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ABSTRACT: Molybdenum disulfide (MoS,) can exist in the semi-

conducting (2H) or metallic (1T) phase. The metallic 1T phase of MoS, 150 °C

is achieved by lithium intercalation using n-butyllithium. The resulting 1T MOSZ \

1T MoS, can be in a lithiated form (Li,MoS,) or as pure MoS,. The 1T \_/ Relaxes to 2H
phase of MoS, is metastable and relaxes to the stable 2H phase upon

heating. Here we study the thermal and environmental stabilities of

metallic phase Li,MoS, and pure 1T phase MoS, for comparison. We

find that the thermal stability of 1T MoS, is enhanced by lithiation so °C

that Li,MoS, is phase stable up to 400 °C in argon, while nonlithiated

MoS, relaxes to the 2H phase above 150 °C. The stability of the Li,MoS,

was monitored under ambient conditions (23 °C, 50% relative 1T Li.MoS AN @ A d
humidity). We find that the LiMoS, phase progressively oxidizes up X 2 250 °C Maintains 1T

to 48 h of exposure in the ambient after which further oxidation ceases.

X-ray diffraction shows that oxidation occurs via loss of sulfur and the formation of lithium molybdate (Li,M00O,). Our analysis
reveals that moisture is the primary cause of oxidation and that the 1T phase and chemistry of Li,MoS, can be preserved in a dry
oxygen-rich environment at up to 250 °C. This enhanced stability allows the use of a conventional molten diffusion method for
cathode preparation for lithium—sulfur batteries.

B INTRODUCTION properties are lost after 60 days under ambient conditions,"'
and the 1T to 2H phase transformation occurs at temperature
as low as 97 °C."” Previous efforts to stabilize the 1T phase
have involved doping,13 hydrogenation,14 and substrate
engineering.ls’16

Here we find that the lithiated 1T Li,MoS, is phase stable up
to 400 °C in argon (Ar) and begins to oxidize in the presence
of moisture at room temperature after 1 h. We also find that

Molybdenum disulfide (MoS,) is a transition metal dichalco-
genide (TMD) that can exist in the thermodynamically stable
semiconducting hexagonal (2H) or metastable metallic
tetragonal (1T) phase."” Alkali ion intercalation is typically
used to transform MoS, from the 2H to the 1T phase.”” In this
technique, MoS, powder is dispersed in a reducing agent, such

as n-butyllithium (n-BuLi) solution. The electron transfer from the Li_MoS, phase is stable in a dry oxygen environment up to
the butyl molecule to the d-orbital of Mo in MoS, balanced by 250 oxC' VVZe study the mechanism of oxidation with X-ray

intercalated lithium (or other alkali) counterions destabilizes diffraction (XRD) and demonstrate Li MoS, Li—S batteries
the 2H phase in favor of 1T to form metallic lithiated MoS, with a specific energy density of 1489 r;Ah g

(Li,MoS,)." After phase transformation, Li,MoS, is typically
washed with deionized (DI) water, during which time the B RESULTS AND DISCUSSION

intercalated alkali ions are removed, leaving behind the 1T o N o ) . .
h Lithium (Li) intercalation into MoS, using an n-BuLi solution
phase MoS,.

leads to transformation from the semiconducting 2H to the 1T
metallic Li,MoS, phase. Dispersion in different solvents via
sonication exfoliates LiMoS, into single-layered nanosheets.

Due to its superior conductivity, MoS, in its metallic 1T
phase has been shown to possess good catalytic and energy
storage properties.””® For example, 1T MoS, is catalytically
active for the hydrogen evolution reaction (HER) even on its
entire basal plane, while only the edges are catalytically active Received: March 7, 2024 m&
for HER in 2H MoS,.*” 1T Li,MoS, is also a catalyst for the Revised:  April 9, 2024 i
sulfur reduction reaction (SRR) as well as an excellent Accepted:  April 10, 2024
conductive host for sulfur.” However, the 1T phase in MoS, Published: April 19, 2024
is metastable and can convert back to the semiconducting 2H
phase after annealing.*"'" Previous studies suggest 1T phase
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Figure 1. Material characterization of 1T MoS, and Li,MoS, nanosheets in comparison to bulk 2H MoS,. (a) Raman spectra showing Ezg1 (in-
plane; 382 cm™") and Ay (out-of-plane; 406 cm ™) peaks, 1T features (]}, J,, and J; peaks at 153, 220, and 325 cm™") and ¢ peak at 250 cm™". (b)
XRD patterns showing a new (001) peak at 7.8°, suggesting 2H to 1T phase transformation and an increase in interlayer spacing. (c) Deconvoluted
high-resolution Mo 3d XPS spectra, showing ~74% 1T phase concentration for 1T MoS, nanosheets, and ~79% for Li MoS, nanosheets.

Dispersing Li,MoS, in polar protic solvents, such as DI water,
removes the intercalated Li ions to obtain metallic 1T MoS,
nanosheets.”>'" Dispersing Li,MoS, in polar aprotic tetrahy-
drofuran (THF) will retain the Li ions and form Li,MoS,
nanosheets.” After the solvent is removed via freeze-drying or
vacuum filtration, 1T MoS, or Li,MoS, nanosheets are
obtained.

Raman spectroscopy is used routinely to characterize
MoS,.'""”'® Raman spectrum of 2H MoS, in Figure la
shows the characteristic E,,' (in-plane; 382 cm™) and A,
(out-of-plane; 406 cm™) peaks.'®'” The presence of J;, J,, and
J; peaks at 153, 220, and 325 cm™}, respectively, are typical of
the 1T phase MoS,'"'® The J, peak in Li,MoS, is weak and
has been attributed to disorder at 1T and 2H grain
boundaries.'* Thus, a suppressed ], indicates completion of
the phase transformation. An additional ¢ peak located at 250
cm™ is present in the Raman spectra of LiMoS, and is
attributed to the out-of-plane interactions between sulfur (S)
and intercalated lithium when the lithium-to-molybdenum
(nyziny) ratio is >1.”° We used inductively coupled plasma
mass spectrometry (ICP-MS) and identified the n;:my, ratio
to be 2.8 (Experimental Methods) in the Li,MoS, nanosheet
samples. We found that the 1T phase is thermodynamically
favored when ny;:nyy, is greater than 0.4,>"** and the excess Li
ions are assumed to improve the 1T phase concentration, as
suggested by the suppressed Ezg1 intensity."

X-ray diffraction (XRD) was used to identify changes in the
crystal structure induced by Li intercalation and chemical
exfoliation (Figure 1b). The (001) peak at 7.8° and its second-
order Bragg reflection (002) at 15.6° emerge in the 1T MoS,
and LiMoS, nanosheets. The new peaks are attributed to
interlayer expansion and phase transformation caused by Li
intercalation,” which increases the interlayer spacing from
0.62 nm in 2H MoS, to about 1.13 nm in 1T MoS, and
Li,MoS, nanosheets. The (001) and (002) peaks for 1T MoS,
nanosheets are broad and less sharp due to the lack of a
preferred orientation, which is a consequence of the freeze-
drying process used to remove water. All other XRD features
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are diminished in freeze-dried 1T MoS, and Li,MoS,
nanosheet samples.

The phase of MoS, samples was identified using X-ray
photoelectron spectroscopy (XPS) core spectra of Mo 3d, S
2p, and Li 1s (Figures lc and S1).'" The IT phase
concentration is ~79% for LiMoS, nanosheets and ~74%
for the nonlithiated MoS, control sample. In LiMoS,
nanosheets, a strong presence of Mo®" is also identified. This
contrasts with the 2H MoS, and 1T MoS, nanosheets, where
the presence of Mo® is not significant and suggests low
degrees of oxidation.

We first investigated the thermal phase stability of 1T MoS,
and Li,MoS, nanosheets by annealing at 150, 250, and 400 °C
under Ar. We used Raman spectroscopy to identify phases of
MoS, (Figure 2a) and Li,MoS, (Figure 2b) nanosheets after
annealing and modulated differential scanning calorimetry
(MDSC) to measure the heat flow associated with phase
transformations and other thermal events. Thermal gravimetric
analysis (TGA) was used to measure the mass loss of the
nanosheets during annealing (Figure 2c).

Both MoS, and Li,MoS, nanosheets exhibit endothermic
peaks in their respective MDSC curves. This is attributed to
the evaporation of interlayer water and residual solvent (e.g.,
THF) molecules, resulting in the mass loss of 10—15% (Figure
2c). The loss of 1T phase Raman features (]}, J,, J; peaks) and
the presence of an exothermic peak starting from 112 °C in
MDSC suggest 1T to 2H phase transformation (Figure 2a).
Density function theory (DFT) calculations have suggested
that 1T to 2H phase transformation is exothermic,”* which has
been confirmed by experiments.'” The Raman spectra of MoS,
annealed above 150 °C are similar to that of the 2H phase and
remain unchanged at higher annealing temperatures. In
contrast, Li,MoS, nanosheets remain in the 1T phase at 150
°C, as indicated by Raman scattering (Figure 2b). At 250 °C,
the previously suppressed in-plane Ezgl peak of LiMoS,
nanosheets increases in intensity. The weakened ¢ peak also
suggests a loss of interaction between Li and layered sulfur. An
endothermic peak starting from 175 °C in the MDSC curve
suggests that the change in the Raman spectrum originates

https://doi.org/10.1021/acs.chemmater.4c00674
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Figure 2. Thermal phase stability of 1T MoS, and Li,MoS, nanosheets after annealing at 150, 250, and 400 °C for 60 min under Ar. (a), (b)
Respective Raman spectra of MoS, and Li,MoS, nanosheets taken at various annealing temperatures and the corresponding MDSC curve, showing
loss of 1T features after 150 °C for 1T MoS$,, and presence of 1T features at 400 °C for Li,MoS,. (c¢) TGA measurements for MoS, and Li,MoS,
nanosheets, showing an initial mass loss of 10—15% due to solvent evaporation. (d) Phase quantification from XPS peak deconvolution of MoS,
and Li,MoS, nanosheets as a function of annealing temperature, showing >70% 1T phase concentration for Li,MoS, at 400 °C. (e) Total change in
enthalpy before the phase transformation (1T MoS,) or sulfur sublimation (Li,MoS,).

from Li deintercalation.”® The exothermic dip with an onset at
282 °C in the MDSC curve is attributed to the formation of
other chemical species, likely lithium sulfide (Li,S) from
deintercalated Li and partially sublimated sulfur. The sudden
change in material heat capacity and the intense endothermic
nonreversing heat peak (Figure S2) provide evidence of sulfur
sublimation and Li,S formation starting at 282 °C.

The phase composition after annealing was obtained by X-
ray photoelectron spectroscopy (XPS) (Figure 2d). After
annealing at 150 °C, the 1T phase concentration decreased
from 75 to 9% in the nonlithiated MoS,, while the 1T phase
concentration of Li,MoS, remained greater than 70%, even at
400 °C (Figure S3). This suggests that after partial sulfur
sublimation and Li,S formation, the material has excess Li
(nyinye = 2.8:1) to compensate for Li loss and retain the 1T
structure.”””” We also calculated the total enthalpy change
associated with phase transformation or sulfur sublimation by
integrating the MDSC curve from room temperature (25 °C)
to the respective temperatures (Figure 2e). The total enthalpy
needed to bring MoS, nanosheets to their phase trans-
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formation temperature of 112 °C is 11.5 kJ mol™" or 0.12 eV
per MoS,. The total enthalpy needed to bring Li,MoS,
nanosheets to their sulfur sublimation temperature of 282 °C
is 34.1 kJ mol™" or 0.35 eV per Li,MoS,. This suggests that
Li,MoS, is inherently more thermally stable than the
nonlithiated 1T MoS,.

We then studied the oxidation behavior under ambient
conditions (23 °C and 50% relative humidity) as a function of
time with in situ XRD (Figure 3a,b) and XPS (Figure 3c,d).
The relative peak intensities from in situ XRD are indicators of
material quantity (Experimental Methods). The (001) peak
position for Li,MoS, in its XRD pattern remains constant with
the exposure time. This suggests a constant (001) interlayer
spacing as Li,MoS, ages in the ambient (Figure S4). Additional
XRD peaks appear when LiMoS, is exposed to the ambient.
The (012) and (121) peaks are attributed to the formation of
lithium molybdate (Li,Mo0O,) as shown in Figure S$
(Li,MoO,, PDF 01-070-8448 reference peaks comparison).””
The formation of Li,MoOQ, is surprising and suggests that it is
sulfur that reacts with air rather than lithium. Previous reports

https://doi.org/10.1021/acs.chemmater.4c00674
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Figure 3. Identification and quantification of Li;MoO, with respect to aging time under ambient conditions (23 °C and 50% relative humidity). (a)
XRD patterns for as-synthesized Li,MoS, and after 6, 24, and 48 h of aging. While all XRD patterns retained the (001) and (002) peaks, additional
peaks (012) and (121) from Li,MoO, are observed after aging. (b) Rietveld quantification of Li;MoQ, and MoS, as a function of time. Estimated
standard deviations are smaller than the symbols themselves. The physical meaning of such estimated standard deviations is discussed in the
Supporting Information. (c) Overlaid Mo 3d XPS spectra of as-synthesized Li,MoS, nanosheets and after 48 h of aging, normalized to the Mo**
3d,,, peak intensity. The peak intensities for Li,MoO, (Mo®") at 232.5 and 235.6 eV increase with aging time. (d) Surface quantification of
Li,MoO,, 1T, and 2H phase MoS, from Mo 3d XPS peak deconvolution as a function of time.

have not identified this oxidation product as Li,M00O,.”'*'*'°
Rietveld quantification shows that the formation of Li,MoQ, is
rapid in the first 12 h and then slows to a plateau after 48 h
(Figure 3b). Li,MoO, accounts for 1.8% of the as-synthesized
Li,MoS, XRD signal, which increased to ~17% after 12 h of
aging, before plateauing at 31% at 48 h. In comparison, no
oxide signal was observed in the XRD pattern for nonlithiated
1T MoS, after 96 h of aging in ambient conditions (Figure
S6).

The degree of oxidation was analyzed using XPS spectra.
The XPS results from as-synthesized and Li MoS, exposed to
the ambient for 48 h are included in Figure 3¢, which shows
the peak doublet of Mo® at 232.5 and 235.6 eV. The
intensities of these peaks are noticeably higher after ambient
air exposure. Deconvolution of the Mo 3d XPS spectra from
as-synthesized Li,MoS, nanosheets reveals that the Li,MoO,
contributes to 47% of the signal (Figures 3d and S7), which is
much higher than the 1.8% value obtained from XRD
quantification (Figure 3b). This indicates that surface
oxidation is more severe than that in the bulk. Li,MoO,
concentration increases with exposure time and the 1T phase
MoS, concentration decreases, while the 2H phase concen-
tration was low and did not change with exposure time. This is
consistent with Raman spectra measured with increasing
exposure time to ambient (Figure S8) and suggests that the
lithiated 1T phase directly converts to Li,MoO, and does not
phase transform to the 2H phase.”' "'

The oxidation of LiMoS, was analyzed with transmission
electron microscopy (TEM) and selected-area electron
diffraction (SAED). As-synthesized Li,MoS, can be seen to
have a thin, disordered layer at the edge and a crystalline inner
region based on SAED (Figure 4a). After aging in the ambient
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for 48 h, the disordered layer expands to 25 nm in width
(Figure 4b), and the inner region displays a mixture of
crystalline and disordered SAED pattern. XPS depth profiling
was used to determine the oxidation depth and direction. It
was found that the Mo®* peak doublet resulting from oxidation
decreases in intensity below the surface (Figures 4c and S9).
Figure 4d illustrates the concentration of oxidation and the 1T
phase from XPS peak deconvolution with depth.

To determine the mechanism for the oxidation of LiMoS,,
we exposed it for 48 h in <0.1% relative humidity dry room
and 50% relative humidity ambient. XRD patterns in Figure Sa
show that Li,MoS, exposed to ambient humidity exhibits
characteristic peaks of Li,MoO,, while the sample exposed to
dry air remains as pristine Li,MoS,. Raman results (Figure Sb)
also confirm the presence of J; (153 cm™), J5 (325 cm™), and
the ¢ peak (250 cm™"), as well as the suppression of J, and E2g1
peaks in the dry air exposed sample. While the LiMoS,
exposed to humid air also shows J; and J; peaks, the absence
of the ¢ peak suggests a loss of excess intercalated Li due to the
formation of Li;MoQO,. We found that even in an oxygen-rich
environment (~20% oxygen), Li,MoS, is both phase (Figure
S10) and chemically (Figure S11) stable at 250 °C. In humid
air, however, Li,MoS, relaxes to the 2H phase below 150 °C
(Table S1 and S2). Our results indicate that moisture is the
cause of oxidation, and a possible reaction for the oxidation of
Li,MoS, in humid air is

Li,MoS, + H,0 + O, — Li,MoO, + H,S (1)

We now examine Li—S batteries with LiMoS, as the
conducting host for sulfur. In our previous work, we found that
metallic MoS, leads to improved polysulfide adsorption,
enhanced Li* transport, accelerated reaction kinetics, and
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superior electrocatalytic activity (Figure S12).” In our previous
work, we used carbon disulfide (CS,) to dissolve sulfur onto
Li,MoS, to avoid the relaxation of the metallic 1T phase via
annealing. The present study demonstrates that upon lithiation
the metallic 1T phase of Li,MoS, is stable up to 250 °C in dry

environments. This allows us to use the facile molten diffusion
method in dry air or argon at 155 °C for cathode preparation
(Experimental Methods). The as-prepared Li,MoS, cathodes
were assembled into coin cells, with a low areal sulfur loading
(S loading) of 0.8 mg cm™>, high anode-to-cathode ratio (N/
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electrode surface. (d) Cycle stability and Coulombic efficiency of 1T MoS, and Li,MoS, cathodes at a current density of 0.5 C.

P), and high electrolyte-to-sulfur ratio (E/S = 30 uL mg™") to
test the cathode performance. We also made pouch cells under
relatively more practical conditions.

Galvanostatic charge/discharge (GCD) curves from coin
cells of 1T MoS, and Li,MoS, cathodes are shown in Figure
6a. Characteristic Li—S battery plateaus at 2.4 and 2.1 V,
corresponding to the formation of liquid Li polysulfide
intermediates (Li,S,, 3 < n < 8), and the final reduction
product Li,S can be observed.””*° Due to the higher 1T phase
concentration and electrical conductivity, Li,MoS, cathodes
(50 wt % sulfur) show a specific capacity of 1489 mAh g™' at
0.1C, while the nonlithiated 1T MoS, cathodes possess a
specific capacity of 448 mAh g™' (The specific capacity is
based on the mass of the active material only, when the mass of
the host is included, they are 745 and 224 mAh g_l,
respectively). In cyclic voltammetry (CV) curves, two
reduction peaks at 2.4 and 2.1 V that correspond to the
plateaus in GCD curves are observed. The Li,MoS, electrodes
have sharper and more intense peaks than 1T MoS, electrodes,
indicating faster reaction kinetics (Figure 6b).””*' This is
consistent with the small voltage gap between the charge and
discharge curves (0.12 vs 0.32 V), which indicates smaller
ohmic loss, lower electrochemical overpotential, and favorable
distribution of active sulfur.”>** In electrochemical impedance
spectroscopy (EIS), Li,MoS, electrodes display a much lower
impedance at open circuit voltage (OCV), as indicated by the
much smaller semicircle in the Nyquist plot shown in Figure
6¢c. Figure 6d and S13 (zoomed-in figure for Coulombic
efficiency) also show that LiMoS, cathodes consistently
maintained good Coulombic efficiency (>97%) and cycle
stability, retaining 90% of the initial capacity after 80 cycles at
0.5 C, much higher than the 53% for 1T MoS, cathodes.
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Having validated the molten diffusion method for cathode
preparation in coin cells, we now demonstrate the performance
of Li,MoS, cathodes in a pouch cell level under realistic
conditions including high S loading and low E/S and N/P
ratios.”” Areal capacity is a key metric for assessing practical
energy storage systems as increasing areal capacity can reduce
the overhead mass from current collectors and separators to
achieve a high overall energy density. However, areal capacity
does not monotonically increase with an increase in sulfur
loading due to the reduced sulfur utilization rate (as indicated
by specific capacity). As shown in Figure 7a, by increasing the
S loading from 2.2 to 4.0 mg cm™?, areal capacity increases,
while the sulfur utilization rate drops from 80 to 75%. Further
increasing the S loading to 6.1 mg cm™ enables an areal
capacity of 7.05 mAh cm ™ but lowers the sulfur utilization rate
to 69%. The effect of the E/S ratio on the pouch cell
performance is investigated in Figure 7b. At a relatively high E/
S ratio of 9.7 uL mg™', pouch cells exhibit good specific
capacity (1155 mAh g') and cycling stability (~0.06% loss
per cycle over 200 cycles). At a lower E/S ratio of 4.3 yL mg™",
the Li,MoS, cathode still retains a reasonable initial specific
capacity of 1129 mAh g~' despite having a more severe
capacity loss of ~0.2% per cycle. We further fabricated the Li—
S pouch cells at an extremely low E/S ratio of 2.1 uL mg™".
The initial specific capacity reduced significantly to 930 mAh
g_l, and the cell failed to discharge after 82 cycles. In addition,
Li,MoS,-based Li—S pouch cells demonstrate good rate
capabilities, retaining 51% of its initial specific capacity at a
relatively fast rate of 0.5 C (Figure 7c).
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Figure 7. Pouch cell performance of Li,MoS, cathodes fabricated via molten diffusion of sulfur. (a) Areal capacities of pouch cells with various
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capacities of Li,MoS, pouch cell at various rates with an N/P ratio of 2, sulfur loading of 6.1 mg s

-1

,and a E/S ratio of 4.3 uL mg’l. The inset is a

photograph of the Li,MoS,-based Li—S pouch cell (6 X 4.5 cm in dimension).

B CONCLUSIONS

In summary, we have identified that Li MoS, oxidizes to form
Li,MoO, in humid environments and is stable in dry ambient.
By retaining the Li between MoS, layers, Li,MoS, nanosheets
also exhibit thermal phase stability (250 °C in dry air), well
above the 1T to 2H phase transformation temperature of 112
°C. This allows us to prepare Li—S cathodes with Li,MoS, by
the molten diffusion method.

B EXPERIMENTAL METHODS

Preparation of LiiMoS, and 1T MoS, Nanosheets. Li MoS,
nanosheets were synthesized via liquid chemical exfoliation. Bulk 2H
MoS, powder (0.6 g; Alfa Aesar) was immersed in hexane (30 mL;
Sigma-Aldrich) under Ar. n-butyllithium solution (1.6 M in hexane, 6
mL; Sigma-Aldrich) was added to the mixture and refluxed for 2 days.
After cooling, the product was washed with hexane (3 X 50 mL) to
remove the remaining organolithium reagents and organic residues.
The resultant LiMoS, powder was dispersed in tetrahydrofuran
(THF) (2 mg mL™"; Supelco) and ultrasonicated for 60 min in an ice
bath. The Li,MoS, dispersion in THF was centrifuged at 550 rpm for
210 s. The supernatant was then filtered onto an aluminum oxide
membrane (0.02 ym pore size; Whatman) and dried under vacuum
before it was collected as restacked nanosheets. The 1T MoS,
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nanosheets were prepared by ultrasonicating LiMoS, powder in
deionized water (2 mg mL™") for 60 min in an ice bath and then
centrifuging at 25,000 rpm to remove lithium cations. The settled
solids were freeze-dried before they were collected as 1T MoS,
nanosheets. 1T MoS, and Li,MoS, aged in dry air were prepared by
leaving the sample in a dry room, where the relative humidity was
controlled to be <0.1%. Ar annealing was done in a tube furnace with
a flow rate of 400 sccm Ambient and dry air annealing was done in an
oven in ambient or dry air.

B MATERIAL CHARACTERIZATION

The materials were characterized by Raman spectroscopy
(Renishaw InVia using a 514 nm laser beam), XRD (Bruker
D8 Advance powder X-ray diffractometer using Cu Ka
radiation, equipped with automatic divergence slits and a
LynxEye-XE position sensitive detector), XPS (ThermoFisher
Scientific using an Al Ka source), ICP-MS (Perkinelmer
NEXION 350D), TGA (TA Instruments Discovery SDT650),
MDSC (TA Instruments Q2000 DSC), and TEM (FEI Tecnai
F20, 200 kV). For XRD quantitative analysis purposes, 4 mg of
in-house aluminum oxide powder (Al,O;) reference standard
was mixed to 20 mg of Li,MoS, nanosheets and arranged on a
silicon low background sample holder. Iterative XRD measure-
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ments were taken on the same sample consecutively at
different degrees of oxidation without unloading the sample.
Rietveld fitting was performed with TOPAS Academic V7.
XRD data analysis details, including preliminary structural
analysis (Figure S14) of the C2 model of Li,MoS, used for the
quantitative analyses (Figure S15, Table S3), are reported in
the Supporting Information. XPS depth profiling was done
using Ar ion etching with an ion energy of 3000 eV and a cycle
time of 5 s. The etching depth is estimated on a Ta,Oy
reference with the same etching rate as MoS, at 2.73 nm §7130
The TEM samples were prepared by drop-casting the solution
of the as-synthesis samples dispersed in THF on a copper grid
supported by lacey carbon films, which were naturally dried in
air and then treated under the vacuum. MDSC measurements
were done between 25 and 450 °C on 2 mg of vacuum-dried
Li,MoS, and 1T MoS, nanosheets each. The average heating
rate is 4 °C min~', with an amplitude of 1 °C and a period of
120 s. TGA was done on 2 mg of vacuum-dried LiMoS, and
IT MoS, nanosheets each, at a ramp rate of 4 °C min".
Solution for ICP-MS measurements was prepared by
completely dissolving Li,MoS, nanosheets with concentrated
nitric acid and dilution with type 1 ultrapure DI water to a
concentration of 10 ng mL™

Coin Cell Preparation and Electrochemical Character-
ization. Precipitated sulfur (45 mg; Thermo Scientific) and
Li,MoS, or 1T MoS, nanosheets (45 mg) were mixed and
sealed into a Teflon-lined autoclave under Ar and maintained
at 155 °C for 12 h. The sulfur-MoS, composite was mixed with
poly(vinylidene fluoride) (PVDF) (10 mg; MTI Corporation)
and N-methyl-2-pyrrolidone (NMP) (350 mg; Sigma-Aldrich)
and stirred for 24 h until a uniform slurry was achieved. The
slurry was transferred to carbon-coated aluminum foil with a
doctor blade to make Li,MoS, or 1T MoS, cathodes. Thus, the
materials ratio of the electrode for the coin cell is 45 wt %
sulfur, 45 wt % Li,MoS, or MoS,, and 10 wt % PVDF binder.
The sulfur loading was set to be about 0.8 mg cm™. The
electrochemical performance of the MoS,-based cathodes was
evaluated in coin cells (CR2032), which were assembled in an
Ar-filled glovebox with LiMoS,/S or 1T MoS,/S cathode,
lithium foil (MTI Corporation) anode, Celgard polypropylene
separator, and excess electrolyte of LiTFSI (1M; Sigma-
Aldrich) and LiNO; (0.2M; Thermo Scientific) in a mixture of
DOL:DME (50:50 volumetric ratio; Thermo Scientific). The
electrolyte-to-sulfur ratio is controlled to be 30 uL of mg™".
GCD tests were performed in the voltage range of 2.8—1.8 V at
C rates = 0.1C (1C = 1672 mAh g~ ). The cycling stability was
recorded during continuous GCD cycles at the rate of 0.5 C
for 80 cycles. CV curves were scanned from 1.8 to 2.7 V and
collected at a scan rate of 0.1 mV/s. EIS was measured at open
circuit voltages before cycling under a sinusoidal signal over
the frequency range from 100 kHz to 10 mHz with an
amplitude of 10 mV.

Pouch Cell Preparation and Electrochemical Charac-
terization. Li,MoS, nanosheets and precipitate sulfur were
mixed and annealed under Ar at 155 °C for 12 h at a 1:2.5
mass ratio to obtain Li,MoS,/S composite (71.4 wt % sulfur).
The composite was then mixed with PVDF binder at a 95:5
mass ratio and made into a slurry with NMP. The slurry is
coated on aluminum sheets. The areal sulfur loading is
controlled to be 2.2—6.1 mg cm™ by adjusting the thickness of
the coating.

6 cm X 4.5 cm pouch cells (Figure 7c, inset) are assembled
in a dry room (relative humidity <0.1%). The Li,MoS,
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cathode, a Celgard polypropylene separator, and a lithium
foil anode (100 ym) are stacked and packed into Al-laminated
films (MTI Corporation). Al and Ni tabs (MTI Corporation)
were used for the outward connection of the cathode and
anode, respectively. Depending on the areal loading of the
sulfur, the N/P ratio of the cell is between 2 and 5.5. The
pouch cell is then transferred into an Ar-filled glovebox for the
injection of electrolyte and encapsulation. The E/S ratio is
controlled to be between 2.1 and 9.7 L mg™". The pouch cells
were cycled in the voltage range of 2.8—1.8 V at various rates
between 0.05 and 0.5 C (1C = 1672 mAh g™').

B ASSOCIATED CONTENT
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