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In this study, niobium nitride (NbN) is prepared via the urea-glass route by annealing a mixture of NbCls and
urea at 650 °C under a flow of N, and is used as a catalyst for the electrochemical nitrogen reduction
reaction (NRR). The as-prepared NbN exhibits a maximum production rate of 5.46 x 107 mol st em™2
at —0.6 V vs. RHE, along with an apparent FE of 16.33% at —0.3 V vs. RHE. In addition, the leaching of
NbN is confirmed by ICP-OES, where the leached amount of Nb is almost identical to the amount of N
measured by UV-vis. Moreover, *H NMR experiments are performed using °N, as the feeder gas; the
dominant detection of NH," peaks strongly suggests that the produced NHsz originates from the
leaching of NbN rather than via an electrocatalytic process. Hence, for a comprehensive understanding
of NHsz generation, especially when utilizing transition metal nitride (TMN)-based NRR catalysts,
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Introduction

Ammonia (NH;) is an indispensable material in various
industrial fields, including fertilizers, explosives, pharmaceuti-
cals, and plastics.> Moreover, due to its high hydrogen density
of 17.6 wt%, along with its relatively high liquefaction point of
—33.4 °C compared with that of hydrogen (—253 °C), increased
attention has been focused on ammonia as an effective
hydrogen carrier.>* Currently, the Haber-Bosch (H-B) process is
the dominant method for producing ammonia on an industrial
scale. However, this process has significant drawbacks in terms
of energy consumption (1% of the global total) and CO, emis-
sions (1.67 tons per ton of NH;), because it is operated at high
temperatures (400-500 °C) and pressures (150-300 atm),>® and
because the necessary H, gas is mainly sourced from the steam
methane reforming (SMR) of fossil fuels.”*® By contrast, the
electrochemical nitrogen reduction reaction (NRR) can be
operated under ambient conditions, and the requisite H,
molecules are produced by water electrolysis powered by solar
or wind energy,'"** thereby enabling a significant reduction in
CO, emissions and energy consumption compared with the
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a thorough investigation employing multiple analytical methods is imperative.

H-B process. Hence, the NRR is regarded as a promising
approach for environmental-friendly production of ammonia.

In view of the above considerations, many studies and pio-
neering works have been conducted with the aim of developing
efficient catalysts for the NRR. However, the NRR performance
is generally compromised by the competing hydrogen evolution
reaction (HER), which involves only two electrons and requires
a lower overpotential than the NRR."*** Consequently, the NH;
production rates and faradaic efficiencies (FE) of the presently-
available NRR catalysts remain far below the target set by the
practical utilization guidelines of the United States Department
of Energy (US DOE), which call for a current density 300 mA
em™? and an FE of 90%.'¢ Therefore, to enhance the NRR
activity of the catalyst, it is necessary to develop a catalyst that
can reduce its HER performance by reducing its affinity for
hydrogen and increasing its affinity for nitrogen.

Among the various catalysts, transition metal nitrides (TMNs)
are regarded as particularly promising catalysts for the NRR due to
their unique Mars-van Krevelen (MvK) mechanism.’®" Indeed,
density functional theory (DFT) studies have suggested that TMNs
can effectively lower the HER, thereby potentially providing
enhanced NRR activities.'*?* In particular, VN, CrN, NbN, and ZrN
have been suggested as promising candidates for the NRR.
Inspired by DFT results, various TMNs were employed for NRR.
However, recent studies on the TMNs and their ability to produce
ammonia have suggested two different opinions, namely: (1)
catalytic reaction via the MvK mechanism (or others), and (2) non-
catalytic reaction via leaching or decomposition of the catalyst.
For instance, Zhang et al. reported that VN loaded on carbon cloth
(VN/CC) catalyst yielded NH; at a rate of 2.48 x 10 '° mol s™*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cm 2 with an FE of 3.58%,> thereby indicating catalytic activity,
whereas Du et al. reported that VN displayed non-catalytic activity,
and produced NH; via the reduction of the released lattice N°~
atoms.* Similarly, Mo,N has been investigated by two different
groups, with one group reporting an NH; yield of 78.4 ug h™*
mg ., with an FE of 4.5% via a catalytic mechanism,* while the
second group reported a maximum FE of 42.3% at —0.05 V vs.
RHE and a yield of 2.73 ug h™' mg ™" at 0.05 V, due to Mo,N
decomposition.”® The latter conclusion was evidenced by the 'H
NMR spectra, which exhibited only **NH," peaks despite the use
of N, as the feeder gas. The other studies concerning the
leaching or decomposition of TMN-based catalysts are summa-
rized in Table S1.T Meanwhile, NbN catalysts are expected to have
catalytic activity for NRR owing to the N-vacancy regeneration and
durability of the catalytic cycle on NbN (111) facet based on
previous DFT investigations.” Nevertheless, experimental studies
on the use of NbN as an NRR catalyst are rare.

Hence, in the present study, an NbN catalyst is prepared by
a simple urea glass route, and its NRR performance in alkaline
solution is investigated thoroughly in order to determine the
origin of the produced ammonia. The as-prepared NbN exhibits
an NH; yield of 5.46 x 107 mol s™! cm™2 at —0.6 V vs. RHE,
and an apparent FE of 16.33% at —0.3 V vs. RHE. By combining
inductively coupled plasma optical emission spectrometry (ICP-
OES), ultraviolet-visible spectrophotometer (UV-vis) and isotope
nuclear magnetic resonance (NMR) characterization, the
produced ammonia is proven to be generated by leaching of the
catalyst, with mainly *NH," peaks being detected in the NMR
spectrum despite the use of °N, as the feeder gas. Moreover,
the amount of leached Nb measured by ICP-OES is almost
identical to the amount of N detected by UV-vis. Thus, the
present study strongly demonstrates that the produced NH;
originates from leaching of the NbN, and is expected to provide
a good guideline for the selection of catalysts for the NRR.

Materials and methods

Materials

Niobium(v) chloride (NbCls; 99%), ammonium chloride (NH,Cl;
=99.5%), 4-(dimethylamino)benzaldehyde (p-CoH;;NO; =99%),
dimethyl sulfoxide-ds (DMSO-dg; 99.9 atom% D), *°N, (98 atom%
>N), ammonium-"°N chloride (**NH,Cl; =98 atom% '°N),
potassium sodium tartrate tetrahydrate (KNaC,H,O¢; 99%), and
graphite rods (99.995% trace metals basis) were purchased from
Sigma-Aldrich. N, (high purity, 99.999%) and Ar (high purity,
99.999%) gases were purchased from Hyundai energy. Urea
(99.0%), ethyl alcohol (C,Hs0H; 99.9%, anhydrous), and hydro-
chloric acid (HCl; 35.0-37.0%) were purchased from Samchun
Chemicals. Hydrazine monohydrate (N,H,-H,0; 98+%) was ob-
tained from Alfa-Aesar, Nessler solution was obtained from
Fischer Chemical, and carbon paper (CP; AvCarb MGL 370) was
purchased from Fuel Cell store.

NbN synthesis

NbN was synthesized via the urea-glass route.”® In a typical
synthesis, 1000 mg of NbCls; was dispersed in 2.53 ml of
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ethanol, and 1509 mg of urea was added to the solution under
magnetic stirring. After stirring for 1 h, the resultant viscous
solution was transferred into an alumina boat and annealed at
650 °C for 3 h under a flow of N,. Before removing the alumina
boat from the furnace at room temperature, mixed N,/air gas
was allowed to flow for 10 min to prevent rapid oxidation of the
NbN (passivation).

Characterization

The crystalline structure of the catalyst was analyzed by X-ray
diffraction (XRD; Rigaku, MiniFlex 600) with Cu-Ka (A = 1.54
A) radiation. The surface morphologies were investigated using
a field-emission scanning electron microscope (FE-SEM; JEOL,
JMS-7000F) equipped with an energy dispersive spectrometer
(EDS). X-ray photoelectron spectroscopy (XPS; Thermo Scien-
tific, K alpha) was used to characterize the surface oxidation
states and chemical compositions. The produced ammonia was
detected by UV-vis spectrophotometer (UV-vis; SHIMADZU, UV-
2600i) and the leached metal was quantified via inductively
coupled plasma optical emission spectrometer (ICP-OES; Agi-
lent, Agilent 5900).

Electrochemical measurements

A potentiostat (AMETEK, VersaSTAT 3) was used to conduct the
electrochemical measurements in a single-compartment cell
equipped with a three-electrode system, and a 0.1 M KOH
solution served as the electrolyte (Fig. S11). The working elec-
trode, designated as NbN/CP, was prepared by dispersing 10 mg
of the NbN catalyst in 500 pL of ethanol and then loading it onto
1 x 1 em? carbon paper (with a mass loading of 2 mg cm™2) by
drop casting. A graphite rod and Ag/AgCl (3 M NaCl) were used
as the counter and reference electrode, respectively. All recor-
ded potentials were converted to reversible hydrogen electrode
(RHE). Linear sweep voltammetry (LSV) was conducted at a scan
rate of 5 mV s~ ' and chronoamperometry tests were performed
for 2 h at —0.3 to —0.6 V vs. RHE. Prior to the LSV test, cyclic
voltammetry (CV) was performed at a scan rate of 50 mV s~ for
20 cycles in order to stabilize the catalyst. The electrolyte was
continuously bubbled with N, gas for 30 min prior to and
throughout the duration of these tests.

Ammonia detection

The amounts of produced NH; in the electrolyte and in the acid
trap after electrolysis were detected via Nessler's method.* The
acid trap, connected to the gas-out line of the reaction cell
(Fig. S1t), was employed to capture NH; that escaped without
dissolving in the electrolyte during the reaction. 0.05 M H,SO,
was utilized for this purpose. In this approach, 5 ml of each
aliquot from each source was mixed with 0.1 ml of 500 g L™"
KNaC,H,O and 0.1 ml of Nessler's solution and incubated for
20 min at room temperature. The absorbance of the mixed
solution was then analyzed at 420 nm. The absorbance
concentration (abs—conc) plots were calibrated against standard
NH,CI solutions with concentrations of 0, 0.5, 1.0, 2.0, 3.0, 4.0,
and 5.0 ug ml~" in 0.1 M KOH (Fig. S2a of the ESI}), and the
calibration curve showed y = 0.1419x — 0.0017 (¥ = 0.99996)
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(Fig. S2bt). In addition, the abs-conc plots of the aliquots from
the acid trap solution were calibrated against standard NH,Cl
solutions with concentrations of 0, 0.1, 0.2, 0.5, 1.0, and 2.0 pg
ml " in 0.05 M H,SO, (Fig. S2ct), and the calibration curve was
y = 0.1851x — 0.0005 (** = 0.99892) with a good linear rela-
tionship (Fig. S2df). The pH of the acid trap solution was
adjusted to ~13 by the addition of 1 M KOH solution.*

Hydrazine detection

The Watt and Chrisp method was used to test for the presence
of N,H,, which is a potential by-product of the NRR.** First, the
detection reagent was prepared by adding 5.99 g of p-CoH;;NO
to 30 ml of HCI and 300 ml of C,HsOH. After collecting 5 ml of
electrolyte from the electrolytic cell, 5 ml of the reagent was
added and the resulting mixture was allowed to stand for
10 min prior to measurement of the absorbance at 455 nm. The
abs-conc plots were calibrated against standard N,H,-H,O
solutions with concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1.0 pg ml™*
in 0.1 M KOH (Fig. S3at), and the fitted curve was y = 0.7401x +
0.1140 (©* = 0.99984) (Fig. S3bt).

>N, isotope test and NMR analysis

To determine whether ammonia was produced from the N,
feeder gas, the >N, isotopic test was conducted and the ">NH,"
was analyzed by proton nuclear magnetic resonance spec-
trometer ("H NMR; Bruker, Bruker Avance Neo 600) with 600
MHz. After 2 h of chronoamperometry (Ammonia detection
section), 20 ml of the electrolyte was acidified to pH 2 by
addition to concentrated HCI (20 ul), and then concentrated to
2-3 ml via rotary evaporator. Next, 950 ul of the condensed
solution was mixed with 50 pl of DMSO-dg, and 600 ul of the
resulting mixture was transferred to an NMR tube.*” For
comparison, the 0.1 M KOH solution, the **NH,CI standard, the
NH,Cl standard, and a sample obtained after chro-
noamperometry using '*N, as the feeder gas were also analyzed.
The spectrum of each sample was obtained using 1024 scans
with an acquisition time of 3 s and a relaxation delay of 1.5 s.*

Calculation of production rates and faradaic efficiency (FE)

The ammonia production rate (r) and faradaic efficiency (FE)
were calculated by using eqn (1) and (2), respectively:

Crn, % V
p= N T 8

I?’ZNHJXIXA
nxFx Cyu, X V

FE =
I’f’lNH3 X Q

(2)
where Cyy, is the measured concentration (in pg ml™') of
ammonia, V is the volume (in L) of the electrolyte, myyy, is the
molar weight of ammonia (17.031 g mol™"), ¢ is the reaction
time (in s), 4 is the electrode area (cm?), F is faradaic constant
(96 485C mol %), Q is the passed charge during electrolysis, and
n is the number of electrons needed to produce ammonia (i.e.,
3).
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Results and discussion
The physical properties of the NbN catalyst

The XRD pattern of the as-prepared NbN catalyst is presented in
Fig. 1a, where the observed peaks at 35.5°, 41.2°, 59.7°, 71.4°,
and 75.1° are assigned to the respective 111, 200, 220, 311, and
222 planes, corresponding to the reference pattern for cubic
NbN (JCPDS 03-065-9399). The broad peak at around 20-30° is
due to residual carbon from the urea,** while peaks due to other
potential impurities such as niobium metal or niobium oxides
are not observed. The particle size of the catalyst was calculated
to be about 5 nm according to the Debye-Scherrer equation. For
comparison, the XRD pattern of the NbN without passivation is
provided in Fig. S4,7 where intense Nb,Os peaks are observed
along with those of NbN, and the unpassivated sample is seen to
be oxidized and has developed a white coloration (lower inset).
These results demonstrate that passivation can prevent the
formation of the crystalline Nb,Os phase, thereby resulting in
the formation of crystalline NbN with an amorphous oxide
layer.

The surface chemical composition and oxidation state of the
NDN catalyst are revealed by the XPS results in Fig. 1b-d. Here,
the survey spectrum indicates the presence of the elements
Nb, N, C, and O elements (Fig. 1b). Moreover, the high-
resolution Nb 3d spectrum can be deconvoluted into three
pairs of peaks, corresponding to NbN (204.4 and 206.8 eV),
NbON (205.6 and 208.5 eV), and Nb,O5 (207.3 and 209.8 eV),
respectively (Fig. 1¢).***® Here, the oxidized species, NbON and
Nb,Os, are due to the passivation step and the inevitable
oxidation upon exposure to air. Meanwhile, the N 1s spectrum
in Fig. 1d exhibits two deconvoluted peaks at 397.17 and
399.6 eV due to NbN and NbON, respectively.?>3%4°

The NbN catalyst is further characterized by the SEM image
in Fig. 2a, where the NbN particles form clusters with sizes of
~50 pm. In addition, the high-resolution SEM image and

Q
~

O
~
o

Nb3d

Intensity / a. u
Intensity / a. u.

[ 11
20 40 60 80
20 / degree

NBN 03-065-9399 I |

1200 1000 800 600 400 200 O
Binding Energy / eV

—— Measured
Fitted

—— Nb™ (NbN) N

—— Nb* (NbON)

—— Nb*™ (Nb,0,)

—— Measured
Fitted

—— NbN

—— NbON

()
~

Q.
~

Nb 3d

Intensity / a. u.
Intensity / a. u.

212 210 208 206 204 202
Binding Energy / eV

406 404 402 400 398 396 394 392
Binding Energy / eV

Fig.1 (a) The XRD pattern of the as-synthesized NbN. (b—d) The XPS
analysis of the as-synthesized NbN, including (b) the full survey scan,
(c) the high-resolution Nb 3d spectrum, and (d) the high-resolution N
1s spectrum.
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corresponding elemental mapping images in Fig. 2b reveal
almost identical distributions of Nb, N, and O, thereby indi-
cating the generation of NbN with surface oxidized species.

The electrochemical properties of the NbN on a carbon paper
electrode

The LSV curves of the NbN/CP electrode in N,- and Ar-saturated
0.1 M KOH solutions are presented in Fig. 3a. Here, the N,-
saturated solution (red profile) exhibits a slightly higher current
density than does the Ar-saturated solution (black profile) below
—0.3 V. Therefore, the chronoamperometry (CA) tests in Fig. 3b
were conducted in the range of —0.3 to —0.6 V for 2 h, during
which a stable current density was observed at each applied
potential, and the current density was seen to increase with the
increase in applied potential. Further, the average production
rates and apparent FEs calculated after the 2 h CA tests are
presented in Fig. 3c, where the apparent FE is seen to decrease
gradually from a maximum of 16.33% at —0.3 V to 1.32% at
—0.6 V. This is because the competitive HER becomes dominant
at the more negative potentials.******* However, the measured
production rates are fairly similar at each potential (with
a maximum of 5.46 x 107 '° mol s™' em 2 at —0.6 V), thus
suggesting that the detected NH; might not have originated
from the NRR. Hence, the NH; production rates under various
control conditions are presented in Fig. 3d.

Here, near-zero NH; production rates are observed for both
the 0.1 M KOH and the bare CP (without any catalyst), thereby
demonstrating that these components do not contribute to the
production of ammonia in the presence of NbN/CP. Meanwhile,
in the presence of the NbN/CP electrode, the similar NH;
production rate of 5.32 x 10~ " mol s~' cm ™2 is observed in the
N,-saturated solution and that of 4.56 x 10 ** mol s * em 2 in
the Ar-saturated solution after 2 h at —0.6 V. Moreover, the NbN/
CP produces a similarly low amount of ammonia (4.3 x
107'° mol s™' em™?) even in the N,-saturated solution when
open circuit potential (OCP) conditions are used. Generally,
TMN-based catalysts can generate ammonia via the leaching
and subsequent reduction of surface N atoms under N,-satu-
rated solution. This leaves surface N-vacancies that can become
occupied by N, molecules, thereby proceeding the catalytic
reaction. Meanwhile, under Ar-saturated solution, ammonia
can only be generated via leaching and the surface N-vacancies

Fig. 2 (a) A SEM image of the as-synthesized NbN. (Scale bar = 100
pm) (b) a high-resolution SEM image and the corresponding EDS
elemental mapping images of Nb, N and O. (Scale bar = 10 um).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The electrochemical characterization of the NbN catalyst in
0.1 M KOH solution: (a) the LSV curves obtained in N,- and Ar-satu-
rated solutions, (b) the 2 h chronoamperometry profiles at various
applied potentials, (c) the NH3z production rates and apparent FEs at
various potentials after 2 h of electrolysis, and (d) the NHz production
rates of the following control samples: (i) the 0.1 M KOH, (i) the 0.1 M
KOH after chronoamperometry using the bare CP as the working
electrode, (iii) an Ar-saturated solution after chronoamperometry
using the NbN/CP as working electrode at —0.6 V, (iv) an N;-saturated
solution after chronoamperometry using the NbN/CP as working
electrode at —0.6 V, and (v) an Nj-saturated solution after chro-
noamperometry using the NoN/CP as working electrode at OCP.

can't be replenished by N, molecules, thereby preventing the
catalytic reaction. Therefore, a much lower amount of ammonia
is produced in Ar-saturated solutions than in N,-saturated
solutions.”»** Hence, the present results strongly suggest that
the produced ammonia does not originate from the NRR, and is
likely to be the result of catalyst leaching. In the following
hydrazine detection experiment in Fig. S5, no hydrazine was
detected, eliminating the possibility for by-product generation.
Hence, the non-electrochemical origin of the produced
ammonia is further investigated in the following section.

The origin of produced ammonia

The leaching of the catalyst is revealed by monitoring the Nb
concentration via ICP-OES while simultaneously monitoring the
concentration of N (in form of NH3) via UV-vis spectroscopy.*?
The results are presented in Fig. 4 and summarized in Table
S2.1 Thus, in the potential range of —0.3 to —0.6 V (including
OCP), the measured concentrations of Nb and N are quite
similar, and the Nb/N molar ratio is close to 1. These results
strongly support the hypothesis that the NbN catalyst leaches
into the electrolyte, and that the N of the leached NDbN is
responsible for the produced ammonia.*

To further confirm the origin of the produced ammonia, the
'H NMR spectra of the 0.1 M KOH, the *NH,Cl and ">NH,CI
standards (each dissolved in 0.1 M KOH), and the electrolyte
samples collected after 2 h of chronoamperometry in the pres-
ence of the NbN/CP using *N, and "°N, as the feeder gas are
presented in Fig. 5. Here, no peaks are detected for the 0.1 M
KOH (black line, Fig. 5), thereby indicating that the electrolyte

RSC Adv, 2023, 13, 34410-34415 | 34413
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itself does not contribute to the production of ammonia.
Meanwhile, the standard "*NH,4CI (red line) and ">NH,CI (blue
line) solutions in 0.1 M KOH exhibit the characteristic triplet
peaks of *NH," and doublet peaks of "NH,", respectively.
Moreover, when *N, is employed as the feeder gas in the
presence of the catalyst, only the "*NH," triplet is observed, as
expected (pink line). However, when '°N, is used as the feeder
gas (green line), the "*NH," triplet is again observed, along with
a negligible ">’NH," doublet. This confirms that the produced
NH; does not originate from the electrocatalytic reaction.
Based on the above ICP-OES and NMR results, it is
concluded that the NbN is leached out to the electrolyte, and
that the leached N atoms are reduced to ammonia ions.
Therefore, the ammonia produced using NbN/CP is primarily
a result of the non-electrocatalytic reaction (the nitride leaching
process). Based on the results presented earlier, the FE

S
d "N, pursing
7}
: 15
9 NH,Cl standard
el
£
k A A "NH,Cl standard
0.1M KOH
72 71 70 69 68 67 66

Chemical shift / ppm

Fig. 5 The ™H NMR spectra of the 0.1 M KOH solution, the *NH,Cl
standard, the ®>NH,Cl standard, and the electrolyte samples collected
after 2 h of chronoamperometry in the presence of the NbN/CP using
1N, and °N, as the feeder gas.
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calculated using eqn (2) as depicted in Fig. 3 lacks significance
due to the non-electrochemical nature of our process. FE is
traditionally expressed as the ratio of the charge applied to
generate the target product to the total charge passed during the
reaction. According to this definition, the product should
receive electrons through the charge applied. However, given
that the production of ammonia is not exclusively a result of the
passed charge, our findings are not well-suited for the use of FE,
a metric commonly employed in electrochemical reactions.
Therefore, we wrote it as ‘apparent FE’, instead of FE (Fig. 3c). In
light of this, researchers interested in employing TMN-based
catalysts should exercise caution. As we have elucidated
earlier, ammonia can be generated through the leaching or
decomposition of the catalyst itself. Therefore, it is crucial to
determine whether this process qualifies as an electrochemical
reaction or a chemical reaction by employing multiple analyt-
ical techniques such as ICP-OES and NMR using '°N, isotope.

Conclusions

Herein, a niobium nitride (NbN) for the electrochemical
nitrogen reduction reaction (NRR) was prepared via the urea-
glass route by annealing a mixture of niobium(v) chloride
(NbCl;) and urea. An electrode consisting of the as-synthesized
NbN on carbon paper (NbN/CP) exhibited an NH; yield of 5.46
x 107 mol s™* em 2 at —0.6 V, with an apparent faradaic
efficiency (FE) of 16.33% at —0.3 V. However, the results of
inductively coupled plasma optical emission spectrometry (ICP-
OES) indicated leaching of the NbN, with the leached amount of
Nb closely matching the amount of N measured by ultraviolet-
visible (UV-vis) spectroscopy. Moreover, this conclusion was
further supported by the dominant detection of "*NH,* peaks in
proton nuclear magnetic resonance ("H NMR) experiments
using '°N, as the feeder gas. Therefore, it is crucial to thor-
oughly investigate the origin of NH; in transition metal nitride
(TMN)-based catalysts for the NRR, and the approach used in
the present study is expected to provide a good guideline for
selecting suitable catalysts for NRR.
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