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ARTICLE INFO ABSTRACT
Editor: Qilin Wang Electrochemical conversion of nitrate wastewater into high-value ammonia fertilizer has attracted extensive attention
in wastewater treatment and resource recovery, but presents great challenges due to complicated reaction pathways
Keywords: and competing side reactions. Herein, we report a feasible method for the successful fabrication of Mo,C nanosheets

Nitrate wastewater upcycling
Electrochemical nitrate reduction
Ammonia electrosynthesis
Electrocatalysis

Molybdenum carbide

(Mo,C NSs) as electrocatalyst for the electroreduction of nitrate to ammonia. Compared to Mo,C nanoparticles, the
Mo,C NSs exhibited superior activity and selectivity in NH electrosynthesis with an NHj yield rate of 25.2 mgh ™"
mg ... at —0.4 V and a Faradaic efficiency of 81.4 % at — 0.3 V versus reversible hydrogen electrode. The X-ray dif-
fraction and transmission electron microscopy characterization verifted the controllable conversion of 2D MoO, NSs
into 2D Mo,C NSs. In situ spectroscopic studies and on-line differential electrochemical mass spectrometry revealed
the proposed reaction pathway of NO3 to NH3 conversion, *NO3 — *NO; — *NO—*NOH — *NH,OH — *NH3z. Den-
sity functional theory calculations further verified the effective N-end NOH pathway with the conversion of *“NH,OH
to *NH, as the rate-determining step requiring a low energy barrier of 0.58 eV. Importantly, the key hydrogenation of
*NO to form *NOH species underwent a lower energy barrier of 0.39 eV compared with the formation of *ONH species
(1.06 eV).
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1. Introduction

Nitrate accumulation in water environments from the heavy use of
chemical fertilizers and the excessive discharge of industrial wastewater
have posed a significant threat to the natural aquatic environments and
human health (Li et al., 2022b; Xu et al., 2022a; Ding et al., 2023). In addi-
tion, nitrate is also a potential carcinogen because it is not fully reduced to
produce nitrite, which can cause methemoglobinemia in infants and gastro-
intestinal cancer in adults (Picetti et al., 2022). The nitrogen in drinking
water can also cause nitrogenous disinfection by-products (Yang et al.,
2019; Xu et al., 2020). Hence, the nitrate concentration in drinking water
can be limited to below 50 mg L™ ! based on the recommendation of the
World Health Organization (WHO) (Sun et al., 2022; Edition, 2011). Re-
cently, various technologies, including adsorption, ion exchange, biological
denitrification and electrochemistry, have been developed to remove ni-
trate pollutants (Ebrahimi and Roberts, 2016; Meghdadi, 2018; Zhang
et al., 2022a; Fan et al., 2022b). Among these nitrate removal technologies,
electrochemical nitrate reduction process possesses unique benefits with
green electronic operation and no production of secondary pollution as
well as easy integration with other water treatment technologies. In gen-
eral, electrochemical reduction can selectively convert nitrate into nitrogen
gas (N5) or ammonia (NH3) products (Gao et al., 2021; Xu et al., 2022b).
Particularly, ammonia is more important as a raw material for the synthesis
of fertilizers and pharmaceuticals. At the same time, ammonia is regarded
as a renewable energy carrier due to its advantages of high energy density,
carbon-free and cost-effective transportation (Gao et al., 2022; He et al.,
2022b; Gao et al., 2020). Free ammonia can also be used to improve anaer-
obic digestion process (Wang et al., 2019; Liu et al., 2021; Zhang et al.,
2021). Compared with the Haber-Bosch process for ammonia synthesis
with intensive energy consumption and huge CO, emission, electrochemi-
cal nitrate reduction to high-value ammonia offers a “two birds, one
stone” strategy for nitrate removal and ammonia generation to achieve
the goal of wastewater treatment and resource recovery.

Two great advantages of NHj3 electrosynthesis from NO3 should be
considered. Firstly, the deoxygenation reaction of NO3 requires a
lower energy of 204 kJ mol ! compared to the breakage of the N=N
bond (941 kJ mol ™ 1) (Wang et al., 2021; Yin et al., 2021). Secondly, ni-
trate electroreduction possesses high reactivity for ammonia electrosynthesis
with a favorable thermodynamic potential (NO3 + 6H,O + 8e™
— NH; + 90H™, E° = 0.69 V versus reversible hydrogen electrode
(RHE), pH = 14) (Wang et al., 2020a). In spite of these merits, the electro-
chemical nitrate reduction reaction (NORR) involves multistep electron-
coupled proton transfer, thus lowering the overall reaction kinetic rate
(Teng et al., 2022). In addition, complicated products of the NORR, pos-
sibly including NO,, N,, and N,O, also raise major challenges for the
highly selective synthesis of ammonia (Garcia-Segura et al., 2018; Xu
et al., 2022b). Importantly, the hydrogen evolution reaction (HER,
2H,0 + 2e~ — H, + OH~, E® = 0 V versus RHE, pH = 14) triggered
under cathodic bias voltage severely suppresses the whole NO3™ reduc-
tion, which is detrimental to NH3 evolution (Zhao et al., 2021). There-
fore, it is desirable to rationally design and develop high-performance
electrocatalysts with high activity and selectivity for the electrochemi-
cal nitrate reduction to NHs.

Recently, transition metal carbides with unoccupied d-orbitals and
high electrical conductivity have presented superior catalytic reactions
(Qin et al., 2021; Zhong et al., 2016). Among these transition metal car-
bides, Mo,C has received extensive attention and research for catalyz-
ing N, to produce NH; (Fan et al., 2022a; Ren et al., 2019). Besides,
the agglomeration of Mo,C during the synthesis process can give rise
to low utilization efficiency of the catalytically active sites (Zhang
etal., 2018). Notably, two-dimensional (2D) layered nanomaterials pos-
sess a large specific surface area and tunable crystal face, leading to the
exposure of more active sites (Wang et al., 2020b). Hence, the controlla-
ble preparation of 2D molybdenum carbide catalyst would be an effec-
tive strategy for improving both the activity and selectivity of the
NORR, which has not been reported yet.
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Herein, we report a feasible and appealing strategy for the fabrication of
Mo,C nanosheets (Mo,C NSs) by carbonizing the MoO, nanosheet tem-
plate. The transformation of the crystal structure from MoO, NSs to Mo,C
NSs could be confirmed by X-ray diffraction and X-ray photoelectron spec-
troscopy. The synthesized Mo,C NSs catalyst exhibited outstanding cata-
lytic and selective activity toward the NORR in alkaline-nitrate aqueous
electrolytes with an NHj; yield rate of 25.2 mg-h™ 1~rng_ . at —0.4Vver-
sus RHE and a faradaic efficiency of 81.4 % at —0.3 V versus RHE, as well
as good durability. Operando electrochemical impedance spectroscopy sug-
gested the more rapid charge transfer of the Mo,C NSs at the electrode-
electrolyte interface and the faster NORR kinetics compared with Mo,C
NPs. In situ spectroscopic analysis and on-line differential electrochemical
mass spectrometry indicated the proposed NORR pathway, *NO3 — *NO,

— *NO—*NOH — *NH,OH — *NHs. Theoretical calculations further
showed that the lower energy barrier of the *NOH intermediate formed
from *NO hydrogenation supported the above NORR pathway.

2. Experimental section
2.1. Synthesis of the Mo,C nanosheets

2D MoO, nanosheets were obtained according to a previously reported
method (Zhang et al., 2019). Typically, commercial MoO3 powder placed
into a quartz boat in a tubular furnace were sublimated at 900 °C for
60 min in a gas mixture (10%H,/90%Ar, 100 sccm). After natural cooling,
the MoO,, nanosheets can be collected at the tail end of the quartz tube at
room temperature. To prepare the Mo,C NSs, the obtained MoO, NSs
were mixed with 500 mg of commercial glucose powder, placed in a tube
furnace and calcined at 700 °C for 2 h in Ar-H, gas. As a comparison,
Mo-C nanoparticles (Mo,C NPs) were synthesized via the carbonization
of MoO, powder under the same conditions.

2.2. Structural characterization

The phase compositions of the samples were determined by powder X-
ray diffraction (XRD, Panalytical Inc., Netherlands) using Cu Ka radiation
(A = 0.15406 nm) with a fixed slit. The morphologies of the samples
were characterized by a field emission scanning electron microscope
(SEM, Hitachi, Japan) and a transmission electron microscope (TEM)
equipped with an X-ray energy-dispersive spectrometer (EDS) (ARM200,
JEOL, Japan) at an accelerating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) was conducted on a PHI5000 Versa Probe system
(Ulvac-Phi, Japan), and the C 1s peak at 284.8 eV was used as a reference
for calibration.

2.3. Electrochemical activity evaluation

The electrochemical reaction was measured using a three-electrode
electrochemical station (Gamry) in an H-type cell with a Nafion 117 mem-
brane. The concentration of KCl in Ag/AgCl electrode was 3.5 M KCl and
the cell volume was 60 mL. The working electrode was prepared by mixing
2 mg of catalyst, 10 pL of Nafion solution (5 wt%) and 90 pL of ethanol so-
lution, and the mixtures were sonicated for 1 h to evenly disperse the
catalysts in solution. After dropping 20 pL of the dispersion onto cleaned
carbon paper (1 cm X 1 cm), the catalyst loading was calculated to be
0.4 mg cm ™~ 2. During the nitrate reduction tests, all the potentials versus
Ag/AgCl were converted into reversible hydrogen electrode (RHE) based
on the following equation: Eryp = Eag/agar + 0.059 X pH + 0.197. Two
different nitrate concentrations (1.0 M NaOH or 1.0 M NaOH + 0.1 M
NaNOs3) were used for activity evaluation. A 50 mL electrolyte volume in
two sections of a gas-tight H-cell separated by a proton-exchanged Nafion
117 membrane was adopted. Linear sweep voltammogram (LSV) curves
were measured at a sweep rate of 5 mV s~ '. The geometric surface area
could be adopted when reporting current densities. Chronoamperometry
tests were carried out at various potentials for 1 h to determine the ammo-
nia yield rates and Faradaic efficiencies. Specifically, the ammonia yield
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rate was calculated according to the equation yield rate = (Cproq X V) /
(t X mc,y), and the corresponding Faradaic efficiency (FE) was as follows:
FE = (N X F X Cproq X V) / Q, where Cproq is the produced ammonia con-
centration, V is the electrolyte volume, t is the nitrate reduction reaction
time, mc,, is the loading amount of the catalyst, N is the eight electron num-
ber for ammonia production, F represents the Faradaic constant (96,485C
mol 1), and Q is the total charge consumed in the nitrate reduction reac-
tion. Eight consecutive cycling tests were conducted every 1 h at a constant
potential of —0.3 V versus RHE in 1.0 M NaOH + 0.1 M NaNOj3 solution.
Operando electrochemical impedance spectroscopy (EIS) was measured
in an H-type cell, and the electrolytes were 1 M NaOH or 1 MNaOH + 0.1 M
NaNOs. All impedance measurements were performed from 0.5 to —0.2 V
versus RHE. The frequency ranged between 10° Hz and 0.01 Hz with an AC
amplitude of 5 mV.

2.4. Electrochemical in situ spectroscopic measurements

Electrochemical in situ Fourier transform infrared (FTIR) spectroscopy
measurements were carried out with a Nicolet iN10MX FTIR spectrometer
(Thermo Fisher Scientific) in a three-electrode electrochemical cell. The re-
corded spectrum was set to 64 scans at a resolution of 4 cm ™ *. The Pt wire
was used as the counter electrode, while the Ag/AgCl electrode served as
the reference electrode. The Mo,C catalysts were used as the working elec-
trode. The electrolyte was 1 M NaOH + 0.1 M NaNOs. The open-circuit po-
tential was set to obtain a background spectrum. Then, in situ spectra were
collected by chronoamperometry at —0.1 V versus RHE with a time inter-
val of 20 s. The on-line differential electrochemical mass spectrometry
(DEMS) measurement was run in a specially designed electrochemical cell
with 1 M NaOH and 0.1 M NOs as the electrolyte. Ar was used as the car-
rier gas and flowed into the electrolyte steadily before and during the DEMS
operation. Chronoamperometry was carried out at —0.2 versus RHE. After
the baseline was stable, the corresponding mass signals started to appear.
The next cycle was started after the electrochemical test was ended, and
the mass signal dropped to the baseline level.

2.5. Other experimental methods

The product quantification and identification, isotope labelling experi-
ments and density functional theory calculations are shown in the
Supporting Information.

3. Results and discussions
3.1. Electrocatalyst synthesis and characterization

The Mo,C NSs were fabricated via a simple two-step process (Fig. 1).
First, the solid-state MoO3; powders could be sublimated at the high temper-
ature of 900 °C and then the gaseous MoO3; was reduced to MoO,, by a gas
mixture of Ar-H,, followed by depositing onto the end of the tube wall
layer-by-layer at room temperature. The commercial MoO3 with ortho-
rhombic structure presented the random particles with the size range

H,/A

- ;ii{_'_..

900 °

MoO, NSs
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from a few micrometers to tens of micrometers (Fig. S1). Second, the
Mo,C NSs were carbonized via the reaction of glucose with MoO, NSs at
700 °C. The structural morphology of the MoO, NSs and Mo,C NSs was an-
alyzed by transmission electron microscopy (TEM). As shown Fig. 2a, MoO,
NSs exhibited the flat and intact surface, and the thin laminated structure
was clearly observed. The high-resolution TEM (HRTEM) image of MoO,
NSs revealed clear fringes with lattice spacing value of ~0.24 nm, corre-
sponding to the (200) plane of MoO, (Fig. 2b). The selected area electron
diffraction (SAED) pattern presented a set of diffraction points, verifying
the monocrystal nature of the MoO5 NSs (Fig. 2¢). After carbonization,
Mo,C NSs still inherited the 2D ultrathin characteristics (Fig. 2d). Addition-
ally, a set of diffraction spots with 6-fold symmetry from the SAED pattern
clearly showed the single crystalline nature of the Mo,C NSs (Fig. 2f). Im-
portantly, the hexagonal crystalline structure of the Mo,C NSs could be ob-
served based on the SAED pattern (Fig. 2f). The bright lattice fringes
displayed the high crystallization of the Mo,C nanosheets (Fig. 2e). The
HRTEM image clearly showed that the ordered lattice fringes with an
interplanar spacing of 0.24 nm was ascribed to the (002) plane of Mo,C
(Fig. 2e). The elemental mapping analysis of Mo,C NSs shown in Fig. 2i
demonstrated a uniform distribution of Mo and C elements, suggesting
the successful preparation of Mo,C NSs. For comparison, Mo,C NPs were
also prepared by using glucose as the carbon source to carbonize MoO,
powder at 700 °C. The TEM image shown in Fig. 2g indicated the morphol-
ogies of the Mo,C NPs was highly aggregated. In addition, lattice spacing
values of 0.26 and 0.24 nm found under HRTEM matched well with the
(100) and (002) lattice planes of Mo,C (Fig. 2h).

The structure of the obtained samples was characterized by X-ray dif-
fraction (XRD). As shown in Fig. 3a, the diffraction peaks might correspond
to the monoclinic symmetry crystal structure of MoO,, (space group P21/c,
a=5611A,b = 4.856 A, c = 5.628 A, PDF# 73-1249) (Fangkoch et al.,
2020). The characteristic peaks at 26.2°, 32.0°, 37.2°, 41.8°,49.7° and 53.6°
were attributed to the (011), (101), (200), (210), (121) and (211) crystal
facets of MoO,, (Fig. 3a). After reaction with glucose, the main peaks of
the hexagonal 3-Mo,C phase were detected from the XRD pattern, which
was assigned to the (100), (002), (101), (102), (110), and (103) crystal
facets (space group P63/mm, a = 3.012 f\, b = 3.012 A, c = 4.735 f\,
PDF# 35-0787) (Wan et al., 2017). Besides, the diffraction peaks of the
Mo,C NPs matched well with the hexagonal (3-Mo,C phase. X-ray photo-
electron spectroscopy (XPS) measurements were conducted to investi-
gate the surface electronic structure of the Mo,C electrocatalysts. The
high-resolution Mo 3d spectrum of the MoO, NSs indicated the peaks
of Mo** at 229.6 eV for Mo 3ds,» and 232.7 eV for Mo 3d3,», while
the Mo®* species at 231.1 eV and 235.0 eV were caused by the oxida-
tion of Mo*™ in air (Fig. 3b) (He et al., 2022a). After carbonization,
the emerging peaks of Mo 3ds,» and Mo 3ds,,d at 228.6 eV and
231.8 eV suggested the presence of Mo>*, which was attributed to
Mo,C (Li et al., 2022a). Notably, Mo** and Mo®* species were also de-
tected on the surface of pure Mo,C possibly due to air contact (Fig. 3b).
For the C 1s spectrum, the peaks of the Mo—C bond were found at
284.6 eV, while the peaks of C—C and C—O bonds could be observed
at 285.0 and 286.2 eV, respectively (Fig. 3c) (Li et al., 2019).

,Carbonization

M02C NSs

Fig. 1. Schematic illustration for the synthetic procedure of Mo,C NSs.
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Fig. 2. (a) TEM and (b) HRTEM images of MoO, NSs. (c) the corresponding SAED images of MoO,, NSs. (d) TEM and (e) HRTEM images of the Mo,C NSs. (f) the SAED images
of the Mo,C NSs. (g) TEM and (h) HRTEM images of Mo,C NPs. (i) EDS elemental mapping images of the Mo,C NSs.
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Fig. 3. (a) XRD pattern of Mo,C NSs, Mo,C NPs and MoO, NSs samples. High-resolution (b) Mo 3d and (c) C 1s XPS spectra of Mo,C NSs and Mo,C NPs samples.


Image of Fig. 2
Image of Fig. 3

D. Zhu et al.

3.2. Electrocatalytic performance for the NORR

The electrochemical activity of the Mo,C electrocatalyst toward nitrate
reduction was performed in a three-electrode system. The working elec-
trode was a carbon paper containing catalyst powder. Linear sweep volt-
ammetry (LSV) curves were recorded in a 1.0 M NaOH solution with or
without 0.1 M NOs . In the pure NaOH electrolyte, the Mo,C NSs catalyst
exhibited poor performance for low current response between 0.4 and
—0.4 V versus RHE, indicating that Mo,C catalyst could not effectively
catalyze water reduction (Fig. 4a). The poor activity for H, evolution
might be beneficial to chemisorption and activation of the proposed
NO;3 . However, after adding 0.1 M NOj, the current density signifi-
cantly increased, indicating the occurrence of substantial NO3 reduc-
tion (Fig. 4a). Notably, the Mo,C NSs catalyst delivered enhanced
activity for NO3 reduction with a higher current density compared
with Mo,C NPs under the same conditions (Fig. 4d). The LSV curves of
the carbon paper showed the negligible current density for NO3 reduc-
tion (Fig. S2).
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Subsequently, to identify and quantify the yield rate and Faradaic ef-
ficiency (FE) of produced NHj; over the catalysts, chronoamperometric
analysis was conducted at different working potentials. The amount of
produced NHj at different potentials was measured via the indophenol
blue reagent method using ultraviolet-visible (UV-Vis) spectrophotom-
etry. Fig. 4b showed the time-resolved current density of Mo,C NSs dur-
ing an operation period of 1.0 h at a series of applied potentials from 0.1
to —0.4 V versus RHE. The current density was remarkably elevated
when the applied potential became more negative. The NH; yield rate
and the corresponding FE were plotted against the applied potentials
(Fig. 4c). The NHj yield rate of the Mo,C NSs gradually increased
when the negative potential changed from 0.1 V to —0.4 V versus
RHE (Fig. 4c). Correspondingly, a maximum NHj; yield rate of
25.2 mg-h~'mg 1., was detected at —0.4 V versus RHE. However,
the NH3 FE of Mo,C NSs first increased with increasing potential and
then began to decline when the potential exceeded —0.3 V versus
RHE due to the competitive HER at higher overpotential. The highest
FE value of produced NH3 at —0.3 versus RHE was determined to be
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81.4 %. The NORR performance of Mo,C NSs was also comparable with
the other materials (Table S1). Besides, the time-resolved current den-
sity of Mo,C NPs was also presented in Fig. 4e. The NHj; yield rate and
FE of the Mo,C NPs were also detected and calculated at various poten-
tials, indicating the same trend as the Mo,C NSs (Fig. 4f). The maximum
NH; yield rate and FE of the Mo,C NSs were determined to be
25.2mgh ' mg~ .. at —0.4 V versus RHE and 81.4 % at —0.3 V ver-
sus RHE, respectively, which were obviously lower than those of Mo,C
NPs (13.5 mg h™! mg~ ', at —0.4 V versus RHE and 72.3 % at
—0.3 V versus RHE, respectively). This suggests that the Mo,C NSs
could expose more active centers toward the nitrate reduction reaction
compared with Mo,C NPs. Besides, the effective electrochemically ac-
tive surface area of the samples was estimated by measuring the
double-layer capacitance (Cq;). The Cg value increased from the 17.27
mF cm ™2 of Mo,C NPs to the 28.63 mF cm ™2 of Mo,C NSs, suggesting
more accessible active sites exposed on Mo,C NSs (Fig. S3).

To confirm the chemical origin of the NH; product from the supplied
NOj ions, an isotope labelling experiment using '*N-labelled NO3 as the
feedstock was carried out on Mo,C NSs. The 'H NMR spectra were featured
by an obvious triplet with a coupling constant of 52 Hz, corresponding to
YMNH; (Fig. 4g) (Wang et al., 2022). In addition, the >N nuclear spin pro-
duced a fine >N doublet at 72 Hz, which could be detected as the 'H NMR
signal of *>NH; in the region near 6.80-7.20 ppm, while no triple coupling
of "*'NHS could be detected (Fig. 4g) (Zheng et al., 2021). The isotope label-
ling tests confirmed that the ammonia products were generated by electro-
chemical nitrate reduction on Mo,C NSs rather than other contaminations.
Besides, the durability is also an important parameter to evaluate the cata-
lysts. Consecutive cycling and chronoamperometry tests of Mo,C NSs at
—0.3 V versus RHE were carried out in alkaline-nitrate electrolyte. As
shown in Fig. 4h, the yield rate and FE of ammonia products were well
maintained over eight electrolysis cycles, demonstrating its strong robust-
ness in electrochemical NORR. Several control experiments were also car-
ried out to verify that the ammonia products were produced from the
electrocatalytic NORR instead of the Mo,C NSs themselves (Fig. S4). The
open circuit potential (OCP) and pristine carbon paper without Mo,C NSs
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were used as the operating conditions. No obvious NH3 production was
detected, revealing that Mo,C NSs served as an active constituent in
the constructed electrode.

3.3. Electrocatalytic reaction mechanism

Next, the electron transfer resistance and reaction kinetics of Mo,C NSs
during the nitrate reaction process were investigated by operando EIS. The
Nyquist plots and Bode plots of five potentials obtained in 1.0 M NaOH with
or without nitrate was also analyzed (Figs. 5 and S2). In the Nyquist plots of
the pure NaOH system, the Nyquist spectra of Mo,C NSs presented nearly
oblique lines at low voltages from 0.1 to 0 V versus RHE, suggesting high
resistance at the interface between the electrode and the electrolytes
(Fig. 5a). As the applied voltage exceeded —0.1 V versus RHE, an obvious
semicircle appeared, indicating the occurrence of the electrocatalytic HER.
After introducing 0.1 M NO3 , the semicircle could be observed at lower
voltage of —0.3 V versus RHE (Fig. 5c). Notably, the corresponding radius
in the NO3 system was much smaller than that of the pure NaOH system,
verifying that the electrocatalytic NORR appeared. In addition, the changes
in the phase angle (6,ca) and frequency were displayed in the Bode phase
plots. In general, the phase angle peaks of the high-frequency region could
be correlated with the electron conduction of the catalyst inner layer, while
the phase angle peaks of the low-frequency area would correspond to the
interface reaction charge transfer (Chen et al., 2022). As the potential was
changed from 0.1 to —0.3 V versus RHE, the 0p¢, amplitude in the pure
NaOH system declined from 75 to 17, while the 6,cax in the alkaline-
nitrate system changed from 62 to 13 (Fig. 5b and d). Notably, after 0.3 V
versus RHE, the 6,4 of the nitrate-containing system was smaller than
that of the pure NaOH system, implying a low resistance and high ion diffu-
sion capacity. Besides, the Nyquist plots and Bode plots of Mo,C NPs could
be analyzed, indicating a similar trend to Mo,C NSs in the NO3 -containing
or -free systems (Fig. S5). Further comparison of Bode plots in nitrate-
containing solution demonstrated that the phase angles of Mo,C NSs in
the low-frequency region (approximately 0.01-10 Hz) were smaller than
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those of Mo,C NPs, suggesting rapid charge transfer at the electrode-
electrolyte interface and faster NORR kinetics for Mo,C NPs (Table S2).
The electrochemical nitrate reaction pathway on Mo,C NSs was ex-
plored to understand the reaction mechanism. The intermediate nitrogen
products generated by nitrate electroreduction were detected by on-line
differential electrochemical mass spectrometry (DEMS). The mass-to-
charge ratio (m/z) signals with varied time were displayed in Fig. 6a. It
was clearly observed that the peak of m/z signals appeared periodically at
46, 30, 33 and 17, which were ascribed to NO,, NO, NH,OH and NHs, re-
spectively. But the peak of m/z signals at 44 assigned to N,O was negligible
and the byproduct N, was visible (Fig. S6). Subsequently, the possible nitro-
gen intermediates were investigated via electrochemical in situ Fourier
transform infrared (FTIR) spectroscopy at a constant potential of —0.2 V
(Fig. 6b). The negatively evolved band at 1380 cm ~ ! indicated that the ni-
trate species (*NO3 ) were absorbed on the surface (Zhang et al., 2022b).
The bands at 1333 cm ™' were assigned to the C,, symmetry of NO3
while the bands at 1615 cm ™! corresponded to the monodentate coordina-
tion of *N-O species (Qin et al., 2022; Zhang et al., 2022b). The monitored
NOj species demonstrated the deoxygenation steps during NO3 reduction.
In addition, a broad band at approximately 2965 cm ™ signified the related
v(N—H) stretching mode in NH, species, and NH, wagging modes at
1358 cm ™~ ! could be observed, indicating hydrogeneration for NH; evolu-
tion after deoxygenation (Gong et al., 2022; Kani et al., 2021). Based on
the DEMS and in situ FTIR results, we proposed a nitrate reduction reaction
pathway over Mo,C NSs. The NORR could be broken down into a series of
deoxygenation reactions, *“NO3; — *NO, — *NO, followed by hydrogena-
tion steps *NO—*NOH — *NH,OH — *NH3 and finally desorption of NH3.
To further gain insight into the reaction pathway for the reduction of
NO;3 to NHs, density functional theory (DFT) calculations were performed
on the Mo,C (002) model (Fig. 6¢). After successive deoxygenation via the
reaction of NO; with two proton-electron pairs, the key *NO intermediate
was produced with a free energy of —5.13 eV. Then, two different species
(*NOH or *ONH) could be formed via the proton-electron pair attacking
the O side or N side of *NO, respectively. This meant that hydrogenation
pathways may occur in two cases, that is, the *N-end *NOH pathway
(*NO — *NOH — *NHOH — *NH,OH — *NH, — *NHj3) and the O-end
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*ONH pathway (*ON — *ONH — *ONH, — *ONH3 — *OH — *H,0). Ap-
parently, for the O-end *ONH pathway, the *ON — *ONH step presented an
endothermic reaction with a high energy barrier of 1.06 eV. In contrast,
the *N-end NOH pathway underwent a low energy barrier of 0.39 eV for
the endothermic step of *NO — *NOH, suggesting that the *NOH spe-
cies formed was more favorable than the *ONH species. Thereafter,
the formation of *NHOH and *NH,OH species was exothermic with
negative energies of —0.53 eV and —0.17 eV, respectively. An energy
barrier of 0.58 eV was required to produce the *NH, intermediate,
and then the *NHj; intermediate was formed with a negative free energy
change (—0.17 eV). In short, the rate-determining step (RDS) of the N-
end NOH pathway was *NH,OH — *NH, with a free energy change of
0.58 eV, which was lower than that of the O-end *ONH pathway with
the RDS of *ON — *ONH (1.06 eV).

4. Conclusion

In summary, we reported a feasible two-step approach for the prepara-
tion of ultrathin Mo,C NSs via the carbonization of MoO, NSs using glucose
as the carbon source. The Mo,C NSs were considered an attractive catalyst
for the electrochemical conversion of nitrate to NH3. The HRTEM image
clearly showed the single-crystal structure of Mo,C NSs. In the alkaline-
nitrate electrolyte, the catalyst achieved a maximum NHj yield of
25.2 mg h™! mgs! at —0.4 V versus RHE and a maximum FE of
81.4 % at — 0.3 V versus RHE. Besides, the catalyst presented high activ-
ity and stability after long-term electroreduction. In addition, operando
EIS suggested that the Mo,C NSs possessed rapid charge transfer at the
electrode-electrolyte interface and faster NORR kinetics than the
Mo,C NPs. In situ FTIR and DEMS indicated the proposed nitrate reac-
tion pathway, *NO3 — *NO, — *NO—*NOH — *NH,0H — *NHs,.
DFT calculations further verified the favorable pathway with a lower en-
ergy barrier of *NO — *NOH than that of the *ONH species formed. Our
study not only provided an attractive electrocatalyst with excellent ac-
tivity toward the NORR but also paved the way to optimize Mo-based
electrocatalyst for electrocatalysis.
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