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A B S T R A C T

The performance of alkali-metal-ion batteries largely depends on the migration behavior of alkali metal ions in
the electrodes. Probing the atomic structure of the reaction interface and the dynamic process during ion
transport in the electrodes will help better understand the underlying electrochemical mechanisms and inspire
rational electrode designs. In this study, by combining in situ transmission electron microscopy (TEM) and
aberration-corrected scanning TEM (STEM), we track the reversible lithium ion transport in MoS2 nanostructures
to reveal the atomic structure and dynamic behaviors of the reaction interface. We find that lithium ions in-
sertion triggers complex phase transformations. Three different phases co-exist at the interface: a pristine 2H
phase, a 1T phase with a shrank lattice constant of − 3.3% ( ± 2.3%), and a distorted 1T phase (called 1Tˊ
phase) with an expanded lattice constant of 5.5% ( ± 2.5%). The atomically resolved Z-contrast image shows
that the expanded 1Tˊ phase has distorted Mo arrangements. Furthermore, the lithium ions migration causes
defects at the reaction front, and the diffusion on the surface is faster than that inside, forming a core-shell
structure at the reaction interface. The diffusivity of lithium ions is directly measured to be ~1000–30,000 nm2/
s, which is significantly higher than that of sodium insertion (~10–20 nm2/s). The atomic-scale observations of
lithium-ion-migration-induced complex structural evolutions would help understand the properties of MoS2
nanostructures and shed light on the design of alkali-metal-ion batteries with general transition-metal dichal-
cogenide electrodes.

1. Introduction

For decades, molybdenum disulfides (MoS2) have been widely ex-
plored and employed as energy storage mediums [1–4]. MoS2 crystal
comprises hexagonally coordinated S-Mo-Sˊ atomic slabs bounded by
weak van der Waals forces [5,6], structurally resembling graphite. The
large space between two slabs can accommodate reversible alkali-
metal-ion intercalation without significant volume expansion, making
MoS2 a promising candidate as an electrode material for batteries
[7–10]. It is known complex structural changes occur during the mi-
gration of alkali metal ions in MoS2. Previous studies have shown that
the structural framework would deteriorate after the alkali-metal-ion

intercalation in MoS2 because of a transition from a pristine trigonal 2H
phase into an octahedral 1T phase [11–13], induced by gliding atomic
planes of sulphur [14]. The two phases (1T and 2H) exhibit different
electronic structures, with the 2H phase being semiconducting and the
1T phase being metallic [15,16]. Consequently, the difference in the
migration dynamics of alkali metal ions in MoS2 is significant between
them [17–19]. In fact, in situ X-ray diffraction (XRD) study has shown
the existence of asymmetric phase transition pathways during the in-
sertion and extraction of alkali-metal-ions in MoS2, i.e., the phase
transition from 2H MoS2 to 1T NaxMoS2 is a two-phase reaction during
Na ions insertion, whereas the phase transition from 1T to 2H during Na
ions extraction is solid-solution-like [17]. Such asymmetric reaction
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pathways likely account for the low energy efficiency of general 2D
metal dichalcogenide electrode materials [20,21].

Compared to the in situ XRD method [17], the recent advancements
in in situ transmission electron microscopy (TEM) techniques have
made possible to track the structural evolutions during the electro-
chemical process in electrode materials, with significantly higher spa-
tial resolution. This has helped understand the localized phase dis-
tribution and defect-mediated solid-state phase transformations in
electrode materials at an atomic level [22–26]. For example, the elec-
trochemical intercalation process of lithium ions into MoS2 was found
to initiate with a phase transition from 2H to 1 T LiMoS2, followed by a
conversion reaction [27]. Subsequently, interconnected Mo nano-
particles were formed, likely changing the optical transmittance and
electrical conductivity relative to pristine MoS2 [28]. Moreover, at the
early stage of sodiation in MoS2 nanosheets, several stable/metastable
phases (Na.375MoS2, Na.625MoS2, Na.75MoS2, Na1.0MoS2, and
Na1.75MoS2) formed before the collapse of the layered structure [19],
and the transformation from 2H to 1T MoS2 occurred when the Na
content reached 0.5 [29]. Further, Na ion diffusion within the inter-
layers can break the continuous layered structure into a few nanometer-
sized domains via the formation of high-density defects to relax the
strain induced by Na ions intercalation [18]. Nevertheless, thus far, the
microstructure and the dynamics of the reaction interface between the
lithiated LixMoS2 and pristine MoS2, which are critical to clarify the
solid-state phase transformation mechanisms, have been rarely ex-
plored and thus motivate this study.

In this work, we combine the in situ TEM and aberration-corrected
scanning TEM (STEM) to reveal the atomic structure and dynamic be-
haviors of the reaction interface during lithium ions migration in MoS2
nanostructures. Reversible lithium ions insertion into and extraction
from MoS2 is observed. The lithium ion intercalation in MoS2 is found
to induce complicated phase transformations, forming co-existing
phases of a pristine 2 H, a shrank (−3.3% ( ± 2.3%)) 1 T phase, and an
expanded (5.5% ± (2.5%)) 1T′ that is accompanied with ordered Mo

clusters. The diffusivity of lithium ions in MoS2 is measured to be in the
range of ~1000–30,000 nm2/s, which is significantly greater than that
of sodium ions insertion, indicating that MoS2 would have better
electrochemical performance for lithium ion batteries compared to that
for sodium ion batteries. Faster diffusion on the surface but slower
diffusion in the interior leading to a “core-shell” configuration at the
reaction front is also observed. The findings of this study reveal the
microstructure and dynamic behaviors of the reaction interface during
lithium ions migration in MoS2 and shed light on the mechanistic un-
derstanding of solid-state phase transformations in general alkali-metal-
ion batteries with transition metal dichalcogenide as electrode mate-
rials.

2. Experimental setup

2.1. In situ TEM experiments

The in situ TEM experimental setup comprises a layered MoS2 as the
working electrode, a lithium metal as the counter electrode, and a thin
layer LixO (~700–1000 nm) [30] as the solid electrolyte. A half Cu grid
acting as a current collector is employed to scratch the surface of the
lamellar MoS2, which is mechanically peeled off from a single crystal.
The metal lithium is scratched by using an electrochemically etched,
sharp tungsten tip. Both the tungsten tip and the half Cu grid are placed
in an electrical TEM specimen holder (PicoFemto) in an argon-filled
glovebox and then transferred into the TEM column. During the transfer
process, the lithium probe was intentionally exposed to the air to form
LixO on the surface. The exposure time is ~5 s to control the thickness
of LixO layer [30]. Since Li2O is a good Li+ conductor (with the dif-
fusivity of Li+ in Li2O being 10−10 cm2 s−1 [30]) and electronic in-
sulator (with a large band gap of ~8 eV [31]), the formed LixO can act
as a solid-state electrolyte. The grounded tungsten tip is driven by a
piezo-ceramic manipulator to contact with the MoS2 on the edge of the
half Cu grid. The lithiation of MoS2 is achieved by applying a small

Fig. 1. Probing the structure and dynamics of the reaction
interface during lithium ion migration in MoS2 nanosheet
by combining in situ TEM and aberration-corrected scan-
ning TEM (STEM) method. (a) Z-contrast STEM image of
MoS2 seen along the [001] zone axis, (b) Enlarged view of
the STEM image in (a), showing the arrangement of Mo
(blue) and S (orange) atoms locating at different hex-
agonal positions, (c) High-resolution TEM (HRTEM) image
of MoS2 nanosheet, and (d) in situ TEM experimental
setup.
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negative bias (−2 V) between the grounded tungsten probe and the Cu
grid, while a small positive bias (3 V) is employed to delithiate.

In situ high-resolution transmission electron microscopy (HRTEM)
analysis, dark field (DF) analysis, and selected area electron diffraction
(SAED) were carried out using Tecnai F20 at 200 kV equipped with an
OneView IS (Gatan) camera with frame rates up to 300 frames per
second. The atomically resolved STEM images are acquired using an
aberration-corrected FEI Titan Themis G2 microscope operated at an
accelerating voltage of 80 kV with a beam current of 80 pA, a con-
vergence semi-angle of 25mrad, and a collection semi-angle snap in the
range of is 53–260mrad.

2.2. Electrochemical measurements

MoS2 was purchased from Alfa Aesar Company. The electrode was
prepared by mixing MoS2 (80 wt%), carbon black (10 wt%), and poly-
vinylidene fluoride (PVDF, 10 wt%) in a solution of N-methylpyrroli-
done (NMP) to form a homogenous slurry. The slurry was then cast onto
a clear copper foil before drying in vacuum at 80 °C for 12 h. The weight
of the electrode materials was approximately 2.0 mg/cm2. An electro-
lyte (1M LiPF6; ethylene carbonate (EC): dimethyl carbonate (DMC)
= 50:50 vol%) was used for the lithium ion batteries. For the sodium
ion batteries, sodium metal and glass fiber were used as the anode and
the separator, respectively. In this case, 1M NaPF6 in a mixture of EC
and DMC (EC: DMC = 50:50 vol%) was used as the electrolyte. 2032
coin cells were assembled in an argon-filled glovebox (O2<0.5 ppm;

H2O<0.5 ppm). The batteries were galvanostatically discharged and
charged at a current density of 100mA/g on a LAND CT2001A cell test
apparatus at room temperature. Cyclic voltammograms (CV) analyses
were carried out in the ranges of 0.7–3 V (vs Li+/Li) and 0.2–3 V (vs
Na+/Na) with a scanning speed in the range of 0.1–0.5mV/s.

2.3. Data acquisition and analysis

The TEM images and electron diffraction (ED) patterns were ac-
quired using the OneView IS (Gatan) camera. The movies were pre-
pared from continuous images acquired with different frames per
second. The simulations of the ED pattern and atomistic models were
performed using Crystalmaker software. The fast Fourier transform
(FFT) and inversed FFT patterns were obtained using DigitalMicrograph
(Gatan) software. The lithium ions intercalation domain in the DF
image is measured using ImageJ. The plots were prepared by using
Origin 8.0, and the error bar is determined by the full width of half-
maximum of intensity peak in the profiles lines.

3. Results and discussion

Fig. 1 shows the schematic of the setup employed for in situ TEM
experiments. The nanosheets exhibit good crystallinity along the [001]
viewing direction, as observed from the STEM and HRTEM
images (Fig. 1(a)–(c)). The atomically resolved Z-contrast image shows
that the pristine MoS2 has a hexagonal structure with sulphur and

Fig. 2. Electron diffraction for tracking the structural evolution during lithium ions migration in MoS2 nanosheet. (a) TEM image of the interface after the lithium
ions insertion, FFT images of the regions from (b) pristine MoS2, and (c) LixMoS2 as marked by the squares in (a); (d) Time-lapsed electron diffraction images of in situ
lithiated MoS2 along the [001] zone axis, and (e) Corresponding evolution process of (100) diffraction spot, and (f) Intensity profiles taken along the blue dashed
rectangles in (d). (g) Lithium-ions-insertion-induced lattice changes measured from (100)-MoS2 diffraction spot.
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molybdenum atoms locating at different hexagonal positions
(Fig. 1(b)). Fig. 1(d) shows a typical TEM image of a nanosized solid
battery cell consisting of MoS2 nanosheets (as the working electrode), a
Li counter electrode, and a solid-state electrolyte (in the form of a
passivation LixO layer).

Upon lithium ions insertion, a clear phase boundary between
LixMoS2 and MoS2 can be observed, as shown in Fig. 2(a). The FFT
pattern of the reacted LixMoS2 (Fig. 2(c)) shows additional super-
structure spots, compared to that of the pristine MoS2 (Fig. 2(b)),
suggesting the formation of new phases. To quantify the structural
evolutions at the reaction interface, time-series in situ electron diffrac-
tion patterns was recorded during lithium ions intercalation
(Fig. 2(d)–(f) and Movie S1). Unlike the HRTEM imaging, electron
diffraction can be applied to a much larger area to minimize the effects
of the electron beam, particularly given that MoS2 nanosheets are
sensitive to electron beam illumination [19]. The SAED pattern of
pristine 2H-MoS2, shown in Fig. S1b, is identified to be oriented along
the [001] zone axis, consistent with the simulated electron diffraction
pattern, shown in Fig. S1c.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.03.076.

Upon lithium ions intercalation, the diffraction spot (100) firstly
splits inward, and subsequently outward. Finally, they appear as three
weak, separated diffraction spots, as shown in Fig. 2(e) and 2(f), in-
dicating the formation of new phases. Moreover, Fig. S2 shows the
(010) diffraction spot also firstly splits inward and then outward. Note
that the inward split of the diffraction spots implies an increased lattice
constant and an outward split indicates a decreased lattice constant.
Fig. 2(g) shows the evolution of the lattice distance as a function of the
time, wherein the three phases co-exist at the interface upon lithium
ions intercalation, i.e., pristine 2 H phase, shrank 1T phase, and ex-
panded 1T′ phase. The average variations for the shrank 1T phase and
expanded 1T′ phase are − 3.3% ( ± 2.3%) and 5.5% ( ± 2.5%), re-
spectively, as shown in Fig. S3. Furthermore, the equivalent diffraction

spots from the same family of crystal planes split differently in terms of
the split time. Particularly, in Fig. S4, the (100) diffraction spot splits
inward at 27 s, whereas the (010) diffraction spot splits inward after
1.6 s. Moreover, the (100) diffraction spot splits into three ones at 31 s,
whereas the (010) diffraction spot splits into three ones after 1.6 s. Note
that spot splitting first indicates lithium ions diffuse along the corre-
sponding direction preferentially. Due to the irregular shape of the
contact point, the applied small bias causing inhomogeneous electrical
fields along different directions is likely related with the preferential
lithiation diffusion, although further studies are needed to fully un-
derstand such behavior. Such heterogeneous spots split is observed in
most cases in the experiments as shown in Fig. S5. Note that such de-
tails of the equivalent diffraction spots from the same family of crystal
planes cannot be revealed from an in situ XRD experiment that can only
provide averaged information over a large region.

The structure of the reaction interface is further analyzed using
HRTEM and STEM images, as shown in Fig. 3. A clear boundary be-
tween the pristine MoS2 and lithiated LixMoS2 is observed, as shown in
Fig. S6a. The FFT pattern of the pristine MoS2 phase (Fig. S6b) is
identified to be along the [03-1] zone axis, whereas the FFT pattern of
the LixMoS2 phase (Fig. S6c) exhibits a 2×1 1 T′ structure. Atomically
resolved Z-contrast image in Fig. 3(c) reveals the presence of alter-
nating zigzag chains, with measured Mo-Mo distance of 0.21 nm and
0.19 nm (Fig. S7b), corresponding to 2×1 1 T′ structure [5,27,32].
Such Mo clusters can also lead to a 2× 2 1 T′ structure as shown in Figs.
S7(c)–(d). To better understand different structures of 2 H, 1 T, 2×1
1 T′ and 2×2 1 T′ phases, ball and stick models [27] are shown in
Fig. 3(d)–(g). Moreover, edge dislocations are also observed at the in-
terface region, judging from the Fast Fourier space filtered image
(Fig. 3b) [33,34]. The dislocations originate from the structural fracture
of the layered structure (Fig. S8) during lithium ion migration [18].

As the lithium ion intercalation in MoS2 leads to additional dif-
fraction spots compared to the pristine 2 H phase, the DF TEM imaging
is used to track the motion of the LixMoS2/MoS2 phase boundary. The

Fig. 3. Probing the structure of the reaction interface and distorted 1 T phase (called 1 T′) upon lithium ions insertion into MoS2 nanosheet. (a) HRTEM image of the
interface between 2× 1 1 T′ LixMoS2 and MoS2, (b) Fast Fourier space filtered image using the (013) frequencies; Dislocations and defects are marked with blue
outlines; (c) Z-contrast STEM image of 2×1 1T′ LixMoS2. Schematic of the atom structure in ab plane of (d) 2H, (e) 1T, (f) 2×1 structure and (g) 2×2 structure.
Distorted 2× 1 and 2×2 structures are caused by different Mo clusters.
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superstructure reflection is chosen to form the DF image. Thus, the li-
thium-ions-intercalated phase appears brighter, whereas the pristine
2 H phase appears to be darker, as shown in Fig. 4(a)–(f), and Movies
S2 and S3, which shows the lithiated process of two MoS2 nanosheets
respectively. Accordingly, in Fig. 4(g) and (h), the diffusivity is directly
measured to be ~1000–30,000 nm2/s from the DF images and movies,
based on the equation D = d2/2t [35], where D is the diffusivity, t is the
diffusion time, and d is the diffusion distance. The diffusion distance is
valued as the square root of the domain area associated with the lithium
ion intercalation (brighter areas in the DF images). Note that the esti-
mated diffusivity should be primitive as it also depends on the localized
contact conditions which can be very different from one to another.
Therefore, more precise estimations can be obtained from the electro-
chemical measurements of coin cell batteries as discussed below.
However, it is still reasonable to conclude that the diffusivity of the
lithium ions in MoS2 is higher than that of sodium insertion
(10–20 nm2/s) as shown in Fig. 4(i), which was obtained from previous
work [18]. The faster lithium ion diffusion in MoS2 is due to the lower
diffusion barrier, which has been revealed by the theoritical calcula-
tions that the barrier between adjacent octahedral sites in MoS2 for li-
thium ions diffusion is ~0.49 eV [36] whereas it increases to ~0.7 eV
for sodium ions diffusion [37].

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.03.076.

The kinetics of the intercalation process plays a crucial role in de-
termining electrochemical performances for lithium ion and sodium ion

batteries. In order to more quantitatively compare the electrochemical
performance (e.g. the rate and cycling performance and the diffusivity)
between Li-MoS2 and Na-MoS2 batteries, coin cell batteries are fabri-
cated and the electrochemical measurements are carried out. Firstly,
Fig. S9a shows the galvanostatic discharge–charge curves, wherein
more lithium ions intercalate into MoS2 with a capacity of 925.3 mAh/g
vs. 601.2 mAh/g for Na-ion intercalation (corresponding to Li5.5MoS2
and Na3.6MoS2) (Fig. S9b) when discharging, suggesting the facile ki-
netics process for lithium ion in MoS2. The Li-MoS2 battery shows a
higher capacity retention of 30.78% (from 288.5 mAh g−1 to
88.8 mAh g−1) after 73 cycles, while the capacity retention for the Na-
MoS2 battery is 21.3% (from 203.5mAh g−1 to 43mAh g−1) in Fig.
S9c. Moreover, the rate performance in Fig. S9d indicates the discharge
capacity for Li-MoS2 at different rates is better than that of Na-MoS2.

Secondly, the ion diffusion in the solid state obeys the
Randles–Sevcik relationship [38,39],

=
− −I n F C SR T D v0.4463p

3/2 3/2
Li

1/2 1/2
Li

1/2 1/2 (1)

wherein Ip is the peak current (A), n is the amount of electron exchange
for the considered redox couple, F is the Faraday constant
(96485.4 Cmol−1), CLi is the Li-ion concentration, S is the surface area
of the electrode (0.785 cm2), R is the gas constant (8.314 Jmol−1 K−1),
T is the absolute temperature (273.15 K), DLi is the chemical diffusion
coefficient (cm2 s−1), and v is the scanning rate (V s−1). The theoretical
molar volume of MoS2 is 32 cm3, equaling to 0.03125mol cm−3 [40].
From the cyclic voltammograms between 0.7–3.0 V for Li-MoS2 and

Fig. 4. Dark field (DF) imaging for tracking the reaction interface motion during lithium ion migration in MoS2 nanosheet. (a, d) BF images showing the interface. (b,
e) ED patterns of 1Tˊ LixMoS2. The white circle highlights a superstructure reflection, which is used for dark-field imaging. (c, f) Time-series dark field images directly
show the movement of the interface. The diffusivity of lithium ions (g) calculated from (c), and (h) calculated from (f), and the diffusivity of sodium ions (i) in MoS2
[18]. (j) Peak current against square root of scan rate based on cyclic voltammograms of Li-MoS2 and Na-MoS2 batteries.
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0.2–3.0 V for Na-MoS2 batteries as shown in Figs. S9e and S9f, the slope
of the peak current against square root of scan rate can be acquired
(Fig. 4j). Based on the Eq. (1), the diffusion coefficients for Li+ and Na+

in MoS2 are calculated as 5.4×10–12 cm2 s−1 (540 nm2 s−1) and
3.5×10–13 cm2 s−1 (35 nm2 s−1), which is the same level from the
previous report (2.02×10–13 cm2 s−1for Na+ diffusion in MoS2) [41].
It should be noted that the estimated values from in situ TEM experi-
ments only reflect the migration process in the interior of electrode,
while the process to across the solid-electrolyte interface is ignored.
This fact may partly account for the difference between microscopic (in
situ TEM) and macroscopic (electrochemical test for coin cells) mea-
surements.

The HRTEM image series are obtained to reveal the local structural
evolutions upon lithium ions insertion, as shown in Fig. 5(a) and Movie
S4, wherein lattice stripes with an average spacing of 2.28 nm
(Fig. 5(b)) are observed at the reaction front with the viewing direction
from [111] zone axis, judging from FFT pattern in Fig. 5(c). These
Moiré stripes are mainly derived from the lattice mismatch between
MoS2 and lithiated MoS2 [42,43], which are related to the secondary
electron diffraction which occurs when the electron beam passes
through two crystal materials with different lattice constants [44,45].
Generally, the lithium ions diffusion on the surface occurs easily and is
faster than that inside, because of the lower barrier at the surface [46],
forming a core-shell-like structure at the reaction front. In fact, similar

Fig. 5. High-resolution imaging for tracking the reaction interface motion during lithium ion migration in a relatively thick MoS2 nanosheet. (a) Evolution of stripes
at the reaction interface upon lithium insertion, (b) HRTEM image of the Moiré stripes, (c) FFT image of (a) taken at 87 s, and (d) Schematic of the core-shell-like
structure, explaining the formation of the secondary electron diffraction at the reaction front.

Fig. 6. High resolution imaging tracking process of delithiation for LixMoS2. (a) Selected HRTEM image series showing the structure evolutions during delithiation.
(b) The corresponding FFT patterns. (c) HRTEM image of region1 in (a), showing a 2× 2 structure. (d) HRTEM image of region 2 in (a), showing a pristine MoS2
structure.
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phenomena were observed in SnO2 nanowire during lithiation [47,48].
Previous first principles calculations have shown that the surface sites
of Si nanowires are energetically the most favorable locations for li-
thium ions insertion [49]. In our experiments, the core is the pristine
2 H MoS2 phase, surrounded by 1T′ LixMoS2, as shown in the projected
schematic in Fig. 5(d). The electron beam first passes through the top
1T′ LixMoS2 layer, followed by the middle pristine 2H MoS2 layer, and
finally reaches the bottom 1T′ LixMoS2 layer. The diffracted beam ex-
ited from the top 1T′ LixMoS2 layer serves as the transmission beam for
the middle 2H phase, leading to secondary electron diffraction. Note
that the lattice mismatch (~5.5%) between MoS2 and lithiated MoS2, as
shown in Fig. S10, satellite spots appear in the FFT patterns [50,51].
Consequently, the Fast Fourier space filtered image (Fig. S11b) appears
to be similar to that of the TEM image (Fig. S11a). Moreover, it is no-
teworthy that the propagation of the stripes is not uniform, as shown in
Fig. 5(a). The lithium ions tend to propagate along the [−1–12] di-
rection firstly and subsequently along the [−211] direction, probably
because of the non-uniform electrochemical potential gradients.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.03.076.

The complete extraction of the lithium ions (charging) is a pre-
requisite for rechargeable lithium ion batteries. We found that once the
insertion of Li ions into MoS2 is controlled within the intercalation
range, as shown in Fig. S12, the lithium ions in LixMoS2 can be partly
extracted, as shown in Fig. 6 and Movies S5 and S6. From series of
HRTEM images and corresponding FFT images(Fig. 6(a) and
(b)) viewing along the [23−1] zone axis, we can find the super-
structure spots gradually vanish, suggesting the extraction of lithium
ions. Moreover, as shown in Fig. 6(c) and (d), after applying a positive
bias for 327 s, the lithiated 2× 2 modulated LixMoS2 structure van-
ishes. Further, in situ DF movies (Movie S7) also shows only partial
lithium ions can be slowly extracted. Unlike the fast lithiation process,
the delithiation process is significantly slower, because lithium ion
extraction corresponds to charge and thus is unfavorable. Accordingly,
the coulombic efficiency for Li-MoS2 batteries is low, i.e., 53.52% and
49.81% for the first two cycles calculated from the galvanostatic dis-
charge–charge curves, as shown in Fig. S9b. Note that previous studies
also reported that the fully reversible delitiation is usually difficult due
to the specific experimental setup with point contact [52]. One possible
reason is that from this setup the external potential mainly concentrates
near the probe thus cannot pull those distant ions back to the anode
during charging. Further improvements are needed to achieve fully
reversible phase transitions.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.03.076.

The above results demonstrate that lithium ion insertion in MoS2
leads to a series of phase transformations forming distinct co-existing
phases including a shrank (~–3.3% ( ± 2.3%)) 1T phase and an ex-
panded (~5.5% ( ± 2.5%)) 1Tˊ phase. The presence of these phases is
confirmed from both ED patterns and HRTEM images. The small
changes in the lattice constants remove significant volume change and
thus enable good structural stability during cycling in practical bat-
teries. The structural phase transformation from 2H to 1T phase is ac-
companied with an electronic phase change. Once the 1 T phase is
formed, the enhanced conductivity of the 1 T phase likely facilitates the
ionic migration. The lithium ions diffusion in MoS2 is measured to be in
the range of ~1000–30,000 nm2/s. A faster diffusion on the surface of
MoS2 leads to the formation of a structure with a MoS2 core and a
LixMoS2 shell at the reaction interface. Such a fast ionic diffusion en-
ables to achieve high power and facilitate fast cycling of batteries with
MoS2, if the electrode materials are appropriately engineered.

4. Conclusions

The atomic structure and dynamics of the reaction interface be-
tween the lithiated LixMoS2 and pristine MoS2 are systematically

studied by combining the in situ TEM techniques and aberration-cor-
rected TEM. Upon lithium ions intercalation, two-phase transforma-
tions occur at the interface, wherein three co-existing phases are
identified, i.e. the pristine 2 H phase, shrank (~–3.3% ± (2.3%)) 1 T
phase, and expanded (~5.5% ± (2.5%)) 1Tˊ phase. The atomic struc-
ture of the 1Tˊ phase with superstructure reflections in the diffraction
pattern is caused by the Mo distortion. The diffusivity of the lithium ion
in MoS2 is ~1000–30,000 nm2/s, which is greater than that of sodium
diffusion (10–20 nm2/s). The lithium ions diffusion is faster on the
surface of MoS2, forming a structure with a MoS2 core and a LixMoS2
shell at the reaction interface. Dislocations are also observed at the
interface because of the structural fracture induced by lithium ions
migration. Moreover, once lithium ions insertion is controlled within
intercalation, lithium ion extraction can be partly achieved. This study
reveals the structure and dynamics of the MoS2/LixMoS2 reaction in-
terface. These findings would help understand the structure and prop-
erties of transition-metal dichalcogenides as electrode materials for
battery applications.
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