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 ABSTRACT 

Copper oxide nanowires with varying oxidation states are prepared and their

activity for water oxidation is studied. The nanowires with a CuO phase are

found to be the most active, and their degree of crystallinity is important in

achieving efficient water oxidation. For the crystalline CuO nanowires in a

weakly basic Na2CO3 electrolyte, a Tafel slope of 41 mV/decade, an overpotential

of approximately 500 mV at ~ 10 mA/cm2 (without compensation for the solution

resistance), and a faradaic efficiency of nearly 100% are obtained. This electrode

maintains a stable current for over 15 h. The low overpotential of 500 mV at 10 mA/cm2, 

small Tafel slope, long-term stability, and low cost make CuO one of the most

promising catalysts for water oxidation. Moreover, the evolution of the CuO

nanowire morphology over time is studied by electron microscopy, revealing

that the diffusion of Cu ions from the interior of the nanowires to their surface

causes the aggregation of individual nanowires over time. However, despite

this aggregation, the current density remains nearly constant, because the total

electrochemically active surface area of CuO does not change. 
 

 

 

1 Introduction 

A wide range of environmental problems, such as 

acid rain and the greenhouse effect, are exacerbated by 

the ongoing use of fossil fuels [1–4]. Water splitting is 

regarded as a potential way to produce hydrogen energy, 

which is an alternative to fossil fuels. The demand for 

clean and sustainable energy has inspired researchers to 

focus on the water splitting technology. The oxygen 

evolution reaction (OER) is a crucial step in the water  

splitting reaction because of its more complex and 

sluggish reaction dynamics [5–9]. For many years, 

researchers have been endeavoring to find suitable 

anode materials for the OER. An ideal anode material 

should have a small overpotential, have a high efficiency, 

be abundant in the earth, and most importantly have 

long-term stability [10, 11]. Until now, Co- [12–16] and 

Ni- [17–19] based electrodes have been studied broadly 

for use in the OER because of their high activity and 

good stability. However, the high performance is  
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usually achieved in combination with other materials 

or by using substrates with large surface areas. This 

increases the complexity of the fabrication of the 

electrodes, and their costs. 

Cu-based catalysts [20–26] have been widely used 

to solve environmental and energy-related problems. 

In particular, Cu2O has been widely studied as a 

potential low-cost catalyst for solar H2 generation 

[27–29]. The first time a copper-based catalyst was 

applied to electrolytic water oxidation was in 2012, 

when a copper-bipyridine catalyst was reported [30]. 

Following this, the role of Cu(II) ions in water oxidation 

was investigated thoroughly [10, 31], and it was shown 

that water can be oxidized by Cu(II) ions dissolved in 

weakly basic electrolytes [31]. Anodic corrosion of the 

copper electrode could be prevented by the formation 

of a compact film directly from the Cu(II) in the electrolyte. 

However, the improved performance required the 

addition of Cu(II) ions into the electrolyte [10, 32]. To 

solve this problem, copper oxide (Cu-Bi thin film) was 

synthesized and used for water oxidation. This catalyst 

sustained a steady current density of 1.2 mA/cm2 

(overpotential η = 660 mV) for 11 h [32] and did not 

require the addition of extra Cu(II) ions. However, 

the relatively low current density and high overpotential 

of the catalyst are unsatisfactory. The poor water 

oxidation performance of these Cu-based catalysts 

may be caused by a lack of the active species in the 

Cu-based catalysts. Recently, Cu(OH)2 was reported 

to be active for the OER in a 0.1 M NaOH electrolyte 

[33]. However, the Cu(OH)2 material is not stable in a 

high pH solution and the morphology of the electrode 

after the stability test was not displayed in the report. 

A solid understanding of the behavior of Cu-based 

materials during the OER process remains elusive: it 

is unclear which phase is the dominant active phase 

in Cu-based catalysts and what governs the stability 

of Cu-based catalysts. 

In this work, the OER activities of Cu(OH)2, Cu2O, 

CuxO, and CuO nanowires with varying degrees of 

crystallinity are investigated. CuO is found to be the 

active phase for the OER, and increasing crystallinity 

could improve the catalytic activity. A sample with 

highly crystalline CuO nanowires achieves the best 

performance with a Tafel slope of 41 mV/decade, an 

overpotential (η) of ~ 500 mV at ~ 10 mA/cm2 (without 

compensation for the solution resistance), and nearly  

100% faradaic efficiency in a weakly basic Na2CO3 

solution (pH 10.8). Moreover, the current density of 

the electrode remains constant at ~ 10 mA/cm2 for more 

than 15 h. The evolution of the chemical states and 

morphological structure of the CuO electrode during 

and after the stability test is revealed and discussed, 

providing direct evidence of the stability of the CuO 

electrode. To the best of our knowledge, the CuO 

nanowires catalyst reported here has one of the best 

performances reported so far among OER catalysts in 

weakly basic electrolytes. 

2 Experimental 

2.1 Synthesis of Cu(OH)2 nanowires 

Cu(OH)2 nanowires were directly grown from a copper 

foil using a simple wet chemistry method [34]. First, the 

copper foil (99.6%, Nilaco) with a size of 10 mm × 10 mm 

and a thickness of 0.2 mm was cleaned in an ultrasonic 

bath for 5 min with acetone first and then ethanol. 

The foil was then rinsed three times with deionized 

water. Afterwards, the cleaned copper foil was treated 

by submersion in a mixture of 2.67 M NaOH (97.0%, 

Wako) and 0.133 M (NH4)2S2O8 (98.0%, Wako) kept at 

5 °C for 15 min. Finally, the copper foil, showing a 

blue color, was picked up from the solution, washed 

by deionized water, and dried in air. 

2.2 Synthesis of CuxO nanowire layers 

CuxO nanowire layers were synthesized from as-prepared 

Cu(OH)2 nanowires via a two-step annealing process. 

Cu(OH)2 nanowire layers were thermally treated at 

120 °C for 2 h and subsequently heated in air to 150, 180, 

210, or 250 °C for 3 h at a rate of 5 °C/min. The samples 

were named according to the annealing temperature 

used in the second step (i.e., the A-150, A-180, A-210, 

and A-250 samples). 

2.3 Structural characterization 

Scanning electron microscope (SEM) images were 

obtained from a field-emission SEM (JEOL JSM 7600 

FA, Japan). Grazing incidence X-ray diffraction (XRD) 

patterns were recorded on an X-ray diffractometer 

(SmartLab, Rigaku Co. Ltd, Japan) with Cu Kα radiation 

(incident angle = 0.5°, λ = 1.541 Å, step size = 0.02°, 

dwelling time = 2 s). Raman spectra were collected on 
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a Renishaw inViaTM Raman Microscope system with 

a 488 nm excitation laser (0.82 mW) directed through 

a 100 × objective at room temperature. X-ray photoelectron 

spectroscopy (XPS) studies were carried out on a PHI 

5000 VersaProbe (ULVAC-PHI) with an Al-Kα X-ray 

source (1,486.6 eV). The electron analyzer was operated 

at pass energies of 117.4 eV for the wide scans and 

23.5 eV for the narrow scans. Transmission electron 

microscopy (TEM) and high-angle annular dark-field 

(HAADF)-scanning transmission electron microscopy 

(STEM) observations were carried out with a JEM-2010 

TEM (JEOL Co. Ltd., Japan) and an ARM-200CF TEM 

(JEOL Co. Ltd., Japan) each operated at 200 kV. The 

HAAD-STEM observations were acquired with a probe- 

forming aperture semi-angle of 22 mrad and a detection 

angle of 90–370 mrad. 

2.4 Electrochemical measurements 

The electrochemical measurements were conducted 

in a cylindrical glass cell with a typical three-electrode 

configuration. The fabricated nanowire electrodes were 

used as the working electrode, and the reference electrode 

and counter electrode were an Ag/AgCl electrode and 

a Pt wire, respectively. The applied potential of the 

working electrode was controlled using a potentiostat 

(VersaSTAT 4, Princeton Applied Research). The potentials 

vs. the Ag/AgCl reference electrode were converted 

to the reversible hydrogen electrode (RHE) scale using 

Nernst’s equation  

 ERHE = EAg/AgCl + 0.059 pH + E0
Ag/AgCl  (1)  

where EAg/AgCl is the measured potential against the 

reference electrode and E0
Ag/AgCl = 0.1976 V at 25 °C. 

The current density (J)–potential (V) curves and Tafel 

plots were obtained using controlled potential electrolysis 

in 1 M Na2CO3 (pH 10.8), with a scan rate of 50 mV/s 

for the J–V curve and a scan rate of 1 mV/s for the 

Tafel plot. Prior to each experiment, the electrolyte 

was stirred and purged with N2 gas for 20 min. N2 

purging was continued throughout the electrochemical 

measurements. The iR drop of the Tafel plots were 

corrected for the solution resistance, which was determined 

using the electrochemical impendence spectroscopy 

(EIS) technique [8]. EIS measurements were conducted 

in the same configuration as the other electrochemical 

measurements and under the potential corresponding 

to the current density of 10 mA/cm2, with the frequency 

ranging from 100 kHz to 1 Hz. Unless otherwise stated, 

all the potentials were reported vs. RHE without iR 

compensation and all experiments were performed at 

room temperature. An on-line micro-gas chromatograph 

(GC-3000A, Agilent) was used to record the amounts 

of generated O2 and H2 during the water oxidation 

reaction. The faradaic efficiency was calculated according 

to the ratio of the number of electrons in the detected 

oxygen/hydrogen molecules to the number of electrons 

injected by the current. 

3 Results and discussion 

Through a wet chemistry process, as described in the 

experimental section and depicted in Fig. 1(a), we 

prepared Cu(OH)2 nanowires (Fig. 1(b)) from copper 

foil. The diameters of the Cu(OH)2 nanowires were as 

small as 56 nm. After annealing the Cu(OH)2 samples 

at 180 °C (i.e., the A-180 sample) and 250 °C (i.e., the 

A-250 sample), both samples still had a dense-nanowire 

morphology, although a slight increase in the diameter 

of the nanowires with increased annealing temperature 

was observed. 

The crystal structures of the various nanowires 

were examined by XRD, and the spectra are shown in 

Fig. 2(a). For the Cu(OH)2 nanowires, several strong 

peaks associated with copper hydroxide (JCPDS 13- 

0420) could be identified. Two additional small peaks 

that could be attributed to the copper substrate (JCPDS 

04-0836) were also seen. After annealing, the copper 

hydroxide peaks disappeared. For the sample annealed 

at 150 °C, low-intensity peaks ascribed to CuO (JCPDS 

65-2309) were detected. For the samples annealed at 

180 °C or higher, the intensity of the CuO peaks was 

much stronger. The main peaks could be indexed to 

the (1
_
11), (111), (1

_
13), (2

_
02), and (110) planes of CuO. 

For the samples annealed at 210 and 250 °C, additional 

peaks associated with the Cu2O phase (JCPDS 65-3288) 

were detected. This suggests that, upon annealing, the 

Cu(OH)2 sample transforms first to CuO at moderate 

annealing temperatures, and then to a mixture of CuO 

and Cu2O at higher temperatures. 

The Raman spectra of the different samples are 

displayed in Fig. 2(b). CuO has a C6
2h space group 

structure and each primitive cell contains two molecules. 

Among the nine zone-center optical phonon modes  
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Figure 1 (a) Schematic illustration of the synthesis procedures for the CuxO nanowire layers; SEM images of the Cu(OH)2 (b), A-180 (c), 
and A-250 samples (d), with insets revealing the nanowires under higher magnifications. 

 

Figure 2 (a) X-ray diffraction patterns, (b) Raman spectra, and (c) XPS spectra of the obtained Cu(OH)2, as well as the A-150, A-180, 
A-210, and A-250 samples. 

 

with symmetries 3Au + 3Bu + Ag + 2Bg [35], there are 

three Raman active modes (Ag + 2Bg) [36] for CuO. 

According to results in the literature [36, 37], we can 

assign the peak at 288 cm−1 to the Ag mode and the 

peaks at 334 and 625 cm−1 to the Bg modes. For all 

samples except for the Cu(OH)2 and A-250 sample, 

only CuO vibrational modes were observed. For the 

A-250 sample, an extra peak at 149 cm−1 related to the 

intrinsic Γ15− IR active modes of the Cu2O phase [37, 38] 

was observed. This suggests that in addition to CuO, 

Cu2O was also formed in the sample annealed at 250 °C. 

The surface states of the samples were analyzed 

using XPS. Figure 2(c) shows the XPS spectra of the 

samples. A set of peaks including the Cu 2p3/2 peak 

(934.3 eV) and the Cu 2p1/2 peak (954.3 eV) were observed. 

Meanwhile, additional intense satellite peaks of Cu(II) 

were also observed [39]. These peaks are ascribed to 

the standard peaks of Cu(OH)2. For those samples 

obtained after annealing, in addition to the intense 

satellite peaks ascribed to the binding energies of CuO, 

the Cu 2p3/2 and 2p1/2 peaks were identified to be at 

933.3–933.6 eV and 953.3–953.7 eV, respectively [10, 39]. 

In the transformation of copper hydroxide to copper 

oxide, the annealing temperature plays a key role. 

Annealing at 150 °C for 3 h was insufficient for the 

formation of highly crystalline copper oxide, as evidenced 

by the XRD results (Fig. 2(a)). When the annealing 

temperature was increased to 180 °C, CuO with a high 

degree of crystallinity was formed. An additional Cu2O 

phase was observed for the samples annealed at a 
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temperature higher than 210 °C. Previous reports have 

revealed that under an oxygen-moderate environment 

and a high annealing temperature, a Cu2O mid-layer 

can form from the oxidization of the copper substrate 

and the removal of oxygen from the CuO lattice [29, 

40]. This may be the reason why Cu2O was detected by 

XRD on the samples annealed at higher temperatures 

(Fig. 2(a)). In contrast to XRD, only peaks ascribed to 

CuO were detected by XPS. As XPS is a surface 

characterization technique, only the surface CuO was 

detected, and therefore the Cu2O mid layer is not 

detected. For Raman spectroscopy, since the probing 

depth of the Raman laser is between that of XRD and 

XPS, a weak Cu2O signal could be detected for the 

sample with the highest annealing temperature of 

250 °C. In summary, an annealing temperature of 180 °C 

may be optimal to obtain nanowires with a pure CuO 

phase and high degree of crystallinity. 

Cyclic voltammogram (CV) curves of the samples 

are shown in Fig. 3(a). The Cu(OH)2 sample showed 

the lowest current density among all samples, with a 

maximum current density of 0.64 mA/cm2 at a poten-

tial of 1.88 V. Upon annealing, the current density of 

all of the samples increased drastically. The A-180 

sample exhibited the highest OER activity. The 

current density was 5 mA/cm2 at 1.65 V (overpotential 

η = 0.42 V), 10 mA/cm2 at 1.73 V (η = 0.5 V), and 

37.64 mA/cm2 at 1.88 V (η = 0.65 V). The current density 

of the A-150 sample was slightly lower, and the 

potentials required for 5 and 10 mA/cm2 were 1.69 

and 1.76 V, respectively. The current densities for 

the A-210 and A-250 samples were very similar, and 

required 1.79 and 1.80 V for 10 mA/cm2, respectively. For 

the Cu2O sample (Fig. S2 in the Electronic Supplementary 

Material (ESM)), the potential required for 10 mA/cm2 

was 1.86 V, which was higher than that of the A-210 

and A-250 samples, indicating that the Cu2O sample 

had the lowest OER activity among all of the samples.  

In Fig. 3(b), the Tafel plots, OER current density as 

a function of the overpotential (log(i) vs. η), of the 

A-180, A-150, and A-210 samples are shown. The 

Tafel slopes for the A-180, A-150, and A-210 samples 

are 41, 49, and 66 mV/decade, respectively. The A-180 

sample having the smallest Tafel slope of all samples 

is evidence for the superior OER activity of this 

sample, as a small Tafel slope indicates a catalyst is of 

good quality and has a high activity [41]. Mass transfer 

is favorable in catalysts with high-aspect-ratio morphologies 

and high crystallinities, because such structures reduce 

scattering losses during electron transfer [42, 43]. Smaller 

Tafel slopes generally indicate smaller internal barriers 

for electron and mass transport [32]. This may help to 

explain why the current density of the A-180 sample 

is larger than that of the A-150 sample. The formation 

of Cu2O at high annealing temperatures leads to a 

decrease in the current density and an increase in the 

Tafel slope, demonstrating that CuO performs better 

as an electrode for OER. Moreover, the dense nanowire 

morphology could reduce the scattering loss during 

the electron transfer process and offer a large surface 

area for the active species to take part in the OER. 

Overall, the A-180 sample, with a large surface area 

and a highly crystalline CuO active phase, not only 

has the highest water-oxygen activity among our 

samples, but also boasts one of the best results ever 

reported for Cu-based OER catalysts [10, 30–32]. 

 

Figure 3 (a) CV curves of Cu(OH)2, A-150, A-180, A-210, and A-250 samples for the OER without iR compensation with a scan rate 
of 50 mV/s. (b) Tafel plots collected from the steady-state CV measurement at a scan rate of 1 mV/s, which have been corrected for the 
iR drop of the solution. (c) Current density vs. time (J–t) curve of the A-180 sample obtained by fixing the electrolysis potential at 
1.77 V vs. RHE without iR correction. The electrolyte was 1 M Na2CO3 (pH ≈ 10.8). 



 

 | www.editorialmanager.com/nare/default.asp 

4328 Nano Res. 2018, 11(8): 4323–4332

 

A controlled-potential water electrolysis test was 

done to verify the long-term performance and stability 

of the A-180 electrode, as shown in Fig. 3(c). With  

an applied potential of 1.77 V (η = 0.54 V), the current 

density remained nearly constant at 10 mA/cm2 for 

more than 15 h. The small fluctuations in the current 

were attributed to the formation and detachment of 

O2 bubbles on the electrode surface. The corresponding 

gas evolution was analyzed by on-line micro-gas 

chromatography, as shown in Fig. 4. For the 1-hour 

test, the amounts of hydrogen and oxygen gases 

produced were about 103.8 and 51.9 μmol, respectively, 

which correspond to a faradaic efficiency of nearly 

100%. To investigate the stability of the electrode, 

SEM, Raman, and XPS characterizations of the A-180 

electrodes were carried out after using the electrodes 

for 5, 10, 15, and 20 h in the water electrolysis reaction. 

The Raman results (Fig. 5(a)) showed that the vibrational 

peaks of CuO were preserved throughout the reaction 

[36, 37]. For the XPS results, shown in Fig. 5(b), the 

 
Figure 4 The time-dependent hydrogen and oxygen evolution 
for the A-180 electrode in a three-electrode configuration with an 
applied potential of 1.77 V vs. RHE without iR correction. The 
solid curves labelled e−/2 and e−/4 stand for the theoretical amount 
for hydrogen and oxygen evolution which are generated at 100% 
faradaic efficiency. The empty circles correspond to the recorded 
amount of hydrogen and oxygen gases detected during the 
measurement. The electrolyte was 1 M Na2CO3 (pH ≈ 10.8). 
 

peak values of 933.1–933.6 eV for Cu 2p3/2 and 953.1– 

953.7 eV for Cu 2p1/2 were still consistent with the 

binding energies of CuO [10, 39]. Moreover, after a 

test of 20 h, as shown in Fig. S3 in the ESM, the A-180 

electrode still had the optical appearance of CuO. 

With increased electrolysis time, the morphology of 

the nanowires in the A-180 sample remained unchanged, 

as can be seen in Fig. 6. However, the nanowires tended 

to aggregate over time during the reaction (especially 

after 15 h), as confirmed by the magnified SEM images 

shown in the insets in Figs. 6(c) and 6(d). It is notable 

that after 20 h, nanosheet clumps were formed on some 

parts of the nanowire layer, as shown in Fig. 6(f). A 

Raman spectrum of the nanosheets is shown in Fig. S4 

in the ESM. In addition to the CuO peaks described 

earlier, peaks at 699 and 1,385 cm−1 attributed to the 

ν4 and ν3 regions of CO3
2− and two more peaks at 1,028 

and 1,061 cm−1 attributed to the ν1 symmetric stretching 

region of CO3
2− were also found [44]. In this regard, it 

is speculated that CO3
2− has been incorporated into 

the nanosheets and plays some role in their formation. 

TEM and HAADF-STEM characterizations were 

exploited to further study the reason for the morphological 

change of the A-180 sample. Bright-field TEM images 

of a single nanowire before and after the 15-hour 

stability test are shown in Figs. 7(a) and 7(c). The selected- 

area electron diffraction (SAED) patterns (insets in 

Figs. 7(a) and 7(c)) display similar diffraction spots 

corresponding to the monoclinic CuO phase for the 

samples before and after the 15-hour reaction [45]. 

However, some dark spots appeared in Fig. 7(d), whereas 

the contrast in Fig. 7(b) was rather uniform. Since the 

intensity of the HAADF-STEM signal is sensitive to 

the sample thickness (if the atomic number of the 

materials is the same), a darker region suggests a smaller 

thickness. Given the dark regions are distributed mostly 

 
Figure 5 (a) Raman spectra and (b) XPS spectra of the A-180 sample after 0, 5, 10, 15, and 20 h of the stability tests. 
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Figure 6 (a)–(c) SEM images of the A-180 sample after 5 h (a), 10 h (b), and 15 h (c) of the stability tests. (d)–(f) SEM images of the 
A-180 sample after 20 h of the stability test, with panel (e) showing the top-view morphology of the whole layer, and panels (d) and (f) 
showing the nanowire part and the clumps of nanosheets, respectively. 

 

Figure 7 TEM images ((a) and (c)) and HAADF-STEM images ((b) and (d)) of the A-180 sample before ((a) and (b)) and after the 
15-hour stability test ((c) and (d)). Insets of (a) and (c) are SAED patterns. 
 
 

in the middle of the nanowires, as exhibited in Fig. 7(d), 

it is likely that after the 15-hour water electrolysis 

reaction, some inner copper ions diffused to the outside, 

resulting in a decreased density or the emergence of 

porosity in these CuO nanowires. 

The electrochemical double-layer capacitance (Cdl) 

can be used to calculate the electrochemically active 

surface area (ECSA) according to Eq. (2)  

 ECSA = Cdl/Cs  (2) 

where Cs is the constant related to the properties of 

the sample and its surface under identical electrolyte 

conditions [8, 46]. Figure 8 shows the EIS measurements 

of the A-180 sample before and after the 15-hour 

stability test (namely A-180-15 h). The calculated Cdl 

for the A-180 and A-180-15 h samples were 0.026 mF/cm2 

and 0.024 cm−2, respectively, suggesting the ECSA of 

the A-180 CuO electrode was nearly unchanged after 

the stability test. 

Based on the Raman and XPS results (Fig. 5), it is 

clear that even after the 15-hour reaction, the chemical 

 

Figure 8 Nyquist plots of the A-180 sample before and after the 
15-hour stability test. The inset shows the according equivalent 
circuit. 
 

composition of the A-180 sample does not change, 

and it is still composed of CuO. With this understanding, 

it could be supposed that during the electrolysis 

reaction, copper ions have diffused from the interior 

to the surface of the nanowires, leading to an increase 

in the porosity and a decrease in the density of the 

nanowires. The diffused copper ions may fuse individual 

nanowires together, resulting in the aggregation of 

nanowires, as illustrated in Fig. 9 from panel (a) to  
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Figure 9 The morphological transformation process of CuO from nanowires to nanosheets during the reaction. 

panel (b). The surface area of the active CuO species 

provided by the aggregated CuO nanowires is similar 

to the area provided by the non-aggregated nanowires, 

and therefore the current density remains stable despite 

the morphological change. 

The reason for the formation of the nanosheets 

after 20 h of the stability test is still under investigation. 

We propose a possible explanation: The nanosheets 

were formed directly from the nanowires, as illustrated 

in Fig. 9. In the electrolysis process, copper ions diffuse 

from the interior to the surface of the nanowires and 

thus cause the aggregation of nanowires with decreased 

density (Figs. 9(a) and 9(b)). Afterwards, the aggregated 

CuO nanowires transform into nanosheets with the 

help of CO3
2−, as illustrated in Figs. 9(b) and 9(c). 

4 Conclusions 

The OER activities of Cu(OH)2, Cu2O, CuOx, and CuO 

with varied degrees of crystallization were investigated 

experimentally. The nanowires composed of Cu(OH)2 

or Cu2O showed poor activity towards the OER in 

water electrolysis. With improved crystallinity and 

the formation of CuO, the OER activity increased 

drastically. The A-180 sample showed the highest 

water splitting ability, the smallest Tafel slope of 41 

mV/decade, and almost 100% faradaic efficiency, as a 

result of the large amount of the active species (i.e., 

crystalline CuO). After a 15-hour stability test, the 

chemical composition of the electrode remained unchanged, 

resulting in a stable current density over time. During 

the stable water electrolysis, especially after 10 h of 

testing, copper ions diffused from the interior to the 

surface of the nanowires, leading to a decrease in the 

density and an increase in the porosity of the nanowires. 

The diffused copper ions may deposit between individual 

nanowires, resulting in the connection and aggregation 

of the nanowires. These aggregated CuO nanowires 

could still provide a sufficient amount of the active 

species for the OER. This may be the reason why the 

current remained stable despite the morphological 

change. Finally, a new nanosheet morphology formed 

after 20 h of the stability test. This offers a novel 

methodology for the preparation of composites of 

nanosheets and nanowires from single-component 

nanowire templates. In conclusion, we have presented a 

facile and low-cost method for the synthesis of a 

highly efficient electrode for the OER using crystalline 

CuO as the active species, and explored the origin of 

the high efficiency and long-term stability. 
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