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with enriched S-vacancies for
highly efficient electrocatalytic N2 reduction: the
critical role of the Mo–Sn–Sn trimer†

Ke Chu, * Jing Wang, Ya-ping Liu, Qing-qing Li and Ya-li Guo
Vacancy engineering and heteroatom doping are two effective

approaches to tailor the electronic structures of catalysts for improved

electrocatalytic activity. Herein, these two approaches were rationally

combined to modulate the structure of SnS2 toward the N2 reduction

reaction (NRR) bymeans ofMo-doping, which simultaneously induced

the generation of enriched S-vacancies (Vs). The developedMo-doped

SnS2 nanosheets with enriched Vs presented a conspicuously

enhanced NRR activity with an NH3 yield of 41.3 mg h�1 mg�1 (�0.5 V)

and a faradaic efficiency of 20.8% (�0.4 V) and are among the best

SnS2-based NRR catalysts to date. Mechanistic studies revealed that

the co-presence of theMo dopant and Vs enabled the creation ofMo–

Sn–Sn trimer catalytic sites, capable of strongly activating N2 even for

the cleavage of the N^N triple bond to the N]N double bond at the

N2 adsorption stage, consequently leading to a downhill process of the

first hydrogenation step and a largely reduced energy barrier.
Dinitrogen (N2) xation to ammonia (NH3) is an essential
chemical process for the modern industrial society because NH3

is a widely used feedstock for various chemical products and is
also a promising carbon-free energy carrier.1 The electro-
chemical N2 reduction reaction (NRR) under ambient condi-
tions holds great promise for green and sustainable NH3

production,2 in stark contrast to the industrial Haber–Bosch
process which involves huge energy consumption and enor-
mous CO2 emission. However, the NRR process is largely
limited by the unsatisfactory NH3 production rate and low
faradaic efficiency (FE), stemming from the extremely stable
N^N bond, poor N2 adsorption/activation on the catalyst
surface and the competing hydrogen evolution reaction (HER).3

Exploring highly active electrocatalysts may hold the key to
mitigating these limitations and realizing high NRR efficiency.
Over the past three years, an increasingly large number of noble
metals,4–7 transitionmetal-based compounds,8–14 andmetal-free
g, Lanzhou Jiaotong University, Lanzhou

tion (ESI) available. See DOI:

f Chemistry 2020
materials15–19 have been designed as promising candidates
toward the NRR.

SnS2-based materials have shown great potential in elec-
trolysis applications, owing to their fascinating catalytic
performance, good stability, tunable electronic structures, and
2D morphology with largely exposed active edges.20 Recently,
SnS2 has been proved to be an attractive catalyst with favorable
NRR activity as well.21,22 Nonetheless, the reported NRR perfor-
mance of SnS2 materials is still far from satisfactory and
competitive with that of the state-of-the-art NRR catalysts. The
main bottlenecks are the poor NRR activation, i.e., the high
energy barrier for the rst hydrogenation step,22 and the low
intrinsic electrical conductivity, i.e., the inefficient proton-
coupled electron transfer process, even when employing
approaches such as growth of amorphous Sn on crystalline SnS2
nanosheets (FE: 6.5%)21 and construction of well-aligned SnS2
nanoarrays on porous Ni foam (FE: 11.2%).22 Thus, more effi-
cient methods are still needed to further enhance the intrinsic
NRR activity of SnS2.

As an effective strategy for electronic structure modulation of
the catalysts, vacancy engineering by introducing anion vacan-
cies into the catalyst lattice,23 such as oxygen vacancies (TiO2,24

WO3 (ref. 25) and MnO2 (ref. 26)), and nitrogen vacancies
(C3N4,27 VN28 and W2N3 (ref. 29)), provides unique active sites
for the effective adsorption and activation of dinitrogen. In
addition, heteroatom doping is another widely used method to
optimize the adsorption of NRR intermediates on catalysts and
promote the NRR reaction kinetics,30–33 which have been
demonstrated in V-doped TiO2,34 Fe-doped Ni2P35 and Mo-
doped MnO2.36 More importantly, heteroatom doping has
been recently conrmed to facilitate the generation of vacan-
cies, while the synergistic effect of dopants and vacancies leads
to a conspicuously enhanced NRR performance.37,38 For
instance, introducing Zr-dopants in TiO2 nanotubes has been
reported to favorably generate both enriched oxygen vacancies
and bi-Ti3+ pairs,38 and the bi-Ti3+ pairs serve as the dominant
active sites in facilitating the catalytic performance of the NRR
with an FE of 17.3%. Similar results and a more improved NRR
J. Mater. Chem. A, 2020, 8, 7117–7124 | 7117

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ta01688h&domain=pdf&date_stamp=2020-04-10
http://orcid.org/0000-0001-9126-9264
http://orcid.org/0000-0003-3700-7831
https://doi.org/10.1039/d0ta01688h
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA008015


Journal of Materials Chemistry A Communication

Pu
bl

is
he

d 
on

 2
4 

 2
02

0.
 D

ow
nl

oa
de

d 
on

 0
1/

11
/2

5 
14

:3
9:

49
. 

View Article Online
performance (FE: 25.6%) have been presented in Fe-doped TiO2

nanoparticles,37 where the combined effect of bi-Ti3+ pairs and
oxygen vacancies contributes to the substantially boosted NRR
activity. Inspired by these studies, it is anticipated that the NRR
performance of SnS2 may be greatly enhanced by the combi-
nation of vacancy engineering and heteroatom doping.

In this study, we rationally combined vacancy engineering
and heteroatom doping to regulate the electronic structure of
SnS2 by Mo-doping, which enabled the spontaneous generation
of enriched S-vacancies (Vs) as well. The developed Mo-doped
SnS2 nanosheets with enriched Vs exhibited a signicantly
enhanced NRR activity with an NH3 yield of 41.3 mg h�1 mg�1

(�0.5 V) and an FE of 20.8% (�0.4 V) and were among the best
SnS2-based NRR catalysts to date. Density functional theory
(DFT) calculations revealed that the co-presence of the Mo
dopant and Vs enabled the creation of Mo–Sn–Sn trimer active
sites that could strongly activate N2 and lower the reaction
energy barrier.

Mo-doped SnS2 (Mo-SnS2) nanosheets were directly grown on
CC via a facile hydrothermal method. Pristine SnS2/CC was also
prepared as a reference. The synthesis details are provided in
the ESI.† The obtained SnS2 and Mo-SnS2 nanosheets scraped
from CC were rst investigated by X-ray photoelectron spec-
troscopy (XPS). As shown in Fig. 1a, the deconvolution of the
Mo3d spectrum results in three well-resolved peaks of S2s
(226.4 eV), Mo4+3d3/2 (229.3 eV) andMo4+3d1/2 (232.7 eV) for Mo-
SnS2 nanosheets, which are absent in pristine SnS2 nanosheets,
indicating the successful Mo-doping in the Mo-SnS2 nano-
sheets. Fig. 1b shows the XRD patterns of SnS2/CC andMo-SnS2/
CC. Excluding the peaks of CC, both samples display a pure
hexagonal SnS2 phase (JCPDS no. 23-677) with no detectable
impurities. Obviously, all the peaks of Mo-SnS2/CC are much
weaker than those of SnS2/CC, indicating the lowered crystal-
linity of Mo-SnS2 caused by Mo-doping. The morphologies of
SnS2 and Mo-SnS2 nanosheets were further investigated by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM). The SEM
images show that bushy nanosheets are densely and vertically
anchored on the CC for both SnS2/CC (Fig. 1c) and Mo-SnS2/CC
(Fig. 1d). The nanosheet features can be further revealed by
TEM with the observation of clear wrinkles and corrugations on
SnS2 (Fig. 1e) andMo-SnS2 (Fig. 1f) nanosheets.39–41 The HRTEM
image shows that the pristine SnS2 nanosheets (Fig. 1g) possess
a high crystallinity as evidenced by the sharp lattice fringes with
a spacing value of 0.59 nm, assigned to the (001) facet of SnS2. In
contrast, blurred and discontinuous lattice fringes can be
observed in Mo-SnS2 nanosheets (Fig. 1h), indicating that Mo-
doping can remarkably reduce the crystallinity of Mo-SnS2
nanosheets, consistent with the XRD analysis (Fig. 1b). The
selected areas in Fig. 1h (A and B squares), when applying an
Inverse Fast Fourier Transform (IFFT) mask, display obvious
distortions and dislocations in the lattice fringes,42–44 suggest-
ing the existence of plentiful defects (i.e., vacancies) in Mo-SnS2
nanosheets, which rationalizes the reduced crystallinity of Mo-
SnS2. The scanning TEM (STEM) elemental mapping images
(Fig. 1i) reveal that considerable Mo dopants are uniformly
distributed on the entire surface of Mo-SnS2 nanosheets.
7118 | J. Mater. Chem. A, 2020, 8, 7117–7124
The vacancies existing in Mo-SnS2 nanosheets were further
investigated by a combination of XPS, electron paramagnetic
resonance (EPR) spectroscopy and DFT analysis. For both SnS2
and Mo-SnS2 nanosheets, the XPS Sn3d spectra (Fig. 2a) reveal
Sn3d5/2 (�486 eV) and Sn3d3/2 (�495 eV) states of Sn4+, and the
S2p spectra (Fig. 2b) reveal S2p3/2 (�161 eV) and S2p1/2 (�163
eV) states of S2�. With respect to those of the pristine SnS2
nanosheets, the Sn3d and S2p spectra of Mo-SnS2 nanosheets
are negatively shied by 0.4 and 0.3 eV, respectively, suggesting
the decreased valence state and increased electrons in Mo-SnS2
nanosheets caused by the presence of Vs.45 The existence of
enriched Vs in Mo-SnS2 nanosheets can also be directly veried
from the remarkably reduced atomic ratio of S/Mo from 1.88
(SnS2) to 1.62 (Mo-SnS2) derived from the XPS element analysis.
In the EPR spectra (Fig. 2c), the signal at g ¼ 2.001 represents
the electrons trapped in Vs. Compared to SnS2 nanosheets, Mo-
SnS2 nanosheets exhibit a much stronger EPR signal intensity,
suggesting a higher concentration of Vs,23 consistent with the
XPS results. To gain further insight, DFT was applied to predict
the Vs formation energy (Ef). As shown in Fig. 2d, the formation
of isolated Vs in SnS2-Vs requires a largely positive Ef (5.25 eV)
and thus is thermodynamically unfavorable. With the intro-
duction of theMo dopant (Fig. 2e), Vs can be favorably formed at
the Mo-adjacent site of Mo-SnS2-Vs with a signicantly reduced
Ef (�0.78 eV). Therefore, the DFT results concur well with the
XPS/EPR measurements and demonstrate that Mo-doping can
considerably lower the Vs formation energy and enable the
spontaneous generation of Vs in Mo-SnS2 nanosheets.

DFT calculations were used to further investigate the elec-
tronic structure of Mo-SnS2-Vs. From the electron contour maps
sliced along the (001) plane, it can be seen that more electrons
are accumulated in the Mo/Vs region in Mo-SnS2-Vs (Fig. 2g) as
compared to SnS2 (Fig. 2f), which is also conrmed by the
differential charge density (Fig. S1†). Upon N2 adsorption, it is
believed that these Mo/Vs-induced abundant accumulated
electrons can be easily transferred into the anti-bonding
orbitals of N2 molecules for the weakening and dissociation of
the N^N bond.46 Projected density of states (PDOS, Fig. 2h)
analysis indicates that SnS2 possesses a 0.64 eV bandgap
indicative of its semiconducting character. In contrast, the co-
presence of the Mo-dopant and Vs creates noticeable elec-
tronic states crossing the Fermi level, leading to the metallic
characteristics of Mo-SnS2-Vs and thus higher conductivity
relative to that of SnS2, which is favorable for the proton-
coupled electron-transfer process to boost the NRR kinetics.
Meanwhile, the calculated work function (Fig. 2i & S2†) indi-
cates that Mo-SnS2-Vs (5.513 eV) possesses a lower work func-
tion than SnS2 (6.758 eV), which suggests the higher capability
of Mo-SnS2-Vs for electron back-donation from its active sites to
the absorbed N2 and NRR intermediates,47–49 thus facilitating N2

adsorption, activation, and hydrogenation.
The electrocatalytic NRR performance of Mo-SnS2/CC as

a self-standing electrode was examined in N2-saturated 0.5 M
LiClO4 using a gas-tight two-compartment cell, as displayed in
Fig. S3.† An absorber was placed at the end of the cell to prevent
the loss of produced NH3 by N2 ow during the NRR test.50 All
potentials were converted into values versus the reversible
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) XPS Mo3d spectrum of SnS2 and Mo-SnS2 nanosheets scraped from CC. (b) XRD patterns for SnS2/CC and Mo-SnS2/CC. (c and d) SEM
images of (c) SnS2/CC and (d) Mo-SnS2/CC. (e and f) TEM images of (e) SnS2 and (f) Mo-SnS2 nanosheets. (g and h) HRTEM images of (g) SnS2 and
(h) Mo-SnS2 nanosheets (A and B are the corresponding IFFT images recorded from regions A and B in (h)). (i) STEM element mapping images for
Mo-SnS2 nanosheets.
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hydrogen electrode (vs. RHE), and the standard RHE was
experimentally calibrated using cyclic voltammetry curves in
a high-purity hydrogen saturated solution (Fig. S4†).36 The
concentration of generated NH3 was experimentally determined
by the indophenol blue method,51 while the concentration of
the possible N2H4 as a byproduct was measured by the Watt–
Chrisp approach.52 Their standard calibration curves are shown
in Fig. S5 and S6.† As displayed in Fig. S7,† N2H4 can hardly be
detected, implying a high NRR selectivity for Mo-SnS2/CC for N2-
to-NH3 conversion.

The polarization curves recorded by linear sweep voltam-
metry (LSV, Fig. 3a) show a higher current density in N2-satu-
rated solution than in Ar-saturated solution, suggesting the
feasibility of the NRR on Mo-SnS2/CC. Before the quantitative
evaluation of the NRR performance, a series of control tests
were preliminarily carried out to exclude the possible inuences
This journal is © The Royal Society of Chemistry 2020
from any nitrogen contaminants.53 The isotopic labeling
measurements based on 1H nuclear magnetic resonance (NMR)
were rst utilized to trace the origin of the N source, as shown in
Fig. 3b. Aer NRR electrolysis using 14N2 or

15N2 as the feed gas,
a triplet for 14NH4

+ (1JN–H¼ 52 Hz) or a doublet for 15NH4
+ (1JN–H

¼ 72 Hz) can be distinguished, respectively, whereas no labeled
14NH4

+ or 15NH4
+ can be found when using Ar as the feed gas. In

addition, UV-vis analysis (Fig. S8†) in an Ar-saturated solution,
or at open circuit, or on pristine CC does not produce a detect-
able amount of NH3.54–56 Furthermore, the time-dependent test
(Fig. S9†) shows that the produced NH3 increases linearly with
the electrolysis time, indicating that NH3 can be continuously
generated by NRR catalysis over Mo-SnS2/CC. We also employed
the ion chromatography (IC) technique to quantitatively deter-
mine the concentration of NRR-derived NH3. As depicted in
Fig. 3c and S10,† the IC measurement (1.27 mg mL�1) is very
J. Mater. Chem. A, 2020, 8, 7117–7124 | 7119
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Fig. 2 (a and b) XPS spectra of SnS2 and Mo-SnS2 nanosheets: (a) Sn3d and (b) S2p. (c) EPR spectra of SnS2 and Mo-SnS2 nanosheets. (d and e)
Optimized SnS2 structures with isolated Vs (SnS2-Vs) and Mo-adjacent Vs (Mo-SnS2-Vs), and the corresponding formation energies (Ef). (f and g)
Electron contour maps of the (001) slice for (f) SnS2 and (g) Mo-SnS2-Vs. The blue and red regions represent electron depletion and accu-
mulation, respectively. (h) PDOS of SnS2 and Mo-SnS2-Vs. (i) Calculated work functions of SnS2 and Mo-SnS2-Vs (Fig. S2†).
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close to the 1.15 mg mL�1 attained by the indophenol blue
method with a reasonable margin of experimental error.
Therefore, all these control experiments convincingly demon-
strate that the produced NH3 originates from the NRR.

The NRR performance of Mo-SnS2/CC was then quantita-
tively examined by the combination of chronoamperometry
testing with each cycle for 2 h of electrolysis (Fig. 3d) and UV-vis
analysis (average of three measurements) at various potentials.
The corresponding data of NH3 yield and FE are shown in
Fig. 3e. As observed, the NRR activity of Mo-SnS2/CC exhibits
optimum NRR performance with an NH3 yield of 41.3 mg h�1

mg�1 at �0.5 V and a faradaic efficiency of 20.8% at �0.4 V. As
shown in Table S1,† Mo-SnS2/CC is the best SnS2-based NRR
catalyst reported to date and compares favorably to most state-
of-the-art NRR catalysts. Nonetheless, the NRR performance
shows a sharp decline at more negative potentials, which is
attributed to the signicantly enhanced HER.57

We also assessed the NRR performance of undoped SnS2/CC
for comparison under identical conditions. As shown in Fig. 3f,
SnS2/CC possesses a more inferior NRR activity with the highest
NH3 yield of 10.6 mg h�1 mg�1 at �0.5 V, which is about one-
quarter that of Mo-SnS2/CC (41.3 mg h�1 mg�1), demon-
strating that Mo-doping is able to dramatically promote the
NRR activity of SnS2 nanosheets. To elucidate the NRR
7120 | J. Mater. Chem. A, 2020, 8, 7117–7124
enhancement observed in Mo-SnS2/CC, we determined the
electrochemically active surface area (ECSA) by measuring the
double-layer capacitance (Cdl). As shown in Fig. S11,† Mo-SnS2/
CC exhibits only a 1.3 times higher Cdl, but a �3.9 times higher
NH3 yield than SnS2/CC, suggesting that the ECSA is not the
primary factor and Mo-SnS2/CC is intrinsically more active than
SnS2/CC. In addition, as depicted in the electrochemical
impedance spectra (EIS, Fig. S12†), Mo-SnS2/CC delivers
a smaller charge-transport resistance than SnS2/CC, indicating
faster electron-transfer and enhanced NRR reaction kinetics of
Mo-SnS2/CC. This can be attributed to the synergistic role of the
Mo-dopant and Vs in improving the conductivity of Mo-SnS2, as
revealed by the DFT results (Fig. 2h). Therefore, the combined
Mo-dopant and Vs can bring about an improved conductivity
and elevated intrinsic NRR activity, resulting in signicantly
enhanced NRR performance of Mo-SnS2/CC.

We further evaluate the NRR stability which is another crit-
ical factor for practical applications.58,59 Chronopotentiometric
response measurements (Fig. 3g) reveal that the current density
over Mo-SnS2/CC presents a negligible degeneration for at least
20 h of continuous electrolysis, verifying the excellent long-term
stability. Besides, when conducting seven chronoamperometric
runs for Mo-SnS2/CC, there is no remarkable change in the UV-
vis spectra of the resultant electrolytes (Fig. S13†), nor in the
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) LSV curves of Mo-SnS2/CC in Ar- and N2-saturated solutions. (b) 1H NMR spectra of electrolytes after NRR electrolysis for 2 h on Mo-
SnS2/CC using 14N2,

15N2 or Ar as feed gases. (c) IC spectra of the electrolyte after NRR electrolysis on Mo-SnS2/CC for 2 h at �0.5 V (inset), and
the determined NH4

+ concentration of the electrolyte by referring to the calibration curve (Fig. S10†). (d) Chronoamperometry test results of Mo-
SnS2/CC for 2 h of NRR electrolysis at various potentials, and (e) the correspondingNH3 yields and FEs. (f) NH3 yields of SnS2/CC andMo-SnS2/CC
at various potentials. (g) Chronoamperometry test results of Mo-SnS2/CC for 20 h of NRR electrolysis. (h) NH3 yields and FEs of Mo-SnS2/CC for
seven cycles (each for 2 h of electrolysis at �0.5 V).
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resulting NH3 yield and FE data (Fig. 3h), conrming the good
cycling stability. Further, the morphology, crystal phase and
chemical bonding states of Mo-SnS2 nanosheets can be well
preserved aer the stability test, as evidenced by SEM/TEM
(Fig. S14†), XRD (Fig. S15†) and XPS (Fig. S16†) measure-
ments. The outstanding stability of Mo-SnS2/CC is believed to
originate from the strong atomic and electronic bonding of Mo-
dopants, 2D connement effect of the nanosheet structure,29

and direct nanosheet growth on CC with tight catalyst attach-
ment.31 Therefore, Mo-SnS2/CC has great potential as a prom-
ising catalyst for electroreduction of N2 to NH3 with a favorable
NH3 production rate and robust stability.

DFT calculations based on the energetically stable Mo-SnS2-
Vs structure (Fig. 2e) were further performed to gain deep
insights into the synergistic role of the Mo-dopant and Vs in
facilitating the NRR. In view of N2 adsorption as the critical step
to initialize the NRR, N2 adsorption behaviors over pristine SnS2
and Mo-SnS2-Vs were rst analyzed. For pristine SnS2 (Fig. 4a
This journal is © The Royal Society of Chemistry 2020
and b), the N2 molecule barely adsorbs on either the central Sn
site (Fig. 4a) or the edge Sn site (Fig. 4b), as evidenced by the
negligible charge transfer andmuch less N^N bond elongation
(1.105 Å for the original N2 gas), suggesting that pristine SnS2 is
almost inactive for the NRR. In sharp contrast, aer N2

adsorption on the Vs site of Mo-SnS2-Vs (Fig. 4c), the N^N bond
is considerably elongated to 1.211 Å and 0.55|e| is injected into
*N2, implying the greatly enhanced N2 adsorption on Mo-SnS2-
Vs. The enlarged view (Fig. 4d) reveals a unique N2 adsorption
mode on the Vs site of Mo-SnS2-Vs, that is, the N2 molecule is
xed to the Mo–Sn–Sn trimer center via a side-on conguration.
Meanwhile, the N^N triple bond is even cleaved to the N]N
double bond without hydrogenation, indicating that the Mo–
Sn–Sn trimer can strongly activate N2 through an analogous
dissociative pattern. As shown in the PDOS of the Mo–Sn–Sn
trimer aer N2 adsorption (Fig. 4e), the Mo4d and Sn5p orbitals
are both considerably hybridized with the N2p orbitals both
below and above the Fermi level, suggesting the efficient back-
J. Mater. Chem. A, 2020, 8, 7117–7124 | 7121
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Fig. 4 (a–c) Optimized structures of N2 adsorption on (a) SnS2 (central Sn site), (b) SnS2 (edge Sn site) and (c) Mo-SnS2-Vs (Vs site). (d) Enlarged
view of the N2 adsorption mode on a Vs site of Mo-SnS2-Vs (Mo–Sn–Sn trimer). (e) PDOS of the Mo–Sn–Sn trimer after N2 adsorption. (f) Free
energy diagrams of NRR consecutive/enzymatic reaction pathways over the Mo–Sn–Sn trimer at U ¼ �0.5 V, pH ¼ 7.
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donation of electrons from the Mo–Sn–Sn trimer to *N2.60,61 The
prominent back-donation of electrons from the Mo–Sn–Sn
trimer to *N2 can be directly visualized from the differential
charge density (Fig. S17†), showing the pronouncedly accumu-
lated electrons on *N2. Mulliken charge analysis (Fig. S18†)
reveals that the Mo–Sn–Sn trimer back-donates a total of 0.55|e|
to *N2, with 0.37|e| from the Mo dopant and 0.09|e| from each
of the two Sn atoms. Hence, the co-presence of the Mo dopant
and Vs in Mo-SnS2-Vs enables the creation of Mo–Sn–Sn trimer
catalytic sites that can strongly activate the N2 molecule even for
the cleavage of the N^N triple bond to the N]N double bond at
the N2 adsorption stage.
7122 | J. Mater. Chem. A, 2020, 8, 7117–7124
The hydrogenation pathway of Mo-SnS2-Vs was then evalu-
ated using Gibbs free energy proles through the consecutive
(analogous to the distal pathway but via side-on conguration62)
and enzymatic associative mechanisms, as shown in Fig. 4f.
Optimized structures of all the NRR intermediates are pre-
sented in Fig. S19† (consecutive) and Fig. S20† (enzymatic).
Notably, with the strong N2 activation by the Mo–Sn–Sn trimer,
the free energy of *N–*NH even becomes negative, making the
rst hydrogenation step (*N2 / *N–*NH) occur spontaneously.
This is in stark contrast to the largely positive free energy of *N–
NH (2.19 eV) observed in pristine SnS2,22 which has the rst
hydrogenation step (*N2 / *N–NH) as the potential
This journal is © The Royal Society of Chemistry 2020
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determining step (PDS). Aer the rst hydrogenation, *N–*NH
can be further hydrogenated through a consecutive or enzy-
matic pathway. For the consecutive pathway, *N–*NH2 / *N is
the PDS with a high energy barrier of 1.84 eV, while the PDS
energy barrier (*NH–*NH / *NH–*NH2) is substantially
reduced to 0.73 eV for the enzymatic pathway. Hence, the
hydrogenation of Mo-SnS2-Vs prefers to proceed via the enzy-
matic pathway with an overpotential of 0.57 V,63 which is
theoretically lower than that of most reported NRR catalysts.64–67

These results demonstrate that the highly active Mo–Sn–Sn
trimer provides Mo-SnS2-Vs with the downhill process of the
rst hydrogenation step, leading to the signicantly decreased
energy barrier and largely enhanced NRR activity.

On the other hand, as reported in the literature,68,69 the
surface charge and hydrogen bonding can affect the electro-
catalytic calculations. As shown in Fig. S21,† aer considering
the effects of surface charge (adding one charge e� in the
catalyst system) and hydrogen bonding (adding two H2O
molecules on the catalyst surface), we nd that these two factors
can make the free energies of *N2 and *N–*NH become more
negative but the downhill trend of the *N2 / *N–*NH process
still remains. Therefore, our main conclusion is not affected by
the effects of surface charge and hydrogen bonding.

In conclusion, through combined experimental and theo-
retical investigations, we demonstrated that the synergistic
modulation of vacancy engineering and heteroatom doping has
been successfully achieved in Mo-SnS2 nanosheets with
enriched Vs, which showed greatly enhanced NRR performance
with an NH3 yield of 41.3 mg h�1 mg�1 (�0.5 V) and an FE of
20.8% (�0.4 V). DFT calculations revealed the unique NRR
mechanism of Mo-SnS2-Vs, in which the created Mo–Sn–Sn
trimer active sites could strongly activate N2 for even the
cleavage of the N^N triple bond to the N]N double bond at the
N2 adsorption stage, consequently resulting in a downhill
process of the rst hydrogenation step and a largely reduced
energy barrier. This work not only offers an efficient strategy
towards the design of SnS2-based catalysts for highly efficient
electrosynthesis of NH3, but also provides new insights into the
synergistic role of vacancies and dopants in regulating the NRR
activity.
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