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ABSTRACT: Ammonia  plays  an  irreplaceable  role  in  agricultural
production  and  also  is  an  important  chemical  raw  material  and
energy carrier. Developing a catalyst for the electrochemical NO3

−

reduction  reaction  (NO3RR)  to  synthesize  ammonia  is  crucial  for
energy, food security and pollution control. Herein, by adjusting the
Cu/Ni  ratio,  we  report  a  simple  impregnation  and  calcination
method  to  synthesize  a  N-doped  bamboo-like  carbon  nanotube
(CNT)-encapsulated CuNi alloy catalyst (Cu7Ni3-CNT). Cu7Ni3-CNT
reveals  an  excellent  ammonia  synthesis  performance,  which  has
the  highest  Faraday  efficiency  (FE,  99.18%)  at  −0.8  V  vs.
reversible  hydrogen  electrode  (RHE),  along  with  an  ammonia
production  rate  of  20.90  mg·cm−2·h−1.  In  addition,  the  highest
ammonia production rate of Cu7Ni3-CNT can reach 23.21 mg·cm−2·h−1, with a high FE (90.80%) at −1.0 V vs. RHE. At the
same time, the electrocatalyst displays exceptional stability, which can operate steadily for 400 h at 300 mA·cm−2. The high
catalytic  activity  and  excellent  stability  derive  from catalyst  structure  and  the  synergistic  effect  between Cu7Ni3 alloy  and
encapsulating bamboo-like CNT. The incorporation of Ni enhances the intrinsic activity of Cu for NO3RR. CNT endows the
catalyst with a larger specific surface area, more exposed active sites to further improve the apparent activity, and higher
stability. The internal cavity of CNT also contributes to the enrichment of nitrate. Furthermore, in-situ Raman spectroscopy
and density functional theory (DFT) calculations reveal that Cu in the alloy can effectively adjust the adsorption energy of
*NO3 by Ni element and increase the activity of *H as the reduction driving force, thereby improving the intrinsic activity of
NO3RR.
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1    Introduction
Along with  the  progression of  human activities  and the  economic
society,  the  nitrification  process,  wherein  nitrates  are  gradually

oxidized  from  low-valent  nitrogen  species  such  as  ammonia  and
nitrogen,  is  continuously  intensified.  This  situation  leads  to  a
continuous increase in the concentration of nitrates in water bodies,
which  has  gravely  threatened  the  living  environment  of  various
organisms  in  nature  [1].  Simultaneously,  ammonia  plays  an
irreplaceable  role  in  agricultural  production  and  also  is  an
important chemical raw material and energy carrier [2]. In contrast
to  the  currently  mainstream  Haber–Bosch  process  for  ammonia
synthesis  [3],  electrochemical  nitrate  reduction  to  synthesize
ammonia  (NO3

− reduction  reaction  (NO3RR)),  which  can  be
combined with clean energy sources such as wind energy and solar
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energy  [4, 5],  is  an  ideal  ammonia  synthesis  process  with  lower
energy  consumption,  greater  cleanliness,  and  sustainability.
Moreover,  NO3RR is not restricted by the high bond energy N≡N
bonds of  nitrogen [5],  and the activation energy in the adsorption
and  activation  process  of  nitrate  ions  is  much  lower  [6].  Thus,
NO3RR is an efficient and environmentally friendly technology for
removing excessive nitrates and synthesizing ammonia.

The  mechanism  of  NO3RR  is  relatively  complex  [7],  which  is
generally  believed  that  the  active  hydrogen  species  (H*)  generated
by  Volmer  step  of  hydrogen  evolution  reaction  (HER)  provide
driving force in reduction reactions [3].  However,  HER is  also the
main  competitive  reaction  of  NO3RR.  Hydrogen  produced  in
Heyrovsky  and  Tafel  step  of  HER  should  be  avoided  as  much  as
possible [8]. Additionally, electrode potential [4] and the pH of the
electrolyte  [9]  are  also  significant  factors  affecting  the  ammonia
synthesis performance of catalysts. The active sites and substrates of
the electrocatalyst can have a huge influence on the performance of
NO3RR.

Carbon is  an important  class  of  substrate  materials  widely  used
in the field  of  electrocatalysis  with excellent  electrical  conductivity,
strong  ability  to  disperse  metal  active  sites,  and  easy  modification
and  decoration  [10].  According  to  recent  studies,  structures  of
metal  active  sites  encapsulated  by  carbon  have  been  continuously
synthesized, and the concept of “armor catalyst” has been proposed
[11].  The carbon layer is  considered to play a  confinement role  in
inhibiting  metal  sintering  during  the  process  of  catalyst  synthesis
and  plays  a  vital  role  in  balancing  the  hydrophilicity  and
hydrophobicity of the surfaces and significantly improving stability
in electrochemical reactions [12−14].  However,  in past studies,  the
mass transfer process of substances between the inside and outside
of  the  carbon  layer  has  not  been  accurately  studied,  especially  for
carbon nanotube (CNT).

In the electrocatalytic process, metals are typically regarded as the
primary  active  sites.  Compared  with  noble  metal-based  catalyst
[15−17]  and  metal  compound-based  catalyst  (such  as  CoP  [18],
Co3O4 [19], MXene [20], layered double hydroxide (LDH) [21], and
MoS2 [22]), non-noble metal catalyst, because of its higher activity,
higher selectivity,  and lower price,  has become one of the research
focuses  of  NO3RR.  Especially,  the  energy  barrier  of  NO3

− →  NO2*
on copper-based catalysts  is  much lower than that  of  other metal-
based  catalysts,  making  it  a  kind  of  ideal  NO3RR  catalysts.
According  to  recent  studies,  various  types  of  Cu  active  sites,
typically  Cu-based nanoparticles  (NPs),  Cu-N4 [23−25],  CuO, and
Cu2O [26, 27], have been synthesized and compared, from which it
is demonstrated that the intrinsic activity of Cu0 is superior to that
of  Cu2+ and  Cu+.  Hu  et  al.  [28]  discovered  through  theoretical
calculations  that  the  suppressed  HER  activity  under  alkaline
conditions  endowed  Cu-based  catalysts  with  better  ammonia
synthesis  activity  and selectivity.  On this  basis,  compared  with  Cu
(100)  and  the  Cu  (110),  Cu  (111)  possessed  better  HER  activity
under  alkaline  conditions,  resulting  to  a  higher  density  of  H*.
Meanwhile,  Cu  (111)  also  exhibited  better  ability  to  adsorb  and
activate  nitrate,  thus  having  the  best  NO3RR  activity.  In  the
meantime,  incorporating  other  metals  into  metal  nanoparticles  to
form  an  alloy  structure  is  a  common  and  vital  means  to  improve
the  catalytic  performance  of  metals.  This  can  be  attributed  to  the
optimization  of  the  metal  electronic  structure,  the  adsorption  of
species  and  the  energy  barriers  associated  with  elementary
reactions,  which  confer  inherent  advantages  to  alloys  in  catalytic
processes.

It  is  well-known  that  copper  readily  forms  a  binary  alloy
structure with other metals [29]. There have been numerous studies

on  bimetallic  alloy  catalysts  formed  by  Cu  with  noble  metals
[30, 31]  or  non-noble  metals  [32−34].  Recent  researches  have
indicated  that  the  addition  of  metal  promoters  can  play  roles  in
improving  the  dissociation  ability  of  water  on  the  Cu  surface,
promoting  the  generation  of  surface  H*  [35],  adjusting  the
adsorption  of  nitrate  by  adjusting  the  electronic  structure  of  Cu,
and  accelerating  the  desorption  of  ammonia  [36, 37].  Wang  et  al.
[38]  found  that  CuNi  alloy  has  the  lowest  limiting  potential
(−0.29  V)  compared  with  other  CuM  (M  represents  other
transition  metals  that  serve  as  promoters  to  form  alloys  with  Cu,
such as, Fe, Co, Ni, Ag, Au, Ru, Pt, Pd, etc.) binary alloys, due to the
greatly  reduced  reaction  activation  energy  of  the  rate-controlling
steps  (NO3

− → *NO2 and *NO → NHO*) and the high-density  H*
generated by water dissociation on the (111) crystal plane of CuNi,
corresponding  to  the  best  ammonia  synthesis  performance  by
theoretical  calculations.  Current  literature  on  alloy  catalysts
predominantly focuses on the impact of carbon materials on metal
active  sites  [39−41]  and  the  regulatory  role  of  metal  atoms
functioning  as  cocatalysts  within  metal  alloys  on  those  acting  as
active  sites  [42−44].  The  effect  of  alloy  nanoclusters  on  the
morphology of carbon materials is rarely mentioned.

In  the  catalyst  synthesis  process,  particularly  when  bimetallic
alloy  catalysts  are  produced  through  mixing  and  calcining  metal
precursors and carbon sources,  the feeding ratio of the two metals
not  only  affects  the  structure  and  activity  of  metal  active  sites  but
also  inevitably  influences  the  morphology  and  physicochemical
properties of the carbon material itself [45]. Herein, we synthesized
N-doped  bamboo-like  carbon  nanotube  encapsulated  CuNi  alloy
with mixing and calcining metal precursors and carbon sources. By
adjusting  the  ratio  of  Cu  to  Ni,  the  morphology  of  catalyst  also
changed  significantly. In-situ Fourier  transform  infrared
spectroscopy  (FT-IR)  revealed  that  nitrate  entered  the  CNT
through  mesopores  and  micropores  generated  by  carbon  defects
and  enriched  in  the  cavity  of  the  CNT.  At  the  same  time,  the
introduction  of  Ni  weakened  the  adsorption  of  nitrate  on  the  Cu
surface  and  increased  the  activity  of  H*,  thereby  significantly
accelerating  the  hydrodeoxygenation  process,  especially  reducing
the  energy  barrier  of  the  rate-controlling  step  (*NH  →  *NH2).
Consequently,  compared  with  other  CuNi  ratios,  Cu7Ni3/CNT
exhibited the best ammonia synthesis performance with a potential
of −0.8  V  vs.  reversible  hydrogen  electrode  (RHE),  the  ammonia
synthesis  rate  and  Faraday  efficiency  (FE)  are  as  high  as
20.90 mg·cm−2·h−1 and 99.18%, respectively. Furthermore, benefiting
from  the  bamboo-like  CNT  protection,  Cu7Ni3/CNT  showed
excellent  stability  which  potential  was  decreased  slightly  after
electrolysis  for  400 h at  a  high current  density  of  300 mA·cm−2.  In
general,  this study demonstrates that the precise adjustment of the
CuNi  ratio  facilitates  the  formation  of  CNTs  and  optimizes  both
nitrate diffusion and the intrinsic activity and stability of alloy NPs. 

2    Experimental section
 

2.1    Materials and chemicals
Potassium  hydroxide  (KOH,  99%),  melamine  (C3H6N6,  99%)  and
nickel chloride hexahydrate (NiCl2·6H2O, 99%) were purchased by
Shanghai  Macklin  Biochemical  Technology  Co.,  Ltd.  Ethanol
(C2H5OH,  99.5%)  was  purchased  from  Beijing  Tong  Guang  Fine
Chemicals  Company.  Ammonium  sulfate  ((NH4)2SO4,  99%),
ammonium  sulfate-15N  ((15NH4)2SO4,  99%,  isotopic  abundance:
10 at.%), copper chloride dihydrate (CuCl2·2H2O, 99%), potassium
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nitrate  (KNO3,  99%)  and  potassium  nitrate-15N  (K15NO3,  99%,
isotopic  abundance:  10  at.%)  were  purchased  from  Shanghai
Aladdin  Biochemical  Technology  Co.,  Ltd.  Nafion  perfluorinated
resin (5 wt.%) was purchased from Shanghai Titan Technology Co.,
Ltd. Carbon paper (CP, 1 mm) was purchased from Suzhou Sinero
Technology Co., Ltd. 

2.2    Synthesis of Cu7Ni3-mel
1.427 mmol of CuCl2·2H2O and 14.27 mmol of NiCl2·6H2O (molar
ratio, nCu:nNi =  1:10)  were  dissolved  in  50  mL  of  deionized  water.
6  g  of  melamine  were  dispersed  into  250  mL  of  ethanol  with
magnetic  stirring  for  30  min  until  mixing  evenly.  The  aqueous
solution was added to the suspension, and the mixture was stirred
for  12  h.  Afterwards,  the  sediment  was  centrifuged,  washed  with
ethanol, and dried. 

2.3    Synthesis of Cu7Ni3/CNT
1  g  as-prepared  Cu7Ni3-mel  and  5  g  melamine  were  ball-milled
evenly and then annealed at 800 °C in an argon atmosphere with a
ramping rate of 5 °C·min−1 for 4 h. 

2.4    Synthesis of CuxNi10−x/CN
The feed molar ratio of CuCl2·2H2O and NiCl2·6H2O was changed
(1:1,  1:5,  1:12,  and  1:15)  to  synthesize  CuxNi10−x-mel,  and  then
CuxNi10−x/CN (x = 9, 8, 6, and 5). 

2.5    Synthesis of Cu/CN and Ni/CN
Using a similar synthesis method, CuCl2·2H2O or NiCl2·6H2O was
added  to  synthesize  Cu-mel  and  Ni-mel,  and  then  Cu/CN  and
Ni/CN. 

2.6    Preparation of the working electrode
2.5 mg of the catalyst and 60 μL of 5 wt.% Nafion were dispersed in
a 940 μL deionized water/ethanol solution (vdeionized water:vethanol = 3:1)
by  sonicating  for  30  min  to  obtain  a  homogeneous  catalyst  ink.
Then, 250 μL of the ink was dropped onto a 1 cm × 1 cm carbon
paper  and  dried  at  80  °C  for  2  h.  The  catalyst  loaded  on  CP  is
0.6 mg·cm−2. 

2.7    Electrochemical nitrate reduction to ammonia
The  ammonia-synthesis  evaluations  of  electrocatalysts  were
conducted by using a CHI 660E electrochemical workstation on an
H-cell,  in  which  cathode  and  anode  were  separated  by  a  proton
exchange  membrane  (Nafion  117).  In  the  three-electrode  system,
CPs  carrying  catalysts  were  used  as  the  working  electrode,  the
silver–silver chloride electrode (EAg/AgCl

Θ = 0.198 V) as the reference
electrode, and the platinum mesh (0.5 cm × 0.5 cm) as the counter
electrode.  A mixed solution of  1.0  M KOH and 1.0  M KNO3 was
used as the electrolyte in both anode and cathode chambers. During
the  test,  the  magnetic  stirring  in  the  cathode  chamber  reaches
1000  rpm.  The  measured  potential  was  converted  to ERHE (ERHE
refers  to  the  potential  relative  to  the  RHE)  through  the  Nernst
equation (ERHE = EAg/AgCl

Θ + 0.0592 × pH + 0.199). The performance
of each sample’s ammonia synthesis was tested at least twice. 

2.8    Catalyst characterization
The  field  emission  scanning  electron  microscope  (ZEISS,
GeminiSEM  300,  Germany)  was  used  to  characterize  the
morphology of carbon materials at an acceleration voltage of 5 kV.
The  high-resolution  transmission  electron  microscopy  (HRTEM)

(FEI,  Tecnai  G2 F20,  USA) operating at  an acceleration voltage of
200  keV  was  utilized  to  observe  the  micro-morphology  of  the
catalyst. The crystal structure of the catalyst was studied by using a
powder X-ray diffractometer (Bruker AXS D8 Focus) with Cu Kα
radiation  (λ =  0.154  nm).  The  pore  structure  analysis  was
performed  using  a  Micromeritics  TriStar-II  3020  BET  analyzer.
Normal and in-situ Raman scattering spectra were performed using
a  reflective  Renishaw  Raman  microscope  with  an  excitation
wavelength  of  532  nm.  The  X-ray  photoelectron  spectroscopy
(XPS) measurement was carried out using a VG-Multi-lab2000 X-
ray  photoelectron  spectrometer  with  Mg  Kα radiation  (hν =
1253.6 eV). All element spectra were calibrated with the C 1s peak
(284.8 eV) as the standard. 

2.9    1H  nuclear  magnetic  resonance  spectroscopy  (1H
NMR)
After  electrolysis  at  200  mA·cm−2 for  5  h,  the  electrolyte  was
adjusted  to  pH  =  7  with  1  M  H2SO4 and  freeze-dried.  The
corresponding  white  solid  was  dissolved  in  deionized  water  and
made into an aqueous solution with a concentration of 20 mg·mL−1.
1.0 mL of the above solution was uniformly mixed with 0.2 mL 2H-
dimethyl  sulfoxide  (DMSO) as  the  detection solution.  In  a  similar
way,  the  detection  solution  was  prepared  using  the  electrolyte
before  electrolysis. 1H  NMR  tests  were  performed  by  Bruker  Plus
600 MHz nuclear magnetic resonance spectrometer. 

2.10    Measurement  and  calculation  of  electrochemical
active surface area (ECSA)
Cyclic voltammetry (CV) scans were performed at different sweep
rates (10–60 mV·s−1). Estimate the double-layer capacitance (Cdl) of
the catalysts according to the corresponding CV curves, and on this
basis,  use  the  following  formula  to  calculate  the  ECSA  of  the
catalysts

ECSA = Cdl/Cs (1)

where Cs is  the  characteristic  capacitance  value  of  the  material,
which is conventionally set as 60 µF·cm−2. 

2.11    In-situ Raman spectra
In-situ Raman  spectra  were  carried  out  in  a  three-electrode  flow
electrochemical cell with a quartz window (Gaussian C031-3). The
reference  electrode  was  Ag/AgCl  and  the  counter  electrode  was  a
graphite rod. 20 μL of ink was dropped on a 2 cm × 2 cm carbon
paper.  After  drying,  it  was  used  as  the  working  electrode.  The
electrolyte components were 1 M KNO3 and 1 M KOH. A 532 nm
laser (100%), an 1800 g·mm−1 grating and a 50× telephoto objective
were employed for sample focusing and observation. The test range
was 400–2000 cm−1 and the acquisition time was 10 s. 

2.12    In-situ Fourier transform infrared spectroscopy
The catalyst was treated for 50 min under one atmospheric pressure
of 95% N2, 5% NO, and 5 ppm O2. The infrared absorption image
was  recorded  once  every  5  min  using  a  SHIMADZU  infrared
spectrometer (RTracer-100) over 4000–400 cm−1. 

2.13    Theoretical  calculations  based  on  density  functional
theory (DFT)
All  structural  optimizations  and  energy  calculations  in  this  study
were  performed  using  the  Vienna ab-initio simulation  package
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(VASP)  based  on  spin-polarized  density  functional  theory.  The
projected augmented wave method with a cutoff energy of 500 eV
and  the  Perdew–Burke–Ernzerhof  functional  in  the  generalized
gradient  approximation  (GGA)  were  employed.  The  convergence
tolerances for energy and force per atom were less than 10−5 eV and
0.02 eV·Å−1, respectively. To ensure the reliability of the calculation
results,  we  performed  entropy  and  zero-point  energy  (ZPE)
corrections at 298 K. The correction formula is as follows

∆G= ∆E+∆ZPE−T∆S (2)

where ΔG refers to the Gibbs free energy change of an elementary
reaction,  ΔE is  the  DFT-computed  energy  difference,  ΔZPE is  the
change  in  zero-point  energy, T represents  temperature,  and  ΔS is
the entropy change at 298 K. 

3    Results and discussion
 

3.1    Synthesis and structural characterizations
The  schematic  depiction  of  the  general  synthetic  procedure  for

obtaining  N-doped  bamboo-like  carbon  nanotube  encapsulated
CuNi  alloy  (Cu7Ni3-CNT)  is  illustrated  in Scheme  1.  The  alloy
catalyst was synthesized using an impregnation-calcination method,
in  which  copper  chloride,  nickel  chloride  and  melamine  were
mixed in ethanol to obtain the precursors. The prepared precursors
were mixed and calcined with additional melamine at 800 °C in an
Ar atmosphere to synthesize bamboo-like Cu7Ni3-CNT catalyst. By
adjusting  the  Cu/Ni  ratio,  a  series  of  alloy  catalysts  with  different
morphologies  of  carbon substrates  (labeled as  CuxNi10−x-CN) were
obtained.

The  morphology  and  microscopic  structure  of  Cu7Ni3-CNT
were  accurately  characterized  utilizing  scanning  electron
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM).
The  SEM  image  of  Cu7Ni3-CNT  (Fig.  1(a))  show  that  the  carbon
source is almost completely carbonized into carbon nanotubes and
forms  a  regular  bamboo-like  structure. Figures  1(b)−1(d) and  Fig.
S3(c)  in  the  Electronic  Supplementary  Material  (ESM)  are  TEM
and  high-resolution  TEM  (HRTEM)  images.  As  shown  in Figs.
1(a)−1(c)),  the  synthesized  carbon  nanotubes  exhibit  uniform
thickness, with an average diameter of approximately 60 nm and a

 

Scheme 1    Schematic procedures for the fabrication of Cu7Ni3-CNT.
 

Figure 1    Morphology and microstructure characterization. (a) SEM image of Cu7Ni3-CNT. ((b) and (c)) TEM images of Cu7Ni3-CNT. (d) HRTEM image of Cu7Ni3-
CNT.  (e)  HRTEM  image  of  Cu7Ni3-CNT  after  FFT.  (f)  Corresponding  FFT  image  of  (d).  ((g)  and  (h))  HAADF-STEM  image  of  Cu7Ni3-CNT  and  corresponding
elemental mapping.
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wall thickness of around 6 nm, as shown in Figs. 1(b) and 1(c). The
bamboo-shaped  cavity  is  fully  encapsulated  with  CuNi  alloy,
thereby  providing  effective  protection  for  the  catalyst.  In  addition,
the  CuNi  alloy  NPs  exhibit  a  homogeneous  distribution  with  an
average  particle  size  of  approximately  20  nm  (Fig.  1(d) and  Fig.
S3(c) in the ESM). Figure 1(e) is the image of Fig. 1(d) after fast FT
(FFT),  with  a  crystal  plane  spacing  of  2.23  Å,  corresponding  to
(111)  crystal  plane  of  the  face-centered  cubic  (FCC)  unit  cell  of
Cu7Ni3 alloy NPs. Figure 1(f) is the corresponding FFT diagram of
Fig.  1(d),  indicating  that  the  alloy  particles  mainly  expose  Cu7Ni3
(111)  crystal  plane. Figures  1(g) and 1(h) are  high-angle  annular
dark-field  scanning  TEM  (HAADF-STEM)  of  Cu7Ni3-CNT  and
corresponding elemental  mapping.  As  can be  seen from Fig.  1(h),
the  Cu  and  Ni  atoms  are  fully  mixed  and  evenly  distributed,
proving the generation of Cu7Ni3 alloy NPs.

X-ray photoelectron spectroscopy was performed to identify the
surface  chemical  properties  of  materials.  Figure  S1(a)  in  the  ESM
displays  the  survey  XPS  spectra  of  Cu7Ni3-CNT,  Cu-CN,  and  Ni-
CN.  Figure  S1(b)  in  the  ESM  displays  the  high-resolution  C  1s
spectra of Cu7Ni3-CNT. The peaks observed at 284.80, 286.16, and
290.18  eV  are  attributed  to  C–C,  C=C,  and  C–N  bonds  [39].
Figure  2(a) shows  the  high-resolution  Cu  2p  spectra  of  Cu7Ni3-
CNT and Cu-CN. The peaks observed at 932.92 and 952.82 eV for
Cu7Ni3-CNT are attributed to 2p1/2 and 2p3/2 of Cu0, while the peaks
at 932.58 and 952.48 eV for Cu-CN are attributed to Cu0 2p1/2 and

2p3/2 36. The introduction of Ni results in a shift of the Cu0 binding
energy to higher values, thereby adjusting electronic structure of the
Cu  and  improving  the  activity  of  catalyst. Figure  2(b) is  Cu7Ni3-
CNT  and  Ni-CN’s  high-resolution  spectra  of  Ni  2p.  The  peaks
observed  at  855.15  and  872.54  eV for  Cu7Ni3-CNT correspond to
the 2p1/2 and 2p3/2 states of Ni0 [34], whereas the peaks at 855.04 and
872.45 eV for Ni-CN are attributed to the same electronic states of
Ni0.  The peaks at  859.25 and 876.74 eV are attributed to 2p1/2 and
2p3/2 of Ni2+, indicating the presence of a few nickel precursors that
have  not  undergone  sufficient  reduction.  Compared  with  Ni-CN,
alloying promotes the agglomeration of metals of Cu7Ni3-CNT and
inhibits the formation of metal ions effectively. Figure 2(c) presents
the high-resolution N 1s spectra of Cu7Ni3-CNT and Cu-CN. The
peaks  observed  at  399.01,  401.19,  and  404.52  eV  for  Cu7Ni3-CNT
are attributed to pyridinic N, pyrrolic N, and oxidation N, while the
peaks at 397.52 and 398.81 eV for Cu-CN correspond to Cu–N and
pyridinic N. The introduction of Ni induces substantial  alterations
in  N  species  and  facilitates  the  conversion  of  Cu–N  to
Cu–Cu/Cu–Ni, as well as the aggregation of metals.

To further clarify the local coordination structure of Cu and Ni,
X-ray  absorption  spectroscopy  (XAS)  was  measured  using  a
synchrotron radiation X-ray source.  In the X-ray absorption near-
edge structure (XANES) at  the Cu K-edge (Fig.  2(d)),  the XANES
of  Cu7Ni3-CNT  is  only  slightly  higher  than  that  of  Cu  foil,  which
means  that  the  coordination  structure  of  Cu  in  Cu7Ni3-CNT  is

 

Figure 2    Electronic structure and chemical environment characterization. (a) Cu 2p XPS spectra of Cu7Ni3-CNT and Cu-CN. (b) Ni 2p XPS spectra of Cu7Ni3-CNT and
Ni-CN.  (c)  N  1s  XPS  spectra  of  Cu7Ni3-CNT  and  Cu-CN.  (d)  Normalized  Cu  K-edge  X-ray  absorption  near-edge  structure  spectra  of  Cu7Ni3-CNT  and  Cu  foil.  (e)
Normalized Ni K-edge XANES of Cu7Ni3-CNT and Ni foil. (f) k3-weighted FT-EXAFS and ((g)–(j)) k3-weighted WT-EXAFS at Cu K-edge of Cu7Ni3-CNT, and Cu foil
and Ni K-edge of Cu7Ni3-CNT and Ni foil.
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close  to  metallic  Cu  in  Cu  foil.  Similarly,  in  the  X-ray  absorption
near-edge  structure  at  the  Ni  K-edge  (Fig.  2(e)),  the  XANES
spectrum of Cu7Ni3-CNT is only marginally higher than that of Ni
foil, indicating that the coordination environment of Ni in Cu7Ni3-
CNT closely resembles  that  of  metallic  Ni  in Ni foil.  Moreover,  as
can  be  seen  from  the  inset  of  XANES,  during  the  process  of
compounding  with  CNT,  electrons  are  transferred  from  metal
atoms to CNT. The Fourier transform Cu and Ni K-edge extended
X-ray  absorption  fine  structure  (EXAFS)  was  used  to  detect  the
coordination environment of Cu and Ni atoms in Cu7Ni3-CNT. By
analyzing their extended X-ray absorption fine structure spectra, the
EXAFS fitting curves of Cu7Ni3-CNT, Cu foil, and Ni foil at Cu K-
space,  Cu R-space,  Ni K-space,  and  Ni R-space  with k3-weighted
were obtained respectively,  as  shown in Fig.  S2  in  the  ESM. In R-
space (Fig. 2(f)), the peak of Cu foil at about 2.525 Å corresponds to
the backscattering of the Cu–Cu first  coordination shell.  The peak
of Ni foil at about 2.485 Å corresponds to the backscattering of the
Ni–Ni  first  coordination shell.  In  the  Cu R-space  of  Cu7Ni3-CNT,
the  peaks  observed  at  approximately  2.576,  2.519,  and  1.881  Å
correspond to the backscattering from the first  coordination shells
of Cu–Ni, Cu–Cu, and Cu–N/Cu–C. In the Ni R-space of Cu7Ni3-

CNT,  the  peaks  at  about  2.576  and  1.870  Å  correspond  to  the
backscattering  of  the  Ni–Cu  and  Ni–N/Ni–C  first  coordination
shell,  and  there  is  an  absence  of  a  peak  at  about  2.484  Å
corresponding  to  the  backscattering  from  the  first  coordination
shell of Ni–Ni interactions. These results demonstrate the successful
alloying of the two metal atoms and indicate a high dispersion of Ni
within Cu. The k3-weighted wavelet transform (WT) EXAFS at Cu
and Ni K-edge of Cu7Ni3-CNT are basically the same as that of Cu
and  Ni  foil,  respectively,  as  shown  in Figs.  2(g)−2(j).  In  general,
EXAFS and XANES further confirm the successful synthesis of the
Cu7Ni3 alloy  structure  supported  by  nitrogen-doped  carbon
nanotubes.

The  structure  of  the  catalyst  was  further  determined  through
powder  X-ray  diffraction  (XRD)  measurement.  As  shown  in
Fig.  3(a),  a  series  of  XRD  patterns  of  the  catalyst  reveals  that  the
peaks belonging to the crystal planes (111), (200), and (220) of the
alloy  NPs  are  positioned  between  those  of  FCC  Cu  and  FCC  Ni,
specifically  at  their  respective  positions for  (111),  (200),  and (220).
The  above  results  once  again  demonstrate  the  successful  synthesis
of homogeneous CuNi alloy NPs. The incorporation of Ni induces
lattice distortion in the face-centered cubic unit cell  of Cu, thereby

 

Figure 3    Structural characterization of catalysts with different copper-nickel ratios. (a) XRD patterns, (b) isothermal adsorption curves, (c) Barret–Joyner–Halenda pore
size distribution. ((d)–(h)) SEM images of Cu9Ni1-CN, Cu8Ni2-CN, Cu7Ni3-CNT, Cu6Ni4-CN, and Cu5Ni5-CN. (i)  The morphology of carbon evolving with the CuNi
ratio.
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changing  the  interplanar  spacing.  This  phenomenon  is  evidenced
by the peak shifts  observed in the XRD patterns.  Additionally,  the
XRD  patterns  of  alloy  crystals  with  different  CuNi  ratios  also
exhibit shifts.

The  XRD  patterns  exhibit  significant  variations  in  intensity
among different catalysts, indicating substantial changes in the size
of  nanoparticles.  The  morphology  of  the  catalysts  was  examined
using TEM to characterize the variations in Cu/Ni ratios (Fig. S3 in
the ESM). The TEM images reveal that as the Cu/Ni ratio decreases
from 9:1  to  5:5,  the  size  of  nanoparticles  exhibits  a  trend of  initial
decrease  followed  by  subsequent  increase.  The  particle  size  can
reach  100  nm  when  the  copper-nickel  ratio  is  9:1  and  5:5,  as
indicated by the corresponding XRD data.  In addition, the carbon
layer  is  disordered,  and  there  is  no  formation  of  regular  carbon
nanotubes  (Figs.  S3(a)  and  S3(e)  in  the  ESM).  The  Cu7Ni3-CNT
possesses a homogeneous particle size of approximately 20 nm and
is concurrently coated with bamboo-like CNT. Therefore, it can be
inferred  that  CNT  is  conducive  to  the  dispersion  of  metals.  The
Raman spectra  of  Cu7Ni3-CNT (Fig.  S4  in  the  ESM)  indicate  that
the  area  ratio  of  the  peaks  corresponding  to  carbon  defects  and
graphenic  carbon  (ID and IG)  is  0.97,  suggesting  a  significant
presence  of  defect  sites  on  the  CNTs.  These  defects  are
advantageous  for  metal  dispersion  and enhance  the  hydrophilicity
of CNTs.

The Brunauer–Emmett–Teller (BET, Fig. 3(b)), Barrett–Joyner–
Halenda (BJH, Fig. 3(c)), and SEM (Figs. 3(d)−3(h)) images depict
different ratios of alloy catalysts unveiled the influence of the metal
feeding  ratio  on  the  morphology  of  nitrogen-doped  carbon.  The
morphology  of  the  carbon  support  transitions  from  lamellar  to
carbon nanotubes  and then back to lamellar  as  the ratio  of  Cu/Ni
decreases.  The  process  of  the  morphology  of  this  aforementioned
phenomenon  can  be  deduced  due  to  the  higher  bond  energy  of
Ni–C compared to that of Cu–C, rendering the surface of Ni more
conducive  for  the  formation  of  CNTs.  The  carbon  yield  ratio
during  the  calcination  process  increases  as  the  Ni  content  rises
(Table  S1  in  the  ESM).  Moreover,  when  the  feed  ratio  (Cu:Ni)
ranges  from  1:1  to  1:15,  there  is  a  continuous  increase  in  the
proportion  of  CNTs  until  nearly  only  carbon  nanotubes  remain.
However,  the  complexation  ability  of  melamine  with  Ni2+ is
significantly weaker compared to that of Cu2+, thereby resulting in a
continuous  reduction  of  melamine  trapped  by  metal  ions  during
precursor synthesis as the proportion of Ni increases. The reduction
of  carbon  source  leads  to  less  carbon  dissolved  into  the  metal
during  the  carbonization  process,  making  it  difficult  to  precipitate
in large quantities in the form of CNTs after saturation, as shown in
Fig. 3(i). 

3.2    Evaluation of ammonia synthesis performance
The  ammonia  synthesis  performance  test  was  carried  out  in
electrolyte of 1 M KNO3 and 1 M KOH. The test was conducted in
a  typical  three-electrode  system  in  an  H-cell  with  a  Nafion  117
membrane.  Spectrophotometry  was  employed  for  accurate
quantification  of  ammonia  in  the  electrolyte  after  electrolysis,  and
its standard curve is shown in Fig. S5 in the ESM, which exhibits a
remarkable linear correlation. Figures S8, S10, and S12 in the ESM
are linear sweep voltammetry (LSV) diagrams of different catalysts.
The solid  line  represents  the  LSV curve  in  the  presence  of  nitrate,
while the dotted line corresponds to the LSV curve in its absence. It
is  evident  that  the  current  significantly  increases  upon  the
introduction  of  nitrate,  thereby  confirming  its  participation  in  the

electrode  reaction.  Compared  with  other  catalysts.  Cu7Ni3-CNT
reveals the highest ammonia production rate and Faraday efficiency
at −0.8  V  vs.  RHE  (Fig.  4(a) and  Fig.  S6  in  the  ESM),  and  the
smallest Tafel slope (Fig. S8(b) in the ESM). This can be attributed
to several factors, including the presence of a larger specific surface
area  due  to  an  increased  number  of  CNT  structures,  improved
dispersion  of  metals,  and  consequently  more  exposed  active  sites.
The  ammonia  synthesis  performance  of  Cu7Ni3-CNT  at  different
potentials  (−0.4, −0.6, −0.8, −1.0,  and −1.2  V  vs.  RHE)  was  also
investigated  (the  corresponding  current–time  (i–t)  image  is
displayed  in  Fig.  S7  in  the  ESM),  as  shown  in Fig.  4(b).
Cu7Ni3-CNT  possesses  the  highest  Faraday  efficiency  (99.18%)  at
−0.8  V vs.  RHE,  accompanied by  an ammonia  production rate  of
20.90  mg·cm−2·h−1;  at −1.0  V  vs.  RHE,  it  achieves  the  maximum
ammonia  production  rate  of  23.21  mg·cm−2·h−1,  along  with  a  high
Faraday  efficiency  of  90.80%.  Catalysts  synthesized  at  varying
temperatures  and  melamine  feed  amounts  were  evaluated,  as
illustrated  in  Figs.  S9  and  S11  and  Tables  S2  and  S3  in  the  ESM.
Cu7Ni3-CNT  with  a  calcination  temperature  of  800  °C  with  a
precursor  to  melamine  mass  ratio  of  1:10,  exhibited  the  highest
ammonia  synthesis  performance.  The  fitting  results  for  the
electrochemical active surface area of a series of catalysts at different
scanning  rates  were  derived  from  processing  the  CV  images  (Fig.
S13  in  the  ESM),  as  shown  in Fig.  4(c).  The  ECSAs  of
electrocatalysts  are  49.0,  526.5,  569.0,  347.5,  and  100.3  cm2/cm2,
respectively.  The  ECSA  of  Cu7Ni3-CNT  is  maximized  due  to  the
inherently  specific  surface  area  of  CNTs,  which  enhances  their
capacity for metal dispersion.

1H  nuclear  magnetic  resonance  spectroscopy  was  employed  to
elucidate the source of nitrogen in synthetic ammonia production.
Electrolysis  was  conducted  for  10  h  at  a  current  density  of
200 mA·cm−2, utilizing Cu7Ni3-CNT as the catalyst and 1 M K15NO3
along with 1 M KOH as the electrolyte. Following the pretreatment
and testing protocols detailed in the supporting information, the 1H
NMR spectra of the electrolyte before and after electrolysis, as well
as that of 15NH4Cl, were obtained, as shown in Fig. 4(d). After 10 h
of  electrolysis,  three  distinct  peaks  corresponding  to 15NH3/15NH4

+

emerged  near  7.0  ppm  in  the  spectrum,  indicating  that  nitrate
serves  as  the  source  of  NH3-N.  Ion  chromatography  (IC)  was
introduced  to  validate  the  Faraday  efficiency  determined  by
spectrophotometry.  As  shown in Fig.  4(e),  the  Faraday efficiencies
obtained  via  ultraviolet–visible  (UV–vis)  and  IC  are  99.18%  and
97.82%, respectively, with a mere difference of 1.36%. This confirms
the reliability of the ammonia synthesis performance derived from
spectrophotometric  measurements.  The  practical  applicability  of
the  material  depends  on  the  stability  of  the  catalyst.  Hence,  the
stability  of  catalyst  was  subjected  to  testing  (Fig.  4(g)).  Under
conditions where the initial potential of copper foam is comparable
to  that  of  Cu7Ni3-CNT  (−1.127  V  vs.  RHE),  an  increase  in
overpotential  of  653  mV  (56.46%)  is  observed  after  only  15  h  of
operation  at  a  high  industrial  current  density  of  300  mA·cm−2.  In
contrast,  after nearly 400 h of stable operation at the same current
density,  Cu7Ni3-CNT  exhibits  only  a  modest  increase  in
overpotential  of  144  mV  (approximately  12.45%),  which  can  be
attributed to the protective effect provided by the carbon nanotubes
enveloping  the  alloy  NPs.  CNT  can  effectively  prevent  the  alloy
from direct contact with the electrolyte and significantly suppresses
the  passivation  on  the  alloy  surface.  After  30  cycles  at −0.8  V  vs.
RHE, it can still maintain a high FE (85.29%, Fig. 4(h)), and Fig. S14
in  the  ESM  is  the i–t image  obtained  during  this  process.  The
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electrochemical  impedance  spectroscopy  (EIS)  of  Cu7Ni3-CNT
indicates  its  extremely  small  charge transfer  resistance (Fig.  S15 in
the  ESM).  Recent  advancements  in  outstanding  NO3RR  catalysts
are  summarized  in Fig.  4(f),  where  Cu7Ni3-CNT  demonstrates
superior ammonia synthesis performance. Their detailed conditions
and properties for ammonia synthesis are shown in Table S4 in the

ESM. Consequently, CNTs enhance Cu7Ni3 alloy catalyst’s activity,
selectivity and stability for ammonia synthesis. 

3.3    In-situ  characterization  and  DFT  theoretical
calculations
Under  the  atmosphere  of  NO  and  O2, in-situ Fourier  transform

 

Figure 4    Electrochemical  tests.  (a)  Ammonia  synthesis  performance  of  Cu9Ni1-CN,  Cu8Ni2-CN,  Cu7Ni3-CNT,  Cu6Ni4-CN,  and  Cu5Ni5-CN.  (b)  Ammonia  synthesis
performance of Cu7Ni3-CNT at −0.4, −0.6, −0.8, −1.0, and −1.2 V vs. RHE. (c) ECSA fitting results of Cu9Ni1-CN, Cu8Ni2-CN, Cu7Ni3-CNT, Cu6Ni4-CN, and Cu5Ni5-CN.
(d) 1H  NMR  spectra  of  the  electrolyte  after  ammonia  synthesis  with  K15NO3.  (e)  Comparison  of  Faraday  efficiency  obtained  by  UV–vis  spectroscopy  and  ion
chromatography. (f) Comparison of ammonia synthesis performance between this work and several recent reports. (g) Long-term V–t (V represents potential) tests of
Cu7Ni3-CNT and Cu foam at 300 mA·cm−2 for stability evaluation. (h) Ammonia synthesis performance fluctuates over 30 cycles.
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infrared  spectroscopy  was  used  to  investigate  to  explore  the
enrichment  phenomenon  of  nitrate  radical  inside  CNTs. Figure
5(a) are in-situ FT-IR spectra of Cu7Ni3-CNT under an atmosphere
comprising  95%  N2,  5%  NO,  and  5  ppm  O2 during  50  min.  The
peak at  1354 cm−1 is  attributed to  the  N=O stretching vibration of
NO3

− [46−49], while the peaks at 1767 and 2335 cm−1 correspond to
the stretching vibrations of O=C=O and C=O [45]. All these peaks
are  enhanced  over  time,  indicating  that  nitrates  are  continuously
generated  and  adsorbed  on  the  inner  surface  of  CNTs.,  which
illustrates  the  enrichment  effect  of  the  internal  space  of  CNTs  on
nitrate. To reveal the NO3RR mechanism on the surface of Cu7Ni3-
CNT, in-situ Raman  spectroscopy  was  used  to  characterize  the
evolution  mechanism  of  N  species.  As  illustrated  in Fig.  5(b),  the
peaks  at  1362  and  1604  cm−1 correspond  to  the  characteristic  D
peak  and  G peak  of  carbon  materials.  The  peaks  observed  at  720,
1049,  1128,  and  1519  cm−1 are  attributed  to  N–O  bending,  free
NO3

−,  *NO2,  and  N=O  from  *NHO  respectively  [50−53].  These
peaks  initially  intensify  before  subsequently  diminishing  as  the
voltage decreases. At −1.0 V vs. RHE, they exhibit their maximum
intensity,  correlating  with  the  highest  ammonia  production.  The
peaks at 1281 and 1672 cm−1 are attributed to H–N–H wagging and
*NH2 vibrations, respectively [48]. Their nearly undetectable nature
suggests  that  the  hydrogenation  process  from  *NH  to  *NH2 and
then  to  *NH3 occurs  at  an  extremely  rapid  rate.  DFT  calculations
further substantiate this observation. The adsorption states of *H on
Cu7Ni3 (111), Cu (111), and Ni (111) are shown in Fig. S17 in the
ESM.  As  shown  in Fig.  5(c),  the  ΔGH* on  Cu7Ni3 (111)  increases

from −0.96  to −0.80  eV  upon  the  incorporation  of  Ni.  This
indicates  that  the  H*  generated  by  water  dissociation  exhibits
enhanced  reactivity,  significantly  lowering  the  energy  barriers  for
hydrogenation  and  deoxygenation  of  various  nitrogen  species.
Furthermore,  in  the  free  energy  diagrams  of  NO3RR  elementary
steps  for  Cu7Ni3 (111),  Cu  (111),  and  Ni  (111)  (Fig.  5(h)),  the
incorporation of Ni results in a reduction of the energy barrier for
the rate-controlling step (*NH → *NH2) of NO3RR on Cu7Ni3 (111)
from 0.44  to  0.96  eV.  Thus,  the  incorporation  of  Ni  enhances  the
activity  of  H*  on  the  Cu7Ni3 (111)  crystal  plane,  significantly
accelerating  the  hydrogenation  and  deoxygenation  process  on  the
catalyst  surface  and  ultimately  improving  the  intrinsic  activity  of
ammonia  synthesis.  The  adsorption  model  of  nitrate  on  Cu7Ni3
(111)  and  Cu  (111)  along  with  the  differential  charge  density
images  before  and  after  adsorption  (Figs.  5(d)−5(g)),  reveals  the
distinct  adsorption structures  of  nitrate  on the  (111)  crystal  plane.
One  of  the  oxygen  atoms  in  nitrate  on  Cu  (111)  forms  a  Cu–O
bond with Cu, while the other oxygen atom establishes two Cu–O
bonds with two additional copper atoms, resulting in an excessively
strong  adsorption  state.  During  the  adsorption  process  on  Cu7Ni3
(111), only one Cu–O bond and one Ni–O bond are formed, with
the  change  in  Gibbs  free  energy  of  adsorption  from −0.81  to
−0.68  eV.  Correspondingly,  this  weaker  adsorption  facilitates  the
subsequent hydrogenation and deoxygenation process, leading to a
reduction  in  the  energy  barrier  for  *NO2 →  *NO  from  0.14  to
−0.13  eV.  Through  these  analyses  of in-situ Raman spectrum and
DFT  theoretical  calculations  of  the  intermediate  state  during  the

 

Figure 5    In-situ characterization and DFT theoretical calculations. (a) In-situ Fourier transform infrared spectroscopy of Cu7Ni3-CNT under the atmosphere of 95% N2,
5% NO, and 5 ppm O2 during 50 min. (b) In-situ Raman spectra of Cu7Ni3-CNT at different potentials. (c) ΔGH* of Cu7Ni3 (111), Cu (111), and Ni (111). ((d)–(g)) The
adsorption  model  of  nitrate  on  Cu7Ni3 (111)  and  Cu  (111)  and  differential  charge  density  images  before  and  after  adsorption.  (h)  Free  energy  diagrams  of  NO3RR
elementary steps for Cu7Ni3 (111), Cu (111), and Ni (111).

Nano Research | Vol. 18, No. 4 Jia et al.

94907265 (9 of 12) Nano Research, 2025, 18, 94907265

https://www.sciopen.com/article/10.26599/NR.2025.94907265
https://www.sciopen.com/article/10.26599/NR.2025.94907265
https://www.sciopen.com/article/10.26599/NR.2025.94907265
https://www.sciopen.com/article/10.26599/NR.2025.94907265
https://www.sciopen.com/article/10.26599/NR.2025.94907265
https://www.sciopen.com/article/10.26599/NR.2025.94907265
https://www.sciopen.com/article/10.26599/NR.2025.94907265
https://www.sciopen.com/article/10.26599/NR.2025.94907265


reduction process (Figs. S19–S21 in the ESM), the elementary steps
of NO3RR on Cu7Ni3 (111) can be inferred as follows: * + NO3

− →
*NO3 → *NO2 → *NO → *NHO → *N → *NH → *NH2 → *NH3 → * +
NH3 (Fig. 5(h)). 

4    Conclusion
In  summary,  a  series  of  alloy  catalysts  with  varying  Cu/Ni  ratios
have been prepared using impregnation and calcination method for
the  electrocatalytic  NO3RR.  Compared  with  other  alloy  catalysts,
Cu7Ni3-CNT exhibits superior performance in ammonia synthesis:
It  demonstrates  the  highest  Faraday  efficiency  (99.18%)  at −0.8  V
vs.  RHE,  along  with  an  impressive  ammonia  production  rate  of
20.90  mg·cm−2·h−1;  at −1.0  V  vs.  RHE.  The  Cu7Ni3-CNT  also
achieves the highest  ammonia production rate (23.21 mg·cm−2·h−1),
accompanied by a remarkable FE of 90.80%. It  is  attributed to the
fine  adjustment  of  the  CuNi  ratio.  On  the  one  hand,  under  this
ratio,  melamine  is  almost  completely  converted  into  bamboo-like
CNTs,  resulting  in  a  larger  specific  surface  area  for  Cu7Ni3-CNT
and  enhanced  ability  to  disperse  metals,  thereby  exposing  more
active  sites. In-situ FT-IR  reveals  the  process  in  which  nitrate  is
enriched in the inner space of CNT and is reduced on the surface of
alloy nanoparticles. On the other hand, in-situ Raman spectroscopy
and DFT calculations  reveal  that  the  incorporation of  Ni  weakens
the excessively strong adsorption of *NO3 and enhances the activity
of  *H,  significantly  accelerating  the  hydrogenation  and
deoxygenation  process  on  the  surface,  thereby  improving  the
NO3RR ammonia synthesis performance on the alloy surfaces. 

Electronic  Supplementary  Material: Supplementary  material
(reagents  and  materials,  synthesis  of  catalysts,  material
characterization,  product  analysis,  theoretical  calculations,
inductively  coupled  plasma-optical  emission  spectroscopy  (ICP-
OES)  results  of  samples,  TEM  images  of  samples,  XPS  spectra  of
samples,  Raman  spectrum  of  sample,  UV–vis  standard  curve  and
corresponding UV–vis spectrum, catalytic performance of samples,
LSV curves of samples, i–t curves of samples, EXAFS fitting curves
of  samples,  EIS,  CV,  and  ECSA  curves  of  samples,  polarization
curves of samples, and optimized structures for DFT calculations) is
available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907265. 
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