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ABSTRACT: Electrocatalytic conversion of widely distributed nitrate :
. . g . Q- " Plasma-cnhanced catalyst adsorption
from industrial wastewater into value-added ammonia was proposed as an S
CuCo alloy

attractive and sustainable alternative to harvesting green ammonia. .
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Herein, CuCo alloys were facilely synthesized for nitrate conversion,
while nonthermal Ar-plasma was employed to enhance the adhesion
strength between the electrocatalyst and substrate interface via regulating

Industrial waste
the surface hydrophobicity and roughness. Based on Ar-plasma treatment,
a high ammonia yield rate (5129.29 ug cm™> h™') was achieved using . .
Cu;,Coy electrocatalyst —0.47 V vs RHE, while nearly 100% of Faradaic e \ 3 o o ° ° ? ¢ Sustainable

efficiency was achieved using Cus,Cos electrocatalyst at —0.27 Vvs RHE =" = = Se n‘fa nitrogen cycle
(reversible hydrogen electrode). Validated by in situ spectroscopy and R

density functional theory calculations, the high activity of the CuCo alloy

was derived from the regulation of Co to weaken the strong adsorption capacity of Cu and the shift of the d-band center to lower the

energy barrier, while Ar-plasma modification promoted the formation of *NO to boost nitrate conversion.

KEYWORDS: ammonia synthesis, nonthermal plasma, nitrate reduction, CuCo alloy electrocatalyst, DFT calculation

Bl INTRODUCTION

Ammonia (NH;) is one of the essential chemicals and base
feedstocks, which is industrially produced mainly through the
Haber-Bosch process (HBP) via the reaction between N, and
H, (N, + 3H, — 2NHj;). With gray H, from catalytic steam

dilemma of simultaneously realizing high activity and
selectivity, based on the scaling relations of the adsorption
energies of intermediates."”

Compared to the high bonding energy of N, (N=N, 948

k_]/mol), nitrate has inherent advantages of high aqueous

methane reforming as the precursor, HBP consumed 3—5% of
the world’s natural gas supply and 1-2% of the global energy,
emitting more than 300 million metric tons of CO, annually.
The huge capital investment of HBP related to sophisticated
infrastructures and harsh operating conditions (450—500 °C,
20—30 MPa) further hampers its deployment in developing
countries or remote areas.'”* Therefore, environmentally
benign alternatives are of interest considering the promises
of carbon neutrality and decentralized NH; production.
Among these, the electrocatalytic N, reduction reaction
(ENRR) is considered one of the most promising technologies
to harvest NH;, benefiting from mild reaction conditions,
modular equipment, and effective compatibility with inter-
mittent renewables.””” Nevertheless, the extremely low
selectivity and NHj yield rate limit commercial development
and industrial advancement significantly. For instance, the
general faradaic efficiency (FE) of conventional ENRR is
typically below 15%, and the yield rate of NH; is far lower than
the target set by the U.S. Department of Energy (107* mol
cm 2 h™1).'">"" Moreover, theoretical calculations for common
transition-metal catalysts in ENRR further illustrate the
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solubility and easy activation of the N=0 bond (204 kJ/mol),
and was recently proposed as a promising nitrogen source with
a higher reaction rate and selectivity for NH; production.'*™"
Currently, nitrate is mainly produced by the Ostwald process
via the oxidation of NHj, while its overuse in various industrial
and agricultural activities might induce serious aqueous
pollution as well as acid rain, photochemical smog, and soil
damage.'®™"’ Compared to directly recycling low-concen-
tration nitrate from industrial wastewater, renewables-driven
electrocatalytic nitrate reduction can alleviate the environ-
mental risk load while providing a sustainable NH; production
and facilitating the synthesis of NH;-based macromolecular
chemicals (e.g., urea and amines).”’">* However, the electro-
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catalytic nitrate reduction process is still challenging, due to the
sluggish and complex eight-electron reaction process. In
addition, the competing hydrogen evolution reaction (HER)
occupies the active sites on the surface of the electrocatalysts,
thus hampering the adsorption of nitrate on catalysts and
decreasing the targeted selectivity of NH;. Therefore, the
rational design of the electrocatalysts is essential to achieving
efficient electrocatalytic nitrate reduction for NH; produc-
tion.”

Cu-based catalysts have exhibited prominent high activity in
nitrate-to-NHj reactions and were widely investigated with the
advantage of nitrate affinity and HER inhibition.”* For
instance, Fu et al. applied copper nanosheets as an electro-
catalyst, achieving a current density of 10 mA cm™> at —0.15 V
vs RHE, with the NH, formation rate of 390.1 ug cm™2 h™1.*°
To address the prevailing deactivation of Cu-based electro-
catalysts due to the strong adsorption of intermediates, various
strategies like heteroatoms doping and alloying are proposed.”®
Wang et al. reported the enhanced activity of NH; synthesis
from nitrate on a Cug,Nig, alloy compared to pure Cu with
nearly unit FE.** Similarly, cobalt has also demonstrated
excellent performance in nitrate/nitrite reduction and was
validated to enable tandem conversion of the adsorbed
intermediate from nitrate conversion to NH;.*”*® Besides,
the energy band and the center of the d-band were posited to
move toward the Fermi level by introducing a Co phase into a
Cu matrix. Thus, we prepared a CuCo alloy to optimize the
electronic structure and improve the proton/electron transfer,
enabling efficient nitrate-to-NH; conversion.

To further enhance the overall electrocatalyst performance,
nonthermal plasma (NTP) technology was used to optimize
the electrocatalyst—substrate interface.””™>' Woo et al.
compared the effect of different plasma treatments on the
peel strength of Ni from polyimide, with the purpose to
improve the adhesive force of polymer with metals.’” Kurihara
et al. found that plasma treatment can effectively guarantee the
adhesion and long-term reliability of liquid crystalline polyester
film.** Song et al. revealed that plasma could modify adhesive
force between the catalyst particles and the substrate via
material growth mode changing.‘?’4 Furthermore, it was also
assumed strengthening the interaction between the electro-
catalyst and substrate via plasma may decrease the contact
resistance and decrease the potential drop across the
electrocatalytic reaction system.

In this study, CuCo alloy was prepared via facile electro-
deposition on an NTP-modified carbon substrate. The effect of
various operating parameters (the electrodeposition time,
nitrate concentration, potential, Cu/Co ratios, pH, and plasma
treatment) were systematically investigated in terms of nitrate-
to-NH; activity. To verify the origin of NH;, "N isotope
tracing experiments combined with 'H nuclear magnetic
resonance (NMR) test were performed. Electrochemical
evaluation, density functional theory (DFT) calculation, and
in situ Fourier Transform infrared (FTIR) spectroscopy were
performed to reveal the effect of Ar-plasma treatment on the
electrocatalyst—substrate interaction as well as the perform-
ance of nitrate-to-NH; conversion. As a result, a high NH;
yield rate of 5129.29 ug cm™> h™" was obtained using Cus,Cos,
electrocatalyst at —0.47 V vs RHE with Ar-plasma treated
carbon substrate, while nearly unity FE was achieved using
CuyyCos electrocatalyst at —0.27 V vs RHE.

14540

B EXPERIMENTAL SETUP AND METHOD

Materials Synthesis. All catalysts were prepared via electro-
deposition in a typical three-electrode cell with a carbon substrate (1
X 1 cm?®) as the working electrode, a platinum plate as the counter
electrode, and a saturated calomel electrode (SCE) as the reference
electrode. 0.05 M H,SO, (Aladdin Ltd.) solutions containing 20 mM
CuSO, + C0,S0, (Aladdin Ltd.) were used as the deposition baths.
The Cu/Co ratio of the CuCo alloy catalysts was controlled by
adjusting the ratio of CuSO,/C0,SO,. Carbon paper (SGL Carbon
Corporate) was used as a substrate and current collector. The
electrodeposition was conducted at a current density of 200 mA/cm?*
for 300 s. The as-prepared electrodes of Cu/Co alloy were rinsed by
deionized water (18 MQ) and then dried in an N, atmosphere
overnight for subsequent electrocatalysis. Herein, the electrocatalyst
CuCo alloys were labeled as CugyCoyy, CusyCosy, and CuzCoyg,
according to the Cu/Co ratios in the deposition solutions which were
set at 80/20, 50/50, and 30/70, respectively. To enhance the
adhesion between the electrocatalyst and carbon substrate, inductively
coupled plasma (ICP) was used to treat the pristine substrate using a
13.56 MHz power source (Kmate, Hero). The pressure of the ICP
reactor chamber was evacuated to 10 mTorr using a rotary pump
(KYKY, RVP-2). Ar (20 mL/min) was introduced into the reactor by
a mass flow controller (MFC). The plasma power of the ICP system
was set at 300 W, and the treatment time was set at 5 min, followed
by a natural cooling process to room temperature.

Material Characterization. The crystal structures of the samples
were characterized via X-ray diffraction (XRD) with the D/max-2550
at room temperature. Scanning electron microscopy (SEM) (Hitachi
SU-8010) and transmission electron microscopy (TEM) (Hitachi
HT-7700) were employed to investigate the morphology of the
samples before and after Ar-plasma modification. The surface
compositions of the electrocatalysts were analyzed by X-ray
photoelectron spectroscopy (XPS) (ESCALAB 220i-XL Thermo)
with Al Ka source of 1486.6 eV. Atomic force microscopy (AFM,
Dimension Icon, Bruker Nano INC) was used to estimate the
roughness change of carbon substrate induced by plasma treatment.
Super-resolution infrared imaging was performed by a mid-infrared
photothermal (MIP) imaging and spectroscopy platform (mIRage,
Photothermal Spectroscopy Corp.), which was used for morpho-
logical and compositional characteristics of prepared alloy electro-
catalyst (see details in Supplementary Note 1). In situ Fourier-
transform infrared spectroscopy (FTIR) was performed using a
Nicolet iS50 equipped with a mercury cadmium telluride detector.
The reference spectrum was collected at —0.8 V. The spectra were
given in absorption units defined as A = —log(R/R,), where R and R,
represent the reflected IR intensities corresponding to the sample-
and reference-single beam spectrum, respectively (see details in
Supplementary Note 2).

Measurement of NH; Synthesis. The activities of prepared
electrocatalysts were evaluated in a typical three-electrode system
using an H-type electrolytic cell. S0 mL of 1 M KOH solution was
used as the electrolyte, while 0.1 M KNO; was added as a precursor.
The Nafion proton exchange membrane (PEM) was used to separate
the two chambers. The platinum plate was used as the counter
electrode, Ag/AgCl was used as the reference electrode, and the
working electrode was prepared via the aforementioned method with
a size of 1 cm X 1 cm. Ar was continuously purged into the electrolyte
to eliminate the interference of the background gas, and the
potentiostat test method (i—t) was performed for 1 h at each
operation condition. All the experiments were repeated to maintain
reproducibility.

The NH; quantification was spectrophotometrically determined by
the indophenol blue method (see details in Supplementary Note 3).
To calculate the NH; concentration, the concentration-absorbance
curve was calibrated using the standard ammonia chloride solution
indicated in Figure S1. NHj yield rate was calculated via the equation
as follows:

Yam, = onpy X V/E (1)

https://doi.org/10.1021/acssuschemeng.2c04249
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Figure 1. (a) Plasma-enhanced substrate for CuCo-catalyzed NO;RR mechanism. (b) Effect of Cu/Co ratio on the NHj; yield rate and FE using
the CuCo alloy catalyst at —0.27 V vs RHE. (c) Effect of electrodeposition time on the NHj yield rate and FE. (d) Effect of potential on the NH,
yield rate and FE using the CugyCo, catalyst. (e) Effect of pH on the NHj; yield rate and FE at —0.27 V vs RHE. (f) Effect of nitrate concentration

on the NH; yield rate and FE at —0.67 V vs RHE.

where Yyy, was the NH; yield rate; Cyy, was the measured NH;

concentration; V was the volume of electrolyte; t was the reaction
time during electrocatalysis.
FE was calculated according to the following equation:

n X Vcatholyte X CNH3 X F
ixt (2

where i is the total current; n represents the number of electron
transfers toward the formation of 1 molecule of ammonia, which is 8
for nitrate reduction; Vel is the volume of catholyte (mL); Cyp,

FE =

represents the concentration of ammonia (M); F is the Faraday
constant (96485 C mol™); t is the electrolysis time.

To exclude the influence of N-source from the environment, a >N
isotope labeling experiment was performed combined with '"H NMR
(600 MHz, Agilent Technologies) test, which can also validate the
accuracy of the indophenol blue method for NH; quantification.
KNO,;-"*N (Macklin, >98.5%) was utilized as the nitrogen source, and
ISNH,Cl was utilized to calibrate the standard curve. The NH,*
product with KNO;-"*N nitrogen source was tested to confirm the
source of nitrogen in ammonia by comparison with the "*NH,* peak.
Then, calibration was performed by preparing a series of standard
NH," concentrations (200—1000 ppm) to quantitatively measure
ammonia and verify the accuracy of the indophenol blue method.
During each test, 40 mL of the solution (after the electrocatalysis
process) was extracted to be measured, and the pH was adjusted to
2-3, followed by mixing with 100 ppm of maleic acid as an internal
standard. 0.5 mL of the above solution was added to 50 uL of D,O for
NMR testing.

DFT Calculation. The calculations were calculated in the “Vienna
ab initio simulation package” (VASP) within the framework of density
functional theory (DFT). Perdew—Burke—Ernzerhof (PBE) ex-
change-correlation functional was used to calculate the adsorption
energies. To simulate the reaction on the surface of the catalyst, the
supercell was used with a vacuum layer of 15 A. Brillouin zone was
accomplished by 3 X 3 X 1 Monkhorst—Pack k-point mesh for the
systems. The plane-wave was considered with the energy cutoff at 400
eV. The long-range dispersion interaction was described by the DFT-
D3 method. The convergence criteria for the total energy and the
Hellman-Feynman force are 107 eV and 0.02 eV A, respectively.
Gibbs free energy for the elemental steps was calculated by the
following equation:

G =E + Eypy — TAS (3)

E, Ezpg, T, and S were defined as the DFT total energy, zero-point
energy, absolute temperature (298.15 K), and entropy, respectively.
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VASPKIT was used to calculate zero-point energy and entropy of the
intermediates.

B RESULTS AND DISCUSSION

To evaluate the electrocatalytic activity, different pH values,
potentials, and Cu/Co ratios were systematically investigated
in a typical H-type cell, as demonstrated in Figure Ila.
Compared to pure Cu and Co, CuCo alloy exhibited a
significant increase of the reaction activity in terms of NH;
yield rate and FE, regardless of the Cu/Co ratios (Figure 1b).
To confirm the optimum electrodeposition time, we adjusted
the electrodeposition time from 100 to 500 s. It was observed
that NH; yield rate and FE increased significantly when the
electrodeposition time increased from 100 s (1233.96 ug cm™>
h™!, 43.2%) to 300 s (6205.28 ug cm™> h™’, 83.0%). However,
a further increase of the electrodeposition time will deteriorate
the reaction performance, with that NH; yield rate and FE
decreased to 5092.12 ug cm™> h™' and $9.2% at 500 s,
respectively. (Figure 1c). At —0.27 V vs RHE, the highest NH;
yield rate of 2793 pg cm™> h™" was achieved with nearly 100%
FE using the CugyCoy electrocatalyst. However, CusoCosg
exhibited inferior activity compared to Cu3,Co,, and
CugyCoy. When negative shifting the potential from —0.07
vs RHE to —0.67 V vs RHE (Figure 1d), the NHj yield rate
increased almost linearly from 853 ug cm™ h™' to 6205 ug
cm™> h™". Moreover, CuCo alloy exhibited a relatively high
NH, yield rate and FE (>80%) for acid (pH = 2) and base
environment (pH = 13, 14), while the reaction activity
dropped sharply at the neutral electrolyte phosphate buffer
saline (PBS) as shown in Figure le. The performance of the
catalyst was also investigated for different concentrations of
nitrate (Figure 1f). The NHj; yield rate increased monotoni-
cally with a higher concentration, from 879.64 ug cm™> h™" at
2000 ppm to 5129.29 ug cm™> h™" at 6000 ppm. Considerable
FE (~80%) was achieved at nitrate concentrations above 4000
ppm. To investigate the performance of the catalyst at low
nitrate concentrations, we carried out the measurement at
concentrations close to that of underground water (100, 200,
400, and 800 ppm). Figure S2 exhibited a trend of increasing
NH, yield rate from 362.85 ug cm™> h™" at 100 ppm to 783.95
ug cm™> h™' at 800 ppm with higher concentrations.
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Figure 2. Contact angle measurement and AFM images of carbon substrate (a) without and (b) with Ar-plasma treatment; (c) comparison of
ECSAs using different electrocatalysts (pure Cu, Ar-plasma modified Cu (Cu-NTP), Cus,Coy, and Ar-plasma modified CuzyCoyq (CuzyCoyo-
NTP)); (d) LSV curves of nitrate reduction on the different electrocatalysts (pure Cu, Cu-NTP, Cu3,Coy, and CuzpCo7-NTP) in 0.1 M KNO,

electrolyte without iR compensation.

Compared to ~80% FE above 4000 ppm, the FE was greatly
suppressed in low concentration environments (22% at 800
ppm, ~10% at 100 ppm to 400 ppm). Therefore, the catalyst is
more prone to apply in nitrate-enriched wastewater.

By measuring the byproducts, we detected H, dominated
due to the competitive HER, along with trace amounts of
NO,". It was observed HER was suppressed, and the FE of
ammonia was promoted from 48% (—0.27 V vs RHE) to 83%
(—0.67 V vs RHE) by increasing the reduction potential, and a
slight change of the FE of nitrite was observed with its value
fluctuating between 1% and 3%. (Figure $3).%° In addition, the
concentrations of the ions in the electrolyte such as ammonia,
nitrate, and nitrite were also investigated during the nitrate-to-
NH; conversion process. It was observed that NH; was
accumulated monotonically during the reaction combined with
the continuous consumption of nitrate ions, while little nitrite
was produced, and its concentration was almost unchanged
(Figure S4).

During the preparation of the CuCo alloy catalysts, metal
shedding was observed (Figure SS), which implied a relatively
weak adhesion of the electrocatalyst to carbon. It was assumed
the weak CuCo alloy—substrate interaction might cause large
contact resistance and increase the voltage drop across the
substrate—electrocatalyst interface. Nonthermal plasma, widely
employed for modifying the surface characteristics (such as
roughness, functional group, and hydrophobicity), was
employed to increase the adhesive force between carbon
substrate and CuCo alloy.*® By comparing three types of
carrier gases (air, Ar, and N,), electrocatalyst with Ar-plasma
modified substrate outperformed the counterparts as shown in
Figure S6. Different from the air or N, plasma that is normally
used to introduce oxygen- or nitrogen-contained radicals and
components into the electrocatalyst, Ar-plasma was prone to
change the physical roughness and hydrophobicity.

Based on contact angle measurements in Figure 2a,b, the
pristine carbon substrate was hydrophobic with the contact
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angle of 149.8°, while it turned into hydrophilic with the
contact angle of 65.1° after Ar-plasma treatment (300 W) for §
min. Similarly, the AFM topography images also demonstrated
that Ar-plasma treated carbon substrate was much rougher
with the occurrence of dense peaks and valleys, compared to
the relatively flat surface of the pristine carbon substrate. It was
speculated that the plasma modification might remove weak
boundaries and introduce undulation on the surface,
contributing to the increase of the specific surface area and
more anchoring sites. To get insight into the strengthened
interaction of the catalyst-substrate surface, we compared the
electrochemically active surface area (ECSA) of different
electrocatalysts by measuring the double-layer capacitances
(Cq) in Figure 2c and Figure S7. The Cus,Co,o-NTP and pure
Cu-NTP substrate indicated a larger Cy of 14.7 mF cm™ and
4.87 mF cm™?, respectively, compared to counterparts without
plasma modification. It was assumed that active species in Ar-
plasma (such as energetic electrons and Ar metastable
molecules) will roughen the carbon surface by breaking the
chemical bonds via bombardment. Then, the radicals on the
surface could rebond to form a cross-linked network structure,
enhancing the interaction between the substrate and the
catalyst.”*® After Ar-plasma modification, CuCo alloy
exhibited an effective and homogeneous adherence to the
carbon substrate (Figure S8). On the other hand, optimizing
the substrate—catalyst interface via Ar-plasma modification
might contribute to a lower resistance (derived from the
change of polaron hopping barrier and charge-transfer
resistance) and higher surface activity (derived from the
change of Gibbs free energy and double-layer capacitance),
resulting in better activity for nitrate electro-conversion.”” As
shown in Figure S9, electrochemical impedance spectroscopy
(EIS) measurements were performed and fitted to an
equivalent circuit model, where the semicircle represented
the charge transfer resistance (R,) at the catalyst surface. After
the Ar-plasma treatment, the R of the electrocatalyst was
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Figure 3. TEM images of (a) pure Cu catalyst and (b) CuyyCo,-NTP. Comparison of XRD patterns of different electrocatalyst deposition on the
(c) untreated substrate and (d) the Ar-plasma treated substrate, respectively. The XPS Cu 2p (e) and Co 2p (f) spectra of CusCo,o-NTP.
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Figure 4. Super-resolution IR imaging characterization of CuzyCo,-NTP. (a) Brightfield image. (b) Reflectance image of the area indicated by the
white box in (a) with 532 nm laser illumination. (c) Super-resolution IR imaging of the same area by mid-infrared photothermal (MIP) imaging at
1595 cm™ CuCo band. (d) Overlay of the reflectance and IR image. Scale bars: 50 ym.

reduced from 24.57 Q to 18.65 €, indicating a significant
reduction in the resistance of the electrode—electrolyte
interface and the promotion of electron transfer by substrate
enhancement. As illustrated in Figure 2d, Cuj3,Co,-NTP
exhibited excellent performance of nitrate reduction with an
ultralow onset potential, superior to all other electrocatalysts.
Under alkaline conditions, only a potential of 0.1 V was
required to reach the current density of SO mA cm™ over
Cu3yCo-NTP, while the current density exceeded over 150
mA cm™? at —0.2 V vs RHE (Figure 2c).

To get insight into the nitrate-to-NH; conversion reaction
over CuCo alloy surface, the morphology and structure were
characterized. In Figure 3a,b, the SEM and TEM images of
pristine Cu and Cu;3;Co,-NTP were compared. Different from
the dendritic morphologies observed from the pure Cu
samples, the growth of spherical Cu3yCo-, alloy nanoparticles
with an average particle size of ~50 nm was observed on the
Ar-plasma treated substrate. Based on the TEM image (Figure
S10), the aggregation of the ellipsoidal alloy particles was
observed while EDS mapping demonstrated the homogeneous
distribution of Cu and Co elements over all the structure
(Figure S11). A typical lattice spacing of Cu(111) facets was
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observed with the lattice space of ~0.209 nm, while the typical
lattice spaces of ~0.179 and 0.207 nm corresponding to the
formation of CuCo(220) and CuCo(111) were observed. In
addition, the actual metal loading was measured by inductively
coupled plasma-optical emission spectroscopy (ICP-OES),
which demonstrated a CuCo loading ratio (Table S1). As
shown in Figure 3c,d, XRD characterization demonstrated the
existence of CuCo(111) and CuCo(200) peaks consistent with
the observation from the TEM images. And the broader
diffraction peaks of CuyyCo;-NTP revealed the smaller
nanograin sizes generated, which showed better nanocluster
dispersion over that without plasma treatment. According to
XPS spectra, the coexistence of Cu and Co was observed on
the Ar-plasma treated substrate (Figure 3e,f). Co 2p spectra
demonstrated a prominent peak at ~797 eV, which was
assigned to Co 2p, /,. The binding energies at ~781 eV should
be attributed to the metallic state of Co® 2p;),. The Cu 2p
spectra of CuyCo- alloy featured peaks at ~952 eV and ~932
eV, which corresponded to the Cu 2p;, and Cu 2p;),
respectively.*~* Furthermore, compared with CugyCos, and
Cu catalysts, Cu3yCo--NTP demonstrated more satellite peaks
in the Cu 2p energy spectrum, indicating more of a Cu—Co
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Cu3yCoyo-NTP.

alloy structure in Cu;,Coy, " which further unveiled the origin
of the catalyst activity.

Then, super-resolution infrared (IR) imaging was applied to
reveal the intuitive distribution of active CoCu sites at the
submicrometer scale level. It was realized by a mid-infrared
photothermal (MIP) microscope with submicrometer spatial
resolution and high IR spectral fidelity.”*™* In brief, a
submillimeter field-of-view (FOV) brightfield imaging was
performed with white light illumination and visible color
complementary metal oxide semiconductor (CMOS) detector
to reveal the corrugated structures of the catalyst substrate
(Figure 4a,b). The region of interest (ROI) of about 240 ym
in width, as indicated by the box, was then selected for
spectroscopic IR imaging analysis. CuCo alloy-related peak at
1595 cm™! was selected for IR imaging, according to previous
studies.”’ ™"’ Prior to MIP imaging, the ROI was confirmed by
reflectance imaging of the same probe laser (532 nm, Cobolt
Hubner Photonics) (Figure 4c). The images were overlaid for
colocalization verification (Figure 4d). Compared to the in-
focus areas of the reflectance image, the alloy electrocatalysis
sites were observed to equally distribute over the substrate.
The macro-distribution of CuCo alloy sites also varied in size,
ranging from a few hundred nanometers to a few micrometers,
indicating a relatively good dispersion of the electrocatalyst
over the substrate after the Ar-plasma treatment.

14544

The comparative analysis of nitrate-to-NH; activity was
investigated in terms of different potentials and Cu/Co ratios,
to systematically validate the effect of Ar-plasma modification
on the catalyst—substrate interface. As expected, for all Cu/Co
ratios, the electrocatalyst with Ar-plasma modification
exhibited a dramatic increase in NH; yield rate (Figure Sa).
For the Cu/Co ratio of 50:50, the NHj yield rate increased by
36% after Ar-plasma treatment, accompanied by an increase of
the FE from 68.4% to nearly 100%. The NH; yield rate had a
distinct enhancement regardless of the potential and pH
variation, as depicted in Figure 5b and Figure S12. At—0.47 V
vs RHE, the NHj yield rate increased to 5129.29 g cm™>h™!
using Ar-plasma treated substrate without the sacrifice of FE.
As shown in Table S2, the NH; yield rate reported here
outperformed most previous nitrate-to-NH; conversions over
various state-of-the-art electrocatalysts.

On the other hand, to verify that nitrate was the sole N
source for ammonia harvest, an isotope labeling experiment
was performed. No triplet peaks corresponding to '*N was
observed in the solution after electrocatalysis, indicating that
nitrate is the only source of nitrogen instead of other
contaminants. The yield rate of ""NH,* was quantified by 'H
NMR spectra with external standards of maleic acid. The
results further confirmed the accuracy of the spectrophoto-
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adsorption of NH;.

metric method using the indophenol blue method (Figure
5c,d).

The long-term stability of the electrocatalyst is also an
indicator for evaluating the catalytic performance. A long-term
experiment of 10 cycles was performed on Cu;,Cosq
electrocatalyst (Figure Se), which indicated the current density
remained stable together with an almost constant NH; yield
rate. As shown in Figure S13, SEM and XPS characterization of
Cu;Coyq electrocatalyst after the long-term reaction (10 h)
was performed. For Co,, orbitals, the positions of Co 2p;,, Co
2p,/, and satellite peaks did not shift, with the peak width and
peak height being relatively consistent, which was also verified
by the Cu 2p orbital. However, the difference in some satellite
peaks was observed in Cu spectra, which might be due to the
formation of copper oxides. In addition, no release of metal
was observed after the reaction in the electrolyte.

Then, DFT calculation and in situ FTIR spectroscopy were
performed to unravel the reaction pathway and the origin of
high nitrate-to-NHj activity from CuCo alloy and the effect of
Ar-plasma treatment. As shown in the FTIR spectra (Figure
6a,b), the negative bands at ~1250 cm™, corresponding to the
intermediates of ¥*NO,, and H-N—H bend of NHj; at ~1630
cm™', were observed during nitrate conversion using Cu;,Coyq
alloy. With the decrease of potential from —0.9 to —1.2 V vs
Ag/AgCl, the shifting of NH; bands to large wavenumber was
observed, together with the observation of the transformation
of NO,~ band to *NO band at ~1350 cm™°7°*%3, As for the
Cu;,Coy alloy with the substrate modified by Ar-plasma, only
two obvious bands assigned to NH; and NO were observed
with the variation of applied potential. Hence, *NO was
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assumed as a key intermediate for nitrate conversion and was
prone to form after plasma treatment. Considering the
different adsorption directions on various adsorption sites,
the total energy on the stabilized intermediates over the surface
the electrocatalysts was calculated, and the lowest free energy
was the most stable configuration of the intermediate (Figure
S14). In a typical alkaline (I M KOH) environment, the
reaction process of NH; synthesis from nitrate reduction was
considered through a series of deoxidation and hydrogenation
reactions.

NO;- + 6H,0 + 8e” — NH; + 9OH™ (4)

The structural relaxation of CuCo may have occurred
because Co was prone to replace Cu atoms of the subsurface
dependent on the thermodynamics so that the nitrate ions
were more inclined to bond with Cu on the surface. By
calculating the intermediate’s free energy at each step, the
potential catalytic mechanism was revealed. The deoxygena-
tion reaction spontaneously occurs with the CuCo catalysts
during the nitrate reduction to NHj;, which corroborated with
the observation of more NO species based on in situ FTIR
spectra. It can be judged from the energy path in Figure 6c,
that the catalytic deoxidation process of Co was significantly
weaker than that of Cu, especially in the *NO; — *NO,
process. However, the catalyst poisoning caused by the
adsorption of nitrogen oxides hampered Cu carrying out the
subsequent reaction. The CuCo-doped catalysts adjusted the
NO adsorption and hydro-desorption capacity. The relatively
low activity and selectivity of the CugyCo,, electrocatalyst
originated from a higher energy barrier during the hydro-
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genation process of *NH — *NH,. With the increase of the
doping ratio of Co, the performance of Cus,Cosy can be
improved to a certain extent attributed to the change of energy
barrier, while the performance reaches its peak using Cuz,Coy
as an electrocatalyst. It was due to the lowest energy difference
(0.775 eV) of the rate-determining step (RDS), resulting in
high selectivity and high efficiency of catalyzing nitrate to NH;.

In Figure 6d, the calculation of partial density of states
(PDOS) calculation indicated that Cuy,Coy, alloy possessed a
higher d-band center near the Fermi level, which was ~1.28 eV
higher than that of Cus,Cos, alloy, and ~1.66 eV higher than
that of the CugCo,, alloy, respectively. Hence, it pushed the
antibonding orbital higher than the Fermi level, which was
conducive to adsorption. Therefore, the Cus,Co,, alloy
exhibited a better performance compared to the counterpart
electrocatalyst. Cu and Co showed different properties in the
last step of ammonia desorption (¥*NH; — NH;), so COHP
calculations were performed for Cu—N and Co—N in *NHj.
The COHP value of Cu—N (—3.377 eV) was significantly
lower than that of Co—N (—2.976 eV), which reflected that Cu
benefited from a stronger adsorption capacity for NH;
adsorbed species (Figure 6e). It was inferred that the doping
of Co could improve the overall performance of the catalyst by
optimizing the desorption of NHj.

B CONCLUSION

In this study, a highly eflicient bimetallic CuCo alloy
electrocatalyst was designed for NH; production from
electrochemical nitrate reduction. It was demonstrated that
Ar-plasma modification could boost the activity of the
electrocatalyst by enhancing the adhesion force between the
CuCo alloy and carbon substrate. Based on the analysis of
ECSA and surface characteristics, we demonstrated that the
plasma modification of CuCo alloy changed the hydro-
phobicity of the carbon substrate. By optimizing the potential
and Cu/Co ratio, the NHj yield rate of 5129.29 ug cm™> h™*
was achieved at —0.47 V (vs RHE) using Cuy;Coy, after Ar-
plasma treatment. Furthermore, in situ FTIR spectra
confirmed the formation of *NO and intermediate of NO,~
during nitrate conversion, while plasma-modification facilitated
the generation of NH; and N-related intermediates. The DFT
revealed that the activity of Cu;,Co,, was due to the lowest
energy difference (0.775 eV) in RDS, with a higher d-band
center and the stronger desorption capacity of NH;. Based on
this study, we provided an effective strategy to optimize both
interfaces of substrate-electrocatalyst and electrocatalyst-
electrolyte to realize efficient NH; synthesis from electro-
catalytic nitrate conversion.
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