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ABSTRACT We report a facile and large-scale fabrication of three-dimensional (3D)
In0/Cu0 heterojunction branched nanowires (b-NWs) and their application as photo-
cathodes for photoelectrochemical (PEC) solar hydrogen production in a neutral
medium. Using simple, cost-effective thermal oxidation and hydrothermal growth
methods, Zn0/Cu0 b-NWs are grown on copper film or mesh substrates with various Zn0
and Cu0 NWs sizes and densities. The Zn0/Cu0 b-NWs are characterized in detail using
high-resolution scanning and transmission electron microscopies exhibiting single-

crystalline defect-free b-NWs with smooth and clean surfaces. The correlation between

electrode currents and different NWs sizes and densities are studied in which b-NWs with longer and denser Cu0 NW cores show higher photocathodic

current due to enhanced reaction surface area. The Zn0/Cu0 b-NW photoelectrodes exhibit broadband photoresponse from UV to near IR region, and higher

photocathodic current than the Zn0-coated CuO (core/shell) NWs due to improved surface area and enhanced gas evolution. Significant improvement in the

photocathodic current is observed when Zn0/Cu0 b-NWs are grown on copper mesh compared to copper film. The achieved results offer very useful

guidelines in designing b-NWs mesh photoelectrodes for high-efficiency, low-cost, and flexible PEC cells using cheap, earth-abundant materials for clean

solar hydrogen generation at large scales.
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he photoelectrochemical (PEC) water
Tsplitting for clean and practical hydro-

gen production requires cheap, effi-
cient, and stable semiconductor photo-
electrodes to split water and consequently
generate hydrogen at large scales. Among
the vast majority of studied materials so far,
semiconductor metal oxides (Fe,Os TiO,,
WO;, ZnO, Cu,0, and CuO) have shown pro-
mising potentials,' "> which are abundant,
cheap, nontoxic, and can be fabricated using
facile, cost-effective, and scalable fabricat-
ion techniques, such as hydro/solvothermal
growth method*>*'° and electrodeposition.'”
Despite their potential for high solar-to-hydro-
gen (STH) conversion efficiencies,'>' there
are several limiting factors, such as short diffu-
sion length,>'>~"7 low conductivity,”'®'° and
poor surface evolution kinetics, > that cause
the STH efficiencies to be considerably lower
than the predicated theoretical values.>*>>'°
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The formation of nanostructured metal
oxides reduces the carrier diffusion length
and increases the reaction surface area as
well as improves the surface evolution
kinetics.?? Specifically, vertical metal oxide
NWs have shown promising performances
for the PEC solar water splitting because
they provide enhanced light absorption, in-
creased surface area, reduced carrier recom-
bination, and improved charge collection
efficiency.*62=119232% |ntrinsically n-type
metal oxide NWs (Fe, 052" Ti0,>"°
WO;,*>?° and Zn0%?%) have mostly been
studied for the oxygen generating photo-
anode materials.**'%'%%3 Copper oxides (CuO
and Cu,0) are the most studied metal oxides
for the photocathodic hydrogen production
as they are naturally p-type with proper
band gaps for light absorption (E5 (CuQ) =
14 eV,® E; (Cu0) = 2 eV).!!122728
The formation of NW heterostructures can
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enhance the PEC performance of copper oxide photo-
cathodes resulting in an improvement of their STH
efficiency due to increased charge separation and
enlarged reaction surface area/sites. Furthermore,
stable materials such as TiO, that are coupled with
the copper oxides in the heterostructure, can improve
the stability of copper oxide photocathodes because
they can protect the surface of copper oxide electrodes
against decomposition/corrosion in the electrolyte.?

Compared to core/shell NW (cs-NW) heterostruc-
tures, branched NWs (b-NWs) are very promising for
PEC solar hydrogen production®** 32 due to enhanced
surface area, improved light absorption,?*** and in-
creased gas evolution.?? In addition, the smaller size of
the NW branches (compared to the size of NW cores)
can also result in more efficient charge separation and
collection due to the close proximity between the
photogenerated carriers and the semiconductor-elec-
trolyte interface.* We have recently demonstrated the
ZnO/Si b-NW heterostructures for efficient solar water
splitting and photocathodic hydrogen production,®**'
which also provide tunable PEC performance resulting
in selective water oxidation or reduction.3 There are
several reports for all-metal-oxide NW heterostructures
for photoanode materials; however, to the best of our
knowledge, there is no report employing all-metal-
oxide NW heterostructures for photocathode materials
for hydrogen production.>**> Having a b-NW hetero-
structure based on CuO and ZnO metal oxides can be a
promising candidate for the photocathodic hydrogen
production because it uses advantages of both CuO
and Zn0O?*% metal oxides for the solar water splitting
as well as the aforementioned beneficial characteristics
of the heterojunction b-NWs. Furthermore, such a
b-NW structure is easily synthesized using facile, cost-
effective and scalable fabrication methods such as
thermal oxidation and hydrothermal growth.?” The
b-NWs based on all-metal-oxide NWs can also be used
for other device applications such as lithium-ion bat-
teries (LIBs),*® and optoelectronic devices.>®

In this paper, we present the facile and large-scale
fabrication of 3D ZnO/CuO b-NW heterojunction
photocathodes for PEC solar hydrogen production.
The ZnO/CuO b-NWs are synthesized on different
copper substrates, including copper foils and meshes,
for different ZnO and CuO NWs sizes and densities.
High-resolution scanning and transmission electron
microscopies are employed to characterize the
b-NWs in detail. The ZnO/CuO b-NWs are used as
photocathodes and the correlation between the elec-
trode currents and different NWs sizes and densities
are studied. The spectral incident photon-to-current
efficiency (IPCE) of the ZnO/CuO b-NW photoelec-
trodes is also investigated. An energy band diagram
of the ZnO/CuO heterojunction b-NW is also proposed
to helpillustrating the working mechanism of the ZnO/
CuO b-NWs.
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RESULTS AND DISCUSSION

CuO NW arrays were synthesized on copper foil and
mesh using the thermal oxidation growth method for
different growth annealing times and temperatures
(see the Methods for details). After the CuO NW
growth, a thin ZnO layer as seeding layer for the ZnO
NW growth was deposited on the as-grown CuO NW
substrates by RF magnetron sputtering. The ZnO NW
branches were finally grown on the CuO NW cores
using the hydrothermal growth method. A three elec-
trodes configuration (sample as working electrode
(WE), Pt coil as counter electrode (CE), and Ag/AgCl
(1 M KCI) as reference electrode (RE)) placed in 400 mL
of a neutral aqueous electrolyte (0.25 M Na,SO, buffered
at pH = 7.25) was used to perform the current density
measurements (see the Methods for more details). A
constant light power intensity of ~109 mW/cm? was
tuned on the samples. The spectral photoresponse and
incident photon-to-current efficiency (IPCE) measure-
ments were carried out using the same setup and electro-
lyte as described for the current density measurements.
For convenience, ZnO/CuO b-NW arrays for different ZnO
NW growth times, and different CuO NW growth anneal-
ing times and temperatures are denoted as “b(Xm-ZnO/
Yh-Z°C-CuO) NWs". “X”, "Y”, and “Z" are the ZnO growth
time in minutes (m), growth annealing time in hours (h),
and growth annealing temperature, respectively (for ex-
ample, “5m-ZnO” means ZnO NWs grown for 5 min or “3h-
400°C-Cu0” means CuO NWs grown for 3 h at 400 °C.

Figure 1 exhibits the scanning electron microscopy
(SEM) images of the CuO NW arrays grown on Cu foil for
different annealing times (2, 3, 4, or 5h) and temperatures
(400, 450, or 500 °C). Longer annealing time results in larger
average diameter and length (Figure 1a—d), higher density
(Figures S1a—d), and darker sample color (see optical
images in the insets of Figure 1a—d). The growth of CuO
NWs is uniform through the whole area of samples as can
be seen by the optical images in the insets of Figure 1a—d
and low-magnification SEM image in Figure S1e. The CuO
NW growth mechanism involves two steps:*

4Cu+ 0, — 2Cu,0 (1)

2Cu,0+0; — 4Cu0 (2)

In the first step (eq 1), a Cu,0 layer forms on the surface of
copper substrate which serves as the precursor for the CuO
growth in the second step (eq 2). The CuO NWs are then
formed through rapid and short-circuit diffusion of Cu ions
across grain boundaries and/or defects in the Cu,0 layer.*’
This is evident by the observation of three different parallel
copper oxide layers on the copper substrate (Figure S2a),
including Cu,0 film, CuO layer, and CuO NW array. The
order of copper oxide layers on the Cu substrate can also
be explained by the diffusion theory in which Cu,O with
higher Cu concentration than CuO is the closest layer to the
Cu substrate.2® The thickness of CuO film underneath the
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Figure 1. SEM images of CuO NW arrays grown at 400 °C on Cu foil for different annealing times: (a) 2, (b) 3, (c) 4, and (d) 5 h. The
insets show the optical images of the corresponding samples. SEM images of CuO NWs grown for 4 h on Cu foil at different annealing
temperatures: (e) 400, (f) 450, and (g) 500 °C. The insets show the high-magnification images of the corresponding samples.

CuO NW layer increases with increasing the annealing time
(Figure S2b—d), consistent with longer CuO NWs for longer
annealing time. Higher temperature results in larger aver-
age length and diameter (insets of Figure 1e—g), and lower
NW density (Figure S1f—h). In addition, at higher tempera-
ture, bending is observed due to the high aspect ratio of
the NWs.

Low-magnification bright field (BF) transmission
electron microscopy (TEM) image of a single 4h-
400°C-CuO NW is shown in Figure 2a, exhibiting a
diameter of ~55 nm. The CuO NWs show different
diameters and lengths for one specific growth tem-
perature and time as shown in TEM (Figure S3) and SEM
(Figure 1) images. By examining different CuO NWs
(see Figure S3), we can conclude that they are rather
defect free. A partly magnified TEM image of the CuO
NW along its length further reveals the quite defect-
free structure (Figure S4). The high-resolution TEM
(HRTEM) image (Figure 2b) exhibits the single-crystal-
line nature of CuO NW. The calculated lattice spacing is
~0.27 nm corresponding to (110) plane of monoclinic
CuO, which is consistent with that reported else-
where for the CuO NWs synthesized with the same
method.""?® The fast Fourier transform (FFT) pattern of
the HRTEM image shows CuO single crystallinity or-
iented along the (111) direction indicating a growth
direction of [111]. In addition, the NW surface is smooth
without any amorphous layer. The partly magnified
TEM image in Figure S4 also shows that the CuO NW
has smooth surfaces along its entire length though
there is an amorphous layer in some parts which can be
due to either long exposure of NWs in air or contamina-
tion from the microscope. Low-magnification high angle
annular dark field (HAADF) scanning transmission elec-
tron microscopy (STEM) image of a similar-sized CuO NW
is shown in Figure 2c. High-resolution annular bright field
(ABF) STEM images of left and right sides of NW clearly
reveal the CuO NW single crystallinity.

Figure 3a,b shows 4h-400°C-CuO NWs grown on Cu
mesh with ZnO seeding layer coating. After the ZnO
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Figure 2. (a) Low-magnification bright field TEM image of a
single 4h-400°C-CuO NW and (b) high-resolution TEM image
of left side of corresponding CuO NW. Inset shows the
calculated FFT pattern indicating the CuO NW growth
direction. (c) Low-magnification high angle annular dark
field STEM image of a similar-sized CuO NW. (d and e) High-
resolution annular bright field STEM images of NW sides.

seeding layer deposition, longer CuO NWs bend. The
Zn0O/CuO b-NW arrays on Cu foil with 3h-400°C-CuO
NW cores, and different ZnO NW branches are shown
in Figure 3c—h. For different ZnO growth times, ZnO
NWs grow through the entire length of CuO NW cores
due to the conformal coating of ZnO seeding layer. There
is ZnO NW growth in spaces between CuO NWs on flat
surface since the ZnO seeding layer covers all surfaces on
the substrate. Longer ZnO growth time results in longer
ZnO NW branches. Besides the growth time, the size of
ZnO NW branches can be tuned by altering the precursor
concentrations for ZnO growth3° After the ZnO NW
growth, longer CuO NW cores bend and bending increases
with longer ZnO growth time (Figure S5 and Figure 3). The
growth of ZnO/CuO b-NWs is through the entire area of
samples and it is not limited to the small parts.

Figure 4a shows low-magnification ABF STEM image
of a single ZnO/CuO b-NW clearly exhibiting three
different regions including CuO NW core, ZnO seeding
layer, and ZnO NW branches. There is formation of an
amorphous layer in interface between CuO NW and
ZnO seeding layer (see also annular dark field (ADF)
STEM images in Figure S6 to better observe such a layer
as well as three different regions). The formation of
such an amorphous layer is throughout the entire
length of the CuO NW (Figure S6). HAADF STEM image

VOL.7 = NO.12 = 11112-11120 = 2013 @M\

WWww.acshano.org

”
N

D

11114



Figure 3. (a—b) SEM images of 4h-400°C-CuO NWs on Cu mesh with ZnO seeding layer. SEM images of ZnO/CuO b-NWs on Cu
foil with 3h-400°C-CuO NW cores, and different ZnO NW branches ((c and d) 5m-ZnO, (e and f) 10m-ZnO, (g and h) 15m-Zn0).

Figure 4. (a) Low-magnification annular bright field STEM image of a single b(10m-Zn0/4h-400°C-CuO) NW. (b) High angle
annular dark field STEM image of labeled single ZnO NW. (c and d) High-resolution images of right side of ZnO NW in (b). (e)
The corresponding noise-filtered image of (d). (f) High-resolution high angle annular dark field STEM image of interface
between a ZnO NW and ZnO seeding layer from a b-NW shown in Figure S7.

of a single ZnO NW with ~25 nm diameter, selected
from Figure 4a, is shown in Figure 4b. The brighter
portion is due to overlap from another ZnO NW sitting
on the back of this ZnO NW (see Figure S6). High-
resolution HAADF STEM images (Figure 4c,d) indicate
that the ZnO NW is comprised of the single crystal
wurtzite structure, and defect free with smooth and
clean surfaces. The modified image of high-resolution
HAADF STEM image via noise filtering (Figure 4e)
exhibits a lattice spacing of ~0.26 nm along (0002)

KARGAR ET AL.

plane, which is consistent with that reported elsewhere
for the ZnO NWs grown with the same method.*? The
ZnO growth direction for this selected ZnO NW is along
[0001] (c-direction). Figure 4f shows a high-resolution
HAADF STEM image of interface between ZnO NW and
ZnO seeding layer. Note that it is hard to clearly see the
crystal structure of the ZnO seeding layer due to the
overlap of many NWs with the seeding layer. The actual
thickness of the ZnO seeding layer on the CuO NW
(see Figure S7) is ~30 nm, which is less than half of

VOL.7 = NO.12 = 11112-11120 = 2013 W&)

WWww.acshano.org

11115



e
o

«— 0.00F — o
£ e § £
o L L
< .06} < <
E E -0.02p E .o2f
z z z
g -012p 2 .04} 2
[ L -1}
o a 9 o4l
€ 018} £ -
s (a)| g -oost g (c)
. B i
= 1 L L L s 5 N . :
(& 05 04 -03 -02 -01 00O -0.5 -0 4 -0 3 -0 2 -0 1 00 © 0 50 100 150 200
5 Potential (V) vs Ag/AgCI RE Potential (V) vs Ag/AgCI RE Time (sec)
0.00
< <= 0.00} < 0.0}
< 015} < <
g 0.30 g g .
® 030} 7] 7]
g g 0.2} g
2 S S ost
e | B =
g 04 (d)| g -o1sf : (f)
5 . . A A 5 5 L . L
o 0.5 -04 -03 -0.2 -01 0.00© 0.5 -0 4 -0 3 -0 2 -0 1 00 © 0 50 100 150 200
Potential (V) vs Ag/AgCl RE Potential (V) vs Ag/AgCI RE Time (sec)
~ O0.0F = << 0.0F
e | ——Z |3 E
L L2 0.0 <
T o2} E oo0sf 02} / £ 04}
2 2 0.4 E
L e
2 04 2 oter 5 osf
o o 050403020100| =
£ a6l 2 -0.24f h 8 .
1 hy S..p ° ()
Q -05 -04 -03 -02 -01 006C© -0.5 -0 4 -0 3 -0 2 -01 00 0 50 100 150 200

Potential (V) vs Ag/IAgCI RE

Potential (V) vs Ag/AgCI RE

Time (sec)

Figure 5. Currentdensity of CuO/ZnO cs-NWs grown at 400 °C for different annealing times (black line, 2 h; red line, 5 h) on Cu
foil (a) under light illumination and (b) at dark. (c) Transient current density under chopped illumination of the corresponding
samples. Current density of 5m-ZnO NWs on CuO NW cores grown at 400 °C for different annealing times (black line, 2 h; red
line, 4 h; blue line, 5 h) on Cu foil (d) under light illumination and (e) at dark. (f) Transient current density under chopped
illumination of the corresponding samples. Current density of 5h-400°C-CuO NW cores on Cu foil with different ZnO NW
branches (black line, ZnO seeding layer; red line, 5m-Zn0; blue line, 10m-ZnO; dark cyan line, 15m-Zn0) (g) under light
illumination and (h) at dark. The inset in (h) shows the dark (black line) and light (red light) currents for 10m-ZnO NWs on 5h-
400°C-CuO NW cores. (i) Transient current density of the corresponding samples. The applied external bias for all the transient
current densities in (c), (f), and (i) is —0.5 V versus Ag/AgCl RE.

predicted deposition thickness (see the Methods) due
to the high surface area of CuO NWs. Besides the ZnO
NWs with crystallographic orientation of [0001] shown
in Figures 4d ,e, we have also observed ZnO NWs with
[110] growth orientation, identified with the (0001)
zone axis (see Figure S8).

The current density measurements in a neutral
solution of ZnO/CuO b-NWs on Cu foil for different
CuO growth annealing and ZnO growth times are
shown in Figure 5. Figure 5a,b exhibits the J—V mea-
surements for the ZnO-seeding-layer-coated CuO NWs
(CuO/ZnO core/shell NWs (cs-NWs)) grown at 400 °C
for different annealing times, showing a photocathodic
behavior due to the p-type nature of the CuO NWs (see
the Supporting Information and Figure S9 for the
p-type conductivity). The dark and light currents in-
crease with longer annealing time due to the increased
reaction surface area. In addition, the CuO NWs grown
with longer annealing time provide higher absorption
(see optical images in the insets of Figure 1a—d),
allowing higher photocathodic current. Figure 5c¢ illus-
trates the transient current density under chopped
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illumination for the corresponding cs-NWs at —0.5 V
exhibiting good switching behavior.

The effect of CuO growth annealing time on the light
and dark currents of ZnO/CuO b-NWs are exhibited in
Figure 5d,e. The ZnO/CuO heterojunction b-NWs also
show photocathodic behavior. Longer annealing time
results in higher dark and light currents due to the
enhanced surface area and probably increased optical
absorption which can come from the improved light
trapping of longer NWs.** The trends for different anneal-
ing times in the transient current density (Figure 5f)
confirm the trends in Figure 5d,e. Figure 5gh shows
the effect of ZnO NW growth time on the light and dark
currents of b-NWs. The ZnO/CuO b-NWs show higher light
and dark currents than the CuO/ZnO cs-NWs resulting in
improved photocathodic current which can be due to
the increased reaction surface area and enhanced gas
evolution as a result of the large curvature of ZnO
NWs.?*?? The ZnO/CuO b-NWs with 10m-ZnO NWs exhibit
the highest dark and light currents between the investi-
gated b-NWs. Despite the higher surface area of b-NWs
with 15m-ZnO NWs, they show lower dark and light
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currents than the b-NWs with 10m-ZnO NWs. This may be
due to the increased bending of b-NWs with 15m-ZnO
NWs (Figures S5 and Figure 3), which may reduce the
effective area for surface reactions leading to lower dark
and light currents. The trends for different ZnO growth
times in the transient current density (Figure 5i) confirm
the observed trends in Figure 5g,h. As shown in Figure 5f}i,
the b-NWs show good switching behavior for different
CuO growth annealing and ZnO growth times. The
photocathodic current overshoots in the beginning of
switching light on in Figure 5¢f| can be due to the
accumulation of photogenerated carriers at the inter-
face between NWs and electrolyte, and consequent
recombination until reaching a stationary photocur-
rent. Note that there are also current overshoots under
switching off though their magnitude is much smaller.
Note that the shapes of dark and light currents in the
J—V plots for the cs-NWs and b-NWs (Figure 5) are similar
to that reported for the CuO film photocathodes.'?

The approximate energy band diagram of the ZnO/
CuO heterojunction b-NW in contact with the electro-
lyte at a reversed biasing potential of —0.45 V is shown
in Figure 6. For the junction between p-CuO and n-ZnO
NWs, the depletion region mostly lies in the p-CuO NW
due to much higher doping concentration of n-ZnO
NW, which is in the order of 10'® cm ™ for the ZnO NW
grown by the hydrothermal growth method.** The
calculated doping concentration for the p-CuO NW is
about 9 x 10'® cm ™3 (see the Supporting Information),
which is in the range of that reported elsewhere.*'
Furthermore, in general, the radius of CuO NW core is
smaller than the length of ZnO NW branch (see Figure 6
inset and Figures 3 and 4). These two factors cause
a large band bending in the CuO NW core to occur.
The considered band gaps for CuO and ZnO NWs are
1.4 eV?® and 3.4 eV, respectively. The energy levels of
bottom of the conduction band (CB) for the CuO and
ZnO are estimated to be 4.07 and 4.35 eV,****® respec-
tively, resulting in the estimated values of 0.28 and
1.72 eV for the AEcg and AEyg, respectively, under the
thermal equilibrium condition. Under light illumina-
tion, there is a small photocurrent at around zero
biasing potential (see Figure 5h inset for a photocur-
rent of 0.09 mA/cm? at —0.05 V) due to photogenerated
carriers coming from the CuO-ZnO and ZnO-electrolyte
junctions. By increasing the reversed biasing potential, the
energy levels of ZnO move downward resulting in more
band bending at the CuO-ZnO junction (the junction
becomes more favorable and effective for charge separa-
tion and transport) and reduced barrier at the ZnO-electro-
lyte junction (see Figure 6). These increased band bending
and decreased barrier lead to the enhanced light current.

To further evaluate the performance of ZnO/CuO
b-NWs, the spectral IPCE of b(5m-Zn0/3h-400 °C-CuO)
NWs at —0.4 V is presented in Figure 7. From 450
to 500 nm, there are IPCEs larger than 8% with a
maximum efficiency of 10%. The ZnO/CuO b-NWs
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p-CuO n-ZnO Solution

Ecs

H*/H,

H20/0,

Figure 6. Approximate energy band diagram of the ZnO/
CuO heterojunction b-NW in contact with the electrolyte at
a reversed biasing potential of —0.45 V. The inset shows a
STEM image (part of Figure 4a) indicating the relative size of
the CuO NW radius to the ZnO NW length.

12

IPCE (%)

500 600 700

Wavelength (nm)

400

Figure 7. Spectral incident photon-to-current efficiency
(IPCE) of b(5m-Zn0/3h-400°C-Cu0) NWs at —0.4 V versus
Ag/AgCl RE.

show broadband photoresponse from UV to near IR
region due to coupling of low band gap CuO with high
band gap ZnO. The 4h-450°C-CuO NW shows a field
effect mobility of 0.0052 cm?/(V-s) (see Figure S9 and
mobility calculation in the Supporting Information),
which is much higher than reported before.”
Although mobility of the CuO NWs grown by the
applied thermal oxidation method is very low which
affects the PEC performance shown in Figure 5, the PEC
performance can significantly be enhanced by increas-
ing the effective surface area. The CuO NWs on Cu
mesh provide much higher surface area than that on
Cu foil, in which the surface area enhancement has
been estimated to be 135%.*” Note that this estimated
value can vary for different meshes with different
diameter and density for Cu wires. Figure 8a,b shows
the SEM images of 4h-400°C-CuO NWs on Cu mesh, in
which there is uniform growth on all surfaces of Cu
wires in the Cu mesh, and NWs are approximately vertical
to the surface. Like on Cu foil, three different parallel
copper oxide layers form on the Cu mesh. SEM images
of ZnO/CuO b-NWs on Cu mesh with 4h-400°C-CuO NW
cores and for two different ZnO growth times ((c and d)
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Figure 8. (a and b) SEM images of 4h-400°C-CuO NWs on Cu
mesh. The inset in (b) shows high-magnification image
illustrating the CuO NWs diameter size. SEM images of
Zn0O/CuO b-NWs grown on Cu mesh with 4h-400°C-CuO
NW cores and different ZnO NW branches ((c and d) 5m-ZnO
and (e and f) 10m-Zn0). (g) Current density of b(10m-ZnO/3h-
400°C-Cu0) NWs on Cu foil (black line, dark current; blue line,
light current) and on Cu mesh (red line, dark current; dark cyan
line, light current; magenta line, light current with the reflector).
Inset shows a schematic of mesh sample with incident and
reflected light illuminating both sides of the mesh.

5m and (e and f) 10m) are exhibited in Figure 8c—f, in
which ZnO/CuO b-NWs on mesh show the same char-
acteristics as those described earlier for Cu foil (see also
Figures S10a—c).

The current densities of b(10m-Zn0O/3h-400°C-CuO)
NWs grown on different Cu substrates (foil and mesh)
are shown in Figure 8g. Due to the increased surface
area caused by the mesh substrate, the dark and light
currents of b-NWs on Cu mesh are higher than those on
Cu foil. To use both sides of mesh, an aluminum
reflector (which was angled a little during the J—V
measurement) was used to reflect the incident light
and illuminate the back of mesh (see Figure 8g inset).
As shown, the light current of b-NWs on mesh significantly
increases after using the reflector. Photocathode energy

METHODS

Zn0/Cu0 b-NWs Synthesis. The CuO NW arrays were grown on
different copper substrates (copper foils and meshes) using
thermal oxidation growth method.*® The number of meshes in
the Cu mesh substrates was 200 (TWP, Inc.). First, small pieces
(~1 cm?) of Cu foils and meshes were cut and cleaned by

KARGAR ET AL.

conversion efficiency®’ of b-NWs on mesh with the
reflector is much higher than that on foil due to much
enhanced photocurrent (light current — dark current).
Connecting two mesh samples together and illuminating
both sides of the connected sample can further increase
the photocathode conversion efficiency.

Although our reported ZnO/Si b-NWs show high
hydrogen production efficiency, they require high bias-
ing potential to drive water splitting.>>3" In this regard,
the ZnO/CuO b-NWs can be more promising because
they are photoactive at low biasing potentials. The main
challenge to use the ZnO/CuO b-NWs for efficient/
practical hydrogen production is long-term stability
since both CuO and ZnO NWs are not stable over long
time resulting in photocurrent degradation for b-NWs
over time (Figure 5f,i). To improve the stability of ZnO/
CuO b-NW photoelectrodes and obtain long-term sta-
bility, a decomposition/dissolution-resistant coating
layer such as TiO, can be used to protect the b-NWs3'
Using such a coating strategy, we have shown stability
of over one day under constant light illumination for the
TiO,/Pt coated ZnO/Si b-NWs.*?

CONCLUSIONS

In summary, we showed the facile and large-scale
fabrication of 3D ZnO/CuO b-NW photocathodes for solar
hydrogen production in a neutral electrolyte. The ZnO/
CuO b-NWs were grown on different copper substrates for
different ZnO and CuO NWs sizes and densities applying
simple, cost-effective thermal oxidation and hydrothermal
growth methods. The b-NWs were characterized in detail
using high-resolution scanning and transmission electron
microscopies showing single-crystalline defect-free b-NWs
with smooth and clean surfaces. The b-NWs with longer
and denser CuO NW cores exhibited higher photocatho-
dic current due to increased surface area. The ZnO/CuO
b-NWs presented higher photocurrent than the CuO/ZnO
cs-NWs because of increased surface area and improved
gas evolution. The ZnO/CuO b-NWs showed a broadband
photoresponse from UV to near IR region. The ZnO/CuO
b-NWs grown on the copper mesh exhibited a signifi-
cantly improved photocathodic current than those grown
on the copper film due to improved surface area caused
by the mesh substrate. These results provide useful in-
sights in the design and fabrication of unique 3D b-NWs
mesh electrodes based on low-cost and earth abundant
materials for potential cost-effective and high-efficiency
solar fuel production.

sonication in acetone, isopropyl alcohol (IPA), and deionized (DI)
water for 5 min each case, consecutively and finally rinsed with
DI water and dried with N, flow. Then, they were immediately
transferred into an open furnace (without using any gas flow)
and annealed under air at different temperatures and for
various times. The annealing procedure was performed as
follows: the furnace temperature was raised to the desirable
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temperature (400, 450, or 500 °C) for 10 min and at each
annealing temperature, samples were kept at this temperature
for the desirable time (2, 3, 4, or 5 h); finally the furnace was
gradually cooled down without opening the furnace, and the
samples were removed. Note that for both foil and mesh
samples, CuO NWs grew on both sides of the Cu substrates
due to exposure to oxygen during annealing. The CuO NW
substrates were then transferred into the sputtering machine to
deposit a thin ZnO seeding layer for the ZnO NW growth using
RF magnetron sputtering using a 99.99% ZnO target and in
argon gas. The sputtering pressure was 2.5 mT during the
deposition. The measured thickness of sputtered ZnO on a
glass slide was ~69 nm. Note that the actual thickness of
sputtered ZnO on CuO NWs is smaller than this thickness (see
text). For the mesh samples, both sides of the mesh substrates
were coated with the ZnO seeding layer. Finally, the ZnO NW
branches were grown on the CuO NW cores using identical
hydrothermal growth method as reported previously.>? Note
that for the mesh samples, ZnO NWs uniformly grew on all
surfaces of Cu wires in the mesh since ZnO seeding layer
covered all surfaces on both sides of the mesh. The synthesized
b-NW samples were then stored under vacuum for the next
processes such as morphology study and PEC tests.

Structural Characterization. A Philips XL30 field-emission envi-
ronmental scanning electron microscope (ESEM), working at an
accelerating voltage of 10.0 kV, was used to obtain the SEM
images to study the samples morphologies. The atomic-scale
structural analyses were performed using high resolution trans-
mission electron microscopy (HRTEM, JEOL JEM3100F) operated
at 300 kV. For further study, spherical aberration-corrected
scanning transmission electron microscopy (Cs-corr. STEM, JEOL
JEM2100F) operated at 200 kV was employed to identify the
actual atomic configuration of NWs. For the TEM sample pre-
paration, the copper foil containing CuO NWs was held with a
tweezer and scraped it onto a holey carbon grid to pull out NWs
to be attached onto a grid.

Photoelectrochemical and IPCE Measurements. To perform the PEC
tests, first the back side of foil samples were completely
scratched to have Cu surface because there was CuO NW
growth on both sides of the Cu foil, while for mesh samples,
only one edge was cleaned. The foil samples were then bonded
to Cu wire at the back using indium, which provides an ohmic
contact. The edges and backside of foil samples were sealed
using epoxy (see Figure S11). For mesh samples, the cleaned
edge was only connected to the Cu wire and sealed by epoxy
(see Figure S11). A three-electrode PEC cell using a 400 mL
aqueous solution of 0.25 M Na,SO, buffered at pH = 7.25
(neutral solution) with Phosphate Buffered Saline (PBS, Sigma)
(Dl water; 17.6—17.9 MQ - cm) was used to carry out the current
density measurements. The ¢s-NW or b-NW substrate as work-
ing electrode (WE), Pt coil as counter electrode (CE), and Ag/
AgCl (1 M KCl) as reference electrode (RE) were the three
electrodes in the PEC cell. lllumination was provided by a solar
simulator (Newport 67015) using a 150 W xenon lamp and
equipped with 1.5 AM filter. Light power intensity was ~109
mW/cm? at the samples position. A potentiostat (Digi-lvy, Inc.)
was used to collect the current density measurements. A scan
rate of 5 mV/s was used for the linear sweep voltammetry (LSV)
(J—V measurement). A mild agitation was used during the PEC
tests and the electrolyte was purged with N, gas for at least
5 min before start of each PEC test. For spectral photoresponse
and IPCE measurements, a monochromator (iHR 550) with the
solar simulator (equipped with 1.5 AM filter) as the light source
was used. A silicon photodiode (Newport 818-UV) was used to
calibrate the monochromatic light spectrum. Spectral photo-
response and IPCE measurements were performed in the same
setup and electrolyte as used for the current density measure-
ments. All the external biasing potentials here are versus
Ag/AgCl RE, unless otherwise stated.
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