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ABSTRACT: In the rechargeable lithium ion batteries, the rate capability and energy sSns, Two-phase
efficiency are largely governed by the lithium ion transport dynamics and phase transition pyyyyy LALDBBAL
pathways in electrodes. Real-time and atomic-scale tracking of fully reversible lithium s ;e

insertion and extraction processes in electrodes, which would ultimately lead to mechanistic — VRN LLEEEEA
understanding of how the electrodes function and why they fail, is highly desirable but very  "#iummay B2 vy vy
challenging. Here, we track lithium insertion and extraction in the van der Waals interactions - oli .
dominated SnS, by in situ high-resolution TEM method. We find that the lithium insertion o oV, <
occurs via a fast two-phase reaction to form expanded and defective LiSnS,, while the lithium | 1 : i
extrac'tion ir_litially involves he_terogeneo_us nuclee}tion of intermediate superstructure LigsSnS, i T,
domains with a 1—4 nm size. Density functional theory calculations indicate that the . s=2°0-< Cli e
Liy sSnS, is kinetically favored and structurally stable. The asymmetric reaction pathways ma poOC YRy T,
0,591, y y - ym p yS May g Y ) Bz v 5y

supply enlightening insights into the mechanistic understanding of the underlying
electrochemistry in the layered electrode materials and also suggest possible alternatives to
the accepted explanation of the origins of voltage hysteresis in the intercalation electrode
materials.

Solid-solution-like LiSnS,

KEYWORDS: Lithium ion battery, in situ TEM, first-principles calculation, intermediate phase, electrochemistry dynamics

here has been great interest in probing the lithium ion pathways in some electrode materials. For example, the recent

transport dynamics and phase transition pathways in the findings of metastable solid-solution phases in Li,FePO, (refs2,
electrodes of rechargeable lithium ion batteries (LIBs) in the 3, 10, 15) and of a LiysFePO, lithium-staging phase3'15‘16 are in
hope of gaining a mechanistic understanding to guide contradiction with its traditional two-phase model.

P . . 1-10 .
optimization of the electrode materials. A pervasive To better understand the dynamics of the phase transition,
concern on the phase transition during Li insertion and

extraction in the intercalation type of electrodes [e.g., LiFePO,
(ref 11), LiCoO, (ref 12), LiMn,O, (ref 13)] is whether Li ions
transport occurs via solid-solution reactions or two-phase
reactions.  The solid-solution reaction involving neither
substantial structural rearrangements nor large volume changes
underpins the high-rate capability of battery electrode

real-time tracking of lithium migration in electrodes therefore is
required. The commonly used in situ X-ray diffraction,”
absorption spectroscopy,’’ and nuclear magnetic resonance
(NMR)"® techniques can give valuable insights into the
structure and chemistry of the electrode materials during the
phase transition, while the recent advancement of in situ

materials,">'>~"* whereas for the two-phase reaction additional

kinetic barriers to the nucleation and growth of the second Received: May 27, 2016
phase need to be overcome.” The equilibrium phase diagram, Revised:  July 26, 2016
however, might be insufficient to predict the practical reaction Published: August 9, 2016
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Figure 1. Tracking lithium ion transport in SnS, nanosheets in real time. (a) High-resolution transmission electron microscopy (TEM) image of
SnS, nanosheets seen along [001] direction. (b) Galvanostatic charge/discharge curves of a carbon-SnS, composite versus a metallic lithium
electrode between 3 and 0 V. Inset: intercalation—deintercalation curves between from 3 and 1.5 V. (c) Atomistic model of a SnS, nanosheet seen
from the [010] direction. Sn atoms are octahedrally coordinated. Schematic also shows the Li-SnS, battery cell used for in situ TEM measurements
consisting of a SnS, nanosheet, a metallic lithium probe, and a thin passivation layer of LiO,N, acting as solid-state electrolyte. (d) Upon lithium
insertion, a high-resolution TEM image of a phase boundary between intercalated (LiSnS,) and pristine (SnS,) domains with viewing direction of
[111]. The yellow dashed line highlights the reaction front (phase boundary). The arrows indicate the reaction front motion direction. (e) Simulated
electron diffraction pattern of single crystal SnS, viewing along [111] direction. (f) FFT pattern from the right corner of pristine SnS, domain. (g)
FFT pattern from the left corner of the intercalated domain LiSnS, is diffuse and less intense. After lithium intercalation, the measured lattice
expansion from FFT is ~4.3—4.5%. (h) Distance of the reaction front propagation and diffusivity are plotted as functions of time calculated from
Movie S1. The error bars come from the uncertainties in defining the boundaries (~10—30 nm).

transmission electron microscopy (TEM) has higher spatial and
temporal resolutions to probe the phase nucleation and phase
boundary propagation in battery systems®™'*'*~*' and track
the localized and/or intermediate phases that might only have
existed within a short time scale.

Here, we use an in situ high-resolution TEM (HRTEM)
technique to track the reversible phase transitions during Li
ions insertion and extraction in SnS, nanostructures which have
large theoretical capacities for lithium and sodium ion
batteries.”> ™" In SnS, (JCPDS Card No. 01-1010), the
adjacent sulfur layers are bonded by the weak van der Waals
interactions. For these layered metal dichalcogenide structures,
previous studies of TiS, from first-principles calculations®"**
and NMR** indicated that the behaviors of alkali ions
migration are very different than those in the covalent or ionic
transition metal oxides with variable valences.

We find that the Li insertion occurs via a fast two-phase
reaction initiated by nucleation of a new phase, LiSnS,, with
expanded lattice and richness of defects and followed by
propagation of the phase boundary. The Li extraction, however,
involves intermediate phases with local structure ordering (i.e.,
LiysSnS,) instead of retracting the original phase boundary.
These Lij ;SnS, domains with size of ~1—4 nm nucleate rapidly
and heterogeneously upon lithium extraction, followed by
domain merging and shrinking. Our study shows that the
reaction pathways during Li ion insertion and extraction can be
significantly different even in the intercalation range of SnS,,
which is in contrast to (and in contradiction with) the general
two-phase reaction mode. In addition, the atomic structure and
dynamic evolutions of the intermediate superstructure
(LigsSnS,) have been determined. Combining with density
functional theory (DFT) calculations, we conclude that this
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intermediate phase with local structure ordering in the layered
structure is kinetically favored and structurally stable. The
findings of distinct lithium insertion and extraction reaction
pathways provide valuable insights into the mechanistic
understanding of the underlying electrochemistry in the van
der Waals interactions electrode materials and may also help to
elucidate the origins of voltage hysteresis in intercalation
electrodes and thus design high-energy efficiency batteries.
Results. Two-Phase Reaction during Lithium Insertion.
Typical electrochemical measurements of Li anode and SnS,
cathode battery cells were performed and shown in Figure la
and b. The lithium intercalation that corresponds to the plateau
of the curve in the inset of Figure 1b delivers a capacity ~144
mA-h/g, indicating that each SnS, unit can intercalate 0—0.98
Li (Li,SnS,, x ~ 1 will be discussed below). To real-time track
the structural evolution during lithium migration in SnS,, in situ
TEM experiments’'**" were carried out (in Figure Ic, see
Methods section for details). Upon Li intercalation, a phase
boundary between SnS, and LiSnS, domains is clearly shown in
Figure 1d. The two-phase reaction mode is further confirmed
by the electron diffraction pattern in Figure S1. After lithium
insertion, the lattice of LiSnS, becomes disordered in Figure 1d.
The fast Fourier transform (FFT) pattern from the LiSnS,
domain (Figure 1g) shows a similar pattern but more diffuse
and less intense spots compared to the pristine state (Figure
1f), indicating that after Li intercalation the structural
framework still remains but becomes defective. Indeed, the
HRTEM images in Figure S2 confirm that the well-stacked
layer structure of the pristine state has been broken into small
segments with defects after lithium insertion and the edge
dislocations and antiphase boundaries are identified from the
filtered image of LiSnS, phase. The lattice expansion induced
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Figure 2. High-resolution transmission electron microscopy tracking of the intermediate superstructure evolution during Li extraction. (a) Pristine
state SnS,. The TEM image is recorded from [111] direction. (b) The same region of lithium intercalated state LiSnS,. The process of lithium
insertion is too fast to capture in high-resolution mode in Movies S2. (c—h) Structural evolution during Li extraction (see also Movie S3). The
yellow outlines highlight the striped superstructure domains. The striped domains nucleate quickly and heterogeneously. (h) After ~179 s, most of
striped superstructure domains have disappeared. The lattice is recovered similar to the pristine state. (i) The total striped domain area is plotted as a

function of time from the selected region.

by Li insertion is measured to be ~4.5% in [100] direction (in
Figure 1f,g and Figure S1) and ~4.6% along the [001]
direction, which is also reproduced by the first-principles
calculations of ~3.5% and ~4.9% expansion in the a-direction
and c-direction (see Table S1), respectively. With further
lithiation, the saturated LiSnS, phase converts very quickly
into Li,S and Sn within a few seconds (<7 s), followed by the
formation of Li,Sn alloy (y ~ 4.4) in Figure S3.

The velocity of the phase boundary motion (in Movie S1 and
Figure S4) is calculated to be ~10—40 nm/s in Figure SS,
which can be approximately equivalent to a discharge rate of
116 C in a realistic battery with proper engineering. The
diffusivity is estimated to be ~0.3—1.5 X 107 ¢m?/s in Figure
1h based on the equation D = d*/t, where D is diffusivity, d is
the diffusion distance, and t is the diffusion time.

Intermediate Superstructure during Lithium Extraction.
Once the lithiation in SnS, is controlled within the range of
intercalation (see Movie S2), the lithium ions in LiSnS, can be
completely extracted as shown in Figure 2 (see also Figure S6
and Movie S3). Compared to the fast lithium insertion process
(Figure 2a—b), Li extraction (in Figure 2b—h) is much slower.
At the beginning of lithium extraction, a few small domains
with a size of ~1—4 nm (measured in Figure S7) appear and
gradually grow. The small domains show local structural
ordering as highlighted by the yellow outlines in Figure 2c—h.
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These striped domains then merge together (Figure 2e) and
slowly shrink in size with further Li extraction (from Figure 2e
to h). The total area and counts of striped domains in this
selected region is plotted as a function of time in Figure 2i and
Figure S7, respectively, confirming that the striped domains
grow quickly and die away slowly. Furthermore, the phase
transformation is fully reversible under the electron beam
illumination in Figure 2, indicating the observed phase
transition is induced by lithium insertion/extraction instead
of the electron beam irradiation effect.

Structure of Intermediate Superstructure. The structure
with local structural ordering is further determined by HRTEM
images and their FFT patterns in Figure 3. The FFT patterns of
HRTEM images recorded during lithium extraction in Figure
3a show extra superstructure spots {1/2 0 1/2}. The distance of
stripes in the filtered HRTEM image in Figure 3b is measured
to be twice the distance of {101} planes of the SnS,. An atomic
model therefore can be reconstructed in Figure 3c. Along the
[10—1] direction, in every two-unit cell only one interlayer is
occupied by lithium, corresponding to LiysSnS,. Along the
[010] viewing direction in Figure 3d, in each layer half of the
lithium columns are removed. Although the superstructure
cannot be captured by the electron diffraction due to the nature
of localization and intermediate, the atomistic structure is
confirmed by the electron diffraction simulation in Figure 3e.
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Figure 3. Atomic structure of the intermediate superstructure. (a) Selected FFT patterns of images shown in Figure 2. (b) Fourier space filtered
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First-Principles Calculations. First-principles calculations
were carried out to understand the lithium transport process
and the formation of the intermediate superstructure Li,sSnS,.
We first illustrate the fast lithium insertion and slow lithium
extraction processes by comparing lithium migration barrier at
dilute lithium/vacancy situation. The lithium deficient con-
dition is considered for the Li insertion process in which one Li
is inserted into 32 SnS, unites (Li;SnS,). In this case, the
calculations indicate that the octahedrally sited Li migrates to
the neighboring octahedron through a tetrahedral site as an
intermediate state, ie., Li,, — Li, — Li,, (black arrow in
Figure S8). The migration barrier is 0.29 V. The existence of
the intermediate site significantly lowers the activation
energy.‘“’32 At the initial stage of lithium extraction, the Li
migration can be considered as the vacancy diffusion. One Li
vacancy is created in 32 LiSnS, unites (Liyo,SnS,). The
calculated energy barrier is 0.35 eV, resulting in a much slower
lithium extraction process compared to the lithium insertion,
which is in good agreement with the experimental observations.

To explore the formation of the intermediate superstructure
with ordered lithium vacancies, —Li,;SnS,—, different ways of
lithium extraction were tested. We first assume that there is
already a pre-extracted lithium column in LiSnS, (labeled as 0
in Figure 4a). Then we considered the next possible extraction
site by comparing the energy with lithium extraction in different
column (from column 1 to column 4). It is found that forming
an extra lithium vacancy in column 1 and 3 is easier than that in
column 2 and 4 by 0.07 eV. We also consider the kinetic
process by comparing vacancy migration barrier in different
columns. It is found that with the pre-extracted lithium column,
vacancy migration barriers in column 1 and 3 (along [010]
direction) are lower than those in column 2 and 4 by 0.0S eV,
which approximately corresponds to a 10 times faster diffusion
at room temperature. In other words, once there is a vacancy in
column 1 or 3, the entire column will be removed quickly,
resulting in the vacancy ordered structure (Figure 4b). The
migration barrier in different column with pre-extracted lithium
is shown in Figure 4c, and details of the calculations can be
found in Supporting Information. We also investigate the
structural stability of the vacancy ordered intermediate
superstructure by checking the existence of negative-frequency
phonon modes, which is a powerful tool to guide phase
transition.”> As shown in Figure 4d, there is no negative-
frequency phonon mode, thus proving that the proposed
Liy sSnS, structure with lithium vacancy ordering is stable.

Discussion. It is well-known that in LIBs the energy
efficiency is determined by the voltage hysteresis between
lithiation and delithiation, ie., asymmetric reaction pathways
usually lead to large voltage hysteresis and subsequent low
energy efficiency. Although asymmetric reaction pathways
between discharge and charge are frequently observed in
conversion electrode materials,**™>® alloying,”’40 and displace-
ment*' reactions, for intercalation electrode materials sym-
metric reaction pathways are usually expected® from the
equilibrium phase diagram, and the origin of the voltage
hysteresis therefore is believed to be the fact that the particles
do not react with lithium simultaneously.5 However, our
observations show that the lithium ion extraction in SnS,
involves multiple phases and heterogeneous reactions, which
is significantly different from the two-phase reaction during
insertion (Figure S10), suggesting possible alternatives to the
accepted explanation® of the origins of voltage hysteresis for
intercalation electrode materials. In fact, such asymmetric
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reaction pathways are in good agreement with the asymmetric
intercalation-deintercalation curves measured in the coin cells
in Figure 1b where the intercalation process shows a plateau
indicating a two-phase reaction behavior while the deinterca-
lation process presents a sloped curve with solid solution-like
behavior.*>**

Conclusion. In summary, we have tracked the phase
transition during lithium ion insertion and extraction in the
weak van der Waals interactions dominated SnS, nanostruc-
tures in real-time and with lattice fringe resolution. The SnS,
adopts lithium ions between the sulfide layers to form an
intercalated LiSnS, phase with expanded lattice and defects via
a fast two-phase reaction. The lithium extraction reaction
pathway is distinct from that of the lithium insertion. Upon
lithium extraction, the Li,SnS, domains with vacancies
ordering nucleate quickly and heterogeneously, followed by
domain merging, slow shrinking, and disappearance. Our direct
observations reveal the dynamics and kinetics of lithium
insertion and extraction in SnS, nanostructures. In particular,
for the first time the atomic structure of intermediate lithium
ordering phase Lij;SnS, has been identified, and the dynamic
evolution behaviors have been captured in real-time. These
observations can help us to understand the lithium diffusion
mechanism in layered structures which are dominated by the
van der Waals interactions. Furthermore, in such an
intercalation electrode material the asymmetric reactions
pathways, i.e., two-phase insertion reaction and solid solution-
like extraction reaction that involves intermediate phases,
suggest a new possible model for the origins of the voltage
hysteresis for intercalation electrodes, providing valuable
insights into improving the energy efliciency of lithium ion
batteries.

Experimental Section. Eletrochemical Measurements.
For the electrochemical measurements, the electrode was
prepared by SnS, (80 wt %), carbon black (10 wt %), and
polyvinylidene fluoride (10 wt %) in N-methylpyrrolidone to
form a homogeneous slurry with then spread onto a copper foil
and dried at 100 °C for an overnight in a vacuum oven. Lithium
foil and polypropylene membrane (celgard 2400) were used as
the anode and the separator, respectively. Commercial
electrolyte LP30 (1 M LiPF6 in a mixture of ethylene
carbonate, dimethyl carbonate (1:1 by volume)) was used as
the electrolyte. 2032 coin cells were assembled in an argon-
filled glovebox. The batteries were galvanostatic discharged and
charged on a LAND CT2001A cell test apparatus at room
temperature. The weight of our electrode materials is about 2.0
mg/ cm?.

TEM Experiments. The SnS, nanosheets with layered
structure were mechanically peeled off from a single crystal
by using a half TEM Cu grid to scratch the surface of SnS,
crystal. The Cu grid acts as one current collector, and SnS, is
considered to be working electrode. The typical thickness of
SnS, nanosheet varies from a few nanometers to tens of
nanometers. Lithium metal (acting as the counter electrode)
was coated onto a sharp tungsten probe. All of the components
were loaded onto a costumed TEM specimen holder
(PicoFemto) integrated with electrical biasing probe in argon-
filled glovebox and then transferred into the TEM column
using argon-filled plastic bag. During transferring the holder
into the TEM chamber, the lithium metal was intentionally
exposed to air (~2 s) to form a thin passivation layer of LiN,O,
on the surface that acted as solid-state electrolyte to allow
transport of lithium ions. The lithium insertion was initiated by
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applying a small negative bias between the tungsten probe and
the grounded Cu grid, while the lithium extraction was driven
by a small positive bias.

Data Acquisition and Analysis. Both TEM images and
electron diffraction patterns (ED) were recorded by a Gatan
CCD. Movies are made by continuous images. The atomistic
models were generated by Crystalmaker software. The plots
were created by Origin 8.5. The FFT patterns and inverse FFT
were calculated by DigitalMicrograph (Gatan) software. The
domain area was calculated by Image] software. The simulation
of electron diffraction was carried by commercial software
SingleCrystal 2.3.3 for Mac system.

DFT Calculations. First-principles calculations are carried
out based on density functional theory, projector augmented
waves,** a restoring Perdew—Burke—Ernzerhof functional in
solid and surface (PBEsol),* and a plane wave basis set which
is implemented in the Vienna Ab initio Simulation Package.*’
We use a 520 eV energy cutoff as the plane-wave basis set, 0.01
eV/A as the force criteria, and 107> eV as the energy
convergence criteria. Lattice constants are optimized when
stress in each direction is smaller than 0.05 GP. For pristine
SnS,, the calculated lattice constants in a and ¢ direction are
3.65 and 6.09 A, respectively, which are in satisfactory
agreement with experimental values (3.65 and $.90 A)Y
Climbing nudged elastic band method™*® is used to calculate the
diffusion barrier. A 4 X 4 X 2 supercell is used to model the
beginning of lithium insertion and extraction process. Seven
images were inserted between the initial and final config-
urations. A 4 X 4 X 4 supercell is used to model the formation
of Liy sSnS,. Three images were inserted between the initial and
final configurations. k-point samplings in the Brillouin zone
were fully tested to converge the energy to 1 meV/atom.
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