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M
olybdenumdisulfide (MoS2), which
is composedof atomic slabs bound
by van der Waals forces, has been

used as solid lubricant for decades,1,2 for
example, in the windshield wiper blades of
vehicles. It also has potential applications re-
lated to the hydrogen evolution reaction,3,4

Li ion batteries,5�7 and supercapacitors.8�10

Owing to its layered structure, MoS2 can be
mechanically exfoliated into single layers,
showing an indirect-to-direct band gap tran-
sition in this limit.11,12 Moreover, because of
the strong spin orbit coupling and inversion
symmetry breaking, a huge spin splitting
appears at the K valleys in single layer
MoS2,

13 which is promising in spintronics,
valleytronics, and optoelectronics.14�19

Nevertheless, probably the most impor-
tant application of MoS2 is found in Li
ion batteries, for which structural aspects
and possible phase transitions are key
issues. A detailed review on the state-
of-the-art in this field recently has been
presented by Stephenson and co-
workers.20

The most common phase of MoS2 has a
trigonal structure (ABAB stacking, 2H phase),
where the S atoms form hexagonal close-
packed layers and theMo atoms are located
between S layers. Because of the weak

interlayer interaction, also a 3R phase with
ABCABC stacking can be fabricatedby chem-
ical vapor deposition.20 Single layer H-MoS2
has beenachievedby exfoliation21 and chem-
ical vapor deposition.22 Recently, another
polytype, the T phase, has been observed in
Li ion intercalated MoS2,

23,24 being metallic,
as demonstrated by photoluminisence ex-
periments.25However, there remaindebates,
particularly, concerning the claim that MoS2
realizes the T phase after Li intercalation,23,24

which contradicts first-principles findings
that this phase is unstable,26 Therefore, it is
important to obtain insight into the origin
of the H�T phase transition in lithiated
MoS2. Deep lithiation leads to Mo cluster
formation,27 for which the mechanism and
effects on the cyclability of Li ion batteries
are not clear so far.28

In this work, we demonstrate an H�T
phase transition in the early lithiation pro-
cess of MoS2. First-principles calculations
show that the T phase refers to LiMoS2
rather than MoS2 and that the transition
can be attributed to an unusual interplay
of intrinsic doping and electron�phonon
coupling. Under deep lithiation, T-LiMoS2
transforms into Li2S and Mo clusters, where
the latter enhance the Li2S�S cyclability in
Li ion batteries.
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ABSTRACT Phase transitions and phase engineering in two-

dimensional MoS2 are important for applications in electronics and

energy storage. By in situ transmission electron microscopy, we find

that H-MoS2 transforms to T-LiMoS2 at the early stages of lithiation

followed by the formation of Mo and Li2S phases. The transition from

H-MoS2 to T-LiMoS2 is explained in terms of electron doping and

electron�phonon coupling at the conduction band minima. Both

are essential for the development of two-dimensional semiconductor-metal contacts based on MoS2 and the usage of MoS2 as anode material in Li ion

batteries.
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RESULTS AND DISCUSSION

Figure 1a shows the H phase of MoS2 without Li
intercalation. Fast Fourier transformation of the square
area shows a 6-fold symmetry (a* = b*) (see Supporting
Information, Figure S1a). The Mo�Mo distance is mea-
sured to be 3.12 Å (see the intensity profile in the
image), which is consistent with the inorganic crystal
structure database (ICSD) value of 3.16 Å as well as with
our calculated value of 3.17 Å. After Li intercalation, Mo
slightly dimerizes in the ab-plane (Figure 1b and the T
phase in Figure 2b. Fast Fourier transformation of the
square area shows, for a partially lithiated MoS2 super-
structure, reflections at 0.5a* (Figure S1b), which point
to a 2a � 2a superstructure. The arrangement of the
Mo atoms (T phase) in the box area in Figure 1b is in
good agreement with the 1T0 phase of MoS2 as re-
ported by the previous experiments.24 Further lithia-
tion leads toMo clusters and crystalline Li2S (Figure 1c).
The measured lattice spacing of 3.30 Å agrees well
with the (111) planes of Li2S in the ICSD (No. 060432).
An investigation of MoS2 nanosheets after lithiation by
transmission electron microscopy (TEM) has revealed
an H�T phase transition with Li occupying the inter-
layer S�S tetrahedral site, the so-called 1T-LiMoS2
phase,27 without addressing details of the transition.
Therefore, the question arises whether the T phase

refers to MoS2 or rather to LiMoS2. Total energy and
phonon dispersion calculations26 indicate that T-MoS2
is not stable, thus pointing to LiMoS2. Figure 1d gives
the species phase diagram of Li, Mo, and S based on
the ICSD,29 showing that LiMoS2 can be formed only in
the early lithiation process.

Figure 1. (a) Scanning TEM high-angle annular dark-field image of 2H-MoS2 in the pristine state (without Li). Inset is the
intensity profile along themarked line. (b) T phase after slight lithiation (bottom left area) with someMo clusters and Li2S. (c)
Under deep lithiation the T phase disappears and only Mo clusters and Li2S are left. (d) Species phase diagram, where 1
indicates the formation of LiMoS2 in the early lithiation process,2 is the formation ofMo and Li2S under deep lithiation, and3 is
further de(lithiation) related to Li2S.

Figure 2. (a) Energy differences between the H phase and
the T and T0 phases of MoS2 as a function of the charge
(number of added/removed electrons). The three structures
are shown in panel b. The yellow and blue balls represent
the S and Mo atoms, respectively.
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For a single Li atom located on top of Mo in H-MoS2
some charge is transferred to MoS2 according to a
Lowdin charge analysis. The T phase is also achieved by
the substitutional doping of Re, Tc, andMn atoms.30 An
H�T phase transition has been observed by scanning
TEM for Re-doped MoS2 (doping concentration < 1%)
under high temperature (400�700 �C) in ref 31, but its
origin and nature have not been addressed. Because Re
has onemore valence electron thanMo, onemay assume
that the H�T phase transition is due to the electron
doping.
The stability of 2H- and 1T-LiMoS2 has been investi-

gated as a function of the Li content and intercalation
sites.32 Octahedral coordination in the van der Waals
gap is found to be favorable for both allotropes.
For simplicity, in the calculations we add/remove elec-
trons to/from the pristine system to simulate doping.
Figure 2a shows the obtained energy differences be-
tween theH phase and the T (distorted) and T0 (ordered)
phases. We find that the T phase is favorable over the T0

phase in a large range of electron doping. For a doping
of more than two electrons per 2 � 2 cell (5.76 �
1014 cm�2) the T phase is favorable over the H phase,
which is consistent with our assumption above.
To determine the stable Li adsorption sites in H-MoS2

and T-LiMoS2, we address the binding energy (Eb). For
adsorptiononH-MoS2wehaveEb= ELiþ EMoS2� ELi@MoS2,
for which ELi@MoS2, ELi, and EMoS2 are the energies of
MoS2 with adsorbed Li atom, a free Li atom, and single
layer MoS2, respectively. Considering the different
absorption sites for MoS2, TMo (top of Mo), H (hollow),
and TS (top of S), we find that Eb for absorption
at the TMo site (0.90 eV) is 0.41 eV higher than for
the H site and 0.21 eV higher than for the TS site.
For LiMoS2 the favorable absorption site is also TMo

(Eb = 0.92 eV). In general, the low value of Eb reflects
weak interaction between the Li atoms and H-MoS2/
T-LiMoS2.
To evaluate the mobility of Li, we calculated the

transition barriers between neighboring TMo sites by
nudged elastic band calculations,33�35 obtaining
0.05 and 0.24 eV for H-MoS2 and T-LiMoS2, respectively.
The transition coordinates are shown in Figure 3b,c.
The transition barrier is much smaller for H-MoS2 than
for T-LiMoS2, which indicates that the mobility of
the Li atoms is higher on the H-MoS2 surface than
on the T-LiMoS2 surface. After transformation of
H-MoS2 to T-LiMoS2, therefore, extra Li atoms tend
to accumulate in the dimerization gaps of T-LiMoS2,
see Figure 3c.
Some layered transition metal dichalcogenides,

such as 1T-TiS2 and 2H-TaSe2, aremetallic at room tem-
perature but below a certain temperature develop a
semiconducting charge density wave (CDW) phase
due to Peierls distortions.36 It has been claimed that
the origin of the transition from H-MoS2 to T-LiMoS2 is
also a CDW.37 However, there are three aspects that
contradict this picture. First, the transition is from
semiconducting to metallic. Second, there is no CDW
phase in H-MoS2 without charge doping. Third, the
structure not only undergoes a dimerization of the Mo
atoms but also a sliding of the S planes. The atomic
distortions are larger than found in the CDW phases
of other transition metal dichalcogenides. Thus, it is
necessary to further investigate the origin of the phase
transition from H-MoS2 to T-LiMoS2.
Figure 4a,b show the band structure and density of

states of single layer H-MoS2 without considering the
spin orbit coupling. The direct band gap of 1.7 eV is
consistent with previous reports.11�13 The energy map

Figure 3. (a) Transition barriers for a Li atom in H-MoS2 and T-LiMoS2. (b,c) Migration paths. The yellow, blue, and green balls
represent the S, Mo, and Li atoms, respectively.
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of the lowest conduction band in Figure 4c shows two
kinds of valleys (K valley and Λ valley). The valence
bands also give rise to two kinds of valleys (K valley
and Γ valley). Because H-MoS2 is electron doped in our
current study, we only consider the conduction band
edge, for which the Λ valley is 0.026 eV higher than
the K valley. Using the density of states in Figure 4b, we
estimate that the Λ valley will be occupied with an
electron concentration of more than 2.19� 1014 cm�2

at zero temperature. If the electrons only occupy the
K valley, see Figure 4c, the intervalley interactionwould
couple with phonons of wave vector K. If they also
occupy theΛ valley, the K andΛ valleys andΛ0 andΛ
valleyswould be coupled by phonons ofwave vectorΛ
and the K and Λ0 valleys by phonons of vector M. To
obtain further insights, we study the real and imaginary
parts of the electronic susceptibility for electron doped
(1.15 � 1014 cm�2) single layer H-MoS2 using the con-
stant matrix element approximation,38 see Figure 4d,e.
The imaginary part (nesting function) is very small,
since the Fermi level is located near the conduction
bandminimum. Only weak peaks are found at theΓ, M,
Λ, and K points. For the real part strong peaks show up
near these points, caused by the modified Fermi level
due to electron doping. The real part of the electronic
susceptibility determines the stability of the electronic
system, which couples to the lattice through electron�
phonon interaction.

Figure 5a displays the phonon dispersion of un-
charged single layer H-MoS2. According to Figure 5b,
an electron concentration of 1.15 � 1014 cm�2 results
in phonon softening around theM, K, andΛ points. For
the M point one phonon branch even shows negative
frequencies, pointing to instability against supercon-
ductivity. As this anomaly matches the pronounced
peak of the real part of the electronic susceptibility, see
Figure 4e, we can conclude that the electronic instabil-
ity combined with strong electron�phonon interac-
tion induces the phonon softening and thus the H�T
phase transition. Since the M point is located at the
Brillouin zone boundary ([0.5, 0, 0]) the distorted
structure will have a larger 2 � 2 cell. The atomic dis-
placements related to the soft phonon at the M point
are shown in Figure 5c, where those for Mo are larger
than those for S. According to the atomic displacements
we build a distorted 2� 2 supercell, in which neighbor-
ing unit cells have opposite displacements (see the
dimerization of the Mo atoms in Figure 5d). Under
relaxation this structure turns into the T phase structure
with a significant reduction of the total energy.
As shown before, the critical Li concentration for the

phase transition is 5.76� 1014 cm�2. Energy difference
calculations point to a phase transition at a concen-
tration of 40%,30,32 suggesting that H-MoS2 transforms
into T-LiMoS2 suddenly at this value, whereas it
is difficult to determine the critical concentration

Figure 4. (a) Orbital projected band structure and (b) density of states of single layer H-MoS2. Blue and red dots in panel a
represent theMo and S orbitals, respectively. (c) Energymap of the lowest conduction band. (d) Imaginary and (e) real part of
the electronic susceptibility for electron doped (1.15 � 1014 cm�2) single layer H-MoS2.
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experimentally by TEM. For the phase transition in Re-
dopedMoS2 it is about 30%�40% according to energy
difference calculations,30 which is much higher than
the experimental result (<1%).31 Apparently, the critical
concentration for the H�T phase transition is drama-
tically overestimated by energy difference calculations.
Considering the electron�phonon interaction, we dem-
onstrate (Figures 4 and 5) that a Li concentration of
1.15 � 1014 cm�2 is sufficient for the phase transition,
which thus is rather continuous, consistent with pre-
vious reports.39,40

We characterize the clusters shown in Figure 1c by
electron energy loss spectroscopy and find that the
bright clusters in scanning TEM high-angle annular
dark-field images (Supporting Information, Figure S2a)
are due to Mo and the dark matrix is due to Li2S.
According to the species phase diagram shown in
Figure 1d, we can expect formation of Mo and Li2S for
deep lithiation. A recent TEM study of postcycled MoS2
electrodes has detected metallic Mo in the delithiated
state.41 Themain limiting factor for applications ofMoS2

is the poor cyclability,42,43 which results from the fact
that it is difficult to form LiMo alloy. On the other hand,
further de(lithiation) is related to Li2S and S, see the
reaction3 in Figure 1d. This suggests the possibility of
using MoS2 in Li ion batteries. In the context of the low
electroconductivity of S,44 the formation of Mo clusters
has the merit of providing a substantial enhancement.

CONCLUSION

By in situ TEM, we find a phase transition from
H-MoS2 to T-LiMoS2 in the early lithiation process of
MoS2 and later the formation of Mo and Li2S clusters.
The poor cyclability of anodes based on MoS2 is
attributed to the difficulty to form MoS2 from Mo and
Li2S in the delithiation process. However, Mo clusters
can enhance the electroconductivity of S in the Li2S�S
cycle. Simulations based on density functional theory
show that the phase transition from H-MoS2 to T-Li-
MoS2 is due to electron doping, in which the electronic
structure and phonon dispersion indicate that the
electron�phonon coupling in the conduction band

Figure 5. Phonondispersions of (a) unchargedand (b) electrondoped (1.15� 1014 cm�2) single layerH-MoS2. (c) Top and side
views of the atomic displacements of the soft mode at the M point in panel b. (d) Energy as a function of the ion relaxation
steps for a 2� 2 supercell. The initial structure is based on the atomic displacements shown in panel c. After full relaxation, the
T phase of MoS2 is established. The yellow and blue balls represent the S and Mo atoms, respectively.
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valleys plays a key role. The provided insights into the
phase transition in electron-dopedMoS2 are important

for phase engineering in energy storage and electronic
applications.

EXPERIMENTAL AND CALCULATIONAL DETAILS
In Situ Experiments. Mos2 nanosheets grown by chemical

vapor deposition (serving as working electrode) were scraped
away from an Si substrate by a gold wire. Li metal (serving as
the counter electrode and Li source) was scratched by another
gold wire inside a glovebox filled with Ar. The two electrodes
were mounted onto a Nanofactory Instruments TEM in situ
sample holder, which was transferred with an airtight container
and loaded into the TEM column. The naturally grown Li2O layer
on the surface of the Li metal served as solid electrolyte for the
Li transport. The Li2O/Li electrode side was moved forward
to contact the edge of the MoS2 nanosheet. Once a reliable
electrical contact was built, a potential ranging from�2 to�4 V
was applied to the MoS2 nanosheet to initiate the lithiation,
which was stopped at various intermediate stages by retracting
the Li source and electrolyte, see Supporting Information,
Figure S3. The experiments were carried out inside an aberration-
corrected JEOL JEM-ARM200CF scanning TEM equipped with a
200 keV Schottky cold-field emission gun, high-angle annular
dark-field detectors, and a postcolumn Gatan Enfina electron
energy loss spectrometer. A 22-mrad-probe convergence angle
was used for all the images and spectra. The high-angle annular
dark-field images were acquired using a 90mrad inner detector
angle, and the electron energy loss spectra was acquired using a
45 mrad collection angle.

Ab Initio Simulations. All calculations were performed using
the Quantum-ESPRESSO package45 in the framework of density
functional theory. Ultrasoft pseudopotentials46 as well as the
generalized gradient approximation in the Perdew�Burke�
Ernzerhof parametrization47 of the exchange correlation func-
tional were employed. A self-consistency energy accuracy of
1.4� 10�9 eV, residual forces below 2.6� 10�3 eV/Å, and a total
energy convergence of 1.4 � 10�4 eV were achieved. A 15 Å
thick vacuum layer was adopted to prevent self-interaction by
the periodic boundary conditions and the lattice constant of
H-MoS2 was used also for T- and T0-MoS2. The phonon disper-
sions were obtained from density functional perturbation
theory.48
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