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The electrocatalytic nitrate reduction reaction (NitRR) is a promising alternative to the traditional Haber—
Bosch process. However, the competitive hydrogen evolution reaction results in poor NHsz selectivity
(Snhz). Here, a Cu—Co bimetallic catalyst supported on biomass-derived porous carbon (Cu-Co/BPC) is
designed and synthesized. Interestingly, the catalyst presents a high NHs yield rate of 9114.1 + 244.8 pg
h™ cm™2 at —1.4 V (vs. RHE) and a high faradaic efficiency (FE) of 84.5 + 1.6% at —1.0 V (vs. RHE).
Notably, the Syn, of Cu-Co/BPC catalyst is kept above 94.2% under a broad range from —1.0 to —1.4 V
(vs. RHE), indicating the high NitRR-to-NHs selectivity of Cu-Co/BPC. The combination of in situ
characterization and experimental results indicates that the electron transfer occurs between Cu and Co,
and many active sites are generated for adsorption and activation of N=O double bonds, and
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Ammonia (NH;) is a chemical product widely used in industries
such as fuel, pharmaceuticals, and fertilizer manufacturing.'
Currently, the Haber-Bosch method is the main method used in
industry to produce NH;.** Different from the Haber-Bosch
technology which requires high temperatures (400-500 °C) and
pressures (200-300 atm),*® the mild approaches for nitrogen
(N,) fixation such as homogeneous catalysis with organic or
reductive agents,’ electrocatalysis,"'® nitrogenase catalysis," and
photocatalysis'> are promising alternatives. Amongst these, the
electrochemical nitrogen reduction reaction (NRR) has gained
much attention, since it takes water and air as the synthetic
source and can be powered by renewable electricity.'* However,
NRR is a representative gas-liquid-solid reaction system in
aqueous electrolyte systems, in which the system exhibits poor
N, solubility, high N=N bonding energy, and sluggish kinetic
process resulting in low NH; yields and Faraday efficiencies
(FE), leading to the limited activity and selectivity in NRR."*** To
overcome the bottleneck, the electrochemical nitrate reduction
reaction (NitRR) is widely recognized for its advantages of mild
and environmentally friendly reaction conditions.'® The disso-
ciation energy of the N=0 bond (204 k] mol™") is lower than
that of the N=N bond (941 kJ mol*).” The solubility of nitrate
is also much greater than that of N,.*®* These two advantages
emphasize the research value of NitRR. In addition,
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hydrogenation reactions occur with adjacent H protons to improve the selectivity of NHz.

electrochemical NitRR from various industrial wastewater and
municipal sewage discharges can efficiently remove polluted
nitrate and obtain high-value-added chemical products,
affording a popular approach for nitrate-involving wastewater
treatment and clean energy regeneration.”***

Transition metals (TM) have been widely considered in the
design of various catalysts owing to their wide distribution,
lower cost, and unsaturated d-orbitals, which are capable of
inducing a rearrangement between electrons occurring between
the adsorbed molecules and the catalysts, leading to orbitals
hybridization with the reactants and following activation.>*~
Until now, most of the catalysts that were reported for NitRR are
popular by using transition metal as the dominant catalytic
center.”®*” In particular, Cu or Co based catalysts are promising
and widely implemented in NitRR.>® For example, Zhu et al.
reported a nanoporous Cu/CoOOH catalyst that exhibited
enhanced *NO, affinity and reduces the energy barrier in the
rate-determining *NO,H formation step, effectively facilitating
NO;™ reduction to NH;.** Song and co-workers demonstrated
that the bimetallic cMOF (Cu,Co,HHTP) is proposed for effi-
cient NitRR and the synergy effect between different types of
single-metal sites is also revealed. Both theoretical and experi-
mental results reveal that the Co sites can affect the electron
structure of Cu sites in Cu;Co,HHTP slab and decrease the AG
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of potential determining step in NitRR process. Moreover, the
Co sites bring a higher selectivity to Cu active sites for reducing
*NO, to *NO, rather than the desorption of NO, .”® Addition-
ally, theoretical calculation reveals that the surface oxygen on
cobalt sites can stabilize the adsorbed hydrogen on cobalt
oxide, which hampers the evolution of hydrogen and leads to an
enhanced NitRR activity.”” These findings hold significant
implications for electrocatalysis research focused on studying
TMs.

Herein, regarding the advantage of Co species in the
adsorption of NO; ™ and the formation of active H intermediate,
we construct the Cu—-Co bimetallic nanoparticles supported on
biomass-derived porous carbon (Cu-Co/BPC) as an effective
electrocatalyst for a high-efficient NH; production via NO; -
electro-reduction at ambient conditions. As a result, the as-
synthesized Cu-Co/BPC affords an excellent Ry, of 9114.1 £
244.8 pg h™' em 2 at —1.4 V (vs. RHE) and a maximum FE of
84.5 + 1.6% at —1.0 V (vs. RHE), with persistent cycle stability of
16 consecutive recycling tests in 0.1 M K,SO, + 0.1 M KNO;
electrolyte at —1.25 V (vs. RHE). Furthermore, the differential
electrochemical mass spectrometry (DEMS) was adopted to
monitor the electrochemical separation of the NitRR products
on the surface of the Cu-Co/BPC. Accordingly, the possible
reaction sites and electrocatalytic NitRR mechanism of Cu-Co/
BPC have been proposed.

Fig. 1a shows the synthetic illustration of the Cu-Co/BPC
catalyst supported on coconut powder-derived biomass
carbon. X-ray diffraction (XRD) was carried out to confirm the
crystal structure of as-synthesized Cu—-Co/BPC. As evidenced in
Fig. 1b, the broad diffraction peak observed at 26.4° correspond
to the (002) plane of graphitic carbon (PDF no. 41-1487),
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Fig. 1 (a) Schematic for diagram illustrating synthetic procedure of
Cu—-Co/BPC. (b) XRD pattern and (c) TEM image (inset is the HR-TEM
image) of Cu-Co/BPC. (d) HAADF-STEM and (e) corresponding
elemental mapping images of Cu—-Co/BPC.
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indicating the presence of graphitic carbon substrate in the
catalyst. Additionally, the main diffraction peaks at 32.5°, 35.5°,
38.9° and 48.7° correlate well with the (110), (11—1), (200) and
(20—2), planes of copper oxide (PDF no. 48-1548). Furthermore,
peaks at 36.5°, 42.4° and 61.5°, correspond to the (111), (200)
and (220) planes of CoO (PDF no. 48-1719). The above results
indicate that Cu and Co elements in the Cu-Co/BPC catalyst
mainly exist in the form of oxidation state. The microstructure
and elemental distribution of the as-prepared Cu-Co/BPC
catalyst were also investigated. The transmission electron
microscopy (TEM) image suggests that the Cu-Co/BPC is
composed of nanoparticles with a size of ~20 nm (Fig. 1c). From
the high-resolution transmission electron microscopy (HR-
TEM) image of Cu-Co/BPC in Fig. 1c, the crystal lattice
distance of d = 0.21 nm corresponds to the (111) crystal plane of
CuO as recorded. Also, the high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) along
with elemental mapping images confirmed the uniform distri-
bution of Cu, Co, O and C elements in the Cu-Co/BPC catalyst,
as illustrated in Fig. 1d, e.

The N, physisorption isotherm and pore size distribution in
Fig. S1 (ESIT) demonstrate its mesopore structure, which are
beneficial to exposure of the active sites and the mass transport
of electrolytes during electrolysis process.” The survey XPS
spectrum of the Cu-Co/BPC catalyst is illustrated in Fig. S2
(ESIt). From the spectrum, it is evident that four elements-C, O,
Cu and Co-are distributed on the surface of the Cu-Co/BPC
catalyst (Fig. S2, ESIf). Fig. 2a presents the high-resolution
XPS spectrum of C 1s, which displays a peak at 284.8 eV, indi-
cating the presence of C-C/C=0 chemical bonds in the catalyst.
Additionally, a peak at 286.6 eV correlates to the existence of
C-0O bonds.**** In addition, the high-resolution XPS spectrum
of O 1s exhibits two characteristic peaks located at 532.9 eV and
538.2 eV (Fig. 2b). These two peaks are respectively represen-
tative of lattice oxygen and oxygen vacancies.**** The high-
resolution XPS spectrum of Cu 2p (Fig. 2c¢) shows that the
peaks for Cu 2p3,, appear at 934.1 eV and 932.3 eV. These two
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Fig.2 High-resolution (a) C 1s, (b) O 1s, (c) Cu 2p and (d) Co 2p spectra
of Cu-Co/BPC.
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characteristic peaks are respectively caused by Cu®>* and Cu®/
Cu'’. The peaks for Cu 2p;,, appear at 954.2 €V and 952.1 eV.
The Cu satellite peaks are located at 941.9 eV, 944.3 eV, and
962.8 eV. These two characteristic peaks are respectively caused
by Cu®" and Cu®/Cu'" (Fig. 2c). The high-resolution XPS spec-
trum of Cu 2p cannot distinguish between Cu® and Cu'*, so the
Auger Cu LMM spectrum is used to determine whether both Cu®
and Cu'* are present in the sample. As shown in Fig. S3 (ESIT),
the Auger kinetic energy peaks in the range of 906-924 eV are
broad and asymmetric. Two asymmetric peaks exist at 912.8 eV
and 917.3 eV, where 912.8 eV is attributed to Cu'" and the peak
at 917.3 eV is attributed to Cu®. Moreover, the Co element in the
Cu-Co/BPC catalyst exhibits two main peaks in the high-
resolution XPS spectrum: Co 2p3, and Co 2p4.,. The Co 2p3),
peak is observed at binding energies of 780.6 eV (Co’") and
783 eV (Co®"). Similarly, the Co 2p,,, peak is found at 795.2 eV
(Co®) and 797 eV (Co>") (Fig. 2d). In Cu-Co/BPC, the Cu LMM
(Fig. S3, ESI}) indicates that copper primarily exists as Cu’
within the catalyst at Fig. S6.1 Additionally, small amounts of
CuO and Cu,O are also present in Cu-Co/BPC. From the Co 2p
XPS spectrum (Fig. 2d), it can be observed that cobalt mainly
exists in the Co®* oxidation state. We analyzed the electronic
properties of Cu/BPC, Co/BPC, and Cu-Co/BPC using high-
resolution Cu 2p and Co 2p XPS spectra (Fig. 2c¢, d and S4
ESIT). We were surprised to find that after the electrocatalytic
reaction, the binding energy of Cu 2p significantly shifted
toward higher energy, while the characteristic peaks of Co 2p
shifted toward lower energy. This phenomenon indicates elec-
tron transfer between copper and cobalt, leading to the gener-
ation of active sites.

The electronic and coordinative structure of Cu-Co/BPC is
further investigated by the X-ray absorption spectroscopy (XAS).
The Cu K edge XANES spectra reveal that the near-edge
absorption of Cu-Co/BPC is close to that of CuO, suggesting
that the valence state of Cu in Cu-Co/BPC is close to +2
(Fig. S5a, ESIT). Notably, the characteristic peak at ~1.50 A is
shown in the Fourier-transformation k*-weighted Cu K edge
EXAFS spectrum of Cu-Co/BPC (Fig. S5b, ESIt), confirming the
absence of Cu-O bonds, while the presence of the peak at ~2.65
A suggests the existence of the Cu-Co/Cu—Cu bonds. According
to the Co K edge XANES spectra (Fig. S5c, ESIt), the valence
states of Co species in Cu—Co/BPC is close to the valence states
of Co species in CoO. As unveiled by Fig. S5d (ESI}), the pre-
sented peak at ~1.41 A in the EXAFS spectrum of Cu-Co/BPC
confirm the existence of Co-O bonds. Additionally, the peaks
at ~2.54 A obtained from the spectra of Cu-Co/BPC are
assignable to the Co-Cu/Co-Co bonds, which is significantly
inconsistent with that of Co foil, indicating the increased Co
valence state of Cu-Co/BPC, ascribed to the electron transfer
from Co to Cu due to lower electronegativity of Co (1.88) than Cu
(1.90). This observation underscores the strong Cu-Co elec-
tronic interaction in Cu-Co/BPC.

To investigate the electrochemical activity of Cu-Co/BPC
catalyst for NO;~ electrochemical reduction, NitRR measure-
ments were performed using a two-chamber cell (h cell) sepa-
rated by a proton exchange membrane (Nafion 117). The cell
consists of a Cu-Co/BPC catalyst coated on a carbon paper as
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Fig. 3 (a) LSV curves of Cu-Co/BPC catalystin 0.1 M K,SO4 and 0.1 M

K2SO4 + 0.1 M KNOg3 solution. (b) Ryn, and FE of Cu-Co/BPC catalyst
obtained at different potentials for 2 h NitRR measurement. (c) Sy, of
Cu-Co/BPC catalyst obtained at different potentials. (d) *H NMR
spectra of Cu—Co/BPC catalyst using *®NOz~ and *NO3~ as nitrogen
source for NitRR and standards (°NH,),SO.. (e) Recycling tests for
Cu-Co/BPC catalyst during NitRR at —1.25 V (vs. RHE). (f) The FE and
NHs yield were monitored over a 14 h NitRR conducted at —1.25V (vs.
RHE).

a working electrode, Ag/AgCl (saturated KCl solution) as
a reference electrode, and a Pt mesh as a counter electrode.?
Fig. 3a shows linear sweep voltammetry (LSV) curves of a mixed
solution containing 0.1 M K,SO, + 0.1 M KNO; and 0.1 M K,SO,
solution. Without KNO;, the onset potential of the hydrogen
evolution reaction (HER) was approximately —0.5 V (vs. RHE).
With the addition of KNO3;, the potential in the mixed solution
shifted to —357 mV (vs. RHE), compared to —721 mV (vs. RHE)
in the solution without KNOj3, at a current density of 10 mA
em > This indicates an increase in potential of 360 mV (vs.
RHE) with the addition of KNO; at a current density of 10 mA
cm 2, Furthermore,the solution with nitrate added always had
a higher current density when the same potential was applied,
which diaplays that the catalyst has a high NitRR activity. The
LSV results showed two peaks of reduction. The reduction peak
at S1 near 0.08 V is attributed to the reduction of NO;™ to NO, ",
while the main reaction at the peak S2 involves the reduction of
NO,”  to NHj. Since the chemical reaction at peak S2 is
predominant, the onset potential is determined near the
vicinity of the S2 peak. The as-synthesized Cu-Co/BPC electro-
catalyst was operated at six different potentials, which were
selected in the range of —1 Vto —1.4 V (vs. RHE). Each potential
was tested for two hours of it in a mixture of 0.1 M KNO; and
0.1 M K,SO, (Fig. S6a, ESIT). The ultraviolet-visible (UV-Vis)
absorption spectra of electrolytes obtained for each potential
colored with indophenol blue reagent were measured (Fig. Séb,
ESIT). The electrolysis product of NH; at a given potential was
quantitatively determined by the indophenol blue method
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(Fig. S7, ESIY). Fig. 3b show the calculated NH; yield rate and
corresponding FE of Cu-Co/BPC at diverse potentials. It shows
that the maximum NH; yield rate of 9114.1 + 244.8 pgh™ " cm ™2
is achieved at —1.4 V (vs. RHE) while the highest FE of 84.5 +
1.6% is obtained at —1.0 V (vs. RHE). Obviously, the FE
decreases with the applied potentials shifts to more negative
values, mainly due to the competition of the HER on catalyst
surface.’® After the TEM characterization (Fig. S8, ESIT), we
found that the structure of the catalyst remained largely
unchanged during the reaction. That indicate the morphology
and structural stability of the catalyst post-reaction are relatively
well. We also tested the performance of Cu-Co/BPC, Cu/BPC
and Co/BPC at —1.25 V (vs. RHE), which demonstrated the
superiority of Cu-Co/BPC (Fig. S9, ESIY). In addition, the few by-
product NO, "~ is detected in the electrolytes (Fig. S10, ESIt), and
the selectivity of NH; (Sxms) of Cu-Co/BPC at different applied
potentials were calculated as displayed in Fig. 3c. The Sny, of
Cu-Co/BPC can reach the maximum FE of 97.8 £ 0.65% at
—1.0 V (vs. RHE) and excellent FE of NH; over 94.0% under
a broad range from —1.0 to —1.4 V (vs. RHE) (Fig. 3c), demon-
strating the high selective reduction of nitrate to NHj.

To eliminate potential experimental errors caused by the
self-disintegration of catalyst and environmental interference,
series control experiments were carried out. As shown in
Fig. S11 (ESIT), the negligible enhancing of signals associated
with ammonia is observed in electrolysis at —1.25 V (vs. RHE)
for 2 h in 0.1 M K,SO, electrolyte without NO; ™ or carbon paper
(CP) without Cu-Co/BPC catalyst, and Cu-Co/BPC electrode
under open circuit potential (OCP) for 2 h in 0.1 M K,SO, +
0.1 M KNOj; electrolyte. Furthermore, N isotope labelling
experiments are also conducted. The 'H nuclear magnetic
resonance (‘"H NMR) spectra were measured to verify the origin
of produced NH;. As exhibited in Fig. 3d, doublet coupled peaks
of ’NH," is observed in the 'H NMR spectrum when using
NO;~ as the nitrogen source for NitRR, confirming the
generated NH; is produced from NitRR over Cu-Co/BPC
catalyst.

The stability of electrochemical NH; production is an
important indicator of the electrochemical performance of
electrocatalysts. Therefore, the as-synthesized Cu-Co/BPC
electrocatalyst was conducted out for 16 consecutive recycling
tests in 0.1 M K,SO, + 0.1 M KNO; solution at —1.25 V (vs..RHE).
After recycling tests, it can be clearly seen in Fig. 3e that no
remarkable decay in NH; yield rate and FE during the NitRR
process. During the two-hour electrochemical reaction, the
current gradually increased to 180 mA cm™> (Fig. S12, ESIT).
Besides superior stability, the durability of the catalyst is
another crucial parameter for practical applications. Then
a 50 ml electrolysis cell was used for the 10 h NitRR experiments
in our study. The Cu-Co/BPC catalyst was electrolyzed in
a mixed solution of 0.1 M K,SO, + 0.1 M KNO; at —1.25 V
(vs..RHE) for 10 h with samples of the solution taken every 2 h.
As shown in Fig. 3f, NH; production can be steadily increased
with a slight decrease in FE, further demonstrating the superior
stability of the Cu-Co/BPC catalyst. Notably, After electrolysis,
the high-resolution Cu 2p and Co 2p XPS spectra were carried
out to analyze the electronic properties of Cu-Co/BPC before
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and after NitRR process (Fig. S13, ESIT). Interestingly, after
electrocatalytic reaction, the Cu 2p significantly shifted towards
higher binding energies (Fig. S13a, ESI{), while the character-
istic peaks of Co2p shifted to the lower binding energy
(Fig. S13b, ESIt), indicating the existence of charge transfer
from Cu atoms to Co atoms during electrocatalytic NitRR
process, which results in high electrocatalytic selectivity and FE
of Cu-Co/BPC for NH; synthesis. The Nyquist plot (Fig. S14,
ESIT) shows that the catalyst exhibits the strongest corrosion
resistance at this potential of —1.25 V vs. RHE. The improve-
ment in corrosion resistance promotes the stability of the
conversion of nitrate to ammonia. However, when the potential
is —1.25 V vs. RHE, the reaction activity is relatively low. The
reaction activity initially decreases with the rise in potential,
reaches a maximum, and then increases.

Moreover, to further investigate the process of the NitRR
reaction of the Cu-Co/BPC catalyst, the in situ Differential
Electrochemical Mass Spectrometer (DEMS) was performed.
The in situ DEMS is an instrument capable of analyzing the
intermediates of electrochemical reactions as well as the final
products in milliseconds. With the applied voltage is —1.25 V
(vs..RHE), the m/z signals of 17, 30, 31, 32, 33 and 46, corre-
sponding to NH;, NO, HNO, NH,0, NH,OH and NO,, respec-
tively, appeared during ten continuous cycles. As shown in the
Fig. 4, the amount of NH; gradually increased with the increase
of reaction time, and the data were finally stable, indicating the
catalytic reaction catalyzed by the catalyst has a relatively good
stability. The other intermediate products show a decreasing
trend with increasing reaction time, a phenomenon that
supports the high FE of the reaction. The other intermediate
products were significantly less than NH3;, indicating that NH;
was the main product (Fig. 4). This above result suggests that
the main reaction pathway of NitRR on Cu-Co/BPC catalyst may
be NO;~ — *NO; — *NO, — *NO — *NHO — *NH,0 —
*NH,OH — *NH; — NHj;(g). Furthermore, we also utilized in
situ attenuated total reflection surface-enhanced infrared
adsorption spectroscopy (ATR-SEIRAS) to monitor the evolution
of NitRR intermediates. Fig. S15 (ESIt) shows the infrared
signals when the in situ electrocatalytic NitRR on Cu-Co/BPC
during the negative scan from OCP V to —1.4 V (vs. RHE). At
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Fig. 4 In situ DEMS measurements of NitRR over Cu—Co/BPC.
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the applied potential, the significantly enhanced infrared peaks
at 1390 cm™' were assigned to N-O symmetric stretching
vibration of NO; 7, indicates the activation and consumption of
NO; ™ catalyzed by Cu-Co/BPC. Meanwhile, the vibration bands
of adsorbed NO in bridge adsorption mode were detected at
1525 cm™'. The infrared bands, centred at 1647 cm™!, are
assigned to the bending vibrations H-O-H loosely bound water
molecules. In addition, the gradually enhanced infrared peaks
at 1458 cm ™', which can be ascribed to N-H bending vibration
of NH,". Based on the in situ ATR-SEIRAS analysis, we proposed
the following pathway for the NitRR on Cu-Co/BPC surface:
NO;~ — *NO; — *NO — *NH;. This observation agrees with
the in situ DEMS results.

In summary, the Cu-Co bimetallic nanoparticles supported
on biomass-derived porous carbon (Cu-Co/BPC) have been
successfully synthesized as an effective electrocatalyst for elec-
trocatalytic NitRR in 0.1 M K,SO, + 0.1 M KNOj; electrolyte. As
aresult, the as-synthesized Cu-Co/BPC affords an excellent Ryy,
of 9114.1 + 244.8 pg h™" em™ at —1.4 V (vs. RHE) and
a maximum FE of 84.5 + 1.6% at —1.0 V (vs. RHE), with
outstanding stability during 10 h NitRR. We compared the
performance of Cu-Co/BPC with other catalysts, demonstrating
the superior performance of Cu-Co/BPC (Table S1, ESIf). The
N isotope labelling experiments confirmed that the produced
NH; indeed originated from the nitrate reduction reaction
catalyzed by Cu-Co/BPC. Combining electrochemical experi-
ments with in situ characterization, the possible reaction sites
and electrocatalytic NitRR mechanism of Cu-Co/BPC have been
proposed.
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