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Herein, vacancy engineering is utilized reasonably to explore molybdenum tungsten oxide nanowires
(W4Mo03; NWs) rich in O-vacancies as an advanced electrochemical nitrogen reduction reaction (eNRR)
electrocatalyst, realizing further enhancement of NRR performance. In 0.1 mol/L Na;SO4, W4;Mo03; NWs
rich in O vacancies (CTAB-D-W4Mo0s) achieve a large NHs yield of 60.77png h™' mg'. at -0.70V vs.
RHE and a high faradaic efficiency of 56.42% at -0.60V, much superior to the W;Mo03; NWs deficient in
oxygen vacancies (20.26 g h' mg'c. and 17.1% at -0.70V vs. RHE). Meanwhile, W;Mo0O3; NWs rich in
O-vacancies also show high electrochemical stability. Density functional theory (DFT) calculations present
that O vacancies in CTAB-D-W4Mo03 reduce the energy barrier formed by the intermediate of *N-NH,
facilitate the activation and further hydrogenation of *N-N, promote the NRR process, and improve NRR

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ammonia (NHs3), as an industrial raw material can produce ex-
plosives, plastics, synthetic fibers, resins, and many other industrial
compounds [1-3]. NH3 can also be used as a promising carrier for
carbon-free energy storage and conversion [4]. However, the in-
herent properties of strong N=N bonds make N, extremely diffi-
cult to synthesize NH; from the hydrogenation of N, in the atmo-
sphere [5-8], So far, industrial NH3 production still relies mainly on
the traditional Haber-Bosch method. However, this process needs a
large amount of energy and produces a large amount of carbon
dioxide [9-11]. Therefore, developing green and sustainable routes
to achieve efficient fixation of N, under milder conditions is ur-
gent.

Electrochemical nitrogen reduction reaction (eNRR) is carried
out using renewable electricity, which is considered a promising
option for artificially fixing N, [12,13]. However, NRR must be
driven by an effective electrocatalyst. Although the noble metal-
based catalysts (Ru, Pd, Ag Au [14-17], etc.) exhibit good NRR activ-
ity, their low abundance and high cost hinder large-scale applica-
tion [18,19]. Therefore, researchers have given considerable atten-
tion to Earth-abundant alternatives.

Transition metal oxides (TMOs) are considered important NRR
catalysts due to their structural adjustability, rich redox prop-
erties, and earth abundance [20,21]. Therefore, developing high-
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performance TMOs catalysts through specific adjustments has great
potential. Among these TMOs, tungsten trioxide (WOs3) has at-
tracted extensive research interest due to its wide range of appli-
cations, high electrochemical stability, and abundant supply [22].
In addition, Density functional theory (DFT) calculation has also
shown that W has the potential to activate the nitrogen-nitrogen
triple bond, which can lead to the nitrogen reduction reaction [23].
However, due to the lack of active sites and limited electrical con-
ductivity of WO3, its NRR catalytic effect is poor [24]. As an im-
portant element in biological nitrogenase, Mo is used to catalyti-
cally fix N, in biological systems [25]. Studies on some Mo-based
catalysts (MoS, [26], MoO3 [25], Mo,N [27], and even Mo mono-
atomic catalysts [28]) have shown that Mo is the active center
of immobilized N,. It helps stabilize -N,Hy intermediates (-N,H,
-N,H,, etc.). and desorb -NH, species during NRR [29,30]. There-
fore, by adding MoOs, introducing Mo elements and adjusting the
local atomic structure to generate more active sites, the electro-
chemical NRR activity is enhanced. In addition, oxygen vacancies
(OVs), constructed on TMOs, can act as electron trapping centers
for m-backdonation of N, molecules, improving the electrochem-
ical activity and electrical conductivity, promoting energetics and
kinetics of NRR reaction [31].

Herein, we report the synthesis of artificial NH; under en-
vironmental conditions using 1D OVs-rich molybdenum-tungsten
bimetallic oxide nanowires (CTAB-D-W4Mo0O3; NWs) as active and
selective electrocatalysts. CTAB-D-W4Mo0O3; NWs realize a large
NH; yield of 60.77ug h''mg 1. at —0.70V vs. RHE and a high
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Fig. 1. (a) The schematic synthesis diagram of W;Mo0O3 nanowires deficient in oxy-
gen vacancies (CTAB-W;Mo03) and W4Mo0; nanowires rich in O-vacancies (CTAB-
D-W4Mo003; NWs). (b) XRD patterns and (¢) Raman spectra of CTAB-W4Mo03; and
CTAB-D-W,;Mo0s.

faradaic efficiency (FE) of 56.42% at —0.60V, much superior to
molybdenum-tungsten bimetallic oxide nanowires deficient in OVs
(CTAB-W4Mo003; NWs: 20.26ug h' mg1ca. and 17.1%). In addition,
CTAB-D-W4Mo003; NWs exhibit excellent cyclic stability and long-
term stability.

W4Mo003 nanowires rich in O-vacancies (CTAB-D-W4Mo05
NWSs) were obtained using ammonium molybdate tetrahydrate
as Mo source and sodium tungstate dihydrate as W source.
Fig. 1a shows the synthesis strategy of CTAB-D-W4Mo03 NWs.
Firstly, pure W4;Mo003; NWs were prepared, and the surfactant
cetyltrimethylammonium bromide was added to avoid product ag-
gregation. Then, W4;Mo03; NWs with abundant O vacancies were
acquired via annealing under an H, atmosphere. The local atomic
structure is changed and abundant oxygen defects are formed in
W4Mo03 owing to the reducibility of H,. These defect sites pro-
vide more active sites for N, adsorption, and enhance the electron
transport rate of the reaction. The improvement of catalyst nitro-
gen fixation performance is precisely owing to the large specific
surface area and the catalyst defects. In this article, the catalyst
samples before and after annealing are named CTAB-W4Mo03; and
CTAB-D-W4Mo05 [24].

The crystal structures of CTAB-D-W4Mo03; and CTAB-W4Mo005
were tested by X-ray diffraction (XRD) (Fig. 1b). The precursor
(CTAB-W4Mo03) is mainly composed of MoO3 (PDF #47-1320) and
WO;3 (PDF #33-1387). After annealing, CTAB-D-W4Mo03 is mainly
composed of MoO, (PDF #32-0671) and WO, (PDF #32-1393).
Although masked by stronger dioxide peaks, peaks of MoO3 and
WO5 are still present, suggesting the formation of oxygen vacan-
cies following calcination. In contrast, the XRD pattern of CTAB-
H-W4Mo0s5 is similar to that of CTAB-W4Mo00; except for the dif-
ference in peak intensity, which further confirms the existence of
oxygen vacancies in the catalyst (Fig. S1 in Supporting informa-
tion). For Raman spectra (Fig. 1c), it can be seen that the charac-
teristic peaks of CTAB-W4Mo03; and CTAB-D-W4MoOs are similar.
The bands at 712 and 821cm! correspond to the stretching mode
of M-O-M (M represents metal). The bands at 326 and 263 cm’!
are ascribed to the O-M-O bending mode, suggesting the pres-
ence of metal oxides in the catalysts [32]. Yet, the relatively wide
peak of CTAB-D-W4Mo0; indicates the possibility of O vacancies
in W4MOO3 [24]

The survey X-ray photoelectron spectroscopy (XPS) spectrum
of CTAB-D-W4Mo0O3 (Fig. S2 in Supporting information) shows
the presence of W, Mo, and O elements in the sample. Fig.
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Fig. 2. (a) Scanning electron microscope (SEM), (b) TEM, (c) high resolution trans-
mission electron microscope (HRTEM), and (d) corresponding EDS elemental map-
ping images of CTAB-D-W4Mo05.

S3a (Supporting information) shows the W 4f spectrum of CTAB-
D-W4Mo0O3 and CTAB-W4Mo03; nanowires. CTAB-D-W,4Mo0O3 not
only has peaks of W6+ (35.80 and 38.12 eV, 40.57 eV-satellite peak),
but also peaks of W°* (35.17 and 37.31eV) and W*t (32.76 and
34.88 V) [33]. This is because W+ undergoes the reduction of ox-
ide during heat treatment in H, atmosphere, forming O vacancies
in the catalysts [34]. Similarly, in the Mo 3d spectrum (Fig. S3b
in Supporting information), the peaks at 231.93 and 235.37 eV are
ascribed to Mo®+ 3ds, and 3djp,, respectively, while the peaks
at 229.15 and 232.59eV correspond to Mo**+ 3dsp, and 3ds), re-
spectively [35]. The O 1s spectrum in Fig. S3c (Supporting infor-
mation) further indicates the formation of oxygen vacancies. The
main peak at 530.28 eV is attributed to the oxygen metallic bond
of O-W or O-Mo [36]. Importantly, another peak is clearly observed
at 531.82 eV, corresponding to oxygen vacancies [36]. Furthermore,
the peak at 533.26eV is ascribed to the C-O bond [24]. As shown
in Fig. S3d (Supporting information), the electron paramagnetic
resonance (EPR) signal intensity of CTAB-D-W4Mo03 NWs is signif-
icantly higher than CTAB-W4Mo03; NWs, suggesting the presence
of vacancies in CTAB-D-W4Mo03; NWs. For CTAB-D-W,4Mo0O3; NWs,
the noticeable signal with a g value of 2.002 is caused by oxygen
vacancies. Combined with XPS analysis, the existence of oxygen va-
cancies in the prepared CTAB-D-W4Mo003; NWs can be confirmed.

As shown in Fig. S4 (Supporting information), the precur-
sor of the hydrothermal product CTAB-W4Mo00O5; presents the
nanowire morphology. After annealing, CTAB-D-W4Mo00 preserves
the nanowire structure (Fig. 2a). The transmission electron mi-
croscope (TEM) image further confirms this observation (Fig. S5
in Supporting information), and the diameter of the nanowire is
about 20nm (Fig. 2b). In addition, the 0.18 nm lattice fringe cor-
responds to the (101) crystal plane of W03, or MoOs_, (Fig. 2c).
Moreover, the energy dispersive spectroscopy (EDS) elemental
mapping images show that Mo, W, and O are uniformly distributed
across the nanowires (Fig. 2d). The contents of Mo and W in cata-
lyst were measured by inductively coupled plasma mass spectrom-
etry (ICP-MS) (Table S1 in Supporting information).

The NRR activity of CTAB-D-W,4Mo0O3 was further evaluated in
an H-type electrolytic cell containing 0.1 mol/L Na,SO,4. Consider-
ing that there may be a few NOy impurities in the electrolyte, we
first detect NO3~ and NO," in the electrolyte before and after in-
troducing N, for 30 min. The corresponding UV visible spectrum is
shown in Fig. S6 (Supporting information). The presence of NO3"
and NO,™ is not found, suggesting that the experimental results
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Fig. 3. (a) NHj3 yields and FEs of CTAB-D-W,4Mo005 at a series of potentials. (b) UV-vis absorption spectra of 0.1 mol/L Na,SO, after 2 h electrolysis on CTAB-D-W4Mo0s. (c)
NH; yields and FEs of CTAB-D-W,Mo0; at —0.70V during recycling tests. (d) Time-dependent current density curves of CTAB-D-W;Mo0O3 for NRR at —0.70V. (e) NH; yields
and FEs of CTAB-D-W4Mo03; CTAB-H-W,;Mo0; and CTAB-W4Mo0s. (f) "H NMR spectra of the electrolyte after NRR using N, and “N, as the nitrogen source, respectively.

are not affected by impurity contamination. Watt/Chrisp and in-
dophenols blue method were used to gage the amount of possi-
ble by-product N,H4 and produced NHs3, and corresponding cal-
ibration curves were shown in Fig. S7 (Supporting information).
Firstly, CTAB-D-W4Mo00O3 samples were tested in N, and Ar satu-
rated 0.1 mol/L Na,SO4. From Fig. S8 (Supporting information), it
can be seen that the current density of CTAB-D-W4Mo003 sam-
ple in Nj-saturated 0.1 mol/L Na,SO4 shows a significant differ-
ence from that in Ar-saturated electrolyte, mainly due to the pres-
ence of nitrogen reduction reaction. Subsequently, a further sys-
tematic study was conducted on the electrocatalytic NRR perfor-
mance of CTAB-D-W4Mo0O3; samples in 0.1 mol/L Na,SO4 within
—0.6V to —0.8V vs. RHE. Fig. 3a shows the average ammonia pro-
duction rate and Faraday efficiency of CTAB-D-W4Mo0O3; samples
running chronoamperometry testing for 2h, calculated according
to formulas. Fig. 3b shows the UV-vis absorption spectra of the
electrolyte at each potential after staining with indophenol blue in-
dicator for 2 h, suggesting that the electrocatalytic NRR process can
occur within —0.6V to —0.8 V. For the CTAB-D-W,4Mo0; catalyst, it
can be observed that as the potential gradually becomes negative,
the NH3 production rate presents a trend of first increasing and
then decreasing, achieving the maximum NHs3; production rate at
—0.70V, reaching 60.77pg h"! mg!c... The Faraday efficiency (FE)
gradually decreases with the decrease of potential, with the high-
est FE at —0.60V of 56.42%. This phenomenon is attributed that
under a relatively negative applied potential, protons occupy more
active sites, so that competitive hydrogen evolution reaction oc-
cupies the dominant position, which hinders the adsorption of N
molecules on the surface of the catalyst.

Due to the peak ammonia production rate of CTAB-D-W4Mo03
catalyst at —0.70V, the durability of this catalyst material was fur-
ther studied at this potential. The chemical stability and durabil-
ity of CTAB-D-W4Mo0O5 catalyst were evaluated by cyclic and long-
term electrolytic tests respectively. Five cycle tests were conducted
at —0.70V, and there was no obvious fluctuation in ammonia pro-
duction rate and Faraday efficiency (Fig. 3c), which proved that
CTAB-D-W4Mo053 catalyst had excellent electrochemical stability.
Meanwhile, a long-term electrocatalytic nitrogen reduction process
was conducted at —0.70V for 18 h, during which the current den-
sity did not significantly decrease (Fig. 3d), further demonstrating
the good durability of the catalyst. The SEM and EDS mapping
images of the CTAB-D-W4Mo0s catalyst after long-term testing
showed that the morphology of the catalyst is relatively intact and
there is no obvious change (Figs. S9 and S10 in Supporting infor-
mation). In addition, according to the time-varying curves of cur-

rent density at different potentials, it can be seen that the current
density keeps on stable within —0.60V to —0.80V, indicating the
good stability of the catalyst (Fig. S11 in Supporting information).

CTAB-W,4Mo03 nanowires without oxygen vacancies and CTAB-
H-W4Mo00O3; nanowires under N, calcination were prepared as
comparison samples, respectively, and the NRR properties were
measured. The ammonia production rate and FE of CTAB-W4Mo00;
(20.26pg h''mg'ey and 171%) and CTAB-H-W,4Mo0O; (32.85
ng h''mgle,e and 18.78%) (Fig. 3e) were both significantly
lower than those of CTAB-D-W4Mo0; NWs (60.77pg h"! mg 1
and 32.25%), and superior to most typical catalysts (Table S2
in Supporting information). Furthermore, In the electrochemical
impedance spectroscopy (EIS) test results (Fig. S12 in Supporting
information), the impedance radius of CTAB-D-W4Mo003 catalyst
containing oxygen defects is significantly smaller than that of
CTAB-W4Mo003, indicating that CTAB-D-W4Mo0O3; has a faster
surface electron migration rate and can realize electron transfer.
To further confirm the origin of NH3, the >N isotopic test was
conducted on CTAB-D-W4Mo00s3. As shown in Fig. 3f, a triple peak
corresponding to N, and a double peak at >N, appeared, con-
firming that the ammonia originated from the supplied nitrogen.
The excellent performance of CTAB-D-W4Mo0O5 catalyst is further
demonstrated by the use of two ammonium detection methods
(Nessler’s reagent method and Indophenol blue method, Fig. S13
in Supporting information).

In comparison of the absorbance of the electrolyte before and
after the reaction, no by-product NyH4 is found, further indicat-
ing that CTAB-D-W,4Mo0j3 catalyst has excellent selectivity (Fig. S14
in Supporting information). To exclude contamination of the elec-
trolyte itself, we first detect NH4* in the electrolyte before and
after introducing N, for 30 min. The corresponding UV-vis spec-
trum is shown in Fig. S15a (Supporting information). The presence
of NH4™" is not found, suggesting that the experimental results are
not affected by impurity contamination. Fig. S15b (Supporting in-
formation) shows the UV-vis absorption spectrum of the 2 h elec-
trolysis process at —0.70V vs. RHE without catalyst loading on the
working electrode. It can be seen that there was no NH3 genera-
tion during this process, indicating that the CTAB-D-W4Mo0s cat-
alyst catalyzed the generation of ammonia. In addition, to check
that all NH; measured in the cathode chamber after the experi-
ment was generated by the electrocatalytic nitrogen reduction pro-
cess, electrocatalytic nitrogen reduction tests were conducted in
Ar-saturated (—0.70V) and N,-saturated (at an open circuit poten-
tial) electrolyte. Figs. S15¢ and d (Supporting information) show
the corresponding UV-vis absorption spectra under two test con-



J. Zhang, M. Sun, J. Ren et al.

(),
= Alternating
S & —— Distal
0=\
2 \w
a —_—— e —
5al *N-N *N-NH ~|\u.|\n\\
- W,
) \ \w —
8 3 VK g (o)
2 “4r *NH-NH,\ S—1
= = l
% NH,  oNg,
(b) Reaction coordinates
&l —— CTAB-D-W,MoO,
S —— CTAB-W,MoO,
2 —
= '
g tet = w
*N-N *N-NI *NH-NH \ = —_
g_z_ S T Do e
e\ X m
2 ANH-NH, * e \ /gy
=4 NH,-NH, — i 71Ny
= gy —ry
w el
g *NH,

Reaction coordinates

Fig. 4. (a) Reaction free energy pathways of NRR on CTAB-D-W,Mo0s. (b) Free en-
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ditions, indicating that NH3 was not detected under either condi-
tion. This result indicates that all previously detected NH3; comes
from the NRR process. All the blank control experiments men-
tioned above have confirmed that the generated NH; comes from
the electrocatalytic NRR process carried out by introducing nitro-
gen gas, rather than interference from the environment, reactor, or
reactants.

DFT calculations are used to examine possible NRR pathways
on CTAB-D-W4Mo03 (Fig. 4a). It can be seen that after the first
step of hydrogenation, the *N-NH intermediate can be further
hydrogenated through distal and alternative pathways, respec-
tively. According to the Gibbs free energy diagram, the potential-
determining step (PDS) of both pathways is *N-NH — *NH-NH. Due
to the tendency of the alternative pathway towards lower en-
ergy (0.19/0.47 eV), the second hydrogenation step is achieved by
the alternative pathway. The optimized geometries and the corre-
sponding free energy changes of each step for CTAB-D-W4Mo0;
and CTAB-W4MoOs3 are shown in Fig. 4b. For the first step of hy-
drogenation (*N-N—*N-NH), the process on CTAB-D-W4Mo0Os5 is a
downhill pathway with AG=-0.15¢eV, significantly lower than the
process on CTAB-W4Mo003; (AG=1.90eV), thus facilitating the fur-
ther progress of the NRR process. Therefore, we conclude that the
introduction of O vacancies in CTAB-D-W4Mo0j3 can reduce the en-
ergy barrier formed by the intermediate of *N-NH, facilitate the ac-
tivation and further hydrogenation of *N-N, promote the NRR pro-
cess, and improve the NRR performance.

In conclusion, the well-defined W4MoOs nanowires rich in OVs
(CTAB-D-W4Mo005 NWs) are constructed and prepared with the as-
sistance of surfactant CTAB. CTAB-D-W4Mo003 NWs exhibit a high
activity and selectivity with an NHj3 yield of 60.77pg h'! mgcat.
at —0.70V and a FE of 56.42% at —0.60V, outperforming CTAB-
W,4Mo0O3; NWs (NH; yield: 20.26pug h'! mg1cae; FE: 17.1%). Mean-
while, CTAB-D-W,4Mo0O3; NWs also show excellent electrochemical
stability. The outstanding NRR performance of CTAB-D-W4Mo0O;
NWs is primarily ascribed to the customized electronic struc-
ture, rich active sites, high conductivity and large specific surface
area. DFT calculations confirm that the introduction of O vacan-
cies in CTAB-D-W4Mo03 reduces the energy barrier formed by the
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intermediate of *N-NH, which facilitates the activation and fur-
ther hydrogenation of *N-N, promotes the NRR process, and im-
proves the NRR performance. This study provides a rational design
of high-performance electrocatalysts.
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