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demands have increased.[1–5] Up to now, 
lithium ion batteries (LIBs) have been 
the dominant energy storage device due 
to their high energy and power densities, 
and long lifespan.[6–9] However, increases 
in the energy density of LIBs have not kept 
pace with the increasing energy demands, 
so development of new, high capacity elec-
trode materials is urgently required.

In recent decades, intercalation (inser-
tion) has been considered the “conven-
tional” process for energy storage in 
rechargeable batteries, and both the anode 
and cathode in state-of-the-art LIBs are 
based on these reactions.[6,8] During the 
intercalation process, lithium ions are 
inserted into the host material without sig-
nificant structural change, so this process 
is highly reversible. However, the amount 
of lithium that can be stored is limited to 
less than 1 lithium ion per host material 
atom in most cases, resulting in relatively 
low theoretical capacities.[8] In contrast 
to intercalation processes, transition 

metal compounds TMaXb (where TM is a transition metal and 
X is an anion such as oxygen, sulfur, fluoride, etc.) can store 
lithium ions by reacting to form transition metal clusters and 
LicX nanoparticles, a so-called “conversion reaction”, delivering 

While lithium ion batteries with electrodes based on intercalation compounds 
have dominated the portable energy storage market for decades, the energy 
density of these materials is fundamentally limited. Today, rapidly growing 
demand for this type of energy storage is driving research into materials that 
utilize alternative reaction mechanisms to enable higher energy densities. 
Transition metal compounds are one such class of materials, with storage 
enabled by “conversion” reactions, where the material is converted to 
new compound upon lithiation. MoS2 is one example of this type of mate-
rial that has generated a large amount of interest recently due to its high 
theoretical lithium storage capacity compared to graphite. Here, cryogenic 
scanning transmission electron microscopy techniques are used to reveal 
the atomic-scale processes that occur during reaction of a model monolayer 
MoS2 system by enabling the unaltered atomic structure to be determined at 
various levels of lithiation. It is revealed that monolayer MoS2 can undergo a 
conversion reaction even with no substrate, and that the resulting particles 
are smaller than those that form in bulk MoS2, likely due to the more limited 
2D diffusion. Additionally, while bilayer MoS2 undergoes intercalation with a 
corresponding phase transition before conversion, monolayer MoS2 does not.
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1. Introduction

Recently, as battery-operated portable devices and hybrid/elec-
tric vehicles have become more widespread, energy storage 
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exceptionally high capacity.[10–13] Despite the improved capacity, 
there remain some problems to be solved before practical 
use of these compounds is feasible. First, the large amount 
of lithium stored leads to a large volume change of the active 
materials, ultimately causing poor cycling stability. Second, 
conversion reactions generally involve breaking chemical bonds 
as well as simultaneous structural changes, which decrease 
reversibility. These two problems have been overcome, to some 
extent, by nanoscale design with carbonaceous materials.[12,13] 
Third, while the overall reaction can be simply written as 
TMaXb + (b × c)Li+ + (b × c)e− ↔ aTM0 + bLicX, the details 
involved in this reaction are much more complex.

In particular, the theoretical capacity of MoS2 is almost twice 
(669 mAh g−1) that of graphite (LiC6, 372 mAh g−1), so it is 
regarded as a promising anode material for LIBs.[14] A variety 
of MoS2-based materials have therefore been developed and 
employed as electrodes for energy storage in LIBs thus far.[15–17]  
The reactions involved are not simple, however, as MoS2 can 
go through conversion reactions as well as intercalation.[14,18] 
Being able to decouple these two effects would help accelerate 
the development of our understanding of the fundamental pro-
cesses involved. Recently, monolayer MoS2 has gained much 
attention in many fields due to its unique properties, and as 
such, great efforts have been made to enable high-quality and 
large-scale monolayer MoS2 to be prepared and its properties 
to be engineered.[19–21] Combined with proper characterization 
tools and techniques, these high-quality films make monolayer 
MoS2 an attractive model system to study conversion reaction 
processes at high resolution. The high chemical reactivity of 
many lithium compounds makes their characterization in an 
unaltered state challenging, due in large part to sample-envi-
ronment interactions during preparation and transfer into the 
instrument.[22,23] In this study, we have employed cryogenic 
sample preparation techniques to suppress these reactions[24–26] 
and enable direct visualization of the electrochemical lithia-
tion processes of monolayer MoS2 down to the atomic scale by 
cryo-scanning transmission electron microscopy (cryo-STEM). 
We demonstrate that monolayer MoS2 can undergo a conver-
sion reaction during lithiation in a liquid electrolyte, even with 
no substrate present. The size of the resulting Mo particles is 
smaller than previously reported values for bulk/nanomaterials, 
likely due to transport of Mo atoms being limited to 2D in the 
monolayer. Furthermore, we show that bilayer MoS2 under-
goes an intercalation reaction before conversion to Mo and Li2S 
nanoparticles, as confirmed by a phase transition from the H to 
T/T’ phase, while no T’ phase was observed in monolayer MoS2.

2. Results and Discussion

Figure 1a represents the voltage profile of bulk MoS2 (<2 µm, 
Aldrich) during the first cycle at a current density of 100 mA g−1. 
The discharge (lithiation) profile can be divided into three 
regions: an upper plateau at about 1.1 V (red region), a lower 
plateau at about 0.6 V (blue region), and a voltage slope after 
the lower plateau (yellow region). Operando X-ray diffraction 
(Figure 1b) revealed that the MoS2 (003) peak shifts to lower 
Q value (=4π/λ sin(θ), where λ is wavelength of X-ray, and θ is 
half of the scattering angle) within the upper plateau, especially 

near the end, indicating an expansion in the c-axis direction 
due to intercalation of lithium ions into the MoS2 lattice. In 
the lower plateau, the MoS2 (003) peak intensity decreases with 
time, and almost disappears entirely by the end. Simultane-
ously, a broad Li2S (111) peak appears, with increasing inten-
sity over time, suggesting that a conversion reaction occurs 
in this region. The discharge capacity delivered up to the end 
of the conversion reaction (from start to point 2) is about 
667 mAh g−1. This value is very close to the theoretical capacity 
of MoS2 (669 mAh g−1), which was calculated based on the 
MoS2 conversion reaction MoS2 + 4Li+ + 4e− ↔ Mo + 2Li2S.[14]  
In the third region (yellow), the changes are less signifi-
cant compared to those in the second region. The Li2S peak 
slightly increases in intensity, and the MoS2 peak completely 
disappears. During delithiation, the Li2S (111) peak intensity 
decreases continuously, and by the end of delithiation the peak 
almost disappears.

The lithiation of bulk MoS2 was further studied by ex situ 
X-ray absorption near edge structure (XANES). The Mo K-edge 
(Figure 1c) fine structure changed somewhat after intercala-
tion (pristine → 1), and more significantly after the conversion 
reaction (1 → 2), including a shift of the peak onset to a lower 
energy. This shift is more clearly seen in the first derivatives 
of the edge (Figure 1d). The peak position of the first deriva-
tive after the conversion reaction (green solid line) is similar 
to a reference Mo foil (black dotted line), indicating that Mo is 
mainly reduced to Mo metal during the conversion reaction. 
During the voltage slope at the end of lithiation (2 → 3), the 
K-edge is essentially unchanged, suggesting that the capacity 
delivered from this region is not based on Mo reduction. After 
delithiation (3 → 4), the peak of the first derivative shifts back 
to higher energy, near that of the pristine state. This indicates 
that the lithiation/delithiation process of bulk MoS2 during the 
initial cycle is nearly fully reversible, and some irreversibility 
might arise from loss of electric contact of some parts due to 
the large volume change.

The electrochemical behavior of bulk MoS2 follows a typical 
conversion reaction, as in materials such as Fe3O4, Co3O4, and 
RuO2.[27–31] These materials have three distinct regions during 
the initial discharge; an intercalation reaction (higher pla-
teau), conversion reaction (lower plateau), and extra capacity at 
a voltage slope at the end of discharge without changing the 
oxidation state of the cations. In some materials, the capacity 
from intercalation prior to the conversion reaction is negligible. 
In addition, the capacity contribution from each region to the 
total capacity can be significantly affected by changing the cur-
rent density, particle size, density of defect sites, etc.[31–33] For 
example, Palacín and co-workers demonstrated that the ratio 
of conversion reaction capacity to total capacity (intercala-
tion + conversion + extra) increases as the current density is 
increased in Co3O4.

While the overall reactions of electrochemical lithiation in 
bulk MoS2 is well understood, the detail process such as tran-
sition from intercalation to conversion reactions, and cation 
migrations are very complex, and not fully understood. Direct 
atomic-scale visualization of electrochemical lithiation pro-
cesses can be very powerful and provide new insight to under-
stand such processes. However, to image reaction boundary 
regions at the atomic-scale in lithiated bulk MoS2 is extremely 

Adv. Energy Mater. 2019, 1902773



www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902773 (3 of 8)

challenging due to the material’s thickness/solid electrolyte 
interphase (SEI) layers, and 3D diffusion. By using monolayer 
MoS2, we can limit the transport of Mo atoms to only 2D, which 
enables direct imaging of reaction boundaries in this system.

In order to visualize the electrochemical lithiation processes 
in monolayer MoS2, we designed cryogenic electron micros-
copy experiments to provide atomic-scale insights, as illustrated 
in Figure 2a. Monolayer MoS2 was grown using metal-organic 
chemical vapor deposition (MOCVD) on a SiO2/Si substrate. 
The films were then delaminated and transferred to transmis-
sion electron microscopy (TEM) grids covered by a holey carbon 
film. These monolayer coated TEM grids were electrochemically 
lithiated in an Ar-filled glove box using two handmade cells (see 
Figure S1, Supporting Information) in a beaker containing liquid 
electrolyte (1.0 m LiPF6 in ethylene carbonate (EC)/diethylene 
carbonate (DEC)). To avoid reactions with air/moisture prior to 
characterization in the TEM, a cryogenic sample preparation 
technique was utilized. The lithiated MoS2 coated grids were 
placed in a cryogenic TEM sample storage box and transferred 
out of the glove box in a sealed Ar-filled container. This container 
was subsequently cooled and opened beneath liquid nitrogen to 
avoid exposure to air (see Figure S2, Supporting Information). 

The samples were then placed in a large liquid nitrogen-filled 
sample storage dewar and subsequently transferred to the micro-
scope and characterized using cryogenic TEM and scanning 
TEM (cryo-TEM/STEM) techniques.

A pristine MoS2 layer typical of those used in this study 
is shown suspended over a hole in the carbon support in 
Figure 2b–d, in a low-magnification TEM image, a color-coded 
composite of dark-field (DF) TEM images, and an electron 
diffraction pattern with corresponding color-coded DF-TEM 
aperture locations overlaid, respectively (see Figures S3 and 
S4, Supporting Information, for additional details). The 
images (Figure 2b,c) reveal that the film is mostly monolayer 
MoS2, with triangular bilayer regions (see Figures S5 and S6, 
Supporting Information, for X-ray photoelectron spectro-
scopy (XPS) spectra, Raman spectra, and photolumines-
cence of monolayer MoS2, respectively). The DF-TEM image 
shows that the monolayer grains have various shapes on the 
order of 100 nm across. Figure 3 presents atomic-resolution  
annular dark-field (ADF) cryo-STEM images of the MoS2 layer 
(Figure 3a for monolayer, and Figure 4b,c for bilayer regions) 
and the corresponding fast Fourier transforms (FFTs) in the 
insets. Cryo-STEM revealed that the monolayer MoS2 (Figure 3a) 
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Figure 1. a) Voltage profile of bulk MoS2 at a current density of 100 mA h−1, where the selected times are marked. b) Operando X-ray diffraction 
pattern of bulk MoS2 at a current density of 100 mA h−1. c) Ex situ Mo K-edge X-ray absorption near edge structure (XANES) spectra of bulk MoS2 and  
d) their corresponding first derivatives, at times indicated in (a).
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was fully crystalline, with the stable trigonal prismatic (H) con-
figuration. In bilayer regions, two MoS2 layers were clearly 
resolved with various orientations between the layers. For 
example, Figure 3b,c shows bilayer MoS2 with a translation and 
≈30° rotation between the layers, respectively.

As discussed previously, the MoS2 layer was suspended 
over a holey carbon support on the TEM grid, as illustrated in 
Figure 4a. Our study of the lithiation mechanisms of monolayer 
MoS2 focuses on the region suspended over the holes in the 
support film, since the MoS2 monolayer provides the only elec-
tron transport pathway in these regions. After full lithiation 
(voltage held at 0.01 V vs Li+/Li for 48 h, see Figure S7, Sup-
porting Information for current vs time), the monolayer MoS2 
film was “wrinkled” as a result of the large volume expansion 
during lithiation (Figure 4b). Interestingly, this wrinkled film 
contains many small particles (<2 nm), as shown in Figure 4c. 
The brightness of these particles in ADF cryo-STEM suggested 
that they were composed of Mo, since Mo is the heaviest ele-
ment present and is therefore the strongest elastic scatterer of 
electrons. These small bright particles are homogeneously dis-
tributed within the layer, and atomic-resolution imaging revealed 
that they were surrounded by darker particles as well (Figure 4d). 
As shown in Figure 4h, the lattice spacing of the bright parti-
cles was slightly larger (≈6%) than the (110) spacing of Mo 
metal, which is not unexpected for nanoparticles, and the lattice 
spacing of the dark particles was close to that of (111) Li2S. The 
formation of both types of nanoparticles was confirmed by cryo-
TEM imaging (Figure 4e) and electron diffraction (Figure 4f) 
as well. The polycrystalline Li2S can be clearly seen in the cryo-
TEM image (Figure 4e), with grains roughly five nanometers in 
size. In the diffraction pattern (Figure 4f), clear signal for Li2S 
(111), (200), (220), (222), (311), (400) and (331), and a broad Mo 
metal (110) ring, were observed. Figure S8b in the Supporting 
Information shows an electron energy-loss spectroscopy (EELS) 
spectrum obtained in the marked region of Figure S8a in the 
Supporting Information. Only S, Mo, C, and O edges were  
present from ≈100 to 600 eV. In the corresponding elemental 
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Figure 3. High-resolution annular dark-field cryo-STEM images of a) MoS2 
monolayer and MoS2 bilayer with a b) translation and c) rotation between 
the layers. Insets show the fast Fourier transforms (FFT) of the images.

Figure 2. a) Schematic illustration of the electrochemical lithiation and cryo-EM characterization of a MoS2 layer supported on a TEM grid with a 
holey carbon film. b) Bright-field TEM image of MoS2. c) Color-coded composite dark-field (DF) TEM image of MoS2, showing the shapes and lattice 
orientations of grains of the suspended MoS2 in region marked in (b). d) Electron diffraction pattern with colored spots corresponding to the aperture 
locations used to generate the DF-TEM image shown in (c).
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maps (Figure S8c–g, Supporting Information), none of the ele-
ments were strongly localized except in the large particles and 
Mo was present uniformly across the small particles. These 
EELS spectra and maps suggest that the bright particles are Mo, 
since no other heavy elements were present in the spectra.

The presence of Mo metal and Li2S nanoparticles after lithi-
ation, as confirmed by cryo-TEM and cryo-STEM, therefore 
indicates that even monolayer MoS2 can go through a conver-
sion reaction by electrochemical lithiation in liquid electro-
lyte. While some researchers have reported chemical lithium/
sodium intercalation into few-layer MoS2, or conversion reac-
tions in bulk/nano-MoS2, a conversion reaction in monolayer 
MoS2 by electrochemical lithiation using liquid electrolytes has 
not yet been reported. In addition, this is the first study where 
samples were maintained in an unaltered state through use of 
cryogenic techniques to avoid reactions between the reactive 
products (Mo and Li2S) and the environment.

Since the suspended monolayer MoS2 can undergo a con-
version reaction, this suggests that monolayer MoS2 itself can 
provide the pathways for not only electron transport but also  
Mo and S atom migration to form Mo and Li2S nanoparticles. It is 
worth noting that while the bonds between Mo and S are broken 
during deep lithiation, the film remains intact. Additionally, 
we found that the size of the Mo metal clusters formed from 

monolayer MoS2 averaged just above 1 nm in size, as shown 
in Figure 4g and Figure S9 in the Supporting Information. Pre-
viously, it was believed that transition metal clusters formed 
during an electrochemical conversion reaction were between  
2 and 5 nm,[34–36] as reported for bulk materials, and what affects 
this size has rarely been studied. The much smaller cluster size 
in our system may be due to the fact that the Mo atoms can 
only be transported in 2D in a monolayer, compared to three in 
bulk materials, so that growth of Mo metal clusters is kinetically 
hindered. This is supported by results from Wang et al., which 
showed that Fe metal particles formed by conversion from FeF2 
nanoparticles were smaller at the surface of the material than in 
the bulk.[37] Finally, cryo-STEM measurements showed that the 
molybdenum nanoparticle lattice spacing was slightly larger, on 
average, than bulk values (Figure 4h). The Mo clusters are very 
small (≈1 nm) and this has been observed to lead to an increase 
of the lattice spacing previously.[38]

In addition to regions fully lithiated to yield Mo clusters and 
Li2S nanoparticles, we also observed partially lithiated regions. 
Due to the slow kinetics of the conversion reaction and slow 
electron transport over the holes on the TEM grid, some regions 
were lithiated more easily than others. We observed some fully 
lithiated regions after holding the voltage at 0.01 V for only 
30 min (Figure S10, Supporting Information), but some regions 
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Figure 4. a) Schematic illustration of a MoS2 layer on a TEM grid. Annular dark-field cryo-STEM images of fully lithiated monolayer MoS2 at b) low and 
c,d) high magnifications. e) Bright-field cryo-TEM image of a fully lithiated MoS2 layer at high magnification. f) An electron diffraction pattern of the 
layer. Lattice images and diffraction pattern are consistent with the presence of Mo metal and Li2S nanoparticles after lithiation. g) The observed size 
distribution and h) lattice spacing of the Mo nanoparticles, as measured by FFTs of individual particles in annular dark-field STEM images.
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remained unreacted or partially reacted 
(Figure S11, Supporting Information). As 
the lithiation proceeded, the fully lithiated 
areas increased, with all regions fully lithiated 
after holding the potential constant for 48 h 
(Figure 4). In samples lithiated for 30 min and 
2 h, a material was observed nonuniformly 
covering the sample. Where the lattice of the 
material could be seen, the spacing was con-
sistent with LiF, suggesting this may be a 
component of the SEI layer (Figure S12, Sup-
porting Information). After being held at 3.0 V 
followed by lithiation at 0.01 V, the monolayer 
MoS2 does not show any significant difference 
with the sample held at 0.01 V. The reverse 
reaction therefore may not occur in mon-
olayer MoS2, probably due to slow kinetics 
resulting from restricted transport of Mo ions, 
S ions, and electrons along the 2D structure. 
Figure 5b presents a cryo-STEM image of 
bilayer MoS2 in a partially lithiated region. 
This image clearly shows the coexistence of 
multiple phases. Nearly unreacted bilayer 
MoS2 is observed in the region marked by the 
red square and its corresponding FFT pattern 
(Figure 5c) shows sixfold symmetry. Mo nano-
particles were observed in the region marked 
by the yellow square, indicating that the con-
version reaction had occurred there. Interest-
ingly, between those two regions, another 
new phase was observed (green square) and 
its FFT showed superstructure spots. This 
phase is known to be the distorted octahe-
dral (T’) phase (see Figure 5a) for the T’-MoS2 
structure. The T’ phase has often been 
observed in MoS2 that has been chemically 
exfoliated by lithium intercalation,[39] and the  
H to T/T’ phase transition has been observed 
during lithiation using solid-state open 
cell in situ TEM.[40,41] Density functional 
theory (DFT) calculations show that the  
T and T’ phases can be more stable than the 
H phase, depending on the lithium content in 
MoS2.[42,43] Introduction of an extra electron 
with a lithium ion during intercalation results 
in the valence orbital configuration of the Mo 
atom being less stable in the H configura-
tion than in the T’ configuration, so a struc-
tural phase transition to T’ occurs. Therefore, 
we can conclude that the T’ phase observed 
in Figure 5b represents strong evidence that bilayer MoS2 can 
store lithium through an intercalation reaction. Furthermore, 
in originally bilayer MoS2 regions, T’ phases were frequently 
observed between unreacted and fully lithiated (conversion reac-
tion occurred) regions, indicating that bilayer MoS2 goes through 
an intercalation reaction first, and then the conversion reac-
tion upon further lithiation (see Figures S13–S15, Supporting 
Information). Figure 5d also presents a cryo-STEM image of 
a transition region where monolayer MoS2 is converting to 

Mo and Li2S. In contrast to the bilayer MoS2 case, no clear T’ 
phase (superstructure ordering) was observed between the pris-
tine and fully lithiated regions. Kan et al. found that the con-
centration of adsorbed Li ions on monolayer MoS2 strongly 
affects the stability of different MoS2 phases, based on DFT  
calculations.[42] Without any substrate, monolayer MoS2 is 
exposed on both sides to the electrolyte, indicating that adsorp-
tion of large amounts of Li ions from the electrolyte can occur 
quickly once electrons are provided. In this case, the conversion 
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Figure 5. a) Schematic illustration of structure of H-MoS2, T-MoS2, T’-MoS2, and Mo + Li2S. 
Blue, yellow, and gray represent Mo, S, and Li atoms, respectively. b) Annular dark-field cryo-
STEM image of partially lithiated bilayer MoS2. c) FFT patterns of selected regions in (b).  
d) Annular dark-field cryo-STEM image of partially lithiated monolayer MoS2. e) Schematic 
illustration of the conversion reaction in monolayer MoS2.
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reaction may occur rapidly enough to bypass the intermediate T’ 
phase. However, in the case of bilayer MoS2, bringing lithium in 
contact with both sides of the MoS2 layers requires diffusion of  
lithium ions between the layers, which is much slower than  
diffusion through the electrolyte. This could lead to a relatively  
slow phase transition from the H phase to Mo metal and Li2S 
particles, requiring time to pass through the intermediate 
T’ phase. We believe that this might be the reason that no clear 
T’ phase was detected in monolayer MoS2. Also observed in the 
transition regions of Figure 5b,d were individual Mo atoms on 
the Li2S background material. To the best of our knowledge, 
this is the first observation of the migration of individual transi-
tion metal cations during a conversion reaction, and suggests 
that after the molybdenum–sulfur bonds break during deep 
lithiation, the Mo atoms migrate individually, finally becoming  
stabilized after forming clusters (Figure 5e).

3. Conclusions

We have successfully investigated lithiation processes in a 
model monolayer MoS2 system using cryogenic scanning trans-
mission electron microscopy techniques. Our studies revealed 
that monolayer MoS2 can undergo a conversion reaction after 
electrochemical lithiation in a liquid electrolyte, even with no 
substrate, and that the size of the resulting Mo particles is small 
(≈1 nm) compared to those previously observed for thicker 
MoS2, probably due to limited 2D diffusion. In addition, bilayer 
MoS2 clearly goes through an intercalation reaction before the 
conversion reaction, which is confirmed by a phase transition 
to the T’ phase, but no evidence of the phase transition to the 
T’ phase was observed in monolayer MoS2. Our findings pro-
vide new insights into the reaction mechanism of the lithiation 
process in conversion reaction-based materials and will aid in 
designing/developing high capacity electrode materials for next 
generation lithium rechargeable batteries.

4. Experimental Section
MoS2 Growth: The synthesis of monolayer MoS2 was carried out using 

a MOCVD method in a hot-wall quartz tube furnace with 4.3 inch inner 
diameter, as previously reported.[19] Molybdenum hexacarbonyl (Mo(CO)6, 
MHC, Sigma-Aldrich 577766) and diethyl sulfide (C4H10S, DES, Sigma-
Aldrich 107247) were the chemical precursors for Mo, and S, respectively. 
The growth was performed at 500 °C for 24 h. The flow rate of precursors, 
regulated by individual mass flow controllers, were 0.01 sccm for MHC, 
0.3 sccm for DES, 1 sccm for H2, and 150 sccm for Ar. The total pressure 
during the growth was around 12 Torr. NaCl was loaded in the upstream 
region as a desiccant to dehydrate the growth chamber.

Transfer of MoS2 Film onto TEM Grid: The monolayer MoS2 film 
(grown on SiO2/Si substrate) was first delaminated at the deionized (DI) 
water surface by gently immersing the substrate in DI water. Then the 
transfer was completed by picking up the floating film with holey carbon 
TEM grids and air drying for an hour.

Electrochemical Lithiation of Monolayer MoS2: Since monolayer MoS2 
is fragile, two reverse-close tweezers were used as current collectors to 
avoid any damage to the monolayer MoS2 (see Figure S1, Supporting 
Information, for photograph of cell). The monolayer MoS2 film on the TEM 
grid was directly used as the working electrode, and lithium metal was used 
as counter electrode as well as reference electrode. 1.0 m LiPF6 in EC/DEC 
(1:1 volume ratio) was used as electrolyte. For full lithiation, the potential 
was held at 0.01 V (vs Li+/Li) for 48 h. After lithiation, the monolayer MoS2 

film on the TEM grid was washed with dimethylene carbonate and dried. 
This whole process was done in an Ar-filled glove box.

TEM and Cryo-STEM Characterization: TEM and dark-field TEM 
measurements were performed on an FEI Company Tecnai T12 
microscope operated at 120 kV. Cryo-STEM characterization was 
performed on an aberration corrected FEI Titan Themis operated at 
120 kV. The microscope is equipped with an X-FEG high-brightness 
gun and a retractable cryo-box which avoids ice build-up on the cooled 
sample. Standard Gatan side-entry cryo-transfer holders (Model 626 and 
Model 915) enabled transfer of the samples from liquid nitrogen into the 
microscope and maintained their temperature near −180 °C throughout 
the experiment. As described previously, the samples were transferred out 
of the glove box in a sealed container that was cooled and subsequently 
opened beneath liquid nitrogen. The samples were then stored and 
loaded into the holder under liquid nitrogen to prevent interaction with 
the environment. During transfer into the vacuum of the microscope, the 
sample was enclosed by a cryo-shutter to minimize ice build-up.

Operando XRD Analysis: Operando X-ray diffraction (XRD) experiments 
were performed at the A-1 station of the Cornell High Energy Synchrotron 
Sources (CHESS) at an X-ray energy of 19.8 keV. MoS2 electrode was 
prepared by coating the slurry on Cu current collector. The slurry was 
composed of MoS2 (Aldrich), super P, and polyvinylidene fluoride (8:1:1 
in weight ratio) dissolved in N-methyl-2-pyrrolidinone solvent. The coin 
cell (2032-type) was assembled in an argon-filled glove box. For X-ray 
transmission, 3 mm diameter hole was made in the center of coin cell, 
which was sealed with Kapton film. The cell was discharged and charged 
at a constant current of 100 mA g−1.
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