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ABSTRACT: Electronic  nitrate  reduction  reaction  (NO3RR)
is an expected process to obtain green ammonia and bring
a  hot  topic  on  electrocatalyst  constructing.  Nevertheless,
NO3RR processes a complex path with multiple adsorption
and desorption so that the adsorbed selectivity is one of the
key points. Herein, based on the catalysis of Cu2O-Fe3O4 on
N-doped  carbon  nanotubes  (NCNTs),  B-doped  sites  were
introduced  for  enhancing  the  adsorption  of  NO3

−  and
thereby increasing the local concentration on surface of the
electrode.  After  confirming  the  catalytic  sites  mainly  from
Cu2O  and  Fe3O4  nanoparticles,  the  B,N-doped  carbon
nanotube  (BNCNT)  substrate  was  discovered  accelerating  the  NO3RR  with  high  yield  NH3  and  positive-shift  of  onset
potential.  The enhancement from B-sites was also testified by the performance comparison using different  substrate and
series of metal oxide/BNCNTs, presenting the general strategy for promoting NO3RR. This work provides a new perspective
for modulating catalytic process, especially in the complex electrocatalysis with high-required selectivity and concentration-
dependence.
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 1    Introduction
Ammonia  is  the  cornerstone  of  modern  agriculture  and  industry,
serving as  the  primary nitrogen source  for  global  food production
and  the  key  raw  material  for  many  industrial  chemicals  [1, 2].
Compared with  the  traditional  Haber–Bosch method of  industrial
ammonia  synthesis  [3],  electrocatalytic  nitrate  reduction  (NO3RR)
offer  a  mild  method  of  ammonia  synthesis  [4−6],  reducing  the
requirements  of  reaction  conditions  and  mitigating  subsequent
pollutant  nitrate  pollution  [5, 7, 8].  By  coupling  with  special
electronic  oxidation  reaction,  NO3RR  holds  a  great  potential  for
industrial  valuable  products  [9].  Furthermore,  in  the  NO3RR
process, some active species generate for C–N coupling to produce

chemical compounds with high values, offering the advantages over
traditional  methods  [10].  However,  th  electrocatalytic  synthesis  of
ammonia also faces great challenges [11, 12], involving the transfer
of  8  electrons and 9 protons and generating multiple  intermediate
products  [13, 14].  Hence,  NO3RR  is  considered  extremely
unfavorable  to  improve  the  selectivity  of  ammonia  reduction  and
the  corresponding  Faradaic  efficiency  [15].  To  address  the  issue,
many kinds of catalysts were explored via the modulation electronic
structure of catalytic sites, enhancing the tandem reaction coupling
[16−21].  Cobalt  single-atom  (I-CoN4)  catalyst  was  modified  a
second iodine-doped shell  via  a  mild  etching  synchronous  doping
strategy and enabled the construction of tandem catalytic sites with
I-CoN4 sites, achieving a high NH3 yield of 18.64 mg·h−1·mgcat

−1 and a
maximum Faradaic efficiency of 97% under neutral conditions [22].
The  similar  tandem  reaction  was  also  found  in  the  amorphous
CuCoOx with  enhanced  active  hydrogenation  by  Cu–Co  synergy
which accelerates the nitrate conversion [23]. A built-in electric field
on the interface of CuxS and CoSx was confined as a critical role for
enhancing  NO3RR  via  accelerating  the  electron  transferring  and
creating  more  active  sites  [24].  Such  catalysts  with  multiple
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compositions was considered connecting the step reaction of NO3
−

→ NO2
− and NO2

− → NH3 with facile controlling [25]. Moreover, the
rate-limiting step of NO3

− → NO2
− was generally breakout by using

Cu sites.
In addition, among the reported catalysts, carbon-based catalysts

are considered particularly prominent because of the extraordinary
specific  surface  area  and  enhanced  dispersity  of  catalystic  sites
[26−30].  It  not  only  exhibits  high  electrical  conductivity  and  high
electron  transfer  efficiency  [31, 32],  but  also  may  enhance  the
adsorption of reaction intermediates through heteroatom doping or
surface defect sites [33]. Furthermore, it can anchor metal atoms on
the carbon surface, thereby dispersing the catalytic centres to reduce
the  possible  coupling  of  *N,  which  in  turn  results  in  higher  NH3

selectivity  [34].  As  reported  by  Zhang  and  his  colleagues,  Co  was
loaded  onto  N-doped  carbon  fiber  cloth  to  construct  an  electron
deficient  Co  nanocrystal,  achieving  a  high  NH3-yield  rate  of
109  mg·h−1·cm−2 with  a  high  Faradaic  efficiency  [35].  Beyond  the
catalyst  modulation,  the  adsorption  of  NO3

− at  electrode  is  also
critical  for  NO3RR  [36],  as  it  can  reduce  the  onset  potentials  and
accelerate the kinetics. For example, CeO2-C/BiVO4 Lewis acid and
base  revealed  an  improved  path  for  converting  nitrate  into
ammonia  [37].  Therefore,  the  constructed  sites  for  enhancing  the
NO3

− adsorption  represent  a  potential  strategy  to  promote  the
NO3RR, although limited work has been reported on this aspect. In
terms of  catalyst  design,  boron (B)  atoms or  sites  were  Lewis  acid
centers  and  recognized  as  effective  sites  for  adsorbing  NO3

− and
thereby increasing its local concentration at electrode surface. Based
on this strategy,  B was doped into carbon nanotubes to synthesize
B,N-doped carbon nanotubes  (BNCNTs)  loaded with  copper  iron
bimetallic  oxides  (Cu2O-Fe3O4)  and then the  obtained catalyst  was
employed to investigate NO3RR, specifically dependent on the NO3

−

adsorbing.

 2    Experimental

 2.1    Chemical and regents
3,4,9,10-Perylenetetracarboxylic  dianhydride  (PTCDA)  was
purchased  from  Energy  Chemical  Reagent  Co.,  Ltd.  Dianhydride,
urea,  boric  acid,  NaClO  solution  (≥  5  wt.%),  potassium  sodium
tartrate,  sodium  nitroprusside,  iron(III)  chloride  hexahydrate
(FeCl3·6H2O), and copper(II) chloride dihydrate (CuCl2·2H2O) were
purchased  from  Aladdin  Reagent  Co.,  Ltd.  Ammonium  chloride
was  purchased  from  Sigma-Aldrich  Co.,  Ltd.  The  reagents  were
used without further purification.

 2.2    Synthesis of B,N-doped carbon nanotubes
Boric  acid  (1.24  g),  urea  (14.4  g),  and  perylene  tetracarboxylic
dianhydride  (1.76  g)  were  added  to  a  mixed  solvent  consisting  of
25  mL  of  95%  ethanol  and  25  mL  of  water.  Subsequently,  the
mixture was subjected to ultrasonic treatment for 10 min to achieve
complete  dispersion  and  dissolution  of  the  components.  Then,
rotary  evaporation  was  performed  to  remove  most  of  the  solvent,
yielding  a  red  viscous  solid  mixture.  The  mixture  was  dried  in  a
vacuum  oven  at  70  °C  for  8  h  to  ensure  thorough  drying.  The
mixture was transferred to an agate mortar and ground thoroughly.
Once it  turned into a  uniform red powder,  it  was  transferred to  a
corundum  crucible.  The  pyrolysis  treatment  was  proceeded  in  a
tubular  furnace:  The  mixture  was  heated  to  800  °C  at  a  rate  of
10  °C·min−1 in  an  Ar  atmosphere  and  the  temperature  was

maintained for 3 h. Afterwards, it  was allowed to cool naturally to
room  temperature  in  a  Ar  atmosphere.  A  spatula  was  used  to
transfer  the  obtained  black  solid  to  a  mortar  for  further  grinding.
Subsequently, it was transferred to a beaker, an appropriate amount
of  water  was  added,  and  it  was  heated  in  an  oil  bath  at  85  °C,
stirring  for  1  h  to  fully  dissolve  any  unreacted  urea.  The  mixture
was  filtered  while  it  was  still  hot,  and  the  filter  cake  was  washed
three  to  four  times  with  hot  water  and  ethanol.  Finally,  the  filter
cake was dried in a vacuum drying oven at 65 °C for 10 h to obtain
the black product, B,N-doped carbon nanotubes.

 2.3    Synthesis of Cu2O-Fe3O4/BNCNTs
B,N-doped  carbon  nanotubes  (100  mg),  iron(III)  chloride
hexahydrate  (FeCl3·6H2O,  0.5  mmol),  copper  chloride  dihydrate
(CuCl2·2H2O,  0.5  mmol),  and  sodium  bicarbonate  (NaHCO3,
2 mmol) were added to 40 mL of 95% ethanol solution with stirring
at room temperature for 10 h. The resulted mixture was filtered and
washed (three times with ethanol). With Ar atmosphere protection,
the  product,  Cu2O-Fe3O4/BNCNTs,  was  obtained  by  treating  at
400  °C  for  3  h.  The  other  metal  oxides/BNCNTs  samples  were
prepared with similar methods.

 2.4    Electrochemical measurements
Typically,  Cu2O-Fe3O4/BNCNTs  (5  mg)  and  Nafion  solution
(5  wt.%,  120  μL)  were  dispersed  in  alcohol  (880  μL)  and  by
ultrasonic  treatment  for  30  min.  Then  the  resulted  mixture  was
taken  as  ink  (10  μL)  and  dropped  onto  a  carbon  paper  (1  cm  ×
1 cm) at  room temperature.  The  loaded Cu2O-Fe3O4/BNCNTs on
carbon  paper  is  0.05  mg·cm−2.  The  electrochemical  measurements
were  tested  by  an  electro-chemical  workstation  (CHI  660E,
Chenhua,  Shanghai).  The “H-type” cell  was adopted with a  three-
electrode system.

A  carbon  paper  loaded  with  catalyst  was  used  as  the  working
electrode,  the  Ag/AgCl  electrode  was  the  reference  electrode,  and
the  platinum  plate  electrode  was  the  opposite  electrode.  A  mixed
solution  containing  NaOH  (0.1  mol·L−1)  and  NaNO3 (0.1  mol·L−1)
was  taken  as  electrolyte.  Because  the  produced  NH3 in  alkaline
environment  evaporated  out  of  the  cell  easily,  H2O  (10  mL)  was
used  to  absorb  the  evaporated-NH3 in  a  separated  apparatus.  The
potentials were converted to a reversible hydrogen electrode (RHE)
potential as follows

ERHE = EAg/AgCl +0.059 pH+0.197 V (1)

The cyclic voltammetry (CV) or linear sweep voltammetry (LSV)
test ranged from −0.4 to −0.8 VRHE.

 2.5    Characterization
The  X-ray  diffraction  (XRD)  patterns  were  recorded  on  a  Bruker
D8  Advance  Diffractometer.  The  scanning  electron  microscopy
(SEM)  images  were  taken  on  a  Gemini  300  scanning  electron
microscope.  The  low-resolution  transmission  electron  microscopy
(TEM) and high-resolution TEM (HRTEM) images were obtained
using a JEM-F200 microscope equipped with energy dispersive X-
ray  spectroscopy  (EDS)  detectors.  The  X-ray  photoelectron
spectroscopy  (XPS)  analysis  was  performed  on  an  X-ray
photoelectron  spectrometer  (Thermo  Scientific  K-Alpha)  using
monochromatic Al Kα radiation. The ultraviolet–visible (UV–Vis)
absorption  spectra  were  measured  on  a  puxi  UV-6
spectrophotometer  (Beijing  puxi  General  Instrument  Co.,  Ltd.).
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The  low  temperature  nitrogen  adsorption–desorption  test  was
taken  on  an  ASAP  2020M  automatic  surface  and  voids  analyzer.
The NO3

− adsorption was obtained via  a  typical  process:  10 mg of
sample Cu2O-Fe3O4/BNCNTs or Cu2O-Fe3O4/NCNTs was added to
30  mL  of  50  mg·L−1 sodium  nitrate  solution.  After  10  min  of
reaction,  the  mixture  was  subjected  to  filtration,  and  the  residual
concentration of NO3

− in the filtration was determined.

 3    Results and discussion
As  shown  in Fig.  1(a),  perylene  tetracarboxylic  dianhydride
(PTCDA),  urea,  and  boric  acid  were  uniformly  mixed  in  ethanol
for trapping Cu2+ and Fe3+, followed by the Cu2O and Fe3O4 grew on
the  BNCNTs  via  pyrolysis  process  to  form  the  Cu2O-
Fe3O4/BNCNTs. The XRD patterns of samples (Fig. 1(b)) exhibited
a broad-strong peak at 26° and a weak peak at 44°,  corresponding
to  the  (002)  and  (004)  planes  of  graphite  carbon,  respectively.  No
charactered diffraction peaks of  copper oxides or iron oxides were
observed,  indicating  the  small  size  of  Cu2O  and  Fe3O4.  For
comparison, Cu2O/BNCNTs and Fe3O4/BNCNTs were obtained by
adding Cu2+ or  Fe3+ with a  similar  strategy,  and their  XRD pattens
also presented the diffraction peaks of graphite carbon without any
peaks  of  metal  oxides  (Fig.  S1  in  the  Electronic  Supplementary
Material  (ESM)). Figure 1(c) displays the distinct tubular structure
of  BNCNTs  with  a  smooth  surface.  Upon incorporating  Cu2+ and
Fe3+,  numerous particles appeared on the surface of BNCNTs with
uniform  dispersion  (Fig.  1(d)),  which  were  considered  the  Cu2O
and  Fe3O4 nanoparticles.  Notably,  the  sizes  of  such  nanoparticles
were so small  that  no discernible  diffraction peak was observed in
the  XRD  pattern  [38−40].  Notwithstanding,  the  EDS  element

analysis presented that the Cu and Fe elements dispersed uniformly
throughout  the  samples  (Fig.  1(e)),  verifying  the  successfully
loading of  Cu2O and Fe3O4.  The TEM image further  confirms the
little  metal  oxide  nanoparticle  attached onto  the  surface  of  carbon
wall  (Fig.  1(f)).  The  results  of  XPS  semi-quantitative  analysis
demonstrate that the metal content is extremely low, which is also
one of the reasons for the absence of distinct diffraction peaks in the
XRD pattern (Table S1 in the ESM).

The  HRTEM  image  shows  the  nanoparticles  with  clear  lattice
fringes loading on BNCNTs (Fig. 2(a)), while BNCNTs present an
amorphous phase with a wall thickness of 10–20 nm (Figs. 2(b) and
2(c)). As displayed in Figs. 2(d) and 2(e), Cu2+ and Fe3+ never form
the CuFeOx bimetallic oxides but the Cu2O and Fe3O4 nanocrystals
during  the  prepared  process.  The  measured  fringe  space  distances
of  0.24  and  0.21  nm  were  assigned  to  the  Fe3O4(311)  (PDF  #26-
1136)  and  Cu2O(200)  (PDF  #34-1354)  planes,  respectively
(Figs. 2(d) and 2(e)). The fast Fourier transformed (FFT) images of
Cu2O-Fe3O4/BNCNTs show the presence of Fe3O4 and Cu2O phases
(Fig. S2 in the ESM), further confirming the successful preparation
of Cu2O-Fe3O4/BNCNTs. Meanwhile, the high-angle annular dark-
field  scanning  transmission  electron microscopy  (HAADF-STEM)
image  (Fig.  2(f))  revealed  numerous  particles  with  bright  contract
on  nanotubes.  In  addition,  the  Brunauer–Emmett–Teller  (BET)
area  Cu2O-Fe3O4/BNCNTs  and  Cu2O-Fe3O4/NCNTs  are  200  and
129 m2·g−1 with average pore sizes of 22.2 and 21.4 nm, respectively
(Fig. S3 in the ESM). This indicates that B doping does not cause a
significant  change  in  the  physical  structure  of  carbon  nanotubes.
The XPS survey spectrum of the Cu2O-Fe3O4/BNCNTs (Fig.  S4 in
the  ESM)  displayed  the  sharp  peaks  for  C,  N,  O,  B,  Fe,  and  Cu
elements, further confirming the composite compositions. The high-

 

Figure 1    (a)  Schematic of  preparing Cu2O-Fe3O4/BNCNTs catalyst  and the structure characterization.  (b)  XRD patterns.  SEM images of  (c)  BNCNTs and (d) Cu2O-
Fe3O4/BNCNTs. (e) SEM-EDS element mapping images and (f) TEM image of Cu2O-Fe3O4/BNCNTs.
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resolution  B  1s  XPS  spectrum  (Fig.  2(g))  featured  two  peaks  at
190.8  and  191.8  eV,  corresponding  to  the  B–N  and  B–O  bonds,
respectively  [19],  confirming  B  doping  by  the  B–O  and  B–N
binding  within  the  carbon  nanotube  structures.  The  formation  of
B–O and B–N can be corroborated by comparing with the infrared
spectra  of  undoped  boron  carbon  nanotubes  and  boron  nitride
(BN)  (Fig.  S5  in  the  ESM).  The  high-resolution  Cu  2p  XPS
spectrum  (Fig.  2(h))  exhibited  two  peaks  at  933  (Cu  2p1/2)  and
953 eV (Cu 2p3/2),  accompanied by the satellite  peaks at  943.7 and
962.8  eV.  After  dealt  with  deconvolution,  the  peaks  at  933.1  and
955.2  eV  were  assigned  to  the  Cu2+,  while  those  at  933.3  and
953.2 eV correspond to the 2p3/2 and 2p1/2 of Cu2+, respectively [23].
The  high-resolution  Fe  2p  XPS  spectrum  (Fig.  2(i))  revealed  two
peaks at 710.3 and 729.5 eV, deconvoluted into Fe3+ and Fe2+. Peaks
at  710.3  (Fe2+ 2p3/2)  and  723.8  eV  (Fe2+ 2p1/2),  along  with  peaks  at
712.8 (Fe3+ 2p3/2) and 729.5 eV (Fe3+ 2p1/2), indicated the coexistence
of  Fe2+and  Fe3+ state.  The  peak  at  717.2  eV  was  the  satellite  peak,
which further confirmed the mixed stated of Fe, known to enhance
NO3RR [22]. Four deconvoluted peaks of C 1s (Fig. S6 in the ESM)
were assigned to C–C bond (284.8 eV), C–O bond (286.4 eV), C–N
bond  (287.4  eV),  and  O=C–O  bond  (288.8  eV)  [41].  The
deconvoluted  N  1s  spectrum  (Fig.  S7  in  the  ESM)  exhibited  two
peaks  at  398.4  and  401.1  eV,  belonging  to  pyridinic  nitrogen  and
graphitic nitrogen, respectively [42]. In the deconvoluted O 1s XPS

spectrum (Fig. S8 in the ESM), the peak at 530.2 eV is viewed as the
B–O bond and the peaks at 531.9 and 533.3 eV are assigned to the
bonds  of  C=O  and  C–O,  respectively.  Hence,  the  XPS
characterization  confirms  the  bonding  of  B  dopant  connected  to
the  carbon  nanotubes  and  further  reveals  the  presence  of  metallic
oxides for NO3RR.

As  presented  in Fig.  3(a),  the  polarized  plots  of  hydrogen
evolution  reaction  (HER)  on  Cu2O-Fe3O4/BNCNTs  illustrated  the
onset  potential  at  about −0.5  VRHE in  NaOH  electrolyte  while
increasing  the  NO3

− concentration  to  0.1  mol·L−1,  and  the  onset
potential positively shifted to 0.1 VRHE with a higher current density
across  the  whole  tested  potential  window.  The  difference  of
performances in the two electrolyte solutions illustrates that NO3RR
on Cu2O-Fe3O4/BNCNTs is driven more easily than HER. Besides,
the  NH3 yield  rate  reaches  95.24 mg·h−1·mgcat

−1 at −0.8  VRHE but  no
any generated NH3 is  measured under open circuit  potential  or in
the  NaOH  solution  (Fig.  3(b)),  demonstrating  that  the  NH3 yield
after  test  is  from  NO3RR  rather  than  from  the  decomposition  of
BNCNTs. As shown in Fig. S9 in the ESM, the onset potential both
on  the  Cu2O-Fe3O4/BNCNTs  and  Cu2O-Fe3O4/NCNTs  positively
shifted  and  the  larger  current  density  increased  as  the  NO3

−

concentration  escalates,  with  Cu2O-Fe3O4/BNCNTs  consistently
exhibiting  higher  currents.  In  addition,  a  larger  current  density
occurs at  the present of NO3

− and the current density at −0.8 VRHE

 

Figure 2    HRTEM  images:  (a)  the  Cu2O-Fe3O4/BNCNTs,  ((b)  and  (c))  the  magnified  images  of  carbon  nanotube  wall,  and  ((d)  and  (e))  the  metal  oxides  on  the
BNCNTs.  (f)  HAADF-STEM  image  of  Cu2O-Fe3O4/BNCNTs  and  the  corresponding  element  mapping.  ((g)–(i))  The  high-resolution  XPS  spectra  of  Cu2O-
Fe3O4/BNCNTs: (g) B 1s, (h) Cu 2p, and (i) Fe 2p.
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reaches 77 mA·cm−2, which is three times larger than that observed
on the BNCNTs,  confirming the higher current  density  on Cu2O-
Fe3O4/BNCNTs from the enhanced activity to the Cu and Fe sites.
As reported, on the CuFe-based bimetallic catalysts for NO3RR, the
active  Cu  sites  are  considered  mainly  transforming  the  NO3

− into
NO2

−,  while  the  Fe  sites  produce  new  active  hydrogen  for  the
formation of NH3. The tandem reaction from Cu sites and Fe sites
synergetically  accelerate the yielded NH3 rate  [43, 44].  In our case,
the  Cu2O  and  Fe3O4 nanoparticles  grow  on  the  BNCNTs
independently  due  to  no  observed  interface  between  the  two
phases.  Hence,  the  catalysis  on  NO3RR  was  driven  with  tandem
reaction  path.  Moreover,  although  loaded  Cu2O  and  Fe3O4

nanoparticles  at  the  same  conditions,  the  Cu2O-Fe3O4/NCNTs
performed a lower current density and crucially, and B doping into
the  CNTs  substrate  also  brings  the  more  positive  onset  potential,
indicating  the  the  higher  activity  resulting  from  the  enhanced
adsorption  of  NO3

− by  B  sites.  Nyquist  plots  of  the  Cu2O-
Fe3O4/BNCNTs and the Cu2O-Fe3O4/NCNTs present that B-dopant
reduces  the  resistance  of  charge  transferring  (Fig.  3(c)).  The  Bode
plots of Cu2O-Fe3O4/BNCNTs at series of potentials illustrate that a
high  phase  angle  at  the  low  frequency  remains  at  a  positive
potential and drops down rapidly as the potential negative shifting
(Fig.  3(d)),  demonstrating  the  NO3

− reduction  in  the  series
employed  potentials.  Compared  to  the  Bode  plots  on  Cu2O-

Fe3O4/NCNTs  at  the  same  potential  range  (Fig.  S10  in  the  ESM),
the  phase  angle  on  Cu2O-Fe3O4/BNCNTs  at  0.4  VRHE is  higher
(reaching  80°  at  0.1  Hz)  while  the  phase  angel  on  Cu2O-
Fe3O4/NCNTs remains about 60° in the potential  range of  0.4 and
0.1 VRHE. The phase angle difference is considered resulting from the
more  absorption  of  NO3

− because  the  phase  angle  on  Cu2O-
Fe3O4/BNCNTs reduces more rapidly, indicating the faster kinetics
due  to  the  high  NO3

− concentration.  This  conclusion  is  also
supported  by  the  BET  measurement  results  of  the  materials.  The
nitrogen adsorption–desorption isotherm of Cu2O-Fe3O4/BNCNTs
exhibits  an  H3-type  hysteresis  loop  [39, 45],  and  the  hysteresis
observed in  the  low-pressure  desorption branch indicates  a  strong
Lewis  acid-base  interaction  between  the  material  and  nitrogen
molecules.  Although  the  specific  surface  area  of  Cu2O-
Fe3O4/BNCNTs  (200  m2·g−1)  is  higher  than  that  of  Cu2O-
Fe3O4/NCNTs (129 m2·g−1) (Fig. S2 in the ESM), the results of static
adsorption experiment present that the NO3

− adsorption capacity of
Cu2O-Fe3O4/BNCNTs reaches  8107 μg·g−1,  2.4  times that  of  Cu2O-
Fe3O4/NCNTs (3338 μg·g−1) under the same conditions (Fig. S11 in
the  ESM).  The  LSV  plots  of  Cu2O-Fe3O4/BNCNTs  (Fig.  3(e))
illustrate the positive shift of onset potential and promoted current
density  with  increasing  the  NO3

− concentration,  confirming  the
performance  of  NO3

− conversion  depending  on  its  concentration.
The  NH3 yield  rate  also  rises  with  increasing  NO3

− concentration

 

Figure 3    (a)  LSV  curves  of  the  Cu2O-Fe3O4/BNCNTs  in  the  electrolyte  of  0.1  mol·L−1 NaOH  or  0.1  mol·L−1 NaOH-0.1  mol·L−1 NaNO3.  (b)  NH3 yield  on  the  Cu2O-
Fe3O4/BNCNTs electrode. The EIS characterization: (c) Nyquist plots and (d) bode plots. (e) LSV curves on the Cu2O-Fe3O4/BNCNTs in electrolyte with series of NaNO3

concentration.(f) The NH3 yield depending on NaNO3 concentration, where the driven potential is −0.8 VRHE.  (g) The percentage of N species variation during NO3RR
and (h) the NO3− and the produced NH3 and NO2− depending on time.
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and reaches 148.8 mg·h−1·mgcat
−1 at  the concentration of  0.5 mol·L−1

(Fig.  3(f)).  Nevertheless,  the  corresponding  Faradaic  efficiency
reaches  the  highest  value  (91.2%)  with  a  NH3 yield  rate  of
93.1  mg·h−1·mgcat

−1 at  0.1  mol·L−1 concentration,  while  reduces  to
62.1%  when  the  concentration  continues  enlarging  to  0.5  mol·L−1.
The  inconsistence  in  change  trend  depending  on  NO3

−

concentration is viewed from the different rates of NO3
− conversion

and  proton  providence.  Although  the  large  NO3
− concentration

promotes  the  kinetics  of  the  NO3
− conversion,  the  rate  of  proton

reduction  never  rises  with  increasing  the  NO3
− concentration  and

thus the hydrogenation of nitrate is limited. As shown in Fig. S12 in
the ESM, the yielded speed of NO2

− at the high NO3
− concentration

reaches  at  about  60  mg·h−1·mgcat
−1,  near  50%  of  yielded  NH3.  The

massive  accumulation  of  NO2
− occupies  the  active  sites,  thereby

inhibiting the generation of *H. Noteworthy, the B dopant does not
enhance the proton adsorption so that the further enhancement on
Cu2O-Fe3O4/BNCNTs is  not  observed  at  more  negative  potentials,
illustrating that B sites mainly play a Lewis acid to concentrate the
NO3

− on  the  surface  of  electrode.  The  similar  concentration-
dependent  behavior  of  both catalysts  confirms that  the Cu and Fe
sites  provide  the  main  catalytic  activity  for  NO3RR,  while  the
performance difference between Cu2O-Fe3O4 /BNCNTs and Cu2O-
Fe3O4/NCNTs (Fig.  3(e) and Fig.  S13 in the ESM) stems from the
presence of B dopant sites. Under −0.8 VRHE of driven potential,  N
species  in  the  electrocatalytic  system  were  measured  to  reveal  the
performance  details  of  Cu2O-Fe3O4/BNCNTs.  As  shown  in

Fig.  3(g),  the  nitrate  concentration  reduces  linearly  depending  on
the  reaction  time,  while  the  NH3 yield  increases  correspondingly.
The  percentage  of  NO2

− remains  a  low  level  across  the  whole  test
period,  illustrating  the  well  matching  of  tandem  reaction  of  NO3

−

reduction and hydrogenation. Figure 3(h) presents the total mass of
N species remains about 49 mg during 10 h of electrocatalysis with
stable  Faradaic  efficiency  of  NO3

− (~  90%)  and  NO2
− (~  5%),

illustrating  transformations  of  NO3
− into  NO2

− and  NH3 without
other side products.

By  controlling  the  added  amount  of  B  source,  series  of  Cu2O-
Fe3O4/BNCNTs were obtained (Tables S2 and S3 in the ESM). The
SEM  images  (Figs.  S14–S17  in  the  ESM)  show  that  the  different
amount  of  added  B  source  never  changes  the  morphologies,
demonstrating  our  strategy  for  preparing  metal  oxides/BNCNTs
with  well  tailoring.  Notwithstanding,  when  the  feed  boric  acid
increase  to  10%,  the  morphology  of  obtained  samples  is  not
nanotube  (Fig.  S18  in  the  ESM),  and  thus  such  samples  are  not
investigated  so  that  the  NO3RR  performance  can  be  compared  at
the same conditions. The electrocatalytic activities of series of Cu2O-
Fe3O4/BNCNTs on NO3RR were closed with similar onset potential
and  current  density  at  same  driven  potentials,  illustrating  the
activities mainly from Cu2O and Fe3O4 (Fig. 4(a)). Notwithstanding,
the  higher  activity  of  Cu2O-Fe3O4/BNCNTs  than  that  of  Cu2O-
Fe3O4/NCNTs  reveals  the  enhancement  from  B  dopant  into  the
CNTs.  The  Nyquist  plots  (Fig.  4(b))  on  series  of  Cu2O-
Fe3O4/BNCNTs samples present that the introduction of B does not

 

Figure 4    (a) Comparison of LSV curves of series of the Cu2O-Fe3O4/BNCNTs and the BNCNTs. (b) EIS plots. (c) Cdl measured in the NaOH-NaNO3 mixed solution.
NO3− reduction performance on series of  Cu2O-Fe3O4/BNCNTs:  (d) NH3 yield on Cu2O-Fe3O4/BNCNTs at  various potentials  and (e)  the Faradaic efficiency.  (F) NO2−

yield and the corresponding FE. (g) The NH3-production comparison of the and the Cu2O-Fe3O4/BNCNTs.
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influence  on  the  contact  resistance  but  the  charge  transferred
resistance  (Rct).  By  fitting  the  electrochemical  impedance
spectroscopy (EIS) with simulated circles (Fig. S19 in the ESM), the
Rct of Cu2O-Fe3O4/BNCNTs (7) sample is calculated to be the lowest
value of 5.9 Ω, illustrating the fastest kinetics. Noting the Fe and Cu
as main electrocatalytic  sites,  B sites  are considered to increase the
NO3

− concentration on the surface of electrode, thereby accelerating
the  NO3

− conversion  with  inhibiting  H2 production.  As  shown  in
Fig. 4(c) and Figs. S20–S23 in the ESM, the Cdl results measured in
NaOH-NaNO3 mixed solution present the value slightly rise as the
increasement of added B, which resulted from the NO3

− absorption.
Based  on  the  enhanced  absorption  of  NO3

−,  the  yielded  NH3

products obtained in different driven potential were measured and
the  dependence  of  NH3 products  on  the  B  doping  was  further
testified (Fig. 4(d)). Notably, the corresponding Faradaic efficiencies
display  similar  trends  but  the  Cu2O-Fe3O4/BNCNTs
electrodeperformed  higher  efficiencies  than  Cu2O-Fe3O4/NCNTs
electrode  (Fig.  4(e)),  illustrating  the  hydrogen  evolution
inhabitation  from  the  high  NO3

− concentration  in  some  degree.
Although  the  generated  NO2

− concentration  and  Faradaic
efficiencies remain at low levels, the amount of NO2

− generated on
Cu2O-Fe3O4/BNCNTs  is  higher  than  that  on  Cu2O-Fe3O4/NCNTs
(Fig.  4(f)),  revealing  faster  conversion  of  NO3

− and  large
consumption  of  hydrogen  reducing  the  HER.  Consequently,  the
doped  B  sites  in  the  CNTs  play  as  Lewis  acid  sites  for  enhancing
NO3

− absorption and thus  accelerate  the  NO3RR with inhabitation
of HER. Compared to the reported catalysts [30, 46−65], the Cu2O-
Fe3O4/BNCNTs  in  our  work  showed  a  competitive  activity  with
high NH3 yield rate and Faradaic efficiency (Fig. 4(g)), highlighting
the  potential  of  BNCNTs  as  substrate  for  enhancing  the
electrocatalysis  on  NO3RR  via  the  dopant  B  sites.  Furthermore,
during  the  10-cycle  test,  this  material  not  only  maintained  a
Faradaic efficiency of over 90% and a high ammonia yield (Fig. S24
in the ESM) but also exhibited a stable current density (Fig. S25 in
the ESM), a result that verifies its excellent catalytic stability.

Furthermore, the BNCNTs were taken as substrate to form metal
oxides/BNCNTs  (Figs.  S26–S30  in  the  ESM)  for  NO3RR  and  the
electrocatalytic  activities  are  present  in Fig.  5.  As  displayed  in
Fig.  5(a),  the  Cu2O/BNCNTs  also  performed  with  slightly  higher
activity  than  Cu2O/NCNTs  because  Cu  sites  are  viewed  as  active
sites for adsorbing and conversing NO3

− into NO2
− and thus the B

sites  play  weak  roles  on  the  NO3
− reduction  at  the  absence  of

catalytic  site  for  hydrogenation.  On  the  BNCNT  substrate,  the
growth of metal oxides (Fe3O4, Co3O4, and NiO) for hydrogenation
(Figs.  5(b)–5(d))  highlight  the  NO3RR  enhancement  by  B  sites
concentrating  NO3

− on  the  surface  of  electrodes.  Additionally,
Mn2O3/BNCNTs  perform  a  poorer  activity  on  NO3RR  but  higher
than  Mn2O3/NCNTs,  further  confirming  the  activity  of  metal
oxide/BNCNTs from metal sites while B sites promoting the NO3

−

adsorption.  Consequently,  B  doping  on  the  NCNTs  combining
with  active  sites  is  a  general  way  for  accelerating  NO3RR  via
enriching the NO3

− on the electrode surface.  As shown in Fig.  5(f)
and Fig. S31 in the ESM, the ammonia yield represented by the bar
chart  is  consistently  higher  for  B-doped  materials  than  for  their
undoped  counterparts,  and  the  same  trend  is  observed  for  the
Faradaic  efficiency  denoted  by  the  square  data  points.  The  work
provides a new horizontal for enhancing NO3RR via concentrating
the  NO3

− on  the  surface  of  electrodes  which  also  lower  the
employed voltage and save the energy consumption.

 4    Conclusions
In summary, B-doped sites of BNCNTs were constructed by adding
H3BO3 to  the  mixture  of  carbonization  precursor  then  combined
with Cu2O and Fe3O4 to form Cu2O-Fe3O4/BNCNTs. Based on the
tandem  reaction  of  NO3RR  on  Cu  sites  and  Fe  sites,  Cu2O-
Fe3O4/BNCNTs  perform  a  high  activity  with  over  90%  of  average
Faradaic  efficiency.  By  comparing  to  the  BNCNTs  and  Cu2O-
Fe3O4/NCNTs,  B  sites  are  confirmed  concentrating  NO3

− on  the
surface  of  electrocatalyst  and  consequently  positive  shift  the  onset
potential.  The  role  of  B  dopants  is  also  testified  in  series  of  metal

 

Figure 5    LSV curves of metal oxides/BNCNTs and their activities on NO3RR: (a) Cu2O/BNCNTs, (b) Fe3O4/BNCNTs, (c) Co3O4/BNCNTs, (d) NiO/BNCNTs, and (e)
Mn2O3 /BNCNTs. (f) The corresponding NH3 yield.
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oxides/BNCNTs, illustrating the general strategy for designing and
constructing  efficient  NO3RR catalysts  with  enhanced NO3RR and
low energy consumption.

 Electronic  Supplementary  Material: Supplementary  material  (the
additional  XRD  patterns,  XPS,  IR  spectrum,  SEM,  TEM  images,
and  the  corresponding  electrocatalytic  curves)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908512.
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