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ABSTRACT: Electrochemical nitrate reduction reaction (NO3RR) to
ammonia  is  a  promising  approach  to  address  excess  N-
contamination  in  aqueous  environment  but  suffers  from  a  limited
ammonia  yield  and  selectivity  due  to  the  low  concentration  and
sluggish  kinetics.  This  work  reports  a  three-dimensional  porous
electrode with binary Co2Cu1 hydroxy phosphate embedded into the
surface  of  Ni3Co1  oxy/hydroxides  (CoCu-PH@NiCo/Ni,
“PH”  means  phosphate-hydroxide),  which  delivers  a  yield  of
4.13  mg·h−1·cm−2 with  a  high  Faraday  efficiency  of  92.6% under  a
low  nitrate  concentration  of  40  mM  and  provide  an  impressive
stability.  This  embedded  structure  of  the  as-prepared  catalyst
exhibits  unique  metal  coordination  ligands  and  valence  states
different  from  the  unitary  hydroxy-phosphate.  The  electrochemical  in  situ  infrared  spectra  and  theoretical  calculations
revealed that the Co sites with the ability to dissociate water molecular to form adsorbed OH* can effectively provide the
required protons for the deoxygenation and hydrogenation steps during NO3

− conversion, thereby, effectively reducing the
energy barrier of the key transition states in the NO3RR process to improve the intrinsic kinetics. We demonstrate that the
rational  design  of  binary  components  with  the  appropriate  ability  to  activate  water  molecules  as  well  as  the  three-
dimensional  porous  skeletal  structure  are  expected  to  promote  effectively  the  low-concentration  nitrates  conversion  to
ammonia.
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1    Introduction
The  growing  global  population  and  the  accompanying  huge
demand from industry and agriculture have led to severe nitrogen
emissions,  which  have  seriously  threatened  the  global  nitrogen
cycle.  Discharge  of  household  sewage  and  industrial  wastewater
containing  high  concentrations  of  nitrates  (NO3

−-N)  results  in
eutrophication  of  natural  waters,  which  is  harmful  to  natural
aquatic  environments  as  well  as  potentially  affecting  human  and
mammalian  health  [1−3].  Recently,  the  electrochemical  nitrate
reduction  reaction  (NO3RR)  to  ammonia  (NH3)  has  become  a
promising strategy for nitrate removal [4−7].  The NH3 is  not only
the  fertilizer  industry’s  primary  raw  material  but  also  an  ideal
intermediate for energy storage and a carbon-free energy carrier for

renewable energy [8]. Thus, the NO3RR route has the advantages of
being eco-friendly, low-cost and producing valuable NH3 compared
to  the  conventional  removal  of  nitrate  from  wastewater  by
biological denitrification, which aims at the conversion of nitrate to
nitrogen gas [4, 9, 10]. It should be noted, however, that the actual
nitrate concentration in the wastewater fluid is low and even when
concentrated  by  membrane  technology  only  reaches  10–100  mM,
which is also an order of magnitude lower than that used electrolyte
(often  1  M)  in  current  NO3RR  studies.  The  low-concentration
nitrate  will  inevitably  limit  the  mass  transfer  at  the  electrode
interface, thereby reducing the electroreduction polarization current
[11, 12]. Moreover, competitive hydrogen evolution reaction (HER)
will further reduce Faraday efficiency (FE) and increase the energy
consumption of ammonia conversion since the NO3RR involved a
complex  8-electron  reaction  with  sluggish  kinetics  [13, 14].
Therefore,  the  development  of  efficient  NRR-catalysed  electrodes
for  low-concentration  nitrate  electroreduction  is  crucial  and  still
faces significant challenges.

To  date,  the  most  efficient  catalysts  for  NO3RR  are  the  copper
(Cu)-based materials due to their favorable ability to bind NO3

− and
high NH3 conversion selectivity, such as Cu/Cu2O [15, 16], Ru–Cu
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nanowires  [17],  CuFe  bimetal  [18],  Cu  clusters/TiO2−x [19],
BCN@Cu [20]  and Rh@Cu [21]  have been reported recently  with
high  yield  rate  at  high  concentrations  of  NO3

− (≥  100  mM).
Although  Cu-based  materials  are  regarded  as  potential  candidates
for replacing noble metal catalysts, they are inherently susceptible to
deactivation  during  the  long-term  operation  of  cathode  corrosion
in alkaline environments [22]. restricted its application under low-
concentration  conditions.  Heteroatom  alloying  or  doping  [22−25]
and  size-controlled  nanostructure  engineering  [17, 19, 26, 27]  are
the  most  commonly  used  strategies  for  enhancing  the  overall
performance  of  NO3RR.  Additionally,  a  non-oxide  phase  matrix
has  obvious  advantages  in  improving  electrode  conductivity,
especially  metal  phosphate  [28−30],  which  widely  used
electrocatalyst  for  water  splitting.  Considering  the  formation  of
N–H  (hydrogenation  for  adsorbed  nitrogen)  during  the  NO3RR
process,  the  appropriate  addition  of  catalytic  components  that
promote  dissociated  water  molecules  will  help  reduce  the  energy
barrier  for  ammonia  formation.  The  cobalt  phosphates  (often
referred  to  as  Co-Pi),  first  reported  by  the  research  of  Kanan  and
Nocera [31],  have inspired increasing attention [32, 33] due to the
versatile  coordination  structures  as  a  result  of  the  presence  of
phosphate/pyrophosphate and crystal water ligands [34]. Regarding
this, introducing Cu on the matrix of Co-Pi to form binary CoCu-
Pi  with  dual  active  sites  may  improve  the  nitrate  reduction
performance  and  NH3 selectivity  at  low  concentrations.  Over  the
past  few  decades,  the  three-dimensional  (3D)  structural
configurations  with  interconnected  porous  channels  have  been
verified  to  be  the  most  effective  strategies  for  improving  the
migration  of  low-concentration  ions  [35].  In  addition,  the
percolation method allows the fluid to completely pass through the
3D  porous  skeleton,  which  can  further  enhance  the  proximity  of
nitrate  ions  to  the  vicinity  of  the  electrode  and  overcome  the
adverse effects of the cathode-repelling anions [36].

Herein, a novel 3D architecture electrode is fabricated by a two-
step  method  in  which  Ni-Co  oxy/hydroxides  (Ni3Co1OxHy)  are
firstly  electrodeposited  on  a  Ni  foam  substrate  and  follow
hydrothermal growth of binary Co-Cu phosphate (CoCu-PH, “PH”
means  phosphate-hydroxide).  The  binary  CoCu-PH  is  embedded
into  the  sheet  surface  of  Ni3Co1OxHy,  which  gives  the  overall
morphology  of  the  electrode  shows  an  interlocking  structure,
thereby  we  denoted  the  electrode  as  CoCu-PH/NiCo@Ni.  The  X-
ray  adsorption  and  Raman  spectra  indicated  that  the  binary  sites
over  the  active  phase  are  coordinated  by  phosphate  and
oxy/hydroxyl  instead  of  a  single  phosphate  coordination.  The
multiple  coordination enriches  the active  site’s  electronic  structure
and  changes  its  valence  states.  The  prepared  CoCu-PH/NiCo@Ni
exhibits  remarkable  NO3RR  activity  before  triggering  HER  and
delivers a high NH3 yield rate of 4.13 mg·h−1·cm−2 with the Faraday
efficiency  of  92.6%  under  a  low  concentration  (NO3

−,  ~  40  mM),
which are  much higher  than a  single  phosphate  (CoPi  and CuPi).
Electrolytic  cells  assembled  with  CoCu-PH/NiCo@Ni  as  cathode
and  RuIrOx/Ti  as  anode  can  be  operated  under  cyclic  electrolysis
for  more  than  100  h  without  loss  of  activity.  The  post-
characterizations revealed that the morphological structure remains
intact,  but  a  composition  reconstructed  occurs  because  the
phosphate is largely lost. 

2    Results and discussions
 

2.1    Synthesis and characterizations of CoCu-PH/NiCo@Ni
Figure 1(a) simply schematizes the preparation process of the CoCu-

PH/NiCo@Ni.  Firstly,  the pre-treated 3D porous Ni foam (Fig.  S1
in the Electronic Supplementary Material (ESM)) served to support
the  electrodeposited  binary  Ni-Co  oxy/hydroxides  (Ni:Co  =  3:1,
Ni3Co1OxHy),  to  protect  the  Ni  metal  surfaces  susceptible  to
corrosion  and  provide  more  attachment  sites  for  the  growth  of
subsequent catalytic phases. The CoCu-PH catalytic phase is grown
on the surface of Ni-Co oxy/hydroxides by a hydrothermal process
with  common  Co  and  Cu  nitrates.  Note  that  the  substrate-
intermediate  layer-catalytic  layer  has  the  same  element  as  each
other  to  enhance  the  binding  strength  of  the  different  layers  and
improve the stability of the whole electrode. The reason why we use
nickel  foam  as  the  substrate  of  the  catalyst  is  that  it  has  high
porosity, three-dimensional network structure, high specific surface
area and good conductivity, which can promote the electrochemical
reduction  of  NO3

− [37].  This  design  concept  is  widely  used  in
dimensional  stable  anode  (DSA)  electrodes  [38],  which  can  be
operated  stably  for  a  long  period  in  several  important  industrial
scenarios.  Besides, to prevent the size of solids from becoming too
large result of the rapid Wald ripening, the macromolecular organic
substance of polyvinylpyrrolidone (PVP, molecular weight ~ 4000)
was added to the hydrothermal solution, which is expected to have
a capping effect to prevent the particles from growing quickly. The
morphology of electrodeposited Ni3Co1OxHy is shown in Fig. 1(b),
in  which  the  sheet  structure  is  found  and  presents  a  multilayered
structure well covered on the metallic Ni foam (Fig. S2 in the ESM).
Figures  1(c) and 1(d) show  the  morphology  of  prepared  CoCu-
PH/NiCo@Ni,  it  can  be  found  that  some  large  flakes  of  Co-Cu
phosphate are embedded into the surface of Ni3Co1OxHy.

This  embedded  structure  is  also  clearly  observed  in  the
performed  transmission  electron  microscopy  (TEM, Fig.  1(e)).  A
large  amount  of  phosphate  sheets  fully  interacts  with  the
intermediate  layer  of  Ni3Co1OxHy,  rather  than  just  covering  the
surface. High-resolution TEM (HRTEM) was employed to observe
the micro surface structure,  as shown in Figs.  1(f) and 1(g),  which
correspond to the marked regions 1 and 2 in Fig. 1(e). The localized
lattice spacing in Fig. 1(f) is about 2.643 Å, which can be assigned to
the (112) facet of the hydroxy phosphates (Co2(OH)PO4). Since the
ionic radius of Co2+ (0.74 Å) and Cu2+ (0.73 Å) are relatively close to
each  other,  the  crystal  spacing  between  the  Co2(OH)PO4 and
Cu2(OH)PO4 is  also  similar,  which  can  be  verified  from  X-ray
diffraction (XRD) patterns (Fig. S3 in the ESM). In addition, there
are  amorphous areas  and defect  locations  in  some places  (marked
in Fig.  1(f)).  These  defects  can  provide  active  sites.  The  surface
defects  circled  in  the  TEM  image  can  be  used  as  active  sites  for
catalytic  reactions.  These  active  sites  have  unique  electronic
structures and geometric configurations [39]. They can adsorb and
activate reactants, increase the number of active sites of the catalyst
and promote the catalytic reaction. Appropriate defect structure can
enhance  the  stability  of  the  catalyst,  prevent  deactivation  in  the
catalytic  process,  prolong  the  life  of  the  catalyst  and  improve  the
importance of the catalyst’s performance. The embedding structure
is  likewise  clearly  visible  in Fig.  1(g),  where  the  lattice  fringe
corresponds to the (110) facet of NiCoOxHy. Figure 1(h) is the high
angle  annular  dark field  (HAADF) image of  CoCu-PH/NiCo@Ni,
in  which  the  binary  CoCu-PH  shows  more  brightness,  indicating
better electrical conductivity. Differences in elemental distributions
can be distinguished from the mapping of the elements, where Co
and  Cu  are  more  intensively  distributed  in  the  binary  CoCu-PH
fraction,  as  expected.  The  quantitative  analysis  of  each  element  is
shown in Fig. S4 in the ESM, where Co:Cu (atomic ratio) is slightly
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above  2.5:1,  which  is  as  expected  because  the  intermediate  layer
contains a small amount of Co. 

2.2    Structures  and  interfacial  interaction  of  CoCu-
PH/NiCo@Ni
This  embedded  structure  will  not  only  effectively  improve  the
adhesion firmness  of  the  catalyst,  but  also enrich the coordination
structure  of  the  active  site.  To  investigate  that,  we  first  employed
Raman to recognize the ligands over the CoCu-PH/NiCo@Ni and
used the pure Co2(OH)PO4 and Cu2(OH)PO4 as the references. As
shown in Fig. 2(a), it can be found that the strong peak located at ~
970 cm−1 can be assigned to the contribution of the ligand of PO4

3−

and it  is  situated  exactly  between  Co2(OH)PO4 and  Cu2(OH)PO4.
For  the  binary  CoCu-PH,  there  is  a  very  broad  peak  between
350–680 cm−1, which may be due to the overlapping contribution of
the  corresponding  Co–O/OH  and  Cu–O/OH  ligands,  as  well  as

includes  the  intermediate  layer  of  Ni3Co1OxHy,  because  the  ligand
of Ni–O/OH is also in this range [40].

The Raman can be used to understand the basic ligands of CoCu-
PH/NiCo@Ni,  but  it  is  difficult  to  obtain  its  precise  coordination
structure,  so  the  X-ray  adsorption  spectra  (XAS)  were  performed.
Figure 2(b) is the X-ray absorption near edge structure (XANES) of
the Co-K edge of different Co-based materials, the pre-edge peak is
stemmed  from  the  transition  of  Co-1s→3d.  The  pre-edge  peak
intensity  depends  on  the  symmetry  of  the  coordination  structure,
lowing the symmetry will  increase the intensity [41].  The intensity
of CoCu-PH is higher than that of Co2(OH)PO4, indicating that the
incorporation  of  Cu  may  lower  the  coordination  symmetry  of
CoO6. The 1st of XANES is a useful way to identify the valence state
of the central atom and a higher oxidation state typically leads to a
higher  energy  of  edge  adsorption  [42−44].  The  insert  of Fig.  2(b)
compares  the  1st spectra  of  CoCu-PH  and  Co2(OH)PO4,  the

 

Figure 1    Preparation and characterizations of CoCu-PH@NiCo/Ni. (a) Schematic diagram of the preparation process. (b) SEM image of electrodeposited Ni3Co1OxHy.
(c) SEM image of CoCu-PH@NiCo/Ni, (d) amplification of selected area in (c). (e) TEM image of CoCu-PH@NiCo/Ni. (f) and (g) HRTEM images corresponding to the
selected area in (e). (h) HAADF image and elemental mapping images.
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absorption edge position of the former is 0.6 eV lower than that of
the latter, indicating that the valence state of Co in CoCu-PH may
be  lower  than  2+. Figure  2(c) corresponds  to  the k2-weighted
backward  Fourier  transforms  of  extended  X-ray  absorption  fine
structure  (k2-FTEXAFS),  in  which  the  length  of  Co1–Co2
coordination  is  slightly  lower  than  that  of  Co2(OH)PO4.  We
speculate  that  it  may be associated with the lower radius  of  Cu or
that  Cu  itself  has  a  Jahn–Teller  distortion  effect,  both  of  these
factors  can  act  as  a  compression  effect  that  causes  the  crystal
structure to shrink appropriately [45, 46]. Besides, in the R range of
6–8  Å  (R is  radial  distance),  there  are  no  scattering  paths,  which
also  represents  the  generation  of  defects  or  amorphous  as
amorphous  or  defect  can  effectively  break  the  periodic  ordered
coordination.

Figures  2(d) and 2(e) are  the  Cu-K  edge  XANES  and k2-
FTEXAFS. The 1st spectra clearly show that the valence state of Cu
is higher in CoCu-PH compared to that of Cu2(OH)PO4,  which is
opposite  the  change  in  Co,  demonstrating  the  existence  of  binary
interactions in the CoCu-PH. In the k2-FTEXAFS, the bond length
of  CuO6 coordination is  slightly  higher  than that  of  Cu2(OH)PO4,
verifying the distortion of crystal structure in the binary CoCu-PH.
We also noted the intensity of the scattering paths between Cu-Cu
is substantially weakened, which may be related to the low content
of Cu or its more disordered arrangement. The scattering paths are
also very weak when R > 6 Å, which is the same as for Co-EXAFS. 

2.3    The NO3RR performance evaluation
Due  to  the  alkaline  medium  being  able  to  push  back  the  onset
potential  of  competitive  HER,  the  NO3RR  performance  of
electrodes  was  evaluated  under  0.1  M  NaOH  and  by  using  a
standard  three-electrode  system  at  room  temperature  (25  °C).
Firstly,  the  NO3RR  performance  of  the  prepared  CoCu-
PH/NiCo@Ni  was  investigated  at  different  NO3

− concentrations
solutions,  as  shown  in Fig.  3(a).  In  the  non-nitrate  medium,  the

activity  of  HER  is  weak  and  it  exhibits  significant  polarization
current only after −0.25 V vs. reversible hydrogen electrode (RHE).
When  added  nitrate,  there  is  a  start  of  polarization  current
appearance  at −0.05  V  and  a  platform  current  density  originated
from  diffusion-limited  is  achieved  before −0.25  V,  suggesting  that
CoCu-PH/NiCo@Ni can effectively promote NO3RR before HER is
triggered.  More  important,  the  diffusion-limited  current  density
increases with the nitrate concentration and exhibits  a  good linear
relationship  (Fig.  3(b)).  Notably,  the  half-wave  potential
independent  of  the  nitrate  concentration,  indicates  that  the
polarization current essentially derives from NO3RR and the change
in  current  depends  on  the  concentration  of  nitrate  and  the  mass
transfer efficiency.  Then,  we compared the reduction performance
of  different  materials  in  a  mixed  solution  of  0.1  M  NaOH  and
80 mM NO3

− (Fig. 3(c)), it can be found that the other materials did
not show the platform current density of NO3RR except for CoCu-
PH/NiCo@Ni  and  Cu-PH/NiCo@Ni.  We  notice  that  the  Cu-
PH/NiCo@Ni  has  a  lower  onset  potential  (Fig.  S5  in  the  ESM),
verified  that  Cu-based  materials  have  excellent  nitrate  to  nitrite
transfer  activity,  but  its  kinetics  is  not  as  high  as  that  of  CoCu-
PH/NiCo@Ni  (Fig.  S6  in  the  ESM).  The  higher  kinetics  exhibit
lower  charge  transfer  resistance  (Rct),  which  can  be  verified  by
electrochemical impedance spectroscopy (EIS). As shown in Fig. S7
in the ESM, the Rct of CoCu-PH/NiCo@Ni is only 4.63 Ω, which is
lower  than  Cu-PH/NiCo@Ni  (4.77  Ω)  and  much  less  than  Co-
PH/NiCo@Ni.  Moreover,  the  Co-PH/NiCo@Ni  has  almost  no
NO3RR  activity,  especially  before −0.25  V  and  the  highly  active
CoCu exhibits the smallest Rct and the largest electrochemical active
surface  area  (ECSA),  which  means  that  the  rapid  transfer  kinetics
and  high  abundance  of  active  centers  improve  the  activity  of
NO3RR  (Fig.  S8  in  the  ESM).  It  is  therefore  reasonable  to  believe
that  the  high  activity  of  CoCu-PH/NiCo@Ni  can  be  attributed  to
the synergistic catalytic effect of the binary Co and Cu.

To  further  access  the  NO3RR  performance  of  CoCu-

 

Figure 2    Structural and chemical states analysis of prepared catalyst. (a) Raman spectra of CoCu-PH@NiCo/Ni, Co2(OH)PO4 and Cu2(OH)PO4. (b) Co K-edge XANES
spectra of different Co-based materials. The insert compares the 1st spectra of XANES of CoCu-PH and Co2(OH)PO4. (c) k2-FTEXAFS spectra of Co K-edge for CoCu-PH
and Co2(OH)PO4. (d). Cu K-edge XANES spectra of different Cu-based materials. The insert compares the 1st spectra of XANES of CoCu-PH and Cu2(OH)PO4. (e) k2-
FTEXAFS spectra of Cu K-edge for CoCu-PH and Cu2(OH)PO4. The k-range is set at 2–14 for both Co- and Cu-based materials.
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PH/NiCo@Ni,  we set  the concentration of  nitrate  to  be 40 mM, a
concentration at which a relatively common contaminant is present
in the industrial environment water and a level that can be achieved
by  proper  concentration  [47, 48].  At  the  same  time,  the  detection
method of  related N-substances was established,  as  shown in Figs.
S9–S11  in  the  ESM,  corresponding  to  nitrate  nitrogen  (NO3

−-N),
nitrite  nitrogen  (NO2

−-N)  and  ammonia  nitrogen  (NH4
+-N)

respectively.  Firstly,  we investigated the ammonia yield ( )  and
FE  at  different  current  densities,  as  shown  in Fig.  3(d).  At  a  low
current  density  of  10  mA·cm−2,  the  FE  is  the  highest  up  to  94.1%,
but the  is only 1.62 mg·h−1·cm−2. Notably, as the current density
increases,  the  FE  decreases  continuously  and  when  the  current
density  reaches  50  mA·cm−2,  a  value  that  can trigger  the  HER,  the
FE decreases to 66.3%. The highest  is obtained at 30 mA·cm−2

with  a  value  of  4.13  mg·h−1·cm−2.  For  a  given  catalyst,  the  FE  is
essentially limited by the NO3

− concentration (diffusion limitation).
At the same time, the Faraday efficiency and ammonia production
data of nitrite NO2

− and side reaction HER corresponding to CoCu-
PH/NiCo@Ni at different current densities are shown in Fig. S12 in
the ESM. As shown in Fig. S13 in the ESM, at a current density of
30  mA·cm−2,  the  FE  increases  with  concentration;  in  other  words,
high  current  density  operation  (implying  high  yields)  can  only  be
obtained  by  increasing  mass  transfer  (either  by  increasing  the
concentration or  by  accelerating the  diffusion of  the  mass  transfer

RNH3

with  additional  energy  consumption).  Extremely  high  FE  can  be
obtained by operating at low current density (< 5 mA·cm−2), but this
comes at the expense of yield rate. Remarkably, our prepared CoCu-
PH/NiCo@Ni can achieve high  at  high current density while
its FE can still reach 92.6%.

RNH3

RNH3

Subsequently,  we  compared  the  NO3RR  performance  of  the
different  materials  at  30  mA·cm−2,  as  shown  in Fig.  3(e),  both  in
terms of  and FE, the prepared CoCu-PH/NiCo@Ni exhibited
significant  advantages,  which  validates  the  nature  of  its  high
NO3RR activity. More interestingly, at a constant potential (−0.1 V
vs.  RHE),  both  and  FE  decrease  with  the  increase  of
electrolysis  time,  as  shown  in Fig.  3(f),  which  can  reach
2.47  mg·h−1·cm−2 and  93.2%  at  the  beginning.  The  recorded j–t
curve  is  shown  in  Fig.  S13  in  the  ESM,  it  can  be  found  that  the
current  density  decreases  with  time  and  reaches  a  steady  state
(15 mA·cm−2) after 4 h from the initial state of 25 mA·cm−2.

It  can be determined that this steady-state current is completely
contributed by NO3RR, as −0.1 V is not enough negative to trigger
HER occurrence. In other words, at a low concentration of 40 mM,
the  three-dimensional  porous  electrode  can  provide  a  diffusion-
limited  current  density  of  15  mA·cm−2 under  static  conditions,
unless  an external  force is  provided,  such as  the use of  a  pump to
accelerate  the  flow of  liquid.  The conversion of  nitrate  nitrogen at
low  concentrations  is  subject  to  diffusion  control, Fig.  3(g)

 

RNH3

RNH3 RNH3

Figure 3    Electrocatalytic NO3RR performance of CoCu-PH@NiCo/Ni. (a) The LSV curves of CoCu-PH@NiCo/Ni under different NO3
− concentration. (b) Linear fitting

of diffusion-limited current density and NO3
− concentration. (c) The LSV curves of different materials in 0.1 M NaOH with 80 mM NO3

−. (d) The  and FE of CoCu-
PH@NiCo/Ni at different current densities. (e) Comparison of  and FE of different materials under fixed test conditions. (f) The variation of  and FE at −0.1 V vs.
RHE at different times. (g) Comparison of NO3RR performance for various reported electrocatalysts. From left to right is sorted by nitrate concentration from lowest to
highest.
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illustrates the developed advanced catalysts  for the NO3RR (all  the
materials are listed in the Table S1 in the ESM), ranked in order of
target  concentration  in  the  electrolyte  from  low  to  high,  which
follows  an  increase  in  with  increasing  concentration.
Specifically, the prepared CoCu-PH/NiCo@Ni delivers an excellent
performance  with  high  of  4.13  mg·h−1·cm−2 and  FE of  92.6%,
validated  to  be  a  competitive  candidate  for  low  concentration
nitrates conversion. 

2.4    In situ FT infrared (FTIR) and theoretical calculations
To understand the reaction intermediates  and pathway of  NO3RR
over  the  CoCu-PH/NiCo@Ni,  the  electrochemical in  situ
attenuated  total  reflectance  FTIR  (ATR-FTIR)  spectra  were
performed. Figures 4(a) and 4(b) are the potential-dependent ATR-
FTIR spectra with the applied potential from open circuit potential
(OCP)  to −0.4  V  vs.  RHE.  The  signal  is  almost  undetectable  at
OCP, but new absorption bands appear when the negative potential
(−0.05  V  vs.  RHE)  that  triggers  NO3RR  is  applied.  These  peaks’
intensity  increases  with  more  negative  potential.  The  two-
dimensional  contour  image  (Fig.  4(c))  depicts  the  dependence  of
the  change  in  absorption  bands  on  the  applied  potential.  The
detailed  variations  of  peaks  are  shown  in Fig.  4(d).  The  band  at
1405  cm−1 can  be  assigned  to  the  adsorption  of  NO3

− [49−51]  but
noted that it is triggered at a potential of only 0.2 V, indicating that
CoCu-PH/NiCo@Ni  possesses  excellent  performance  of  NO3

−

adsorption. Besides, the adsorption band of H2O* (1650 cm−1) also
occurred at this potential.  With the potential  negatively moving to
0.1  V,  an  N–O antisymmetric  stretching  vibrational  peak  appears,
which can be  attributed to  adsorbed NO2*  [37, 52].  This  indicates
that  NO3

− deoxygenation  to  form  NO2*  requires  a  more  negative
potential  to  drive  it.  The  bands  at  1115,  2873  and  3150  cm−1

correspond to the stretching of N–H, N–H bending and NH2 swing
model  of  the  formed  NH2*,  respectively  [52−54].  These  strong
N–H peaks predict the formation of NH3. The peak at 3000 cm−1 is
attributed to the O–H bending of the adsorbed OH* [52, 55], which
suggests  that  a  dissociation  of  water  molecules  takes  place.  The

protons  provided  by  the  dissociation  of  water  molecules  might  be
an  important  source  for  the  deoxygenation  of  NO3

−*  and
hydrogenation of N*.

To  deeply  understand  the  high  activity  of  CoCu-PH/NiCo@Ni
for the NO3RR, the density functional theory (DFT) was employed
to investigate  reaction paths  and intermediates  state.  According to
our ATR-FTIR and previous reports [17], NO3

− to NH3 conversion
on  the  electrode  surface  most  likely  includes:  adsorption  of  NO3

−,
deoxygenation of  the  NO3

−*  and hydrogenation on the  N* species
(NO3

−→NO3*→NO2*→NO*→N*→NH*→NH2*→NH3*→NH3,  the  *
represents  the  adsorption  state  and  all  the  intermediate  processes
are  the  binding  of  the  metal  site  to  the  N  atom).  The  free  energy
diagram based on the Gibbs free energy change (ΔG) of the overall
pathway  for  NO3RR  at  0  V  vs.  RHE  at  pH  13  is  illustrated  in
Fig. 5(a). Previous studies revealed that the transition from NO2* to
NO* requires a key transition state (TS) [56],  called the formation
of  NO2H*  (TS1).  The  formation  of  TS1  is  related  to  adsorbed
OH* in the neighbouring site, as shown in the insert crystal figure.
The energy uphill of TS1 in CoCu-PH (0.12 eV) is lower than that
of  the  monolithic  site  of  Cu-PH  (0.44  eV),  suggesting  that  the
former can efficiently provide the OH*. The underlying discrepancy
may  be  related  to  the  fact  that  Co  sites  have  a  better  ability  to
facilitate  the  decomposition  of  adsorbed  H2O,  or  in  other  words,
appropriate  HER  activity  may  reduce  the  energy  barrier  of  the
formation of NO2H*. The potential difference may be related to the
better ability of Co sites to promote the decomposition of adsorbed
H2O, or  in  other  words,  appropriate  HER activity  may reduce the
energy  barrier  for  the  formation  of  NO2H*.  The  process  of  Co
sites promoting hydrolysis and dissociation to form OH* is usually
closely  related  to  the  charge  transfer,  proton  transfer,  adsorption
and  dissociation  of  reactant  molecules  on  the  electrode  surface.
After  the  water  molecule  H2O  accepts  electrons  on  the  surface  of
the  catalyst,  it  can be  dissociated into hydroxide ion OH− through
the  Volmer–Heyrovsky  reaction  path  and  adsorbs  the  hydrogen
atom  H*  [57, 58].  Coupled  with  the  unique  electronic  structure
and catalytic activity of the Co site, this dissociation process can be

 

Figure 4    Potential-dependent in  situ ATR-FTIR  spectra.  (a)  and  (b)  The  electrochemical in  situ ATR-FTIR  spectra  for  CoCu-PH/NiCo@Ni  electrode  conducted  in
0.1 M NaOH + 40 mM NO3

−. electrolyte. (c) The corresponding contour image of CoCu-PH/NiCo@Ni at different applied potentials. (d) Local plots of in situ ATR-FTIR
spectra.
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accelerated,  so  that  more  water  molecules  are  activated  into
O–H bonds in the H2O molecule, making it easier to break to form
OH* [59].

To validate this, the Volmer–Heyrovsky reaction path is used to
calculate the free energy of HER in alkaline conditions, as shown in
Fig.  5(b).  It  can  be  found  that  the  Volmer  step,  which  adsorbed
H2O*  dissociated  into  adsorbed  OH*  and  H*  intermediate  is  the
rate-determined step (RDS) [60] and an energy barrier (ΔGH–OH) of
up to 1.04 eV needs to be overcome om the Cu-PH surface, while
ΔGH–OH is  reduced  to  0.73  eV  on  the  binary  CoCu-PH  surface.
These  results  demonstrate  that  the  binary  of  Co-Cu  can
substantially  accelerate  the  kinetics  of  the  water  dissociation  and
provide the OH* that is urgently needed for the TS1 process. Back
to the NO3RR, another key step is the NO*→N*, which undergoes a
TS of NOH* (TS2), which also requires the neighbouring site to be
able to provide an adsorbed state of OH*. This step is similar to the
TS1 process but gives rise to a higher energy barrier and is regarded
as  the  RDS  for  alkaline  NO3RR  [61].  An  uphill  to  0.76  eV  is
predicted  in  the  energy  profile  of  Cu-PH,  which  is  much  higher
than  that  of  Co-Cu  (0.21  eV),  evidencing  that  the  binary  catalytic
site  with  strong  water  dissociation  ability  can  better  promote  the
activity  of  NO3RR.  Although  CoCu-PH  has  a  strong  H2O*
dissociated  capacity,  this  does  not  imply  that  HER  occurs
preferentially on its surface over NO3RR, because the energy barrier
for the HER (0.73 eV) is higher than that of the RDS of the NO3RR.
Moreover,  the  Gibbs  energy  for  NO3

− absorption  (−1.36  eV)  is
much  lower  than  that  for  H2O  absorption  (−0.22  eV),  suggesting
that  NO3

− is  much easier  to adsorb on the CoCu-PH surface than
H2O.  A  somewhat  enhanced  HER  activity  of  the  catalyst  is
beneficial  for  enhancing  the  NO3RR,  which  is  consistent  with  the
previously revealed [62]. In turn, it is to be expected that an increase

in  Co  content  will  inevitably  bring  about  an  increase  in  HER
activity,  which is  then detrimental  to  the  conversion of  NO3

−.  It  is
evidenced  by  our  designed  catalysts  with  high  Co  content  of
Co4Cu1-PH  and  Co3Cu1-PH  (Fig.  S14  in  the  ESM)  and  therefore
the  Co/Cu  ratio  must  be  adjusted  to  maximize  the  advantages  of
the dissociation of water molecules.

As  revealed  by  the  DFT,  both  the  deoxygenation  and  the
subsequent  hydrogenation  processes  of  the  N-species  involve  the
delivery of  proton.  Functionalization of  dual-site  of  the catalysts  is
crucial for enhancing NO3RR activity, i.e., one of the sites can play
the  role  of  a  proton  provider.  Therefore,  the  catalyst  may  need  to
perform adsorption and dissociation on both molecules (here, NO3

−

and  H2O),  with  mutual  bonding  occurring  in  the  appropriate
intermediate states.  For the TS2,  an RDS for NO3RR, the bonding
formation  may  be  *–NOH–H–OH–*.  The  formation  of  this
intermediate  state  may  be  bonded  with  hydrogen  bonding.  As  a
result,  the  distance  between  the  dual  sites  becomes  crucial  for  the
effective  formation  of  hydrogen  bonds.  As  mentioned  by k2-
FTEXAFS,  a  compression  effect  is  present  over  the  binary  CoCu-
PH,  which  means  the  distance  between  Co–Cu  is  lower  than  the
Cu–Cu  distance  on  the  Cu-PH.  This  effect  of  crystal  structure
shrinkage  is  shown  in Fig.  5(c).  The  lower  Co–Cu  distance  can
effectively  promote  the  formation  of  hydrogen  bonds,  which  are
responsible for the reduction of the energy barrier for TS. 

2.5    Long-term stability evaluation
The  long-term  stability  of  prepared  CoCu-PH/NiCo@Ni  was
evaluated by the chronoamperometry in an H-type cell at −0.1 V vs.
RHE.  As  shown in Fig.  6(a),  the  current  density  exhibits  a  similar
tendency  as  observed  in  Fig.  S13  in  the  ESM,  which  will  reach  a

 

Figure 5    Theoretical analyses of the catalytic mechanism of NO3RR over the CoCu-PH surface. (a) Free energy diagram of each intermediate state on the Cu/Co metal
sites. Two key intermediate transition states (TS1 and TS2) are also included. The insert adsorption crystal structure corresponds to the TS1. There is a similar structure
for TS2. (b) Free energy diagram for HER on the surface of CoCu-PH. (c) Comparison of the crystal structures of Cu-PH and CoCu-PH. Based on the EXAFS results, it is
hypothesized that the metal–metal distance of the binary material may be reduced.
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steady  state  after  a  few  hours. During  the  steady  state  operation,
there  is  no  appreciable  decrease  in  current  density,  indicating  that
the CoCu-PH/NiCo@Ni possesses good stability. In addition, it still
maintains  a  high  FE  of  83%  over  100  h  of  continuous  operation.
After the stability test, there is little difference in activity before and
after as revealed by post-linear sweep voltammetry (LSV) (Fig. S15
in  the  ESM),  which  confirms  that  the  CoCu-PH/NiCo@Ni  has
good  stability.  To  verify  that  the  catalytic  electrode  of  CoCu-
PH/NiCo@Ni has a stable ammonia production capacity, the long-
term cycling test with 20 cycles (continuous electrolysis for 6 h per
cycle)  was  conducted.  As  shown in  Fig.  S16 in  the  ESM, the 
fluctuated around 4.1 mg·h−1·cm−2, while FE was higher than 82% in
multiple  cycle  tests,  further  indicating  excellent  stability  of  CoCu-
PH/NiCo@Ni.

The  performed  XRD  patterns  also  verified  that  the  CoCu-
PH/NiCo@Ni maintains  structure  stability  as  the  diffraction peaks
are  essentially  the  same  as  the  initial  (Fig.  S17  in  the  ESM).

Moreover,  the  post-scanning  electron  microscopy  (SEM)  and
HRTEM are conducted to observe whether the morphology of the
embedded  structure  of  the  CoCu-PH/NiCo@Ni  changes  under
long-term operation. By comparison of the SEM images (Fig. 6(b)),
it can be seen that the surface morphological features of CoCu-PH
embedded in the interlayer Ni3Co1OxHy are the same as those of the
initial  one. Figure  6(c) shows  the  HRTEM  images  with  different
magnifications,  the  overall  embedded  structure  remains  well  after
long-term operation, indicating that the reduction of nitrate did not
destroy its morphological structure. Besides, we note that the facets
lattice  exposed  by  the  surface  beyond  the  hydroxy  phosphates  of
binary CoCu-PH, instead is more in line with the (110) facets of the
mixed  oxy/hydroxides  of  Co  and  Cu,  since  the  distance  space
exposed of the surface is 1.586 Å. As observed in the HRTEM, the
initial  catalytic  component  of  CoCu-PH  may  have  undergone  a
phase transition, called surface reconstruction, during the long-term
operation.

 

Figure 6    Stability  evaluation  of  CoCu-PH@NiCo/Ni.  (a)  The  long-term  chronoamperometry  test  of  CoCu-PH@NiCo/Ni  at −0.1  V  vs.  RHE  in  0.1  M  NaOH  with
40 mM NO3

−. (b) The SEM images of the initial and after stability test. (c) The TEM images of the after-stability test and the HRTEM images corresponding to the selected
region. (d) The XPS spectra of Co 2p, Cu 2p, P 2p and O 1s.
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To  furtherly  verify  the  surface  reconstruction  of  CoCu-
PH/NiCo@Ni, the surface X-ray photoelectron spectroscopy (XPS)
is  performed  and  the  full  spectra  of  CoCu-PH/NiCo@Ni  and  C-
calibration are shown in Fig. S18 in the ESM. Figure 6(d) shows the
deconvoluted spectra of Co 2p, in which the peak of Co 2p3/2 with
the  binding  energy  of  781.14  eV can  be  assigned  to  the  Co2+ state
[63]. The position of the main peaks of Co 2p3/2 and Co 2p1/2 after
stability is consistent with the initial one, indicating that the valence
state  of  Co does  not  change.  However,  we note  that  the  spectrum
shape  has  changed  result  of  the  weakening  of  the  satellite  peak
intensity. The strong intensity of the satellite peaks is related to the
high  spin  of  Co2+,  which  is  common  in  Co-Pi  materials  [64]  and
thus the weakening of  their  strength is  most  likely  associated with
the  loss  of  phosphate  coordination.  For  the  comparison  of  Cu  2p
spectra, there are no significant shifts in the binding energy of main
peaks,  suggesting  that  the  valence  state  of  Cu  may  not  have  been
affected by the reduction conditions. It is worth noting that the P 2p
from  the  phosphate  ligand  is  lost  after  a  long  operation  of  100  h.
The loss of P-specie may imply that CoCu-PH underwent a surface
reconstruction  process,  which  is  evidenced  by  O  1s  XPS.  The
surface  oxygen  species  after  long-term  operation  are  essentially
dominated  by  lattice  hydroxyls  (M–OH,  M:  metal)  and  the  P–O
species  located at  531.4  eV corresponding to  phosphate  ligand are
essentially  lost,  which  suggests  that  the  loss  of  phosphate  during
surface  reconstruction  may  be  accompanied  by  the  formation  of
hydroxides [65−68]. These observations are also verified by Raman
spectra, as shown in Fig. S19 in the ESM, the ligand of phosphate is
disappearance,  while  the  CoCu–O/OH  coordination  is  preserved
well.  Therefore,  it  is  reasonably  believed  that  the  phosphate  is
derived  from  MOx/M(OH)x or  MOOH  on  the  surface.  Although
the  absence  of  HER,  surface  reconstruction  of  the  phosphate  still
happens,  suggesting  that  there  may  be  a  process  involved  in  the
adsorption and disassociation of water molecules. This validates our
speculation  that  the  catalytic  site  is  needed  to  activate  the  water
molecule  to  provide  the  necessary  protons  for  the  deoxygenation
and hydrogenation for the conversion of nitrate to ammonia. 

3    Conclusion

RNH3

In short, a novel 3D CoCu-PH/NiCo@Ni electrode with embedded
binary  CoCu-PH  is  rationally  designed  for  nitrate  electrochemical
reduction. It delivers a high  of 4.13 mg·h−1·cm−2 with a high FE
of 92.6% at a moderate current density of 30 mA·cm−2 under a low
nitrate  concentration  of  40  mM.  The  impressive  NO3RR
performance  over  the  CoCu-PH/NiCo@Ni  can  be  maintained  for
100 h at a potential  of −0.1 V vs.  RHE. With the aid of XAFS, we
demonstrate  the  host  structure  includes  valence  states  and
coordination  symmetry  are  modified  accompanied  by  Cu  doping.
The performed DFT indicated the binary CoCu-PH can effectively
reduce the energy barrier of the RDS in the NO3RR process and the
ability  of  regulated  adsorption  strength  can  be  attributed  to  the
water  dissociation at  the Co site.  We emphasize  that  the adsorbed
OH* intermediates at the Co site can provide abundant protons for
the  formation  of  NO2H*  and  subsequent  hydrogenation  at  N*.
Moreover,  benefiting  from  the  incorporation  of  heterogeneous
elements,  the  atomic  spacing  is  shortened,  thus  providing  shorter
hydrogen  bonds  for  the  formation  of  key  intermediates.  Overall,
this  work  provides  an  alternative  strategy  based  on  multi-
architecture  and  binary  components  to  design  highly  efficient
NO3RR  catalysts  for  low-concentration  nitrates  conversion  to
ammonia. 

4    Experimental section/methods
 

4.1    Synthesis of catalysts
All  chemical  reagents  are  analytically  pure  without  specific
instructions.  The aqueous solution used in the synthesis  process is
ultra-pure water. A piece of commercial Ni foam was cut into 3.5 ×
3.5  cm  and  was  immersed  in  3  M  HCl  solution  for  20  min  to
remove  the  oxides  on  the  surface  and  then  washed  ultrasonically
with  ethanol  absolute  and  deionized  water  separately.  The
intermediate  of  Ni3Co1OxHy was  electrodeposited  on  the  pre-
treated Ni foam. Briefly, in a preset solution containing 0.3 M cobalt
nitrate  Co  (NO3)2 and  0.1  M  nickel  nitrate  Ni  (NO3)2,
Ni3Co1OxHy@Ni was prepared by applying 70 mA constant current
electrodeposition for 300 s using Ni foam as the cathode.

A typical hydrothermal method was used to prepare the CoCu-
PH/NiCo@Ni. The metal ion precursor is the corresponding nitrate
and  its  Co:Cu  molar  ratio  is  set  to  2:1  and  mixed  in  the  100  mL
Teflon-lined  pressure  vessel.  After  that,  500  mg  PVP  was  added
into the solution and ultrasonic dispersion for 30 min to completely
dissolve. Then, 1 mmol (NH4)2HPO4 acts as a phosphate precursor
was slowly dripped into the mixture solution and the as-synthesized
Ni3Co1OxHy@Ni was placed diagonally in the hydrothermal reactor.
Noted  that,  the  order  of  adding  PVP and  (NH4)2HPO4 cannot  be
reversed.  After  sealing  and  heating  at  180  °C  for  12  h,  the  as-
synthesized  CoCu-PH/NiCo@Ni  was  taken  out,  washed
ultrasonically and dried overnight. The preparation method of Co-
PH/NiCo@Ni  and  Cu-PH/NiCo@Ni  is  consistent  with  the  above.
For preparation of RuIrOx/Ti,  the mix precursors with Ru:Ir = 3:1
were uniformly coated over Ti, then dried and placed in a furnace
at 400 °C for 10 min and the process was repeated four times until
the coating amount reached 0.2 mg·cm−2. 

4.2    Electrochemical characterizations:
All  electrochemical  tests  were  carried  out  with  a  three-electrode
system  using  a  CHI760E  (Shanghai  Chenhua,  China)  and
programmable  direct  current  (DC)  power  supply  (Henghui  HSP-
3030) in a 0.1 M NaOH + 40 mM NO3

−. Here, the prepared sample
is  used  as  a  working  electrode;  a  platinum plate  electrode  with  an
area of 1 cm2 is used as a counter electrode. The standard Hg/HgO
electrode  was  used  as  the  reference  electrode.  The  potential  (E)
versus Hg/HgO scale was converted into a RHE standard by Nernst
equation calibration

E(vs. RHE) = E(vs. Hg/HgO)+0.098 V+0.0592×pH

The  reducibility  of  nitrate  with ir-corrected  (i:  current  and r:
solution resistance) was investigated by LSV with a low scan rate of
5  mV·s−1 to  understand  the  true  properties  of  the  material.  The
redox peak potentials of different electrode materials were tested by
cyclic voltammetry (CV) to understand the reaction mechanism of
the  materials.  EIS  was  used  to  test  at −0.1  V  vs.  RHE,  with  a
potential  amplitude  of  10  mV and a  frequency  range  of  1–106 Hz
that  fit  the  Nyquist  plot,  the  resistance  and  charge  transfer
resistance are obtained. 

4.3    Determination  of  the  concentration  of  N-containing
species
The  ultraviolet–visible  (UV–Vis)  absorbance  spectra  were
measured  on  a  PERSEE  TU-1950  UV–Vis  spectrophotometer.
Ammonia-N  (NH4

+-N)  was  measured  by  Nessler’s  reagent
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spectrophotometry [69]. Due to the slightly higher concentration of
the  cathode  solution,  it  was  diluted  before  the  test.  The  diluted
water  sample  of  2.5  mL  was  added  with  2  mL  of  2%  potassium
sodium  tartrate  (NaKC4H4O6).  After  mixing,  0.5  mL  of  Nessler’s
reagent was added for color reaction. After 20 min, the absorbance
was  measured  at  420  nm  wavelength  under  an  ultraviolet–visible
spectrophotometer.  The concentration of  NH4

+-N was determined
by substituting it into the standard curve of ammonia nitrogen and
then the concentration of NH3 was calculated.

Nitrite-N  (NO2
−-N)  was  measured  using  ultraviolet–visible

absorption  spectrum  [70].  2  mL  diluted  water  sample  was  mixed
with  1  mL  R1 (p-aminobenzene  sulfonamide  mixed  solution)  and
then  1  mL  R2 N-(1-naphthyl)  ethylenediamine  dihydrochloride,
solution)  was  added.  The  absorbance  was  measured  at  540  nm
wavelength  within  30  min  after  shaking  and  mixing  and  the
concentration  of  nitrite  nitrogen  was  determined  according  to  the
standard curve.

A= A220 nm −A275 nm

Nitrate-N  (NO3
−-N)  was  determined  by  ultraviolet–visible

spectrophotometry  [15, 70].  Take  0.1  mL  1  M  HCl  and  0.01  mL
0.8 wt.% sulfamic acid solution were added to the test solution. The
wavelength is measured at 220 and 275 nm and the absorbance (A)
of  NO3

−-N  is  calculated  according  to  the  following  formula
 and  the  actual  concentration  of  nitrate  is

calculated in the standard curve. 

4.4    The yield and Faradaic efficiency
For  the  nitrate  (NO3

−)  reduction  reactions,  the  FE  and  NH3 yield
rate is calculated as follows

FE =
8×F× [NH3]×V

MNH3 ×Q
× 100%

RNH3 =
[NH3]×V
MNH3 × t×A

MNH3

where F is  the  Faradic  constant  (96,485  C·mol−1),  [NH3]  is  the
measured NH3 concentration, V is the volume of electrolyte in the
cathode  compartment,  is  the  molar  mass  of  NH3, Q is  the
total quantity of applied electricity, t is the electrolysis time and A is
the working area of the catalyst. 

4.5    Material characterizations:
The  crystal  structure  of  the  catalysts  was  investigated  using  XRD
measurement equipped with a D/max2550 V apparatus and a Cu-
Kα radiation  source  (λ =  1.5406  Å)  and  the  data  were  recorded
from  10°  to  80°  at  the  step  size  of  0.02°.  The  morphology  and
composition  of  the  samples  were  characterized  by  field  emission
SEM (FE-SEM, Verios G4UC) combined with energy-dispersive X-
ray  spectroscopy  (EDS).  The  micromorphology  was  studied  by
TEM  (Talos  F200X  G2).  The  surface  composition  and  element
valence state  of  the samples  were determined by ESCALAB 250Xi
XPS  with  a  high-resolution  XPS  spectrum  obtained  at  an  energy
step  of  0.05  eV.  All  deconvolutional  high-resolution  XPS  spectra
were calibrated by C-1 s at 284.8 eV. The XAS data of the samples
were recorded at room temperature in fluorescence mode using ion
chambers  in  the  Shanghai  Synchrotron  Radiation  Facility  (SSFR,
beamline BL14W1, Shanghai) and National Synchrotron Radiation
Laboratory (NSRL, beamline BL11U, Hefei), China. The station was
operated  with  a  Si  (111)  double  crystal  monochromator.  During
measurements,  the  synchrotron  was  operated  at  the  energy  of
3.5 GeV and the current varied between 150 and 210 mA. 

4.6    In situ external reflection FTIR analysis
Electrochemical FTIR spectroscopy measurements and IR reflection-
absorption  spectroscopy  (IRRAS)  measurements  were  performed
by a Nicolet IS50 spectrometer with an electrochemical workstation
and an H-type electrolytic  cell.  The prepared CoCu-PH/NiCo@Ni
electrode  was  used  as  the  working  electrode,  Hg/HgO  as  the
reference  electrode  and  Pt  as  the  counter  electrode.  The  nitrate
reduction test was performed in a mixed solution of 0.1 M NaOH
and 40 mM NO3

− and the spectra were collected at 50 mV per point
at  open circuit  potential  and 0.2 to −0.4 V vs.  RHE potential.  The
spectral  resolution  of  all  measurements  is  4  cm−1.  The  obtained
spectrum is used as the relative change of reflectivity (ΔR)

∆R/R0 = (R−R0)/R0

where R is  the  reflectivity  at  the  sample  potential  and R0 is  the
reflectivity at the reference potential. 

4.7    DFT calculation methods
All  first-principal  calculations  were  performed  using  the  DFT
methodology  implemented  in  the  Vienna ab-initio simulation
package  (VASP).  The  spin-polarized  projector  augmented  wave
(PAW)  method  [71, 72]  and  the  Perdew–Burke–Ernzerhof  (PBE)
[73, 74] electron exchange-correlation functional of the generalized
gradient approximation (GGA) were used in these calculations. The
energy  cutoff  for  the  wave  function  expanding  in  the  plane-wave
basis was set to 400 eV. The energetic convergence threshold for the
self-consistent  field  was  1  ×  10−5 eV·atom−1.  The  structure
optimization  force  threshold  was  set  to  0.02  eV·Å−1.  The
Co2(OH)PO4 with  a  crystal  parameter  of  8.042  ×  8.369  ×  5.94
(90.0 × 90.0 × 90.0) was used to host structure for constructing the
CoCu-PH, in which the Co sites are replaced by Cu in a mole ratio
of  Co:Cu  =  2:1.  The  Brillouin-zone  integrations  were  calculated
using Monkaorst–Pack grids with (2 × 2 × 1) mesh. A vacuum slab
of  15  Å  was  used  in  the  model.  The  Gibbs  free  energy  profile  of
NO3RR  is  modeled  at  the  (220)  crystal  surface  of  CoCu-PH.  This
surface  termination  was  chosen  as  they  are  observed  from  the
HRTEM  images  and  represent  low-energy  surfaces.  The  free
energies of adsorption of the NO3RR and HER are calculated from
ΔG = ΔE + ΔZPE − TΔS, where ΔE is the total energy, ΔZPE is the
zero-point  energy, T is  the  temperature  in  Kelvin  and  ΔS is  the
entropy. Adsorption-freebies are calculated by using NO3

− and H2O
as references as well  as considering zero-point energy and entropy
corrections at T = 298.15 K. 

Electronic  Supplementary  Material: Supplementary  material  is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/NR.2025.94907048. 
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