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ABSTRACT: Two-dimensional (2D) metal sulﬁdes have
been widely explored as promising electrodes for lithiumion batteries since their two-dimensional layered structure
allows lithium ions to intercalate between layers. For tin
disulﬁde, the lithiation process proceeds via a sequence of
three diﬀerent types of reactions: intercalation, conversion,
and alloying, but the full scenario of reaction dynamics
remains nebulous. Here, we investigate the dynamical process of the multistep reactions using in situ electron microscopy and discover the formation of an intermediate rocksalt phase with the disordering of Li and Sn cations after
initial 2D intercalation. The disordered cations occupy all the octahedral sites and block the channels for intercalation,
which alter the reaction pathways during further lithiation. Our ﬁrst-principles calculations of the nonequilibrium lithiation
of SnS2 corroborate the energetic preference of the disordered rock-salt structure over known layered polymorphs. The
in situ observations and calculations suggest a two-phase reaction nature for intercalation, disordering, and following
conversion reactions. In addition, in situ delithiation observation conﬁrms that the alloying reaction is reversible, while the
conversion reaction is not, which is consistent with the ex situ analysis. This work reveals the full lithiation characteristic
of SnS2 and sheds light on the understanding of complex multistep reactions in 2D materials.
KEYWORDS: lithium-ion batteries, in situ transmission electron microscopy, tin disulﬁde, multistep lithiation, density functional theory

C

thorough understanding of the lithiation process is of importance
for improving the ﬁgures-of-merits of electrode materials.
Some metal chalcogenides which adopt a two-dimensional
(2D) layered structure have exhibited intriguing lithium insertion reactions. Since adjacent metal sulfur layers are bonded by
the relatively weak van der Waals force,11,12 Li-ions can be intercalated between these adjacent metal−sulfur layers. This characteristic has made metal chalcogenides draw an intensive amount
of attention as electrode materials in late 1970s.13,14 Despite the
similar 2D structure across many chalcogenides,11,13,15,16 diﬀerent metal sulﬁdes may have distinct lithiation reaction mechanisms. In case of MoS2, the intercalation of Li ions is accompanied by a Mo coordination change from trigonal prismatic to

urrent widespread usage of lithium-ion batteries (LIBs)
in a number of electronic devices has been realized by
using intercalation-type of electrode materials, such as
carbonaceous materials and lithium transition-metal oxides.1,2
As lithium ions can be inserted into and extracted from empty
spaces inside electrode materials, the original structures of host
compounds are well maintained during operation, which improves
reversibility and long-term stability. Despite their success in
market, these kinds of materials have intrinsic limitations
on energy density because of the limited number of vacant
sites inside host compounds. Conversion-type nanosized materials (metal oxides, sulﬁdes, ﬂuorides, etc.)3−8 and alloying-type
materials (Si, Sb, Ge, Sn, etc.)9,10 can be attractive alternatives
which oﬀer much higher energy density for LIBs. However,
these types of materials also have problematic issues, for example,
volume expansion, mechanical integrity, reversibility, and longterm stability. The mechanism by which electrode materials store
Li ions governs the characteristics of battery cells; therefore,
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octahedral,17 followed by a conversion process from LixMoS2
to Li2S and Mo.18 For copper sulﬁdes (CuS, Cu2S), after the
intercalation reaction, an extrusion (displacement) reaction
takes place rather than the conversion reaction.19−21 Among
these 2D layered chalcogenides, SnS2 has an interesting and
complicated reaction nature with lithium, which featured with
consequently connected three diﬀerent types of reactions: intercalation, conversion, and alloying:22,23
SnS2 + Li+ + e− → LixSnS2

(1)

LixSnS2 + (4 − x)Li+ + (4 − x)e− → Sn + 2Li 2S

(2)

Sn + 4.4Li ↔ Li4.4Sn

(3)

It is believed that the conversion reaction is not reversible
which largely instigates a low Coulombic eﬃciency during the
ﬁrst cycle.24−26 Thus, only 645 mAh/g originated from alloying
reaction is reversible, while the theoretical capacity for whole
reaction is up to 1231 mAh/g. As electrochemical performance
is highly dependent on how these reactions proceed, for example,
the reaction pathways, intermediate phases involving this complicated reaction process,22,23,27,28 real-time investigation is
necessary to improve ﬁgure-of-merits of electrode materials.
A couple of studies performed in situ electron microscopy work
of SnS2: Gao et al.27 studied the intercalation and deintercalation processes, and Yin et al.28 reported formation of selfassembled composite framework after the ﬁrst discharge process.
However, up to now, the microscopic investigation on the whole
diﬀerent types of lithiation reactions still lacks for SnS2, and
insights regarding a full scenario of reaction dynamics remain
elusive.
Herein, we perform a mechanistic study on the lithiation and
delithiation processes of tin disulﬁde using in situ transmission
electron microscopy (TEM) in combination with ﬁrst-principles
calculations. Our in situ selected area electron diﬀraction (SAED)
and scanning TEM (STEM) results elucidate four sequential
reaction steps during the lithiation of SnS2. A disordering
transition with the formation of rock-salt phase is discovered
after initial intercalation. The rearrangement of cations happens
with Li and Sn equally occupying the octahedral sites and
completely changes the structure of the layered compound,
making the Li-intercalation impossible. After the disordering
transition, further lithiation will prompt a conversion reaction
with the collapse of crystal lattice. We note that the electron
beam may induce phase transition in the electrode materials for
batteries.29 To avoid that issue, we here performed the in situ
STEM imaging at a dose rate around 0.3 pA/cm2. In addition,
DFT calculations are conducted to explore a variety of possible
lithiation reaction pathways of SnS2 and identify the groundstate reaction path, which validates the experimental observations. Precise real-time analysis performed here reveals full
reaction natures of tin sulﬁdes which cannot be acquired by
post-mortem studies.

Figure 1. Pristine SnS2 sample images acquired by (a) SEM,
(b) HAADF, and (c) HRTEM. Diﬀraction patterns of SnS2 at
(d) pristine, (e) discharged to 0.01 V, and (f) charged to 3.0 V states,
respectively.

STEM-electron energy loss spectroscopy (EELS) elemental
maps in Figure S1b demonstrate the uniform distribution of Sn
and S in SnS2. The electrochemical activity of SnS2 was
examined in a coin cell, as shown in Figure S2. SAED patterns
at pristine, discharged (0.01 V), and charged (3 V) states
(Figure 1d−f, respectively) demonstrate that lithiation of SnS2
results in formations of Li−Sn alloy phase, Li7Sn2, and removal
of lithium ions leads to dealloying of Li−Sn instead of structural
recovery of SnS2. This is consistent with the previous reports.22,25,30
Real-time structural evolutions of SnS2 during the lithium
insertion were examined with both in situ electron diﬀraction
and in situ imaging. We took advantage of a dry-format
electrochemical cell setup.31−34 We used Li/Li2O on STM tip
as the counter electrode/solid electrolyte and SnS2 on lacey
carbon Cu TEM grid as the active electrode for in situ experiments. Figure 2a presents radial intensity proﬁles as a function
of reaction time produced from real-time SAEDs. The details of
the data processing can be found in Figure S3. Raw video and
SAED patterns are presented in Movie S1 and Figure S4,
respectively. When lithium ions are introduced to SnS2, the
phase transitions can be determined by the modiﬁcations in
radial intensity proﬁles (peak shift, disappearance or appearance
of peaks). The radial intensity proﬁle and corresponding diﬀraction patterns with false colors under each reaction are shown in
Figure 2b,d, respectively. Instead of the three step reactions
mentioned above, we have found four steps of lithiation processes of SnS2: intercalation (0−288.4 s), disordering (∼810.2 s),
conversion (∼1730.3 s), and alloying (1730.3 s to end). During
the incipient stage of lithium insertion, we only observed the
shrinkage and slight broadness of the diﬀraction proﬁles (261 s
in Figure 2b), which mainly results from the expansion of unit
cell (1.3% for a, 6.5% for c direction at the end of intercalation),
correlating the phase transition from layered SnS2 structure to
layered LixSnS2 structure. At this stage, lithium ions are introduced to octahedral sites between sulfur layers, while the 2D
layered structure is preserved. Considering that lattice parameters of SnS2 (P3̅m1) and LiSnS2 (P3̅m1) are a = 3.638 Å,
c = 5.88 Å (ICSD collection code 100610) and a = 3.67 Å,
c = 7.9 Å (ICSD collection code 23451) in the hexagonal unit
cell, insertion of one lithium ion per one SnS2 chemical formula
may induce 0.88% and 34.35% of lattice expansion in a and c
directions, respectively. Thus, during ﬁrst stage of reaction, intercalation of SnS2 to LixSnS2 would occur within a range of x < 1.

RESULTS AND DISCUSSION
Figure 1a−c shows scanning electron microscopy (SEM), high
angle annular dark-ﬁeld (HAADF)-scanning transmission electron microscopy (STEM), and high-resolution transmission
electron microscopy (HRTEM) images of ﬂower-like tin disulﬁde
(SnS2) samples studied in this work. Micron-sized ﬂower samples
are composed of pile-up of thin sheets. Figure S1a,c presents an
X-ray diﬀraction pattern and HRTEM image along the [001]
zone axis of SnS2, indicating a 2H structure of space group P3m
̅ 1.
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Figure 2. In situ SAED patterns of SnS2 during lithiation. (a) Electron diﬀraction intensity proﬁle as a function of reaction time during
lithiation of SnS2. X indicates a 102 diﬀraction peak, and + denotes the Li−Sn alloy phase. (b) Radial intensity proﬁles of diﬀraction patterns
at certain times. (c) Changes in d-spacing of 102 plane during intercalation. (d) Diﬀraction patterns correspond to intensity proﬁles at (b).
(e) Atomic models representing phase evolution during lithiation.

With further simulation of electron diﬀraction (Figure S7), we
deduced that LiySnS2 has a disordered rock-salt structure. More
information is available in the following calculation part and the
Supporting Information. From 2D layered structure to rock-salt
structure, two kinds of structural distortion are prompted:
(1) The change in stacking sequence of each Sn−S layer is
changing from A−A to A−B−C and (2) the disordering
of Li and Sn ions along ⟨001⟩ zone axis of SnS2 (which is
identical to the ⟨111⟩ zone axis of rock-salt), resulting from the
cation mixing. It is observed that further insertion of lithium
ions triggers the conversion reaction. We could notice the
emergence of diﬀraction rings from Li2S and Sn (1428 s in
Figure 2b), indicating the LiySnS2 structure is decomposing.
Further lithiation brings about additional diﬀraction rings, for
example, the peak marked with “+” in Figure 2a,b,d, while the
rings from Li2S still are being presented. We believe this
additional ring is the result of an alloying reaction between
Sn metal and Li. We did not observe any strong reﬂections
from the alloying phases which suggests the alloying reactions
happened locally and no large crystals formed during our
observation. The atomic models of these four step reactions are
shown in Figure 2e.

While the radial intensity proﬁle at Figure 2a was generated
with an averaged diﬀraction information from the selected area,
Figure S5 exhibits changes in diﬀraction spots from a single
SnS2 sheet during intercalation. Clear splitting of 121 diﬀraction
spot is observed, which can be attributed to a two-phase reaction nature as suggested in a previous report.31 It is noteworthy
that our in situ SAED patterns could track the subtle changes
in d-spacing during the intercalation. Figure 2c presents the
changes in d-spacing of 102 plane during intercalation reaction.
In the case of ex situ SAED patterns recorded by CCD camera,
we could have distortions and errors originating from recording
system each time, which degrades the accuracy in determination of d-spacing. For our in situ electron diﬀraction, the
instrumental error was consistent while taking videos; thus, the
accuracy can be largely improved by measuring the relative shift
of diﬀraction spots/rings. In addition, we use a subpixel ﬁtting
technique to ﬁt the experimental data with a Voigt function
(Figure S6),35−37 providing a resolution of 0.0016 Å.
When additional lithium ions were inserted, the LixSnS2 with
layered structure was observed to transform to a LiySnS2 having
a face-centered cubic (FCC) structure evidenced by the characteristic FCC diﬀraction rings (Figures 2a and 604 s in Figure 2b).
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been noticed during conversion38,39 and alloying reactions, we
could easily identify the conversion and alloying reactions by
in situ ADF video. In other words, conversion reaction can be a
characteristic indicator for dividing each lithiation step in ADF
videos. A movement of phase boundary was observed before
the conversion reaction, but after a period time of remaining
inactive. Thus, with an assumption of the same lithiation nature
of SnS2, we could resolve four steps of lithium insertion process
in the ADF video as intercalation, disordering, conversion, and
alloying based on the ﬁndings from in situ diﬀraction (Figure 2).
Raw video is shown in Movie S2, and raw ADF-STEM images
are available in Figure S10. During the initial reaction, we could
not see distinct changes in real space video. Since 1.3% of
expansion along a is too small, we may not detect the possible
movement of phase boundary along the observing direction
(close to [001]). For the next step, a movement of phase
boundary was observed starting at ∼45 s, corresponding to the
second phase transformation (LixSnS2→ LiySnS2). In the newly
evolved phase, we still observed bend contours indicating the
crystalline phase of LiySnS2. The collective structural distortion
from 2D layered structure to 3D cubic rock-salt structure contributed to the observed morphological change. Further lithiation induced another phase boundary movement from 85 s, but
in this case, bend contours disappeared and ﬁne nanoparticles
were formed, which is a typical characteristic of conversion
reaction  decomposition of LiySnS2 to Li2S and Sn. Finally,
we observed the localized growth of several nanoparticles, due
to the alloying reaction between Sn and Li. But it is diﬃcult to
deﬁne the nature of Li−Sn alloying reaction since the enlargement of alloying particles happens too quick to be noticed
within each nanoparticle. Additional HAADF and HRTEM
images after in situ lithiation experiments are presented in
Figure S11. We plotted the area change of the emerging phases
in a function of time for each lithiation step in Figure 3b.
Comparing a whole ﬂower-like sample before (Figure 3c) and
after lithiation (Figure 3d), there is a recognizable volume expansion, but the original shape was well maintained. In the end, the
alloy of Li−Sn formed, and Figure 3e exhibits a high-resolution
STEM image after in situ lithiation, presenting nanoparticles with
[132] and [112] zone-axis of Li7Sn2, which is one of Li−Sn alloy
compound. Overall, the in situ ADF imaging not only provides
us fruitful information about phase evolutions in real-space but
allows us to see how the morphological changes proceed correlated with phase changes examined by in situ electron diﬀraction.
In order to understand the reaction mechanism and particularly the formation of the disordered rock-salt phase, we performed DFT calculations to investigate the lithiation processes
of SnS2 via both equilibrium and nonequilibrium pathways.
To explore the equilibrium lithiation reactions, we constructed
the Li−Sn−S ternary phase diagram at 0 K by calculating the
formation energies of all the known compounds of the Li−Sn−S
chemical space from the Inorganic Crystal Structure Database
(ICSD).41 The ground-state reactions of Li-SnS2 are found to
proceed with conversion reactions (SnS2 + 2Li→ SnS + Li2S;
SnS2 + 4Li→ Sn + 2Li2S) and are followed by Sn−Li alloying
reactions (Figure S12). Interestingly, both lithium tin disulﬁdes
which have been reported: LiSnS2 (P3̅m1)42 and LiSnS2
(R3̅m)43 are predicted to be unstable with positive formation
energies according to the DFT phase diagram calculations.
Meanwhile, both our observation here and previous reports
have shown intercalation steps before conversion reactions during
the SnS2 lithiation.11,22,27 All these discrepancies suggest that
the lithiation of SnS2 follows a reaction route which deviates

The phase evolution of SnS2 during lithiation was also investigated in real space with a STEM imaging technique, as presented in Figure 3. We performed STEM imaging videos at low

Figure 3. (a) ADF-STEM image series captured in real time.
(b) Changes in projection area with diﬀerent lithiation mechanisms
during lithiation. ADF-STEM images acquired from a whole SnS2
microﬂower sample (c) before and (d) after lithiation. (e) Atomic
resolution HAADF image and atomic models presenting the atomic
arrangement of Li7Sn2 alloy phase at areas (i) and (ii).

current intensity (0.3pA/cm2) because the relatively stronger
electron beam at TEM mode (14.3 pA/cm2) may induce
morphological changes of sulﬁde materials (Figures S8 and S9).
We employed a strain-sensitive ADF imaging technique (inner
collection angle: 32 mrad) for investigating the multistep lithiation processes of SnS2, as the phase evolution induces changes
in strain at the boundaries.38,39 While the high-angle ADF signal
is determined by average atomic number of the sample, the lowangle ADF signal at 25−50 mrad is very sensitive to the strain
ﬁeld as well as atomic number.40 Figure 3a presents timesequence images from an in situ ADF-STEM imaging video
where false colors indicate diﬀerent phases. The video was recorded
on a single crystalline nanosheet of SnS2 which was along
[001] zone axis. False colors were overlaid on raw ADF-STEM
images using Photoshop in order to intuitively visualize the
lithiation stages. As particular morphological changes have
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inserted (LiSnS2), we ﬁnd the disordered rock-salt structure is
energetically favorable (Figures 4 and 5) by −8 meV/atom
compared to the LiSnS2 (R3̅m) phase, which is consistent with
in situ diﬀraction results in Figure 2. The disordered rock-salt
structure would also be additionally stabilized by entropic
contributions. Both the cation disordered structure and the R3m
̅
structure can be seen as derivatives of the rock-salt structure
with diﬀerent cationic ordering. Considering the extremely small
energy diﬀerence (8 meV/atom) between those two structures,
the energetic impact from the cationic ordering is expected to be
limited, and hence entropic contributions stabilize the disordered
phase, even at relatively low temperatures. Further lithiation
drives a conversion decomposition of LixSnS2 to Li2S and Sn,
which we ﬁnd as the energetically favorable reaction path
(Figures 4 and 5). Calculated potential plateaus at 0 < x < 1 and
1 < x < 4 in Figure 4 indicate two-phase transformations from
SnS2 to disordered rock-salt LiSnS2 and from LiSnS2 to Li2S and
Sn, which are consistent with in situ ADF video (Figure 3).
Reversible lithium insertion and extractions of conversiontype electrode are of importance in terms of long-term stability
and voltage hysteresis. Understanding the lithium extraction
process is crucial for the practical application of conversiontype electrodes. Thus, we performed in situ delithiation experiments. While lithium insertion into electrode materials is
thermodynamically spontaneous, pulling out lithium ions from
the materials requires a higher potential. In order to provide the
potential needed for extracting lithium ions from lithiated SnS2,
we used a Cu mesh grid to directly contact the micron-sized
ﬂower sample with Li/Li2O instead of a lacey ﬁlm coated grid.
The direct touch approach was shown to enable the in situ
delithiation process.27,48,49 After the sample was fully lithiated,
we switched the applied voltage from negative (−2 V) to positive (+10 V) to extract lithium ions in lithiated SnS2. Figure 6a,b
presents a radial intensity proﬁle of diﬀraction patterns, references of Li−Sn alloy phases, Li2S and metal Sn, and selected
time series of diﬀraction patterns with false colors. Raw video
and diﬀraction patterns are available in Movie S3 and Figure S15.
Changes in diﬀraction patterns during a delithiation are not as
dramatic as that occurring during the lithiation (Figure 2), but
we could see structural changes, particularly the formation of a
metal Sn phase. Figure 6c compares the radial average intensity
of diﬀraction patterns acquired at 0 and 1327 s during lithium
extraction, clearly demonstrating the appearance of Sn (220) or
(221) peaks. Figure 6d presents the normalized intensity of
indicated peaks in Figure 6a in a function of time; ○ indicates
Sn (220)/(221), while □,Δ originat from Li−Sn alloy phases.
Tracking the intensity changes of three peaks with reaction time (Figure 6d) indicates that formation of metal Sn phase
takes place at the expense of Li−Sn alloy phase. In our experimental setup for in situ TEM observation, the dealloying process
had not been ﬁnished, but an ex situ study in Figure 1f demonstrates that charging back to 3 V promotes formation of
Sn metals, indicating that conversion reaction of the Li2S is not
reversible and dealloying reaction is the main mechanism of
delithiation.

from thermodynamic equilibrium. We therefore simulated nonequilibrium lithiation pathways of SnS2 using our recently
developed nonequilibrium phase searching method as described
in Methods.21,44,45 Starting with all possible Li intercalation
sites of the original SnS2 structure (Figure S13), intermediate
phases are identiﬁed by exploring a large number of geometrically distinct Li/vacancy conﬁgurations on possible insertion
sites of the SnS2 structure at diﬀerent compositions (Li/vacancy
ratios). We ﬁnd one intermediate phase at x = 1 which has a
structure reproducing the previously reported LiSnS2 (P3̅m1)
compound42 with a formation energy higher than the LiSnS2
(R3̅m) compound. In addition, we calculated the cation disordered rock-salt phase (as observed in TEM measurements)
using the special quasi-random structure (SQS) method.46 SQS
structures were generated based on a Monte Carlo algorithm as
implemented in the Alloy Theoretic Automated Toolkit
(ATAT) (Figure S14).47 Formation energies for all the conﬁgurations were then calculated, and the metastable Li-SnS2
convex hull is constructed from these phases as shown in
Figure 4. With energetics from the nonequilibrium intermediate

Figure 4. Convex hull generated with the calculated nonequilibrium
phases of Li-SnS2.

phases, the range of computed voltages is in good agreement
with the experimental discharge curve as shown in Figure 5. For
the composition corresponding to one lithium ion per SnS2

CONCLUSION
In summary, we take advantage of a coupled study of in situ
transmission electron microscopy characterization and DFT
calculations to elucidate atomistic lithation mechanisms of SnS2.
The in situ electron diﬀraction provides a high-accuracy measurement of the lattice distortion and reveals a disordering
reaction from the 2D layered structure to a cubic disordered

Figure 5. DFT-calculated discharge voltage proﬁle and atomic
models corresponding to the predicted intermediate phases during
nonequilibrium lithiation process in SnS2.
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Figure 6. In situ SAED patterns of SnS2 during delithiation. (a) Electron diﬀraction intensity proﬁle as a function of reaction time during
lithium extraction from lithiated SnS2. Diﬀraction peaks from the references (Li−Sn alloy phases, Li2S, and Sn) are also presented. (b) Selected
electron diﬀraction patterns. (c) Radial intensity proﬁles of diﬀraction patterns before and after lithium extraction. (d) Intensity proﬁles of
suggested diﬀraction peaks (□, ○, Δ in (a)) with a function of reaction time.
Electrochemical Measurements. The composite electrode was
prepared as a mixed slurry of 80 wt % SnS2, 10 wt % carbon black, and
polyvinylidene ﬂuoride (PvDF) binder in an N-methyl pyrrolidone
(NMP) solvent. The slurry was casted on a Cu foil which is a current
collector. 2032-Type of coin cells were assembled inside an argonﬁlled glovebox with the as-prepared SnS2 electrode, Celgard separator,
Li metal, and an electrolyte of 1 M lithium hexaﬂuorophosphate
(LiPF6) in ethylene carbonate (EC): dimethyl carbonate (DMC)
(1:1 in weight). Battery tests were performed on an Arbin BT2000
battery test station with a rate of 50 mA/g.
TEM Characterization. For the post-mortem analysis, Cu TEM
grids with SnS2 sample were incorporated into coin cells with composite electrodes. After a designated potential of 0.01 V (discharged)
or 3 V (discharged and charged) had been reached, the coin cells were
disassembled, and TEM grids were cleaned with DMC solution inside
an argon-ﬁlled glovebox. Ex situ and in situ TEM observations were
performed with a JEM-2100F transmission electron microscope (JEOL)
at an acceleration voltage of 200 kV. The in situ TEM electrochemical
cell was incorporated into a Nanofactory TEM-STM specimen holder,
where SnS2 dispersed on a TEM half-grid with lacey carbon support
is analogous to active electrode material, current collector, and carbon
binders, respectively; Li metal was coated on to a piezo-driven
W probe as the counter electrode, and a thin layer of Li2O formed
on Li metal as the solid electrolyte. During lithiation process, a
constant negative potential was applied between SnS2 and Li source,
while a constant positive potential was applied for delithiation during

rock-salt structure induced by lithiation. In the rock-salt phase,
all the octahedral sites are occupied by cations, restricting the
intercalation channels. Further lithiation can only take place via
a complete decomposition of lithiated compounds to Li2S and Sn.
Our DFT calculations show that the cation disordered rock-salt
phase is energetically favorable over the other LiSnS2 phases.
Our in situ TEM works suggest that the intercalation, disordering, and conversion reactions are two-phase reactions. It is
found that the conversion reaction has the slowest reaction
speed during lithiation and conﬁrmed the conversion reaction
is not reversible during delithiation. The latter one is supposed
to be the determining factor to restrict the full usage of SnS2 for
storing Li ions. Combined study of in situ TEM and ﬁrstprinciples calculations on the dynamic processes of lithiation
here sheds light on revealing reaction mechanisms of 2D electrode materials, which may help to understand their cyclability
and stability for alkali secondary batteries.

METHODS
Materials Synthesis. Tetrachlorostannane pentahydrate (SnCl4·
5H2O) and 1.2 g thioacetamide (TAA) were dissolved into 40 mL
ethanol, and the solution was transferred into a 50 mL Teﬂon-lined
autoclave at 180 °C for 24 h. The SnS2 precursor were washed
repeatedly with deionized water and dried at 60 °C for 8 h.
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real-time observations. The inner collection angle for ADF imaging is
about 32 mrad.
First-Principles Calculations. First-principles density functional
theory (DFT) simulations were conducted using Vienna ab Initio
Simulation Package (VASP)50,51 with projector augmented wave (PAW)
potentials.52 Generalized gradient approximation (GGA) of Perdew−
Becke−Ernzerhof (PBE)53 was employed with spin polarization for the
exchange−correlation functional. The optB86b-vdW functional was
also used including a self-consistent van der Waals correction.54
We used two diﬀerent sets of parameters: one for sampling lower
energy conﬁguration, and the other for determining accurate total
energy. For the sampling procedure, kinetic energy cutoﬀ was 300 eV
for the plane wave basis set, and Γ-centered grid was approximately
4000 k-point per reciprocal atom. In order for accurate simulation, we
expanded calculation ranges: plane-wave basis set cutoﬀ energy of 520 eV
and Γ-centered grids with density of 8000 k-points per reciprocal atom.
In order to determine the nonequilibrium phases during Li-SnS2
reaction, the nonequilibrium phase search (NEPS) method was
applied.21,44,45 It was assumed that diﬀusion rate of Li in SnS2 is much
faster than that of Sn or S during lithiation processes. Thus, we
expected that Li ions can locate any energetically favorable vacant sites.
Detailed procedures of NEPS are as follows: (i) Identify all possible
55,56
intercalation sites in original structure of SnS2 (P3m
̅ 1) using MINT.
(ii) Figure out all distinctive symmetrical conﬁgurations with Enum57,58
for a series of compositions Lix□2−xSnS2 (0 < x < 4, □: vacancy).
(iii) Sample total energies of all the conﬁgurations. (iv) For the
selected compositions, expected structures were ranked by their total
energies, then, three structures having the lowest energy were chosen
for further calculation with more strict parameters according to a
reaction SnS2 + xLi → LixSnS2. (v) Build a convex hull using the
formation energies. Composition points on the hull were determined
as nonequilibrium intermediate phases.
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