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ABSTRACT: Electrocatalytic  synthesis  of  ammonia  (NH3)  from
nitrate  (NO3

−)  is  an  effective  approach  for  reducing  nitrate
pollutants  in  the  environment  and  a  promising  method  for
ammonia  synthesis  under  mild  conditions.  However,  current
catalyst  syntheses  are  costly,  and  their  application  in  real
wastewater  remains  underexplored.  Herein,  we  prepared  high-
efficiency  copper-based  single-atom-nanoparticle  synergistic
sites  on  carbon  felt  (CuSA/NP@C)  from  copper-containing
wastewater.  Trace  Cu2+  in  wastewater  enables  efficient  nitrate
reduction  reaction  (NO3RR),  and  the  effect  of  different  Cu2+

concentrations  was  also  investigated.  The  optimized
CuSA/NP@C,  with  synergy  between  single  atoms  and
nanoparticles,  shows  excellent  activity:  a  maximum  Faradaic
efficiency  of  ~  100%  (at  −0.3  V  vs.  reversible  hydrogen
electrode (RHE)) and a NH3 yield of  ~ 10 mg·cm−2.  Theoretical
calculations  reveal  that  Cu  single-atoms  and  nanoparticles
synergistically act on the NO3* and H* intermediates to promote
nitrate hydrogenation to NH3. A membrane electrode assembly with the CuSA/NP@C cathode achieves the NH3 synthesis at
an industrial  current  density of  200 mA·cm−2  for  over 90 h.  This “treating waste with waste” strategy offers new paths for
nitrate wastewater recycling and green NH3 synthesis advancement.
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 1    Introduction
Ammonia  (NH3),  one  of  the  chemicals  with  the  highest  global
production,  possesses  the  dual  attributes  of  being  an  important
chemical  raw  material  and  a  renewable  energy  carrier  [1, 2].
Currently,  industrial  NH3 synthesis  mainly  relies  on  the
Haber–Bosch process at high temperatures and pressure (~ 500 °C,

> 100 atm), which not only has high energy consumption, but also
is  accompanied  by  significant  CO2 emissions  (400  Mt)  every  year
[3, 4].  Thus,  the development of  green alternative technologies  for
ammonia  production  is  urgently  needed  [5−7].  Although  the
electrocatalytic  nitrogen  reduction  reaction  (NRR)  is  an
environmentally friendly ammonia production route, its prominent
drawbacks  including  the  extremely  low  solubility  of  nitrogen  (N2)
and  the  high  bond  energy  of  N≡N  (941  kJ·mol−1)  [8, 9],  and  the
competitive hydrogen evolution reaction (HER) at the cathode lead
to  an  exceptionally  low  ammonia  yield,  which  inhibits  the  large-
scale  production  of  ammonia  [10].  Nitrate  (NO3

−)  has  become  an
ideal raw material for electrochemical ammonia synthesis due to its
high  water  solubility  and  relatively  low  N=O  dissociation  energy
(204  kJ·mol−1)  [11, 12].  Meanwhile,  NO3

− is  widely  present  in
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polluted systems such as industrial wastewater, nuclear waste liquid,
and  groundwater  [13−15],  endowing  its  conversion  process  with
the  dual  values  of  environmental  remediation  and  resource
recovery.  However,  considering  that  NO3RR  is  a  complex  process
involving  8  electrons  and  9  protons,  the  development  of  high-
performance  electrocatalysts  with  high  ammonia  selectivity  and
activity is urgently required [16−18].

Copper-based materials show broad application prospects in the
electrochemical  nitrate  reduction  reaction  (NO3RR)  due  to  their
low  cost,  non-toxicity,  and  excellent  catalytic  activity  [19−22].
Although a variety of artificially synthesized copper-based catalysts
have  exhibited  good  performance,  their  complex  preparation
processes  and  high  costs  restrict  large-scale  applications  [23, 24].
This  study  takes  a  different  approach  and  innovatively  uses  Cu2+

(with  a  concentration  of  approximately  100–1000  mg·L−1)  in
electroplating  wastewater  as  a  raw  material  to  convert  pollutants
into  catalytically  active  species,  realizing  resource  recycling.
Considering  that  the  NO3RR  pathway  involves  multiple  nitrogen-
oxygen intermediates and is easily interfered by HER, the interface
design of the catalyst is of crucial importance [25, 26].

A  large  number  of  previous  studies  have  shown  that  the
construction of a multi-level structure of nanoclusters is one of the
effective ways to provide a high specific surface area, generate more
active  sites,  and  improve  the  activity  of  electrocatalysts  [27−31].
Given  the  multi-step  nature  and  the  involvement  of  multiple
intermediates  in  NO3RR,  it  is  imperative  to  rationally  design
electrocatalysts with synergistic active sites, as possible is essential to
enhance the activity and selectivity of NO3RR.

In  this  work,  a  copper-based  electrocatalyst  with  synergistic
single-atom  and  nanoparticulate  sites  on  carbon  felt  (CF)
(CuSA/NP@C)  was  directly  prepared  via in-situ electrochemical
deposition  using  copper-containing  wastewater  as  the  precursor,
showing  high  activity  and  selectivity  for  NO3RR  to  ammonia
synthesis.  Systematic  investigation  of  Cu2+ concentrations  reveals
that  the  optimal  catalyst  fabricated  at  500  μM  exhibits  a  NH3
Faradaic efficiency (FE) of ~ 100% and a NH3 yield of 10 mg·cm−2 at
−0.3  V  vs.  reversible  hydrogen  electrode  (RHE),  owing  to  the
synergistic effect between CuSA and CuNP. Density functional theory
(DFT) calculations and in-situ characterizations further clarify that
these two active components could work in tandem, with Cu single
atoms regulating *H behavior  and nanoparticles  lowering reaction
energy  barriers,  collectively  promoting  NO3RR.  Moreover,  a
membrane  electrode  assembly  (MEA)  based  on  this  CuSA/NP@C
catalyst  achieves stable NH3 synthesis at  an industrial-level  current
density of  200 mA·cm−2 for  over 90 h.  This  work not only realizes
“treating waste with waste and turning waste into treasure”, but also
provides  a  new  path  for  nitrate  wastewater  recycling  and  the
advancement of green ammonia synthesis.

 2    Results and discussion

 2.1    Synthesis and structure characterization of CuSA/NP@C
The copper single-atom-nanoparticle catalyst was first prepared via
in-situ electrochemical  deposition  on  carbon  felt  (CuSA/NP@C),  as
schematically illustrated in Fig. 1(a) (details in Section 4 and Figs. S1
and  S2  in  the  Electronic  Supplementary  Material  (ESM)).
Figure  1(b) presents  the  evolutive  cyclic  voltammetry  (CV)  curves
of carbon felt measured in 1 M KOH electrolyte containing 0.1 M
KNO3 and  500  μM  Cu2+,  recorded  from  the  1st to  100th cycles.

Notably,  the  current  density  at −0.4  V  versus  RHE  exhibits  a
significant  upward  trend  with  increasing  cycle  numbers,  and  this
enhancement  continues  until  the  100th cycle.  This  phenomenon
clearly indicates that the presence of Cu2+ contributes to the activity
improvement of the carbon felt.

CuSA/NP@C  obtained  at  the  Cu2+ concentration  of  500  μM  Cu2+

was  further  analyzed  by  high-resolution  transmission  electron
microscopy  (HRTEM).  HRTEM  images  of  the  CuSA/NP@C  exhibit
the  coexistence  state  of  single  atoms  and  nanoparticles  (Figs.  1(c)
and 1(d),  and Fig.  S3  in  the  ESM),  indicating  a  certain  synergistic
effect. The CuSA/NP@C sample shows lattice fringes with a d-spacing
of 2.08 Å, which corresponds to Cu (111) and lattice stripes of 0.208
and  0.209  nm  also  correspond  to  the  (111)  facet  of  Cu
(Figs.  1(e) and 1(g))  [32].  X-ray photoelectron spectroscopy (XPS)
was employed to analyze the presence and chemical states of copper
in the CuSA/NP@C catalyst [33−35]. The high-resolution Cu 2p XPS
spectrum  exhibits  only  weak  Cu2+ features,  consistent  with  the
extremely  low  loading  and  dispersion  of  Cu  as  single  atoms,  and
likely  exacerbated  by  partial  oxidation  upon air  exposure  [36, 37].
In the Raman spectrum, the ν(Cu–O) vibration is characterized by
two  distinct  peaks  at  around  625  and  714  cm−1,  and  the
characteristic peak of CuO centers at 298 cm−1 (Fig. 1(g)) [38]. The
copper  content  (wt.%)  was  measured  using  inductively  coupled
plasma  optical  emission  spectroscopy  (ICP-OES),and  the  results
showed that the carbon felt contained only a tiny amount of copper
(0.003 wt.%, Table S1 in the ESM). The above description confirms
that  Cu2+ (e.g.,  those  derived  from  wastewater)  can  successfully
undergo in-situ electrochemical transformation, thereby generating
the  CuSA/NP@C  catalyst.  This  catalyst  is  characterized  by  the
coexistence  of  single  atoms  (CuSA)  and  nanoparticles  (CuNP),  and
serves  as  an  efficient  active  component  for  NO3RR  to  ammonia
synthesis.

 2.2    Synergistic properties for CuSA/NP@C
To  investigate  the  synergistic  effect  between  copper  single  atoms
(CuSA) and copper nanoparticles (CuNP) in the CuSA/NP@C catalyst,
as  well  as  the  electronic  states  of  surface-adsorbed  intermediates,
charge density difference (CDD) calculations were first performed.
Based  on  the  results  of  structural  characterizations,  the  models  of
CuSA and  CuNP were  constructed  (Fig.  2(a)),  with  detailed
simulation parameters provided in Section 4. Notably, NO3 adsorbs
on CuSA via single Cu active site but adsorbs on CuNP via dual-Cu-
site  adsorption  configuration  (Cu1-O1:  1.941  Å  and  Cu2-O2:
1.941 Å) (Figs. 2(b) and 2(c)). The CDD diagram indicates that the
CuNP surface  shows  charge  accumulation  (yellow)  and  depletion
(cyan),  implying  the  faster  transfer  of  electrons  from  Cu  to  NO3,
which  is  beneficial  for  the  NO3 ion  entrapment.  The  band  center
model  served  as  a  robust  methodology  for  examining  the  binding
energy  and  catalytic  interactions  between  transition  metals  and
reactants or intermediates. In the CuNP model, Cu atoms possess a
d-band  center  closer  to  the  Fermi  level  (Figs.  2(d) and 2(e)).
Moreover,  the  density  of  states  (DOS)  analysis  shows  more
significant  overlap  between  Cu  and  O  orbitals  in  NO3*-adsorbed
CuNP compared  to  CuSA,  which  confirms  a  stronger  Cu–O  bond
strength  on  CuNP.  Importantly,  the  dual-Cu-site  binding  mode  of
NO3*  on  CuNP enables  N–O  bond  cleavage  under  subsequent
proton  attack. Figure  2(f) presents  the  water  splitting  free  energy
diagram for CuSA and CuNP. The results indicate that CuNP exhibits
stronger water adsorption energy (−0.126 eV) than CuSA (0.282 eV),
implying that CuNP is  more capable of supplying active protons to
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facilitate the protonation process in NO3RR. In contrast, CuSA does
not spontaneously adsorb water, which helps inhibit the competing
HER.

Further  insights  from the configurations  of  adsorbed water  and
adsorbed  hydrogen  (*H)  show  that  CuSA can  modulate  water
adsorption behavior (Fig. 2(g)), suppress the dimerization of *H to
form  H2,  and  thus  enhance  the  selectivity  toward  the  target  NH3.
Thus,  under  the  collaborative  regulation  of  CuSA and  CuNP,  the
CuSA/NP@C  catalyst  destabilizes  H  species,  shifting  their  reaction
pathway  toward  combination  with  nitrogen-oxygen  intermediates
(NOx) rather than H2 formation, thereby promoting the generation
of NH3 in NO3RR.

 2.3    Electrocatalytic NO3RR performance of CuSA/NP@C
To  evaluate  the  electrochemical  performance  of  the  CuSA/NP@C
catalyst toward NO3RR, linear sweep voltammetry (LSV) tests were
first  conducted  on  the in-situ prepared  CuSA/NP@C  electrode  in  a
1  M  KOH  electrolyte  containing  0.1  M  KNO3 at  25  °C  (Fig.  3(a)
and  details  in  Section  4).  As  shown  in Fig.  3(b),  the  CuSA/NP@C
catalyst exhibits a larger current density than pure carbon felt across
all investigated overpotentials, which directly confirms the superior
NO3RR  activity  of  CuSA/NP@C.  Subsequently,  the  influence  of
precursor  Cu2+ concentration  on  the  NO3RR  performance  was
systematically  compared  and  analyzed.  The  results  reveal  that  the
NO3RR performance improves with increasing Cu2+ concentration;

when  the  Cu2+ concentration  reaches  500  μM,  the  catalytic
performance  basically  plateaus  (Fig.  3(c) and  Fig.  S4  in  the  ESM).
Therefore,  the  catalyst  prepared  under  this  optimal  Cu2+

concentration  (500  μM)  was  designated  as  CuSA/NP@C  for
subsequent  characterizations  and  tests.  The  electrochemical
impedance  spectroscopy  (EIS)  and  the  Tafel  slopes  all  indicate  a
faster  charge  transfer  rate  for  CuSA/NP@C (Fig.  3(d) and  Fig.  S5  in
the  ESM).  In  terms  of  product  selectivity  and  yield,  CuSA/NP@C
outperforms carbon felt at all tested potentials, exhibiting higher FE
for  NH3 and  higher  NH3 yield.  Specifically,  for  the  CuSA/NP@C
catalyst, the maximum NH3 FE reaches ~ 99.0% at −0.3 V vs. RHE,
and the corresponding NH3 yield is as high as 10 mg·h–1·cm–2 at the
same potential, both of which are significantly higher than those for
carbon felt (Figs. 3(e) and 3(f), and Fig. S6 in the ESM). Meanwhile,
we  conducted  the  stability  tests  of  CuSA/NP@C  in  a  three-electrode
system at 50 mA·cm–2 for 10 h (Fig. 3(g), and Figs. S7 and S8 in the
ESM). Throughout the test, the catalyst maintains a stable potential
of  approximately  0.0  V  vs.  RHE  without  obvious  degradation,
indicating  its  excellent  electrochemical  stability  and  promising
prospects for practical NO3RR applications.

 2.4    NO3RR mechanism analysis for CuSA/NP@C
The NO3RR mechanism of CuSA/NP@C was further investigated by
various  techniques. In-situ Fourier  transform  infrared  (FT-IR)
spectroscopy  was  performed to  detect  the  intermediates  and  track

 

Figure 1    In-situ copper ion electroreduction promoting NO3RR in copper-containing nitrate wastewater.  (a)  Schematic of  constructing CuSA/NP@C as the cathode for
efficient  NO3RR from copper-containing wastewater.  (b)  CV curves  for  preparing CuSA/NP@C in 1 M KOH containing 0.1  M KNO3 with 500 µM Cu2+.  (c)–(f)  High-
resolution transmission electron microscopy (HRTEM) images of CuSA/NP@C. (h) Cu 2p XPS spectrum of CuSA/NP@C. (i) Raman spectrum of CuSA/NP@C.
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the  progress  of  the  reaction  (Figs.  4(a)–4(c)).  With  increasing
cathodic potential, several distinct vibrational peaks emerged in the
FT-IR  spectra,  corresponding  to  various  nitrogen-containing
intermediates.  The  spectral  peak  at  1364  cm−1 can  be  attributed  to
the  stretching  vibration  mode  of  *NO2H  (Fig.  4(a)),  providing
direct  evidence  for  the  deoxygenation  of  nitrate  during  NO3RR.
The band at 1237 cm−1 can be attributed to the adsorption of *NO2;
notably,  a  blue  shift  of  this  peak  was  observed  with  increasing
cathodic potential. This phenomenon is associated with the increase
in  *NO2 absorption  intensity,  primarily  due  to  increased  *NO2
coverage.  Additionally, Figs.  4(b) and 4(c) display  broad  bands  at
1640 and 1684 cm−1, which can be assigned to the bending vibration
of H2O and σ bending of N–H, respectively. These results indicate
that  substantial  hydrogenation  reactions  occur  following  nitrate
deoxygenation,  which  is  critical  for  the  subsequent  formation  of
NH3 as the final product.

The in-situ electrochemical Raman experiments were conducted
to  reveal  possible  reaction  intermediates  in  the  NO3RR  process
(Fig.  4(d)).  The  distinct  peaks  at  1050,  1380,  and  1600  cm−1 were
attributed  to  the  *NO3 stretching,  antisymmetric  stretching  of
*NO2,  and  antisymmetric  vibration  of  *NH2,  respectively  [32, 39].
The peak signals of the *NO3, *NO2, and *NH2 quickly increase and
decrease,  indicating  that  these  intermediates  were  quickly
consumed. To further investigate the impact of interfacial water on
catalyst  activity,  we  analyzed  the in-situ Raman  spectroscopy  at
3200–3600 cm−1 (Fig. 4(e)). Raman peaks located at ~ 3155, ~ 3350,
and ~ 3540 cm−1 are attributed to 4-coordinated hydrogen-bonded
water (4-HB-H2O), 2-coordinated hydrogen-bonded water (2-HB-

H2O),  and  K+ ion  hydrated  water  (K+·H2O),  respectively  [40−42].
With  the  application  of  external  potential,  the  relative  intensity  of
the  K+·H2O  peak  gradually  increases,  which  implies  enhanced
electron transfer between water molecules and the electrode surface
at  the  solid–liquid  interface.  This  interfacial  behavior  is  favorable
for  providing  active  protons  to  drive  the  protonation  steps  of
NO3RR.

The  reaction  kinetics  was  probed  by  the in-situ EIS
measurement.  CuSA/NP@C  promotes  electron  and  ion  transfer
during  the  NO3RR  process.  As  is  well-reported,  the  magnitude  of
the  phase  angle  reflects  the  number  of  charges  that  participate  in
the  Faraday  process  [43, 44].  The  smaller  the  phase  angle  is,  the
more  charges  participate  in  the  Faraday  process.  The  Bode  phase
plots  of  the  two  samples  manifest  that,  under  the  same  bias,
CuSA/NP@C  exhibits  a  smaller  phase  angle  than  pure  carbon  felt.
This means that more charges in the CuSA/NP@C surface participate
in  the  Faraday  reaction,  instead  of  being  stored  in  the
electrode/electrolyte  interface,  while  the  opposite  situation  occurs
(Fig.  4(f)).  Both  the in-situ Raman  and in-situ EIS  measurements
and computational results consistently suggest that CuSA/NP@C has
faster NO3RR kinetics.

To  gain  deeper  mechanistic  insights  into  NO3RR  over  the
CuSA/NP@C  catalyst,  DFT  calculations  were  performed  to
systematically investigate the NO3RR activity of individual CuSA and
CuNP [45]. The Gibbs free energy diagrams illustrating the possible
NO3RR  reaction  pathways  on  CuSA and  CuNP are  presented  in
Fig. 4(g), which clearly clarify the distinct reaction mechanisms on
the two active components. Both CuSA and CuNP were confirmed to

 

Figure 2    Structure and mechanistic studies of CuSA and CuNP co-existing in CuSA/NP@C. (a) Structures of Cu single-atom (CuSA) and Cu nanoparticle (CuNP). The charge
density difference plots  of  NO3 being adsorbed onto (b) CuSA and (c)  CuNP catalysts.  The yellow zones indicate charge accumulation and the cyan zones show charge
depletion. Projected density of states (PDOS) for *NO3 intermediate absorbed on CuSA (d) and CuNP (e) surfaces. (f) Gibbs free energy change of activated H supply over
CuSA and CuNP. (g) The optimized geometries of the *H2O and *H on the CuSA and CuNP, respectively.
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→ → →
→ → → → →

follow the *NOH-mediated reaction pathway, with the intermediate
evolution  sequence  as  follows:  *  +  NO3

−  *NO3  *NO2 
*NO  *NOH  *NHOH  *NH2OH  *NH2  *NH3.
Notably,  significant  differences  were  observed  in  the  initial  NO3

−

adsorption  step  between  CuSA and  CuNP.  On  CuNP,  the  NO3
−

adsorption is  a  thermodynamically  favorable  process  with a  Gibbs
free  energy  change  of −1.48  eV;  in  contrast,  this  step  is  non-
spontaneous on CuSA,  exhibiting a  positive endergonic free energy
change of 1.30 eV. For CuSA, this initial * + NO3

− → *NO3 step thus
acts as the potential-determining step (PDS) for the entire NO3RR
process,  as  it  imposes  the  highest  thermodynamic  barrier.  In
comparison,  the  PDS  of  CuNP for  NO3RR  exhibits  a  Gibbs  free
energy  barrier  that  is  0.84  eV  lower  than  that  of  CuSA.  This
substantial  reduction  in  the  PDS  barrier  explains  why  CuNP
contributes  to  accelerated  NO3RR  kinetics,  while  the  synergistic
combination of  CuSA (suppressing HER and enhancing selectivity)
and CuNP (lowering PDS barrier and promoting activity) ultimately
endows  the  CuSA/NP@C  catalyst  with  its  superior  overall  NO3RR
performance.

 2.5    Continuous production of ammonia in MEA reactor
To  investigate  practical  applications  of  CuSA/NP@C  catalyst  for
ammonia  synthesis,  we  constructed  an  electro-refinery  using  an
MEA-based electrolyzer (Fig. 5(a)) [46−49]. As shown in Fig. 5(b),
after  changing  the  cathode  catalyst  from  pure  carbon  felt  to

CuSA/NP@C, the cell voltage decreased by approximately 100 mV
at  the  current  density  of  500  mA·cm−2.  The  current  density  of
CuSA/NP@C  has  significantly  increased  at  different  full  battery
voltages  (Fig.  5(c)).  Furthermore,  the  CuSA/NP@C  catalyst
maintained  excellent  stability  at  industrial-level  200  mA·cm−2 for
over 90 h (Fig. 5(d)). This result indicates the industrial prospects of
the “waste to wealth” transformation route with CuSA/NP@C for the
NO3RR.

 3    Conclusions
In summary, our study addresses the issues of high catalyst cost and
limited  practical  wastewater  application  in  NO3RR  for  ammonia
synthesis  by  proposing  a “treating  waste  with  waste” strategy.  A
CuSA/NP@C  catalyst  was  prepared  via in-situ electrochemical
deposition  directly  from  copper-containing  wastewater.  The  effect
of  different  Cu2+ concentrations  was  investigated,  and  the  catalyst
fabricated  at  500  μM  exhibited  excellent  performance  due  to  the
synergy  between  single  atoms  and  nanoparticles:  a  NH3 Faradaic
efficiency of  ~ 100% and a  NH3 yield  of  10 mg·cm−2 at −0.3  V vs.
RHE.  DFT  calculations  and in-situ characterizations  confirmed
that  the  two  components  respectively  regulate  *H  behavior  and
reduce  reaction  energy  barriers.  A  membrane  electrode  assembly
achieved  stable  NH3 synthesis  at  an  industrial  current  density  of
200  mA·cm−2 for  over  90  h,  providing  a  new  path  for  wastewater
recycling and green ammonia synthesis.

 

Figure 3    Electrocatalytic  performance  of  NO3RR by  CuSA/NP@C.  (a)  LSV curves  of  pure  carbon felt  and in-situ prepared  CuSA/NP@C in  1  M KOH containing  0.1  M
KNO3 with  100  µM  Cu2+.  (b)  NO3RR  current  densities  of  pure  CF  and in-situ prepared  CuSA/NP@C  at  different  overpotentials.  (c)  LSV  curves  of  various  CuSA/NP@C
electrocatalysts in 1 M KOH + 0.1 M KNO3 containing different levels of Cu2+ (0.1, 0.5, and 1 mM). (d) Electrochemical impedance spectroscopy of different CuSA/NP@C
and pure CF.  (e)  and (f)  NH3 Faradaic efficiency (e)  and NH3 yields (f)  for  CuSA/NP@C and pure CF at  the given potentials.  (g)  Long-term stability  test  of  CuSA/NP@C
electrocatalyst (synthesized with 1 mM Cu2+) at 50 mA·cm−2 at approximately 0 V (vs. RHE).
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 4    Methods

 4.1    CuSA/NP@C synthesis
Copper  nitrate  (0.01,  0.05,  and  0.1  mmol)  was  dissolved  in
deionized water (100 mL) containing KOH (100 mmol) and KNO3
(10  mmol)  at  room  temperature.  The  catalyst  was  prepared  by
electrochemical in-situ deposition,  which  involved  conducting  CV
measurements  on carbon felt  (geometric  area:  1  cm × 1  cm).  The
electrolyte  used  was  1  M  KOH  supplemented  with  0.1  M  KNO3
and Cu2+ ions (at the concentrations of 100, 500, and 1000 μM), and
the CV cycling was carried out over a range from the 1st to the 300th

cycles.  During  the  electrochemical in-situ deposition,  the  CV scan
rate was set to 100 mV·s−1, and the potential window was controlled
at −0.4 to 0.3 V vs. RHE.

 4.2    Electrochemical measurements
Electrochemical measurements were performed in a standard three-
electrode  system  (Jiangsu  BOKE  New  Materials  Technology  Co.,
LTD.) using a CHI 760E electrochemical workstation. A Hg/HgCl2
electrode  and  a  graphite  rod  were  used  as  the  reference  electrode

and counter electrode, respectively. Fumasep FAB-PK-130 was used
as  an  anion  exchange  membrane  (AEM),  provided  by  Jiangsu
BOKE Co., LTD. All the potentials vs. Hg/HgCl2 were converted to
the values versus RHE according to the equation (E vs. RHE = E vs.
Hg/HgCl2 + 0.0592 × pH + 0.244 V). LSV polarization curves were
recorded at  a  scan rate  of  5  mV·s−1 and 500 rpm. For the catalytic
potential,  the iR correction  was  not  used.  Before  the  LSV test,  ten
cycles  of  cyclic  voltammetry  measurements  were  conducted
(100  mV·s−1)  to  clean  the  catalyst  surface.  Unless  otherwise  stated,
all linear voltammetry curves were recorded after three prescans to
achieve stabilization.

 4.3    MEA tests in a paired electro-refinery
For  testing  in  a  flow  electrolyzer  (Model:  BKT2-SN-22-8X,
manufactured  by  Jiangsu  BOKE  Co.,  Ltd.,  China),  an  MEA  was
prepared  by  sandwiching  the  CuSA/NP@C  cathode  and  Ni  mesh
anode between a  commercial  membrane (Fumasep FAB-PK-130).
The  test  was  conducted  at  a  room temperature  of  25  ±  2  °C.  The
MEA was then placed within a custom-designed electrolyzer where
1  M  KOH  with  0.1  M  KNO3 solution  as  the  catholyte  and  1  M
KOH  as  the  anolyte  were  circulated  through  cathode  and  anode,
respectively, at a flow rate of 60 mL·min−1.

 

Figure 4    NO3RR mechanism studies by in-situ characterization and theoretical calculations. (a) In-situ FT-IR spectra of CuSA/NP@C under different potentials (open
circuit  potential  (OCP)  = −0.7  V vs.  RHE)  of  NO3RR.  (b)  and  (c)  Three-dimensional  (3D)  map of  the in-situ FT-IR spectra  of  CuSA/NP@C under  different  potentials
(OCP = −0.7 V vs. RHE) of NO3RR. (d) and (e) In-situ Raman spectra of CuSA/NP@C during NO3RR at different potentials. (f) Bode phase plots of CuSA/NP@C and pure
carbon felt for NO3RR at different potentials. (g) Free-energy profiles for the most thermodynamically favorable pathway of NO3RR on CuSA and CuNP.
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 4.4    In-situ Raman analyses
In-situ Raman  spectra  were  recorded  on  a  micro-Raman
spectrometer (Renishaw) under an excitation of 532 nm laser light
at  controlled  potentials  by  the  CHI  630E  electrochemical
workstation.  The  electrochemical operando Raman  cell  was
provided  by  Beijing  Scistar  Technology  Co.,  Ltd.  In  addition,
CuSA/NP@C  deposited  on  glassy  carbon  was  used  as  a  working
electrode.  A Pt  wire  as  the  counter  electrode was  rolled to  a  circle
around the cell.  The Ag/AgCl electrode (sat.  KCl)  was used as  the
reference electrode. The in-situ Raman spectra were collected under
chronoamperometry (I–t) at different potentials in 1 M KOH with
0.1 M KNO3 solution.

 4.5    In-situ FT-IR analyses
The in-situ infrared  spectroscopy  measurements  were  carried  out
on  a  Nicolet  6700  FT-IR  spectrometer  (Thermo  Scientific,  USA)
equipped  with  a  liquid-nitrogen  cooled  MCT-A  detector.  For
continuous  collection  of in-situ FT-IR  spectra  during  NO3RR,  the
CuSA/NP@C  catalyst  served  as  the  working  electrode.  A  saturated
Hg/HgO  electrode  and  a  Pt  wire  were  used  as  the  reference  and
counter  electrodes,  respectively.  The  electrochemical  cell  was  filled
with  the  specific  reaction  solution.  Each  spectrum  was  scanned
32 times with a spectral resolution of 4 cm−1 and a time interval of
0.2 min during the electrochemical reduction process.

 4.6    Detection of NH4+

The quantification of NH4
+ was conducted with Nessler’s reagent as

the  coloring  agent  [50].  1  mL of  electrolyte  after  NO3RR was  first
taken  out  from  the  cathodic  compartment  and  diluted  to  5  mL.
Then  potassium  sodium  tartrate  solution  (500  g·L−1,  0.1  mL)  was
added and thoroughly  mixed.  In  the  last  step,  0.1  mL of  Nessler’s
reagent  was  added to  the  above  mixture.  After  being  left  standing
for 20 min, the absorbance at 420 nm was measured by ultraviolet
(UV)-spectroscopy  (PG2000-Pro  back-thinned  spectrometer,
ideaoptics,  China).  The  obtained  value  was  then  fitted  to  the
calibration curve to acquire the corresponding NH4

+ concentration.

 4.7    Calculation of NH3 Faradaic efficiency
The NH3 Faradaic efficiency was calculated according to

FENH3 =
QNH3

Q
=

nNH3VNH3F
Q

(1)

QNH3

CNH3

where Q represents the applied overall Coulomb quantity (C), 
is the Coulomb quantity required to produce NH3, n is the electron-
transfer  number  (for  1  mol  NH3,  it  is  8), V is  the  volume  of  the
catholyte  of  the  cathode  chamber  (30  mL),  is  the
concentration  of  NH3 produced,  and F is  the  Faraday  constant
(96,485 C·mol−1).

 4.8    Computational and simulation details
DFT  calculations  were  performed  using  the  Vienna ab  initio
simulation  package  (VASP)  [51],  employing  the  generalized
gradient  approximation  (GGA)  [52]  with  the  Perdew–Burke–
Ernzerhof  (PBE)  exchange-correlation  functional  [53].  A  plane-
wave energy cutoff of 450 eV and a 3 × 3 × 1 Monkhorst–Pack grid
for k-point  sampling  were  set  to  ensure  numerical  precision.
Convergence  criteria  were  established  at  10−5 eV  for  energy  and
0.05 eV·Å−1 for forces. Grimme’s DFT-D3 dispersion correction was
incorporated to account for long-range van der Waals interactions
[54]. A vacuum layer of 15 Å thickness was added in the z direction
to avoid spurious interactions between periodic images.  The CDD
was plotted using the VESTA program [55]. The Gibbs free energy
changes  (∆G)  for  each  elementary  steps  were  based  on  the
computational hydrogen electrode (CHE) model [56], which could
be calculated by the following equation

∆G= ∆E+∆ZPE−T∆S (2)

where ∆E is  obtained directly from DFT calculations,  ∆ZPE is  the
change  of  zero-point  energies  (ZPE), T is  the  temperature  of
298.15 K, and ∆S is the entropy change.

 

Figure 5    MEA-based electrolyzer performance. (a) Schematic illustration of MEA electrolyzer. (b) V–I curves of MEA electrolyzer assembled with CuSA/NP@C or pure
carbon  felt  as  the  cathode.  (c)  Current  densities  of  CuSA/NP@C  and  pure  carbon  felt  at  1.5–2  V  for  NO3RR||OER.  (d)  Continuous  tests  of  the  CuSA/NP@C  catalyst  at
industrial 200 mA·cm−2 for over 90 h using a MEA-based electrolyzer for ammonia production.
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 Electronic  Supplementary  Material: Supplementary  material
(information  of  the  experimental  characterization,  SEM  images,
TEM  images,  UV–Vis  absorption  spectra,  and  FEd  of  different
samples,  CV  curves,  and I–t curves)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908370.
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