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ABSTRACT: The phase-controlled synthesis of metallic and
ambient-stable 2D MX, (M is Mo or W; X is S) with 1T
octahedral coordination will endow these materials with superior
performance compared with their semiconducting 2H coordina-
tion counterparts. We report a clean and facile route to prepare
1T-MoS, and 1T-WS, through hydrothermal processing under
high magnetic fields. We reveal that the as-synthesized 1T-MoS, B A A A A
and 1T-WS, are ambient-stable for more than 1 year. Electro- ey -
chemical measurements show that 1T-MoS, performs much 8 e
better than 2H-MoS, as the anode for sodium ion batteries. These magneto-hydrothermal synthesis
results can provide a clean and facile method to prepare ambient-

stable 1T-phase MX,.

KEYWORDS: MoS,, nanosheets, metallic 1T phase, high magnetic fields, hydrothermal

because the crystal structure can obviously affect the exfoliation, *>*° plasma hot electron transfer,”” electron-beam
=S5 48—-S51

( :ontrollable phase synthesis of materials is desired such as alkali metal intercalation,****%*~*" mechanical

properties.' ~> Transition-metal dichalcogenides irradiation,”> mechanical strains, and hydrothermal
(TMDs) MX, (M = Mo, W; X = S, Se, Te), as representative reaction.”””” However, the as-synthesized 1T-MX, is easily

2D materials, have been widely investigatge_dz%recently because of converted into the 2H phase by contamination, the occurrence
their potential interesting applications.”” ™ Importantly, the

polymorphs of the MX, compounds such as MoS, and WS,
usually show several types, including 1T and 2H phases, based
on the different coordinating modes of M and X atoms. The
2H phase can be described as consisting of two S—M—S layers
made up of edge-sharing MSy trigonal prisms, and the 1T
phase is characterized in terms of one S—M—S layer built from
edge-sharing MS, octahedra.”*~** Compared with its 2H phase
counterpart with semiconducting characteristics, the 1T phase
shows metallic behavior and has sué)erior performances due to
its high electrical conductivity.””~*

of intermediary phases, and oxidation.’®**** There has been
no efficient route to synthesize clean and ambient-stable 1T-
MX,. Magnetic fields as a type of important thermodynamic
parameters in materials processing could transfer high energy
on an atomic scale of substances, resulting in the expected
atomic and molecular alignments.”*>° Besides the manipu-
lation of the morphology, the product phases can be tuned by
applied magnetic fields in processing.”” Even metastable phases
could be induced or stabilized by applied magnetic fields

From the thermodynamic viewpoint, the 1T polymorph is Received: October 10, 2018
metastable, and the 2H phase is favored.”*’~* Recently, Accepted: January 16, 2019
several methods have been reported to synthesize 1T-MX,, Published: January 16, 2019
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Figure 1. Crystal structure of MoS,. (a) Schematic of MoS, structures. (b) Top-view HAADF-STEM image of MoS,-9T. (c) Magnified top-
view HAADF-STEM image from the area inside the white rectangle in panel b, indicating the 1T phase lattice arrangement. (The insert
image gives the intensity profiles to show the atomic ratio between S and Mo from the area labeled with the yellow rectangle.) (d) Side-view
annular bright-field (ABF) image of MoS,-9T. (e) Magnified side-view ABF image from the area inside the red rectangle in panel d; the side-
view structure of 1T MoS, is also shown. (f) Magnified top-view HAADF-STEM image of MoS,-0T nanosheets indicating coordination
around S and Mo atoms. (The insert images are the original top-view HAADF-STEM image of MoS,-0T and the intensity profiles from the
area labeled with the yellow rectangle.) (g) Side-view ABF image of the MoS,-0T nanosheets. (h) Magnified side-view ABF image from the
area inside the blue rectangle of panel g; the side-view structures of 2H MoS, are also shown. (i) XRD and (j) Raman spectra of MoS,-9T
and MoS,-0T. The blue dots indicate Mo atoms, and the yellow dots indicate S atoms in panels ¢, e, f, and h.

during synthesis processing, such as successful achievements of
y-Fe,0,, Fe;S,, and a-Co(OH),.”’ >’ Because of the
importance of magnetic fields in phase engineering, it is
supposed that phase manipulation could be realized in MX, by
magnetic fields.

We provide a facile strategy for the synthesis of 1T-MoS,
and 1T-WS, by hydrothermal processing on a high-magnetic-
field hydrothermal apparatus. Pure 1T-MoS, and 1T-WS,,
showing high ambient-stability, were successfully synthesized
by hydrothermal processing under high magnetic fields named
as magneto-hydrothermal processing. Then, the synthesized
products were characterized by transmission electron micros-
copy (TEM), X-ray diffraction (XRD), Raman spectroscopy,
aberration-corrected scanning transmission electron micros-
copy (STEM), photoluminescence (PL), and X-ray photo-
electron spectroscopy (XPS). Furthermore, as the proof of
suitability for applications, the ambient-stable 1T-MoS,
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nanosheets were employed as the anode for sodium ion
batteries, showing excellent electrochemical performance as
well as high stability after cycling with retention of the 1T
crystal structure. We believe that magneto-hydrothermal
processing will provide a clean route to synthesize ambient-
stable 1T-MX,.

RESULTS AND DISCUSSION

Sample Preparation and Characterization. 1T-MoS,
and 1T-WS, were synthesized using a homemade magneto-
hydrothermal apparatus, (Figure S1), in which the magnetic
field can reach as high as 10 T. The scanning electron
microscope (SEM) images and the selected area electron
diffraction (SAED) patterns (Figures S2 and S3) reveal that
the as-synthesized MoS, is composed of nanosheets with
excellent crystalline quality. Meanwhile, the MoS, nanosheets
show graphene-like morphologies with ripples and corruga-
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Figure 2. (a) HAADF-STEM image of MoS,-0T. (b) Magnified top-view HAADF-STEM image from the area inside the blue rectangle in
panel a, from which a small fraction of 1T phase is observed and the intensity profiles from the selected areas confirm the 2H and 1T phases.
(c) HAADF-STEM images of MoS,-8T. (d) Magnified top-view HAADF-STEM image from the area inside the yellow rectangle in panel c,
from which a high fraction of 1T phase is observed and the intensity profiles from the selected areas confirm the 2H and 1T phases. The
green area indicates the 1T phase, and the red area indicates the 2H phase.

tions, and their thickness was reduced with increasing the
applied magnetic fields during processing (Figures S3 and S4).
This tendency can be also observed from the atomic force
microscopy (AFM) images (Figure SS).

The symmetry difference between the octahedral coordi-
nated 1T-MoS, and the trigonal coordinated 2H-MoS, crystal
structures (Figure 1a) can be directly identified by high-angle
annular dark-field scannin(g transmission electron microscopy
(HAADF-STEM).>**7*** The HAADF-STEM images from
the single-layer of the 9 T (Figure 1b—e and Figure S6) and 0
T magneto-hydrothermally synthesized MoS, (Figure 1f—h)
directly show the differences in atomic arrangements. For the
former one (MoS,-9T), the HAADF-STEM image (Figure 1b)
shows a multilayered microstructure, as judged from the
intensity profile (Figure S7), and the S atoms are dispersed
uniformly around the Mo atoms, leading to a strong contrast
between S the and Mo sites (Figure 1c). In addition, the
intensity ratio of S/Mo is ~0.2, as shown in the inset image of
Figure 1c.”*** The diagonal atomic-scale edge structure
(Figure 1d) and the crystalline ordering (Figure le) confirm
the 1T octahedral lattice."”**™2° In the latter one (MoS,-0T),
honeycomb lattice intensity variations of the 2H phase are
observed (Figure 1f and Figure S8), in which the two
overlapping sulfur atoms can enhance the signal along the
electron beam direction. As a result, the contrast of the S sites
is close to that of the Mo sites, even though the atomic number
(Z) of sulfur is lower. The intensity ratio of 2S/Mo is ~0.7, as
depicted in the inset image of Figure 1f.">**** The chevron-
shaped atomic-scale edge structure (Figure lg) and the
crystalline ordering (Figure 1h) give evidence of the 2H
trigonal lattice.'>**~>°

The crystal structures of the as-produced MoS, samples
were investigated through XRD (Figure 1i). The MoS,-0T
shows a strong 2H-MoS, (002) peak at 26 = 14.38°, which is
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attributed to the interplanar spacing of 6.15 A, and it is
consistent with the STEM data (Figure 1g). Interestingly, for
the MoS,-9T, the (002) and (004) diffraction peaks with
interplanar distance of 9.4 and 4.7 A are observed, respectively,
agreeing with the crystal structure of 1T-MoS,.>*"** As seen
from the Raman spectra (Figure 1j), for the MoS,-0T
nanosheets, two typical Raman peaks at wavelength of ~378
and 404 cm™' are evident from the Eig and A, modes,
respectively, confirming the 2H crystal structure.’ Interestingly,
additional peaks centered at 146 (J,), 234 (J,), and 335 (J5)
cm™ can be clearly observed, which are believed to be from
1T-MoS,, indicating the 1T crystal structure of the MoS,-9T.*
Because of the semiconductor-like characterization of 2H-
MoS, and the metallic behavior of 1T-MoS,, a PL peak is
observed for the former one, whereas no such PL peak appears
for the latter one. The PL spectra (Figure S9) show an obvious
PL peak for the MoS,-0T, but no such PL peak is seen for the
MoS,-9T, further confirming the 1T crystal structure of the
MoS,-9T.*"* From the aforementioned results, it is
interesting to observe that 1T-MoS, can be successfully
synthesized by magneto-hydrothermal processing. Addition-
ally, 1T-WS, can also be synthesized by magneto-hydrothermal
processing (Figures S10—S14), suggesting the validity of
magneto-hydrothermal processing for the preparation of 1T-
MX,.

Phase Engineering and Stability. As has been seen, 1T-
MX, can be synthesized through magneto-hydrothermal
processing, and it is interesting to investigate the function of
the magnetic field strength in processing. HAADF-STEM
observations from the single-layer of the MoS, prepared under
different magnetic fields in magneto-hydrothermal processing
were therefore carried out (Figure S15). The as-synthesized
MoS, under zero magnetic field processing is also composed of
a small fraction of 1T phase (Figure 2ab), which can be
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Figure 3. (a) XPS results of the as-synthesized MoS, processed under different magnetic fields in magneto-hydrothermal processing. (b)

Phase percentage of MoS, from deconvolution of XPS spectra.
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Figure 4. Electrochemical measurements: Discharge/charge curves of (a) MoS,-0T and (b) MoS,-9T electrode. (c) Rate performance for
MoS,-0T and MoS,-9T. (d) Cycling performance for MoS,-0T and MoS,-9T at 1 A g”". (e,f) AC impedance plots for fresh and after five
cycles at 1 A g™' from 0.1 Hz to 100 kHz, respectively. (g) Electronic density of states (DOS) for MoS,-0T and MoS,-9T, in which the Fermi
level is set to zero (dashed line). (h) Chemical diffusion coefficient of sodium ions as a function of voltage calculated by GITT.

attributed to some content of S vacancies in the as-synthesized
nanosheets (Figure S16 and Table S1).%* Interestingly, the 1T
phase is obviously expanded by increasing the applied
magnetic fields in magneto-hydrothermal processing, such as
for the MoS,-8T (Figure 2c,d), and pure 1T phase is obtained
under 9T (Figure 1c). The percentage of 1T phase in the as-
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synthesized 1T-MX, can be calculated from the XPS spectra
because the binding energy of the 1T phase is lower than that
of the 2H counterpart by ~0.8 eV.>>*"%° By deconvoluting the
XPS peaks (Figure 3a), the percentage of 1T-MoS, synthesized
under 0, S, 8, and 9 T is, respectively, estimated to be 24.7,
48.9, 76.4, and 100% (Figure 3b). Similarly, the percentage of
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1T-WS, synthesized under 0 and 8 T is estimated to be ~60
and 100%, respectively (Figure S14).

The stability of 1T-MX, is very important for applications.
In general, 1T MX, is metastable, and it is usually observed
that 1T phase is gradually converted into 2H phase.’** The
XRD (Figure S17), HAADF-STEM (Figure S18), and XPS
(Figure S19) results for the magneto-hydrothermally synthe-
sized 1T-MoS, and 1T-WS, after aging for 1 year reveal no
obvious changes. It is surprising to observe that the 1T-MoS,
and 1T-WS, obtained by magneto-hydrothermal processing
show high ambient stability, confirming the advantages of
magneto-hydrothermal processing for the preparation of 1T-
MX,. In general, the formation energy of 2H-MoS, is ~0.5 eV
lower than that of the stoichiometric 1T-MoS, phase, leading
to the thermodynamically preferred 2H phase.’’ Interestingly,
with the appearance of S vacancies, the difference in formation
energy between 2H and 1T phase decreases due to the extra
electrons induced by S vacancies, so that it can be close to zero
but still above zero when the vacancy concentration reaches 8
at % in MoS,.°* It is worth noting that pure 1T-MX, cannot be
directly obtained through simple S-vacancy manipulation in
our processing because large amounts of S vacancies will lead
to the collapse of the crystal structure. Here the ratios of Mo/S
and W/S are determined to be 1:1.89 and 1:1.75 for the
synthesized 1T-MoS, and 1T-WS,, respectively (Table SI).
The 4d electrons in the trigonal prismatic crystal field of 2H-
MoS, are split into dxz_yz/ d,, d,./d,; and d,* orbitals, showing
no unpaired spins and diamagnetism. On the contrary, the 4d
electrons in the octahedral prismatic crystal field of 1T-MoS,
are split into d,,, d,,, and d,, degenerate orbitals and d? and
dxz_y2 degenerate orbitals, leading to a net magnetic moment
on Mo atoms.”® In magneto-hydrothermal processing, with the
introduction of magnetic fields, an extra free energy, called

magnetic free energy, Ey = —%,uO)(VHZ, will be induced, in

which y, is the permeability of vacuum, y is the volumetric
magnetic susceptibility, V is the volume, and H is the magnetic
field streng‘ch.5 5% Because the 1T-MoS, shows a higher y than
that of 2H-MoS, (Figure $20),°° the ground-state energy of
1T-MoS, will be lowered in magneto-hydrothermal processing
compared with the 2H phase. Additionally, the E,; will be
decreased with B?, resulting in the gradual enhancement of the
concentration of 1T-MoS, with increasing magnetic field in
magneto-hydrothermal processing; finally, nearly pure 1T-
MoS, can be obtained, as confirmed by the PL result without
PL emission peaks due to the metallic characteristic (Figure
S9). As for the long-time stability of the synthesized 1T-MoS,,

the magnetostatic energy should be considered. The magneto-

static energy u is described as y = —%NMZ, where p, is the

vacuum magnetic permeability, N is the demagnetization
factor, and M is the magnetic moment.”” The magnetic
moment is enhanced with increasing magnetic field in
magneto-hydrothermal processing, resulting in the decreased
magnetostatic energy (Figure S20), which will lead to the long-
time stability for the synthesized 1T-MoS, samples.
Electrochemical Measurements. As a proof of suitability
for electrochemical applications, the as-synthesized 1T-MoS,
and 2H-MoS, were used to construct half cells using sodium
metals as the counter electrodes, respectively. The capacity
versus voltage (C—V) measurements of the MoS,-0T and the
MoS,-9T were carried out in the potential window of 0.3—-3 V
at a current density of 1 A g~'. The MoS,-0T electrode
delivered the initial discharge and charge capacities with 401
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and 314 mA h g, respectively. The shapes of the C—V
profiles, however, obviously changed during the following
cycling (Figure 4a), suggesting lower reversibility and
structural stability during the processes of sodiation and
desodiation. As for the MoS,-9T electrode, the first discharge
and charge capacities are 385 and 304 mA h g/, respectively.
(Figure 4b). Interestingly, the shapes of the charge/discharge
profiles are similar to each other after the first cycle, indicating
highly reversible sodium storage. Moreover, the MoS,-9T
exhibits more excellent rate performance (Figure 4c), showing
reversible discharge capacity with 293 mA h g™! at a current
density of 1 A g™'. Even when cycled at 8 A g™', the specific
capacity reached 224 mA h g”'. In addition, to investigate the
high-rate cycling performance, the MoS,-0T and MoS,-9T
anodes were subjected to prolonged cycling at 1 A g~ (Figure
4d). The MoS,-9T reaches the initial discharge capacity with
385 mA h g! and retains a high discharge capacity with 310
mA h g™ after 280 cycles, which is higher than that of the
MoS,-0T with the discharge capacity of 182 mA h g™! after
280 cycles.

To reveal the electrochemical performance, electrochemical
impedance spectra (EIS) measurements were carried out using
the cells at the stable state. The plots consist of a straight line
at low frequency relative to the Na* diffusion and a high-
frequency semicircle depending on the charge-transfer
resistance at the electrode and electrolyte interface (R,
From the EIS plots of the cells before (Figure 4¢) and after five
cycles (Figure 4f), one can see that the semicircles of the
MoS,-9T electrode are much smaller than those of the MoS,-
0T electrode, indicating lower charge-transfer resistance for the
former one for both the fresh and the cycled conditions.”” For
further illustration, the electronic densities of states (DOS) of
MoS,-0T and MoS,-9T were carried out using first-principles
density functional theory (DFT) (Figure 4g). It is seen that the
MoS,-0T is a semiconductor with a band gap of ~1 eV,
whereas the MoS,-9T is metallic. It is well known that the
electronic conductivity is the most important factor influencing
the rate capability of the anode material for sodium-ion
batteries (SIBs). The small resistance will lead to a small
amount of heat during the charging and discharging process,
which is beneficial for the long life and safety of the batteries.
To further investigate the kinetics, galvanostatic intermittent
titration technique (GITT) measurements within the voltage
window of 0.3—3 V were performed (Figure S21). 0
Accordingly, the Na* diffusion coeflicient, D, can be calculated

2

41 [ AE, r . T .

asD = —( ) (T < —), where 7 is the titration time, L is
mt \ AE, D

the thickness of the electrode, AE; is the difference between
two consecutive stabilized open-circuit voltages, and AE; is the
total change in the cell voltage durin% a constant current pulse
excluding the IR drop (Figure $22).”" It is observed that the
diffusion coefficient of MoS,-9T is significantly higher than
that of the MoS,-0T (Figure 4h). The enhanced D of the
MoS,-9T electrode is ascribed to a lower barrier for the Na*
insertion/extraction because of the bigger d spacing of the 1T-
MoS,,*® resulting in the improved electrochemical perform-
ance.

Furthermore, to give a clear picture of the 1T structural
stability after cycling, HAADF-STEM observations were
carried out on the discharged MoS,-9T electrode after the
125th cycle at 1 A g . The elemental mapping results revealed
that Mo and S coexist, and they are distributed uniformly after
125 cycles (Figure Sa—d). The multilayered structure is
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Figure 5. STEM observations of the MoS,-9T electrode after 125 cycles at 1 A g™': (a) STEM image. (b—d) Energy-dispersive spectroscopy
(EDS) elemental mappings. (e) Typical top-view HAADF-STEM image from the area inside the green rectangle of panel a. (f) Typical side-
view annular bright-field (ABF) image from the area inside the yellow rectangle of panel a. (g) Magnified top-view HAADF-STEM image for
a single layer from the area inside the blue circles of panel e, showing coordination around the Mo and S atoms. (h) Magnified side-view ABF
image indicated by the area in the red rectangle in panel f, with the coordination of atoms around Mo and S shown at the top. (Yellow and
blue dots, respectively, indicate the S and Mo atoms in panels g and h.)

effectively maintained (Figure Se), and the d spacing between
the layers is also maintained as 0.942 nm (Figure Sf). The
magnified top-view (Figure Sg) and side-view HAADF-STEM
(Figure Sh) images clearly show that the 1T octahedral lattice
arrangements are conserved, further confirming the high
structural stability of the 1T-MoS,. Additionally, the measure-
ments of the electrochemical properties for the synthesized
MoS,-9T electrodes aged for 1 year have been carried out, and
the results show that the electrochemical properties are slightly
degraded, confirming the long-time stability of the magneto-
hydrothermal synthesized MoS, samples (Figure S23). As for
the MoS,-0T electrode, the nanosheets are broken into small
fragments after 125 cycles at 1 A ¢!, which is similar to
previous reports due to the small interlayer spacing of the 2H
phase (Figure $24).°%"!

CONCLUSIONS

Magneto-hydrothermal processing as a facile and clean route
to synthesize 1T-MoS, and 1T-WS, was developed. The 1T
octahedral coordination structure was confirmed by XRD,
XPS, PL, Raman spectroscopy, and STEM. The as-synthesized
1T-MoS, and 1T-WS, samples are ambient-stable, showing
long-time stability for more than 1 year. A superior
electrochemical performance of 1T-MoS, as the anode in
sodium ion batteries was observed with a specific capacity of
224 mAh g™ at a high current density of 8 A g~'. This
excellent performance originates from its enhanced kinetics
and stable 1T octahedral coordination, as confirmed by GITT
and STEM measurements. Our findings will open up a clean
and facile way to synthesize ambient-stable 2D 1T-MX,
materials for applications in electrochemical devices.

EXPERIMENTAL METHODS

Preparation of MoS, Nanosheets. (NH,);Mo-0,,-4H,0 (CAS
number 12027-67-7) and thiourea (CAS number 62-56-6) were
purchased from Alfa Aesar. All chemicals were used without any
further purification. 1.4209 g thiourea and 0.7242 g (NH,)sMo0,0,,
4H,0 were dissolved in deionized water (21.8 mL) and stirred
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vigorously for 30 min to get a homogeneous solution. After the
mixture was transferred to a Teflon-lined stainless-steel autoclave (28
mL capacity), a magnetic field was applied. Then, it was heated to 210
°C in 40 min and kept for 18 h under different magnetic fields. After
synthesis, when the temperature was decreased to 80 °C, the magnetic
field was then removed and the reaction system was naturally cooled
to room temperature. The resulting product was filtered, washed
several times by deionized water and ethanol, and finally dried at 70
°C in a vacuum oven.

Preparation of WS, Nanosheets. WCl, (CAS number 13283-
01-7) and thioacetamide (TAA, CAS number 62-55-5) were
purchased from Sigma-Aldrich. All chemicals were used without any
further purification. 0.61 g tungsten chloride and 1.17 g TAA were
dissolved in deionized water (20.5 mL) and stirred vigorously for 30
min. After the mixture was transferred to a Teflon-lined stainless-steel
autoclave (26 mL capacity), a magnetic field was applied. Then, it was
heated to 210 °C in 40 min and kept for 24 h under different
magnetic fields. When the temperature was decreased to 80 °C, the
magnetic field was removed, and the reaction system was naturally
cooled to room temperature. The product was filtered, washed several
times by deionized water and absolute ethanol, and finally dried at 70
°C in a vacuum oven.

Electrochemical Characterization. The electrochemical tests
were carried out with CR2032 cells assembled in a glovebox filled
with argon. The MoS, electrodes were produced by mixing active
material (80 wt %), Super P (10 wt %), and carboxymethyl cellulose
(CMC) (10 wt %) in deionized water. The resultant slurry was coated
on Cu foil and dried at 80 °C for overnight in vacuum, which was
followed by pressing under 20 MPa in a table compression machine.
Electrochemical measurements were conducted with coin half cells.
Glass fiber was used as the separator, and sodium foil served as the
counter electrode. The electrolyte was a solution of 1 M sodium
trifluoromethane-sulfonate in diethylene glycol dimethyl ether
(DEGDME), which was free from H,0. A Landt CT2001 cell
testing system was used for galvanostatic charge—discharge tests
between 0.3 and 3 V. A VMP-3 electrochemical workstation was used
for in situ EIS measurement.

Characterization. Field-emission scanning electron microscope
(FE-SEM) images were collected on a JEOL JSM-6700F SEM. High-
resolution transmission electron microscope (HRTEM) images were
collected on a JEOL-2011 TEM operated at an acceleration voltage of
200 kV. HAADF-STEM images were collected on a JEOL JEM-
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ARM200F at an acceleration voltage of 80 kV. Specimens for STEM
characterization were prepared by dropping an ethanol suspension of
the as-prepared MoS,/WS, onto amorphous carbon-coated copper
grids. For top-view images, the edge regions of horizontally placed
nanosheets were searched for single-layer regions. Nanosheets placed
vertically were searched to get the side-view images (Figure S25). The
XPS was obtained on an ESCALAB MK II device with Mg Ka as the
excitation source. Raman spectroscopy was carried out by a LabRAM
HR800 UV NIR spectrometer with 532 nm laser excitation. XRD was
carried out on a Philips X’Pert Pro Super diffractometer with Cu Ka
radiation (4 = 1.54178 A). Magnetization studies were performed
using a superconducting quantum interference device (SQUID)
magnetometer. The PL spectra were obtained with a Nd:YAG laser (1
= 532 nm).

Density Functional Theory Calculations. The DFT calcu-
lations were carried out by Quantum ESPRESSO’* with ultrasoft
pseudopotentials.”> The exchange and correlation effects were
processed within the generalized gradient approximation (GGA).”*
Deficient MoS,-9T was simulated using a 2 X 2 X 4 supercell with
two S vacancies. In the irreducible Brillouin zone, we used the plane-
wave cutoft energy of 60 Ry and 16 X 16 X 8 k-point mesh in the
irreducible Brillouin zone for stoichiometric MoS,-0T, along with a 16
X 16 X 1 k-point mesh for the MoS,-9T (1T- MoS1 7s) supercell. The
van der Waals interaction correction DFT-D,”>”® was used to avoid
overestimation of the interlayer distance.
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