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CuO has been considered a promising candidate for photoelectrochemical water splitting electrodes owing
to its suitable bandgap, favorable band alignments, and earth-abundant nature. In this paper, a novel gas-
phase cation exchange method was developed to synthesize CuO nanorod arrays by using ZnO nanorod
arrays as the template. ZnO nanorods were fully converted to CuO nanorods with aspect ratios of 10—-20
at the temperature range from 350 to 600 °C. The as-synthesized CuO nanorods exhibit a photocurrent
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Accepted 13th January 2023 as high as 2.42 mA cm™ at 0 V vs. RHE (reversible hydrogen electrode) under 1.5 AM solar irradiation,
demonstrating the potential as the photoelectrode for efficient photoelectrochemical water splitting.

DOI: 10.1039/d2ra07648a Our method provides a new approach for the rational fabrication of high-performance CuO-based
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1. Introduction

Photoelectrochemical (PEC) water splitting has emerged as
a sustainable technology for solar energy conversion to meet the
growing demand for clean energy. Despite the significant
progress that has been made over the past decade, improve-
ment of the effectiveness and robustness of PEC cells to meet
the requirement for widespread application remains
a challenge.”® In this regard, developing high-performance
electrode materials is highly desirable. CuO, as an important
p-type semiconductor, has been demonstrated as a promising
candidate for PEC water splitting owing to its suitable bandgap
of around 1.2 eV, which guarantees efficient solar light
absorption in the visible light region, thus having a high theo-
retical maximum photocurrent of 35 mA cm™2 under standard
AM 1.5 irradiation.*® In addition, the p-type semiconductor
nature of CuO provides advantages over n-type semiconductors
in terms of hydrogen generation since electrons can be injected
into the electrolyte directly. On the other hand, the electrons on
n-type semiconductors need to migrate through an external
circuit, thus causing a potential energy loss.® The conduction
band edge of CuO lies 0.2 eV more negative than the hydrogen
evolution potential, which is favorable as photocatalysts for
hydrogen generation.” Furthermore, the earth-abundance of the
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copper element makes the large-scale and low-cost fabrication
of CuO photoelectrode possible.®

For PEC water splitting, one of the most efficient strategies to
improve its performance is to construct nanostructures, espe-
cially one-dimensional nanostructured photoelectrodes, such
as nanowires, nanorods, and nanotubes.®** The well-aligned
one-dimensional nanostructures provide efficient light
absorption, short charge carrier diffusion paths, as well a large
surface area resulting in improved exposure of the catalytic
sites.’” For the synthesis of CuO one-dimensional nano-
structures, thermal oxidation is the most widely used method
due to its simplicity.”® It has been recently demonstrated that
CuO nanowires synthesized on copper foils by the thermal
oxidation method present high performance for PEC water
splitting."**> However, the growth of CuO nanowires by the
thermal oxidation method was usually confined to limited
choices of substrates, such as copper or specially fabricated
copper-coated substrates, which hindered its broader applica-
tions.'®" In addition, the inevitable cracking and exfoliation
problems make the large-area synthesis difficult.'® Therefore, it
is highly desirable to develop novel methods for the direct
synthesis of CuO one-dimensional nanostructures. Recently, by
using ZnO nanostructures as templets, the gas-phase cation
exchange method has been adopted as an efficient way for the
synthesis of various metal oxide nanostructures, such as
Mn;0,, NiO, and C00."*** The exchange process between the
metal cations and Zn cations which is facilitated by the thermal
disturbance well preserves the original morphology and the
crystallinity structure of the ZnO nanostructures, thus has
shown great potential in numerous energy-related applications,
including water splitting, supercapacitors, and batteries.**"**
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Inspired by the above results, we developed a gas-phase cation
exchange method for the synthesis of CuO nanorod arrays and
demonstrated its potential for efficient PEC water splitting. The
ZnO nanorod arrays were first synthesized on the ITO glass and
served as the template. Afterward, the ZnO nanorod arrays were
converted into CuO nanorod arrays by a facile gas-phase cation
exchange process. The CuO nanorod arrays exhibit a promising
performance as the efficient photoelectrochemical water split-
ting electrode with a high photocurrent of 2.42 mA cm ™2 at 0 Vvs.
RHE. Moreover, the successful synthesis of one-dimensional
CuO nanostructures in our work provides a new promising
platform for new viable nanodevices.

2. Experimental

2.1. Materials synthesis

ZnO nanorod arrays were synthesized by a hydrothermal
method. A thin layer of ZnO was first deposited on the ITO glass
using RF magnetron sputtering. The substrate was then kept in
an aqueous solution containing 40 mM Zn(NOs), and 40 mM
hexamethylenetetramine under 90 °C for 6 hours. The gas-
phase cation exchange was performed to convert the ZnO
nanorod arrays to CuO nanorod arrays. In a typical reaction, the
as-synthesized ZnO nanorod arrays were placed in a tube
furnace and 0.5 g of CuCl, was placed upstream at a distance of
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5 cm. The furnace was heated to 450 °C at 1 °C min~ " and kept
for 5 minutes under 50 sccm Ar flow (ESI, Fig. S1+).

2.2. Materials characterization

Field-emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) images were obtained
on a Hitachi S-4800 FESEM and a JEOL 2010 TEM, respectively.
The HRTEM image was captured using a FEI Tecnai G2 F30
Twin TEM. The XRD, Raman, and UV-vis measurements were
performed by Rigaku MiniFlex II X-ray diffractometer, Thermo
Fisher DXR dispersive Raman spectrometer, and Varian Cary
500 Scan UV-vis NIR spectrophotometer, respectively.

2.3. PEC water splitting measurements

A Gamry Reference 600 potentiostat was used for the photo-
electrochemical measurements. The photoelectrochemical
performance was studied under the back-side simulated AM 1.5
G illumination using a New Port 67005 Arc Lamp. The electro-
chemical impedance spectroscopy (EIS) measurements were
conducted with a potential amplitude of 5 mV in the frequency
range of 0.01 Hz to 100 kHz. All the photoelectrochemical
measurements were performed in a 1 M Na,SO, aqueous elec-
trolyte at ambient temperature.
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Fig. 1
absorbance spectrum and (d) Tauc plot of CuO nanorod arrays.
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(@) XRD spectra of ITO glass, ZnO nanorod arrays and CuO nanorod arrays; (b) Raman spectra of ZnO and CuO nanorod arrays; (c) UV-vis
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3. Results and discussion

The synthesis of CuO nanorod arrays was accomplished by
a gas-phase cation exchange reaction using ZnO nanorod arrays
as the sacrificial template. The ZnO nanorod arrays were grown
on ITO glass by a hydrothermal method. As shown in Fig. S2 in
the ESI,t the color of the ZnO nanorod arrays on ITO glass
changed from gray to black after the cation exchange reaction,
which corresponds to the color of ZnO and CuO, respectively.
The structure of CuO nanorod arrays was first examined by XRD
and Raman. Fig. 1a presents the XRD results of the bare ITO
glass and the ZnO nanorod arrays before and after the cation
exchange reaction. The XRD spectrum of the pristine ZnO
nanorod arrays displays a typical XRD pattern of ZnO with
a high-purity wurtzite hexagonal phase (JCPDS card no. 36-
1451). After the cation exchange reaction, all of the diffraction
peaks, except the peaks from the ITO glass as denoted by
asterisks, can be indexed as a monoclinic CuO structure (JCPDS
no. 45-0934) with no impurity peaks, such as Cu or Cu,0, sug-
gesting the full conversion of ZnO to CuO. Fig. 1b presents the
Raman spectra of the ZnO and CuO nanorod arrays. Two peaks
located at 435 and 330 cm™" for ZnO, which are corresponding
to the E, mode and the multiple-phonon scattering process,
respectively.”® After the cation exchange reaction, three distinct
Raman perks located at 295, 344, and 632 cm™ " emerged, which
can be attributed to A, and two B, modes of CuO; no peaks from
Cu,0 can be observed.?® Both XRD and Raman results prove the
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successful transition of ZnO to phase-pure of CuO. The UV-vis
absorbance spectrum as shown in Fig. 1c reveals a broad
absorption up to 800 nm with an absorption tail that expands to
nearly 1200 nm. The bandgap of the CuO nanorod arrays was
determined to be 1.37 eV according to the corresponding Tauc
plot (Fig. 1d), indicating a good absorption of the solar light in
the visible region and great promise for PEC water splitting
application.

The morphology and structure of typical CuO nanorods were
further investigated using FESEM and TEM. The SEM image of
the ZnO nanorod arrays as shown in Fig. 2a reveals the uniform
growth of ZnO nanorods on the ITO glass with quasi-vertical
alignment. The inset image reveals the typical hexagonal
morphology due to its wurtzite crystal structure, with the
diameter in the range of 100-200 nm. The average length of ZnO
nanorods was measured to be around 2 pm by the cross-section
SEM image (Fig. S3at). After the cation exchange reaction, the
overall one-dimensional nanorod array structure was well
preserved, and the density and the size of the nanorods remain
almost unchanged, as shown in Fig. 2b and S3b.{ By compar-
ison, as shown in the inset high-magnification SEM images
before and after the cation exchange reaction, the surface of the
nanorods became rough, which is similar to previously reported
results on other metal oxides.> The TEM image and the HRTEM
of the ZnO nanorod were presented in Fig. S4.f The ZnO
nanorod has a typical diameter of around 100 nm with a smooth
surface. The as-synthesized ZnO nanorod exhibits a well-
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Fig.2 SEMimages of (a) ZnO and (b) CuO nanorod arrays obtained under 450 °C; (c) TEM image of a single CuO nanorod, the inset showing the
HRTEM lattice image of the (110) plane; (d) the EDS spectrum of the CuO nanorod, the Ni peak came from the TEM grid.
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crystalline nature, with a lattice fringe space of 5.2 A corre-
sponding to the (0001) plane of the wurtzite ZnO. Fig. 2c pres-
ents the TEM image of one typical CuO nanorod with a width of
around 100 nm and a rough surface, consistent with the SEM
results. Similar to the previous reports, the nanorod became
porous after the cation exchange reaction.”® The inset HRTEM
lattice image in Fig. 2c shows the lattice fringes with an inter-
plane spacing of 0.27 nm, corresponding to the (110) planes of
CuO, revealing the good preservation of the highly crystalline
nature of ZnO. Additionally, the EDS spectrum as shown in
Fig. 2d presents only Cu and O singles with no Zn peaks that can
be found, further confirming the successful synthesis of CuO
nanorods.

The cation exchange process was further investigated at
different temperatures to understand the growth mechanism.
As shown in the XRD spectrum of different reaction tempera-
tures in Fig. 3, the transformation of ZnO into CuO occurs at
around 300 °C, resulting in a partial cation exchange product.
The ZnO was fully converted to CuO at the temperature range
from 350 to 600 °C. The conversion of ZnO into CuO is feasible
due to the high vapor pressure of CuCl, as the reaction
temperature is close to the melting point of CuCl,. To our
surprise, a further increase of the temperature up to around
650 °C results in the formation of CuO/Cu,0O and Cu,O at 700 °
C, which is contrary to the behavior of CuO synthesized by the
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Fig. 3 The XRD spectrum of the gas-phase cation exchange products
under different reaction temperatures.
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thermal oxidation method, where Cu,O was first formed at the
lower temperature and further oxidized into CuO nanowires."®
However, the excess temperature causes deterioration to the
nanorod structures, as shown in Fig. S5.1 Fig. S61 shows the
TEM of the nanorod after the cation exchange under 300 °C. A
clear interface can be observed as marked using the dashed
line, which indicating a core/shell structure was formed. Owing
to the fact that the evolution of the CuO was similar to that of
previously reported CoO/Coz;O, and Mn;O, systems, it is
reasonable to believe that the translation of ZnO to CuO was
realized by the cation exchange process of the outward diffusion
of Zn®" cations and the inward diffusion of Cu®>" cations when
the thermal disturbance promotes the vibration of surrounding
O~ anions and further phase conversion by the cation inter-
diffusion through interstitial channels.*****” During the cation
exchange process, the Zn species might be pumped away in the
form of vaporized ZnCl, by the following reaction:**>°

ZnO(s) + CuCly(g) — CuO(s) + ZnClx(g)

The as-synthesized CuO nanorod arrays on ITO glass were
unitized as photoelectrode for PEC water splitting to evaluate
their practical application. The electrochemical measurements
were conducted in a typical three-electrode configuration with
an intensity of 100 mW cm™> AM 1.5 solar irradiation in a 1 M
Na,S0, electrolyte using the CuO nanorod arrays with the size
of 1 x 1 cm” as the working electrode, Pt as the counter elec-
trode, and Ag/AgCl as the reference electrode. The linear sweep
voltammetry curves of CuO nanorod arrays synthesized under
different reaction temperatures are presented in Fig. 4a. All the
samples exhibit the typical p-type semiconductor character, as
the onset potential shifted from ~200 to ~400 mV vs. RHE when
the light was on. As we expected, the photocurrent increased
significantly compared to that without light illumination. The
optimized reaction temperature was found to be 450 °C, as the
photocurrent at 0 V vs. RHE reaches 2.1 mA em 2, By compar-
ison of the TEM images (Fig. 2c and S71), it is clear that CuO
nanorods under different temperatures exhibit distinct surface
features. At low temperatures of 400 °C, the CuO nanorod has
a relatively smooth surface. As the temperature increases, the
surface became rough, which may provide more active sites for
the photoelectrochemical, resulting in higher PEC perfor-
mance. However, as the temperature further increases, the
nanostructure of the CuO nanorod was deteriorated, thus
affecting the PEC performance. The tradeoff between surface
active sites and nanostructure integrity might result in an
optimal reaction temperature of 450 °C. To understand the
impact of the cation exchange temperature on the PEC perfor-
mance, electrochemical impedance spectroscopy (EIS) was
performed to study the semiconducting properties and charge
transport behavior. The Nyquist plots and their corresponding
equivalent circuit are shown in Fig. 4b. The measured imped-
ance spectra match well with the equivalent circuit, and the
equivalent series resistance Rg and the charge transfer resis-
tance Rcr were presented in the ESI as Table S1.} The Rcr, which
is associated with the charge transfer between the CuO elec-
trode and the Na,SO, electrolyte, was found to play a crucial role

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Current—potential characteristics and (b) EIS spectrum of the CuO nanorod arrays synthesized under different reaction temperatures.

(c) Current—potential characteristics and (d) stability test of CuO nanorod arrays synthesized under 450 °C.

in terms of affecting the PEC performance, as the photocurrent
is proportional to the value of Rcr measured. Under the opti-
mized reaction temperature of 450 °C, the charge transfer from
CuO to the electrolyte was facilitated, which leads to the
enhancement of the conductivity and the increase of the
photocurrent.* The photoelectrochemical behaviors of the
optimized CuO electrode were further investigated by the linear
sweep voltammetry under a chopped light illumination as
shown in Fig. 4c. The overall i-v behavior is similar to that of the
steady-state light illumination, though the increment of the
dark current was observed, especially towards more negative

potential. This was attributed to the possible shunt of the device
caused by the exposure of the substrate.”” Nevertheless, the
photocurrent reaches 2.42 mA cm ™2 at 0 V vs. RHE, which is
among the highest value in the pure CuO system reported
(Table 1). One main issue of CuO for PEC water splitting
applications is its poor stability in aqueous electrolytes due to
the photocorrosion of CuO into metallic Cu since the decom-
position potential of copper oxide lies close to or within the
bandgap.’*** As shown in Fig. 4d, the photostability measure-
ment was performed at a fixed potential of 0 V vs. RHE. The
photocurrent declines at a very short time but stabilizes

Table 1 Comparison of the PEC performance of various CuO-based electrodes

PEC electrode Substrate Synthesis method Photocurrent density Ref.
CuO nanorod arrays ITO glass Gas-phase cation exchange 2.42 mA cm™ 2 at 0 V vs. RHE Present work
method
CuO nanowires Cu foil Thermal oxidation 1.4 mA cm > at 0 V vs. RHE 15
CuO nanoleaves FTO glass Aqueous solution growth 1.5 mA cm > at 0 V vs. RHE 33
Nanostructured CuO Cu foil Chemical bath deposition (CBD) 1.3 mA cm > at 0 Vvs. RHE 34
Tree branch-shaped CuO FTO glass Hybrid microwave annealing 4.4 mA cm 2 at 0 V vs. RHE 35
(HMA)
CuO thin films FTO glass Sputtering 1.68 mA cm 2 at 0 V vs. RHE 36
CuO nanoparticles FTO glass Sol-gel dip-coating process 0.94 mA cm™ 2 at 0 V vs. RHE 37
Nanotextured CuO films ITO glass Cold spray method 3.1 mAcm 2 at 0V vs. RHE 38
CuO thin films FTO glass Microwave-assisted method 1.15 mA cm > at 0 V vs. RHE 39

© 2023 The Author(s). Published by the Royal Society of Chemistry
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afterward, resulting in reasonable stability by retaining about
50% of the initial photocurrent after 1200 s under the light on/
off condition.

4. Conclusion

In summary, we have demonstrated a gas-phase cation
exchange method to synthesize CuO nanorod arrays by using
ZnO as the sacrificial template. The optimized CuO nanorod
arrays exhibit excellent performance with a photocurrent
density up to 2.42 mA cm™ > at 0 V vs. RHE. This work provides
a new pathway for the efficient synthesis of one-dimensional
CuO nanostructures and demonstrated the feasibility on the
practical application of photoelectrochemical water splitting.
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