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ABSTRACT: In  recent  years,  the  development  of  highly  efficient
electrocatalysts  for  the  nitrate  reduction  reaction  (NO3RR)  to  ammonia
(NH3)  has  become  essential  for  achieving  sustainable  nitrogen  cycling.
Herein,  a  sea  urchin-like  CuNiO  with  oxygen  vacancies  (Vo-CuNiO)  was
synthesized  via  a  gas-assisted  solvothermal  method  followed  by
calcination. This unique hierarchical architecture facilitates the formation of
abundant  oxygen  vacancies  and  optimizes  the  adsorption  of  key
intermediates,  while  the  exposure  of  oxygen-bridged  multi-interface  sites
(such  as  Cu–O–Cu,  Ni–O–Ni,  and  Cu–O–Ni  interfacial  sites)  enhances
mass transport. The obtained Vo-CuNiO-350 catalyst exhibited exceptional
performance in the electrocatalytic NO3RR to NH3 under neutral conditions,
achieving a peak NH3 Faradaic efficiency (FE) of 94.9% at −0.8 V vs. reversible hydrogen electrode (RHE) and a maximum
NH3 yield rate of 480.9 μmol·h−1·cm−2 at −1.0 V vs. RHE. In-situ attenuated total reflection Fourier transform infrared (ATR-
FTIR)  spectroscopy  and  density  functional  theory  (DFT)  calculations  indicated  that  the  oxygen  vacancies  and  bimetallic
interface sites in the Vo-CuNiO-350 catalyst provide a synergistic effect to enhance NO3RR performance. Specifically, the
oxygen vacancies and the newly constructed Cu–O–Ni interface sites optimize the adsorption of intermediates and promote
the  reduction  of  NO3

−  to  NH3.  The  further  continuous  electrocatalytic  NH3  synthesis  tests  indicate  that  this  catalyst  can
achieve  high-purity  NH4Cl  production  at  a  rate  of  14.0  mg·h−1.  Moreover,  in  a  self-assembled  Zn-NO3

−  hybrid  battery,  an
output  power  density  of  2.88  mW·cm−2  was  attained,  thereby  enabling  simultaneous  electricity  generation  and  NH3

synthesis.  This  work  demonstrates  a  viable  pathway  for  converting  nitrate  from  wastewater  into  ammonia  while  co-
producing electrical energy.
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 1    Introduction
Ammonia  (NH3)  is  fundamental  to  modern  industry  and

agriculture.  It  serves  as  the  primary  precursor  for  nitrogen-based
fertilizers and supports global food security [1−3]. In the context of
carbon neutrality,  ammonia is also regarded as a highly promising
carbon  free  energy  carrier  and  hydrogen  vector  owing  to  its  high
energy density (4.3 kWh·kg−1)  [4],  ease of  liquefaction and storage,
and zero-carbon emissions during combustion [5−7]. However, the
currently dominant Haber–Bosch process has major drawbacks.  It
relies heavily on fossil fuels, requires high energy input (consuming
1%–2% of global energy), and produces significant CO2 emissions.
These  limitations  conflict  with  the  global  pursuit  of  carbon
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neutrality  [8−10].  Consequently,  developing  novel  and  green
ammonia  synthesis  technologies  powered  by  renewable  electricity
under  mild  conditions  is  of  great  strategic  importance.  In  this
context, the electrocatalytic nitrate reduction reaction (NO3RR) has
recently  emerged  as  a  promising  alternative.  This  approach  uses
NO3

− pollutants from wastewater as the nitrogen source and enables
their  efficient and selective conversion into value-added ammonia,
thereby achieving simultaneous pollution remediation and resource
recovery  [11−16].  This  strategy  not  only  offers  a  new pathway for
sustainable  ammonia  production  but  also  provides  an  effective
solution for nitrate pollution control.

Among  various  candidate  materials,  Cu-based  catalysts  have
attracted significant attention as efficient monometallic systems for
the  electrocatalytic  NO3RR  to  NH3.  This  is  mainly  due  to  their
strong ability to adsorb and activate NO3

−, as well as their excellent
electrical  conductivity  [17−21].  However,  monometallic  Cu
catalysts are often limited by low product selectivity and insufficient
operational stability [22]. These drawbacks arise from the complex
and multi-step reaction pathway, in which improper adsorption of
key intermediates can favor the formation of undesired byproducts.
Furthermore,  Cu  active  sites  are  prone  to  deactivation  or  surface
reconstruction under the high over potentials typically required for
NO3RR  [23−28].  To  address  these  issues,  the  design  of  Cu-based
bimetallic  catalysts  has  been  widely  explored.  Incorporating  a
second  metal  can  modulate  the  electronic  structure  and  optimize
the electron density at the Cu sites. This adjustment enables precise
tuning  of  the  adsorption  energies  of  NO3

− and  key  reaction
intermediates,  thereby  directing  the  reaction  pathway  toward
ammonia  formation  [29−34].  At  the  same  time,  the  second  metal
introduces synergistic active sites that help suppress competing side
reactions  and  improve  overall  catalytic  performance.  Bimetallic
interactions  can  also  inhibit  the  aggregation  of  Cu  species  and
improve  the  overall  structural  stability  of  the  catalyst  under
operating conditions [9, 33, 35, 36]. As a result, recent studies have
shown  that,  through  precise  control  of  bimetallic  composition,
interfacial  structure,  and  electronic  states,  Cu-based  bimetallic
catalysts  can  deliver  outstanding  performance,  thereby  achieving
NH3 Faradaic  efficiencies  (FEs)  above  95%  together  with  high
production  rates  [37−43].  Despite  these  encouraging  advances,
several  critical  issues  remain  unresolved,  including  the  precise
regulation  of  specific  bimetallic  systems,  the  exact  nature  of  the
interfacial  active  sites,  and  a  deeper  mechanistic  understanding  of
the reaction pathways. These challenges warrant further systematic
investigation.

In this work, a sea urchin-like CuNiO with oxygen vacancies (Vo-
CuNiO)  and  oxygen-bridged  multi-interface  sites  (such  as
Cu–O–Cu,  Ni–O–Ni,  and  Cu–O–Ni  interfacial  sites)  was
synthesized  through  a  gas-assisted  solvothermal  method  followed
by  calcination.  The  samples  obtained  at  different  calcination
temperatures  are  denoted as  Vo-CuNiO-T,  where T represents  the
calcination  temperature  (250,  300,  350,  400,  and  450  °C).  The
electrocatalytic  performance  of  the  obtained  catalysts  toward  the
NO3RR  for  NH3 production  was  systematically  evaluated  under
neutral  conditions  (0.5  M  Na2SO4 +  0.1  M  NaNO3).  On  the  one
hand, in-situ attenuated  total  reflection  Fourier-transform infrared
(ATR-FTIR)  spectroscopy  was  employed  to  monitor  the
intermediate  species  formed  during  the  NO3RR  process.  On  the
other  hand,  density  functional  theory  (DFT)  calculations  were
conducted  to  clarify  the  crucial  roles  of  oxygen  vacancies  and
interfacial  sites  and  to  reveal  the  origin  of  the  catalyst’s  intrinsic

activity.  The  continuous  electrocatalytic  NH3 synthesis  capacity  of
the  Vo-CuNiO-350  catalyst  was  further  evaluated  in  the  form  of
NH4Cl.  Additionally,  the  electrochemical  performance  of  a  self-
assembled  Zn-NO3

− hybrid  battery  using  Vo-CuNiO-350  as  the
cathode and Zn foil as the anode was systematically investigated.

 2    Results and discussion
As illustrated  in Fig.  1(a),  Vo-CuNiO and  bimetallic  interface  sites
were  synthesized  via  a  gas-assisted  solvothermal  method  followed
by calcination in air (detailed experimental procedures are provided
in the Electronic Supplementary Material  (ESM)). First,  the Cu-Ni
precursors  were  prepared  using  a  gas-assisted  soft-template
solvothermal approach [44].  The morphology of  the resulting Cu-
Ni  precursors  was  characterized  by  scanning  electron  microscopy
(SEM)  and  transmission  electron  microscopy  (TEM).  The  SEM
(Figs. 1(b) and 1(c)) and TEM (Fig. 1(d)) images reveal that the Cu-
Ni  precursors  exhibit  a  well-defined  sea  urchin-like  structure.  The
particle  size  of  the  sea  urchin-like  Cu-Ni  precursors  ranges  from
700 to 1000 nm (Fig. S1 in the ESM). The crystal structure of the as-
prepared  materials  was  examined  by  X-ray  diffraction  (XRD).  As
shown  in  Fig.  S2  in  the  ESM,  the  diffraction  peaks  of  the  Cu-Ni
precursors correspond to (Cu, Ni)2CO3(OH)2 (JCPDS No. 27-0178)
[45],  Cu2(NO3)(OH)3 (JCPDS  No.  45-0594),  and  Ni3(NO3)2(OH)4

(JCPDS  No.  22-0752)  [46].  The  sea  urchin-like  Cu-Ni  precursors
were  then  calcined  at  350  °C  to  produce  Vo-CuNiO-350.  After
calcination  in  air,  Vo-CuNiO-350  retains  its  urchin-like  spherical
morphology without noticeable structural collapse (Figs. 1(e)−1(g)).
XRD  analysis  indicates  that  the  resulting  Vo-CuNiO-350  is  a  Cu-
rich oxide phase,  which includes CuO (JCPDS No. 45-0937),  NiO
(JCPDS No.  47-1047),  and NiCuO2 (JCPDS No.  06-0720)  (Fig.  S3
in  the  ESM).  These  XRD  results  indicate  that  it  is  possible  to
construct new Cu–O–Ni interface unit due to the pyrolysis of (Cu,
Ni)2CO3(OH)2 components in the sea urchin-like Cu-Ni precursors
[47, 48]. The high-resolution TEM (HRTEM) image shows that Vo-
CuNiO-350  has  very  high  crystallinity,  with  a  lattice  spacing  of
0.24 nm corresponding to the (111) plane of CuO (Fig. 1(h)). The
selected  area  electron  diffraction  (SAED)  pattern  reveals  that  Vo-
CuNiO-350  has  a  polycrystalline  structure,  confirming  that  its  sea
urchin-like morphology is made up of small nanocrystals (Fig. S4 in
the ESM). The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image (Fig. 1(i)) shows that
the product has a hollow structure, consistent with the TEM results
(Fig.  1(g)).  Additionally,  the  elemental  surface  distribution  was
analyzed  using  energy-dispersive  X-ray  (EDX)  spectroscopy.  As
shown in Fig. 1(j), Cu, Ni, and O are uniformly distributed on the
surface  of  the  sea  urchin-like  hollow structure,  further  confirming
that  Vo-CuNiO-350  is  a  uniform  Ni-doped  CuO  structure.
Inductively  coupled  plasma  optical  emission  spectrometry  (ICP-
OES) results  show that  the  mass  percentages  of  Cu and Ni  in  Vo-
CuNiO-350 are 64.18% and 21.65%, respectively, corresponding to
an atomic ratio  of  2.74:1  (Table  S1 in the ESM).  Additionally,  Vo-
CuNiO-T  samples  were  prepared  at  different  calcination
temperatures,  including  Vo-CuNiO-250  (Figs.  S5(a)  and  S5(b)  in
the  ESM),  Vo-CuNiO-300 (Figs.  S5(c)  and S5(d)  in  the  ESM),  Vo-
CuNiO-400 (Figs. S5(e) and S5(f) in the ESM), and Vo-CuNiO-450
(Figs.  S5(g)  and  S5(h)).  For  comparison,  using  the  same  synthesis
method, pure copper oxide and nickel oxide with oxygen vacancies
were  also  synthesized,  and  they  were  named  as  Vo-CuO-350  (Fig.
S6 in the ESM) and Vo-NiO-350 (Fig. S7 in the ESM), respectively.
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Furthermore, the pore structure of the samples was investigated
using  N2 adsorption–desorption  measurements.  The  specific
surface  area,  pore  volume,  and  pore  size  of  the  catalysts  were
determined  using  the  Brunauer–Emmett–Teller  (BET)  and
Barrett–Joyner–Halenda (BJH) methods, respectively. As shown in
Fig. S8 and Table S2 in the ESM, Vo-CuNiO-350 has a larger BET
specific  surface  area  (110.6  m2·g−1)  and  a  higher  pore  volume
(0.33  cm3·g−1)  compared  with  the  pure  Vo-CuO-350  and  Vo-NiO-
350.  The  pore  size  distribution  suggests  that  the  pores  mainly
originate  from  pyrolysis  and  particle  accumulation.  X-ray
photoelectron spectroscopy (XPS) was used to examine the surface

electronic  structure  and  chemical  states  of  elements  in  the  Vo-
CuNiO-350, Vo-CuO-350, and Vo-NiO-350. According to the high-
resolution  spectra  of  Cu,  Ni,  and  O,  the  chemical  states  of  these
elements were determined from the fitting results (Table S3 in the
ESM). The survey spectrum confirms the presence of Cu, Ni, and O
on  the  surface  (Fig.  S9  in  the  ESM).  The  high-resolution  Cu  2p
spectra of Vo-CuNiO-350 and Vo-CuO-350 are shown in Fig. 2(a),
revealing  two  distinct  satellite  peaks.  For  Vo-CuNiO-350,  the
binding  energies  of  Cu  2p3/2 and  Cu  2p1/2 are  932.8  and  934.7  eV,
and  952.5  and  954.5  eV,  respectively,  while  for  Vo-CuO-350,  they
are  933.5  and  934.8  eV,  and  952.8  and  954.6  eV,  respectively

 

Figure 1    Preparation and characterizations of Vo-CuNiO-T. (a) Schematic illustration of the preparation of Vo-CuNiO-T. ((b) and (c)) SEM and (d) TEM images of sea
urchin-like Cu-Ni precursors. ((e) and (f)) SEM and (g) TEM images of Vo-CuNiO-350. (h) HRTEM image of Vo-CuNiO-350. (i) HAADF-STEM and corresponding (j)
EDX elemental mapping images of Vo-CuNiO-350.
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[49, 50]. The shift of Cu binding energies to lower values upon Ni
introduction  indicates  charge  transfer  between  Cu  and  Ni  in  Vo-
CuNiO-350. The Ni 2p spectra exhibit characteristic doublets for Ni
2p3/2 and Ni 2p1/2 along with satellite  peaks for Vo-CuNiO-350 and
Vo-NiO-350 (Fig. 2(b)). In Vo-CuNiO-350, the fitted peaks at 854.1
and 871.8 eV are assigned to Ni2+, while those at 856.1 and 874.0 eV
correspond to Ni3+ [51, 52]. Compared with Ni in pure Vo-NiO-350,
the formation of Cu-Ni oxide leads to a shift of Ni binding energy
to  higher  values,  owing  to  electron  redistribution  caused  by  the
introduction of highly electronegative Cu. The high-resolution O 1s
spectra  of  Vo-CuNiO-350,  Vo-CuO-350,  and  Vo-NiO-350  can  be
deconvoluted  into  three  components,  corresponding  to  lattice
oxygen,  Vo,  and  surface-adsorbed  oxygen  species,  respectively
(Fig. 2(c)) [53]. Compared with pure Vo-CuO-350 and Vo-NiO-350,
Vo-CuNiO-350  shows  a  decreased  proportion  of  lattice  oxygen
(Fig.  2(c)),  indicating  that  the  Cu-Ni  bimetallic  composite  reduces
lattice oxygen content and generates more active oxygen sites [54].
These  XPS  results  demonstrate  that  Ni  introduction  induces
electron  transfer  between  Cu  and  Ni  in  the  sea  urchin-like  Vo-
CuNiO-350,  thereby  providing  a  foundation  for  the  formation  of
highly  active  Cu–O–Ni  interface  sites  [55].  The  oxygen  vacancy
concentrations  of  the  samples  were  further  examined  using
electronic  paramagnetic  resonance  (EPR).  As  shown  in Fig.  2(d),
the  strong  EPR  signals  at g =  2.003  are  attributed  to  surface
electrons trapped in oxygen vacancies [56, 57]. The signal intensity
of  Vo-CuNiO-350  is  significantly  higher  than  that  of  Vo-CuO-350
and  Vo-NiO-350,  indicating  a  higher  concentration  of  oxygen
vacancies, consistent with the XPS results (Fig. 2(c)).

To investigate the local chemical environment of Vo-CuNiO-350,
extended  X-ray  absorption  fine  structure  (EXAFS)  and  X-ray
absorption near-edge structure (XANES) analyses were conducted.

The  Cu  K-edge  XANES  spectrum  of  Vo-CuNiO-350  lies  between
those of Cu foil and CuO, indicating a Cu oxidation state between 0
and  +2  (Fig.  3(a))  and  closer  to  +2.  In  the R-space  Fourier-
transform  EXAFS  spectrum  (Fig.  3(b)),  the  main  peak  at  ~  1.5  Å
corresponds to the Cu–O coordination shell, while a smaller feature
between  2.2  and  2.5  Å  suggests  weak  Cu–O–Cu  interactions.
EXAFS  fitting  results  show  that  each  Cu  center  is  coordinated  by
four  O  atoms,  forming  CuO4 units  (Fig.  3(c) and  Table  S4  in  the
ESM).  Similarly,  the  Ni  K-edge  XANES  (Fig.  3(d))  and  EXAFS
(Fig.  3(e))  spectra  indicate  that  Ni  species  are  positively  charged,
with  O  atoms  dominating  their  first  coordination  shell,  as
confirmed by EXAFS fitting analyses (Fig. 3(f) and Table S5 in the
ESM).  Wavelet  transform (WT)  analysis  further  confirms  that  Cu
experiences  contributions  from  both  Cu–O  and  Cu–O–Cu
interactions  (Figs.  3(g)−3(i)),  while  Ni  shows  contributions  from
Ni–O  and  Ni–O–Ni  interactions  (Figs.  3(j)−3(l)).  According  to
these  comprehensive  characterizations,  the  proposed  structures  of
Vo-CuNiO-350  (Fig.  3(m)),  Vo-CuO-350  (Fig.  3(n)),  and  Vo-NiO-
350 (Fig. 3(o)) are presented. Therefore, urchin-like Vo-CuNiO-350
hollow hierarchical nanostructures with abundant oxygen vacancies
and  three  different  oxygen-bridged  multi-interface  sites  (such  as
Cu–O–Cu,  Ni–O–Ni,  and  Cu–O–Ni  interfacial  sites)  were
successfully synthesized.

To  evaluate  the  performance  of  the  synthesized  catalysts,
electrocatalytic  NO3RR to  NH3 was  used as  a  model  reaction.  The
tests  were  conducted  in  an  H-type  electrolytic  cell  with  a  three-
electrode system, using 0.5 M Na2SO4 containing 0.1 M NaNO3 as
the  electrolyte.  The  concentrations  of  NH3 and  the  intermediate
NO2

− were  determined  by  ultraviolet–visible  (UV–vis)
spectrophotometry  (Fig.  S10  in  the  ESM).  First,  linear  sweep
voltammetry  (LSV)  was  used  to  preliminarily  assess  the

 

Figure 2    XPS and EPR characterizations. (a) Cu 2p XPS spectra of Vo-CuNiO-350 and Vo-CuO-350. (b) Ni 2p XPS spectra of Vo-CuNiO-350 and Vo-NiO-350. (c) O 1s
XPS spectra of Vo-CuNiO-350, Vo-CuO-350, and Vo-NiO-350. (d) EPR spectra of Vo-CuNiO-350, Vo-CuO-350, and Vo-NiO-350.
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electrocatalytic NO3RR activity. The NH3 yield rates and FEs of the
catalysts were then quantitatively evaluated by chronoamperometry
(30  min  of  electrolysis)  combined  with  UV–vis  detection.  After
electrolysis  at  different  potentials  (−0.5–−1.0  V  vs.  RHE),  the
electrolyte  was  diluted  and  analyzed  by  UV–vis  to  determine  the
concentrations  of  NH3 and  NO2

− (Fig.  S10  in  the  ESM).  The
electrocatalytic NO3RR activities of Vo-CuNiO-T catalysts (T = 250,
300,  350,  400,  and  500  °C)  prepared  at  different  calcination
temperatures were systematically investigated (Fig. S11 in the ESM).
The  effect  of  calcination  temperature  on  NO3RR  activity  was
initially  assessed  by  LSV.  Among  the  samples,  Vo-CuNiO-350
exhibited the largest difference in current density with and without
NO3

– (Fig.  S11(a)  in  the  ESM).  At –0.8  V  vs.  RHE,  the  FEs  of

Vo-CuNiO-250,  Vo-CuNiO-300,  Vo-CuNiO-350,  Vo-CuNiO-400,
and  Vo-CuNiO-450  were  80.2%,  84.7%,  94.9%,  78.4%,  and  75.7%,
respectively  (Fig.  S11(b)  in  the  ESM).  The  Vo-CuNiO-350  also
showed the highest NH3 yield rate (Fig. S11(c) in the ESM) and the
lowest  by-product  NO2

− concentration  (Fig.  S11(d)  in  the  ESM),
indicating  that  350  °C  is  the  optimal  calcination  temperature  for
achieving the best NO3RR performance. The electrocatalytic results
obtained  at  low  applied  potentials  (−0.4–0  V  vs.  RHE)  revealed
both extremely low FEs and negligible NH3 yield rates (Fig. S12 in
the  ESM),  suggesting  that  the  majority  of  electrons  were  diverted
toward  competing  side  reactions  rather  than  participating  in  the
NO3RR.  Moreover,  these  findings  collectively  indicate  that,  within
the examined potential range, the thermodynamic driving force for

 

Figure 3    XAFS characterizations. (a) XANES spectra of the Cu K-edge and (b) FT-EXAFS spectra of Cu in R-space for Cu foil,  CuO, and Vo-CuNiO-350. (c) Fitting
results based on the Cu K-edge XANES spectra. (d) XANES spectra of the Ni K-edge and (e) FT-EXAFS spectra of Ni in R-space for Ni foil, NiO, and Vo-CuNiO-350. (f)
Fitting results based on the Ni K-edge XANES spectra. ((g)–(i)) WT plots of the Cu atom environment for (g) Cu foil, (h) CuO, and (i) Vo-CuNiO-350. ((j)–(l)) WT plots
of the Ni atom environment for (j) Ni foil, (k) NiO, and (l) Vo-CuNiO-350. ((m)–(o)) Possible structural models of different catalysts for (m) Vo-CuNiO-350, (n) Vo-CuO-
350, and (o) Vo-NiO-350.
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NO3RR  is  insufficient.  Furthermore,  the  electrocatalytic
performances  of  the  Vo-CuNiO-350  catalysts  under  varying  NO3

−

concentrations and pH conditions were systematically investigated.
Both the  FEs and the NH3 yield  rates  increased progressively  with
rising  NO3

– concentration,  indicating  that  higher  NO3
− availability

favors  the  electrocatalytic  NO3RR  (Fig.  S13  in  the  ESM).
Subsequently, the catalytic activity of Vo-CuNiO-350 was evaluated
across a range of pH values. The results revealed enhanced activity
under acidic conditions; however, catalytic performance declined as
the  pH  increased  (Fig.  S14  in  the  ESM).  This  trend  suggests  that
insufficient  proton  supply  under  alkaline  conditions  impedes  the
hydrogenation steps critical to NH3 formation, thereby suppressing
overall activity. Notably, as a metal oxide catalyst, Vo-CuNiO-350 is
susceptible  to  dissolution  in  strongly  acidic  media,  which  would
inevitably  compromise  its  structural  stability  and  recyclability.
Thereby, all electrocatalytic NH3 synthesis experiments in this study
were conducted in a neutral electrolyte for Vo-CuNiO-350, Vo-CuO-
350,  and Vo-NiO-350.  As shown in Fig.  4(a),  the current  response
of Vo-CuNiO-350 increased significantly upon the addition of NO3

−

compared  with  that  without  NO3
−,  confirming  their  high  NO3RR

activity.  For  Vo-CuNiO-350,  the  FE  for  NH3 followed  a  volcanic
trend,  reaching  a  maximum of  94.9% at −0.8  V vs.  RHE,  with  an
NH3 yield rate  of  377.1 μmol·h−1·cm−2 and a  partial  current  density
of  approximately  84.5  mA·cm−2.  Even  at −1.0  V  vs.  RHE,  the  FE
remained  above  92%,  while  the  NH3 yield  rate  increased  to

480.9 μmol·h−1·cm−2 (Fig. 4(b) and Fig. S15 in the ESM), which can
be  attributed  to  the  enhanced  competition  from  the  hydrogen
evolution reaction at more negative potentials [58].

For  Vo-CuO-350,  both  the  NH3 yield  rate  and  FE  gradually
decreased  as  the  potential  increased  (Fig.  S16(a)  in  the  ESM).  In
contrast, Vo-NiO-350 showed a very low NH3 yield rate that slightly
decreased with increasing potential, and its FE for NH3 production
remained  around  55%  (Fig.  S16(b)  in  the  ESM).  Under  optimal
conditions  (−0.8  V  vs.  RHE,  0.5  M Na2SO4 +  0.1  M NaNO3),  Vo-
CuNiO-350 maintained stable NO3RR activity over 10 consecutive
electrolysis  cycles,  with  only  minor  fluctuations  in  NH3 yield  rates
and FEs (Fig. 4(c)). The Vo-CuNiO-350 catalysts after 10 cycles (Fig.
S17 in the ESM) and 20 h of long-term stability test (Figs. S18 and
S19 in the ESM) were characterized by XRD, TEM, and XPS. The
crystallinity,  morphology,  and  metal  valence  state  of  the  samples
did not change significantly after 10 cycles. The i–t curve for 20 h of
long-term  stability  test  by  using  Vo-CuNiO-350  as  catalyst  (at
−0.8  V  vs.  RHE)  indicated  that  the  current  density  loss  rate  is
approximately 5%, which shows that the Vo-CuNiO-350 catalyst is
still  very stable (Fig. S18 in the ESM). The XRD result (Fig. S19(a)
in the ESM) indicated that the crystallinity of the catalyst decreases.
The TEM images indicate that the catalyst still maintains an urchin-
like  hollow  structure  after  20  h,  without  obvious  collapse  (Fig.
S19(b)  in  the  ESM).  Further  XPS  results  (Figs.  S19(c)  and  S19(d),
and  Table  S6  in  the  ESM)  show  that  with  the  extension  of  the

 

Figure 4    Electrocatalytic NO3RR performances. (a) LSV curves in Ar-saturated 0.5 M Na2SO4 solution with and without 0.1 M NaNO3. (b) NH3 yield rates and FEs of Vo-
CuNiO-350  using  NO3

− as  the  nitrogen  source.  (c)  Cycling  stability  of  Vo-CuNiO-350  at −0.8  V  vs  RHE.  (d)  Comparison  of  NH3 yield  rates  under  four  different
conditions. (e) Comparison of NH3 yield rates and FEs measured by UV–vis, 1H-NMR, and IC methods. (f) 1H NMR spectra of products over Vo-CuNiO-350 with 14NO3

−

or 15NO3
– as nitrogen source. (g) Cdl values and (h) Nyquist plots of Vo-CuNiO-350, Vo-CuO-350, and Vo-NiO-350. (i) Comparison of the NO3RR performance of Vo-

CuNiO-350 with previously reported catalysts.
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stability test time, the Cu2+ species in the catalyst only decrease from
60.0% to  54.8%,  and the  Ni3+ species  only  decrease  from 65.2% to
61.1%.  These  results  prove  that  in  Vo-CuNiO-350,  Cu  and  Ni  do
not  undergo  extensive  reduction  at  a  negative  potential,  and  the
introduction  of  Ni  keeps  Cu  in  a  high  oxidation  state.  The  above
results  fully  prove that  the  structure  of  the  Vo-CuNiO-350 catalyst
has high stability and recyclability.

Control  experiments  were  also performed using Vo-CuNiO-350
in Na2SO4 with and without NaNO3,  on blank carbon paper (CP),
and  under  open-circuit  potential  (OCP).  The  NH3 yield  rates  at
−0.8 V vs. RHE after 30 min of electrolysis were 377.1, 0.2, 1.6, and
0.3 μmol·h−1·cm−2 for the tested samples, respectively (Fig. 4(d)). The
negligible NH3 production in the control groups confirms that NO3

−

is  the  exclusive  nitrogen  source.  To  further  verify  the  origin  and
quantify  NH3 production, 1H  nuclear  magnetic  resonance  (NMR)
spectroscopy  (Figs.  S20(a)  and  S20(b)  in  the  ESM)  and  ion
chromatography (IC, Figs. S20(c) and S20(d) in the ESM) methods
were employed. The NH3 amounts determined by 1H NMR and IC
closely  matched  with  those  obtained  from  the  UV–vis  method
(Fig. 4(e)). Meanwhile, the by-product NO2

− was also quantitatively
analyzed by IC method (Fig. S21 in the ESM), and the results were
basically  consistent  with  those  of  the  UV–vis  method.  The  above
results prove that the UV–vis method is reliable for the quantitative
analysis  of  the  produced  NH3 and  NO2

− [59, 60].  To  confirm  the
nitrogen  source  and  exclude  contamination  from  the  catalyst  or
environment,  isotope-labeling  experiments  were  performed  using
Na15NO3 and Na14NO3. The 1H NMR spectra of the electrolyte with
Na15NO3 showed characteristic doublets for 15NH4

+,  while that with
Na14NO3 exhibited triplets for 14NH4

+ (Fig. 4(f)), confirming that the
nitrogen  in  NH3 originates  exclusively  from  nitrate  rather  than
from  external  contamination  [61].  To  further  confirm  the
relationship  between  the  produced 15NH3 and  isotopes,  the 15NH3

FEs  and  yield  rates  at  different  Na15NO3 concentrations  were
systematically  studied (Fig.  S22 in  the  ESM).  The results  indicated
that  both  the  Faradaic  efficiency  and  the 15NH3 production  rate
increased  with  the  increase  of  isotope  concentration.  On  the  one
hand,  this  result  further  ruled  out  the  possibility  that  the
synthesized NH3 was  contaminated by other  nitrogen sources.  On
the other hand, it  also confirmed that all  the synthesized NH3 was
originated from nitrate.

To  identify  the  origin  of  the  catalyst’s  activity,  the
electrochemical  active  surface  area  (ECSA)  and  charge-transfer
kinetics  were  evaluated  using  double-layer  capacitance  (Cdl)  and
electrochemical  impedance spectroscopy (EIS)  measurements.  The
Cdl, derived from cyclic voltammetry at different scan rates (Fig. S23
in the ESM), was 1.52 mF·cm−2 for Vo-CuNiO-350, higher than that
of  Vo-CuO-350  (0.51  mF·cm−2)  and  Vo-NiO-350  (0.36  mF·cm−2)
(Fig. 4(g)). Based on the Cdl values, the normalized ECSA values of
different catalysts were obtained (Table S7 in the ESM). The ECSA
values  of  Vo-CuNiO-350,  Vo-CuO-350,  and  Vo-NiO-350  are  38,
12.75,  and  9  cm2,  respectively.  Therefore,  it  is  evident  that  Vo-
CuNiO-350 exhibits the highest specific activity, further confirming
its superior catalytic performance. Similarly,  EIS analysis showed a
smaller  charge-transfer  resistance  for  Vo-CuNiO-350  compared
with the single-metal  oxides (Fig.  4(h)).  These results  indicate that
the Vo-CuNiO-350 enhance the exposure of active sites,  leading to
an  increased  electrochemical  active  surface  area  and  faster
electrocatalytic  kinetics  for  NO3RR  [62, 63].  Consistently,  Vo-
CuNiO-350  exhibited  significantly  higher  NH3 yield  rate  and  FE
than  the  monometallic  oxides,  thereby  indicating  a  synergistic

catalytic effect at the Cu–O–Ni interfacial sites [64, 65]. Moreover,
compared with previously reported catalysts, Vo-CuNiO-350 shows
excellent  NO3RR  performance,  with  favorable  FE  and  NH3 yield
rates (Fig. 4(i) and Table S8 in the ESM).

To  gain  deeper  insight  into  the  intrinsic  electrocatalytic
mechanism  of  NO3RR, in-situ ATR-FTIR  spectroscopy  was
employed to monitor reactive intermediates during electrocatalysis.
Several  characteristic  peaks  corresponding  to  key  intermediates
were  observed  in  the  potential  range  of −0.4–−1.1  V  (Table  S9  in
the ESM) [59]. As shown in Fig. 5(a) and Fig. S24 in the ESM, the
ATR-FTIR spectra of all three catalysts exhibited a peak for *NH2, a
crucial precursor for NH3 formation, appearing at 1126 cm−1 for Vo-
CuNiO-350, at 1167 cm–1 for Vo-CuO-350, and at 1097 cm−1 for Vo-
NiO-350  [66].  A  peak  near  1220  cm−1 is  attributed  to  the
asymmetric stretching of N–O in *NO2,  observed at 1243 cm−1 for
Vo-CuNiO-350, at 1246 cm−1 for Vo-CuO-350, and at 1246 cm−1 for
Vo-NiO-350  [67].  Notably,  Vo-CuNiO-350  showed  the  strongest
*NO2 absorption,  whereas  Vo-CuO-350  required  a  lower  applied
potential  to  activate  NO3

− reduction.  An  additional  peak  at
1560  cm−1 indicates  the  formation  of  *NO  intermediates,
confirming  the  consumption  of  NO3

− (1336  cm−1)  along  with  the
concurrent  generation  of  NO2

− and  NO  [68, 69].  Furthermore,  a
pronounced  increase  in  absorption  at  1632  cm−1 reflects  the
abundant availability of protons at catalytic sites for NH3 formation,
with Vo-NiO-350 showing higher intensity than Vo-CuO-350 [70].
For  Vo-CuNiO-350,  characteristic  peaks  corresponding  to  *NH2

(1126  cm−1)  and  *NH4
+ (1446  cm−1)  were  observed,  thereby

confirming  NH3 generation  during  electrocatalytic  NO3RR  [71].
Figure 5(b) shows the time-dependent in-situ ATR-FTIR spectra of
Vo-CuNiO-350 recorded during electrolysis at −0.8 V over 30 min
(2-min intervals). The presence of key intermediates such as *NO2,
*NO, *NH2, and *NH4

+ was observed, indicating that copper active
sites  facilitate  the  conversion  of  NO3

− to  NO2
−,  while  nickel  active

sites mainly accelerate the subsequent hydrogenation steps enabling
efficient reduction of nitrate to ammonia [65, 72].

In-situ ATR-FTIR  analysis  shows  that  the  NO3RR  proceeds
through  key  intermediates  of  *NO3,  *NO2,  *NO,  and  *NH2.  EPR
measurements  confirm  the  presence  of  oxygen  vacancies,  and
NO3RR  performance  was  found  to  increase  with  the  number  of
vacancies, thereby indicating that oxygen vacancies play a vital role
in  enhancing  catalytic  activity.  To  further  understand  this
enhancement,  DFT  calculations  were  conducted.  A  CuO  model
with  an  oxygen  vacancy  was  constructed  by  removing  a  single  O
atom from the slab surface. Then, one-third of the Cu atoms were
substituted  with  Ni  to  create  an  Ni-doped  CuO  model  with  an
oxygen  vacancy  (denoted  as  Vo-CuNiO-350,  Fig.  S25(a)  in  the
ESM).  In  the  Vo-CuNiO-350  catalyst,  there  are  three  different
oxygen-bridged  interface  sites,  such  as  Cu–O–Cu,  Ni–O–Ni,  and
Cu–O–Ni  interfacial  sites.  Here,  the  newly  formed  bimetallic
Cu–O–Ni  interfacial  sites  are  emphasized  for  their  significant  role
in the electrocatalytic NO3RR. To gain deeper insight into the role
of  Ni doping,  a  CuO slab with an oxygen vacancy but without Ni
doping  was  constructed  for  comparison  (denoted  as  Vo-CuO-350,
Fig.  S25(b)  in  the  ESM).  To  illustrate  the  role  of  Cu,  an  NiO slab
with oxygen vacancies  was also modeled (denoted as  Vo-NiO-350,
Fig. S25(c) in the ESM). To examine the effect of oxygen vacancies,
a  CuNiO  slab  with  Ni  doping  but  without  oxygen  vacancies  was
constructed  (Fig.  S25(d)  in  the  ESM).  The  Vo-CuNiO-350  and
CuNiO slabs were built  by replacing one-third of the Cu atoms in
the corresponding Vo-CuO-350 and CuNiO models with Ni.
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The  NO3
− reduction  reaction  pathway,  Gibbs  free-energy

diagram  for  each  step,  and  the  geometric  structures  of
intermediates  are  presented  in Fig.  5(c) and  Fig.  S26  in  the  ESM.
The  reaction  proceeds  via  the  sequence:  *NO3 →*NO2 →  *NO  →
*NHO  →  *N  →  *NH  →  *NH2→  *NH3.  The  Gibbs  free-energy
diagram  shows  that  the  potential-determining  step  (PDS)  has  a
limiting potential of 0.72 eV on CuNiO, which decreases to 0.33 eV
on  Vo-CuNiO-350,  highlighting  the  positive  effect  of  oxygen
vacancies  on  NO3RR  performance.  As  shown  in  Fig.  S27  in  the
ESM, the adsorption of *NO3 was evaluated at different sites on the
Vo-CuNiO-350 surface: site 1,  at the center of the oxygen vacancy;
site  2,  at  the  edge  of  the  oxygen  vacancy;  and  site  3,  far  from  the
oxygen  vacancy.  The  calculated  adsorption  energies  were −2.33,
−2.82,  and −2.29  eV,  respectively,  indicating  that  the  optimal  site
for  initial  *NO3

− adsorption  is  at  the  edge  of  the  oxygen  vacancy
(site 2, Fig. S27 in the ESM). This provides clear evidence of the true
active site  for NO3 reduction on Vo-CuNiO-350.  As shown in Fig.
S28 in the ESM, NO3

− is adsorbed at the edge of the oxygen vacancy
in a side-on configuration, with two of its O atoms simultaneously
bonded, one to an Ni atom and the other to a Cu atom. Figure S29
in  the  ESM  presents  the  crystal  orbital  Hamilton  population
(−COHP)  analysis  for  *NO3 adsorption  on  Vo-CuNiO-350.  The

integrated COHP (ICOHP) values for the Ni–O and Cu–O bonds
are −1.80  and −1.70  eV,  respectively,  indicating  a  clear  covalent
characteristic.  Ni  doping  strengthens  the  O–metal  interaction,
thereby  enhancing  *NO3 adsorption  on  Vo-CuNiO-350.  The
electronic  structures  of  Vo-CuO-350  and  Vo-CuNiO-350  were
further  analyzed  to  assess  the  effect  of  Ni  doping.  The  partial
density  of  states  (PDOS)  profiles  are  shown  in Fig.  5(d).  Upon
introducing  Ni  sites,  the  electronic  density  of  the  Cu  d-band  near
the Fermi level shifts upward compared with Vo-CuO-350, thereby
indicating  greater  electron  transfer  from  antibonding  to  bonding
orbitals  in the Vo-CuNiO-350 model.  A corresponding shift  of  the
Cu  3d-band  center  is  also  observed,  showing  that  Ni  doping
promotes  the  upward  movement  of  the  Cu  d-band,  which
enhances  bonding  with  adsorbed  intermediates.  This  provides  a
clear  explanation  for  the  strengthened  *NO3 adsorption  and  the
reduced  energy  barrier  of  the  PDS  upon  Ni  incorporation.
Furthermore,  the  charge  density  difference  analysis  (Fig.  5(e))
reveals  significant  charge  transfer  between  the  Cu–O–Ni  vacancy
site  and  *NO3.  As  shown  in Fig.  5(f),  in  the  initial  stage  of  NO3

−

adsorption,  Vo-CuNiO-350  exhibits  decreased  Gibbs  free  energies,
indicating  spontaneous  nitrate  adsorption  at  the  active  site.  In
contrast,  CuNiO  without  oxygen  vacancies  and  Vo-CuO-350

 

Figure 5    In-situ ATR-FTIR spectroscopy and DFT calculations revealing the origin of intrinsic activity. (a) In-situ ATR-FTIR spectra at different potentials and (b) at
different time points (2-min intervals) during electrocatalytic NO3RR. (c) Comparison of free energy diagram and reaction pathways for NO3RR to NH3 on Vo-CuNiO-
350 and CuNiO. Insets show the PDSs and optimized structures of various intermediates (blue, gray, red, light gray, and white spheres represent Cu, Ni, O, N, and H
atoms, respectively). (d) PDOS and the d-band center of the Cu 3d orbital for Vo-CuNiO-350 and Vo-CuO-350 models. (e) Charge density difference for NO3

– adsorption
on Vo-CuNiO-350 (blue and yellow represent regions of  charge accumulation and depletion,  respectively;  isosurface value = 0.005 e·Å–3).  (f)  Comparison of  *NO3 and
*H2O adsorption energies on Vo-CuO-350, Vo-CuNiO-350, and CuNiO. (g) Adsorption energies of *NO3 and *H on Vo-CuNiO-350. (h) Free energies of HER on Vo-
CuO-350, Vo-CuNiO-350, and CuNiO. (i) Limiting potential for NO3RR and adsorption free energy of *NO3

– on different catalyst models.
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without  Ni  doping  show  a  slight  increase  in  Gibbs  free  energy
during  NO3

− adsorption,  suggesting  poor  activation  of  the  nitrate
reactant  on  these  surfaces.  These  results  demonstrate  that  oxygen
vacancies  and Ni  doping synergistically  promote  stable  adsorption
and efficient activation of NO3

− on Vo-CuNiO-350 (Fig. 5(i)). In the
subsequent reaction steps,  the potential-limiting step (PLS) for Vo-
CuNiO-350  is  the  hydrogenation  of  *NO  to  *NHO,  which  aligns
well  with  our  experimental  observations.  Notably,  compared  with
the free energy profile of Vo-CuO-350, the introduction of Ni atoms
significantly  lowers  the  energy  barrier  for  the  *NO  →  *NHO
hydrogenation step,  resulting  in  the  superior  NO2RR performance
of  Vo-CuNiO-350.  Comparison of  the  Gibbs  free-energy diagrams
for  Vo-CuNiO-350  and  CuNiO  further  highlights  the  effect  of
oxygen  vacancies  on  NO3RR  performance  (Fig.  5(c)).  Without
vacancies,  NO3

− reduction  on  CuNiO  is  much  less  efficient,  even
worse than that of Vo-CuO-350 without Ni doping, demonstrating
that  oxygen  vacancies  play  a  crucial  role  in  enhancing  NO3RR
activity.

The  *NO3 adsorption  energies  shown  in Fig.  5(g) provide  clear
evidence for the superior NO3

− adsorption capability of Vo-CuNiO-
350, which can be attributed to two factors. First, the stronger Ni–O
bond enhances the binding of reactants to the Ni atom, resulting in
an  asymmetric  adsorption  configuration  of  nitrate  on  Vo-CuNiO-
350.  Second,  electron donation from Cu and Ni to the O atom of
*NO3 at  the  Cu–O–Ni  vacancy  site  enables  effective  activation  of
*NO3 compared  with  CuNiO  (Fig.  5(e)).  This  not  only  promotes
stable adsorption of  subsequent intermediates but also reduces the
reaction energy barrier of the PDS.

To further investigate the mechanism behind the high selectivity
of Vo-CuNiO-350, the competitive adsorption energies of *NO3 and
*H2O on the catalyst surfaces of Vo-CuO-350, Vo-CuNiO-350, and
CuNiO were compared (Fig. 5(f)). Vo-CuNiO-350 exhibits the most
negative  adsorption  energy  for  *NO3 and  the  largest  difference
between *NO3 and *H2O adsorption energies (2.07 eV vs. 1.72 and
1.71  eV),  indicating  that  Ni  doping  strengthens  *NO3 adsorption
and promotes  preferential  occupation of  active  sites  by  *NO3 over
*H2O. The adsorption energies of *NO3 and *H on Vo-CuNiO-350
(Fig.  5(g))  show  that  *NO3 binds  more  strongly  than  *H  on  both
Cu  and  Ni  sites.  As  shown  in Fig.  5(h),  the  hydrogen  evolution
reaction  (HER)  is  effectively  suppressed  on  Vo-CuNiO-350
compared  with  Vo-CuO-350  (without  Ni  doping)  and  CuNiO
(without oxygen vacancies). The preferential adsorption of *NO3 on
the  active  sites  of  Vo-CuNiO-350  explains  its  high  selectivity  for
NH3 production over the HER, which aligns well with the high FE
observed  experimentally.  In  contrast,  as  shown  in  Fig.  S30  in  the
ESM,  Vo-NiO-350  cannot  effectively  suppress  HER.  Furthermore,
Fig. S31 in the ESM shows that NH3 desorption from Vo-NiO-350
is  difficult  owing  to  its  high  desorption  energy.  These  two  factors
together account for the poor NO3RR performance of Vo-NiO-350
compared with the other catalysts.

In  practical  industrial  wastewater  treatment,  the  stripping
method  is  widely  used  for  NH3 recovery,  enabling  its  conversion
into  valuable  products  [73].  In  this  work,  Ar  gas  was  bubbled
through the post-electrolysis solution at 60 °C to efficiently strip the
electrochemically  generated  NH3.  The  stripped  NH3 was  then
captured  in  2  M  HCl,  and  the  resulting  HCl  solution  containing
NH4

+ was  processed via  continuous rotary evaporation to produce
ammonium  chloride  (NH4Cl).  Notably,  56.1  mg  of  NH4Cl  was
collected after 4 h of electrolysis. XRD analysis (Fig. 6(a)) confirmed
the  high  purity  of  the  product,  thereby  indicating  that

approximately  70%  of  the  electrolytically  generated  NH3 was
successfully  converted  into  NH4Cl  without  detectable  impurities.
These  results  demonstrate  that  this  method  is  a  promising
approach for recovering nitrogen fertilizers from wastewater.

Furthermore,  the  Zn-NO3
− battery  is  considered  an

environmentally friendly energy system, as it  enables simultaneous
electricity  generation  and  conversion  of  waste  nitrate  (NO3

−)  into
value-added  NH3 [74, 75].  In  this  work,  a  Zn-NO3

− battery  was
constructed  using  catalyst-loaded  carbon  paper  as  the  cathode
and  Zn  foil  as  the  anode  (Fig.  6(b)).  The  open-circuit  voltage
(OCV) of the Vo-CuNiO-350/CP||Zn battery reached ~ 1.763 V vs.
Zn/Zn2+,  compared  with  1.750  and  1.634  V  for  the  Vo-CuO-
350/CP||Zn  and  Vo-NiO-350/CP||Zn  batteries,  respectively
(Fig.  6(c)).  After  a  3600-s  stability  test,  all  three  batteries  showed
only  minor  OCV  fluctuations,  demonstrating  good  operational
durability.  Discharge  polarization  curves  revealed  that  the  output
current  increased  gradually  as  the  voltage  decreased.  The  Vo-
CuNiO-350/CP||Zn battery achieved a maximum power density of
2.88 mW·cm−2, nearly three and four times higher than those of the
Vo-CuO-350/CP||Zn  and  Vo-NiO-350/CP||Zn  batteries  (0.97  and
0.75  mW·cm−2),  respectively,  demonstrating  its  potential  as  an
efficient  power  source  for  electronic  devices  (Fig.  6(d)).  The
discharge stability was further evaluated at various current densities.
As  shown  in Fig.  6(e),  the  Vo-CuNiO-350/CP||Zn  battery
maintained  excellent  electrochemical  stability  across  current
densities of 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 mA·cm−2,  highlighting its
superior rate capability. Long-term cycling stability was assessed via
galvanostatic  charge–discharge  measurements,  with  the  device
operating continuously  for  over  25 h  without  significant  widening
of  the  charge/discharge  voltage  window,  confirming  the  excellent
durability  of  the  Vo-CuNiO-350/CP||Zn  battery  (Fig.  6(f)).  Taken
together, these results highlight the superior performance of the Vo-
CuNiO-350  catalyst  and  its  great  potential  for  application  in  Zn-
NO3

− batteries.

 3    Conclusions
In  summary,  we  developed  a  sea-urchin-like  Vo-CuNiO-350
bimetallic  catalyst  via  a  scalable  solvothermal-calcination  method.
Its  hollow  nanosphere  morphology  enhances  electrolyte  contact
and  mass  transport,  while  Cu–O–Ni  interfaces  and  abundant
oxygen  vacancies  synergistically  promote  NO3

− adsorption  and
activation.  The  Vo-CuNiO-350  catalyst  achieves  an  NH3 FE  of
94.9%  at −0.8  V  and  maintains  more  than  92%  at −1.0  V,
outperforming  monometallic  oxides  (Vo-CuO-350  and  Vo-NiO-
350). Its stability over 10 cycles and high Cdl (1.52 mF·cm−2) confirm
efficient  utilization  of  active  sites. In-situ ATR-FTIR  spectroscopy
and DFT calculations  revealed  that  oxygen vacancies  and oxygen-
bridged  multi-interface  sites  (especially  the  newly  constructed
Cu–O–Ni interface sites) in Vo-CuNiO-350 work synergistically to
optimize  intermediate  adsorption  and  promote  the  reduction  of
NO3

− to NH3. The catalyst enables efficient NH3 recovery as NH4Cl
and  powers  high-performance  Zn-NO3

− batteries  (2.88  mW·cm−2),
thereby  demonstrating  dual  functionality  in  environmental
remediation and energy conversion. This work highlights interfacial
engineering  and  defect  control  as  key  strategies  for  advancing
electrocatalytic nitrate-to-ammonia technologies.

 Electronic  Supplementary  Material: Supplementary  material
(experimental sections, Figs. S1–S31, and Tables S1–S9) is available
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Figure 6    (a) Photograph and XRD pattern of NH4Cl obtained via the stripping method. (b) Schematic illustration of the Zn-NO3
– battery based on the NO3RR. (c) Open-

circuit  voltage  of  the  Zn-NO3
– battery.  (d)  Discharge  polarization  and  power  density  curves.  (e)  Discharge  profiles  at  different  current  densities.  (f)  Long-term
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