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ABSTRACT

Ammonia is a promising new generation of green energy that has the potential to replace hydrogen
energy and facilitate the energy structure optimization of human society. However, the technology of
green ammonia production under ambient conditions is still immature. It is urgent to develop new
strategies for efficient and green ammonia production adapted to distributed energy, resource
environment, and human health. Hereon, a highly dispersed face-centered cubic copper—cobalt alloy
was prepared by ultrafast carbothermal shock for green ammonia production from nitrate under ambient
conditions. The CusCo alloy achieves a remarkable ammonia yield of 164.23 pmol/h/cm? and an
exceptional faradaic efficiency of 96.29% at —0.25 V and —0.05 V versus reversible hydrogen electrode in
a neutral solution. The electronic regulation of Co on Cu reduces the Tafel slope from 182 mV/dec of
monometallic Cu to 108 mV/dec of bimetal Cu,5Co alloy; the addition of Co optimizes the overall cat-
alytic activity of the catalyst. This work provides a new idea for the design and synthesis of high-
efficiency electrocatalyst for green ammonia production from nitrate and water under ambient

conditions.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrate (NO3) and ammonia (NH3) are essential components of
the global nitrogen cycle [1]. Over a century ago, Haber and Bosch
et al. made persistent efforts to artificially prepare active nitrogen
that could be absorbed and used by crops, pioneering the conver-
sion of nitrogen (N) from air to NHs, which is crucial for increasing
global food production, population size, and sustainable economic
and social development [2,3]. The Haber-Bosch process is the
dominant method of ammonia synthesis in the industry nowadays,
which features harsh reaction conditions, energy-intensive, and is
not easy to stop at any time [4,5]. In addition, the content of NO3 in
groundwater and surface water is increasing with the application of
large amounts of agricultural fertilizers every year, and the hard-to-
treat NO3 poses a significant threat to human life and health [6]. In
the context of the energy crisis and carbon neutrality, it is
encouraging and exciting to explore new and complementary
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pathways of NH3 production from the global nitrogen cycle that can
serve as an integrated solution for energy, environment, and
human health [7].

Electrocatalytic NO3 reduction to NH3; (NRA) offers an attractive
strategy to address NO3 contamination and can achieve high-
efficiency NH3 production under ambient conditions [8,9]. The
enormous NO3 arising from fertilizer loss is more easily converted
to NH3 than N; in reaction kinetics, which is receiving more and
more attention. Cu has been widely studied for its excellent NRA
activity [10—12], where the Cu(111) plane is highly active at low
overpotentials, while the Cu(100) plane is highly active at high
overpotentials [13,14]. The adsorption and reduction of NO3 is
enhanced on Cu(111) because the Cu(111) with a similar crystal
surface of Cu,0 is more easily oxidized [15]. Wang et al. reported
CuO nanowire arrays for electrocatalytic NO3 reduction to NHs, Cu/
Cu,0 converted from CuO serves as the dominant active site [16].
Sargent's group demonstrated a CusgNisg alloy that achieved a
remarkable Faradaic efficiency of ~99% [17]. The additive Ni atoms
raise the d-band center of the Cu atoms, which enhances the
adsorption energy for NO3 and reduces the reaction energy barrier
of the rate-determining step. Li et al. synthesized a unique Ru/
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oxygen-doped-Ru core/shell nanoclusters, the tensile strain
on the Ru surface raises the reaction energy barrier for the
coupling of double H atoms, which facilitates the generation of
hydrogen radicals and substantially increases the rate of ammonia
production [18].

Inspired by the mechanisms mentioned above of heteroatoms
and lattice stress on the d-band centers of Cu atoms, we investi-
gated the regulation of Co content on the catalytic activity of cop-
per—cobalt alloys synthesized by carbothermal shock. The Co tends
to form a face-centered cubic structure below 20 nm and at high
temperatures, similar to Cu's lattice. The Co atoms with three d-
orbital single electrons have a higher d-band center than Ni atoms
and are more advantageous in tuning the electronic structure of Cu.
The Cu; 5Co alloy achieves a high ammonia yield of 164.23 umol/h/
cm? and an outstanding faradaic efficiency of 96.29% at —0.25 V
and —0.05 V versus reversible hydrogen electrode (vs. RHE) in a
neutral solution, the electron-modulating effect of Co on Cu atoms
optimizes the rate-determining step and increases the total reac-
tion active.

2. Experimental section
2.1. Chemicals and materials

All the reagents were of analytical grade and used directly
without further purification. The ammonium chloride (NH4Cl), ni-
trate of potash (**KNO3), nitrate of potash (’KNO3), and sodium
nitrite (NaNO,) were purchased from Sigma-Aldrich. The nickel
chloride hexahydrate (NiCl,-6H,0), cobalt chloride hexahydrate
sodium (CoCl,-6H,0), sodium hypochlorite (NaClO), sodium hy-
droxide (NaOH), sodium salicylate (C;H5NaOs3), and sodium nitro-
ferricyanide (III) dihydrate (Na; [Fe(CN)sNO]-2H20) were provided
by Shanghai Aladdin Biochemical Technology Co., Ltd. The carbon
fiber paper (CFP) with a thickness of 2 mm was obtained from
Suzhou Sunernuo Technology Co., LTD. All solutions involved dur-
ing the experiment were prepared using deionized water with a
resistivity of 18.25 MQ.

2.2. Preparation of the copper—cobalt alloys

The hydrophilicity of CFP (1.0 x 0.5 cm?) was enhanced by a
calcining process with an alcohol lamp for 60 s, the calcined CFP was
dipped into a mixed metal salt solutions of NiCl,-6H,0 and
CoCl,-6H,0 (0.1 mol/L for the total metal elements) and dried under
the electric baking lamp (180 W) for 3 min until completely dry.

The carbothermal shock process was carried out by electrically-
triggered Joule heating of precursor-loaded CFP films in a 95 vol%
Ar-5 vol% H, atmosphere [19,20]. The sample mentioned above was
suspended on a quartz plate by connecting CFP to two copper
electrodes, which was driven and controlled by an external power
source (Keithley 2425 SourceMeter), a 60 ms electrical pulse was
chosen as the thermal shock duration for the synthesis of cop-
per—cobalt alloy in this work. After the energization, a 1-min
cooling process was performed in a 95 vol% Ar-5 vol% Hy atmo-
sphere to avoid oxidation of the sample. A series of samples with
the Cu:Ni ratios of 1:0, 5:1, 2.5:1, 1:1 and 0:1 were prepared and
were named Cu-CFP, CusCo-CFP, Cu;5Co-CFP, CuCo-CFP, and Co-
CFP.

2.3. Catalyst characterization

The morphology and size distribution of copper—cobalt alloy
were characterized by using a field-emission scanning electron
microscope (FE-SEM, Zeiss Supra 40, Japan) and transmission
electron microscope (TEM, JEOL JEM-2100, Japan). The information
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of crystal texture and phonon vibration were analyzed by X-ray
diffraction instrument (XRD, Bruker D8 advance Diffractometer,
Bruker Germany) and Raman micro-spectrometer (LabRAM HR
Evolution, Horiba France), respectively. An X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, USA) was used to investigate the
elemental valence and content of the alloy surface.

2.4. Electrochemical measurements

The electrochemical measurements were carried out by an
H-type electrolytic cell configured with a Celgard 3501 membrane
using an electrochemical workstation (DH 7001, Donghua), the
Ar-saturated 30 mL of 0.5 M NaySO4 + 0.1 M KNOs solution was in
each chamber of the H-type electrolytic cell. The copper—cobalt
alloy loaded on CFP (1.0 x 0.5 cm?) was used as the working elec-
trode, while Pt-plate and saturated calomel electrode (SCE) were
the counter and reference electrodes, respectively. The linear
sweep voltammetry (LSV) tests were performed with the scan rate
of 5 mV/s. The potential difference between RHE and saturated
calomel electrode was measured to be 0.95 V in 0.5 M Na;SOy4 so-
lution, and the reference potentials involved in this work have been
uniformly transformed into the RHE. The ammonia yield and
Faraday efficiency of copper—cobalt alloy were studied by the
chronoamperometry (CA) tests for 30 min. The current density is
obtained according to the geometric area (1.0 x 0.5 cm?) of the
electrode since the carbon fiber paper is double-sided. The elec-
trochemical impedance spectroscopy (EIS) was carried out to study
the kinetics of the electrode process at —0.05 V vs. RHE from 0.1 kHz
to 100 kHz by an electrochemical work station [21].

2.5. Determination of products

The NH3 concentration of electrolyte performed by CA was
detected by UV—vis spectrophotometer (TU-1810, Puxi, Beijing), as
follows.

Determination of NH3: The NH3 concentration was determined
by the indophenol blue methods. Firstly, 0.5 g of NaOH and 1 mL of
NaClO were dissolved and mixed in 100 mL of deionized water to
obtain the coloring agent “A”. 5 g of sodium salicylate, 0.02 g of
sodium nitroprusside and 0.25 g of NaOH were dissolved in 50 mL
of deionized water to get the coloring agent “B”. Then, the diluted
electrolyte performed by 30 min CA (2 mL) was mixed with the
coloring agents A (0.5 mL) and B (0.5 mL), and let stand for 1 h. The
concentration of NH3 was calculated from the calibration curve
(Fig. S2) by analyzing the absorption intensity at the wavelength of
~660 nm. The calibration curve was plotted with different known
concentrations of ammonia and their corresponding absorption
intensity.

Isotope Labeling Experiments: The 0.1 M K®NO3 (99%) and
0.5 M NaSO; mixed solution was used as the electrolyte to
implement the CA tests. 900 pL of the reacted solution was mixed
with 1 M HzSO4 (25 pL), deuterium dimethyl sulfoxide (DMSO-D6,
50 pL) and maleic acid (C4H404, 0.0046 g) for further 'H NMR
detection. The concentration of generated 15NH; was further
quantified by fitting the standard curve of the integrated area by
employing C4H404 as an external standard. After adding the HSOy4,
DMSO-Dg and C4H404, the solutions of '"NH; with known
concentrations (500, 1000, 2000, 4000 and 6000 pumol/L) were
detected by TH NMR (AVANCE 11l HD 600 M HZ) to obtain a series of
integrated areas to build the standard curve (Fig. S5).

2.6. Calculation of the electrochemical performance

The Faradaic efficiency (FE) and ammonia yield were calculated
as follows [22,23]:
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FE = (8F x cnuz x V) [ Q (1)

Where F is the Faradaic constant (96485 C/mol), cnys is the molar
concentration of generated NHs, V is the electrolyte volume (30 mL)
in the cathode chamber, and Q is the total charge passing the
electrode.

Yield (NH3) = (cnp3 x V) [ (t x S) 2)

Where t is the reaction time (30 min), and S is the geometric area of
the working electrode (0.5 cm?).

2.7. Computational details

The first-principle DFT calculations were performed by Vienna Ab
initio Simulation Package (VASP) with the projector augmented
wave (PAW) method. The exchange functional was treated using the
generalized gradient approximation (GGA) of Perdew Burke-
Ernzerhof (PBE) functional [24]. Copper-cobalt alloys were con-
structed by replacing Cu atoms with Co atoms based on the Cu (111)
surface. Five models with four-layer 3 x 3 supercell were constructed
for the simulation calculations of Cu, CusCo, Cuy5Co, CuCo and Co
(Fig. S8). The energy cutoff for the plane wave basis expansion was set
to 500 eV, and the force on each atom less than 0.03 eV/A was set for
the convergence criterion of geometry relaxation. The Brillouin-zone
integration was sampled by a I'-centered 4 x 4 x 1 Monkhorst—Pack
k-point. The self-consistent calculations applied a convergence en-
ergy threshold of 10 eV. The DFT-D3 method was employed to
consider van der Waals interactions. Since the NRA proceeded in an
aqueous environment and the NRA involved *H transfer, solvation
effects were considered by VASPsol. Dipole corrections were
included in all computations to minimize inaccuracies in the total
energy because of simulated slab interactions. The adsorption
free energy was calculated as follows: AGaqs = AEa) + AZPE —
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TAS + AGy + AGpy, where AE is the reaction energy obtained by the
total energy difference between the reactant and product molecules
absorbed on the catalyst surface, AZPE is the correction of zero-point
energy, T is the temperature (K), and AS is the entropy change, AGy is
the free energy contribution connected to electrode potential U [25].
The free energies of reactions that H" takes part in are corrected as
follows: AGy = — kgT x pH x In10, where kg is Boltzmann's constant
and T is the temperature [26].

3. Result and discussion

The SEM images of CFP (Fig. 1a), Cu-CFP (Fig. 1b), CusCo-CFP
(Fig. 1c), Cup5Co-CFP (Fig. 1d), CuCo-CFP (Fig. 1e) and Co-CFP
(Fig. 1f) demonstrate the interwoven 4 pm-diameter carbon fibers
and highly dispersed metal particles, the rough grooved structure
of the CFP surface facilitates the adhesion of the precursor and the
anchoring of metal atoms during the carbothermal shock process.
The bound water and chlorine (Cl) atoms in the precursor can react
with hydrogen and carbon atoms on the CFP surface in the very
short high-temperature process. The generated impact gases dur-
ing this process promote the generation of small metal particles
and their dispersion uniformity [ 19]. The TEM image of Cu; 5Co-CFP
is shown in Fig. 1g, the high-resolution TEM (HR-TEM, Fig. 1h) of it
displays the lattice fringes with the interplanar spacings of
0.207 nm, which can be assigned to the (111) planes of Cu,s5Co
alloy, the inset of Fig. 1Th shows a uniform distribution of alloy
atoms. The HAADF and elemental mapping (Fig. 1i—k) demonstrate
the compositional uniformity of Cuy 5Co-CFP.

The XRD patterns of pure CFP, Cu-CFP, CusCo-CFP, Cu; 5Co-CFP,
CuCo-CFP and Co-CFP are shown in Fig. 2a, the diffraction peaks of
26.5° and 54.5° are associated with the graphitic carbon structure,
which can be assigned to the (002) and (004) plane, respectively.
The diffraction peaks at 43.3°, 50.5°, 44.2° and 51.5° are corre-
sponding to Cu(111), Cu(200) of the face-centered cubic (FCC) Cu

Fig. 1. The SEM images of CFP (a), Cu-CFP (b), CusCo-CFP (c), Cu,5Co-CFP (d), CuCo-CFP (e), and Co-CFP (f). The TEM (g), HR-TEM images (h), HAADF image (i), and elemental

mapping (j—k) of Cu, 5Co-CFP.
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(JCPDS 04—0836) and Co(111), Co(200) of FCC Co (JCPDS 15—0806),
respectively. The Cu-CFP and Co-CFP exhibit weak diffraction peaks
at the above angles indicating that the Co and Cu prepared by the
carbothermal shock are FCC metals with ultra-small crystal regions,
further demonstrating the feasibility of the method in the synthesis
of highly dispersed FCC copper-nickel alloys [27,28]. The Raman
spectra of pure CFP, Cu-CFP, CusCo-CFP, Cu; 5Co-CFP, CuCo-CFP and
Co-CFP are demonstrated in Fig. 2b, three obvious peaks at 1348,
1595 and 2692 cm~! can be assigned to the D, G and 2D band of
graphitic carbon [29], the D/G ratios obtained on them are in the
0.05—0.1 range. Otherwise, no other peaks are observed in the
whole region, which can be associated with the absence of optical
phonons in metal.

The XPS was performed to study the surface chemical valence
information of copper—cobalt alloys on CFP (Fig. S1). The high-
resolution XPS (HR-XPS) of the Cu2p core-level region of the cop-
per—cobalt alloys are shown in Fig. 2¢, which can be deconvo-
luted to XPS signals of Cu (0) (2p3j2, 932.9 eV) and Cu (II) (2p32,
934.5 eV) species which reveals the presence of CuO in the surface
of copper—cobalt alloys. The HR-XPS of Co2p core-level regions of
the copper—cobalt alloys are shown in Fig. 2d, which can be
deconvoluted to XPS signals of Co (II) (2p3p2, 779.9 eV) species
which indicates that the cobalt element on the surface is mainly in
the form of CoO on the surface of copper—cobalt alloys [30]. The
surface oxidation state detected by XPS with very high sensitivity
can be attributed to the oxidation of the highly active catalyst in the
air. Traces of oxidized Cu and Co on the surface can be easily
reduced to the metallic state at negative potentials to facilitate
enhanced catalytic activity for nitrate.

The electrocatalytic NRA activity of the copper—cobalt alloys was
investigated in 0.5 M Na;SO4 solution with 0.1 M KNO3 by an H-cell
assembled with a Celgard 3501 membrane. Fig. 3a shows the IR-
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corrected LSV curves of copper—cobalt alloys load on CFP, the
Cu; 5Co-CFP alloy has a good overlap with the LSV curve of Cu-CFP
with outstanding NRA activity at low overpotential region
(+0.05 ~ +0.3 V vs. RHE), and the Cu, 5Co-CFP alloy has the highest
current density in the high overpotential region (—0.2 ~ +0.05 V vs.
RHE). The Co-CFP has the lowest onset potential except for pure CFP,
and no declining inflection point of the LSV is observed throughout
the whole range (—0.3 ~ +0.3 V vs. RHE), which is mainly attributed
to the poor NRA activity of cobalt. As shown in Fig. 3a, the declining
inflection point of the LSV curve of Cuy5Co-CFP at —0.15 V vs. RHE
can be attributed to the repulsion of NO3 by the negatively charged
electrode surface and the attraction of H* at a negative potential, it
can also be used to explain the declining inflection points of LSV
curves generated by other samples at high overpotentials.

Fig. 3b provides the Tafel plots to demonstrate the reaction ki-
netics of copper—cobalt alloys which are obtained by replotting the
corresponding LSV curves according to the previously reported
formula [31]. The Tafel slope is inversely proportional to the charge
transfer coefficient, the Cu,5Co-CFP alloy has a small Tafel slope
value of 108 mV/dec, and the addition of certain Co can reduce the
Tafel slope of the Cu-CFP and enhance the reaction rate of rate-
determining step, owing to the fact that the high d-band center
of Co raises the d-band center of Cu. In addition, the surface Co with
strong adsorption energy can provide abundant highly reactive H
free radical, which is favorable for reducing the intermediate
products in the NRA process. The EIS spectra and the of cop-
per—cobalt alloys are shown in Fig. 3¢, the Cuy5Co-CFP alloy has
the smallest diameter of the semicircle with the charge transfer
resistance of 4.5 Q and the fastest kinetics for NRA, which is
consistent with the results of the Tafel slope.

As shown in Fig. 3d, the LSV curve of Cuy5Co-CFP in blank so-
lution (without NO3 and NO3) is almost the same as that of CFP,
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and ®NOj3 as N-source.

indicating the current density is mainly contributed by the NRA
activity of the material itself. The LSV curve of Cu;5Co-CFP alloy in
0.1 M nitrite (NO3) and nitrate (NO3) solution exhibits a reduction
peak near —0.18 V, respectively. Interestingly, the current density of
the Cu;,5Co-CFP alloy in NO3 solution is greater than that in NO3
solution in the range of 0 ~ + 0.2 V vs. RHE. It is evident that the
cathodic current in the region of 0 ~ +0.2 V vs. RHE mainly origi-
nates from the reduction of NO3 to NO>. The slope of the LSV curve
in the range of 0 ~ + 0.2 V vs. RHE is smaller than that in the
range of —0.2 ~ 0 V vs. RHE, indicating the slow reaction kinetics of
NO3 to NO>.

The NHj3 yield and Faradaic efficiency of the Cuy5Co-CFP alloy
were studied by the CA at —0.05, —0.15, —0.25 V vs. RHE within
30 min in Ar-saturated 0.1 M KNO3 solution with 0.5 M NaySOg4. The
CA curves at different potentials are presented in Fig. S3a, and the
corresponding UV—vis absorption spectra of the electrolytes by the
indophenol blue method are shown in Fig. S3b. The Cuy5Co-CFP
alloy achieves the maximum NHj yield of 164.23 pmol/h/cm?
at —0.25 V vs. RHE and the maximum Faradaic efficiency of 96.29%
at —0.05 V vs. RHE. Within a certain range, a high overpotential
favors the reaction rate, while a low overpotential helps to enhance
the reaction selectivity, which is consistent with the previously
reported articles [7,32,33]. Subsequently, the Cu; 5Co-CFP alloy was
carried out in a blank control experiment with an electrolyte
containing only Na;SOy4, the corresponding CA curves, UV—vis ab-
sorption spectra, and NH3 yield are shown in Figs. S4a—4c, almost
no NHs was found in the electrolyte, proving that the reaction
current comes mainly from the conversion of NO3.

To further verify the reliability of NRA reactivity of Cuy5Co-CFP
alloy, KI>NO3; was used as the original NO3 to perform the °N
isotope labeling experiments. The 'H NMR spectra (Fig. 3f) exhibit
the obvious double peaks at 6.84 and 6.96 ppm with a coupling
constant of 72 Hz [34—36], indicating that the reaction product only
contains the ®NHj. According to the 'H NMR results, the NH;
generation rate of CuysCo-CFP alloy was determined to be
157.06 pmol/h/cm?, which is in general agreement with the data

(164.23 pmol/h/cm?) obtained from the UV—vis determination, and
finally confirming the reliability of the reaction on Cuys5Co-CFP
alloy. The cycling stability of Cu; 5Co-CFP alloy is shown in Fig. S6a,
which maintains a significant NH3 yield of 129.35 pmol/h/cm? with
the Faradaic efficiency of 89.52% after 6 cycles. The corresponding
CA curves and UV—vis absorption spectra of it at different cycles are
shown in Fig. S7. The SEM images and full-scan XPS spectra of
Cuy5Co-CFP alloy after the durability test are shown in
Figs. S6b—S6d, the morphological structure and elemental content
of the alloy are still maintained, indicating the stability of Cu; 5Co-
CFP alloy during the continuous long reaction time. The two addi-
tional peaks that appeared after the durability test are the Na 1s
peak and the Na auger peak, which can be attributed to the
adsorption of sodium ions in the electrolyte [37].

The reaction free energies for NO3 adsorption (pH = 7, Fig. 4a) on
Cu (111), CusCo (111), Cuy5Co (111), CuyCo (111), and Co (111) are
the thermodynamically up-hill processes with the free energy
changes (AG) of 0.13, 0.28, 0.29, 0.43, and 0.53 eV, respectively. The
AG for NH3 desorption on them are 0.36, 0.33, 0.32, 0.20,
and —0.16 eV, respectively. The AG for the *NO — *N step on them
are —0.05, 0.20, 0.24, 0.14, and —0.16 eV, respectively. Therefore,
Cuy5Co has the lowest reaction energy barrier in the whole NRA
reaction process with the potential-determining step (PDS, 0.32 eV)
of NH3 desorption. For electron transfer processes, at low over-
potentials (e.g., 0 eV), Cu has a faster reaction rate due to a lower
energy barrier, whereas at high overpotential (e.g.,, —0.25 eV),
Cuy5Co overcomes the energy barrier of *NO — *N step and ex-
hibits a higher reaction rate due to a smaller energy barrier for
ammonia desorption, which is consistent with the experimental
results. The calculated Cu-3d partial density of states (PDOS)
(Fig. 4b) indicates that the increase of Co content can elevate the d-
band center of Cu. The projected crystal orbital Hamilton popula-
tion (pCOHP) calculations (Fig. 4c) were performed for Cu—N on Cu
(111) and Cuy5Co (111) with adsorbed NHs, the addition of Co
makes some of the electrons go into the antibonding orbitals of
Cu—N, which promotes the desorption of NHj3.
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Fig. 4. (a) The free energy diagrams of NRA (pH = 7, U = 0 V) via the N-end pathway on Cu, CusCo, Cu, 5Co, CuCo, and Co surface, respectively. (b) The Cu-3d PDOS of Cu, CusCo,
Cu, 5Co, and Cu;Co. (c) The pCOHP of Cu—N bond for Cu and Cu,5Co surface with adsorbed NHs.

4. Conclusions

In summary, a highly dispersed FCC Cu,5Co alloy was success-
fully developed by ultrafast carbothermal shock for high-activity
NRA catalyst. The potential-dependent NRA activity of Cuys5Co
alloy was verified from experiments and theoretical calculations.
The addition of Co atoms enhances the NRA activity of mono-
metallic Cu in the high overpotential region, while it has little effect
in the low potential region. The NRA activity increases most when
the ratio of Cu to Co is 2.5, achieving the highest ammonia yield of
164.23 pmol/h/cm? and Faradaic efficiency of 96.29% at —0.25 V
and —0.05 V vs. RHE. This work provides a new strategy of material
preparation for the alloying mechanism to enhance the NRA ac-
tivity of monometallic Cu and provides an experimental reference
for the reaction kinetics study.
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