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We have synthesized NbO, with oxygen vacancies (OVs) and con-
ducted the first work on nitrate electroreduction to NHs; over Nb
oxides. It is a robust non-precious metal catalyst for NH; synthesis
by nitrate electroreduction. The faradaic efficiency of 94.5% and
the NHs formation rate of 55.0 pg h™* mg...~* were achieved in a
neutral electrolyte. The excellent performance of NbO, originates
from the intrinsic properties of Nb oxides and the OVs in the
catalyst.

Ammonia (NHj,) is a vitally important common chemical.’” It
has been widely used as a raw feedstock for producing fertili-
zers to sustain the population of the world.*” On the other
hand, NH; is widely used in the textile industry, plastics, and
the pharmaceutical industry.® It is also increasingly recognized
as a next-generation green energy carrier and an ideal carbon-
free fuel.” Currently, NH; is synthesized by the conventional
Haber-Bosch process using Fe-based catalysts at a high temp-
erature (350-550 °C) and high pressure (150-300 atm).*®
Approximately 2% of the total global fossil energy is consumed
in NH; production. In addition, the high-purity hydrogen used
in the reaction is obtained from the steam reforming of fossil
fuels, mainly natural gas, causing an enormous amount of
CO, emission into the atmosphere.'®'" It is imperative to
develop alternative approaches that can overcome the limit-
ations of the Haber-Bosch process including harsh conditions,
high energy consumption, and negative environmental
impacts.***"?

In recent decades, excessive nitrate has been found in the
biosphere, and is discharged into the surface and under-
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ground water. The accumulation of nitrate can not only cause
serious health problems, but also induce acid rain and photo-
chemical smog.">™** This situation will further deteriorate due
to the widespread use of nitrogen fertilizers in agriculture and
massive sewage discharge from the industry. There is a strong
need for developing an efficient approach to solve the problem
of nitrate contamination. Recently, the electrocatalytic nitrate
reduction reaction (NITRR) into NH; using water as the hydro-
gen source has attracted much attention due to its economic
potential competition and ecofriendly advantages,”"®™® and is
a wise strategy from the perspective of environmental protec-
tion and energy saving. However, the complicated eight-elec-
tron reduction course from nitrate to NH; and the competitive
hydrogen evolution reaction (HER) inhibit its high selectivity
and efficiency.>>"® Therefore, designing efficient electrocata-
lysts with low cost and high activity and selectivity is extremely
critical.

Nb-Based compounds are promising in heterogeneous cata-
lysis.”® NbO, is well regarded as a semiconductor with high
capacitance and excellent electrical conductivity.>* In addition,
Nb,Os was reported as a good promoter for beneficial
ammonia synthesis under harsh conditions.** Thus, Nb oxides
are expected to be promising NITRR electrocatalysts because
the partially occupied d-orbitals of Nb** can form = backbond-
ing with reactants.>* Oxygen vacancies (OVs) in semiconduct-
ing materials have been widely used in the field of electro
(photo)catalysis. Theoretical and experimental studies have
reported that OVs in metal oxide catalysts could capture sub-
strates, promote the electron transfer," tailor the charge distri-
bution** and enhance the chemisorption of molecules by
offering coordinatively unsaturated sites.>’ Therefore, it is
expected that OVs in metal oxides can availably capture and
activate nitrate and thus possibly enhance the NITRR
efficiency.

Herein, we report the first work to construct a NbO, catalyst
with oxygen vacancies (OVs) for NITRR to NHj. The catalyst
exhibited a high faradaic efficiency (FE) of 94.5% and an NH;
formation rate of 55.0 pg h™" mg.,. . A detailed study indi-
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Fig. 1 (a and b) SEM images of NbO,. (c and d) TEM and HRTEM images
of NbO,. (e) EDX elemental mapping images of Nb and O for NbO,.

cated that the OVs affected the chemical state of Nb, which
can improve the binding energy of key intermediates during
the electrolysis.

The NbO, catalyst was prepared through a simple hydro-
thermal method using niobium oxalates and oxalic acid as raw
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materials, and the detailed procedure is provided in the ESILt
No N element was included during the entire synthesis
process of the catalysts. From the scanning electron
microscopy (SEM) images in Fig. 1a and b, we can see that the
synthesized NbO, consists of well-distributed microspheres
with an average diameter of 1.6 pm and they have a rough
surface.”** Fig. 1c shows the transmission electron
microscopy (TEM) image of NbO,, further indicating its
sphere-like morphology.”*®** The high-resolution TEM
(HRTEM) image in Fig. 1d shows that the NbO specific lattice
spacing of the (002) facet is 0.199 nm, which is in agreement
with the reported data.”’®*' Elemental distribution mappings
in Fig. 1e show the distributions of Nb and O, suggesting their
homogenous distribution over the entire architectures. Nb,Os
particles were also prepared and the procedure is also provided
in the ESL§ The SEM images of the synthesized Nb,O5 and
commercial Nb,Os (c-Nb,Os) particles are given in Fig. S1 and
S2.%

The X-ray diffraction (XRD) patterns in Fig. 2a reveal that
the diffraction peaks of the as-prepared NbO, and Nb,O5 can
be assigned to Nb,O; (JCPDS no. 27-1003).* X-ray photo-
electron spectroscopy (XPS) spectra further show the compo-
sition and chemical nature of the as-prepared materials. For
NbO, (Fig. 2b), the Nb 3d orbital can be resolved into two com-
positions, and each component consists of a spin-orbit pair
with a separation energy of 2.7 eV. Both the Nb 3d;/, and 3ds,
peaks are found between the Nb"™ and NbY species, including
the peaks belonging to Nb™ (Nb 3d;,, 209.7 eV; Nb 3ds,, 206.5
+eV) and NbY (Nb 3d;, 210.6 eV; Nb 3ds, 207.8 eV). This
showed the distinct change in the electronic structure com-
pared to Nb,Os (Fig. 2c).

To confirm the presence of OVs in NbO,, Raman spec-
troscopy, XPS, photoluminescence (PL) spectroscopy and elec-
tron paramagnetic resonance (EPR) spectroscopy were further
performed."® The Raman spectra of NbO,. and Nb,Os are pre-
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(a) XRD patterns of NbO, and Nb,Os. (b and c) XPS spectra of the Nb 3d orbital for NbO, and Nb,Os. (d) Raman spectra of NbO, and Nb,Os.

(e) XPS spectra of the O 1s orbital for NbO,. (f) PL spectra of NbO, and Nb,Os.
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sented in Fig. 2d. It can be seen that the peaks of NbO, show a
significant shift to the higher binding energy site compared to
those of Nb,Os. These shifts can be ascribed to surface
phonon confinement due to the existence of OVs in the NbO,
surface structure. All of these results clearly verified the NbO,
structure."®>**” The peak at 529.8 eV in the O 1s orbit spec-
trum (Fig. 2e) can be assigned to lattice oxygen in NbO,.
Another peak at the binding energy of 531.2 eV can be attribu-
ted to the oxygen vacancies (OVs) on the NbO, surface.*® The
XPS spectrum of O 1s for Nb,Os is presented in Fig. S3.1 The
single peak at 530.5 eV is in accord with the O®~ in the Nb,Oj
catalyst. The concentration of OVs was detected from the PL
spectra with an excitation wavelength of 380 nm (Fig. 2f). It
can be observed that NbO, exhibits stronger photo-
luminescence at a wavelength of 588 nm, suggesting that it
possesses a higher concentration of OVs compared with
Nb,05.2°*! In the meantime, NbO, exhibits a stronger EPR
signal (g = 2.00) (Fig. S4, ESI}), indicating that rich OVs have
been introduced into NbO,."*3? All of these characterization
results have justified the successful preparation of the NbO,
catalyst with OVs.

The electrocatalytic reduction of nitrate activity of NbO, was
carried out using an H-type cell with a standard three-electrode
system at room temperature and atmospheric pressure. The
catalysts loaded on carbon paper acted as the working elec-
trode for the test. The electrochemical experiments were per-
formed in Ar-saturated 0.5 M K,SO, aqueous solution with
1000 ppm nitrate. The detailed experimental procedures are
discused in the ESL7 All potentials were with reference to the
reversible hydrogen electrode (RHE). The concentration of
reduction products was determined at the end of each electro-
lysis according to the indophenol blue method (ESIt). The
standard calibration curves of NH; are shown in Fig. S5.1
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The electrocatalytic performance was first evaluated by
linear sweep voltammetry (LSV). Fig. 3a shows the LSV curves
for NbO, in Ar-saturated K,SO, solutions with or without
nitrate. The obvious increase of current density in the presence
of nitrate could be observed, indicating that the nitrate in solu-
tion actually participated in the reduction reactions. These
results confirm that NbO, is an active electrocatalyst for
electrochemical nitrate reduction.

To further analyze the reduction products, controlled poten-
tial electrolysis at each potential was performed to obtain the
FE and the corresponding formation rate of NH; (Fig. 3b and
¢). The gas and liquid products were determined by gas chrom-
atography and ultraviolet-visible (UV-vis) spectroscopy, respect-
ively. The results showed that H, was the only by-product in
the gas phase, and no other liquid by-products can be detected
except for ammonia. From —0.55 V to —1.15 V vs. RHE, the
NH; formation rates of three samples gradually increased,
while the FE displayed volcanic-shape trends. The maximum
FE of NH; over NbO, was achieved at —0.75 V vs. RHE, which
could reach 94.5% with the formation rate of 12 pg h™*
mg., '. Clearly, the NH; formation rate and FE increased
when the negative potential increased up to —0.75 V. Beyond
this negative potential, the FE decreased significantly because
the hydrogen evolution reaction (HER) became the predomi-
nant process at the cathode. Electroreduction measurements
were also conducted for Nb,O5 and c-Nb,Os; under the same
conditions for comparison, and they showed lower catalytic
performance than NbO, (Fig. 3b and c). The highest FE of NH;
was only 53.8% and 26.7% over Nb,Os and c-Nb,Os, respect-
ively. On the other hand, NbO, reached its highest formation
rate of 55 pg h™" mg., ' at the potential of —1.15 V, and it was
larger than those over Nb,O5 and ¢-Nb,O5 (40.7 pg h™ mg . *
and 13.8 pg h™" mg., ', respectively).
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Fig. 3 (a) LSV curves in Ar-saturated 0. 5 M K,SO, solution with and without NOs™. The scan rate was 10 mV s™. (b and c) FEs and the NHs for-
mation rate (yield) of catalysts at different potentials. (d) UV-vis spectra of the electrolyte. (e) *H NMR spectra of the electrolyte after the NO5~
reduction at —0.75 V using NO5~ and *®NO3~ as N sources. (f) Time-dependent current density curve over NbO, at —0.75 V for 12 h.
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Notably, NbO, shows an evidently higher NH; formation
rate and FE than those reported over non-noble-metal electro-
catalysts for nitrate electroreduction to NH;. Typical examples
are TiO,_, (FE 85.0%),"* Co/CoO NSAs (FE 93.8%),” FC (FE
20%, NH; yield 23.8 mmol h™" g.,™"),** Ir NTs (FE 84.7%),**
and Fe-SnO, (FE 20.4%, yield 82.7 mg h™" mg., ').>> A more
detailed comparison is shown in Table S1 (ESIt). The promi-
nent activity of NbO, can be attributed to the OVs, which
improve nitrate electroreduction activity by modifying the
surface binding energy of key intermediates. The presence of
OVs leads to an acidic surface for strong adsorption towards
NO;~, which further improved the reduction activity.
Moreover, the oxygen atom in nitrate fills in OVs to weaken the
N-O bonding and restrain the formation of byproducts, result-
ing in a high faradaic efficiency and ammonium yield. In
addition, the spherical structure may facilitate the diffusion of
reactants, the reaction intermediates and products during the
process of electrolysis.>**”

Potentiostatic tests were measured at —0.75 V in the same
electrolyte with the addition of different contents of NOjz;~
(100, 200, 500, 800, and 1000 ppm) for comparison. It can be
seen from Fig. S61 that the faradaic efficiency and the NH; for-
mation rate increased with the increasing nitrate concen-
tration. They reached the highest value when the nitrate con-
centration was 1000 ppm. We also carried out electrolysis tests
in an acidic electrolyte (0.1 M HCI + 1000 ppm NO;™). The
highest faradaic efficiency for NH; formation was only 62.8%,
which is much lower than that in the neutral electrolyte (0.5 M
K,S0,). On the other hand, the overpotential of the reaction is
relatively higher wunder alkaline electrolyte conditions.
Therefore, the optimal electrolyte was a neutral electrolyte (0.5
M K,SO,) in this work.

To exclude the possible interference from the environment
and system, controlled potential electrolysis over NbO, in
K,SO, electrolyte without the addition of nitrate was also
carried out. The corresponding UV-vis spectrum after electroly-
sis showed that NH; was not generated (Fig. 3d). It can be
clearly observed that the difference with and without nitrate
was quite obvious. All the discussions above indicate that the
experimental values were authentic and reasonable. In order
to further verify that the produced NH; was derived from the
nitrate reduction, we also carried out the experiment using the
same set-up over NbO, with the addition of "N isotope-
labeled nitrate. After the electrocatalytic reaction, the 'H
nuclear magnetic resonance (NMR) spectra of the electrolyte
showed the representative double peaks of ">’NH," at 6.98 and
7.10 ppm, while the "H NMR spectra of the electrolyte employ-
ing K'*NO; showed a typical triplet **NH," signal (triple peaks
of "'NH,") (Fig. 3e). The results further confirmed that the for-
mation of NH; originated from the electroreduction of
nitrate.’®*°

The stability of the NbO, catalyst is another critical para-
meter in electrocatalysis. Fig. 3f shows the chronoamperome-
try curve over NbO, for 12 h, in which the current density had
no obvious decrease, confirming its excellent stability. In
addition, after the NITRR, SEM showed that NbO, still pre-

This journal is © The Royal Society of Chemistry 2022
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serves its initial morphology (Fig. S7t). XPS analyses (Fig. S8
and 97) revealed that the composition and chemical nature of
the catalysts remained unchanged after a long-term electroly-
sis. All these observations indicate its excellent electrochemical
stability under ambient conditions.*’

In order to figure out the change in the valence states of
surface species for NbO, and Nb,Os during the NITRR
process, quasi-operando Nb 3d XPS spectra were obtained after
holding —0.75 V vs. RHE for 30 min, and the results are given
in Fig. 4. It was shown that the Nb 3d peaks of NbO, had
higher binding energy than those of Nb,Os, indicating the
higher oxidized Nb species on the surface during the reaction.
NbO, has a stronger NO;~ adsorption due to the presence of
OVs, and the oxygen atom in NOj;~ fills in OVs during the reac-
tion. However, the Nb>" species in Nb,O5 would be reduced to
a lower chemical state. Therefore, NbO, has higher oxidized
Nb species than Nb,Os in the quasi-operando XPS spectra.
They revealed that the electron density reconfiguration
occurred on NbO,, resulting in the enhancement of catalytic
activity for the NITRR.*'™*3

In summary, NbO, catalysts have been successfully
designed and synthesized for efficient nitrate reduction to
NH;. The highest FE and formation rate of NH; could reach
94.5% and 55.0 ug h™" mg., ', respectively. Such performance
significantly exceeded most of the reports for electrochemical
nitrate reduction to NH;, which are higher than those reported
over non-noble-metal electrocatalysts. Moreover, the catalyst
also showed good durability. A detailed study indicated that
the prominent activity of NbO, can be attributed mainly to the
nature of NbO, and the OVs, which can improve the binding
energy of key intermediates during the electrolysis. This work
provides a promising method for the NITRR with high

Nb 3d

Intensity (a.u.)

214 212 210 208 206 204
Binding Energy (eV)

Fig. 4 Quasi-operando XPS spectra of the Nb 3d orbitals of the
different catalysts.
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efficiency. We believe that it may inspire new exploration and
principles for designing electrocatalysts for NH; synthesis.
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