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regarded as an ideal alternative energy car-
rier due to its purity and sustainability.[3,4] 
Production of hydrogen by electrochem-
ical water splitting in alkaline electrolyte 
which involves two half reactions, namely, 
the hydrogen evolution reaction (HER, 
4H2O + 4e− → 2H2 + 4OH−) and oxygen 
evolution reaction (OER, 4OH− → O2 + 
2H2O + 4e−), seems a promising and 
environmentally benign approach.[5–7] At 
present, precious metal electrocatalysts, 
such as platinum-based and iridium or 
ruthenium-based materials are regarded 
as the state-of-the-art catalysts for HER 
and OER, respectively.[8–10] However, 
the high cost, low abundance, and poor 
stability of these catalysts significantly 
hinder their extensive applications in 
commercial electrolyzers. Consequently, 
extensive studies have been conducted 
to develop low-cost, high-activity electro-
catalysts based on transitional metal 
materials, including metal alloys,[11,12] 
chalcogenides,[13–17] phosphides,[18–22] car-
bides,[23–25] and nitrides[26–31] for HER, 
and metal oxides,[32,33] hydroxides,[34] 

oxyhydroxides,[35,36] selenides,[37–41] and perovskites[42] for 
OER. Nevertheless, the operation voltage of water splitting 
in alkaline electrolyte at 10 mA cm−2 is still larger than 1.4 V 
because of the sluggish anodic OER kinetics.[18–20,34] OER is 
quite a complicated process as it involves four proton-coupled 
electrons transfer steps, OH bond breaking and OO bond 

Electrocatalytic water splitting is one of the sustainable and promising strate-
gies to generate hydrogen fuel but still remains a great challenge because 
of the sluggish anodic oxygen evolution reaction (OER). A very effective 
approach to dramatically decrease the input cell voltage of water electrolysis 
is to replace the anodic OER with hydrazine oxidation reaction (HzOR) due to 
its lower thermodynamic oxidation potential. Therefore, developing the low-
cost and efficient HzOR catalysts, coupled with the cathodic hydrogen evolu-
tion reaction (HER), is tremendously important for energy-saving electrolytic 
hydrogen production. Herein, a new-type of copper–nickel nitride (Cu1Ni2-N) 
with rich Cu4N/Ni3N interface is rationally constructed on carbon fiber cloth. 
The 3D electrode exhibits extraordinary HER performance with an overpo-
tential of 71.4 mV at 10 mA cm−2 in 1.0 m KOH, simultaneously delivering an 
ultralow potential of 0.5 mV at 10 mA cm−2 for HzOR in a 1.0 m KOH/0.5 m 
hydrazine electrolyte. Moreover, the electrolytic cell utilizing the synthesized 
Cu1Ni2-N electrode as both the cathode and anode display a cell voltage of 
0.24 V at 10 mA cm−2 with an excellent stability over 75 h. The present work 
develops the promising copper–nickel-based nitride as a bifunctional electro-
catalyst through hydrazine-assistance for energy-saving electrolytic hydrogen 
production.
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1. Introduction

With the fast fossil fuel exhaustion and associated increasingly 
serious environmental pollution, it is very urgent to explore 
green and renewable energy resources in order to deal with 
this situation.[1,2] Hydrogen with high energy density has been 
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formation.[43] Accordingly, OER has been recognized as the 
main limitation in the development of water electrolyzers.

Recent researches have shown a promising strategy to 
overcome this bottleneck by replacing OER with electrochem-
ical oxidation of more favorably oxidized molecules, such as 
methanol,[44] ethanol,[45] glycol,[46] benzyl alcohol,[27] urea,[46–51] 
5-hydroxymethylfurfural[52] and hydrazine.[53–55] These mole-
cules could be readily oxidized and converted into other chemi-
cals at lower thermodynamic potentials than that of OER 
(1.23 V vs reversible hydrogen electrode, RHE) at the anode, 
thus remarkably decreasing the cell voltage for hydrogen pro-
duction. Yu et. al synthesized highly porous NiMoO4 nanorods 
by annealing treatment in Argon atmosphere, which exhibits 
an extraordinary catalytic activity for urea oxidation reaction 
(UOR, CO(NH2)2  + 6OH− → N2 + CO2 + 5H2O + 6e−, 0.37 V vs 
RHE).[48] The anodic electrode requires just a low potential of 
1.37 V vs RHE at 10 mA cm−2 in 1 m KOH/0.5 m urea electrolyte. 
Meanwhile, the urea electrolyzer delivers a small cell voltage of 
1.38 V at 10 mA cm−2. Compared with UOR, hydrazine oxi-
dation reaction (HzOR, N2H4 + 4OH− → N2 + 4H2O + 4e−,  
−0.33 V vs RHE) possesses an even lower standard potential.[53,55] 
Moreover, this anodic oxidation process only produces nitrogen 
and water, without any greenhouse gases emission. These 
advantages indicate that HzOR has a great potential to replace 
OER for water electrolysis. Accordingly, developing the bifunc-
tional catalysts with high electrocatalytic activity toward both 
anodic HzOR and cathodic HER is an effective strategy for 
hydrogen production. As known, a bifunctional catalyst can not 
only avoid the side reactions induced by different catalysts, but  
also greatly simplify the catalytic electrode design and construc-
tion.[56,57] Recently, great attention has been paid to exploring 
high performance catalysts for HzOR, including noble metal 
(Pt, Pd),[58,59] non-noble metal and alloys (Ni, Co, NiCo, 
NiZn),[55,60,61] chalcogenides (NiS2, CoS2, CoSe2),[53,54,62] and 
phosphides (Ni2P, FeP, Cu3P).[63–65] However, fabricating the 
bifunctional catalytic electrode with superior HER and HzOR 
activities toward hydrazine-assisted energy-saving hydrogen 
production is still a tremendous challenge, needing innova-
tive development of high-performance catalysts. Preparing the 
bimetal-based catalysts with novel components and architectures 
by interfacial engineering is a practicable strategy to improve 
this situation.[14,66–69] The interfacial modification approach will 
expose more active sites, optimize the electronic environment, 
adjust the catalytic reaction intermediates adsorption, and favor 
the electron and mass transportation. Both theoretical calcula-
tions and experimental explorations have indicated that the 
electrocatalytic performance of bimetal catalysts can be more 
easily optimized than that of the corresponding individual com-
pounds.[26,27,29,70–72] Chai and co-workers reported a series of 
promising bimetal catalysts, such as Ni0.6Co1.4P,[70] Ni-Fe-P,[71]  
and Fe0.125Ni0.875Se2,[72] which have been demonstrated for 
efficient water electrolysis. Lin and co-workers developed a 
bimetallic copper-cobalt-based phosphide with nitrogen-doped 
carbon (Cu0.3Co2.7P/NC) as a bifunctional electrocatalyst in 
alkaline solution.[21] Cu incorporation could effectively modify 
the electronic structure and optimize the intermediate adsorp-
tion energy to accelerate the catalytic kinetics. The synergetic 
effects between two different host atoms or components 
endow the compound with an outstanding catalytic potential. 

Considering the good metallic conductivity, low electrical resist-
ance, and superior corrosion stability, metal nitrides have been 
paid extensive attention for water electrolysis.[26,27,29–31] To the 
best of our knowledge, copper–nickel-based nitride used as a 
bifunctional electrocatalyst for HER and HzOR has been rarely 
reported. Based on these concerns, it could be hypothesized 
that constructing the bimetallic copper–nickel-based nitride 
with nickel nitride/copper nitride interface might provide a 
new approach to achieving exceptional bifunctional electrocata-
lyst through hydrazine-assistance for energy-saving electrolytic 
hydrogen production.

Herein, we constructed copper–nickel nitride (Cu1Ni2-N) 
porous nanosheets supported on carbon fiber cloth (CFC), 
which was prepared using copper–nickel layered double 
hydroxide (CuNi-LDH) precursor through a thermal ammon-
olysis process. The 3D catalyst electrode exhibits outstanding 
performance for both HER and HzOR. Specifically, Cu1Ni2-N 
electrode shows an overpotential of 71.4 mV at 10 mA cm−2 in 
1 m KOH, simultaneously delivering an ultralow potential of 
0.5 mV at 10 mA cm−2 for HzOR in 1.0 m KOH/0.5 m hydra-
zine electrolyte. Furthermore, when the bifunctional catalyst 
electrode was utilized as cathode and anode, a water electrolysis 
system is operated at a cell voltage of a mere 0.24 V to reach the 
current density of 10 mA cm−2 with 75 h durability in the alka-
line electrolyte with hydrazine. The exceptional performance 
can be ascribed to the high electrical conductivity, porous 
morphology of interconnected nanostructures with large sur-
face area, superhydrophilic electrode surface, and synergistic 
catalytic effects of nickel nitride and copper nitride. Moreover, 
the hydroxide species, disordered structures, and rich defects 
generated during the catalytic reactions might also contribute 
to promoting the catalytic activity.

2. Results and Discussion

As schematically illustrated in Figure 1, Cu1Ni2-N nanosheets 
supported on CFC were prepared through a two-step process 
and the synthesis details have been described in Sup-
porting Information. First, the Cu1Ni2-LDH nanosheet pre-
cursor was synthesized by a facile solvothermal treatment of 
Cu(NO)2·3H2O, Ni(NO)2·6H2O and hexamethylene tetramine 
(HMT) in methanol at 180 °C for 12 h.[73] A subsequent 
thermal ammonolysis process at 400 °C for 2 h was under-
taken to obtain the Cu1Ni2-N electrode. Figure S1A, Supporting 
Information, presents the X-ray diffraction (XRD) spectrum 
of Cu1Ni2-based precursor, which exhibits a typical layered 
structure. The diffraction peaks observed at 10.9°, 21.8°, and 
33.6° can be assigned to the (003), (006), and (009) planes of 
hydrotalcite, respectively.[74] As shown in the scanning electron 
microscopy (SEM) images of Figure S1B,C, Supporting Infor-
mation, the Cu1Ni2-LDH precursor nanosheets with smooth 
surface are uniformly wrapped on the CFC. These nanosheets 
with a thickness of 20–30 nm are in close contact forming a 
network. Energy-dispersive X-ray (EDX) spectrum displays the 
existence of Cu and Ni with an atomic ratio of 1:2.4. Similarly, 
Ni(OH)2·xH2O is confirmed as the Ni-based precursor, which 
also appears as a layered structure with nanosheet networks 
morphology (Figure S1D–F, Supporting Information). Cu-based 
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precursor was synthesized through a typical hydrothermal 
method, which could be attributed to Cu2CO3(OH)2 phase with 
nanobelt morphology from the XRD pattern and SEM images 
(Figure S4, Supporting Information). After thermal ammonol-
ysis treatment, the hydroxide or subcarbonate precursors were 
converted into metal nitrides. XRD spectrum of the prepared 

Cu1Ni2-N electrode is shown in Figure 2A. Compared with 
CFC, for the pattern of Cu1Ni2-N, the peaks located at 38.5°, 
42.3°, 44.3°, and 70.8° can be assigned to the (110), (002), (111), 
and (300) planes of Ni3N, respectively (JCPDS No. 10–0280) 
and the peaks at 41.3° and 47.9° match well with the (111) and 
(200) planes of Cu4N, respectively (JCPDS No. 47–1072). As 

Adv. Energy Mater. 2019, 1900390

Figure 1. Schematic illustration of the formation process of Cu1Ni2-N/CFC electrode.

Figure 2. A) XRD pattern for Cu1Ni2-N/CFC. B) Low-magnification and C) high-magnification SEM images of typical morphology for Cu1Ni2-N/CFC. 
D,E) TEM (inset shows the particle size distribution) and F) HRTEM images of Cu1Ni2-N/CFC. G) HAADF-STEM image and corresponding elemental 
mapping. H) The corresponding EDX spectrum.
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shown in the SEM images (Figure S2A,B, Supporting Informa-
tion; Figure 2B,C), the nanosheets morphology of Cu1Ni2-LDH 
can be well reserved after annealing in NH3. Moreover, Cu1Ni2-
N nanosheets become rough and thinner with a thickness of 
≈7 nm and a lateral length of ≈1.5 µm, which form networks 
supported on the CFC with a large coverage. Such highly 
open and interconnected network could promote the accessi-
bility of electrolyte and accelerate the electron transport. The 
transmission electron microscopy (TEM) images are shown 
in Figure 2D,E, which verify that the surface of the nanosheet 
are composed of several nanoparticles with an average size 
of 6 nm. In comparison, the nanoparticles on the surface of 
Ni3N nanosheets are bigger in dimensions with an average 
size of 21 nm (Figure S3D, Supporting Information). In the 
high-resolution transmission electron microscopy (HRTEM) 
image of Cu1Ni2-N (Figure 2F), the overlapping lattice fringe 
with an interplanar spacing of 0.231 nm can be indexed to the 
(110) crystal planes of Ni3N and the interplanar distance of 
0.190 nm can be indexed to the (200) planes of Cu4N. Notably, 
the distorted lattice structure can be observed (labeled by the 
yellow oval), which is derived by the mismatch of the two kinds 
of nitrides. The distorted lattice arrangement may offer addi-
tional active sites for catalytic reactions.[40] In addition, the high 
angle annular dark field scanning TEM (HAADF-STEM) and 
element mapping analysis reveal that the Cu, Ni, and N ele-
ments are distributed on the whole Cu1Ni2-N nanosheet. The 
corresponding EDX spectrum confirms that the atomic ratio 
of Cu to Ni is 1:2.3. We compared the electrical conductivity 
of Cu1Ni2-N and Ni-N based on the I–V curves (Figure S5,  
Supporting Information). The conductivity of Cu1Ni2-N is 8.1 ×  
103 S m−1, much higher than that of Ni-N (5.4 × 103 S m−1). 
Note that the electric conductivity of copper–nickel nitride 
is superior to that of nickel nitride, which is similar with the 
previous results of bimetallic catalysts.[18,41] The improved con-
ductivity can be attributed to the enhanced carrier density near 
the Fermi level induced by the strong coupling interactions 
between nickel nitride and copper nitride.[26,28] The surface area 
and pore size of the Cu1Ni2-N nanosheets are determined by 
N2 sorption measurements. As shown in Figure S6, Supporting 
Information, the Brunauer–Emmett–Teller (BET) specific sur-
face area is 61.83 m2 g−1 for Cu1Ni2-N, which is about two times 
higher than that of Ni-N (32.39 m2 g−1). Although Cu1Ni2-N and 
Ni-N exhibit similar pore-size distribution (0–50 nm), Cu1Ni2-N 
displays a much higher pore volume of 0.2 cm3 g−1 than that 
of Ni-N (0.05 cm3 g−1). The porous structure and large surface 
area could provide more active sites, enable more contact area 

with the electrolyte, and contribute toward fast mass transport, 
which are considered to be beneficial for electrocatalysis.[18,27,41] 
The contact angle was measured to reveal the accessibility of 
electrolyte into the Cu1Ni2-N electrode. Comparatively, the bare 
CFC displays a superhydrophobic nature with a contact angle 
of 143° while the Cu1Ni2-N electrode presents superhydrophilic 
behavior with a very small contact angle of nearly 0° (Figure S7 
and Movie S1, Supporting Information). This result implies 
that the improved electrolyte wettability ensures the sufficient 
contact, promoting electrocatalytic reactions.

The surface chemical composition and elemental valence 
state of the as-prepared Cu1Ni2-N and Ni-N were acquired 
through the X-ray photoelectron spectroscopy (XPS) analysis. 
As shown in Figure S8, Supporting Information, the survey 
spectrum of Cu1Ni2-N reveals the presence of Cu, Ni, and N 
elements, which is consistent with the elemental mapping 
results. The high-resolution spectrum of Cu 2p can be deconvo-
luted into four peaks as shown in Figure 3A. The peaks located 
at 932.3 and 952.1 eV are ascribed to Cu 2p3/2 and Cu 2p1/2, 
respectively, corresponding to Cu0/Cu+ state. Meanwhile, the 
peaks at 942.7 and 961.9 eV can be attributed to satellite peaks 
of Cu. The binding energy centered at 934.6 and 954.7 eV are 
assigned to Cu2+ species. In Figure 3B, the Ni 2p spectrum 
of Cu1Ni2-N exhibits two main peaks of Ni 2p3/2 at 852.6 and 
855.2 eV with a satellite peak at 861.4 eV, which are related to 
Ni0 and Ni2+ and the satellite peak. The Ni0 state indicates a 
metallic feature of Cu1Ni2-N, which is consistent with previous 
reports.[26,28] Compared to the Ni 2p3/2 region of Ni-N, the 
binding energy exhibits a negative shift of about 0.5 eV. The N 
1s spectrum of Cu1Ni2-N can be deconvoluted into two peaks. 
The peak located at 398.5 eV is assigned to NNi/Cu bonds, 
which further confirms the formation of the nitride. Another 
peak at 399.2 eV is ascribed to NH bonds, which indicates the 
presence of a number of H species on the catalyst surface. Sim-
ilarly, in comparison with N 1s spectrum of Ni-N, the binding 
energy of N–metal displays a negative shift of about 0.3 eV. XPS 
results suggest the existence of strong electronic interactions 
between Ni3N and Cu4N, which may induce the redistribution 
of charge on the coupling interfaces.[15,49,75,76]

To evaluate the electrocatalytic performance for HER, Cu1Ni2-
N electrode was tested in 1.0 m KOH solution using a typical 
three-electrode configuration. For comparison, bare CFC, Ni-N, 
Cu-N, Cu1Ni2-LDH, Ni(OH)2, Cu-pre, commercial Pt/C, and 
IrO2 supported on CFC were also evaluated as control experi-
ments. The linear sweep voltammetry (LSV) curves of the dif-
ferent samples were corrected for iR compensation. As shown 
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Figure 3. High-resolution XPS spectra. A) Cu 2p spectra of Cu1Ni2-N. B) Ni 2p and C) N 1s spectra of Cu1Ni2-N and Ni-N.
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in Figure 4A and Figure S12A, Supporting Information, the 
onset potential of Cu1Ni2-N electrode is much smaller at around 
18 mV when compared with Ni-N (113 mV), Cu-N (214 mV), 
Cu1Ni2-LDH (367 mV), Ni(OH)2 (443 mV), and Cu-pre 
(273 mV). Additionally, at a current density of 10 mA cm−2,  
the Cu1Ni2-N electrode exhibits the lowest overpoten-
tial of 71.4 mV, compared with Ni-N (185.6 mV), Cu-N 
(317 mV), Cu1Ni2-LDH (431.6 mV), Ni(OH)2 (483.9 mV), 
and Cu-pre (398 mV). The Cu1Ni2-N displays exceptional 
superior catalytic activity for HER over the other recently 
reported highly efficient noble metal-free catalysts, such as 
Ni-doped FeP (95 mV),[22] Ni3FeN/r-GO (94 mV),[26] NC@
CuCoNx (105 mV),[27] (Co1−xNix)(S1−yPy)2/G (117 mV),[77]  
NG-NiFe@MoC2 (150 mV),[78] listed in Table S1, Sup-
porting Information. In Figure S9, Supporting Information, 
the catalyst prepared at a calcination temperature of 400 °C 
and a Cu/Ni molar ratio of 1:2 presents a greater activity for 
HER. By fitting the LSV curves of the catalysts, the corre-
sponding Tafel plots can be obtained to evaluate the HER 

kinetics. Figure 4C and Figure S12B, Supporting Information,  
show that the Tafel slope of Cu1Ni2-N is 106.5 mV dec−1,  
which is substantially lower than Ni-N (149.1 mV dec−1), Cu-N 
(151.9 mV dec−1), Cu1Ni2-LDH (304.2 mV dec−1), Ni(OH)2 
(390.1 mV dec−1) and Cu-pre (167.2 mV dec−1). This means 
that the Cu1Ni2-N electrode shows an enhanced HER kinetics. 
To further understand the intrinsic activity of different cata-
lysts, the double layer capacitance (Cdl) is evaluated to measure 
the electrochemically active surface area (ECSA). As illus-
trated in Figure 4D and Figure S10, Supporting Information, 
derived from the cyclic voltammograms (CV) at different 
scan rates, the ECSA of Cu1Ni2-N, Ni-N, Cu-N, Cu1Ni2-LDH, 
Ni(OH)2, Cu-pre, and CFC was calculated to be 42.02, 13.18, 
14.01, 2.72, 2.06, 7.19, and 1.57 mF cm−2, respectively. Mean-
while, the roughness factors (RFs) of the samples were calcu-
lated (Figure S10H, Supporting Information). In contrast, the 
Cu1Ni2-N electrode exhibits the highest active surface area and 
RF, which can be mainly attributed to the porous nanosheet 
structure and large surface area. The ECSA-normalized  
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Figure 4. Electrocatalytic performance of electrodes for the HER measured in 1.0 m KOH solution. A) Polarization curves for Cu1Ni2-N, Ni-N,  
Cu1Ni2-LDH, Ni(OH)2, Pt/C, and CFC at a scan rate of 5 mV s−1. B) The overpotentials required for j = 10 mA cm−2 with different samples. C) The cor-
responding Tafel plots. D) Estimation of Cdl by plotting the current density at 0.124 V vs RHE. E) Polarization curves of different samples normalized by 
the electrochemical active surface area (ECSA). F) The turnover frequencies (TOFs) at different potentials. G) Electrochemical impedance spectroscopy 
for the corresponding electrocatalysts. H) Long-time stability test of the of Cu1Ni2-N and Ni-N at a constant current densities of 10 mA cm−2.
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LSV curves in Figure 4E and Figure S12D, Supporting Informa-
tion, is utilized to highlight the intrinsic catalytic activity. It is 
obvious that the ECSA-normalized current density of Cu1Ni2-N  
is larger than that of Ni-N, Cu-N, Cu1Ni2-LDH, Ni(OH)2, and 
Cu-pre at −0.2 V vs RHE, suggesting that the higher HER 
activity of Cu1Ni2-N results from not only the increased ECSA 
but also the enhanced intrinsic catalytic activity induced by the 
Cu4N/Ni3N interface. The turnover frequencies (TOFs) per sur-
face site of catalysts were calculated to further evaluate intrinsic 
catalytic activities. The number of active sites was quantified 
from the CV plots tested in phosphate buffered solution.[19] 
Compared with nickel nitride, the bimetallic copper–nickel 
nitride provides more active sites (Figure S11, Supporting Infor-
mation). The calculated TOF value of Cu1Ni2-N is 0.49 s−1 at 
the overpotential of 150 mV in Figure 4F, which is higher than 
those of Ni-N (0.08 s−1), Cu-N (0.02 s−1), Cu1Ni2-LDH (0.05 s−1),  
Ni(OH)2 (0.02 s−1), and Cu-pre (0.01 s−1). The tendency of TOF 
values is in full agreement with the intrinsic catalytic activity 
for HER, suggesting that the greatly enhanced HER activity 
of Cu1Ni2-N is mainly benefited from the synergistic catalytic 
effects induced by the intrinsic constructed interfaces between 
nickel nitride and copper nitride. Electrochemical impedance 
spectroscopy (EIS) measurements were conducted to investi-
gate the electrode kinetics during the HER process. As shown 
in Figure 4G and Figure S12F, Supporting Information, the 
Nyquist plots indicate that the Cu1Ni2-N electrode possesses 
the smallest charge transfer resistance (Rct) among all the sam-
ples, revealing a faster charge transfer and more favorable reac-
tion kinetics for HER catalysis. Besides the catalytic activity, 
the durability of catalyst is also an important and challenging 
factor for practical applications. The long-term electrochemical 

stability at a current density of 10 mA cm−2 was tested by a 
chronoamperometry measurement with a negligible deactiva-
tion over 60 h (Figure 4H), confirming the excellent stability of 
Cu1Ni2-N toward HER.

We further investigated the OER performance of the Cu1Ni2-
N electrode in 1 m KOH solution. It can deliver a current  
density of 20 mA cm−2 at low overpotential of 312 mV. For 
comparison, Ni-N, Cu-N, and IrO2 require overpotential of 405, 
498, and 324 mV to deliver the same current density, respec-
tively (Figure S13, Supporting Information). Considering the 
undesirable overpotential of Cu1Ni2-N for OER (312 mV at  
20 mA cm−2), it will require much higher electrical energy to 
be utilized as the anode for water splitting. In contrast, HzOR 
provides an ideal anodic alternative due to its extremely low 
thermodynamic voltage of −0.33 V vs RHE.[53,55] Therefore, 
the cell voltage of water electrolysis can be greatly decreased 
by replacing the sluggish OER with the thermodynamically 
more favorable HzOR. We investigated the HzOR activities of 
samples in a three-electrode system at a scan rate of 5 mV s−1  
in alkaline electrolyte. Figure 5A shows the LSV curves of 
Cu1Ni2-N electrode in 1.0 m KOH with different concentra-
tions of hydrazine. It is obvious that no anodic current den-
sity is observed in the potential window of −0.1–0.5 V vs RHE 
when tested without hydrazine. In contrast, the addition of  
0.1 m hydrazine solution results in a noticeable promotion 
in anodic current density. Meanwhile, the response current 
density rises along with the increasing concentration of hydra-
zine solution from 0.1 to 0.5 m. At high concentrations, such as 
1 and 2 m hydrazine solution (Figure S16A, Supporting Infor-
mation), the corresponding LSV curves are generally the same. 
Figure 5B and Figure S17, Supporting Information, present the 
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Figure 5. Electrocatalytic performance of electrodes for the HzOR. A) Polarization curves of Cu1Ni2-N toward different concentrations of hydrazine.  
B) Polarization curves of Cu1Ni2-N, Ni-N, Cu1Ni2-LDH, Ni(OH)2, and Pt/C in 1.0 m KOH/0.5 m hydrazine electrolyte. C) The corresponding Tafel plots. 
D) Polarization curves of Cu1Ni2-N toward 0.5 m hydrazine at different scan rates (inset: the corresponding current density at 0.5 V for different scan 
rates). E) Long-time stability test of the of Cu1Ni2-N at a constant current density of 10 mA cm−2.
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electrocatalytic HzOR activity of Cu1Ni2-N, Ni-N, Cu-N, Cu1Ni2-
LDH, Ni(OH)2, Cu-pre, and Pt/C electrodes measured in 1 m  
KOH/0.5 m hydrazine electrolyte. Both Cu1Ni2-LDH and 
Ni(OH)2 samples display negligible anodic current density. 
The Cu1Ni2-N electrode possesses superior HzOR activity and 
can deliver anodic current density of 10 and 50 mA cm−2 at 
0.5 and 96.9 mV, respectively, indicating a more negative value 
than those of Ni-N, Cu-N, and Pt/C electrodes. We also investi-
gated the performance of electrodes with different Cu/Ni molar 
ratios (Figure S16B, Supporting Information). It is obvious that 
the catalyst with a Cu/Ni molar ratio of 1:2 exhibits the highest 
activity for HzOR. As displayed in Figure 5C and Figure S17B,  
Supporting Information, the Tafel slope of Cu1Ni2-N electrode 
(44.1 mV dec−1) is much smaller than that of Ni-N (110.3 mV dec−1),  
Cu-N (62.9 mV dec−1), and Pt/C (72.5 mV dec−1), which suggests 
that it has more favorable catalytic kinetics for HzOR. There 
are no apparent changes in the LSV curves at the different scan 
rates from 5 to 50 mV s−1, revealing the efficient charge and 
mass transport in HzOR catalytic process.[47,63] As presented 
in Figure 5E, the Cu1Ni2-N electrode shows an outstanding 
long-term stability when tested at a constant current density of  
10 mA cm−2 for 35 h with insignificant potential decay.

To get further insight of the catalytic reaction, the mor-
phology and structural and chemical states of Cu1Ni2-N  

electrode were investigated after HER and HzOR. In  
Figure S19A–C, Supporting Information, the nanosheet mor-
phology of the Cu1Ni2-N is retained well after long-term HER 
measurement as evidenced by SEM images. The porous struc-
ture and nanoparticles could be also viewed from TEM and 
HAADF-STEM images (Figure S19D,G, Supporting Informa-
tion). In the HRTEM image (Figure S19E, Supporting Infor-
mation), the lattice fringe spacings of 0.214 and 0.219 nm 
are well indexed to the (002) plane of Ni3N and (111) plane 
of Cu4N, respectively. This result confirms that the major 
nitride phases could be maintained during electrolysis. How-
ever, Figure S19F, Supporting Information, displays the lat-
tice fringe spacings of 0.236 nm, which could be attributed 
to the (101) plane of Ni(OH)2. The element mapping shows 
the distribution of Cu, Ni, N, and O in the nanosheet. Fur-
thermore, three small diffraction peaks at 33.1°, 38.5°, and 
59.2° could be assigned to the (100), (101), and (110) planes 
of Ni(OH)2 in the XRD pattern after HER (Figure 6D). XPS 
analysis was further studied to verify the transformation on 
the surface of the catalyst after HER. In comparison with 
the XPS spectrum of original Cu1Ni2-N, the peak intensi-
ties of low-valent Cu (932.3 eV) and Ni (852.6 eV) decrease, 
while the peak intensities of high-valent Cu (935.1 eV) and 
Ni (855.2 eV) increase after HER measurement (Figure 6A,B). 
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Figure 6. XPS and XRD characterization after HER and HzOR test. A) Cu 2p, B) Ni 2p, C) N 1s spectra, and D) XRD patterns of Cu1Ni2-N before and 
after HER and HzOR tests.
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Moreover, the N signal still could be detected in Figure 6C. 
These observations indicate that Ni(OH)2 was generated on 
the surface of the Cu1Ni2-N after HER catalysis. Similar results 
could be also obtained after HzOR (Figure 6A,B; Figure S20,  
Supporting Information). This observation might be attrib-
uted to the thermodynamic instability of the nitride surface 
during the electrocatalytic reactions. This kind of hydroxylated 
phenomenon during electrolysis has also been reported in the 
previous works.[18,77,79] The hydroxide species produced from 
nitrides during electrolysis probably offer the favorable active 
sites for hydroxyl adsorption.[16,67,80] Meanwhile, the remaining 
nitrides provide the active sites for intermediates adsorption 
and support the efficient transport of electrons. Recently, the 
Ni-based hydroxides in the composite catalysts have been able 
to act as the water dissociation promoter and hydroxyl acceptor, 
which could favor the absorption of H2O and optimize catalyst-
intermediate energetics to accelerate the catalytic kinetics.[16,67] 

Besides, disordered structures and rich defects could be created 
during the process of electrolysis (Figures S19E,F and S20E,F, 
Supporting Information), which could promote the catalytic 
activity.[81,82]

As shown in Figure S16D, Supporting Information, the LSV 
curves of Cu1Ni2-N electrode for HER only presents a small 
positive shift of 13 mV in 1.0 m KOH/0.5 m hydrazine electro-
lyte, indicating that excellent HER activity can be retained with 
the presence of hydrazine. Inspired by the superior HzOR 
and HER catalytic performance of the Cu1Ni2-N electrode 
(Figure 7C), we assembled a two-electrode cell employing the 
Cu1Ni2-N electrode as both anode and cathode for water elec-
trolysis as schematically presented in Figure 7A. Besides, the 
two-electrode system integrated with OER and HER was also 
measured in 1 m KOH electrolyte for comparison. Digital 
photograph of the two-electrode configuration toward hydra-
zine-assisted hydrogen generation during operation is shown 
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Figure 7. Performance of hydrazine-assisted water electrolysis for hydrogen production. A) The schematic illustration of two-electrode cell using 
Cu1Ni2-N electrode as both anode and cathode for hydrazine-assisted water electrolysis. B) Digital photograph of the two-electrode configuration.  
C) Polarization curves of Cu1Ni2-N for HER, OER, and HzOR without iR-corrected. D) Comparison of polarization curves for water electrolysis with 
and without hydrazine at a scan rate of 5 mV s−1. E) Long-time stability tests of water electrolysis with and without hydrazine at a constant current 
density of 10 mA cm−2.
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in Figure 7B. For water splitting, the two-electrode systems uti-
lizing Cu1Ni2-N and Ni-N electrode require much larger voltage 
of 1.63 and 1.82 V, respectively, to reach the 10 mA cm−2 in 1 m 
KOH solution, while the hydrazine-assisted electrolysis system 
assembled with Cu1Ni2-N electrode delivers a cell voltage of 
only 0.24 V. Additionally, it presents a robust stability with 
a negligible deactivation over 75 h in Figure 7E. Comparing 
with the recently reported state-of-the-art bifunctional catalysts, 
Cu1Ni2-N electrode exhibits a superior activity for water elec-
trolysis (Table S2, Supporting Information). Vigorous gas bub-
bles can be clearly observed on the individual electrode surfaces 
(Movie S2, Supporting Information). The amount of hydrogen 
generated from the cathode was collected by a drainage system 
during electrolysis. As shown in Figure S18, Supporting 
Information, the agreement of the amount of hydrogen gas 
determined by experimentally and theoretical suggests a Fara-
daic efficiency of nearly 95%.

Density functional theory (DFT) calculations were performed 
to gain insight into the outstanding catalytic activity of Cu1Ni2-N 
with Cu4N/Ni3N interface. Figure S21, Supporting Information, 
exhibits the schematic models, total and partial electronic den-
sity of states (DOS) for Cu4N-Ni3N, Cu4N, and Ni3N. It is clear 
that the three kinds of metal nitrides have no band gap in the 
band structure, which indicates the metallic nature. Meanwhile, 
electron occupied states near the Fermi level on Cu4N-Ni3N are 
much higher than those of Cu4N and Ni3N, revealing higher 
electrical conductivity and stronger carrier density. Notably, the 
d-band center of Cu4N-Ni3N (−2.24 eV) is downshifted from 
the Fermi level in comparison with Ni3N (−1.61 eV), which 
might decrease the chemical adsorption capability. According 
to the previous studies,[13,83–86] the downward shift of d-band 
center basically lowers the energy of antibonding states below 
the Fermi level, leading to favorable adsorption of intermedi-
ates and thus high catalytic activity. On the basis of DFT cal-
culations, it indicates that constructing Cu4N/Ni3N interface 
leads to a positive effect on the electronic characteristics com-
pared with individual nitrides. Cu1Ni2-N with Cu4N/Ni3N inter-
face possesses excellent electrical conductivity and fast charge 
transfer kinetic, which is beneficial to the catalytic reactions.

The superior catalytic activity of Cu1Ni2-N electrode could be 
ascribed to the following advantages. i) The porous nanosheet 
morphology assembled by nanoparticles provides large specific 
surface area with more catalytic active sites, simultaneously 
enhancing the transfer of electrolyte ion. ii) 3D catalyst electrode 
with highly open networks exhibits superhydrophilic behavior, 
facilitating the penetration of electrolyte and release of gas for 
electrolysis.[18] iii) As confirmed by experiments and DFT calcu-
lations, Cu1Ni2-N possesses good electric conductivity which is 
favorable for fast electron transport in the electrocatalytic reac-
tions. iv) DOS reveals that the d-band center is downshifted 
from the Fermi level after Cu4N incorporation, which decreases 
the binding strength of H. The strongly coupled interactions 
between Ni3N and Cu4N probably induces the redistribution of 
charge on the interfaces. This would adjust the electronic struc-
ture of materials surface and optimize the adsorption energy 
of reaction intermediates in the catalytic reactions, synergisti-
cally promoting the intrinsic activity.[15,49,75,87] v) The hydroxide 
species generated from nitrides after the catalytic reactions 
probably offer the favorable active sites for hydroxyl adsorption 

to accelerate the catalytic kinetics.[16,67] vi) Disordered structures 
and rich defects created during the electrolysis process could 
provide strong support for the high catalytic activity.[81,82] All 
these advantages greatly contribute to the high performance of 
Cu1Ni2-N electrode and enable it to be a promising alternative 
for energy-saving hydrogen production.

3. Conclusions

In summary, a class of copper–nickel-based nitride has been suc-
cessfully constructed on the 3D substrate with rational design 
for efficient hydrogen generation in the alkaline electrolyte with 
hydrazine. Benefiting from the high electrical conductivity, 
porous morphology of interconnected nanostructures with large 
surface area, superhydrophilic electrode surface, synergistic 
catalytic effects of nickel nitride and copper nitride, hydroxide 
species, and disordered structures generated during the catalytic 
reactions, the prepared electrode presents exceptional catalytic 
performance and great stability for HER and HzOR, respec-
tively. A two-electrode water electrolysis system assembled with 
the Cu1Ni2-N electrode as both cathode and anode delivers a 
small cell voltage of 0.24 V at a current density of 10 mA cm−2 
over 75 h in 1 m KOH/0.5 m hydrazine electrolyte. This work 
provides new insights for designing and constructing the low-
cost and high activity transition metal-based bifunctional cata-
lytic electrode for energy-saving hydrogen production.
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