu mesh sam-

ples prepared at low glucose concentrations (i.e., 1 and
2 mg mL�1) showed some fractures on the carbon
surfaces (Figure S6a,b), while any further increase of
the glucose concentration beyond 2 mg mL�1 led to
continuous carbon coatings on the NWAs' surfaces
with no fractures visible (Figure 1c and Figure S6c�e).
These results suggest that the minimum glucose con-
centration for forming a continuous carbon coating
layer in the current system is 3.0mgmL�1. The relation-
ship between the glucose concentrations and average
carbon layer thickness, calculated based on the TEM
measurements, is summarized in Figure 2a, which
clearly shows that the average carbon layer thickness
increased with increasing glucose concentration, in an
almost linear manner.

Figure 2. (a) Relationship of the glucose concentrations with the average carbon layer thickness of the C-x-/Cu2O NWAs/Cu
mesh samples. (b) XRD pattern of the C-3-/Cu2O NWAs/Cu mesh. (c) XPS core level of C 1s of the C-3-/Cu2O NWAs/Cu mesh.
(d) UV�visible diffuse reflectance spectra (DRS) of the Cu2O NWAs/Cu mesh and C-3-/Cu2O NWAs/Cu mesh; the inset shows
the plots of transformed Kubelka�Munk function of these two samples versus the energy of light.
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Figure 2b shows the XRD pattern of the C-3-/Cu2O
NWAs/Cu mesh. As can be seen, besides three peaks
for elemental Cu coming from the Cu mesh substrate,
others are all attributed to Cu2O phase with a strong
(111) orientation, without CuO or Cu(OH)2 being
identified.46 The XPS of C 1s core level for the C-3-/
Cu2O NWAs/Cu mesh sample is presented in Figure 2c.
The experimental curves were well fitted with a Gauss
peaks model after Shirley background subtraction. The
strong C�C peak at 285.0 eV implies the formation of a
carbon layer on the Cu2ONWA surface, while themuch
lower intensities of C�O, O�CdO, and CO3

2� peaks
are attributed to the left over oxygen functional groups
within the carbon layer.47,48 From XPS measurement,
no evidence was observed for the formation of a Cu�C
bond, and elemental Cu was not detected in the NWAs
(Figure S7).49,50

The optical properties of the Cu2O NWAs/Cu mesh
and C-3-/Cu2O NWAs/Cu mesh were measured using
UV�vis diffuse reflectance spectra (DRS) and are pre-
sented in Figure 2d. Compared with the Cu2O NWAs/
Cu mesh (red solid line in Figure 2d), the C-3-/Cu2O
NWAs/Cu mesh (black dashed line in Figure 2d)
showed an enhanced absorption in the long wave-
length region ranging from 600 to 800 nm, which is
due to the strong absorption of the carbon layer in this
region and which agrees well with the color change of
the samples (Figure 1b1,c1). However, a decreased
absorption in the short wavelength region ranging
from 300 to 600 nm was also observed, which implies
that the carbon layer reduces the optical absorption of
the Cu2O NWAs to some extent within this range. This
phenomenon was observed on all C-x-/Cu2O NWAs/Cu
mesh samples prepared in this study, with thicker
carbon layers leading to higher reduction in optical
absorption of the Cu2O NWAs within the short wave-
length region, to which Cu2O is photocatalytically
responsive due to its band gap (Figure S8). Thus, from
a combined viewpoint of lower light absorption (in
short wavelength region) for thicker carbon coatings
and surface fractures for thinner carbon coatings, there
seems to exist an optimal carbon thickness which would
givemaximumPEC performance for such a carbon-layer-
coated Cu2O NWA photoelectrode.
The DRS measurements were transformed using the

Kubelka�Munk function and plotted against the en-
ergy of light (inset in Figure 2d),51,52 from which the
same band gap values of 2.03 eV for the Cu2O NWAs/
CumeshandC-3-/Cu2ONWAs/Cumeshwere estimated,
indicating that no band gap narrowing occurred with
the carbon layer coating and thus implying that there
was no carbon elements doped into the Cu2O lattice.
The results agree well with the results from the XPS
measurement.
To evaluate the PEC performances of the Cu2O

NWAs/Cu mesh and C-x-/Cu2O NWAs/Cu mesh photo-
cathodes, linear sweep voltammetry (LSV)measurements

were performed in 1 M Na2SO4 electrolyte under AM
1.5G (100 mW cm�2) illumination using a three-elec-
trode electrochemical system, with the Cu-mesh-
based photoelectrode, Ag/AgCl electrode, and Ptmesh
as working electrode, reference electrode, and counter
electrode, respectively. During the LSV scan, the illu-
mination was chopped with a frequency of 0.2 Hz so
that the dark and the light currents could be simulta-
neously monitored. It is worth mentioning that, in the
field ofwater splitting, the photocurrent going through
an external circuit is widely used as a reliable surrogate
for hydrogen and oxygen gas measurement in evalu-
ating the performance of various semiconductors,
including Cu2O.

30,53�56 The results show that the
C-3-/Cu2O NWAs/Cu mesh photocathode generated a
photocurrent density of�3.95mA cm�2 (Figure 3a1) at
0 V vs reversible hydrogen electrode (RHE) (the poten-
tial often chosen as a metric to evaluate the perfor-
mance of photocathode as it corresponds to the water
reduction potential),31,57,58 which is the highest among
all samples tested in this work. To the best of our
knowledge, this value is the highest ever reported for
Cu2O materials without the use of any cocatalyst,33,59

and it is much higher than �2.28 mA cm�2 generated
on the bare Cu2ONWAs/Cumesh (Figure 3b1). A digital
photo of hydrogen gas bubbles generated on the C-3-/
Cu2O NWAs/Cu mesh photocathode is presented in
Figure S9. A possible mechanism for the improved
photocurrent density on the C-3-/Cu2ONWAs/Cumesh
photocathode will be presented in a later section.
The photoconversion efficiencies of the Cu2ONWAs/

Cu mesh and C-3-/Cu2O NWAs/Cu mesh photo-
cathodes were calculated with the equation of η =
JPmaxVPmax/Pin,

3,60,61 where JPmax and VPmax are the
current density (mW cm�2) and photovoltage (V vs

RHE) at the maximum power point and Pin (mW cm�2)
is the incoming light flux (100 mW cm�2 in our case).
The insets in Figure 3a1,b1 present the plots of the
photoconversion efficiencies versus applied bias po-
tentials for the Cu2O NWAs/Cu mesh and C-3-/Cu2O
NWAs/Cumesh photocathodes, respectively. The Cu2O
NWAs/Cu mesh exhibited an optimal conversion effi-
ciency of 0.28%, while the C-3-/Cu2O NWAs/Cu mesh
achieved a much higher optimal conversion efficiency
of 0.56% at the potential of 0.21 V vs RHE.
The PEC performances of all C-x-Cu2O NWAs/Cu

mesh samples are presented in Figure S10 and sum-
marized in Figure 4. The photocurrent densities of the
C-x-/Cu2O NWAs/Cu mesh first increased with increas-
ing glucose concentrations and thus with increasing
carbon layer thickness and reached a peak at the
glucose concentration at 3 mg mL�1 and at corre-
spondingly at a carbon layer thickness of 20 nm (i.e.,
C-3-/Cu2O NWAs/Cu mesh) before declining monoto-
nically thereafter. The deteriorating PEC performance
on the C-x-/Cu2O NWAs/Cu mesh samples with thicker
carbon layer can be ascribed to a stronger optical
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blocking by the carbon layers, which reduces the light
absorption of the Cu2O NWAs within the wavelength
range between 300 and 600 nm, as discussed earlier.
To further illustrate the merits of the 1-D nanostruc-

ture, non-one-dimensional and large-sized Cu2O crys-
tal structures (SEM images in Figure S11) were also
synthesized directly on the Cu meshes at relatively low
anodization current densities (0.2�5.0 mA cm�2), and

the PEC performances of these samples were evaluated
under otherwise the same conditions and are presented
in Figure S12. It turns out that the photocurrent densities
of these non-one-dimensional samples were measured
only to be in a range of �0.1 to �1.04 mA cm�2, much
lower than these on the NWA-based Cu2O samples,
namely, the Cu2O NWAs/Cu mesh and C/Cu2O NWAs/
Cu mesh, which can be ascribed to the higher surface
area and facilitated charge carrier diffusion with the one-
dimensional nanostructures.
The stability of the photocathodes under illumina-

tion was evaluated with chronoamperometric mea-
surements at 0 V vs RHE in chopped light with the
same intensity and with a frequency of 0.1 Hz over
20 min, a condition which is widely used as a semi-
standard for comparing photostability of a semicon-
ductor.21,32,33 The photostability was quantified as the
percentage of the photocurrent density at the end of
the last light cycle (J) compared with that at the end of
the first light cycle (J0) within the 20 min measurement
period.17,21,32,33 As shown in Figure 4 and Figure S10, all
C-x-/Cu2O NWAs/Cumesh samples exhibited consider-
ably improved photostability, increasing almost line-
arly with the carbon layer thickness before reaching a
plateau at 80.7%with a carbon layer thickness of 20 nm

Figure 4. Photocurrent densities (measured at 0 V vs RHE)
and photostability of the C-x-/Cu2O NWAs/Cu mesh photo-
electrodes as a function of glucose concentration and thus
carbon layer thickness.

Figure 3. Photoelectrochemical performance of (a1) the Cu2O NWAs/Cu mesh and (b1) C-3-/Cu2O NWAs/Cu mesh under
illumination of chopped AM 1.5G (light on/off cycle: 5 s); insets in (a1) and (b1) plotted the photoconversion efficiencies vs
applied bias potentials for Cu2O NWAs/Cu mesh and C-3-/Cu2O NWAs/Cu mesh, respectively, and respective photocurrent
density decay at 0 V vs RHE in chopped light illumination (light on/off cycle: 10 s) for stability evaluation (a2,b2).
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(i.e., C-3-/Cu2O NWAs/Cu mesh). A close comparison of
the photocurrent density decay curves of the C-3-/
Cu2ONWAs/Cumesh and Cu2ONWAs/Cumesh photo-
cathodes is presented in Figure 3a2,b2. Comparedwith
the photostability of only 12.6% for the non-carbon-
protected Cu2O NWAs/Cu mesh photocathode, the
C-3-/Cu2O NWAs/Cu mesh photocathode showed a
remarkably improved photostability of 80.7% (almost
600% increase). This demonstrates the protective role
of the carbon layer coating and thus exemplifies that
the carbon layer protection strategy is indeed an
effective strategy for combating the photocorrosion
problemofunstable semiconductors. The photostability
measurement was also performed for a longer period of
time (i.e., 1 h), and the results are presented in Figure
S13. As can be seen, after 1 h illumination, the Cu2O
NWAs/Cumesh almost lost its photoactivity completely,
while the C-3-/Cu2O NWAs/Cumeshmaintained 75% of
its original photoactivity. Furthermore, the SEM images
of the Cu2O NWAs/Cu mesh and C-3-/Cu2O NWAs/Cu
mesh after 1 h illumination are presented in Figure S14,
and clearly, some metallic copper particles were found
on the surface of the Cu2O NWAs/Cu mesh sample, but
no copper particles could be identifiedon theC-3-/Cu2O
NWAs/Cu mesh sample, which partially confirms the
enhanced photostability with the carbon protective
layer.
Increasing the carbon layer thickness beyond 20 nm

did not result in any further improvement in photo-
electrodes' photostability, and thus an optimal carbon
thickness of 20 nm was identified in the current study
(C-3-/Cu2ONWAs/Cumesh), and since among all of the
samples tested in this study, the C-3-/Cu2O NWAs/Cu
mesh gave the highest photocurrent density, as well, it
is the optimal photoelectrode for water splitting appli-
cation. Furthermore, not surprisingly, all of the non-
one-dimensional and non-carbon-protected Cu2O/Cu
mesh samples showed very low photostability, less
than 10% (Figure S12).
The electrochemical impedance spectroscopy (EIS)

is a powerful tool for studying a material's PEC pro-
perties.62 The EIS measurement was carried out cover-
ing the frequency of 105�0.1 Hz interval using an

amplitude of 10 mV at a bias potential of 0 V vs RHE.
Figure 5 presents Nyquist plots for the Cu2O NWAs/Cu
mesh and C-3-/Cu2ONWAs/Cumesh in dark and under
illumination. It is known that the semicircle in a Nyquist
plot at high frequencies is characteristic of the charge
transfer process and the diameter of the semicircle
is equal to the charge transfer resistance (Rct).

63 The
C-3-/Cu2O NWAs/Cu mesh showed a lower Rct value
than the Cu2O NWAs/Cu mesh both in dark and under
illumination, which is presumably due to the good
conductivity of the carbon layer on the Cu2O nanowire
surface. The carbon layer thus facilitates the electron
transfer from Cu2O to the electrolyte, resulting in an
overall reduced charge transfer resistance, which also
explains the better PEC performance of the C-x-/Cu2O
NWAs/Cu mesh.

CONCLUSION

In this work, a facile strategy based on coating a thin
protective carbon layer was proposed to combat the
photocorrosion problem of unstable semiconductors.
The proof-of-concept test successfully showed that the
thin carbon-layer-protected Cu2O nanowire arrays not
only exhibited remarkably improved photostability
but also showed significantly improved water splitting
performance.

EXPERIMENTAL SECTION

Preparation of C-x-/Cu NWAs/Cu Mesh Photocathode. The Cu mesh
(Alfa Aesar, 100 mesh, 0.11 mm as wire diameter) was anodized
in an alkali solution (3MNaOH) for 30min under 10mA cm�2 to
form Cu(OH)2 NWAs/Cu mesh. The Cu2O crystals with large size
were synthesized under different current densities ranging
from 0.2 to 5 mA cm�2. The temperature of the electrochemical
cellswasmaintainedat 25 �C for all experiments. The as-anodized
Cu(OH)2 NWAs/Cu mesh was annealed at 550 �C at N2 atmo-
sphere for 4 h with or without glucose coating. The glucose
solution was prepared using deionized water only.

Structural Characterization. The morphologies of the C-x-/Cu
NWAs/Cumesh photocathodes were characterized by scanning

electron microscopy (SEM, FEI, Quanta 600) and transmission
electron microscope (TEM, Tecnai T12). The crystalline structure
of the samples was analyzed by X-ray diffraction (XRD) (Bruker
D8 Discover diffractometer, using Cu KR radiation (1.540598 Å)).
The chemical compositions and status were analyzed by X-ray
photoelectron spectroscopy (XPS) with an Axis Ultra instrument
(Kratos Analytical) under ultrahigh vacuum (<10�8 Torr) and
by using a monochromatic Al KR X-ray source. The adventi-
tious carbon 1s peak was calibrated at 285 eV and used as an
internal standard to compensate for any charging effects. The
diffuse reflectance UV�vis adsorption spectra were recorded
on spectrophotometer (Shimadazu, UV 2550), with fine BaSO4

powder as reference. All digital photos were taken by a Cannon
EOS 7D.

Figure 5. Nyquist plots (Zre vs Zim) for the Cu2O NWAs/Cu
mesh and C-3-/Cu2O NWAs/Cumesh photocathodes in dark
and under illumination.
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Photoelectrochemical Measurements. The PEC performance of
the prepared C-x-/Cu NWAs/Cu mesh photocathodes was eval-
uated using a three-electrode configurationwith C-x-/CuNWAs/
Cu mesh, Ag/AgCl, and Pt gauze as working electrodes, refer-
ence electrode, and counter electrode, respectively. The elec-
trolyte used was 1.0 M Na2SO4 solution. The photoresponse of
the prepared photoelectrodes was measured under a chopped
irradiation from a 300 W Xe lamp (PLS-SXE300) (light on/off
cycle: 5 s). The intensity of light source was calibrated with a Si
diode (Newport) to simulate AM1.5 illumination (100mWcm�2).
The scan rate for the linear sweep voltammetry was 2 mV s�1.
The PEC stability of the materials was evaluated by measuring
the photocurrent densities produced under chopped light
irradiation (light on/off cycles: 10 s) at a fixed electrode potential
of 0 V vs RHE. The impedance measurements were performed
using a PGSTAT302NAutolab potentiostat/galvanostat (Metrohm)
equipped with a frequency analyzer module (FRA2). The electro-
chemical impedance spectra were done at an excitation signal
of 10 mV amplitude. The impedance versus frequency spectra
were acquired at fixed sample potentials. Afterward, impe-
dance versus potential measurement at fixed frequencies of
5k Hz was performed.
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