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Abstract: Facilitating equilibrium in the nitrogen cycle, electrochemical nitrate reduction
(NitRR) to ammonia stands as a carbon-free method for ammonia synthesis. Copper-based
catalysts, renowned for NitRR, face a hurdle in supplying sufficient hydrogen radicals (*H) for
efficient hydrogenation of NitRR intermediates. Addressing this, we leverage NiMoO4 as an
excellent *H donor, synergistically coupling it with a copper-based catalyst. Our work
introduces a high-performance NiMoO4/CuO nanowire (NW)/Copper foam (CF) catalyst for
NitRR, achieving a remarkable Faraday efficiency (FE) of 98.8% and a yield of 0.8221 mmol
cm~2 h™. Operating at —0.2 V versus reversible hydrogen electrode (vs. RHE) in an H-type
electrolytic cell, the catalyst demonstrates exceptional stability over 20 hours. Additionally,
coupling NitRR with an air stripping process enables efficient collection of NH4ClI products,
offering a practical avenue for converting waste nitrates into valuable ammonia products. In-
depth in-situ electrochemistry and density-functional theory (DFT) calculations affirm the
transformation of CuO into Cu/Cu0O during the electrocatalytic reduction process. Cu/Cu.O
catalyzes nitrate conversion to nitrite, while NiMoOs, serving as a *H donor, facilitates
deoxidation and hydrogenation of other N intermediates on the Cu/Cu.O surface, effectively

driving the reduction of nitrate to ammonia.

Keywords: Electrochemical nitrate reduction to ammonia, CuO nanowire, In-situ

electrochemical reduction, Heterogeneous catalysis, Density-functional theory



WILEY-VCH

1. Introduction

Ammonia (NHs), a pivotal raw material in diverse industries such as agricultural, plastic,
pharmaceutical, and textile industries, is emerging as a carbon-free energy carrier due to its
remarkable energy density (4.32 kW h L™).-4 The prevailing industrial synthesis of NH3
heavily relies on the energy-intensive and carbon-emission intensive Haber-Bosch (H-B)
process, accounting for 1-2% of global energy consumption and contributing to approximately
1% of energy-related CO, emission.>®1 The electrocatalytic reduction of nitrogen (N2) or nitrate
(NO3s") to ammonia (NHz), utilizing water as a proton source, has garnered significant attention
for its mild reaction conditions and compatibility with renewable energy sources. However,
challenges inherent in N2, such as its high N=N bond strength (941 kJ-mol ™) and poor solubility
(0.66 mmol-L ! under ambient conditions), result in a relatively low Faraday efficiency (FE)
for electrocatalytic No-to-NH3 conversion (eN2-NHs), with a yield rate two orders of magnitude
lower than that of H-B process.’'Y To overcome this obstacle, NOs~ emerge as an ideal
nitrogen source due to its prevalence in agricultural and industrial wastewater, exceptional
water solubility, and low N=0 bond energy (204 kJ-mol%)."l Consequently, employing NO3~
as a precursor imparts sustainable characteristics to NHz electrosynthesis, presenting an
economically viable pathway to address environmental pollution.

Advanced electrodes incorporating precious metals, such as Pt, Pd and Ru, have been
developed as electrocatalysts for the electrochemical nitrate reduction reaction (NitRR) to
ammonia electrocatalysts.l*?l Despite their efficacy, the widespread application of these
electrodes is hindered by their high cost and limited availability. Recent development in
electrocatalysts have shifted towards Earth's abundant transition metals, aiming to address the
inherent limitations of noble metal-based counterparts.*”-*¥1 However, NitRR utilizing
transition metal electrocatalysts often exhibits compromised selectivity and catalytic efficiency
due to the weak affinity towards NOs™ and competition with hydrogen evolution reaction (HER).
It is noteworthy that the comparable energy levels of Cu's d orbital and the lowest unoccupied
molecular orbital (LUMO) ©* molecular orbital of NO3z™ contribute to an exceptional binding
energy, inhibiting HER while promoting the catalysis of NO3 to NO2, a rate-determining step
of NitRR.[**211 The robust adsorption and deactivation of NitRR intermediates (*NOs, *NO,,
*NO, *N, *NH and *NH>) on Cu-based electrocatalysts hinder the electrochemical reduction
to ammonia, emphasizing the need for a tailored approach.??2%l In comparison to nickel foam
or carbon-based substrates such as carbon paper or carbon cloth, copper foam (CF) presents a

promising alternative. By adjusting the surface topography and valence state, CF provides more
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active NitRR sites, serving as an efficient electrical conductor and reducing substrate material
costs.[24301

To overcome the issue of nitrate reduction intermediates becoming inactive on the surface of
Cu-based catalysts, hydrogen radicals (*H), known for their exceptional reducing properties,
can effectively facilitate the conversion of nitrite into ammonia. To date, most catalysts that
facilitate the generation of hydrogen radicals from water have relied on precious metals
(RuO«/PdBY, Ru-ST® Au1Cul®®, RuCul*?, RuCox*®l). However, the widespread application
of these catalysts is impeded by their high cost and limited availability. Serving as an *H donor,
NiMoOs, acting as a HER inert catalyst, inhibits the Heyrovsky reaction
(*HagstH20+e —H>+OH") and activates the VVolmer reaction (H20+e —*Hags+OH").4 This
dual functionality makes NiMoO4 an attractive alternative, as it overcomes the limitations
assocated with weak nitrogen intermediates adsorption and the need for high potentials in
NitRR reactions. Despite its underexplored application in NitRR, the synergistic combination
of a heterogeneous Cu-based catalyst, known for its excellent nitrogen intermediate adsorption
properties, with NiMoOg, exhibiting exceptional hydrogen adsorption performance, holds
promise in enhancing catalytic efficiency while concurrently reducing costs.

In this study, we synthesized NiM0oO4/CuO nanowire(NW)/CF through sequential chemical
oxidation and hydrothermal methods for NitRR. Encouragingly, NiMoO4/CuO NW/CF
exhibited excellent ammonia generation activity (0.8221 mmol cm™ h™1) and Faraday
efficiency (FE) (98.8%) at an ultra-low potential of —0.2 V versus reversible hydrogen electrode
(vs. RHE), outperforming the conventional Cu catalysts. Our experimental findings elucidate
the distinct roles of NiMoO4 and Cu.O (CuO reduction product) in the reduction of NOs™ to
NO2 and NO> to NHjs respectively, underscoring their cooperative heterogeneous catalysis on
NiMoO4/CuO NWI/CF catalysts with high NHz product rate and FE. Density-functional theory
(DFT) calculations indicate that Cu2O facilitates the rate control step (NOs™ reduced to NO2")
of NitRR. However, its performance in the intermediates’ conversion from NO2 to NHs is
suboptimal. In contrast, NiMoOg catalytic decomposition of water into hydrogen radicals
proves excellent, effectively promoting intermediate catalysis and facilitating the

electrocatalytic process involving multi-electron multi-step reactions.
2. Results and Discussion

2.1. Catalyst design and characterization.

The synthesis of NiM0O4/CuO NW/CF catalysts is schematically illustrated in Figure 1la.

CuO NW/CF was obtained by calcination of Cu(OH). NW/CF, which was synthesized on a
4
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copper foam substrate using chemical oxidation method. The hydrothermal method was
employed to synthesize NiM0oO4 nanosheets and nanospheres on the surface of CuO NW/CF
substrates, to obtain NiMoO4/CuO NW/CF.

CuO NW/CF NiMoO,/CuO NW/CF NiMoO,/CuO NW
Bl Ni(NO,), Bk —

Anneal . Na,MoO,
RS

- », /« 4
200°C Pl Ty 90 °C

Figure 1 Structural characterizations of catalysts. (a) Schematic illustration of the preparation of a
NiMoO4/CuO NW/CF binary cooperative catalyst. SEM images of the CF (b, g), Cu(OH)2 NW/CF (c, h),
CuO NWI/CF (d, i) and NiMoO4/CuO NWI/CF (e, j). Typical TEM image of NiMoO4/CuO NW/CF (f, k).

Scanning electron microscopy (SEM) images show the morphological change from CF to
NiMoO4/CuO NWI/CF. Cu(OH), NWI/CF electrode demonstrates a densely packed and
uniformly distributed arrangement of Cu(OH)2 nanowires (Figure 1c, h), contrasting with the
sleek surface of bare CF (Figure 1b, g). The Cu(OH)2 NW/CF was subjected to calcination,
resulting in the formation of CuO NW/CF with a disordered nanowire morphology(Figure 1d,
i). The nitrogen adsorption and desorption isotherms revealed that CuO NW exhibited a
significantly higher specific surface area compared with CF (Figure S1). The SEM image in
Figure le, j illustrates a typical NiMoO4/CuO NW/CF composite, with the nanowire exhibiting
a length of approximately 12 um (Figure S2). The vertical orientation of the CuO NW is
supported by the CF substrate, while NiM0oO4 nanosheets and nanoflowers grew vertically on
its surface features. To acquire more comprehensive structural information, NiMoO4/CuO NW
were extracted from NiMoO4/CuO NW/CF and subjected to transmission electron microscopy
(TEM) analysis. The TEM images in Figure 1f, k reveal the growth of NiMoO4 on CuO NW
(250 nm), resulting in a rough surface with an approximate diameter of 450 nm. Graph element
mapping analysis reveals a uniform distribution of Cu and O elements throughout the CF (The
surface is partially oxidized), Cu(OH)> NW/CF and CuO NW/CF (Figure S3-5). The elements
Ni, Mo, Cu, and O distribute within the NiMoO4/CuO NW/CF, and elemental analysis was
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simultaneously conducted on different regions to confirm their distribution and proportion of

elements (Figure S6-7).
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Figure 2 Structural characterizations of catalysts. (a) TEM and (b, c¢) high-resolution TEM (HRTEM)
images of NiMoO4/CuO NW/CF. (d) TEM element mapping images of NiMoO4/CuO NW. (e) TOF-SIMS
surface mapping of Cu, O, Ni and Mo on NiMoO4/CuO NW/CF. (f) spatial distributions of Cu, O, Ni and
Mo on NiMoO4/CuO NW/CF detected by TOF-SIMS. (g) Cu 2p XPS spectra of CF, Cu(OH)2 NW/CF, CuO
NW/CF and NiMoO4/CuO NW/CF.

To gain more detailed structural information, some NiMoO4/CuO NW were scraped off from
the NiM0O4/CuO NW/CF and subjected to high-resolution transmission electron microscopy
(HRTEM) characterization. The TEM image in Figure 2a reveals the presence of a rough
surface on a nanowire structure with a diameter of approximately 450 nm for NiMoO4/CuQO
NW. Additionally, a NiMoO4 nanoflower measuring approximately 650 nm in diameter is
observed to be grown on the surface of the NiMoO4/CuO NW. The HRTEM image reveals that
the d-spacing values of 0.22 nm and 0.23 nm correspond to the (1 1 3) plane of NiMoO4 and
the (1 1 1) plane of CuO, respectively (Figure 2b-c, S8).3+%51 To further analyze the element
composition and distribution of NiMoO4/CuO NW, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and corresponding element mappings were
acquired. As illustrated in Figure 2d, the distribution of Cu in the NiM0oO4/CuO NW is
primarily observed in the core, while the elements O, Ni, and Mo are evenly distributed
throughout the NiMoO4/CuO NW. Chemical analyses were carried out on the regions of the
patterned NiMoO4/CuO NW/CF surface using time-of-flight secondary ion mass spectrometry
(TOF-SIMS), and the 3D render results showed that Cu, O, Ni, and Mo are uniformly
distributed in the vertical direction of the CuO NW (Figure 2e, f), further supported by Cross-

section SEM images and elemental mapping of the NiMoO4/CuO NW/CF (Figure S9). CF,
6



WILEY-VCH

Cu(OH)2 NW/CF, CuO NWI/CF and NiM0O4/CuO NW/CF were further verified by X-ray
diffraction (XRD) patterns (Figure S10). The diffraction pattern of CF reveals the presence of
three peaks at 43.29, 50.43, and 74.13 degrees, corresponding to the (11 1), (200), and (2 2 0)
crystallographic planes for Cu, respectively (JCPDS no0.04-0836). The Cu(OH). NW/CF
electrodes exhibited additional peaks corresponding to Cu(OH), (JCPDS n0.13-0420) in
addition to the Cu peak. After calcination, the CuO NW/CF exhibits a peak corresponding to
CuO (JCPDS no0.45-0937). The presence of NiMoO4 (JCPDS no.05-0667) is indicated by a
peak of 36.49 degree on the NiM0oO4/CuO NW/CF electrode. As shown in Figure S11, CF,
Cu(OH)2 NW/CF, CuO NWI/CF and NiMoO4/CuO NW/CF contain Ni, Mo (NiMoO4/CuO
NWI/CF), Cu, O, and C peaks without any other impurity. As shown in Figure 2g, high
resolution X-ray photoelectron spectroscopic (XPS) spectrum of Cu 2ps2 presents peaks at
932.6 and 934.8 eV (and the Cu 2p1/2 presents peaks at 954.8 and 952.4 eV), indicating the CF
contained both zero valent Cu and oxidation generated Cu?*, which corresponds to metal Cu
and CuO. The Cu 2p spectra of Cu(OH)> NW/CF, CuO NW/CF, and NiMoO4/CuO NW/CF
exhibited prominent peaks at *934 eV and ~954 ¢V for the Cu 2ps2 and Cu 2py states,
respectively, providing evidence that the three electrodes predominantly consisted of Cu?*. The
peaks of Cu 2pz, in NiMoO4/CuO NW/CF slightly shift to higher binding energy compared
with that in CuO NW/CF. Such corresponding shifts demonstrate that electron transfers from
Cu to Ni and Mo occur in NiMoO4/CuO hetero-phase interface, which is mainly attributed that
Ni (Electronegativity: 1.91 Pauling Scale) and Mo (Electronegativity: 2.16 Pauling Scale) is
more electronegative than Cu (Electronegativity: 1.90 Pauling Scale)®®l. The high-resolution
XPS spectra for Mo and Ni are presented in Figure S12 and Figure S13, respectively. The Mo
3d spectrum exhibits peaks at 232.2eV (Mo 3ds2) and 235.3eV (Mo 3dsr2), indicating the
presence of Mo®*. Similarly, the Ni 2p spectrum shows peaks at 856.8V (Ni 2ps/2) and 874.9eV
(Ni 2p12), suggesting the existence of Ni?*.

2.2. Electrocatalytic NitRR performance.

The electrochemical NitRR performance of the NiMoO4/CuO NW/CF was investigated
under ambient temperature and pressure in a standard three-electrode H-type cell. In this study,
NOs3", NO2 and NHs were quantified by ultraviolet-visible (UV-vis) spectrophotometry with
calibration curves (Figure S14). An industrial wastewater-relevant nitrate concentration of 0.05
M was used in our electrolyte for the standard electrochemical characterizations of the
catalystst®”-%8l, Initially, NiMoO4/CuO NW/CF composites were prepared using different Ni and
Mo precursors (0.5:0.5, 1:1, 1.5:15, 2:2 and 2.5:2.5). The results depicted in Figure S15

7
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demonstrate that the NiMoO4/CuO NW/CF composite synthesized with a 1.5 mmol:1.5 mmol
ratio of Ni and Mo precursors exhibited superior performance. To emphasize the superiority of
NiMoO4 in modifying CuO NW/CF, we synthesized NiMoO4 NW on the surface of nickel foam
following the methodology described in literature and subsequently conducted CuO
modification.3¥l The LSV results (Figure S16) indicate that approximately 6.6% of the 174.6
mA current in CuO/NiMoOs NW/NF is utilized for electrocatalytic hydrogen evolution at
—0.2V vs. RHE, owing to the inherent electrocatalytic activity of NiMoO.. Consequently,
incorporating CuO into NiMoOg4 leads to a reduction in the Faraday efficiency of CuUO/NiMoO4
NW/NF.The three major control samples, CF and CuO NWI/CF presented distinct
electrocatalytic behaviors compared with that of NiMoO4/CuO NW/CF. Linear sweep
voltammetry (LSV) curves recorded in the electrolyte with or without NO3™ using CF, CuO
NW/CF and NiM0oO4/CuO NW/CF working electrode show obvious discrepancy from 0.2 V to
—0.3 V vs. RHE (Figure 3a), suggesting the participation of NO3™ in the electro-reduction
process. Furthermore, a series of potentials from 0.2 V to —0.3 V vs. RHE were performed to
investigate the catalytic properties of CF, CuO NW/CF and NiMoO4/CuO NW/CF for NitRR.
CF showed an early onset of ammonia generation with 88.4% and 85.1% FE at 0.2 VV and 0.1
V vs. RHE, respectively, which suggests facile NitRR kinetics on the Cu sites. However, within
the CF range of 0.2 V to —0.3 V vs. RHE, its ammonia yield remains significantly low (Figure
3b, ¢). The CuO NW/CF demonstrated an approximately 80% earlier onset of ammonia
production at —0.1V, indicating favorable kinetics for nitrate reduction to nitrite at the CuO site.
However, the FE of CuO NW/CF electrodes in ammonia conversion is limited (Figure 3b, S17).
This is unsurprising given that CuO is a widely acknowledged active catalyst for the reduction
of nitrate to nitrite. However, Cu-based materials exhibit pronounced intermediate adsorption
during nitrite reduction to ammonia, consequently leading to a diminished FE of ammonia
production. To address this issue, NiMoOy is utilized as an exceptional *H donor and loaded
onto the surface of CuO NW. The incorporation of NiMoO4 onto carbon paper (CP) exhibited
limited electrocatalytic nitrate properties, thereby highlighting its unique role as a *H donor
(Figure S18). This approach not only inhibits the FE of nitrite but also enhances the FE of
ammonia, with the highest NH3z FE reaching 98.8%. The NHs yield exhibited a “volcano”
pattern, initially increasing and then decreasing as the potential decreased. The primary factor
contributing to this increase was the rise in NH3z current with decreasing potential. However,
despite further reduction in potential leading to an increase in current density, it also triggered
a side reaction of HER, resulting in a decrease in NH3z yield (Figure 3c). The selectivity results
for NO2  and NHs at different potentials, as depicted in Figure S19, demonstrate that a

8
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remarkable NH3 selectivity is up to 94.9% at —0.2 V vs. RHE. To identify whether the detected
NHs is from the NitRR or other impurities in electrocatalysts, isotope tracing experiments are
performed by using °N-labeled *®NOs" as a reactant. After changing the reactant to °NOs, the
triple *H NMR peak for 1*“NH4* alters to a double peak for ®NH,* (Figure 3d), indicating that

the detected NHs indeed originates from the NitRR other than impurities.%-40]
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Figure 3 Electrochemical performance of catalysts. (a) LSV curves depicting the performance of CF, CuO
NW/CF and NiMoO4/CuO NW/CF in 1 M KOH solution with (solid lines) or without (dashed lines) nitrate.
The corresponding Faraday efficiencies (FE) for NHs (b), NHs production rate (c) for CF, CuO NW/CF and
NiMoO4/CuO NW/CF in a 1 M KOH with 0.05 M NOs™ electrolyte at different potentials. (d) *H NMR
spectra of liquid products obtained through NitRR of N nitrate and *°N nitrate. (€) Complete nitrate removal
using NiMoO4/CuO NW/CF with an initial 1 M KOH containing approximately 0.05 M NOz~ (equals 650.9
mg L™t NO3z™-N) electrolyte at —0.2 V vs. RHE. (f) Long-term current-time stability test of NiMoO4/CuO
NW/CF at —0.2 V vs. RHE in 1 M KOH with 0.05 M NOs~, employing a continuous flow system in an H-

type cell. (g) Comparative analysis of electrochemical performance with benchmark reported catalysts (See
detailed information in Table S1).

To evaluate NiM0O4/CuO NW/CF’s capability in nitrate removal, we performed a batch
conversion test with an initial approximately 0.05 M NOs  and measured the remaining

products (Figure 3e). Impressively, nearly all the N sources were converted into NH3 within
9
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two hours. The overall NHs FE remained over 90%. After two hours of electrolysis, NO3™ and
NO2" were both significantly reduced below the World Health Organization (WHO) regulations
for drinking water.l*!] To further highlight their industrial production potential, a series of
experiments were performed. First, electrolytes with different NO3™ concentrations (0.005~0.1
M) were studied, and the high performance was found to be maintained well over a wide range
(Figure S20). It is worth noting that the high performance remained good during a continuous
20 h of timed amperometric testing (Figure 3f). Indeed, the topography of CuO NW and
NiMoO4 nanoflowers and the XPS of Cu, Ni, and Mo remained virtually unchanged after the
electrochemical test, demonstrating its exceptional durability (Figure S21, S22). These results
unequivocally indicate that NiMoO4/CuO NW/CF exhibits remarkable electrocatalytic
performance towards NitRR. Figure 3g compares the nitrate reduction performance of
NiMo0O4/CuO NW/CF with that of other electrocatalysts, and the detailed comparison of nitrate
reduction performance is summarized in Table S1. NiMoO4/CuO NW/CF exhibits a high FE
for NH3z production at high partial current densities that is superior or comparable to the

performance of non-noble metal or alloy catalysts.

2.3. Rechargeable Zn-Nitrate battery

The schematic diagram of the aqueous rechargeable zinc-nitrate (Zn-NOz) battery is
illustrated in Figure S23. In the anode compartment, a mixture solution containing 3 M KOH
and 0.02 M Zn(CH3COO), was utilized, while the catholyte consisted of 3 M KOH with 0.5 M
KNOzs. An Nafion 1110 membrane was employed to effectively separate the two electrolytes.
During discharge, Zn metal on the anode dissolves and releases electrons, facilitating NitRR at
the cathode through electron transfer. On charging, water undergoes oxidation to produce Og,
while Zn (OH)4?" is formed at the anode leading to the generation of Zn, thereby resulting in
the subsequent battery reaction.

Discharge reaction:

4Zn+NO3 +7H,0+60H —4Zn(OH)s*> +NHa", Egischarge = 1.152 V  Equation 1

Charge reaction:

2Zn(0OH)4?>—2Zn+2H,0+40H +02, Echarge = 1.650 V' Equation 2
Overall reaction:
NO3; +3H,0—NHs"+20H +20, Equation 3

The constant open circuit potential of NiMoO4/CuO NW/CF-based Zn-NO3 battery is 1.15

V vs. Zn/Zn?*, as depicted in Figure 4a. This value closely aligns with the theoretical voltage

of 1.15 vs. Zn/Zn?* for Zn-NOjs battery (Equation 1). The battery was utilized to power an

10
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electronic timer, and the device operated continuously for 24 hours without any anomalies
(Figure S24). The discharge curve of the Zn-NOs battery in Figure S25 demonstrates a gradual
increase in current density from 2 to 20 mA cm™2. Initially, the voltage stabilizes at 0.95 V and
remains constant for 0.5 hours. Subsequent steps exhibit similar stability, indicating exceptional
mass transfer and conductivity.
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Figure 4 The electrochemical performance of hybrid aqueous Zn-NOj; battery. (a) Open circuit voltage
of Zn-NOs battery. (b) Average discharge voltage and corresponding energy density at varying nitrate
concentrations. (c) Long-term discharge stability test results for the Zn-NOz battery at 20 mA-cm~?, including
the corresponding yield. (d) Discharging polarization curves and corresponding power density curves of the
Zn-NOs battery. (e) Galvanostatic discharge-charge cycling curves over 90 cycles at 12.5 mA cm 2,

Ideal Zn-NOs3 batteries in principle show a record high theoretical energy density of 943.2
Wh-L of the catholyte, based on the high solubility of NOs~ in water (38 g/100 mL at 25°C),
and that each NO3™ contributes on the cathode side to the storage of eight electrons (that is one
electron per 7.7 mass units, i.e. close to metallic Li).[?%1 Typically, the voltage of Zn-NOs battery
stays around 0.70 V at 10 mA-cm2, which lowers the calculated energy density to 497.8
Wh-L* with 3.76 mol-L ™! of NOs™ in the electrolyte (Figure 4b), being still much higher than
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that of other aqueous batteries, such as the vanadium flow battery (25~35 Wh-L™ ), Zn-Br;
battery (65 Wh-L ™), lead battery (35~45 Wh-L ) and Zn-I, battery (166.7 Wh-L1).[4? The
conversion of nitrate to ammonia exceeds 95% within a duration of 60 hours, as depicted in
Figure 4c, under a current density of 20 mA-cm™2. Furthermore, continuous discharge-charge
cycling curves at 12.5 mA cm 2 showed good stability and low charge potential of 1.32 V during
90 cycles (Figure 4e), which suggests excellent stability of the assembled Zn-NOs battery. As
a result, the Zn-NOs battery reaches a maximal power density of 26.2 mW-cm™2 , superior to
the Zn-NO; battery with a maximal power density of 17.5 mW-cm2 (Figure 4d). Importantly,
the power density of both types of batteries is higher than recently reported state-of-the-art
results using a direct eight-electron transfer process, which further confirms the advantage of
our catalyst (Table S2).

2.4. Theoretical analysis.

To explain the high NH3 FE over NiMoO4/CuO NW/CF compared with CuO NW/CF, we
used electrochemical tests, ex-XRD, in-situ Raman and DFT to calculate the minimum energy
pathway of the NitRR and HER.

In order to investigate the impact of NiMoO4 and CuO NW on electrocatalytic activity, we
assessed the NitRR and nitrite reducing activities of catalysts (CuO NW/CF and
NiMoOua/carbon paper (CP)) in H-type electrolytic cells. Comparatively, CuO NW/CF
exhibited enhanced performance in 1 M KOH solution (with 0.1 M NaNO3), than that in 1 M
KOH solution (with 0.1 M NaNO3), whereas NiMoO4/CP demonstrated contrasting behavior
(Figure S26, S27). The experimental results demonstrate that CuO NW and NiMoO4 possess
excellent catalytic activity towards NOs-NO.~ and NO2 -NHj3 respectively. After pre-reducing
the CF and CuO NW/CF at —0.2 V vs. RHE for 30 minutes, and immersing the pre-reduced
electrode in an electrolyte solution (1 M KOH and 0.05 M NaNO3), the nitrate was converted
into nitrite by CuO NW/CF, while a similar phenomenon did not occur in CF. This indicates
that there is a spontaneous redox reaction between CuO or its reduction product and NO3",
resulting in the generation of NO2™ (Figure 5a). In order to elucidate the mechanism underlying
the reduction of NO3z™ to NO2", ex-situ XRD tests were performed on NiMoO4/CuO NW/CF
following pre-reduction. The experimental findings demonstrated that during open circuit
potential (OCP) conditions, alongside the presence of a Cu peak, an additional signal indicative
of CuO was observed. In addition, in the ex-situ XRD test, we observed that NiMoO4 had a
weak crystal structure due to electrochemical reduction in alkaline solution, and the peaks

gradually disappeared. Upon gradual reduction in potential from 0.2 V down to 0 V vs. RHE,
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there was a decline in intensity for the CuO signal until its mostly disappearance; concurrently
at the potential (0 V vs. RHE), the distinct feature associated with Cu.O became evident.
Moreover, as further decrease in potential occurred from 0 V towards —0.3 V vs. RHE range,
there was a progressive enhancement observed for the intensity of this newly formed Cu.O
signal (Figure 5b, S28). A similar experimental phenomenon was also observed for CuO
NW/CF (Figure S29). The pre-reduced CuO NW/CF were immersed in a 1M KOH (0.05M
NaNO3) solution, resulting in the formation of reduced Cu20. This pre-reduction process not
only enhanced the original peak but also led to the appearance of a new Cu20 peak. Interestingly,
a similar phenomenon was observed when using only 1 M KOH as the reducing solution
(Figure 5c, S30). The pre-reduced CuO NW/CF electrode was immersed in a 0.05M NaNO3
solution, subjected to vacuum drying, and subsequently underwent ultrasonic stripping in an
ethanol solution. XRD analysis confirmed the presence of CuO, Cu.O and Cu on the nanowire
structure (Figure S31). These experimental results indicate that the surface of CuO NW is
reduced to Cu and Cu20, while spontaneous redox reaction of NOs™ by Cu/Cuz0 leads to the
formation of NO2. Additionally, Cu/Cu2O is oxidized to Cu.O and subsequently
electrochemically reduced back into Cu/Cu20. To gain a more comprehensive understanding
of the impact of NiMoOas loading on the hydrogenation process, electron paramagnetic
resonance (EPR) measurements and cyclic voltammetry (CV) tests were conducted to
investigate the generation and transfer of hydrogen radicals (*H). Interestingly, EPR(Figure 5d)
results revealed that during water electrolysis with CuO NW/CF, a very small amount of *H
was produced in the solution, accompanied by a decrease in peak intensity for CuO NW/CF
when NOz~ was introduced. Conversely, when NiMoO4 was loaded onto CuO NW/CF, the peak
intensity surpassed that of CuO NW/CF without NO3z . Even after adding NOs", the peak
intensity of NiMoO4/CuO NW/CF still exhibited a certain degree compared to CuO NW/CF
alone, thus demonstrating that NiMoO4 loading enhances *H supply capacity.3 The CVs curve
presented in Figure S32 also demonstrates the oxidation peak of *H, while NiM0oO4/CuQO
NW/CF exhibits a significantly higher oxidation peak compared with CuO NW/CF.[4-451 |n
Figure S33, it can be seen that the presence of nitrate significantly diminishes the intensity of
the associated *H peak, thereby indicating the involvement of *H in the NitRR reaction. To
verify the critical role of *H in the electrochemical systems, tertiary butanol (TBA, 25 mmol/L),
a specific *H quencher, was added before electrolysis. NO3z~ and NO2~ removal efficiency
decreased in the presence of TBA as it hinders *H from reducing NO3~ and NO,.*I The
NiMoO4/CuO NWI/CF catalyst exhibited a reduction effect on the 1 M KOH (with NO3™ or

NO;") solution, resulting in a decrease in the rate constant from 2.59 h™t0 0.93 h™* and 16.73
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h™ to 1.67 h™* upon addition of TBA to the 1M KOH (with NO3") solution, to the 1M KOH
(with NO2") solution, respectively. The rate constant for the reduction of NO>™ to NH3 decreases
by approximately one order of magnitude, providing evidence for the crucial role played by *H
as reactive intermediate in the process of NO2™ reduction to NHa. (Figure 5e). Electrocatalytic
NO3 to NHs conversion proceeds at reduction potentials, at which NiMoO4/CuO NW/CF
catalysts suffer from potential-dependent phase reconstruction, leading to the formation of the

multi-intermediate phase.
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Figure 5 Mechanistic studies for the NiMoO4+/CuO NW/CF. (a) Variation in concentration of NO2™ in the
electrolyte after the redox reaction with CuO NW/CF and CF for different times, without an applied potential
(illustration: Digital photograph of the electrolyte pre-reduction with CuO NW/CF followed by subsequent
addition of nitrite reagent.). (b) Ex-situ XRD spectra of the NiMoO4/CuO NW/CF catalyst at different applied
potentials in 1 M KOH electrolyte with 0.05 M NaNOs. (¢c) XRD of CuO NW/CF after pre-reduction and
autocatalysis. (d) Electrochemical quasi in situ EPR tests at —0.2'V vs. RHE. (e) Under TBA masking
conditions, the NiMoO4/CuO NW/CF electrode exhibited a NOs™ change over time and its rate constant in a
—0.2 V vs. RHE, 1 M KOH (0.05 M NaNOs or NaNO2) solution. (f) In-situ Raman spectra of the
NiMoO4/CuO NW/CF at different applied potentials in 1 M KOH electrolyte with 0.05 M NaNOs.
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In-situ Raman spectroscopy was utilized to monitor the self-reconstruction behavior of the
pre-synthesized NiMoO4/CuO NW/CF catalysts during this process (Figure S34). The nitrate
reduction test involved the addition of KOH and NaNO3z was used as the electrolyte. In-situ
Raman spectra of the NiMoO4/CuO NW/CF catalyst at different potentials (Figure 5f) revealed
that the initial characteristic peak associated with CuO appeared at 298 cm™* and remained
detectable even at a low potential of 0.1 V vs. RHE relative to RHE. At 0 V vs. RHE, the
presence of CuO gradually diminished while a distinct peak corresponding to Cu,O emerged at
630 cm 1,41 consistent with ex-situ XRD analysis mentioned earlier. The simultaneous
observation of a Mo-O-Ni Raman peak at approximately 913 cm™ and its shift towards 890
cm* with decreasing potential indicates the formation of Mo-O. [*7-*IThe peak observed at
1050 cm™ corresponds to NO3™, showing relatively higher intensity at higher potentials;’]
however, as the potential continued to decrease, continuous reduction in NO3z™ occurred along
with a subsequent decrease in its peak intensity.

To elucidate the exceptional performance of NiMoO4 and Cu/Cu.O, DFT calculations were
conducted to investigate the intrinsic impact of various reaction mechanisms involving Cu and
Mo. The findings of the aforementioned study indicate that CuO undergoes reduction to form
Cu/Cu20 during the NitRR process, thus highlighting the utilization of Cu/CuO and Cu/Cu,0
as the primary computational material, while calculating NiMoO4 as a hydrogen radical source
for catalytic water splitting.

The work function of a surface is a significant criterion to investigate the surface activity.
The work functions of the Cu/CuQ (0 0 2) and Cu/Cu20 (1 1 1) surfaces were calculated based
on the following equation 41%:

® = Evac-Efermi Equation 4

where Efermi IS the Fermi energy, and Evac is the electrostatic potential of the vacuum level.
The work functions of the Cu/CuO (0 0 2) and Cu/Cu20 (1 1 1) surface were 7.00 eV (Figure
S35) and 4.81 eV (Figure 6a), respectively. Comparing the work functions of the Cu/CuO (0 0
2) and Cu/Cu20 (1 1 1) surface, electrons are more likely to overflow from the Cu/Cu,0 (1 1
1) surface, which is more active than the Cu/CuO (0 0 2) surface. Thus, Cu/Cu20 (11 1) is
more conducive to the initial *NO3 adsorption.[**! Moreover, the charge density difference
calculation results for NO3~ before and after adsorption at the Cu/CuO (1 1 1) interface
(*Cu/Cu20 (111)) (Figure 6b) reveal a transfer of oxygen atoms from NO3z " to the Cu position
at the Cu/Cu;0 (1 1 1) interface, providing strong evidence for enhanced interaction between
*NO; and regions of the Cu/Cu20 (1 1 1) interface.[’%-51 The energy of the HER was computed,

15



WILEY-VCH

and a comparative analysis of the Faraday efficiency difference between Cu/Cu.0 and NiM0O4
was conducted. It was observed that the adsorption free energy of NiMoO4 for H2O was 1.56
eV, which significantly exceeded that of Cu>O (0.1 eV). Additionally, the H> formation barrier
on NiMoO4 was found to be 1.45 eV, also significantly higher than that of Cu2O (0.66 eV).
This led to an enhanced *H generation and consequently resulted in superior faraday efficiency
(Figure 6¢).1?41 We first calculated the free energy pathway of NitRR to reveal the catalytic
mechanism of the two facets. The overall NitRR pathway on the catalyst surface is shown in
Figure 6d and the related structures of intermediates are shown in Figure S36. The pathway
includes the adsorption of NO3™ to form *NO3z, deoxygenation of the N species, hydrogenation
of the N species, and desorption of the reduced species. It is clear that the Gibbs adsorption
energy (Gags) of *NO3z on Cu/Cu20 (1 11) is —2.33 eV, lower than that of Cu/CuO (00 2) (2.3
eV), suggesting that the Cu/Cu.O (1 1 1) facet triggers the reaction. The adsorption energy of
other intermediates (*NO2, *NO, *N, *NH, *NH2, *NHz) on the Cu/CuO (0 0 2) surface is
lower compared with that of Cu/Cu20 (1 1 1). However, previous studiest?? have indicated that
the catalyst's robust adsorption of NitRR intermediates (*NO2, *NO, *N, *NH, *NH2, *NH3)
often leads to rapid deactivation, thereby impeding subsequent electrochemical reduction into
NHs. In addition, the NHz desorption step (*NHs+e —NH3z) from Cu/CuO (0 0 2) exhibits a
higher uphill AG of 2.65 eV compared to the same reaction step of NHs desorption from
Cu/Cu20 (1 1 1) which only requires 0.3 eV. The aforementioned analysis results indicate that
in NOz™ adsorption, intermediate adsorption, and NH3 desorption processes on Cu/Cu20 (1 1
1) outperforms that of Cu/CuO (0 0 2). Although the adsorption energy of other intermediates
(*NO2, *NO, *N, *NH, *NH2, *NHz3) on the NiMoOs (1 1 3) surface is comparatively lower
than that on Cu/Cu2O (1 1 1) and Cu/CuO (0 0 2), their catalytic performance for nitrate
reduction remains limited due to their relatively weak NO3z~ Gibbs adsorption energy(—0.49 eV).
The experimental and DFT results demonstrate that CuO NW and NiMoO4 possess excellent
catalytic activity towards NO3s-NOz" and NO2 -NHz respectively (Figure 6e). During the pre-
reduction process, CuO undergoes reduction to form Cu/Cu20 (Equation 5 and 6). In the NitRR
process, a spontaneous redox reaction takes place between Cu/Cu.O and NOs3, leading to
oxidation of Cu/Cu20 to Cu20 while reducing NO3z™ to NO,~ (Equation 7). Under cathode
potential conditions, Cu20 is reduced back to Cu/Cu20 for subsequent cycles (Equation 8). H.O
is reduced in the presence of NiMoOs to form *H and OH (Equation 9). Additionally, the
adsorbed nitrite on the surface of Cu/Cu.0 is gradually converted into NHs through interaction
with *H generated from NiMoO4 (Equation 10).
CuO +2e +H,O — Cu+20H Equation 5
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2Cu0 + 2e” + H,0 — Cu20 + 20H™  Equation 6
2Cu + NO3™ — Cu20 + 2NO2 Equation 7
Cu20 +2e + H,O —» 2Cu+20H  Equation 8
NiMoOs + H,O — NiMoOs-*H + OH™ Equation 9
5NiMo0Os-*H + NO2,- —»NH3z+ 20H™ Equation 10
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Figure 6 DFT calculations. (a) Electrostatic potentials of Cu/Cu20 (1 1 1) surface. (b) Charge density
difference illustrating *NOs adsorption on Cu/Cu20 (1 1 1) surface. (c) Reaction energies for the adsorption
of H20 and the production of *H and Hz on Cu20 (1 1 1) and NiMoOg4 (1 1 3). (d) Calculated Gibbs free
energy changes for NitRR leading to NHs production at 0 V vs. RHE. (e) Schematic illustration of NiMoOa4-
Cu/Cu20 as NitRR synergistic catalysts.

2.5. Ammonia product collection.

17



WILEY-VCH

Due to the remarkable performance of NiMoO4/CuO NW/CF catalyst in NitRR, we further
demonstrate its practical application by combining electrocatalysis with air stripping for the
continuous collection of high-purity ammonia products (Figure 7). The stability of the catalyst
at high current densities is crucial for such applications. Initially, we conducted a long-term
chrono-potentiometric stability test on NiMoO4/CuO NW/CF in an H-type cell with continuous
electrolyte flow. The potential required to achieve approximately 200 mA cm™2 on the catalyst
remains consistent for 20 hours and remains above 90% NHz FE (Figure 3f). Due to the
elevated ammonia vapor pressure in alkaline environments, we employed air-blowing to
efficiently collect ammonia products from wastewater containing NHs, resulting in over 98.5%
removal of generated ammonia from the electrolyte, leaving only 0.83 mg-L* and indicating
complete denitrification of the water source along with simultaneous generation of valuable
ammonia. The stripped ammonia vapor is subsequently trapped in an HCI solution. A
significant portion of the outflowing ammonia vapor is captured by the acid solution and after
neutralization by NaOH and rotary evaporation, it ultimately forms NH4Cl (collection
efficiency rate of 83.0%) and NaCl powder which serves as fertilizer. XRD analysis confirms
the formation of NH4Cl and NaCl (Figure 7b). In summary, we present a comprehensive
process that directly converts nitrate-containing feed water into actual ammonia products using
our NiMoO4/CuO NW/CF catalyst.

Nitrate containing

NH, —

influent b NH,CI (PDF#07-0007)
Air L]
|
' i |
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Figure 7 Practical ammonia products synthesis. (a) Schematic of the ammonia product synthesis process
from nitrate-containing influent to NH4CI(s). (b) Synthesized NH4Cl products and corresponding XRD
patterns.

3. Conclusion

In summary, our hydrothermal synthesis of NiMoO4 on in-situ-derived Cu nanowire catalysts
has demonstrated a high NH3 Faraday efficiency of 98.8% and yield of 0.8221 mmol h™* cm™
at —0.2 V vs. reversible hydrogen electrode. This system also yielded exceptional stability over
a 20-hour period in the NitRR process within the H-type cell. Coupling the nitrate reduction
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effluent stream with an air stripping process enabled the efficient collection of NH4ClI products,
presenting a pragmatic solution for transforming wastewater nitrate into valuable ammonia
products. Our in-situ electrochemical investigations, coupled with DFT calculations, unveiled
the cooperative heterogeneous catalytic effects between Cu/Cu20 (1 1 1) and NiMoO4 species
as the key contributors to the outstanding NitRR performance. Notably, the preferential
adsorption of NO3™ on Cu/Cu20 (1 1 1) surface facilitated its conversion to NO2~, while the
superior hydrogen adsorption capability of NiMoO4 provided *H for subsequent hydrogenation
reactions involving N intermediates, ultimately leading to NH3 production. This study presents
a compelling strategy for enhancing NHz generation through NitRR and offers profound

insights into the reaction mechanism involving copper catalysts activated by *H donors.

4. Experimental Section

See the Supporting Information for details of the chemicals and materials, electrode
preparation, characterization, electrochemical performance testing, in-situ Raman testing, DFT

calculation methods, and performance parameter calculations.
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