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ABSTRACT: Electrocatalytic nitrate reduction reaction (NitRR)
is  an  efficient  route  for  simultaneous  wastewater  treatment
and  ammonia  production,  but  the  conversion  of  NO3

–  to  NH3
involves  multiple  electron  and  proton  transfer  processes  and
diverse by-products. Therefore, developing ammonia catalysts
with superior catalytic activity and selectivity is an urgent task.
The  distinctive  electronic  structure  of  Cu  enhances  the
adsorption  of  nitrogen-containing  intermediates,  but  the
insufficient  activation  capability  of  Cu  for  interfacial  water
restricts  the  generation  of  reactive  hydrogen  and  inhibits  the
hydrogenation process. In this work, a Ce-doped CuO catalyst
(Ce10/CuO) was synthesized by in situ oxidative etching and annealing. The redox of Ce3+/Ce4+ enables the optimization of
the electronic structure of the catalyst, and the presence of Ce3+ as a defect indicator introduces more oxygen vacancies.
The results  demonstrate  that  Ce10/CuO provides an impressive ammonia  yield  of  3.88 ±  0.14 mmol·cm–2·h–1 at  0.4  V vs.
reversible  hydrogen  electrode  (RHE)  with  an  increase  of  1.04  mmol·cm–2·h–1  compared  to  that  of  pure  CuO,  and  the
Faradaic efficiencies (FE) reaches 93.2% ± 3.4%. In situ characterization confirms the doping of Ce facilitates the activation
and dissociation of  interfacial  water,  which promotes the production of  active hydrogen and thus enhances the ammonia
production efficiency.
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1    Introduction
Ammonia  (NH3)  is  a  critical  raw  material  for  industrial  and
agricultural  production  which  urgently  requires  a  scalable  and
sustainable  ammonia  production  process  [1−11].  However,  the
Haber–Bosch  method  with  high  energy  consumption  and  harsh
process  conditions  still  dominates  the  current  industrial-scale

production,  and  the  massive  carbon  dioxide  emission  during
production  exacerbates  the  environmental  problems  [12−17].
Electrochemical  production  has  attracted  extensive  research  based
on the  low cost,  energy  conservation,  and high efficiency  [18−27].
The electrocatalytic nitrogen reduction reaction (NRR) is hindered
by the stable N≡N bond and the low solubility of nitrogen in water,
which  accompanies  severe  competition  for  hydrogen  evolution
reaction (HER) during the reduction process [28−31].

Nitrate  as  a  substitution  for  nitrogen  presents  the  following
advantages: (1) The bond energy of the N=O bond (204 kJ·mol–1) is
considerably  lower  than  that  of  the  N≡N  bond  (941  kJ·mol–1),
which  greatly  decreases  the  reaction  energy  barrier  [32−34].  (2)
Nitrate  (880  g·L–1)  is  more  soluble  than  nitrogen  (0.02  g·L–1)  in
water,  avoiding  complex  gas–liquid–solid  interface  interactions
[35−38]. (3) The overuse and emission of nitrate in agriculture and
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industry pose a serious threat to the ecosystem, and the synthesis of
ammonia  from  nitrate  contributes  to  the  elimination  of  nitrate
pollution  [39−42].  However,  electrocatalytic  nitrate  reduction
reaction (NitRR) to ammonia (NO3

– + 6H2O + 8e– → NH3 + 9OH–)
is a kinetically sluggish eight-electron transfer process and involves
multiple  reaction  intermediates  (NO2

–,  NO,  NH2OH,  NH2,  etc.),
which is a tremendous challenge for the design of catalysts [43, 44].

Noble  metals  including  Pd,  Rh,  and  Ru  have  already  been
applied  for  NitRR,  however,  the  scarcity  and  high  price  of  these
metals  dramatically  limit  their  large-scale  industrial  production
[45−51]. The Cu-based material represents one of the most effective
and  economical  metal  catalysts  for  the  conversion  of  nitrate  to
ammonia  with  high  conversion  efficiency  under  ambient
conditions  [52−56].  Cu  tends  to  transfer  electrons  to  the  lowest
unoccupied molecular orbital (π* orbital) of the nitrate [57, 58]. The
unique  electronic  structure  of  Cu  can  enhance  the  adsorption  of
nitrogen-containing  intermediates  during  the  reduction  of  nitrate
to ammonia, which results in a continuum in the whole process of
reduction  [59].  However,  Cu  is  not  sufficiently  activated  for
interfacial  water,  which restricts  the  generation of  active  hydrogen
and  thus  inhibits  the  hydrogenation  process  [28, 60].  The
effectiveness  of  metal  doping  in  nitrate  reduction  has  previously
been  proven.  It  has  been  reported  that  the  introduction  of  metals
such  as  Ru,  Pd,  Rh,  Fe,  Co,  and  Ni  is  effective  in  promoting  the
catalytic  performance  of  Cu  through  electronic  and  strain  effects
[61−66]. However, the construction of bimetallic catalysts with rare
earth  elements  and  Cu  for  electrocatalytic  nitrate  reduction  is  still
relatively uncommon. Cerium (Ce) is the most abundant and least
expensive  of  the  rare  earth  elements.  It  possesses  an  incompletely
filled 4f  orbital  and a  relatively  low electronegativity.  The redox of
Ce3+/Ce4+ can  be  performed  by  trapping  and  activating  oxygen
molecules  and  generating  numerous  oxygen  vacancies,  which
modulates  the  electronic  structure  of  Cu-based  catalysts  as  well  as
the adsorption capacity of intermediates.

In this work, Ce-doped CuO (Ce10/CuO) was prepared by in situ
oxidative etching and annealing and applied for the electrocatalytic
nitrate  reduction  to  ammonia.  The  doping  of  Ce  enables  the
emergence of  more oxygen vacancies  and optimizes  the  electronic
structure of the catalyst, which facilitates the adsorption of NO2

–. In
addition,  the introduction of  Ce can strengthen the activation and
dissociation of interfacial water and generate more active hydrogen,
which  contributes  to  the  hydrogenation  of  nitrogen-containing
intermediates  during  the  nitrate  reduction  process.  The  ammonia
yield  of  Ce10/CuO  attains  3.88  ±  0.14  mmol·cm–2·h–1 at –0.4  V  vs.
reversible  hydrogen  electrode  (RHE)  with  an  increase  of
1.04 mmol·cm–2·h–1 compared to that of CuO, and the FE of NH3 is
up  to  93.2%  ±  3.4%.  Furthermore,  the  Zn-NO3

– battery  was
successfully assembled with a peak power density of 14.5 mW·cm–2

at  38  mA·cm–2 and  a  FE  of  98.4%  for  NH3 at  40  mA·cm–2,  which
exceeds most of the reported catalysts. 

2    Experimental
 

2.1    Reagents and chemicals
All materials such as cerium nitrate hexahydrate (Ce(NO3)3·6H2O),
sodium  hydroxide  (NaOH),  ammonium  persulfate  ((NH4)2S2O8),
hydrochloric  acid  (HCl),  potassium  hydroxide  (KOH),  potassium
nitrate (KNO₃), ethanol (C2H6O) were analytical grade reagents and
purchased  from  Sigma  Aldrich  and  Sinopharm.  All  reagents  and
chemicals were used as received without further purification. 

2.2    Synthesis of CuO
Typically,  CuO  nanowires  were  synthesized  by  calcinating
treatment  of  the in  situ-grown  Cu(OH)2 nanowires  on  copper
foam.  First,  the  copper  foam  was  ultrasonically  cleaned  in  3  M
hydrochloric  acid,  ethanol,  and  deionized  water  for  10  min.
2.5 mmol (NH4)2S2O8 was added to 20 mL 2.5 mM NaOH solution
to  form  a  homogeneous  mixed  solution.  After  that,  the  cleaned
copper  foam  was  immersed  into  the  mixed  solution  and  kept  for
20 min. The samples were rinsed with deionized water and ethanol
three  times,  then  dried  under  vacuum  for  6  h.  The  as-made  blue
Cu(OH)2 nanowires  were  placed  in  a  muffle  furnace  and  then
calcined  at  200  °C  for  1  h  to  obtain  dark  brown  CuO  nanowires
grown on copper foam. 

2.3    Synthesis of Ce/CuO
The  prepared  self-supported  Cu(OH)2 nanowires  were
impregnated  into  0.25,  0.5,  1,  2.5,  5,  10,  20,  40,  60,  and  80  mM
aqueous solution of Ce(NO3)3·6H2O for 1 h, and then calcinated at
200  °C  for  1  h,  respectively.  The  obtained  Ce0.25/CuO,  Ce0.5/CuO,
Ce1/CuO,  Ce2.5/CuO,  Ce5/CuO,  Ce10/CuO,  Ce20/CuO,  Ce40/CuO,
and  Ce60/CuO  could  be  used  for  subsequent  characterization  and
testing. 

3    Results and discussion
A schematic of  the process for synthesizing Ce10/CuO is  shown in
Fig.  1(a).  Cu(OH)2 nanowires  were  initially in  situ grown  on  a
smooth  copper  foam  surface  by  oxidative  etching.  The  resulting
Cu(OH)2 was  subsequently  impregnated  in  Ce(NO3)3·6H2O
solution and then calcined to obtain Ce/CuO. Cu2+ and OH– on the
catalyst  surface  diffused  outward  under  a  concentration  gradient
and  were  trapped  in  the  interstitial  spaces  of  the  nanowires.
Simultaneously,  Ce3+ also  diffused  into  the  interstitial  space  and
surface  of  the  nanowires  due  to  the  concentration  difference.  The
Cu2+ and  OH– retained  in  the  interstitial  space  of  the  nanowires
gradually formed Cu(OH)2 nanosheets in the subsequent annealing
process. The Ce3+ was successfully doped to the Cu(OH)2 nanowires
and  Cu(OH)2 nanosheets  throughout  the  process  due  to  its
diffusion. The scanning electron microscopy (SEM) images of CuO
and Ce10/CuO show vertically and homogeneously grown nanowire
arrays on the smooth Cu foam surface (Fig. 1(b) and Fig. S1 in the
Electronic  Supplementary  Material  (ESM)).  In  contrast,  Ce10/CuO
exhibits  a  massive  distribution  of  spherical  structures  made  of
stacked  nanosheets  in  the  nanowire  arrays  (Figs.  1(c) and 1(d)).
Energy  dispersive  X-ray  (EDX)  spectrum  and  elemental  mapping
analysis  reveal  that  Ce,  Cu,  and  O  are  the  basic  elements  in
Ce10/CuO and confirm the uniform distribution of Ce,  Cu, and O
on Ce10/CuO (Fig. 1(e) and Figs. S2 and S3 in the ESM).

111̄

1̄11

Furthermore,  the  specific  components  and  structure  of  the
catalysts  can  be  analyzed  by  high-resolution  transmission  electron
microscopy  (HRTEM)  images,  X-ray  diffraction  (XRD)  spectra,
and  X-ray  photoelectron  spectroscopy  (XPS).  The  HRTEM image
of  Ce10/CuO  reveals  the  characteristic  crystalline  spacing  of  0.250
nm  attributed  to  the  ( )  crystalline  facets  of  CuO  (Fig.  2(a) and
Fig.  S4  in  the  ESM).  The  XRD  spectrum  exhibits  the  prominent
three diffraction peaks of Ce10/CuO observed at 43.61°, 50.67°, and
74.29°  which  are  attributed  to  the  copper  foam  (Fig.  2(b)).  The
characteristic  diffraction  peaks  at  35.60°  and  38.83°  corresponding
to the CuO ( ) and (111) crystal  planes are reflected.  Diffraction
peaks are observed only for CuO and Cu in Ce10/CuO, suggesting
that Ce ions probably replaced Cu ions relative to CuO precursors.
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However,  the low doping level  during the synthesis  resulted in no
apparent shift of the peaks.

Fine  structural  characterization  was  carried  out  using  XPS  to
probe the electronic interactions between Ce and Cu atoms on the
surface  of  the  fabricated  Ce10/CuO  in  greater  depth.  The  full
spectrum supports the presence of Cu and O elements in CuO and
the  additional  presence  of  Ce  in  Ce10/CuO  (Fig.  2(c)).  The  high-
resolution Cu 2p spectrum of CuO is deconvoluted into four peaks,
i.e.,  Cu 2p3/2 (Cu2+:  934.74 eV, Cu+:  933.39 eV) and Cu 2p1/2 (Cu2+:
954.33  eV,  Cu+:  953.11  eV)  (Fig.  2(e) and  Fig.  S5  in  the  ESM).
Whereas  the  Cu2+ 2p3/2,  Cu+ 2p3/2,  Cu2+ 2p1/2,  and  Cu+ 2p1/2
characteristic  peaks  of  Ce10/CuO  are  located  at  934.60,  933.36,
954.33,  and  952.87  eV,  respectively.  The  miscellaneous  peaks  are
assigned  to  the  reorganized  satellites.  The  Cu  2p-related
characteristic  peaks  are  shifted  to  lower  binding  energies  after  Ce
doping.  This  finding  demonstrates  that  Cu  may  serve  as  the
electron  acceptor  and  the  accumulated  charges  lead  to  a  possible
increase  in  the  charge  density  of  Cu.  Additionally,  the  high-
resolution  Ce  3d  XPS  spectrum  of  Ce10/CuO  is  presented  in Fig.
2(d). The characteristic peaks of the Ce oxidation state can be fitted

to  eight  peaks  [67],  and  u  (900.88  eV),  u''  (906.25  eV),  u'''
(916.24 eV), v (882.15 eV), v''  (887.09 eV), and v'''  (898.63 eV) can
be  attributed  to  the  spin-orbit  double  states  of  Ce4+ 3d5/2 and  Ce4+

3d3/2.  The  two  peaks  of  Ce3+ species  are  denoted  as  u'  (903.93  eV)
and v' (885.45 eV), respectively. Accordingly, a mixture of Ce3+ and
Ce4+ was  introduced  on  the  Ce10/CuO  surface.  Moreover,  the
proportion  of  surface  Ce3+ expressed  as  Ce3+/(Ce3++Ce4+)  is  about
40%.  The  presence  of  Ce3+ serving  as  a  defect  indicator  promotes
the generation of oxygen vacancies, remarkably. The O 1s spectrum
of Ce10/CuO in Fig. 2(f) is deconvoluted into lattice oxygen (OL) at
529.56 eV, oxygen species adsorbed in the oxygen vacancies (OV) at
531.25  eV,  and  oxygen  species  in  the  adsorbed  water  (OA)  at
532.73 eV. The OL, OV, and OA peaks of CuO are located at 529.56,
531.19, and 532.66 eV, respectively. Besides, the content of OV has
increased  from  47.8%  to  55.6%  after  the  introduction  of  Ce.  The
higher content of OV may produce more active sites.

The  electrochemical  properties  of  the  synthesized  samples  were
assessed  using  a  three-electrode  H-type  electrolytic  cell  containing
0.1  M KNO3 and 1  M KOH.  To evaluate  the  current  density  and
reaction  onset  potential,  linear  scanning  voltammetry  (LSV)  was

 

Figure 1    Synthesis and structural characterization of materials. (a) Schematic illustration for the synthesis of Ce10/CuO. (b) SEM image of CuO. (c) Low-magnification
and (d) high-magnification SEM images of Ce10/CuO. (e) EDS mapping images of Cu, O, and Ce of Ce10/CuO.
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conducted.  As  illustrated  in Fig.  3(a),  the  Ce10/CuO  has  exhibited
notably  higher  current  density  than  CuO  at  the  same  potential.
Specifically,  the  current  density  significantly  increased  by
0.23 A·cm–2 at –0.3 V vs. RHE. The enhancement indicates that the
incorporation  of  Ce  into  the  CuO  matrix  significantly  improves
ammonia precipitation efficiency. Moreover, the LSV curve of CuO
at –0.2  V  vs.  RHE  exhibits  a  clear  inflection  point,  indicating
intense competition for HER as the potential falls below –0.2 V vs.
RHE.  Conversely,  the  LSV  curve  of  Ce10/CuO  shows  no
comparable  inflection  point,  demonstrating  that  the  doping  of  Ce
promotes the reaction selectivity and charge utilization. The current
density  at –0.3  V  vs.  RHE  is  below  100  mA·cm–2 without  the
addition of KNO3 to the electrolyte, while the current density at this
potential  achieves  about  1  A·cm–2 after  adding  0.1  M  KNO3,
demonstrating  the  weak  competition  for  HER  (Fig.  3(b)).  The

optimal electrochemical performance of Ce10/CuO is determined by
analyzing  the  LSV  curves  of  Cex/CuO  across  various  levels  of  Ce
doping  (Fig.  S6  in  the  ESM).  Electrochemical  impedance
spectroscopy  (EIS)  investigates  the  interfacial  electron  transfer
kinetics  through  the  measurement  of  the  resistance  of  the
electrodes.  The  results  in Fig.  3(c) suggest  that  Ce10/CuO  exhibits
less  resistance  than  CuO  in  the  nitrate  reduction  reaction,  with
superior electron transfer capability and electrical conductivity.

Moreover,  the  activity,  selectivity,  and  economics  of  the
proposed  catalysts  can  be  further  reflected  through  quantitative
analysis  of  the  products.  Amperometric  tests  for  nitrate  reduction
were  first  performed at  six  different  potentials  (0, –0.1, –0.2, –0.3,
–0.4, –0.5  V  vs.  RHE)  (Figs.  S7  and  S8  in  the  ESM).  The
disappearance  of  the  peaks  corresponding  to  CuO  in  the
XRD pattern after  the reaction proves that  Cu2+ is  reduced to Cu0,

 

Figure 2    (a) High-resolution TEM image and (b) XRD pattern of Ce10/CuO. (c) Survey XPS spectra of CuO and Ce10/CuO. High-resolution XPS spectra of (d) Ce 3d,
(e) Cu 2p, and (f) O 1s for as-obtained samples.
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and  Cu0 species  can  act  as  adsorbents  and  activators  of  nitrate
(Fig.  S9  in  the  ESM)  [68]. Figures  3(d) and 3(e) display  the  NH3
yields  and  Faraday  efficiencies  (FE)  of  Ce10/CuO  and  CuO,
respectively.  The catalyst  Ce10/CuO achieves the ammonia yield of
3.88  ±  0.14  mmol·cm–2·h–1 at –0.4  V  vs.  RHE,  representing  an
improvement of 1.04 mmol·cm–2·h–1 compared to that of pure CuO
(2.84 ± 0.13 mmol·cm–2·h–1). The FE of Ce10/CuO (93.2% ± 3.4%) is
about 13% higher than that of CuO (80.1% ± 3.7%). In addition, the
FE of CuO at –0.3 V vs. RHE is 74.2% ± 4.5%, which is increased to
85.5%  ±  4.1%  after  Ce  doping  (Figs.  S10–S12  in  the  ESM).  The
yield  is  also  raised  from 2.01  ±  0.12  to  2.71  ±  0.13  mmol·cm–2·h–1.
The yield and FE results  demonstrate the remarkable contribution
of  the  introduction  of  Ce  in  the  nitrate  reduction  reaction.  The
parallel  incorporation  of  oxygen  vacancies  with  Ce  doping
effectively  optimized  the  electronic  structure  and  facilitated  the
cathodic  charge  transfer,  thus  promoting  the  adsorption of  nitrate
and  hydrogenation  to  ammonia.  NO2

– is  a  critical  intermediate
product in the nitrate reduction reaction process. The accumulation
of NO2

– in the electrolyte will lead to highly toxic NO2
– covering the

surface  of  the  catalyst,  thus  decreasing  the  efficiency  of  ammonia
synthesis. Therefore, the content of NO2

– in the electrolyte was also
examined.  It  shows  that  the  yield  of  NO2

– is  lower  than
14 μmol·cm–2·h–1 and the FE is lower than 0.1%, which indicates that

little  amount  of  NO2
– is  retained  in  the  electrolyte  (Figs.  S13  and

S14 in the ESM).
The  stability  of  the  catalysts  and  the  reproducibility  of  the

ammonia  yields  are  particularly  relevant  for  evaluating  their
application  in  practical  production.  Therefore,  several  nitrate
reduction  tests  were  carried  out  on  Ce10/CuO  for  seven  cycles  at
–0.3  V  vs.  RHE.  The  catalyst  exhibits  excellent  stability,  as  the
ammonia  yield  is  maintained  above  2.5  mmol·cm–2·h–1 in  seven
consecutive  cycles  and  all  FEs  are  above  90%,  which  implies  that
Ce10/CuO has favorable performance stability throughout the cyclic
tests (Figs. 3(f) and 3(g)).

To  confirm  that  the  reduction  reaction  proceeds  via  nitrate  in
solution  rather  than foreign  nitrogen sources, 15N isotope  labelling
experiments  were  performed.  Specifically,  isotope  labelling
experiments  were  conducted  in  a  gas-tight  H-cell  under  ambient
conditions,  where  the  nitrogen  from  the  nitrate  ions  in  the
electrolyte  (KNO3)  was  substituted  with  the 15N  isotope.  The
reduction  products  were  inspected  using  1H  nuclear  magnetic
resonance  (NMR)  spectroscopy  (Fig.  3(h)).  The  ammonium  ion
(14NH4

+) in the reaction product shows three peaks at 7.58, 7.17, and
7.31  ppm  when 14NO3

– is  used  as  the  nitrogen  source.  Whereas,
double peaks attributed to 15NH4

+ are observed at 7.10 and 7.23 ppm
after  switching  the  nitrogen  source  from 14NO3

– to 15NO3
–.  It

 

Figure 3    (a) LSV curves of Ce10/CuO (orange) and CuO (blue) in 1 M KOH with 0.1 M KNO3.  (b) LSV curves of Ce10/CuO in 1 M KOH with and without 0.1 M
KNO3.  (c)  The  Nyquist  plots  over  Ce10/CuO and CuO electrocatalysts  in  1  M KOH with  0.1  M KNO3 solution.  NH3 yield  and  FE of  (d)  Ce10/CuO and (e)  CuO at
different  potentials.  The  stability  of  Ce10/CuO  electrocatalyst:  (f)  NH3 yield  and  FE  recorded  in  1  M  KOH  with  0.1  M  KNO3 solution  under  seven  cycles;  (g)  the
amperometric tests  of  nitrate reduction at  a  constant potential  of –0.3 V vs.  RHE. (h) 1H NMR spectra of  the electrolytes produced from the NitRR using 15NO3

– and
14NO3

–.
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indicates  that  NH3 is  generated  from  the  reduction  reaction  of
nitrate in the electrolyte rather than the foreign nitrogen source.

In situ infrared spectroscopy enables the analysis of water peaks
to  verify  the  evolution  of  active  hydrogen  in  converting  nitrate  to
ammonia.  The  peaks  located  within  3110  to  3690  cm–1 are
attributed  to  the  O–H  stretching  vibrational  modes  of  the  H2O
molecule.  The  O–H  stretching  vibrational  modes  are  shown  by
Gaussian  fitting  of  the  spectral  peaks  to  consist  of  three  parts,
revealing the presence of three types of water peaks (dangling O–H,
tri-H2O, and tetra-H2O). By examining the occupancy of the three
types  of  water  peaks,  the  surface  condition  of  the  catalyst  is  more
effectively  described.  Peaks  of  orange,  blue,  and  yellow  for
Ce10/CuO  and  CuO  catalysts  are  ascribed  to  dangling  O–H,  tri-
H2O,  and  tetra-H2O,  respectively  (Figs.  4(a) and 4(b)).  The
occupancies and positions of the three water peaks vary accordingly

as the applied voltage is changed. Figure 4(c) displays the peak area
ratios  of  dangling  O–H  (free  H2O)  at  different  potentials  for
Ce10/CuO and CuO catalysts. Specifically, the ratios of free water for
Ce10/CuO are greater at  arbitrary potentials compared to those for
CuO.  The  high-frequency  free  H2O  adsorbs  more  easily  on  the
catalyst  surface and decomposes to generate active hydrogen since
the  dangling  O–H  bond  exhibits  a  weak  hydrogen-bonding
structure. Therefore, Ce doping facilitates the activation of H2O on
the  catalyst  surface  and  contributes  to  the  generation  of  active
hydrogen, which consequently boosts the hydrogenation of nitrate
to  generate  ammonia.  The  vibration  frequency  of  the  adsorbate
behaves as a function of the applied electrode potential according to
the  Stark  effect. Figure  4(d) illustrates  the  magnitude  of  the  wave
number  variations  with  applied  electrode  potential  for  the  three
water  peaks  of  Ce10/CuO.  With  the  decrease  in  potential,  the

 

Figure 4    The portion of the in situ ATR-SEIRAS of (a) Ce10/CuO and (b) CuO located at 3110–3690 cm–1. (c) The proportion of dangling O–H of Ce10/CuO and CuO
catalysts at different potentials. (d) The wavenumber shift of tetra-H2O, tri-H2O, and dangling O–H of Ce10/CuO with potential changes.
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dangling  O–H  of  Ce10/CuO  exhibits  a  steeper  Stark  slope
(–49.7  cm–1·V–1)  compared with  that  of  tetra-H2O (–29.4  cm–1·V–1)
and  tri-H2O  (–32.7  cm–1·V–1).  This  suggests  that  free  H2O  is
considerably  more sensitive  to  changes  in the applied electric  field
and  that  free  H2O  of  Ce10/CuO  dissociates  more  readily  to  form
active hydrogen.

To  achieve  insight  into  the  reaction  process  and  mechanism  of
electrocatalytic  nitrate  reduction  to  ammonia,  the  intermediates
were  investigated  using  the  attenuated  total  reflection  surface-
enhanced  infrared  absorption  spectroscopy  (ATR-SEIRAS)
technique. Figures 5(a) and 5(b) illustrate the in situ infrared spectra
of Ce10/CuO and CuO with electrolyte at applied potentials ranging
between 0 and –0.8 V vs.  RHE. The upward band near 1650 cm–1

corresponding  to  the  dissociation  of  water  generates  reactive
hydrogen that participates in the hydrogenation reaction of *NOx in

solution  [68].  The  peak  intensities  in  the  spectra  of  Ce10/CuO  are
significantly  stronger  than  those  of  CuO  at  different  applied
potentials,  which  further  demonstrates  that  the  doping  of  Ce
enhances  the  dissociation  of  water.  The  vibrational  band  at  1580
cm–1 attributed  to  *NO  shows  gradual  generation  of  *NO
intermediates  ranging from –0.1 to –0.4 V vs.  RHE [69],  followed
by  gradual  consumption  for  the  next  steps  of  the  reaction  as  the
potential  decreases.  The  upward  band  at  1450  cm–1 is  assigned  to
the generation of NH4+ and the peaks are stronger during catalysis
by Ce10/CuO than CuO, which suggests Ce10/CuO may facilitate the
conversion of nitrate to ammonia. The decrease in the intensity of
the  downward  band  at  1340  cm–1 proves  the  exhaustion  of  NO3

–

[70, 71].  The  gradual  enhancement  of  the  upward  band  at  1120
cm–1 demonstrates  the  formation  of  NH2OH.  Based  on  the  above
results, the following pathway for the nitrate reduction reaction can

 

Figure 5    In  situ infrared  spectra  of  (a)  Ce10/CuO and (b)  CuO at  different  potentials,  respectively.  (c)  Mechanism diagram of  Ce10/CuO electrocatalytic  reduction  of
nitrate to ammonia.
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be inferred:  *NO3 → *NO2 → *NO → *NH2OH → *NH → *NH2 →
NH3 (Fig. 5(c)) [52, 72, 73].

According  to  the  superior  nitrate  reduction  properties  of
Ce10/CuO,  ammonia  generation  during  charging  was  achieved  by
assembling  a  Zn-NO3

– battery  (Fig.  6(a)).  Ce10/CuO  and  Zn  foils
were  applied  as  the  cathode  and  anode  electrodes  separately.  The
anodic  electrolyte  was  6  M KOH and the  cathodic  electrolyte  was
1  M  KOH  containing  0.1  M  KNO3.  As  a  result,  two  batteries
connected  in  series  can  light  up  a  red  light-emitting  diode
confirming  its  practical  use  in  energy  storage  and  conversion
applications  (Fig.  6(b)).  The  open  circuit  potential  of  Ce10/CuO
versus  Zn2+/Zn  is  about  1.236  V  (Fig.  6(c)).  To  evaluate  the
performance of the Zn-NO3

– battery, the power density was tested.
The discharging curve of the Zn-NO3

– battery is shown in Fig. 6(d),
which attains a peak power density of 14.5 mW·cm–2 at 38 mA·cm–2.
The small peak in the power density curve could be assigned to the
transient  acceleration or  change in the reaction rate,  resulting in  a
significant  increase  in  power  output.  Furthermore,  the  output

current  densities  increase  as  the  potential  becomes  more  negative,
achieving  up  to  10,  20,  30,  and  40  mA·cm–2 at  potentials  of  0.79,
0.51,  0.36,  and  0.21  V  vs.  Zn2+/Zn,  respectively  (Fig.  6(e)).
Additionally,  the  electrolytes  were  removed  to  detect  the  products
after the discharge tests at different potentials. Figure 6(f) indicates
that  the  NH3 yield  and  FE  of  the  Zn-NO3

– battery  gradually  rise
with  the  increase  of  the  current  density.  Specifically,  the  yield
reaches 0.18 mmol·cm–2·h–1 with FE of 98.4% at 40 mA·cm–2. 

4    Conclusions
In  summary,  Ce10/CuO  prepared  by in  situ oxidative  etching  and
annealing  can  effectively  reduce  nitrate  to  ammonia.  The
experimental  results  demonstrate  that  Ce10/CuO  achieves  an
ammonia  yield  of  3.88  ±  0.14  mmol·cm–2·h–1 at –0.4  V  vs.  RHE,
representing an increase of 1.04 mmol·cm–2·h–1 compared to that of
CuO,  and  the  FE  reaches  up  to  93.2%  ±  3.4%.  The  excellent
electrochemical  performance  of  Ce10/CuO  is  attributed  to  the

 

Figure 6    (a)  Schematic  illustration  of  Zn-NO3
– battery.  (b)  Photograph  of  a  red  LED  powered  by  two  Zn-NO3

– batteries  using  Ce10/CuO.  (c)  Open  circuit  potentia
(OCP) of Ce10/CuO-based Zn-NO3

– battery. (d) Discharging curve and the corresponding power density curve of the Ce10/CuO-based Zn-NO3
– battery. (e) Discharging

curves of Ce10/CuO at different current densities. (f) NH3 yield and FE of Zn-NO3
– battery with Ce10/CuO catalyst as the cathode.
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introduction  of  Ce3+ as  a  defective  indicator  that  promotes  the
generation  of  oxygen  vacancies  on  the  catalyst  surface  and
effectively  optimizes  the  electronic  structure,  which  facilitates  the
adsorption of  nitrate  and hydrogenation to  ammonia.  Meanwhile,
the free water ratio of Ce10/CuO is greater than that of CuO, which
is conducive to the activation of H2O on the surface of the catalyst
and  the  decomposition  of  active  hydrogen,  thus  promoting  the
hydrogenation  of  nitrate  to  ammonia.  Finally,  a  Zn-NO3

– battery
with  outstanding  performance  was  successfully  assembled  to
achieve  a  peak  power  density  of  14.5  mW·cm–2 at  38  mA·cm–2,
which exceeded many reported catalysts. 

Electronic  Supplementary  Material: Supplementary  material
(information of  the  experimental  procedures  and characterization,
SEM images, TEM images, UV–Vis absorption spectra, NO2

– yield
and  FE  of  different  samples, I–t curves)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907135. 
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