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ABSTRACT: Layered molybdenum disulfide (MoS,) has been studied
for decades for its diversity of structure and properties, where the XXX> M /
structural dynamic evolution during lithium intercalation is an \ \

Li*

important but still indistinct, controversial topic. Here the electro-
chemical dynamic process of MoS, nanosheets upon lithium

o
intercalation has been systematically investigated by in situ high-

resolution transmission electron microscopy. The results indicate that < K K K /
the lithiated MoS, undergoes a trigonal prismatic (2H)-octahedral (1T) 8 [ 4

phase transition with a lithium ion occupying the interlayer S—S

tetrahedron site in the 1T-LiMoS,. A pseudoperiodic structural 2H Mos, 1T MoS,
modulation composed of polytype superlattices is also revealed as a

consequence of the electron—lattice interaction. Furthermore, the shear mechanism of the 2H-1T phase transition has been
confirmed by probing the dynamic phase boundary movement. The in situ real-time characterization at atomic scale provides a
great leap forward in the fundamental understanding of the lithium ion storage mechanism in MoS,, which should be also of help
for other transition metal dichalcogenides.

H INTRODUCTION However, the conventional ex situ studies introduced a
complicated post-treatment process, where multiple unex-
pected factors were involved and made it too complicated to
clarify the structure transformation. The accompanying co-
intercalation of solvent molecules with lithium ions, for
example, hindered the investigation of the accurate mechanism.

Layered molybdenum disulfide (MoS,) shows a unique
combination of valuable structural, electronic, optical, mechan-
ical, chemical, and thermal properties that have been studied for
decades." The inexpensiveness and availability have offered the

uses for lubricant,” optoelectronic,” catalytic,* and clean energy . ) o
storage applications.> Its lamellar structure and properties are Based on the “exfoliated and restacked” Li,MoS, system, the

also beneficial for high power applications such as solid state precise s..truct'ural 1nfo.rmat1s)n on the new'phase su(‘th as the
batteries and supercapacitors.® The weak van der Waals lithium jon intercalation site has not coincided within the

interaction between the MoS, layers allows alkali ions to previous literature,"* > let alone the transition mechanism.

2 . e .
intercalate without a significant volume expansion, which ) Here we examined the complete l?thl?lm 1ntercgla.tlon process
enables MoS, to be an alternative as an electrode material for in lamellar MoS, nanosheets via an in situ transmission electron
high capacity lithium ion batteries.”® It has been known that microscop Y (TEM) approach, real'izing a real-time imagin.g
MoS, has a good cycling behavior at ~2 V of discharging characterization of the electrochemical process at the atomic

voltage, even at low temperature.” Research on the lithium ion level ) t.hat greatly 'advances the under.standmg of the phase
reaction mechanism of MoS, is a significant field, both in transition mechanism and the correlation between structural
)

fandamental studies and practical application and electrochemical properties in MoS,. The new results, for

MoS, by its nature is a semiconductor with trigonal (2H) the ﬁ_rst time, thoro'ug'hly demonstrate the exiétence ofa .phas_e
structure, where the S atoms locate in the lattice position of a transition from pristine 2H-M082. to lTj'LlMOS.Z; f"’thh' 1s
hexagonal close-packed structure. Planes of Mo atoms are composed of polytype superlattices with a lithium ion
sandwiched between two atomic layers of S, such that each Mo o'ccupying. the .interlayer S-S tetrahe.dron .sit.e. Moreover,
is coordinated to six S atoms in a trigonal prismatic geometry LiMoS,/ dls.locatlon—decorated buffer region/ PHStlne'MOSg was
(2H). Another Mo$, polytype based on tetragonal symmetry is recorded simultaneously at the phase boundary, revealing a
the octahedral phase (1T) with one MoS, layer per repeat unit shear mechanism for the 2H-1T phase transition. Although

(schematic coordination shown in Supplemental Figure S 1).A with a high content of intercalated lithium ions a conversion
structural transformation of 2H-1T due to lithium ion reaction from 1T-LiMoS, to Mo/Li,S followed, a volume

intercalation has been suggested,'"’™"> and the corresponding
electronic structure change from semiconducting to metallic Received: February 20, 2014
has been observed by photoluminescence measurement.'? Published: April 11, 2014
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Figure 1. In situ electrochemical reaction of lamellar MoS, nanosheets with lithium. (a—d) Time-lapse TEM image records of morphological
evolution of a MoS, nanosheet during the first lithium ion reaction process with reaction duration of 0, 1, 6, and 120 s, respectively. Scale bar, 0.2
pum. (e—h) In situ electron diffraction patterns (EDPs) of the same area marked by the red circle in panel a along the [001] zone-axis direction
during the reaction process. Pristine EDP is shown in panel e with 0 s of reaction time; one set of superstructure spots appears in panel f after 1 s of
lithiation. With longer lithiation time (6 s), diffraction spots of Li,S show up in panel g. After 120 s, the lithiated MoS, is finally converted to

amorphous Li,S in panel h.

Lithiated

Figure 2. Phase transition probed by in situ EDPs. (a,e) TEM images of a MoS, nanosheet taken before and after the lithium ion intercalation. The
red circle indicates the selected region on which the EDPs are taken and analyzed. Scale bar, 0.2 ym. (b—d) EDPs taken before the lithium ion
intercalation along the [010], [331], and [051] zone-axes, respectively. The simulant EDP of the pristine 2H-MoS, along the [010] zone-axis is also
shown in panel b. (f—h) EDPs taken after the lithium ion intercalation along the [010], [331], and [051] zone-axes, respectively. The simulant EDP
of the crystalline 1T-MoS, along the [010] zone-axis is provided in panel f, for comparison purpose.

change of no more than 35% was introduced to the MoS, with
stable lamellar structure maintained during the lithiation
process.

B RESULTS AND DISCUSSION

Before the in situ measurement, discharge/charge studies of
MoS, powder were first conducted in the coin-type cell. Two
apparent plateaus are observed in the first discharge process,
indicating that the MoS, electrode undergoes two structural
transformations during the first lithiation process"'”'" (see the
details in the Supporting Information). To directly capture the
dynamic structural changes, open Li/Li,O/MoS, lithium cells
were built and characterized via real-time in situ high resolution
transmission electron microscopy (HRTEM) imaging, electron
diffraction (ED), and electron energy-loss spectroscopy
(EELS). The lamellar MoS, electrodes were prepared by
peeling off a very thin sheet from the single crystal MoS, bulk
and further incorporated into a homemade double-tilt TEM
specimen holder.”"** A constant current of 5 nA or 500 pA
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between 0 and 5 V was applied across the cell to lithiate the
MoS, nanosheets. Recently, it was reported that the 1T phase
can be introduced in the 2H-MoS, single layer by using a high
dose incident electron beam during heating of the MoS, single
layers.”® In our experiment, to exclude the influence of the
electron beam, the reaction was recorded at subsecond
temporal resolution with a small dose of electron beam at
room temperature.

Time-lapse electron diffraction patterns (EDPs) of the MoS,
taken in the near-surface region clearly show a remarkable
feature that the lithiation of the pristine MoS, induces
structural transformations (Figure 1). Upon lithiation as
recorded in Figure la—d, a reaction front is introduced,
which then propagates extremely fast and sweeps across the
MoS, sheet within a few seconds. Figure le—h presents the
EDPs acquired from the same region marked by a red circle in
Figure 1la after a reaction duration of 0, 1, 6, and 120 s,
respectively. The [001] zone-axis EDP from the pristine 2H-
MoS, (Figure le) shows one set of 6-fold symmetry diffraction
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Figure 3. Phase boundary in 2H-1T phase transition. (a—d) Sequential TEM images of the morphological evolution of a MoS, nanosheet during the
first lithiation process. Arrows show the wavy surface in the reaction front. Scale bar, 0.2 ym. (e,f) EDP and TEM image of an area ahead of the
reaction front. Scale bar, 2 nm. (gh) Corresponding records from the same area after the lithium ion intercalation. Scale bar, 2 nm. (i) HRTEM
image of the 2H/1T phase boundary. Three regions are determined by three different feathers: region 1 showing the lithium intercalated phase with
a superlattice, region 3 indicating the unreacted pristine phase, and region 2 with dislocations between region 1 and region 3. The red arrow points
out the wavy-distorted structure near the superstructure; the black arrow highlights the slip dislocations close to the pristine structure. Scale bar, 2

nm.

spots. After 1 s of lithiation, surprisingly, the commensurate
superstructure reflections appear along a* (100) and b* (010)
directions with a 2-fold periodicity (Figure 1f), and this pattern
arising from the superstructure can be characterized by two
primary modulation vectors (1/2) a* and (1/2) b* (a* = b*).
As given by ED results, Li,MoS, displays a 2X2 superstructure
in the a—b plane. The structure transformation from the
pristine 2H form to the 2X2 superstructure is believed to be
related to phase transition at the first discharge plateau around
1.1 V in Supplemental Figure S2. With longer lithiation time (6
s), another set of diffraction patterns is superimposed (Figure
lg). The newly appeared diffraction spots indicate the
formation of Li,S, corresponding to the second discharge
plateau (Supplemental Figure S2). Finally, the fully lithiated
MoS, is converted to an amorphous Li,S matrix without any
superstructure remaining (Figure 1h). This structural evolution
can be described with the following types of structures: a 2X2
superstructure of LiMoS,, a 2X2 superstructure dispersing in
amorphous Li,S matrices, and an amorphous Li,S structure in
the fully lithiated phase, which coincides with the ex situ
result.”* Note that such regularity is a typical feature in our
experiment. Another example is shown in Supplemental Figure
S3.

To understand the phase transition of MoS, during lithium
intercalation comprehensively, the degree of lithiation was
monitored and tuned by controlling the applied current.
Therefore, the modulated MoS, structure by lithium ion
intercalation can be kept at the desired intercalation stage
during the first lithiation process. The intermediate stage of
lithiation process is puzzling but so appealing. Here we
controlled the lithiation process to stop at the stage of a 2X2
superstructure of LiMoS,, corresponding to that shown in
Figure 1f. Meanwhile, multiply zone-axes EDPs can also be
recorded. Figure 2 shows a series of selected area EDPs of the
MoS, taken before (Figure 2b—d) and after (Figure 2f—h) the
intercalation reaction along zone-axes of [010], [331], and
[051], respectively (The real-time movie is shown in
Supplemental Movie 1). The pristine MoS, has an EDP with
sharp Bragg spots alternating with dim ones in the (001)
orientation under observation along the [010] zone-axis
direction, which is in accordance with the corresponding
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EDP simulation of 2H-MoS, in a rigorous way (Figure 2b).
After the lithium ion intercalation, superstructure reflection
appears along the symmetry (100) direction with a 2-fold
periodicity. More remarkably, Bragg spots along the (001)
orientation become equally sharp and intense, suggesting a
notable alternation in crystal symmetry; this pattern is
attributed to the 1T symmetry, which is strongly supported
by the EDP simulation of the crystalline 1T-MoS, along the
[010] zone-axis (Figure 2f). Such symmetry change revealed by
diffraction comparison testified to the phase transition from
crystalline 2H-MoS, to structure modulated 1T-LiMoS, by
lithium ion intercalation.

Moreover, which site the Li ion occupies in the new 1T-
Li,MoS, phase is still an interesting and open topic. 1T-MoS,
host lattices have tetrahedral and octahedral cavities between
sulfur atoms for the Li atom in the van der Waals gap.”® The Li
ion concentration and occupation play a dominant role in the
unit cell parameter of the LiMoS,. Here, according to the
multiply zone-axes EDP results of the MoS, nanosheet before
and after the intercalation reaction, the unit cell parameter
evolution of the 1T-Li,MoS, from the pristine 2H-MoS, can be
precisely ascertained. The lattice along a-axis expands subtly,
while the value in the c-axis direction expands to 14 from 12.3
A. The crystal geometry and formation energies for a large set
of 1T-Li,MoS, intercalates have been investigated systemati-
cally using the density functional theory approach.”® By
combining the experimental data and the theoretical calcu-
lations, the lithium ion is considered to reside in the interlayer
S—S tetrahedron site in the 1T-Li; ;MoS, as the most favorable
intercalation sites.

In addition to 2H-1T phase transition, Li ion intercalation
also gives rise to another structure modulation. The 2-fold
periodic modulation is observed in Figure 2f—h, which is
consistent with the superstructure in the a—b plane as shown in
Figure 1 (see other data in Supplemental Figure S4). Those
EDPs can be well apprehended by projecting the basic 1T-
LiMoS, structure with 2-fold periodicity modulation in the
corresponding directions. With in-depth analysis above, the
structural property of the new phase produced by lithium ion
intercalated MoS, is ascertained with comprehensive details.
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Distinct contrast and morphological transformation of MoS,
nanosheet are always accompanied by Li ions intercalation in
our experiment. Figure 3 shows one representative time-lapse
structural changes of the layered 2H-MoS, during the first
discharge (see Supplemental Movie 2). Along with the reaction,
a wavy front pointed out by arrows in Figure 3b—d shows up
and propagates along the lithium ion intercalation direction.
The wavy surface in the reaction front can be attributed to a
combination of multiple factors, including a sliding motion of
slabs with respect to each other, changing of sites of the Mo
atoms associated with Fermi surface nesting, and the John-
Teller effect.’*™>* Given that Mo and S planes have different
relative coordination in the 2H and 1T phases, the wavy
structure indicates the phase transition involves a slipping of
slabs in the MoS, crystal. A near surface area marked by the
dotted red circle was chosen on which to perform structure
comparison before and after the wavy front passes by. The EDP
and HRTEM images shown in Figure 3e and f show the
pristine 2H structure clearly. The structure information shown
in Figure 3g and h was acquired immediately after the wavy
front passed by, suggesting the lithium ion intercalated phase.
This phenomenon provides a hint that the wavy front is
actually the lithium ion intercalation front. Consequently, we
have the capability to determine the dynamic interfacial
structure, which is essential for understanding the kinetics of
the lithium ions transport, the movement of the phase
boundary, and the structure transition. As clearly concluded
from the HRTEM image of the boundary area in Figure 3i, the
reaction front is divided into three regions. Region 1 is the
lithiated part with a superlattice, and the unreacted part is
region 3, displaying a pristine structure. A relaxation buffer area
named region 2 exists between the two other regions and is full
of dislocations. This kind of relaxation could result from
diffusion-limited kinetic effects.>* In region 2, two different
features are found: a wavy periodic structure near the lithiated
side and a distortion area full of slip dislocations next to the
unreacted part. Existence of the slip dislocations is also
confirmed by the elongation of the diffraction spots (Figure
1f). The ~10 nm wide dislocation zone in the buffer region
indicates the existence of the strain introduced by the shear
transformation of slabs. The underlying force is the lithium ion
intercalation, which triggers the sliding of slabs in MoS, and
gradually produces the 1T-LiMoS,.

The 2X2 superstructure in the a—b plane is a typical feature
of the intercalated samples in our experiment. A further
understanding of the superlattice is gleaned from studying the
microdomains shown in Figure 4, demonstrating a simulta-
neous formation of polytype sublattices. Figure 4a shows the
HRTEM image of the intercalated MoS,, and the Fast Fourier
Transform (FFT) of the image (inset) indicates a 2X2
superstructure. Three areas were selected to explore the
microdomains as shown in Figure 4b—d. Detailed investigation
of these microdomains reveal that the 2X2 superstructure in
Figure 4a is composed of a variety of sublattices, including 2X1
(Figure 4b), \/3)(1 (Figure 4c), and 2x2 (Figure 4d). These
subsuperlattices are in good agreement with charge-density
wave (CDW) theory, which has predicted the d-electron count
dependence of the structural modulations of transition metal
dichalcogenides (TMDCs) layers on the basis of their hidden
one-dimensional Fermi surfaces.”® The electronic instabilities of
low-dimensional metals lead to their metal—metal-bonded
clusters, showing an electron—lattice interaction. Here, as found
in our in situ experiments, the sublattices include zigzag-chain
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Figure 4. Subsuperlattices in lithium intercalated MoS,. (a) HRTEM
image of lithium ion intercalated MoS, taken along the [001] zone-axis
direction. The FFT data (inset) show a 2X2 superstructure. Scale bar,
S nm. (b—d) HRTEM images of microdomain structures derived from
different areas in panel a marked by red squares 1, 2, and 3,
respectively, showing three different subsuperlattices. Scale bar, 2 nm.
(e) HRTEM image of another MoS, nanosheet obtained by smaller
lithiation current. The FFT data (inset) shows a superstructure. Scale
bar, S nm. (f—~h) HRTEM images of complex subsuperlattices taken
from different regions marked by red squares 4, S, and 6, respectively.
Scale bar, 2 nm. (i) Schematic of the atom structures in the a—b plane
of the natural 1T structure. (jk) Schematics illustrating the atom
structures in the a—b plane of 2X1 and 2X2 structures formed by
different Mo—Mo clusters, respectively.

clustering of Mo atoms in the d* system forming the zigzag
superstructure (Figure 4b), ribbon-chain clustering of Mo
atoms in the d** system forming the ribbon-chain super-
structure (Figure 4c), and diamond-chain clustering of Mo
atoms in the d* system forming the diamond-chain super-
structure (Figure 4d). Figure 4e shows the TEM image of
another sample that was obtained by the lithiation of MoS,
nanosheets under smaller constant current (50 pA). The inset
shows the FFT data, revealing that it has a superstructure. In a
similar way, this structure consists of microdomains including
1X1, \/ 3><\/ 3 \/ 3x1, and 2X2 subsuperlattices correspond-
ingly shown in Figure 4f—h. All these sublattices except 1X1
can be obtained from +/3X1 superlattice by “twinning” or
“triplicating” itself. To clarify the superstructure modulation,
Figure 4i—k shows the schematics illustrating the atom
structures in the a—b plane of the natural 1T, 2X1, and 2X2
structures, respectively. Note that the superstructures in the 1T-
LiMoS, are transient states,**™>® which were found in our
experiment to disappear and reduce to the 1T structure within
a few days with exposure to air.

H CONCLUSION

In conclusion, we have performed a systematical study of the
structural properties of MoS, nanosheets during the lithiation
process using an in situ electrochemical TEM technique. The
results demonstrate the existence of a phase transition of 2H-
MoS, to 1T-LiMoS, and structural modulation of clustering of
the Mo atoms in the 1T-LiMoS,. Furthermore, with the
capability of characterizing the phase boundary, the shear
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mechanism of the 2H-1T phase transition has been confirmed.
Utilizing the in situ measurements, the electrochemical reaction
in each stage has been thoroughly studied, which can also be
correlated with the ex situ performance of MoS, coin-type cells.
After the phase transition of 2H-MoS, to 1T-LiMoS,, there
follows a conversion reaction, i.e., 1T-LiMoS, + xLi* — Li,S +
Mo, during the lithiation of MoS,. With our experiment, the
structure corresponding to the electrochemical property of
MoS, during lithiation can be clearly understood. Since lithium
intercalation-based chemical exfoliation of layered TMDCs has
been demonstrated as an effective method for preparing
atomically thin layers in the liquid environment, the
fundamental understanding of lithium ion intercalation
behavior can allow for development in TMDCs-related energy
devices and should enable a wide range of studies, such as
TMDCs-based composition and optoelectronics.

B EXPERIMENTAL SECTION

In Situ TEM Experiment. Lamellar MoS, samples serving as
working electrode were peeled off from an epitaxially grown single
crystal by gold wires. In an argon-filled glovebox, metal lithium serving
as counter electrode was scratched by electrochemically shaped
tungsten tips. Both the gold wire with working electrode and the
tungsten tip with metal lithium were loaded onto a homemade double-
tilt TEM specimen holder inside the glovebox and sealed in a full
argon-filled bag. The holder was transferred into the TEM column.
The thin oxide layer on the surface of the metallic lithium served as the
solid electrolyte. Once the Li,O-covered Li electrode driven by a
piezoceramic manipulator had contacted the free end of a selected
sample, a constant current of S00 pA or S nA between 0 and 5 V was
applied across the sample to lithiate the MoS,. TEM characterization
was performed using a JEOL 2010F transmission electron microscope
operated at 200 keV at room temperature with a column vacuum ~1 X
1077 Torr.
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