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Topology conversion of 1T MoS, to S-doped 2H-
MoTe, nanosheets with Te vacancies for enhanced
electrocatalytic hydrogen evolution

Yagian Wang'", Yongli Shen®’, Xiong Xiao®, Linxiu Dai', Shuang Yao' and Changhua An"”

ABSTRACT Metastable 1T' MoTe, has attracted much at-
tention as a cost-effective electrocatalyst for hydrogen evolu-
tion reaction (HER) in recent years. However, few studies were
done over common stable 2H phase because it often exhibits
inferior performance. Herein, stable 2H MoTe, with S-doped
Te vacancies has been synthesized by one-step telluride con-
version of 1T MoS, at 700°C under Ar/H, atmosphere. It is
demonstrated that the synergistic effect of S-doping and Te
vacancies changes the electronic structures of the catalyst.
Density functional theory (DFT) studies show that plentiful
electrons accumulate on the surface S atoms in S-doped Te
vacancies of 2H MoTe, catalyst, which may be as active sites to
promote HER. Moreover, the as-synthesized catalyst can be
directly used as working electrode, and realizes current density
of 100 mA cm ™’ at overpotential of 217 mV with Tafel slope of
94 mV dec . This work stimulates intensive studies on the
activation of inert phase of other nanocatalysts towards var-
ious reactions.
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INTRODUCTION

Hydrogen is a clean energy carrier bridging renewable
energy and traditional fossil energy [1]. Precious metals,
especially platinum (Pt) [2], have been the most efficient
catalyst for hydrogen evolution reaction (HER). However,
the high cost and scarcity of them on earth limit their
practical applications [3]. The exploration of cost-effec-
tive electrocatalysts, i.e., transition metal/compounds
[4,5], molecular catalysts [6,7], and carbon-based mate-
rials [8] with high efficiency is of paramount importance

and highly desirable.

Two-dimensional (2D) transition metal dichalcogen-
ides (TMDs) typically with formula of MX, (M = Mo/W;
X = S/Se/Te) possess a variety of surprising properties [9],
which enable them to be used in the fields of electronics/
photonics [10], optoelectronics [11], sensing [12], energy
storage [13], and catalysis [14,15]. In particular, the defect
engineering [16,17], phase control [18,19], and coupling
with other components [20,21] have been used to im-
prove their HER activity. Recently, Wang et al. [22] re-
ported a chemical etching strategy to introduce S
vacancies on the surface of MoS, nanosheets, over which
optimal HER reaches 131 mV overpotential at a current
density of 10 mA cm . Yang and co-workers [23] an-
nealed bulk 2H-MoS, under an Ar/phosphorous vapor to
produce 1T-2H MoS, heterostructures, exhibiting an
overpotential of ~240 mV at 10 mA cm - in 1 mol L'
KOH electrolyte. Reduced graphene oxide-modified
MoSe, (MoSe,/RGO) [24] showed the onset potential of
HER at ~50 mV vs. reversed hydrogen electrode (RHE),
which was much lower than that of bare MoSe, (150 mV).
For MoTe,, similar to Mo-S(Se),, it consists of alternately
stacked Mo and Te layers that are connected by weak van
der Waals interactions, in which three phases, namely 2H
(hexagonal), 1T (triangular prism) and 1T’ (distorted-
octahedral) phase are involved [25]. The smaller band gap
and semi-metallic properties make it more promising in
electrocatalysis in comparison with MoS(Se), [26]. For
example, a reversible activation of 1T’-MoTe, [27] results
in the decrease of overpotential from 320 to 178 mV at
10 mA cm . Controlled etching with a focused ion beam
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(FIB) patterning on chemical vapor deposition (CVD)-
synthesized 1T'-MoTe, films creates active sites for the
increase of HER [3]. Bottom-up phase engineering over
1T" MoTe, and 1T'/2H MoTe, in CVD process was also
developed to control the HER activity [28]. These pro-
gress mainly focuses on the modification of metastable
metallic phase, and the current density is usually in a
range of 10-60 mA cm  [29,30]. Considering the re-
quirements in practice, the engineering of thermo-
dynamically stable 2H MoTe, to realize HER at relatively
large current density is more attractive.

Herein, an in-situ topology conversion of 1T MoS,
nanosheets on nitrogen-doped carbon cloth (MoS,/NCC)
has been developed to produce S-doped 2H MoTe, na-
nosheets with rich Te vacancies (S-Vr.-2H MoTe,/NCC).
The as-prepared S-Vi.-2H MoTe,/NCC can be directly
applied as a free-standing electrode and yield a superior
HER performance with an overpotential of 217 mV at the
current density of 100 mA cm 2, pushing the step towards
practical application. The NCC substrate not only con-
fines the growth of MoTe, nanosheets but also promotes
complete contact between the active components and the
electrolyte. These features allow H' ions to enter the ac-
tive sites, thereby facilitate the charge transfer. Density
functional theory (DFT) calculation reveals that the Te
vacancies doping with S atoms could provide plentiful
active sites, and make the Gibbs free energy closer to 0,
thus boosting the HER activity.

EXPERIMENTAL SECTION

Chemicals and materials

All the chemicals were used as received without further
purification. Carbon cloth (CC, HCP330N, 32cm X
16 cm, thickness: 0.32 mm) was purchased from Shanghai
Hesen Electric Co., Ltd. H,NCONH, (Urea, AR, 99.0%,
CAS: 57-13-6) was received from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Ammonium mo-
lybdate tetrahydrate (H,,Mo,;N40,,,4H,0, AR, CAS:
12054-85-2), L-cysteine (HSCH,CH(NH,)CO,H, 99%,
CAS: 52-90-4), and tellurium (Te, 99.99%, CAS: 13494-
80-9) were obtained from Aladdin. Deionized water
(18.25 MQ)) was applied for all experiments.

Materials synthesis
Preparation of NCC
Pure CC and urea with a mass ratio of 1:10 were put into

a porcelain boat, which was heated to 700°C and reacted
at that temperature for 3 h under ammonia atmosphere.
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Hydrothermal synthesis of MoO; nanosheets

The MoO; nanosheets were synthesized following the
reference [31]. Briefly, 0.9 g of H,;Mo,N¢O,,-4H,0 was
dissolved in 10 mL of ultrapure water. Then 4.5 mol L'
nitric acid solution was added and stirred 10 min. The
mixture was heated at 65°C in water bath for 3 h. After
the reaction was complete, the resulting MoO; nanosheets
were collected by centrifugation, washed with ethanol and
distilled water three times. After being dried at 60°C in
vacuum for 6 h, the sample was collected for the follow-
ing use.

Synthesis of 1T MoS,/NCC nanosheets

The as-obtained MoO; nanosheets (0.025 g) and HSCH,-
CH(NH,)COOH (0.075 g) were dispersed in 15 mL ul-
trapure water with constant stirring 15 min. Then NCC
was introduced, and the mixture was transferred to a
40-mL Teflon-lined stainless-steel autoclave. The reaction
was carried out at 200°C for 12 h. The resulting MoS,/
NCC nanosheets were washed with ethanol/ultrapure
water at least three times, and dried at 60°C for 8 h in
vacuum.

Synthesis of S-Vr,-2H MoTe,/NCC

The MoS,/NCC and Te powder with a mass ratio of 1:5
were put into a porcelain boat, heated to 700°C at a rate
of 5°C min ' and maintained at that temperature for 5 h
under argon-hydrogen (Ar/H, (H, 10%)) atmosphere. In
this process, MoS, nanosheets were successfully in-situ
converted into S-Vi.-2H MoTe,/NCC. For comparison,
2H MoTe,/CC nanosheets were also prepared with a si-
milar method.

Characterizations

The morphologies and microstructures of the samples
were characterized by scanning electron microscopy
(SEM; ZEISS MERLIN Compact), transmission electron
microscopy (TEM) with FEG (Talos F200 X) instruments
equipped with an Oxford SDD X-Max energy dispersive
X-ray spectroscopy (EDS), and spherical aberration-
corrected scanning TEM (SAC-STEM; FEIL Titan Themis
Cubed G2 60-300). The crystal structure was analyzed by
powder X-ray diffraction (XRD) on a Rigaku Corporation
UltimalV diffractometer using Cu Ko radiation (A =
0.15418 nm). Raman spectra was conducted on a Re-
nishaw-200 visual Raman microscope with a laser beam
of 633 nm. X-ray photoelectron spectroscopy (XPS; ES-
CALAB 250 Xi, Thermo Scientific) was used to analyze
the chemical composition of samples. The surface mor-
phology and thickness of the nanosheets were measured
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using atomic force microscope (AFM; NT-MDT). Elec-
tron paramagnetic resonance spectrometer (EPR; EMX-
plus-6/1, Bruker) was used to confirm the existence of
vacancies.

Electrochemical measurements

Electrocatalytic HER was carried out on an electro-
chemical workstation (CHI-760E, Shanghai Chenhua
Company) in a standard three-electrode mode at room
temperature. Saturated calomel electrode (SCE) and car-
bon electrode were used as the reference electrode and
counter electrode, respectively. The electrolyte was
0.5mol L™ H,SO,. Linear sweep voltammetry (LSV) was
conducted at a scan rate of 5mV s . The Tafel slope was
obtained by fitting the linear portion of the Tafel plots
following equation of (1 = a + blog j). Electrochemical
impedance spectroscopy (EIS) was carried out from 0.01
to 10’ Hz. All data were calibrated to the RHE with
equation: Egyg, vy = Escg, v) + 0.059pH + 0.245.

Computational method

All calculations presented in this work were performed
using the Vienna ab initio Simulation Package (VASP)
code [32,33]. The exchange-correlation functional was
described according to the generalized gradient approx-
imation (GGA)-Perdew, Burke and Ernzerhof (PBE)
functional [34]. The electron wave function was expanded
by plane waves with an energy cutoff of 400 eV. Energies
and forces were converged to within 10° eV and
0.02eV A", respectively. The (002) crystal face of 1T-
MoS, and 2H-MoTe, have been modeled with unit cell of
1T-MoS, and 2H-MoTe, to represent the pristine MoS,
and MoTe, surface. The S-doped (SD-MoX,, X = S or Te
in abbreviation) and S-doped-Te-vacancy (SDV-MoX,,
X = S or Te in abbreviation) MoS, and MoTe, catalysts
were following 2 x 2 units cells of 1T-MoS, and 2H-
MoTe,. In all the models, three S-Mo-S (Te-Mo-Te) atom
layers were included. In all calculations, the bottom atom
layer of S-Mo-S (Te-Mo-Te) was fixed at their bulk po-
sitions and other layers together with the H atom were
allowed to relax. The Brillouin zone was sampled by a I'-
centered k-point mesh generated through the Monkhorst-
Pack method [35] with VASPKIT program [36]. The k-
point-resolved value in VASPKIT was set to be 0.04
during all calculations.

RESULTS AND DISCUSSION

Fig. 1a schematically shows a typical procedure for the
synthesis of S-Vy.-2H MoTe,/NCC. Firstly, MoS,/NCC
(Figs S1-S3) was prepared by hydrothermal sulfidation of
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Figure 1 (a) Schematic illustration for the synthesis of S-V;-2H
MoTe,/NCC nanosheets. (b) Schematic cartoon of the reactor employed
for the transformation of MoS,/NCC to S-V.-2H MoTe,/NCC.

MoO; nanosheets (Figs S4 and S5) with the assistance of
NCC support. Then the obtained MoS,/NCC was in-situ
tellurized to 2H MoTe,/NCC nanosheets at 700°C under
Ar/H, atmosphere (Fig. 1b). In this process, abundant Te
vacancies were generated and concurrently occupied by S
atoms.

Fig. 2a shows the XRD pattern of the sample, where the
diffraction peaks of (002), (004), (100), (103) can be in-
dexed to the 2H MoTe,, which shift to the high angle
direction except (002) (in fact, it has a slight shift to low
angle direction). The lattice parameters are separately
estimated to be a = 3.440 A, ¢ = 13.998 A. The value of a
has a little contraction, and ¢ is a little expansion in
comparison with standard data (@ = 3.5194, ¢ =
13.964 A, ICSD No. 72-0117)), implying that the lattice of
the obtained sample has distortion to some extent. The
prominent peaks in Raman spectra (Fig. S6) reveal out-

(~168.4 cm )

(~231.9cm ') modes, respectively, further confirming
that 2H MoTe, has been successfully synthesized [37].

of-plane A, and in-plane E'2g

The intensity of A;, mode is much higher than that of E 12g

mode, indicating its edge-terminated structure [38]. SEM
images in Fig. 2b and AFM analysis in Fig. S7 show that
MoTe, nanosheet arrays have lateral sizes of 200-500 nm
and thickness of 8-10 nm on the NCC fiber support
(Fig. S8) [39,40]. Raman spectra of C substrate (Fig. S9)
shows a D band at 1350.3cm ' and G band at
1609.7 cm ', corresponding to the defective lattice with
Aj; mode and graphitic lattice with E,, vibration, re-
spectively. The intensity ratio of D band vs. G band
(Ip/Ig) is 1.015, showing the existence of disorder defects
[41,42]. High-resolution TEM (HRTEM) image in Fig. 2c
shows the as-grown MoTe, has a hexagonal structure
with a lattice spacing of 0.31 nm, which is consistent with

September 2021 | Vol.64 No.9
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Figure 2 Structural characterizations of the as-obtained S-Vi.-2H MoTe,/NCC nanosheets. (a) XRD pattern; (b) low- and high-magnification
(inset) SEM images; (c—f) HRTEM images (the inset shows the SAED pattern); (g) the STEM image; (h) STEM-HAADF and corresponding elemental

mapping images.

the (100) plane. The selected area electron diffraction
(SAED) pattern demonstrates single-crystal nature of the
sample (Fig. 2c). Fig. 2d shows typical HRTEM lattice
fringe with spacing of 0.73 nm, featuring the (002) plane
of 2H MoTe,. The slightly expanded interlayer spacing
indicates the lattice distortion induced by defects. This
interlamellar expansion increases the activity of active
sites and facilitates electron transport, thereby benefitting
HER [43]. Moreover, unconnected broken Ilattices
(Fig. 2e) imply the presence of abundant defects (namely,
Te vacancies) on the surface of MoTe, nanosheets [44],
which is highlighted with a yellow circle in Fig. 2f. SAC-
STEM and EPR were also done to further prove the ex-
istence of Te vacancies. As shown in Fig. 2g, vacancies are
randomly distributed on the sample surface. In EPR
spectrum (Fig. S10), the characteristic peaks of the Mo-
Te dangling bonds can be clearly detected at g = 1.99997,
showing the paramagnetic signal from Te vacancies. The
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high-angle annular dark field (HAADF)-STEM image
and elemental mappings confirm the homogeneous dis-
tribution of Mo, Te, S, C and N in the sample (Fig. 2h),
implying successful doping of sulfur and nitrogen.

The surface composition and electronic state of the S-
Vri-2H MoTe,/NCC arrays were investigated by XPS.
The survey spectrum shown in Fig. S11 reveals the ex-
istence of Mo, Te, S, N, and C elements in the sample
[45,46]. The atomic percentages of Mo, Te, S, N, and C
elements are supplied in Fig. S12. In the high-resolution
Mo 3d spectrum (Fig. 3a), the peaks at 228.75eV
(Mo 3ds;,) and 231.88 eV (Mo 3d,,,) for Mo-Te bonds
shift towards higher binding energies compared with re-
ported data [47,48]. The Mo-O bonds are from inevitable
oxidation of MoTe, in air [49]. The binding energies at
573.3 and 583.69 eV are for the Te 3d;, and Te 3ds,,
respectively, corresponding to the Te-Mo bonds in the
sample (Fig. 3b). Nevertheless, two peaks of Te-O in-
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Figure 3 High-resolution XPS spectra of the respective elements in S-V.-2H MoTe,/NCC. (a) Mo 3d; (b) Te 3d; (c) S 2p; (d) N 1s.

dicate the high oxidation state caused by increasing of
Mo-Te dangling bonds [50]. The high-resolution S 2p
spectrum in Fig. 3c clearly shows a doublet peak with the
S 2p;, and S 2p,;, at 162.32 and 163.5 eV, respectively,
revealing the S-Mo bond in S-V.-2H MoTe,/NCC. The
N Is peaks are partially overlapped with Mo 3p peaks and
can be deconvoluted into four peaks (Fig. 3d). The peak
at 396.12 eV corresponds to N 1s in the form of N-Mo
bond [51], whereas the other three peaks at 398.55, 399.84
and 401.32 eV are assigned to pyridinic N, pyrrolic N and
graphitic N, respectively [52,53]. The pyridinic N plays an
essential role in the improvement of intrinsic activity of
carbon materials, while graphitic N could boost the
conductivity of substrates [53]. As observed in Fig. S13,
the XPS peaks of C 1s are fitted to 284.8 and 286.1 eV,
which are for the C-C/C=C, and C-N bonds, respec-
tively, confirming the doped N into the CC [54]. The
formation of Mo-N and C-N bonds demonstrates that
MoTe, is anchored onto NCC by Mo-N-C bond, effec-
tively stabilizing the catalyst.

To understand the impact of S-doped Te vacancies on
the HER performance, the tests over different types of
MoTe, were studied systematically. The steady-state LSV
in N,-saturated 0.5 mol L™ H,SO, (Fig. 4a) illustrates that
the S-Vi.-2H MoTe,/NCC exhibits an overpotential of
217 mV at large current density of 100 mA cm , which is
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better than MoTe,/CC (Fig. S14), MoS,/NCC, and most
reported similar catalysts (Table S1). Fig. 4b presents the
overpotentials of these materials under various current
densities (50, 100, and 150 mA cmfz). The Tafel slope as a
central kinetic parameter is usually used to investigate the
rate-limiting step of an electrochemical process [55].
Here, the Tafel slope of the S-Vi.-2H MoTe,/NCC is
94 mV dec ', as given in Fig. 4c, which is the smallest
among all the samples. The electrochemical HER process
in acidic medium can be divided into three steps [55]. (1)
The Volmer reaction is an electrochemical hydrogen
adsorption process (H;0" + ¢ — H + H,0), and the
corresponding Tafel slope is about 120 mV dec’. (2)
Heyrovsky reaction (H® + H + e — H,, also called
electrochemical desorption) in the second step, or the (3)
Tafel reaction (H,q, + H - H,, chemical desorption) in
the third step, or the both can be used to generate H,.
When they are the rate-limiting steps, the Tafel slopes
correspond to 40 and 30 mV dec ', respectively [56].
Herein, the obtained Tafel slope over our sample in-
dicates a fast Heyrovsky-dominated Volmer-Heyrovsky
mechanism. EIS tests were conducted from 100 kHz to
0.0l Hz to further investigate the electrode kinetics.
Fig. 4d gives the Nyquist plots of these electrodes, where
the diameter of semicircles represents the charge transfer
resistance (R.) of H' reaction. Impressively, the R, of S-

September 2021 | Vol.64 No.9



SCIENCE CHINA Materials

ARTICLES

a
—~ 0 )
£
o
<
E
2 -50
(2}
C
3 Pure CC
= ——20% PtIC
[ MoS,/NCC
S ——2H MoTe,/CC
O -100 i
2H MoTe,/NCC

05 -04 03 -02 -01 00 01 02
Potential (V vs. RHE)

c10
——S-V;,-2H MoTe,/NCC
MoS,/NCC
~ 0.8{=——2H MoTe,/CC
> Pure CC o
= o 8¢
S 06 282
o
-
B \V dec
2 04 124m
L= A
g 147 mV dec
O o2 _—
94 mV dec
0.0

2 14 16 18 20 22 24
Log [j (mA cm2)]

-

e 04 Initial cycle
———20000th cycle
£
o
<
£
2 501
@
C
[0
©
é 20000t [ Initial
3
O -100 \‘”
03 0.2 0.1 0.0

Potential (V vs. RHE)

bio B S-V,.-2H MoTe,/INCC
B Mos,/NCC
< o0s [ 2H MoTe,/CC
<~ [ 20% pPtic
R
Z 06
[0}
]
o
2 04
[
>
O o2
0.0
50 100 150
Current density (mA cm2)
d-100-
A
-804 A
A . ® . L4
E ] “ . S x xx
5 A . *
N A o *
N0 s e
A *1.* 4 PureCC
-204 A% e 2H MoTe,/CC
* MoS,INCC
* SV, -2H MoTe,/NCC
04 r r r r
0 20 40 60 80 100
Z' (ohm)
f 18
16 407 F om”
o 144 ¢
£ 2
: «
z 1 40882 = SV, 2H MoTe,/NCC
£ 10 e MoS,/NCC
.?1% 8 4 2H MoTe,/CC
] v PureCC
g 7 14.1 mF cm? Fd
04
0.7 mF cm?
2

50 60 70 80 90 100
Scan rate (mV s™)

Figure 4 (a) Polarization curves of various catalysts in 0.5 mol L™ H,SO, with iR correction. (b) Comparisons of overpotentials required to deliver
certain current densities over different catalysts. (c) Corresponding Tafel plots. (d) Nyquist plots in 0.5 mol L' H,S0,. (e) The initial, and 20,000th
polarization curves of S-Vr.-2H MoTe,/NCC nanosheets. (f) Electrochemical double-layer (Cy) capacitance for the as-prepared materials.

V1-2H MoTe,/NCC is much less than those of the other
samples. These results demonstrate that the S-doped Te
vacancies can greatly accelerate the charge transfer,
thereby promoting electrical integration to reduce the
parasitic ohmic loss and thus improving the reaction ef-
ficiency [22].

Stability is of crucial importance in electrocatalysis, and
the commercially available electrode must maintain a
stable current over a long period. As demonstrated in
Fig. 4e, the polarization curve of S-V.-2H MoTe,/NCC
reveals a negligible change after 20,000 cycles in a range
of =0.3-0 V vs. RHE at a scanning rate of 50 mV's .
Besides cyclic voltammetry (CV) cycles, current density
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versus time tests were also carried out (Fig. S15). Speci-
fically, after 48 h fixed overpotential electrolysis, the
current density of S-Vi.-2H MoTe,/NCC retains well
basically if the electrolyte refreshed every 24 h [57], fur-
ther showing good stability at relatively high current
density of 220-230 mA cm . XRD and SEM of the col-
lected sample after the test (Figs S16 and S17) reveal no
obvious change in terms of morphology, structure, and
phase. The XPS spectra (Fig. S18) of the sample after the
durability test also show that the composition was not
changed. To give more insights into the understanding of
the improvement on the HER activity, the effective elec-
trochemical active surface area (ECSA) [58] has been
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Figure 5 DFT calculations of S-V,-2H MoTe,/NCC for HER. (a) The optimized on-top and side view structures of H adsorption on different sites
on various doped catalysts. (b) The Gibbs free energy changes of HER on different catalysts. (c) The scatter diagrams of free energy change of HER

versus Bader charge of related active sites of the catalysts.

estimated from the double-layer capacitance (Cy)
(Fig. 4f), which is determined by CV curves at scan rates
from 50 to 100 mV s ' (Fig. S19). The S-V.-2H MoTe,/
NCC delivers a high Cy value up to 108.6 mF cm_z, which
is larger than that of 2H MoTe,/CC (14.1 mF cm °) and
MoS,/NCC (40.7 mF cm °). Correspondingly, the ECSA
of $-Vy.-2H MoTe,/NCC is 3102.9 cm °, which is about
three times that of MoS,/NCC (1162.9 cm °). Therefore,
it can be proposed that S-doped Te vacancies sub-
stantially boost the ECSA and the density of active sites.
Meanwhile, the formation of Mo-N-C bonds between
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MoTe, and NCC endows the catalyst with good stability.

In order to understand the catalytic activity of S-Vr.-
2H MoTe,/NCC and clarify the catalytic nature, sys-
tematic theoretical calculation for HER on different cat-
alyst surfaces were carried out. Because of the high
electron density on the negatively charged atoms, the
protons in the reaction system are more prone to adsorb
on the negatively charged sites of the catalyst surface.
Therefore, the surface S and Te atoms likely behave as the
active sites of HER. Fig. 5a gives the most stable structure
of H on different adsorption sites over doped catalysts.

September 2021 | Vol.64 No.9
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The top and side views of the ball-and-stick structural
models of H adsorption on different sites on various
doped catalysts have been given in Fig. S20. Moreover,
Tables S2-S7 exhibit all the original coordinate in-
formation files of the structures. To further study the co-
effect of Te vacancies and S-doping in MoTe,/NCC on
the specific HER process, Fig. 5b and Fig. S21 show the
Gibbs free energy changes (AGy.) of H adsorption on
different active sites of MoTe, and S-V.-2H MoTe,/NCC
[2]. The results reveal that the free energy change of S-
doped MoTe,/NCC in S adsorption site is larger than that
of S-V;.-2H MoTe,/NCC in S and Te adsorption sites,
indicating that the S-Vy.-2H MoTe,/NCC is more active
than S-doped MoTe,/NCC towards HER. When H is
adsorbed at the S site of S-V.-2H MoTe,/NCC, the free
energy is the lowest, indicating S sites are easier to adsorb
H . Therefore, we preliminarily infer that the synergistic
effect of S-doping and Te vacancies may be the funda-
mental reason for improving the HER activity of MoTe,.
Then the Bader charge of the active sites of the catalysts
was calculated. Plots of free energy change of HER versus
Bader charge of related active sites of the catalyst exhibit a
feature: the free energy change of HER basically has a
positive correlation with the negative charge of the active
sites. That is, the more negative the charge of the active
site is, the stronger the activity is, basically coinciding
with the linear relationship (Fig. 5¢). In other words, the
adsorption sites with more negative charges are more
conducive to HER reaction. For the catalysts mentioned
in this paper, there are more negative charges on the
surface layer of S-V.-2H MoTe,/NCC than on the sur-
face of S-doped MoTe,/NCC, which further indicates that
S-doping and Te vacancies exert essential action on en-
hancing HER.

CONCLUSIONS

In summary, the hexagonal MoTe, nanosheets with Te
vacancies occupied by S atoms confined with NCC have
been synthesized by a simple in-situ conversion of 1T
MoS,/NCC under Ar/H, atmosphere. The results reveal
that the doping of Te vacancies with S atoms to form
Mo-S coordination can effectively modulate the local
electronic structures of Te sites and S sites. As a result, the
as-achieved S-V.-2H MoTe,/NCC exhibits an over-
potential of 217 mV at 100 mA cm - and displays a Tafel
slope of 94 mV dec' towards HER. Meanwhile, it also
exhibits long-term stability without obvious change at
relatively large current density (220-230 mA cm °). The
enhanced HER performance is due to the synergetic effect
of Te vacancy and S doping, on which the adsorption sites
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have more negative charges, and facilitate HER. It is ex-
pected that the present work can be extended to en-
gineering other TMDs towards specific applications.
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