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Electrochemical nitrogen fixation under ambient conditions is promising for sustainable ammonia
production but is hampered by high reaction barrier and strong competition from hydrogen evolution,
leading to low specificity and faradaic efficiency with existing catalysts. Here we describe the activation
of MoS,
heterostructured 1T/2H-MoS, monolayer via reduction and phase transformation. The resultant catalyst
exhibits intrinsic activities for electrocatalytic N,-to-NHs conversion, delivering a faradaic efficiency of
20.5% and an average NHsz rate of 93.2 ng h?t mgca(l. The interfacial heterojunctions with sulfur
vacancies function synergistically to increase electron localization for locking up nitrogen and
suppressing proton recombination. The 1T phase facilitates H-OH dissociation, with S serving as H-

in molten sodium that leads to simultaneous formation of a sulfur vacancy-rich

shuttling sites and to stabilize Hy. The H.4 subsequently couple with nearby N, and NH, intermediates
bound at Mo sites, thus greatly promoting the activity of the catalyst. First-principles calculations
revealed that the heterojunction with sulfur vacancies effectively lowered the energy barrier in the
potential-determining step for nitrogen reduction, and, in combination with operando spectroscopic
analysis, validated the associative electrochemical nitrogen reduction pathway. This work provides new
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1. Introduction

Ammonia, a vital chemical feedstock with high energy density
(e.g., 3 kWh kg™, 4.3 kWh h™ "), is of great importance to the
agricultural industry and clean energy exploration. Commercial
industrial NH; synthesis is dominated by the Haber-Bosch
process with harsh synthetic conditions, which consumes 1-2%
of global energy production and results in carbon dioxide
emissions.™” This can be potentially replaced by direct electro-
chemical nitrogen fixation to ammonia using renewable
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electricity as an attractive ‘carbon-neutral’ alternative strategy.**
However, current heterogeneous electrocatalysts have very
limited activity to activate nitrogen molecules due to their
chemical inertness (dissociation energy of the N=N triple
bond: 940.95 k] mol ™). As a result, electrocatalytic nitrogen
conversion typically operates via high overpotentials and under
potentials that are well below the hydrogen evolution reaction
(HER). Unfortunately, the HER typically exhibits fast kinetics in
aqueous solutions and the selectivity towards NH; is still far
from being competitive with that of the Haber-Bosch process.
In addition, ambient ammonia contamination during catalysis
is significant and inevitable, thus leading to it also being diffi-
cult to detect ammonia generated by the nitrogen reduction
reaction (NRR) accurately. So, the effect of ambient ammonia
contamination also needs to be identified in as much detail as
possible.>® Further advances on novel catalyst design and
fundamental understanding regarding the multi-step transfer
of electrons and protons during nitrogen hydrogenation are
required to overcome the limitations of existing nitrogen
reduction electrocatalysts such as slow kinetics and high energy
barrier.”*°

Transition metal dichalcogenides with tunable electronic
properties have attracted wide attention and have been exten-
sively exploited in electrocatalysis."** Of them, inspired by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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natural metalloenzymes, such as Mo-dependent nitrogenase,
MosS, exhibits very similar constituent elements and is viewed
as a very promising nitrogen functionalization catalyst.”>™ In
this regard, the low-coordinated Mo atoms at the edge sites are
generally accepted as the nitrogen reduction catalytic centers
for activating N, molecules. The abundant saturated coordina-
tive atoms in the base planes, on the other hand, are inactive
and the overall catalytic efficiency is severely slowed by a defi-
ciency of active sites on the basical plane.*® To this end, defect,
phase and strain engineering have been explored to boost the
intrinsic activity of MoS, catalysts.***>* However, their poor
conductivity and inert basal planes result in NH; yield rates that
are generally less than 50 ug h™' mg.,. !, such as 13.09 pg h™*
mg.,. = for MoS, nanosheets and 29.28 ug h™' mg. ' for
defect-rich 2H-MoS, nanoflowers.”® By far, 2H-MoS, is the most
studied material, but its trigonal prismatic Mo coordination
leads to fully occupied d,> and empty d,y, d,>_,» orbitals, making
them intrinsically less active. On the other hand, the metastable
1T phase MoS, has octahedral Mo coordination that splits the
4d? orbitals of Mo*" into e; and t,, orbitals and could be more
attractive as partially occupied t,, orbitals provide mechanisms
to overlap with N, and form strong ¢ bonds and transfer elec-
trons to the anti-bonding molecular orbital of N, for lowering
the barrier associated with initial activation.?>® In addition, the
Mo-Mo distance, potentially adjustable via doping or crystal
defects, could be further employed to modulate Mo-N interac-
tion for nitrogen conversion. Multi-functional heterojunctions
that strengthen nitrogen adsorption and promote its activation
while suppressing hydrogen evolution represent a promising
direction for catalyst design.*® Notably, various research
endeavors have been devoted to the phase engineering of MoS,,
especially focusing on the transformation from the 2H to 1T
phase (such as the n-butyllithium intercalation approach) for
realizing metallic features with strong hydrophilicity. Besides
this, defect engineering is also an effective strategy to improve
the activity of MoS, base planes. The formation of sulfur
vacancies can become interstitials by lodging in nearby loca-
tions, which will greatly promote the charge distributions of
monolayer MoS, base planes.**** However, facile effective
experimental strategies by which to synthesize MoS,-based
catalysts with a tunable 1T/2H phase and sulfur vacancies have
not yet been identified.

Herein, we report a facile chemical conversion technique to
transform bulk MoS, via an amalgamated MoS,-Na method to
1T/2H-MoS, with engineered sulfur vacancies that exhibits high
intrinsic activity. The strong chemical interactions between
metallic Na and MoS, sites under molten Na states generate
~10% sulfur vacancies and the conversion of stabilized 1T
phases, realizing the activation of the basal plane. The final
heterostructured 1T/2H-MoS; ;o monolayer exhibits intrinsic
selectivity and yields excellent nitrogen fixation performance,
with an average ammonia formation rate of 93.2 pg h™* mgq *
at —0.4 V versus the reversible hydrogen electrode (RHE) and
a faradaic efficiency of 20.5% with remarkable long-term oper-
ation stability over 30 h. Specifically, it was identified that the
undercoordinated Mo regions and the intimate 1T/2H interfa-
cial heterojunctions with sulfur vacancies can lock up nitrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at localized hotspots, and phase transformation promotes H-
OH dissociation in mild electrolyte, whereas S sites serve as a H-
provider and are conducive to H,, stabilization, thus both
processes work synergistically to lower the nitrogen reduction
energy barrier in the potential-determining step and assist
selective N, transformation, further supported by density
functional theory (DFT) calculations.

2. Results and discussion

Fig. 1a illustrates our molten-Na-assisted intercalation and
subsequent chemical conversion approach for generating
abundant 1T/2H interfacial heterojunctions with sulfur vacan-
cies (SVs) starting from bulk MoS, (MoS,-H). Briefly, bulk MoS,
powder (Fig. S11) was infiltrated with molten Na metal and then
calcined under an Ar atmosphere (optimized at 120 °C). During
the blending process, the difference between the electron
affinity of MoS, (4.45) and the ionization potential of Na (5.12
eV) results the intercalation of Na into MoS, interlayers (MoS,
accepts electrons due to high electron affinity) to realize
reduction and phase control, producing an exfoliated nano-
sheet morphology.””** In addition, the intercalated Na atoms
generate Na-S bonds, and the large electronegativity difference
between the Na and S atoms facilitates the transfer of electrons
and induces the formation of SVs and a 1T phase (Table S1t).*°
Therefore, junction type MoS,-H/T monolayers could be
synthesized through a highly-scalable molten-Na-assisted
approach.

To confirm the phase transformation of the exfoliated MoS,-
H/T nanoplatelets, the morphology and lattice properties were
investigated by high resolution transmission electron micros-
copy (HRTEM). Fig. 1b-d show the microscopy images and
energy-dispersive X-ray spectroscopy (EDS) mapping of the
MoS; 79-H/T prepared under the optimal synthesis conditions of
120 °C and 10 min. The Mo and S are homogeneously distrib-
uted on the basal plane of the MoS, nanosheets. Fig. 1e presents
the junction where the 1T- and 2H-phases meet. The charac-
teristic crystalline lattice structures of the 1T- and 2H-phases
were clarified from the zoomed-in images (red and blue
frames) and the atomic arragenement profiles. The 1T-phase
region shows characteristic Mo-S octahedral coordination,
corresponding to the (100) plane of MoS, with two sulfur atoms
between neighboring molybdenum atoms (Mo-S-S-Mo),
whereas the 2H-phase region exhibits typical Mo-S trig-
onalprismatic coordination (Mo-S-Mo) (red line).*** The
monolayer nanosheet nature of MoS,-H/T was verified, with
a height of 1.05 nm in the atomic force microscopy (AFM) image
(Fig. 1f). In addition, the HRTEM image in Fig. 1g highlights the
1T- and 2H-phase heterojunctions within the basal plane of
MoS,-H/T. Moreover, aberration-corrected scanning trans-
mission electron microscopy (AC-STEM) was carried out to
disclose the atomic configurations of MoS,-H/T. Prominent
defect sites were observed in MoS,-H/T, as highlighted by the
red arrows in Fig. 1h. This evidence indicates that the SVs were
clearly generated after the molten-Na treatment.">*”**

Due to the formation of SVs, the atomic ratio of MoS,-H/T (x
= 1.59-2) with different molten-Na-assisted intercalation

Chem. Sci., 2022, 13, 9498-9506 | 9499
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Fig. 1 Schematic illustration of the catalyst synthesis and representative electron microscopy morphology. (a) Schematic illustration of the
preparation of MoS,-H/T. (b) TEM and the corresponding (c, d) EDS mapping analysis of MoS,-H/T sample, confirming the homogeneous
distributions of Mo and S. (e) TEM and HRTEM images of MoS; 79-H/T, showing the hybrid 1T-phase and 2H-phase domains. Zoomed-in images
of the 1T (red frame) and 2H (blue frame) phase regions in (e), showing the octahedral (1T) and trigonal-prismatic (2H) coordinated lattice
structure with corresponding atomic profiles, respectively. (f) Tapping-mode AFM image and the corresponding line scan of the MoS,-H/T film.
(9) HRTEM image of MoS; 79-H/T with pseudo color labelling. (h) Atomic-resolution HAADF-STEM images of MoS,-H/T with vacancies.

reaction times was quantified by inductively coupled plasma
atomic emission spectroscopy (see Table S1t). The molten-Na-
assisted intercalation and subsequent chemical conversion
and its effect on the MoS, phase were further verified by X-ray
diffraction (XRD) analysis. Fig. 2a presents the XRD peaks of
Na-intercalated MoS,. The (002) plane of pristine MoS, can be
observed at ~14°, which gradually widened (the full width at
half maximum was significantly increased from 0.2° to 1.1°)
during Na intercalation and hence suggests increased MoS,
interlayer spacing after Na intercalation. Meanwhile, the
diffraction signals of the (002) plane were blueshifted (from
14.1° to 13.2°) for MoS,-H/T relative to MoS,-H, indicating the
effective intercalation and phase transformation from 2H to 1T
in MoS,.*>** The phase control and molten-Na-assisted gener-
ation of SVs were investigated by conducting X-ray photoelec-
tron spectroscopy (XPS) measurements on the as-prepared
MoS,-H/T (Fig. 2b). Mo 3ds/, and 3ds/, peaks can be observed
at ~229.8 and ~232.9 eV, respectively, in the spectra of 2H-MoS,
(red areas), whereas for 1T-MoS, (green areas), these two peaks
appear at ~229.0 and ~232.1 eV (Fig. 2b), respectively. A similar

9500 | Chem. Sci., 2022, 13, 9498-9506

downshift in the binding energies of the 1T phase were iden-
tified from the S 2ps,, and S 2p4, signals (Fig. 2c), which arise at
~163.0 and ~164.1 eV in the spectra of the 2H phase, and at
~162.1 and ~163.4 eV for the 1T phase, respectively. These
downshifts in the 1T phase are attributable to the change in the
Fermi level induced by electron filling in the Mo d orbitals.***
Remarkably, the signals from the 1T phase (green areas) grad-
ually dominate the main composition with an increase in the
reaction time from 0 to 30 min, which comfirms that the
molten-Na-assisted process effectively transformed from 2H to
1T. Furthermore, in the XPS results, the phase compositions of
the 1T phase were calculated from 0 to 72%, indicating that the
proposed molten-Na-assisted intercalation approach success-
fully controls the 2H and 1T phases (Fig. 2d). As shown in
Fig. 2e, after molten-Na-assisted intercalation treatment, MoS,-
H/T shows different vibration modes in its Raman spectra. For
2H-MoS, (black line) two characteristic Raman peaks at
383 em™! (E;y mode, in-plane stretching) and 401 ecm ™" (A,
mode, out-of-plane vibration) arise from S-Mo-S. In addition,
during the molten-Na-assisted intercalation treatment, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Physical characterization of MoS, samples before and after molten-Na-assisted intercalation. (a) Selected XRD spectra of pristine and
treated MoS, samples. The clearly widened and blue shifted 26 peaks indicate that the Na intercalation expands the interlayer spacing of 2H- and
1T-MoS,. Comparison of the high-resolution (b) Mo 3d and (c) S2p XPS spectra of the different MoS, samples. (d) Relative fractions of the 1T
phase in the original and treated MoS, samples. (e) Raman spectra of the different MoS, samples as noted.

intensities of the Eég and A;; modes decrease dramatically,
meanwhile, the new Raman peaks at 280 cm * (E1g mode,
attributable to the octahedral coordination of Mo), 152 cm ™" (J;
mode), 201 cm ™! (J, mode) and 337 cm ™! (J; mode) indicate the
formation of the 1T phase. In particular, the amplification of
the Raman peaks at 383 cm ™' (E;; mode) and 401 em™" (A,
mode), and the gaps (Ak) between the two Raman peaks of A, to
E;, progressively decrease from 25 to 22, further demonstrating
that the Na intercalation process weakens the interactions
between neighboring MoS, layers along with the exfoliation of
the monolayers.*>**

Electron spin resonance (ESR) was utilized to quantify the
paramagnetic signals of MoS,-H/T and the formation of SVs
(Fig. 3a), in which the ~337 mT (g = 2.009) intensity reveals the
concentration of unsaturated sites with unpaired electrons.>
Notably, the pristine 2H-MoS, demonstrates a relatively low
signal intensity, which can be attributed to the inherent in-
plane and edge SVs. Remarkably, the MoS,-H/T exhibits
approximately 10 times higher signal intensity than pristine 2H-
MoS,, corroborating the formation of abundant SVs, which also
demonstrates that the SV concentration correlates well with the
1T phase. Temperature-programmed desorption (TPD) of
nitrogen was used to investigate the N, adsorption properties
(Fig. 3b). Pristine 2H-MoS, exhibits a Brunauer-Emmett-Teller
(BET) specific surface area of 33.2 m* g~ (Fig. $2) and inferior
N, physisorption and chemisorption. In particular, strong
correlation between physisorption/chemisorption and SV
density was observed. All of the MoS,-H/T groups display

© 2022 The Author(s). Published by the Royal Society of Chemistry

enhanced chemisorption and physisorption capability with
increased BET surface areas from 85.1 to 174.2 m® g~ * due to
their high SV concentration in the hybrid 2H/1T heterojunction
system. Thus, the density of interfacial heterojunctions plays
a vital role in strengthening the chemisorption. Among them,
MoS; ,o-H/T exhibits the highest chemisorption capacity, thus
the heterojunction and SVs can act as strong acitve sites to “lock
up” the nitrogen reactant for subsequent triple-bond dissocia-
tion. In addition, the Fourier-transform infrared (FTIR) spectra
exhibits an obvious blueshift for the resonance peak from
adsorbed nitrogen species from 2365 to 2358 cm ™' after Na-
assisted intercalation (Fig. 3c), suggesting the enlongation of
the N=N triple bond length when adsorbed on the MoS,-H/T
catalyst.*® Therefore, we conclude that the abundant localized
electron induced by heterojunction and SVs in MoS,-H/T could
better activate the N=N triple bond to accelerate the catalysis.

Fig. 3d and e compare the hydrogen evolution reaction (HER)
activities and kinetics of the pristine MoS, and MoS,-H/T. As
expected, pristine MoS, is a poor HER catalyst with an onset
potential of ~—0.5 V vs. RHE and a high Tafel slope of 190 mV
dec™ due to its non-defective basal planes featuring few active
sites.**** The MoS,-H/T catalysts, on the other hand, exhibited
enhanced HER activities, and in particular, MoS; 59-H/T
exhibits the best performance (with an onset overpotential of
~—0.3 Vvs. RHE and a Tafel slope of 93 mV dec '), highlighting
the advantages of the 1T phase. Meanwhile, the electrochemi-
cally active surface areas (ECSA, Fig. S31) of MoS,-H/T were
analysed and compared to reveal the electrochemical properties

Chem. Sci., 2022, 13, 9498-9506 | 9501


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03804h

Open Access Article. Published on 25 July 2022. Downloaded on 10/18/2025 10:33:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
a b C
—— MoS,-H N N
= MoS, o HiT g Iif
— MoS, ,-HIT N I'N
T MoS, ,-HIT MWM%/
? 3 T M8, T 3 ; MoS, . -H/T
S | Physisorpti 5 ; oS, _-
3 a | Tsomton MoS, ,-HIT 8 hvnmmmatn e I A Fonen
S 2 Chemisorption = Aol MoS, HIT
> ® 8 | et T
3 5 g
5 E £ I MoS, HIT
= H \
! Mos, -HT
L
L . . A . . . . ; . .
194 196 198 200 202 204 206 100 200 o ..300 400 340 2350 2360 2370 2380
g factor Temperature ("C) Wavenumber (cm™)
@ 600 fo0.24
0
4
190 mV dec ECSA (cm?)
2 ) - < MoSH 18.8
e P ;500 o 161 mV dec } -50,18 [ @ Mos, HT 332
: € 144 mV dec < @® MoS -HT 413
—— MoS,H = E .
E 6l B 5 BTV idac £ ® MoS ,-HT 569
2 T Mos, T 400l | Zpial @ Mos T 573
2 —— MoS, ,HIT 3 1M13mVdec’| 2 MoS, HT 581
S -8l g 5 150
9 —— MoS,__-HIT ° °
-— > c
S0l —— MoS, HIT o) ® 2
g 166 o o® E
5 MoS, -H/T 300 o 00 3008+
®
B2} e0®
@ ]
14}
L L L L 200 1 L 0.00 L L L . L L L L
-1.0 0.0 - 0.0 0 20 40 60 80 100 120 140 160

-0.8 -0.6 -0.4 -0.2
Potential (V vs RHE)

-1.0 05
Log[Current density (mA cm™)]

Scan rate (mV's™)

Fig. 3 Structural and primary electrochemical characterization of the different catalysts. (a) ESR spectra. (b) N, TPD curves of the different MoS,
samples as noted. (c) FTIR spectra of N, adsorption on the different MoS, samples. (d) LSV curves and (e) the corresponding Tafel slopes of the
different MoS, in Ar-saturated electrolyte. (f) Comparison of the electrochemical surface areas of the different MoS, samples.

of the different electrocatalysts. MoS; 5o-H/T exhibited the
highest ECSA value (58.1 ¢cm?), suggesting that it contains
abundant active sites, owing to its higher 1T-phase content,
providing a favorable platform for electrocatalytic activity.
MoS; 5o-H/T displays the lowest charge transfer resistance,
which should be attributed to its high metallic 1T phase content
(Fig. S47). In addition, we can see from Fig. 3f that the mono-
layer catalyst shows a very similar ECSA value and that the 1T/
2H interfacial junctions could have a positive effect on
promoting both the NRR and HER kinetics."”>**¢

The resultant MoS,-H/T catalysts were deposited on carbon
paper working electrodes and employed for the NRR in a three-
compartment cell under ambient conditions (Fig. S5f). The
NRR performance was evaluated by quantifying the generated
NH; via the indophenol blue method (Fig. S6f), and the
possible formation of byproduct (N,H,) was also quantified
using the Watt and Chrisp method.*” Fig. 4a shows the faradaic
efficiencies (FEs) of the different MoS,-H/T catalysts at various
potentials, of which MoS; ;o-H/T exhibits the highest average
NH; yield rate and FE of 93.2 pg h™' mg., ' and 20.5% at
—0.4 V vs. RHE, respectively, much higher than that of pristine
2H-MoS, (FE: 0.5%) and the other MoS,-H/T catalysts (FEs from
3.2 to 11.5%), implying that the 1T phases and SVs mainly
promote the electrocatalytic NRR performance. It is worth
mentioning that, due to the competing HER, the FEs of the
catalysts significantly decreased when the applied potential was
lower than —0.5 V. Moreover, as illustrated in Fig. 4b, the linear
sweep voltammograms (LSVs) show a gas-dependent response
for the MoS; ,o-H/T catalyst (the electrolyte was purged with N,
or Ar for 30 min before measurements). Compared to the Ar

9502 | Chem. Sci, 2022, 13, 9498-9506

measurements, the N, LSVs displayed evidently higher cathodic
currents, especially after —0.26 V vs. RHE, indicating the cata-
Iytic reduction of N,. In addition, the MoS; 5o-H/T catalyst
exhibits a relatively poor HER activity under an Ar atmosphere
(with a Tafel slope of 128 mV dec™ ") and could be beneficial for
efficient N, reduction. In comparison, a decreased Tafel slope of
114 mV dec™* was achieved in a N, saturated environment,
indicating that the N, electrochemical processes accelerate the
interfacial H,; generation and/or removal. Considering the
competitive relationship between the HER and NRR, the
difference in the Tafel slopes under Ar and N, diminished when
the applied potential was lower than —0.77 V, indicating
dominant *H adsorption and suppressed *N, adsorption under
high overpotentials. It should be noted that at the highest
potential, more protons occupied the active sites and dominate
proton reduction, seriously impeding the yield of the NRR.
Further, the ammonia yields were 4.96, 26.2, 93.2, 84.9, and 36.7
pg h™ ' mge, !, with FEs of 9.7%, 17.6%, 20.5%, 8.1%, and 2.2%
at —0.20, —0.30, —0.40, —0.50, and —0.60 V vs. RHE (Fig. 4d, S7-
S8,1 average experimental values), respectively. In addition,
none of the N,H, by-products were observed in the cycled
electrolyte (Fig. S97), thus further confirming the high selec-
tivity of the monolayer catalyst. The highest NH; yield rate and
FE reached 93.2 pg h™' mg., ' and 20.5% at —0.4 V vs. RHE,
respectively. The normalized LSV results (Fig. S10t) again
confirmed the synergistic function of the 1T phase and SVs for
facilitating nitrogen activation and conversion, especially in
comparison with the pristine MoS,. The MoS; ;o-H/T monolayer
catalyst possesses the most catalytic active sites for the NRR.
And the highest activity of MoS; ;o-H/T catalyst under our

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ambient electrochemical NRR activity of the MoS,-based monolayer catalyst. (a) Average FEs of the different MoS, samples at different

applied potentials. (b) LSV curves of MoS; 79-H/T in Ar- and N,-saturated

electrolyte at a scan rate of 10 mV s™%, and (c) the corresponding Tafel

slopes of the MoS; 79-H/T electrode. (d) Average NHs yields and FEs of MoS; 79-H/T at different applied potentials. (e, f) FTIR spectra from —0.2 to
—0.6 V vs. RHE for MoS; 7o-H/T using Ar or N, as the feed gas. (g) *°N isotope labeling experiment. The integrated peak areas associated with
¥NH,* and *®*NH,4* are proportional to the initial ratio of the 1*N,/**N, feed gas.

testing conditions, when normalized to the electroactive surface
area, was 0.491 pg h™'-cmgcga 2. Importantly, the catalyst
exhibited an appreciable FE of 0.43% at an almost thermody-
namic equilibrium potential of 0 V vs. RHE, indicating highly
active catalysts in comparison with previously reported work.

Fig. 4e and f exhibit the FTIR spectra of MoS; 5o-H/T in Ar-
and N,-saturated 0.1 M Na,SO, solution at room temperature
and —0.2 to —0.6 Vvs. RHE. Different from the spectra under Ar,
the spectra under N, have additional peaks at 1317 and
1461 cm™ ' corresponding to H-N-H and -NH, vibrations.
These results show that —NH, intermediates were indeed
generated on MoS; 5o-H/T during the NRR. An isotopic '°N
labeling experiment was conducted to confirm the origin of the
nitrogen resources (Fig. 4g). With "N and an Ar feed gas, the
obtained doublet pattern in the *H NMR spectra can be attrib-
uted to '*NH,". The ratio of the “NH,"/">°NH," products is
proportional to the initial feed gas ratio of '*N,/*’N, (1.86 vs.
2.00), showing that the product originates electrocatalytic N,
gas reduction rather than the contamination and/or decompo-
sition of the catalysts.*’** In addition, the almost linear corre-
lation between the NH; concentration and electrolysis duration
further demonstrate that MoS; so-H/T is a stable catalyst for
electrochemical nitrogen fixation (Fig. S117). The slightly
decreased ammonia formation rate can be ascribed to the
changes in pH (the pH change of the electrolyte was from 6.36 to
9.11 within 30 h) or the accumulation of formed ammonia that
slightly modifies the thermodynamic equilibrium potential for
NH; formation, thus making it impossible to apply a constant
driving force for nitrogen fixation.*

© 2022 The Author(s). Published by the Royal Society of Chemistry

Electrochemical in situ Fourier-transform infrared (FTIR)
spectroscopy was employed to monitor the complex nitrogen
reduction pathway. Fig. 5a shows the catalyst interfacial FTIR
spectrum at —0.4 V vs. RHE for 4000 s in N,-saturated electrolyte.
The resonance peak at 1110 cm ™' can be assigned to the N-N
stretching of adsorbed N,H, (1 = x =< 4) species, with the peak
intensity increasing with increasing reaction time.*>** This clearly
reflects that the N=N triple bond is cleaved into a single bond
within the catalyst/electrolyte interface. Notably, extra peaks that
increased with the reaction time were observed, located at 1320
and 1465 cm ', corresponding to H-N-H bending and -NH,
wagging,*® respectively. These results indicate the formation of
N,H, (1 = x =4) species on the MoS; ;o-H/T interface during the
associative nitrogen reduction process. In detail, the molecular
N, reactant is firstly locked on the surface of the heterogeneous
electrocatalyst, and then a proton is attached to dinitrogen to
form a -N=N-H bond, which initially activates the stable triple
bond. In the subsequent step, the further hydrogenation process
directs the formation of the -H-N=N-H intermediates. There-
after, along with the continuous electron transfer and hydroge-
nation, the -H-N=N-H intermediates were further weakened
and the double bond was cleaved to form -H-N-NH, species, and
finally NH; was formed on the surface of MoS; ;o-H/T under
ambient conditions.*** The MoS; ;o-H/T catalyst exhibits negli-
gible changes in FEs and ammonia yielding rates even after 30
continuous electrolysis cycles (Fig. 5b), indicating remarkably
stable catalytic activity. After 30 h of electrolysis, MoS, ;o-H/T still
maintains good electrochemical durability without apparent
current fluctuation (Fig. 5c and d). The high stability of the
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MoS; 7o-H/T monolayer catalyst was also further confirmed by compared in Fig. 5f, apart from the robustness of MoS; ;o-H/T
TEM (structure stability) and XPS (phase stability) after stability —towards nitrogen fixation, the performance of our monolayer
measurements, from which it is apparent that the catalyst still ~catalyst still surpasses those of previously reported MoS,-based
retains its initial monolayer structure without aggregation and materials, especially when considering the FEs and ammonia
the phase content does not change, as shown in Fig. 5e. Also, as  yield rates.>*3'-3%4-5
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To gain deeper mechanistic insights into the nitrogen
adsorption and conversion on the SV-rich heterojunctions of 2H/
1T-MoS,, first principle calculations based on DFT were carried
out to identify a feasible NRR pathway (bridge enzymatic-
alternating-hybrid pathway). The results of pristine 2H-MoS,, and
1T-MoS, were also used for comparision (Fig. S12 and S137). As
shown in Fig. 6a and b, the computed Gibbs free energy diagrams
demonstrate that 1T-MoS, adsorbs inert N, more strongly than
the 2H- and heterojunctions of the 2H/1T-phase at the Mo atom
(which existed in the heterojunctions and was neighbored by SVs)
with the energy for N-N — *N-N being —0.37 eV, —1.46 eV and
—1.10 eV for 2H/1T-MoS,, 1T-MoS, and 2H-MoS,, respectively.
The potential-determining step (PDS) was identified as the second
hydrogenation of *N-NH to produce *NH-NH for the 2H/1T-MoS,
catalyst, with the effective energy barrier (Ueg) values of —0.69 eV,
while the NH; desorption was the PDS for the 2H-MoS, catalyst,
and a related high PDS (—1.22 eV) was calculated for the 1T-MoS,
system. Besides this, the computed Gibbs free energy for N-N —
*N-N were —0.37 eV and —0.04 eV for Mo edges adjacent to SVs
and Mo-edges adjacent to sulfur atoms in 2H/1T-MoS,, respec-
tively, which demonstrated that Mo edges adjacent to SVs are
preferential to adsorb nitrogen molecules. The results illustrate
that the SVs and heterojunctions in 2H/1T-phase play a key role in
enhancing NRR activity, with a lower barrier in PDS toward NRR
than that of the 2H or 1T phases.”>*

The HER activity on the 1T, 2H and vacancy-rich hetero-
junctions of 2H/1T-phases were also explored as it is the major
competition to the NRR. As exhibited in Fig. 6¢ and d, the H
atom bound stronger to the Mo atom at the edge of the 1T and
2H phases with hydrogen desorption or combination as the
PDS, calculated as —1.16 eV and —0.76 eV, respectively. In
addition, the more negative energy of AG (N-N — *N-N) in
both 1T- and 2H-MoS, systems demonstrates that the Mo atom
at the edge of the 1T and 2H phases are mainly covered by
nitrogen adsorbate. However, in the 1T and 2H phases, the
higher PDS (|Ue (NRR-2H-MOS,) = —1.22| > |Ues (HER-2H-
MoS,) = —1.16| and |Ueg (NRR-2H-MO0S,) = —1.03| > |Uess (HER-
2H-MoS,) = —0.76]) inhibit the further NRR selectivity. In sharp
contrast, the first step and energy barrier of the Mo edges of the
2H/1T-phases of MoS, (—0.37 and 0.69 eV) during the NRR is
much lower than that of the HER process, which suggests that
the Mo sites at the heterojunctions of the 2H/1T-phases prefer
the NRR. Significantly, in S sites at heterojunctions of the 2H/
1T-phase reaction, the AG (H" — H*) = —0.70 €V is more
negative than that of Mo, the hydrogenated S sites at hetero-
junctions act as a H provider to stabilize H,; and promote the
transformation of H,, from § sites to adsorbed N, or nitrogen
reduction intermediates on nearby Mo.******> Therefore, SV-
rich heterostructured 1T/2H-MoS, can synchronously lower
the energy barrier of the PDS and stabilize H,4, resulting in
a reduction of the competition between the HER and NRR, thus
amplifying the selectivity and activity of the NRR.

3. Conclusions

In this contribution, based on molten-sodium-assisted inter-
calation, a new kind of vacancy- and phase-engineering strategy

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

was developed to prepare a multisite SV-rich heterostructured
1T/2H-MoS, monolayer catalyst. The formation of SVs and
a heterojunction induced by efficient transition from the 2H to
1T phase of MoS, change the local electron density and lower
the nitrogen reduction energy barrier in PDS associated with the
MosS, electrocatalyst. The resultant monolayer catalyst exhibits
intrinsic selectivities and achieves a faradaic efficiency of 20.5%
at —0.4 V vs. RHE and an average rate of 93.2 pg h™' mg.,. " for
electrocatalytic NH; generation. The monolayer catalyst oper-
ated stably over 30 h. This study shows fundamental insight
into the structure-property relationships of a SV-rich hetero-
structured MoS, electrocatalyst for practical application in the
conversion of nitrogen.
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