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overpotentials are required to drive water 
splitting in practical applications, mainly 
due to the kinetically unfavorable rate of 
the anodic reaction, that is, the oxygen 
evolution reaction (OER).[3] Compared 
with the other half-reaction (hydrogen 
evolution reaction (HER)), OER, which 
involves four-electron-transfer processes 
to form oxygen–oxygen bonds, is consid-
ered to be the bottleneck for the overall 
water splitting.[4] To overcome this draw-
back, replacing water molecules with 
more oxidizable molecules, such as 
urea, ethanol, amine, and hydrazine, 
paves another route to energy-saving 
hydrogen production.[5] In particular, 
compared with the traditional water oxi-
dation reaction, the urea oxidation reac-
tion (UOR; CO(NH2)2  + 6OH−  → N2  + 
5H2O + CO2  + 6e−) requires an ultralow 
theoretical voltage (0.37  V vs RHE).[6] 
Thus, assisted by the anodic UOR, urea 

electrolysis (CO(NH2)2 + H2O → 3H2 + N2 + CO2) is a prom-
ising technique that can produce hydrogen in an energy-
saving manner.[6a] Moreover, UOR-based urea electrolysis 
also is an avenue to realize urea-rich industrial and agricul-
tural wastewater purification.[6a] Of note, the kinetics of UOR 
is also sluggish due to the involved six-electron-transfer pro-
cess.[7] Therefore, considerable attention has been devoted to 
designing a UOR catalyst that is cost-effective and high active 
while being durable for long periods of time.

Owing to the low theoretical potential of the urea oxidation reaction 
(UOR), urea electrolysis is an energy-saving technique for the generation 
of hydrogen. Herein, a hierarchical structure of CuO nanowires decorated 
with nickel hydroxide supported on 3D Cu foam is constructed. Combined 
theoretical and experimental analyses demonstrate the high reactivity and 
selectivity of CuO and Ni(OH)2 toward the UOR instead of the oxygen evolu-
tion reaction. The hierarchical structure creates a synergistic effect between 
the two highly active sites, enabling an exceptional UOR activity with a 
record low potential of 1.334 V (vs the reversible hydrogen electrode) to reach 
100 mA cm−2 and a low Tafel slope of 14 mV dec−1 in 1 m KOH and 0.5 m urea 
electrolyte. Assembling full urea electrolysis driven by this developed UOR 
electrocatalyst as the anode and a commercial Pt/C electrocatalyst as the 
cathode provides a current density of 20 mA cm−2 at a cell voltage of ≈1.36 V 
with promising operational stability for at least 150 h. This work not only 
enriches the UOR material family but also significantly advances energy-
saving hydrogen production.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202101017.

1. Introduction

Efficient hydrogen production technologies will enable the 
transition from a fossil-fuel economy to a clean and sustain-
able hydrogen economy, and electrochemical water splitting 
(2H2O → 2H2  + O2) is of great interest as a key process for 
producing high-purity hydrogen without a carbon footprint.[1] 
The theoretical potential for water electrolysis is 1.23  V (vs 
reversible hydrogen electrode (RHE)).[2] However, large 
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First-row transition metals of Fe, Co, and Ni with flexible 
valence states and spin states exhibit high intrinsic catalytic 
activity for the OER and UOR.[3f,4a,8] Considerable attention has 
been focused on designing high-performance Fe-, Co-, and Ni-
based single-metal and multimetal materials as alternatives to 
noble-metal-based materials.[6a,9] In particular, Ni-based mate-
rials are considered as UOR electrocatalysts under alkaline 
conditions.[6b,9b,10] Nickel sulfides, nickel phosphides, and nickel 
(oxy)hydroxides directly grown on conductive substrates are the 
most representative state-of-the-art materials for the UOR.[11] Of 
note, Ni-based electrocatalysts can also serve as active materials 
for the OER (a competitive side reaction compared to UOR). 
Thus, the competition between the OER and UOR determines 
the chemoselectivity of the electrocatalyst during the catalytic 
process.[12] Despite many research efforts, the report about Ni-
based UOR catalysts that achieved sufficiently high activity, 
selectivity, and durability is still limited. Consequently, there is a 
need for a comprehensive understanding of materials’ selection 
and reaction mechanisms, along with research on new mate-
rials to replace Ni. Here, we select nickel hydroxide (Ni(OH)2), 
a class of 2D materials, as a proof of concept to investigate 
the UOR behaviors.[3g,13] Additionally, we take Cu, another 
inexpensive transition metal (Co: 32.8 USD kg−1 and Cu:  
6.0 USD kg−1), as a potential candidate for material designs.[14] It 
has been demonstrated that high-valence metal sites are active 
for the OER and UOR.[4a,6a,7c] Compared to Co, Fe, and Ni, Cu 
shows relatively fewer types of valence states.[11f,15] During the 
oxidation reaction conditions, Cu2+ ions can be referred to as 
high-valence metal sites in the system of Cu ions (Cu0+, Cu1+, 
and Cu2+). This indicates that Cu2+-based materials may also 
be promising for the OER or UOR, which is dependent on the 
adsorption features during these reaction processes.[7a] More-
over, the electrocatalytic activities of reported Cu-based mate-
rials toward the OER and UOR (e.g., metallic Cu, Cu sulfides, 
Cu phosphides, Cu oxide, and Cu (oxy)hydroxides) have much 
room to be further improved to meet the requirements of prac-
tical applications. Therefore, a systematic evaluation of Cu-
based materials from both theoretical and experimental points 
of view is highly desirable.

In addition, a high-performance electrocatalyst that can be 
widely used should be characterized by having a large amount 
of active sites, high conductivity, and sufficient stability against 
corrosion reaction conditions (e.g., in situ formation of active 
species from a conductive substrate and/or design binder-free 
electrodes).[16] Rationally integrating two active species is an 
effective approach to achieve a synergistic effect that can realize 
the ultimate goal of improving electrocatalytic activity and sta-
bility.[17] Therefore, constructing a self-supporting electrode 
with a hierarchical structure containing considerable amounts 
of exposed highly active sites also satisfies the aforementioned 
requirements.

Herein, we designed a hierarchical structure containing CuO 
nanowires (NWs) and Ni(OH)2 through wet chemical oxidation 
followed by a low-temperature treatment and electrodeposition 
process. The in situ formed CuO NWs supported on conduc-
tive Cu foam (CF) with a 3D open structure enable substantial 
exposure of active surface sites and easy accessibility of reac-
tants, as well as high electrical conductivity for charge transfer. 
Combined density functional theory (DFT) calculations and 

experimental analyses demonstrate that CuO and Ni(OH)2 
possess high electrocatalytic activity and selectivity toward the 
UOR rather than the OER. Rational construction of a hierar-
chical structure also results in a synergistic effect between 
two highly active sites. Impressively, the optimized electrode 
exhibits an exceptional UOR activity with an ultralow potential 
of 1.334 V (vs RHE) to reach 100 mA cm−2 and a low Tafel slope 
of 14 mV dec−1 in 1 m KOH and 0.5 m urea electrolyte, outper-
forming reported state-of-the-art UOR electrocatalysts. Further-
more, full urea electrolysis can provide 20 mA cm−2 at a low cell 
voltage of ≈1.36 V (0.13 V lower than that of a traditional water 
electrolyzer) with promising operational stability. This work 
highlights the remarkable potential of constructing 3D copper–
nickel-based nanostructured materials as efficient and low-cost 
electrocatalysts for the UOR to advance energy-saving hydrogen 
production.

2. Results and Discussion

High-valence metal sites have been demonstrated as highly 
active species for the OER and UOR.[4a,6a,7b] First-row transi-
tion metal elements of Co, Fe, and Ni display flexible valence 
states and spin states. For instance, Co elements have multiva-
lence states ranging from Co0 to Co4+ along with various spin 
states such as low-, intermediate-, and high-spin states.[18] How-
ever, Cu ions show fewer types of valence states, commonly 
including Cu0+, Cu1+, and Cu2+.[19] We first try to unravel the 
effect of Cu ion states on OER and UOR behaviors in an alka-
line environment through DFT calculations. The constructed 
structural models for the calculations are shown in Figure 1a–c, 
and related details can be found in the Supporting Information.

Based on the reaction mechanisms, the OH− and urea 
adsorption is the first step of the OER and UOR processes, 
respectively.[4a,7a,20] Moreover, it was reported that the catalyst–
urea state, which can be effectively reflected by the adsorption 
energy, has a significant effect on the onset potential of urea 
oxidation.[20,21] Thus, DFT calculations were first carried out for 
urea and OH− adsorbed on the CuO (111) surface. As depicted 
in Figure  1d, the adsorption energy of urea onto CuO (111) is 
almost six times higher than that of OH− on CuO (111) surface 
(−0.98 vs −0.18 eV), indicating that CuO (111) favors the adsorp-
tion of urea, which may contribute to superior UOR selectivity. 
To further understand the role of Cu2+ for the UOR, the adsorp-
tion energy values of urea onto the Cu0+ (111) and Cu2

1+O (111) 
surfaces were also compared, and the values follow the order 
of CuO (111) > Cu2O (111) > Cu (111) (Figure  1e). Notably, the 
adsorption values on CuO (111) are ≈2.1-fold and ≈2.7-fold 
greater than the values on Cu2O (111) and Cu (111), respec-
tively, implying that higher-valence Cu2+ is more active for the 
UOR. Additionally, low-valence transition-metal ions are prone 
to be oxidized into high-valence states under oxidation reac-
tion conditions.[4a] The possible phase transition of Cu2O and 
Cu during the UOR process will be evaluated in the following 
sections. In short, Cu2+ has the highest valence state and is 
expected to be stable as highly active sites during the electro-
chemical reaction toward the UOR.

Additionally, 2D nanomaterials exhibit the characteristics of 
highly exposed catalytic active sites on the surface and superior 
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electron transportation ability.[22] In particular, the Ni-based 
hydroxide is one of the most promising 2D materials applied in 
electrochemical conversion reactions.[13b,c] Here, we employed 
Ni(OH)2 and NiFe layered double hydroxide (NiFe LDH) as a 
proof of concept to showcase the advantages of Ni-based mate-
rials toward the UOR. To illustrate the electrocatalysis process 
toward UOR and OER, the adsorption energies of urea and 
OH− on Ni(OH)2 and NiFe LDH (Figure S1, Supporting Infor-
mation) were calculated. As shown in Figure  1f, NiFe LDH 
exhibits a much larger adsorption energy toward OH− (−1.2 eV) 
than that of Ni(OH)2 (−0.25 eV), indicating favorable adsorption 
toward the OER of NiFe LDH. This characteristic is consistent 
with the high OER activity of NiFe LDH in alkaline media 
reported previously.[23] In contrast, a favorable adsorption fea-
ture of Ni(OH)2 toward UOR is demonstrated by the large value 
of adsorption energy of urea (Figure 1f). Therefore, Ni(OH)2 is 
expected to show higher UOR activity than that of NiFe LDH. 
More importantly, rationally integrating two active species can 
be an effective approach to achieve a synergy that can realize 
the ultimate goal of improving electrocatalytic activity and selec-
tivity. To understand the interplay between CuO and Ni(OH)2, 
we constructed a model consisting of CuO (111) and Ni(OH)2 

by stacking along the c-direction (Figure S2, Supporting Infor-
mation). The calculated charge difference plot for the hetero-
structure of CuO (111)/Ni(OH)2 is shown in Figure 1g, in which 
a transfer of electrons from the Ni(OH)2 to the CuO (111) can 
be observed. This is also consistent with the planar average 
charge difference density as shown in Figure 1h, where a posi-
tive (negative) charge above (below) the heterointerface (≈12 Å) 
is noticed, verifying the electron transfer from Ni(OH)2 to the 
CuO (111), as well as the synergistic interaction between the two 
substrates. Additionally, the adsorption energies for urea and 
OH− at the heterostructure have been calculated on both the 
CuO (111) and the Ni(OH)2 side. It was demonstrated that the 
urea prefers to be adsorbed on the top of the CuO (111) side 
with an adsorption energy of −0.56 eV (Figure 1i), whereas the 
OH− prefers to be adsorbed at the Ni(OH)2 side with an energy 
of −0.45  eV (Figure S3, Supporting Information). The inter-
mediate adsorption behavior of urea on the heterostructure 
may imply a decreased activation barrier in the following reac-
tion steps compared to the pure CuO (111) (Figure 1i). On the 
other hand, the energy is strong enough to assure the adsorp-
tion of urea on the heterostructure than on the pure Ni(OH)2  
(Figure 1i).

Figure 1. The structural models of a) CuO (111), b) Cu (111), and c) Cu2O (111) for urea and/or OH− adsorption (Cu: blue and O: red). d) Adsorption 
energy of urea and OH− on CuO (111) surface. e) Adsorption energy of urea on Cu (111), Cu2O (111), and CuO (111) surfaces. f) Adsorption energy of 
urea and OH− on Ni(OH)2 and NiFe LDH. g) Atomistic model of the CuO (111)/Ni(OH)2 heterostructure with a charge density difference plot, in which 
the cyan and yellow colors represent electron loss and gain, respectively. h) The planar average charge density difference along the c-direction. i) The 
comparison of adsorption energies of urea on CuO (111), Ni(OH)2, and CuO (111)/Ni(OH)2 surface models.
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The basic requirements for high-performance electrocatalysts 
include a considerable level of active species on the surface, 
high electrical conductivity favorable for charge transfer, and 
sufficient stability. Meanwhile, in order to obtain the advantage 
of CuO's high activity, we constructed a self-supported complex 
electrode in which CuO NWs were spontaneously coated on the 
surface of a commercial CF through chemical oxidation and 
calcination processes (Figure 2a).[11f,23a,24] Specifically, the com-
mercial CF with a 3D network serves as both the conductive 
substrate and Cu source for the growth of vertically oriented 
Cu(OH)2 NWs through the reported chemical oxidation process 
(for more details on the synthesis process, please refer to the 
“Experimental Section” in the Supporting Information).[11f,23a,25] 
Cu(OH)2 NWs/CF was then calcined in air (180 °C for 1 h) to 
obtain CuO NWs/CF. Electrodeposition has been demonstrated 
as a facile and effective method to deposit 2D materials on sub
strates.[9d,11f,13c,23a,24–26] Finally, ultrathin Ni(OH)2 nanosheets 
were electrodeposited on the surface of the CuO NWs/CF in 
a Ni(NO3)2 aqueous solution, giving rise to the generation of 
a self-supported electrode containing CF-supported hierarchical 
Ni(OH)2/CuO NWs’ nanostructure (denoted as Ni(OH)2/CuO 
NWs/CF) (Figure 2a).

The surface morphological and structural features of the 
obtained materials were first examined by field emission scanning 
electron microscopy (FE-SEM). Commercial CF has a smooth sur-
face and exhibits a 3D open structure (Figure 2b; Figure S4, Sup-
porting Information). After the alkaline corrosion process, uniform 
1D nanowire morphologies of Cu(OH)2 NWs were found to be 
vertically oriented on the CF surface (Figure S5, Supporting Infor-
mation). Through the calcination process in an air atmosphere, 
Cu(OH)2 was then transformed into CuO. As shown in Figure 2c 
and in Figure S6 (Supporting Information), CuO NWs still exhibit 
1D structures with uniform size, which facilitates further coating 
process. Compared to the needle-like structure of Cu(OH)2 NWs, 
the surface of CuO NWs becomes relatively rough. Finally, CuO 
NWs/CF prepared in this way acts as a scaffold for subsequent 
electrodeposition, and, as a result, a thin Ni(OH)2 layer is uni-
formly coated on the surface. Importantly, Ni(OH)2/CuO NWs/CF 
retains the nanowire structure with a small amount of self-aggre-
gation (Figure  2d; Figure S7, Supporting Information). Trans-
mission electron microscope (TEM) and high-resolution TEM 
(HRTEM) images further confirmed the successful formation of 
CuO and Ni(OH)2, and provided more microstructural details. 
The lattice fringe with an interplanar distance of 0.232 nm could 
be indexed well to the (111) plane of CuO, verifying the generation 
of CuO on the Cu substrate as observed from the X-ray diffrac-
tion (XRD) pattern (Figure 2e). Uniform nanowire morphologies 
with an average diameter of ≈140 nm and uniformly distributed 
Cu and O elements were also found (Figure S8, Supporting Infor-
mation). After electrodeposition treatment, the well-retained nano-
wire structure of CuO is displayed in TEM images (Figure 2f). A 
distinctive lattice fringe with an interplanar spacing of 0.24  nm 
can be assigned to the (101) plane of Ni(OH)2 (Figure 2g).[3g]  The 
high-angle annular dark field-scanning transmission electron 
microscopy (HAADF-STEM) and corresponding energy dispersive 
X-ray (EDX) elemental mapping images were captured as well, 
demonstrating the coexistence of Ni, Cu, and O elements and 
the uniform distribution of these elements (Figure 2h). The EDX 
scanning reveals that the Ni(OH)2/CuO NWs/CF contains a small 

content of Ni element (≈0.8 wt% of the total elements; Figure S9, 
Supporting Information).

The crystal phases of the materials were further studied by 
XRD data. Figure  2i shows the typical XRD patterns for CF, 
Cu(OH)2 NWs/CF, and CuO NWs/CF. The surface-cleaned CF 
exhibits three strong and sharp peaks at 2θ of 43.2°, 50.4°, and 
74.1°, corresponding to metallic Cu (PDF#04–0836).[11f,23a] An 
orthorhombic Cu(OH)2 phase (PDF#35–0505) was identified 
after the chemical oxidation process, which was completely trans-
formed into a CuO phase (PDF#48–1548) by calcination in an 
air atmosphere.[27] The XRD patterns of Ni(OH)2/CuO NWs/CF,  
taken after the deposition of Ni(OH)2 over CuO NWs/CF, 
demonstrated low intensity for Ni(OH)2, mainly owing to the 
low concentration of Ni(OH)2 and peaks overlapping between 
Ni(OH)2 and CuO (Figure S10, Supporting Information).[27] As 
the next step, we determined the valence states of Ni ions and 
Cu ions at the surface of the Ni(OH)2/CuO NWs/CF sample. For 
this purpose, we used the surface-sensitive soft X-ray absorp-
tion spectroscopy (sXAS) spectra at the Cu-L2,3 and the Ni-L2,3 
edges collected with a total electron yield (TEY) mode, which 
are highly sensitive to the valence state of Cu and Ni ions.[28] 
Figure 2j shows the Cu-L2,3 sXAS spectra of CuO NWs/CF and 
Ni(OH)2/CuO NWs/CF together with CuO as a Cu2+ reference 
and Cu2O as a Cu1+ reference.[29] The single sharp peak at the 
Cu-L2,3 sXAS spectra of both the CuO NWs/CF and Ni(OH)2/
CuO NWs/CF electrodes can be attributed to the 2p53d10 final 
state at the same energy (931.3 eV) as that of CuO, indicating a 
Cu2+ valence state. The observation of the Cu2+ signal indicates 
very few layers of Ni(OH)2 covering the CuO NWs since the 
TEY mode has a probing depth of ≈5 nm.[30] This also indicated 
that the Ni(OH)2 nanosheets do not completely block the signal 
of the CuO nanowires in the hierarchical structure during the 
electrochemical reaction. The weak peak for Cu2O assigned to 
the 2p53d106s1 final state locates[29] at nearly the same energy 
at Cu metal, which could not be detected further, thus con-
firming the presence of CuO NWs on the top of the Cu sub-
strate. Figure 2k presents the Ni-L2,3 sXAS spectra of Ni(OH)2/
CuO NWs/CF together with NiO and Ni metal as references. 
The similar multiple spectral features and the energy position 
observed in the Ni-L2,3 sXAS spectra of Ni(OH)2/CuO NWs/CF 
as those of NiO demonstrate a Ni2+ valence state. The absence 
of a lower energy shoulder below the main peak excludes the 
Ni metal state. We also measured the Cu 2p XPS spectra of 
CuO NWs/CF and Ni 2p and Cu 2p XPS spectra of Ni(OH)2/
CuO NWs/CF. The quantitative curve-fitted analysis reveals 
the 2+ valence state of Ni ion (Figure S11a, Supporting Infor-
mation), and there is no obvious difference in valence states of 
Cu between the electrodes of CuO NWs/CF and Ni(OH)2/CuO 
NWs/CF (Figure S11b, Supporting Information).

The as-obtained electrodes were directly utilized as the 
working electrode for electrocatalytic performance evaluation. 
The electrochemical performance toward the UOR (electrolyte: 
1 m KOH with 0.5 m urea) and OER (electrolyte: 1 m KOH) was 
evaluated through a conventional three-electrode configuration. 
The iR-compensated linear sweep voltammetry (LSV) curves of 
the series of catalysts for both water and urea oxidations were 
plotted. Remarkably, by adding 0.5 m urea to the alkaline solu-
tion, Cu NWs/CF, Cu(OH)2 NWs/CF, and CuO NWs/CF elec-
trodes exhibit obviously decreased potentials to reach desired 
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Figure 2. a) Schematic illustration for the steps involved in the synthesis of Ni(OH)2/CuO NWs/CF. SEM images of b) commercial CF, c) CuO NWs/CF,  
and d) Ni(OH)2/CuO NWs/CF. e) HRTEM images of CuO NWs/CF. f) TEM and g) HRTEM images of Ni(OH)2/CuO NWs/CF. h) HAADF-STEM and 
corresponding elemental mapping images of Ni(OH)2/CuO NWs/CF. i) XRD patterns of CF, Cu(OH)2 NWs/CF, and CuO NWs/CF. Normalized sXAS 
spectra at the j) Cu-L2,3 edge of CuO NWs/CF and Ni(OH)2/CuO NWs/CF and k) Ni-L2,3 edge of Ni(OH)2/CuO NWs/CF together with different 
references.
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current densities, especially for the CuO NWs/CF electrode 
(Figure 3a,b; Figure S12, Supporting Information), indicating 
that the UOR occurs preferentially over the OER. In particular, 
the LSV curves show that CuO NWs/CF has a distinct elec-
trocatalytic activity for the UOR. For example, CuO NWs/CF  
requires a low potential of 1.405 V to reach a current density of 
100 mA cm−2 toward the UOR, which is 96 and 171 mV lower 
than that needed for the Cu NWs/CF and Cu(OH)2 NWs/CF 
electrodes, respectively (Figure 3b). Of note, when a noble metal 
oxide, RuO2, was loaded on the electrode of CuO NWs/CF,  
the required potential to achieve 100  mA cm−2 was 1.433  V 
(Figure S13, Supporting Information). This value is even higher 
than that of the bare CuO NWs/CF electrode (1.405 V), indicating 
highly active sites of CuO. The dramatically enhanced UOR 
activity of CuO NWs/CF is further confirmed by the decreased 
potential corresponding to a current density of 10  mA cm−2 

when compared to the reported high-performance Cu-based 
OER electrocatalysts (e.g., 1.336  V toward UOR for Cu(OH)2 
NWs/CF catalyst and 1.535  V toward OER for Cu3P/CuO  
catalyst, Figure  3c; Table S1, Supporting Information). After 
the introduction of Ni(OH)2, the OER activity of Ni(OH)2/CuO  
NWs/CF is superior to that of CuO NWs/CF. The peak at 
≈1.37 V is ascribed to the redox pair of Ni2+/Ni3+. Significantly, 
upon the presence of small concentrations of urea in alkaline 
media, the peak disappeared immediately, beyond which the 
oxidation current density increases rapidly (Figure S14, Sup-
porting Information); this also demonstrated that the UOR 
occurs preferentially to OER. When compared to the OER, the 
UOR activity of Ni(OH)2/CuO NWs/CF shows a much lower 
potential to obtain higher current densities (Figure 3d). Remark-
ably, the Ni(OH)2/CuO NWs/CF electrode delivers exceptional 
UOR activity, demanding low potentials of only 1.334, 1.377, and 

Figure 3. a) LSV curves toward OER and UOR of CuO NWs/CF and Ni(OH)2/CuO NWs/CF electrodes. b) Potential comparison of Cu NWs/CF, Cu(OH)2 
NWs/CF, and CuO NWs/CF electrodes for OER and UOR. c) Potential comparison of CuO NWs/CF electrode for OER and UOR with recently reported 
Cu-based electrocatalysts. d) Potential comparison of CuO NWs/CF and Ni(OH)2/CuO NWs/CF electrodes for OER and UOR. e) Comparison of poten-
tial corresponding to 100 mA cm−2 and a Tafel slope with some reported UOR electrocatalysts. f) Chronopotentiometric curves of CuO NWs/CF and 
Ni(OH)2/CuO NWs/CF electrodes fixed at 50 mA cm−2. g) Multistep chronopotentiometry curve at different current densities from 50 to 300 mA cm−2  
for Ni(OH)2/CuO NWs/CF electrode.

Small Methods 2021, 2101017



© 2021 Wiley-VCH GmbH2101017 (7 of 11)

www.advancedsciencenews.com www.small-methods.com

1.392 V at 100, 500, and 700 mA cm−2, respectively (Figure 3d). 
Additionally, the influence of electrodeposition times on the 
UOR activities was evaluated, and polarization curves demon-
strate that Ni(OH)2-90 (the one denoted as Ni(OH)2/CuO NWs/
CF) is superior to Ni(OH)2-60 and Ni(OH)2-120 (Figure S15, 
Supporting Information). Tafel plots are provided to unveil the 
reaction kinetics of the UOR and OER (Figure S16, Supporting 
Information). For the UOR process, the Ni(OH)2/CuO NWs/
CF electrode has an exceptional low Tafel slope (14  mV dec−1) 
compared to that of the CuO NWs/CF electrode (48 mV dec−1). 
More importantly, the value of 14  mV dec−1 is about an order 
of magnitude smaller than that required for the OER process 
(166  mV dec−1). The abovementioned results show that the 
rationally designed hierarchical Ni(OH)2/CuO NWs/CF elec-
trode is a highly active catalyst toward the UOR. In terms of the 
potential at 100 mA cm−2 and the Tafel slope toward the UOR, 
the Ni(OH)2/CuO NWs/CF electrode exhibits comparable and 
even superior activities to most of the recently reported UOR 
electrocatalysts (Figure 3e; Table S2, Supporting Information). 
Gas chromatography analysis was used to identify the gas-
eous product during the UOR process. Notably, negligible O2 
was detected during the reaction process, and the amounts of 
theoretically calculated gaseous product matched well with the 
experimentally measured N2 gas over time, highlighting the 
high electrochemical selectivity toward UOR with a Faradaic 
efficiency of 99.0% (Figure S17, Supporting Information).

To assess the stability of the designed electrodes under the 
operating conditions, chronopotentiometry (CP) measure-
ments were performed. Impressively, besides superior activity 
toward the UOR, the Ni(OH)2/CuO NWs/CF electrode also 
demonstrated exceptional stability with no observed potential 
increase during 40 h at a fixed current density of 50 mA cm−2,  
while the CuO NWs/CF electrode exhibited a gradual poten-
tial increase after 20 h during the testing (Figure 3f). Further-
more, the multistep chronopotentiometry curve was obtained 
to further evaluate the electrochemical performance, where 
the current density was increased from 50 to 300  mA cm−2 
with an increment of 50  mA cm−2 per 5 h (Figure  3g). The 
corresponding potentials remained constant in each pro-
cess, manifesting outstanding mass transport properties and 
robust stability of Ni(OH)2/CuO NWs/CF toward the UOR in 
the harsh alkaline solutions. After the UOR stability measure-
ment, the structure, morphology, and composition of the CuO 
NWs/CF and Ni(OH)2/CuO NWs/CF electrodes were further 
examined. The XRD pattern of the CuO NWs/CF electrode after 
the stability test agrees with the precatalyst (electrode before the 
electrochemical reaction), demonstrating no phase change after 
the UOR test (Figure S18, Supporting Information). The activity 
degradation of the CuO NWs/CF electrode is mainly ascribed 
to the aggregation of nanowires (Figure S19a, Supporting Infor-
mation). In contrast, the aggregation level for the Ni(OH)2/CuO 
NWs/CF electrode is much smaller than that of the CuO 
NWs/CF electrode, enabling exposure of active sites to the elec-
trolytes (Figure S19b, Supporting Information). Moreover, the 
Ni(OH)2/CuO NWs/CF electrode also exhibits stable surface 
crystalline structures after the UOR, where no amorphous layer 
was observed (Figure S20, Supporting Information).

To track the origins of the outstanding UOR perfor-
mance mentioned above, additional cyclic voltammetry (CV) 

measurements were performed to analyze double-layer capaci-
tance (Cdl), a measure of electrochemical-active surface area 
(ECSA) and surface-active sites.[23a] Based on the CV curves 
(Figure S21, Supporting Information), the Ni(OH)2/CuO 
NWs/CF electrode has the highest Cdl value of 0.36 F cm−2, 
which is ≈1.2 and ≈16.4 times higher than that of the CuO 
NWs/CF (0.29 F cm−2) and Cu(OH)2 NWs/CF (0.022 F cm−2) 
electrodes, respectively. This confirms that the Ni(OH)2/CuO 
NWs/CF electrode has considerable surface-active sites, which 
lead to superior electrochemical activity. To highlight the advan-
tage of the nanowire structure that exposes a large number of 
highly active species on the surface, cleaned commercial CF 
was directly calcined in air (CuOx/CF). Remarkably, there was 
an ≈46-fold increase of the Cdl value and clearly improved UOR 
activity of CuO NWs/CF compared to CuOx/CF (Figure 4a;  
Figure S22, Supporting Information). In addition to the sig-
nificantly improved active sites, the electrode kinetics were 
further evaluated by electrochemical impendence spectroscopy 
(EIS).[11f ] The Ni(OH)2/CuO NWs/CF electrode possesses an 
ultralow charge-transfer resistance of ≈0.2 Ω, in contrast to the 
CuO NWs/CF (≈0.9 Ω), Cu(OH)2 NWs/CF (≈1.7 Ω), and CF 
(≈5.0 Ω) (Figure 4b). The extremely low charge-transfer resist-
ance of the Ni(OH)2/CuO NWs/CF electrode indicates a rapid 
charge-transfer property and fast catalytic kinetics, further pro-
moting the UOR performance.

To explore the roles and contributions of CuO NWs and 
Ni(OH)2 for electrocatalysis, the UOR activities and phase struc-
tures of Cu(OH)2 NWs/CF, Cu2O NWs/CF, and Cu NWs/CF 
electrodes before and after UOR testing were evaluated. Under 
a fixed current density of 50 mA cm−2, the required potentials 
to achieve this value quickly decreased during the initial period 
(≈240  min) and became stable afterward for the Cu(OH)2 
NWs/CF electrode (Figure  4c, inset). Impressively, the UOR 
activity of the Cu(OH)2 NWs/CF electrode greatly improved 
after testing compared to the initial activity (Figure  4c), along 
with significantly enhanced surface-active sites (Figure S23a–c, 
Supporting Information). Meanwhile, a surface phase transi-
tion from Cu(OH)2 to CuO was also observed (Figure S23d, 
Supporting Information). Furthermore, we also studied the 
effects of low-valence states of Cu (Cu1+ in Cu2O and Cu0+ in 
metallic Cu) toward the UOR performance. Similarly, a par-
tial surface phase transition from Cu2O and Cu to CuO, and 
improved UOR activity were observed for the Cu2O NWs/CF 
and Cu NWs/CF electrodes at the same time (Figures S24 and 
S25, Supporting Information). These results confirm that the 
electrochemical reaction-induced CuO phase is the most stable 
and active phase toward the UOR. However, the CuO NWs/CF 
electrode has a strong performance advantage compared to the 
phase-transformed Cu(OH)2 NWs/CF, Cu2O NWs/CF, and Cu 
NWs/CF electrodes, highlighting the crucial role of the directly 
formed CuO phase. To assess the intrinsic activity, Ni(OH)2 was 
electrodeposited on carbon cloth (CC) and CF. As exhibited in 
Figure 4d, the bare CC substrate shows negligible UOR activity. 
Ni(OH)2/CC meanwhile exhibits good UOR activity that 
requires only 1.368 V to achieve 50 mA cm−2, which is ≈250 mV 
less than that of the OER process (1.616  V). More specifically, 
the electrocatalytic selectivity toward the UOR of Ni(OH)2 is 
confirmed by the high current efficiency value of nearly 100% 
(98.7%) at a potential of 1.43 V.[12] Importantly, Ni(OH)2/CC also 
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exhibits impressive UOR operational stability with a negligible 
potential increase during 20 h of testing (Figure 4d, inset). The 
high intrinsic UOR activity of Ni(OH)2 was further confirmed 
by the UOR activity of Ni(OH)2/CF electrode, where CF sub-
strate also exhibited low UOR activity (Figure S26, Supporting 
Information).

Next, a systematic experimental study examined the poten-
tial synergistic interplay between the hierarchical structure 
containing CuO NWs and Ni(OH)2. Cu NWs/CF and Cu(OH)2 
NWs/CF were selected as the substrates to electrodeposit 
Ni(OH)2. As shown in Figure 4e, though coupled with Ni(OH)2, 
the UOR activities of the Ni(OH)2/Cu NWs/CF and Ni(OH)2/
Cu(OH)2 NWs/CF electrodes were inferior to that of the CuO 
NWs/CF electrode mainly due to the low intrinsic UOR activi-
ties of Cu and Cu(OH)2. NiFe LDH was further electrodepos-
ited on the surface of CuO NWs/CF for comparison. With the 
presence of urea in the alkaline solution, the UOR activity is 
also influenced by its competitive OER behavior. The high OER 

activity of the NiFe LDH/CuO NWs/CF electrode is revealed 
by its clearly enhanced current densities at high potentials 
(Figure  4f). Of note, it was reported that when coupled with 
conductive Cu NWs, the current density of Cu@NiFe LDH 
was reported to exceed 1000 mA cm−2 at a potential of 1.55 V, 
highlighting the high intrinsic OER activity of NiFe LDH and 
the important role of the conductive substrate to OER.[23a] It is 
worth noting that among the studied electrodes, the NiFe LDH/
CuO NWs/CF exhibited the poorest UOR activity, revealing 
by the highest potentials of 1.461 and 1.475  V to reach 100 
and 200 mA cm−2, respectively (Figure 4e). The unsatisfactory 
UOR activity of the NiFe LDH/CuO NWs/CF electrode is thus 
attributed to the high selectivity and activity toward the OER of 
NiFe LDH. The trends of OER and UOR activities of Ni(OH)2 
and NiFe LDH in Figure  4g are consistent with the adsorp-
tion energy properties in Figure  1f. The experimental data in 
Figure 4d demonstrated high activity, selectivity, and durability 
of Ni(OH)2 toward the UOR. Thus, rationally integrating two 

Figure 4. a) Dependence of current density on the scan rates for determination of the Cdl. b) Nyquist plots at 1.61 V (iR-uncorrected). c) LSV curves 
toward UOR of Cu(OH)2 NWs/CF electrode before and after CP testing (inset: CP curve fixed at 50 mA cm−2). d) LSV curves toward UOR activities 
of CC and Ni(OH)2/CC and OER activity of Ni(OH)2/CC (inset: CP curve fixed at 50 mA cm−2 of Ni(OH)2/CC electrode for UOR). e) Potential (at 
100 and 200 mA cm−2) comparisons of various designed electrodes to highlight the unique hierarchical structure of Ni(OH)2/CuO NWs/CF toward UOR.  
f) LSV curves toward OER and UOR activities of NiFe LDH/CuO NWs/CC. g) Potentials at 200 mA cm−2 of Ni(OH)2/CuO NWs/CF and NiFe LDH/CuO  
NWs/CF toward OER and UOR.
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active species, including CuO and Ni(OH)2, successfully pro-
vides a synergistic effect that can realize exceptional high elec-
trocatalytic UOR performance.

Encouraged by the exceptional UOR performance of the 
Ni(OH)2/CuO NWs/CF catalyst, a full urea electrolysis cell 
using Ni(OH)2/CuO NWs/CF electrode as an anode and Pt/C 
on Ni foam (Pt/C/NF) as a cathode (Figure S27, Supporting 
Information) was assembled in 1 m KOH and 0.5 m urea. 
Meanwhile, the overall water electrolysis performance using 
the same cathode and anode materials was also evaluated in 1 m 
KOH for comparison (Figure 5a,b). Noticeably, a cell voltage of 
only 1.38 V is required for urea electrolysis (HER and UOR) to 
achieve the current density of 20 mA cm−2 (Figure 5c). In con-
trast, the traditional water electrolysis (HER and OER) requires 
a higher cell voltage of 1.49  V to reach the same current den-
sity (Figure 5c), suggesting that replacing OER with UOR at the 
anode is an effective strategy for energy-saving H2 production 
(Figure  5d). Significantly, this outstanding activity positions 
the designed catalyst as the most active full urea electrolyzer in 
alkaline media (Table S3, Supporting Information). Moreover, 
the proposed system can deliver 20  mA cm−2 at a cell voltage 
of ≈1.36 V for continuous testing of 150 h, demonstrating out-
standing long-term running capability (Figure  5e). By quanti-
fying the H2 produced, the Faradaic efficiency for HER is cal-
culated to be ≈100%, demonstrating an outstanding capability 
of Pt/C/NF//Ni(OH)2/CuO NWs/CF for H2 production in the 
HER//UOR system (Figure  5f; Figure S28, Supporting Infor-
mation). As a further demonstration, using a 1.5 V commercial 
dry battery as the energy source, the urea electrolyzer can also 
be driven, thus approaching the goal of efficient hydrogen pro-
duction (Figure 5g). During the electrolysis process, the contin-
uous generation of gas bubbles on the surface of the electrodes 

confirms the high efficiency of the urea electrolyzer (Movie S1, 
Supporting Information).

3. Conclusion

We presented a facile approach to design a hierarchical struc-
ture containing metal oxides (CuO NWs) in situ formed from a 
commercial Cu foam substrate by a chemical oxidation process, 
and Ni(OH)2 is further electrodeposited on the metal oxide sur-
faces. The 3D nanostructure enables exposure of a considerable 
amount of active sites, and the self-supported electrode ensures 
long-term high reactivity. CuO and Ni(OH)2 are shown to be 
highly selective materials for the UOR over OER. Furthermore, 
CuO is identified as the most stable site for the electrochemical 
reaction. Moreover, a synergistic interaction between CuO NWs 
and Ni(OH)2 also contributes to the exceptional activity. The as-
obtained Ni(OH)2/CuO NWs/CF electrode exhibits outstanding 
UOR activity, affording a current density of 100  mA cm−2 at 
1.334 V and excellent catalytic durability in 1 m KOH and 0.5 m  
urea electrolyte. Furthermore, full urea electrolysis only 
requires a cell voltage of ≈1.36 V to deliver 20 mA cm−2, which 
is 0.13 V lower than that required for water splitting, along with 
robust long-term electrocatalytic durability for 150 h. This work 
further deepens the rational design and construction of hierar-
chical nanostructures for applications in energy electrocatalysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 5. An illustration of a) a water electrolytic cell and b) urea electrolytic cell. c) LSV curves for the Ni(OH)2/CuO NWs/CF (anode)//Pt/C/NF  
(cathode) couple in 1 m KOH with and without 0.5 m urea. d) Comparison of cell voltage for urea electrolysis and water electrolysis systems at dif-
ferent current densities. e) Chronopotentiometry curves of Ni(OH)2/CuO NWs/CF (anode)//Pt/C/NF (cathode) coupled with a fixed current density 
of 20 mA cm−2 tested in a two-electrode configuration for 150 h. f) Faradaic efficiency of H2 production in the HER//UOR system upon operation time. 
g) A home-made electrolysis-water device driven by a commercial battery with an initial potential of 1.5 V in 1 m KOH with 0.5 m urea.
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