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Phase evolution during a thorough Li ion's insertion of electrode materials governs their battery performance
during charge and discharge. Here we investigated the lithiation pathway of titanium disulfide using in situ TEM
combined with synchrotron-based pair distribution function measurement and first-principles calculations. A 2D
intercalation reaction proceeds along with a transition from van der Waals interaction between Ti-S slabs to the
covalent bonding of S-Li-S, with no symmetry broken. Further lithiation triggers unconventionally multiple step

conversion reactions as proved: LiTiS,—TiS—Ti,S—Ti. The conversion reaction pathway is also verified in fully
discharged sample in coin-cell. The expanded conversion chemistry is supposed to increase the capacity of TiS,
electrode and downgrade the cyclability, whereas the existence of intermediate phases shows the promise of
improving the reversibility with a successful control of the state of charge.

1. Introduction

Battery technologies with high energy density are greatly demanded
for efficient usage of renewable energy and extending the driving range
of electric vehicles (EVs). Searching for electrode materials capable of
(de-)accommodating a larger amount of charged ions (e.g Li*, Na*),
like transition metal (TM) oxides and sulfides, has drawn significant
attention in the field of Li(Na)-ion battery [1]. The phase evolution of
electrode material during a thorough ion accommodation (or extrac-
tion) governs the reversible charged ion uptake (removal). However, it
is difficult to track experimentally because of the existence of possible
mixed reactions as well as the transient metastable phases [2-4]. While
synchrotron-based X-ray techniques play an essential role in de-
termining the intermediate states at the micron-scale [5], recent ad-
vances in transmission electron microscopy (TEM) show great promises
of visualizing the reaction dynamics of battery materials at atomic re-
solution [6-10]. Here, we explore the structural evolution in a 2-

* Corresponding author.
E-mail address: dsu@bnl.gov (D. Su).
1 equal contribution.

https://doi.org/10.1016/j.nanoen.2019.103882

dimensional (2D) metal chalcogenide compound, TiS,, during its li-
thiation, via a first-principles calculation guided in situ TEM approach.

2D metal chalcogenides have attracted intensive attentions for a
variety of promising applications such as nanoelectronics, photonics,
sensors and electrodes for energy storage systems [11-13]. Their dis-
tinct structural property, 2D hexagonal layers bonded by van der Waals
force, makes them highly attractive for energy storage as alkaline ions
can be intercalated into these adjacent metal-sulfur layers [14,15].
Among those 2D-layered chalcogenides, TiS, is a cheap, en-
vironmentally-friendly compound which was the first compound ex-
plored as a cathode pioneered by Whittingham et al. in 1970s [15,16].
Only intercalation process from TiS, to LiTiS, has been reported so far,
TiS, + xLit + e~ — Li,TiS,, 0 < x < 1, which provides a capacity
of 239 mAh/g at a discharge potential of 1.8V [14,17-18]. However,
the full lithiation mechanism of TiS, was not fully understood. There
are possible intermediate phases during the reaction. These issues will
determine the discharge potential as well as the reaction kinetics. On
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the other hand, the limited energy density is another problem for the
application of TiS, as cathode. Further lithiation may provide extra
capacity but have not been explored. Up to now, it is not clear whether
LiTiS, is thermodynamically stable and there is possibly a conversion
reaction with further lithiation.

In this work, we investigate the phase evolution of 1T-TiS, in the
whole range of discharge using a multimodal approach including den-
sity functional theory calculations, electrochemical tests, synchrotron
X-ray pair distribution function (PDF) analysis, and in situ TEM. Phase
transformations during full lithiation of TiS, are predicted using the
(non)equilibrium phase search with a consideration of mixed inter-
calation and conversion reaction processes as a function of Li compo-
sition. First-principles calculations demonstrate that TiS, Ti,S, and Ti
phases can be the thermodynamically stable at higher lithium con-
centrations (Li,TiS, where x > 1). In situ electron diffraction and TEM
imaging results confirm the multi-step conversion reactions and vali-
dated existences of these intermediate phases, after the initial inter-
calation reaction from TiS, to LiTiS,. The expanded lithiation may
largely increase the energy density of TiS,. Precise corroboration of
phase evolutions in TiS, in this work demonstrates the advantage of
combing DFT calculations with in situ TEM for exploring the reaction
mechanisms of electrodes for secondary ion batteries, and the im-
portant role of M-S bonds in determining the reaction pathway.

2. Materials and methods
2.1. Materials

Commercially available layered TiS, (99.8%, Strem Chemical Inc.)
with an average particle size of 10 um was used for this work. The
sample is nanoplate and the thickness of the nanoplates are about tens
of nanometers.

2.2. Electrochemical measurements

The composite electrode was prepared as a mixed slurry of 80 wt%
TiS,, 10 wt% carbon black and 10 wt% polyvinylidene fluoride (PVDF)
binder in an N-methyl pyrrolidine (NMP) solvent. The slurry was casted
on a Al foil current collector. 2032-type of coin cells were assembled
inside an argon-filled glove box with the as-prepared TiS, electrode,
Celgard separator, Li metal and an electrolyte of 1 M lithium hexa-
fluorophosphate (LiPFg) in ethylene carbonate (EC): dimethyl carbo-
nate (DMC) (1:1 in weight). Battery test were performed on Arbin
BT2000 battery test station with a current rate of 50 mA/g.

2.3. TEM characterization

For the post-mortem analysis, Cu TEM grids with TiS, sample were
incorporated into coin cells with composite electrodes. After designated
potential of 0.01 V (discharged) or 3V (charged) had been reached, the
coin cells were disassembled and TEM grids were cleaned with DMC
solution inside an argon-filled glove box. Ex-situ and in situ TEM ob-
servations were performed with a JEM-2100F transmission electron
microscope (JEOL) at an acceleration voltage of 200 kV. The in situ TEM
cell was incorporated into a Nanofactory TEM-STM specimen holder,
where TiS, dispersed on a TEM half-grid with lacey carbon support are
analogous to active electrode material, current collector, and carbon
binders, respectively; Li metal was coated on to a piezo-driven tungsten
probe as the counter electrode, and a thin layer of LiO formed on Li
metal as the solid electrolyte. A negative voltage of —5V ~ —10V was
applied between tip and sample to prompt the diffusion of lithium and
trigger the lithiation process. The high-resolution STEM imaging and
STEM-EELS were conducted on a Hitachi HD2700C STEM operated at
200kV and equipped with a probe aberration corrector (spatial
resolution < 1A and energy resolution ~ 0.35 eV).

In case of high-resolution imaging, a high dose of electron beam
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may bring artifacts and induce decomposition of metal compounds,
which should always be avoided [19,20]. In order to minimize radia-
tion effect, we controlled both electron dose rate (beam intensity) and
total dose (exposure time) as low as possible during observation. In
addition, a controlled in situ HRTEM experiment was conducted with at
similar imaging conditions in order to clarify the electron beam irra-
diation effects on the in situ HRTEM results.

2.4. PDF characterization

Pair distribution function experiments were carried out at XPD
beamline (X-ray Powder Diffraction, 28-ID-2) at the National
Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory,
USA. The photon wavelength is 0.185794 A. A large-area of amor-
phous-silicon-based detector was used to collect data to high values of
momentum transfer (Qmax = 24 A~ 1. The raw images were integrated
using software FIT2d [21]. Another code PDFgetX3 was used to correct
the data for background contributions, Compton scattering and detector
effects, and to Fourier tzmsform the data to generate G(r), the PDF

Gy = 47r[py — Pyl = %fQ[S(Q) — 1]sin(Qr)dQ, here p(r) is the mi-

croscopic pair density, 80 is the average number density and Q is
magnitude of the scattering vector [22]. For elastic scattering Q = 4ssin
(6)/A with 26 being the scattering angle and A the wavelength of the
radiation used. S(Q) is the total scattering function.

2.5. First-principles calculations

Our first-principles density functional theory (DFT) calculations
were performed using the Vienna Ab-initio Simulation Package (VASP)
with projector augmented wave (PAW) potentials [23]. To deal with
the exchange-correlation functional, generalized gradient approxima-
tion (GGA) of Perdew-Becke-Ernzerhof (PBE) was employed with spin
polarization [24]. Meanwhile, optB86b-vdW functional was also used
including a self-consistent van der Waals correction. We used two dif-
ferent sets of parameters: one for sampling lower energy configuration,
the other for determining accurate total energy. For the sampling pro-
cedure, kinetic energy cutoff was 300 eV for the plane wave basis set
and I'-centered grids 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 I'-centered grids with
density of 8000 k-points per reciprocal atom. We searched the inter-
mediate phases during the Li-TiS, reaction using the Non-Equilibrium
Phase Search (NEPS) method by exploring geometrically distinct Li/
vacancy configurations on possible insertion sites of the TiS, structure
Fig. S10 at different compositions (Li/vacancy ratios) [25-27]. The
method was proceeded as follows: (i) Identify all possible intercalation
sites in original structure of TiS, (P3m1) using MINT [28]. (ii) Enu-
merate all distinctive symmetrical configurations with Enum for a series
of compositions Li,[, ,TiS; (0 < x < 4, O: vacancy) [29]. (iii) Sample
total energies of all the configurations. (iv) For the selected composi-
tions, expected structures were ranked by their total energies; then,
three structures having the lowest energy were chosen for further cal-
culation with more strict parameters according to a reaction TiS, + xLi
— Li, TiS,. (v) Build a convex hull using the formation energies. Com-
position points on the hull were determined as intermediate phases. The
averaged voltage (relative to Li/Li*) corresponding to the lithiation
reaction was then calculated using the negative of the reaction free
energy per Li added following the convex hull (T = 0 K) to form a
series of constant voltage steps which can be seen as an approximation
of the actual voltage profile [30]. At finite temperature (e.g. room
temperature), all the voltage steps will be significantly rounded as a
result of the entropic effects [31].
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Fig. 1. Structure of pristine TiS, sample and its
electrochemical performance. (a) STEM-ADF
image, with corresponding SAED at inset. (b)
XRD pattern with the inset showing the struc-
ture models of TiS, viewed along [001] and
[010] zone axes. (c) Electron diffraction pattern
and (inset) TEM-BF image of a single TiS, plate.
(d) High-resolution HAADF-STEM image along
[001] zone axis showing P3m1 structure. (e) The
charge/discharge profiles at 1st, 10th and 100th
cycle at 0.1C discharged to 1.8 V. (f) Charge/
discharge profiles of coin-cell batteries at 0.1C
between 0.05V and 2.6 V.
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3. Results and discussion
3.1. The pristine TiS,

Annular dark-field (ADF)-STEM image of the pristine TiS, samples
used in this work is shown in Fig. 1a. The plate-like 1T-TiS, has a space
group of P3ml (a = 3.405 f\, c=5.691A (PDF#15-0853)) confirmed
by selected area electron diffraction (SAED) pattern (Fig. 1a, inset) and
X-ray diffraction (XRD) pattern (Fig. 1b) [32]. The homogenous ele-
mental distribution of Ti, S were confirmed by the STEM-electron en-
ergy-loss spectroscopy (EELS) mapping (Figs. Sla—c). The SAED pattern
(Fig. 1c) and high-resolution high-angle annular dark-field (HAADF)-
STEM image (Fig. 1d) acquired from a single TiS, flake show that the
observing direction of nanoplates is along [001] zone axis [33]. Elec-
trochemical properties of TiS, were tested in Li half-cell. When cycled
between 1.8V and 2.6 Vat a rate of 0.1C, the 1st, 10th and 100th
charge/discharge profiles are almost identical (Fig. 1e), which indicates
an excellent reversibility of intercalation reaction. Fig. 1f shows the
discharge-charge curves of the 1st cycle with cutoff voltages of 0.3V
(discharge) and 3V (charge). Additional plateaus between 0.5V and
0.8V indicate other reactions beyond intercalation during further li-
thiation of layered LiTiS,. Cutting at 0.3V, it shows a capacity of 763
mAh/g [34-36]. However, the voltage profiles and cyclic voltammetry
(Figs. S2-S3) show that the reactions are only partially reversible
during electrochemical cycles between 0.3 V and 3.0 V. The conversion
reaction increases the capacity but also leads to structural degradation
over cycling. It is possible to utilize the conversion reaction and reg-
ulate the intermediate phases and then prolonging cycling life [37].

3.2. In-situ TEM observation of expanded lithiation pathway of TiS,

To identify the intermediate phases and define the reaction path-
ways [7,38-41], we employed a dry cell in situ TEM approach to study
the structural evolutions over full lithiation range of TiS, [42-44]. The
Li/Li>O on a tungsten tip directly touched the TiS, sample and a ne-
gative bias was applied to prompt the lithiation reaction [45]. Although
there is no organic electrolyte involved in this experimental setup
which limits its application on the formation of solid-electrolyte inter-
phase, the lithiation inside the materials can be studied at a relative
high resolution [43,45]. Fig. 2a and Fig. S4a show the radial intensity
profiles of electron diffraction patterns as a function of reaction time
derived from in situ SAED videos, which are presented at Movie S1, S2.
The details of the data processing can be found at the supporting

20 400 60 800
Specﬂ‘ic capacity (m&h a’)

information of Ref. [8]. It is obvious that the positions of the (h, k, 1)
(where [ = 0) Bragg reflections are negatively shifted from Os to 122 s
(Fig. 2a, yellow colored area) during lithiation, which corresponds to an
increase of lattice parameters. Similar trend can be observed from the in
situ SAED taken on a single flake of TiS, (Figs. S4-S5) while we ob-
served a sudden change of lattice parameters in a single flake. By
comparing the diffraction data with the reference profiles of TiS,
(PDF#15-0853) and LiTiS, (PDF#28-0595) (Fig. S4a), the structural
change can be attributed to a phase transition from TiS, (P3ml) to
layered LiTiS, (P3m1). The lattice expansion during intercalation is
expected as a sudden change, however, the intensity profiles in Fig. 2a
show a gradual change due to the averaging effect from a large field of
view. Although distortions at SAED patterns recorded by CCD camera
can degrade the accuracy in determination of d-spacing, the error can
be largely reduced by measuring the relative shift of diffraction spots/
rings in in situ electron diffractions. Thus, the changes in d-spacing for
(001), (101), (102) and (110) planes during the intercalation were
precisely deduced as shown in Fig. S4b, 0.58% and 8.5% expansions
along a and c directions, respectively. As a result of the intercalation
reaction, the lithium ions occupy the octahedral sites between Ti-S
slabs. While the Ti-S frame work has not been changed; however, the
van der Waals interaction between Ti-S layers has been transferred to
the covalent bonding between Li and S which holds neighboring chal-
cogenide layers firmly.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103882.

We found more lithium ions can be inserted into LiTiS, with further
lithiation, found from 122s to the end (600 s) and colored in blue as
shown in Fig. 2a. The radial intensity profiles, variation of d-spacing,
and selected diffraction patterns during the whole reaction process are
shown in Fig. 2b-c and Fig. S6, respectively. In situ SAED reveals that
the conversion reactions of TiS, undergo through two intermediate
phases of Ti,S (PDF#21-1286, Pnnm) and TiS (PDF#12-0534, P63/
mmc), then finally end with a metallic Ti (PDF#51-0631, P6/mmm)
phase as well as Li,S. Ti,S, TiS, and Ti were developed sequentially, and
the formation of Li,S (PDF#26-1188, Fm3m) were noticed during the
whole conversion processes. It is noteworthy that these phases were
formed not from the direct conversion reactions proposed in Ref. [17],
but from decomposition of LiTiS,. In addition, the final product of the
conversion reaction is interestingly omega-Ti not the general structure
of Ti such as alpha/beta-Ti [46,47]. This metallic phase exists under
certain pressure and in our case, a high pressure could be induced by
the large volume expansion (theoretically, 93.5% in volume) during


https://doi.org/10.1016/j.nanoen.2019.103882
https://doi.org/10.1016/j.nanoen.2019.103882

M. Fu, et al.

Nano Energy 63 (2019) 103882

Fig. 2. Phase evolution during lithiation probed

a by in situ electron diffraction. (a) Electron dif-
fraction intensity profile as a function of reac-
tion time during an in situ lithiation of TiS,
plates. (b) Radial intensity profiles of diffraction
patterns at certain times. (c) Lattice constant
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conversion reactions.

We investigated the intercalation process of TiS, in real space using
in situ STEM imaging, as shown in Fig. 3 and Fig. S7. Time-series
HAADF-STEM images in Fig. 3a, retrieved from Movie S3, show the
intercalation process and the overlaid false colors indicate different
phases: pristine TiS, in grey and Li, TiS, in yellow. We chose HAADF-
STEM images to monitor the changes during lithiation as contrast of
HAADF-STEM image is sensitive to the averaged atomic number Z

[48,49]. The STEM images were recorded on a single nanosheet of TiS,
close to [001] zone axis. The intercalation reaction started from the
touch point and propagated to the right. Schematic patterns of Fig. 3b
illustrate the propagation of the reaction front with time. The whole
intercalation process induces small volume change, which is consistent
with in situ SAED patterns in Fig. 2. The projected areas of the emerged
phases (LixTiS,) and the corresponding propagation speed were mea-
sured as shown in Fig. 2c. The average reaction rate gradually increases
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Fig. 3. In situ observation of phase transformation during lithiation. (a) HAADF-STEM image series showing phase evolution during lithiation. The overlaid false
colors indicate different phases: pristine TiS, (grey) and LiTiS, (yellow) with dashed red lines illustrated margins of LiTiS, of previous states. (b) Schematic showing
the propagation of LiTiS, with time. (c) Projected area of LiTiS, and propagation speed of intercalation as a function of time. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Atomic resolution in situ TEM study. (a) HRTEM images in yellow in-
dicating expansion of LiTiS, during in situ lithium intercalation and HRTEM
images in green revealing existence of Ti,S, Li»S and Ti during in situ lithium
conversion. Insets showing FFT patterns and enlarged filtered HRTEM images.
(b) Lattice constants measured from Li, TiS, (001), Ti,S (111), Li»S (111) and Ti
(001) reflections indicating the intercalation and conversion reactions. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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with time, which may result from that the inserted lithium ions expand
the TiS; layers and make the following insertion of lithium ions easier.
However, the reaction speed within one nanosheet is also affected by
the local reaction environments such as overpotential, strain or the
concentration of lithium ions and it is difficult to correlate this speed
with the discharge rate in real battery test.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103882.

Considering that the large lattice expansion along c axis (8.5% from
in situ SAED), we utilized an in situ HRTEM (Movie S4) to visualize the
structural changes at high resolution. The time-sequence HRTEM
images in Fig. 4a show the atomic structural evolution during lithiation.
Corresponding fast Fourier transform (FFT) patterns and enlarged in-
verse FFT images are also shown as the insets of individual images
confirming the existence of different phases during reaction. Two stages
are assigned as intercalation and conversion reactions, respectively
based on the changes in lattice parameters (Fig. 4b). HRTEM images in
the top row of Fig. 4a clearly display the lattice expansion along c¢ di-
rection of TiS, during the lithium intercalation, which lasted from
05-219.6s. However, we can observe a 12% change in the lattice
parameters during the intercalation process which is larger than that
from the in situ SAED. This is mainly due to the larger selected area of
SAED (~1 pm by 1 um) where the diffraction information comes from
all kinds of reacted areas as well as unreacted area, while the in situ
HRTEM imaging only shows the local changes. Then the HRTEM images
in blue reveal the emergence of Ti,S, Li»S and Ti phases during further
lithium insertion as a result of conversion reactions. It is interesting that
we did not see a completed decomposition of compounds observed in
other conversion reactions but we observed the formation of Ti only at
the edge of sample. These results are consistent with the in situ SAED
analysis in Fig. 2. As chalcogenide materials are generally fragile under
the electron beam, we performed controlled experiment to test beam
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LiTiS,. Theoretical calculation on the lithiation of TiS,. (d) Phase diagram from DFT calculation (left) and predicted two-step lithiation process based on the
intermediate phase search (NEPS) method. (e) The voltage profile corresponding to the two-step lithiation process. Experimentally measured (black) and DFT
calculated (red) discharge voltage profiles along with atomic models corresponding to the predicted intermediate phases during the intercalation (0 < x < 1) and
conversion (1 < x < 4) processes of TiS,. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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effect on TiS, sample. The in situ TEM imaging video and selected
frames of controlled experiment (see experimental part for details) with
corresponding FFT patterns are shown in Movie S5 and Fig. S8, which
show no structural changes after an e-beam irradiation of 1400 s.
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103882.

3.3. Ex-situ PDF and TEM characterization of lithiated TiS,

The electrochemical reactions of electrodes in real cells may be
different from that of in situ TEM dry cell. To clarify the possible dis-
crepancy induced by experimental setups, ex-situ analysis of the TiS,
electrode materials were also conducted with PDF, HRTEM, and STEM-
EELS techniques. Fig. 5a—c shows the PDF results for TiS, at pristine,
discharged to 1.8V, and discharged to 0.05V, respectively. The mea-
sured PDF profiles for the pristine and discharged to 1.8 V were well
matched with calculated results of TiS, and LiTiS,, respectively.
Whereas the PDF results for the sample discharged to 0.05V could not
be well fitted using references of Li,S, omega-Ti and LiTiS, even though
they have the features from these references. This is understandable
because there should be the contributions from TiS and Ti,S phases to
the PDF pattern according to our in situ SAED results. The conversion
reactions at coin cells were also investigated with the ex-situ STEM and
STEM-EELS analysis at fully discharged state as shown in Fig. S9. Some
cracks were observed in HAADF-STEM images, and inhomogeneous
distributions of Ti, S and even O were observed with STEM-EELS ele-
mental mapping, suggesting that the heterogeneous conversion reac-
tions took place and induced strain to the flakes.

3.4. DFT calculations of the lithiation reaction of TiS-

DFT calculations were performed to explore the lithiation of TiS, at
equilibrium state. We constructed the Li-Ti-S ternary phase diagram at
0K (Fig. 5d) by calculating the formation energies of all the known
compounds of the Li-Ti-S chemical space from the Inorganic Crystal
Structure Database (ICSD) [50-52]. The ground state reactions of
Li-TiS, are found to proceed consequently through intercalation
(TISZ + 1/3Li — Li]/gTiSZ; Li]/gTiSZ + Li — LlTisZ) and then con-
version reactions (LiTiS, + Li — TiS + Li,S; 2TiS + 2Li — Ti,S + Li,S;
TinS + 2Li — 2Ti + Li,S). However, considering the possible existence
of non-equilibrium phases as observed in previous works [2-4], we
exploited our recently developed nonequilibrium phase search (NEPS)
method [25-27], which identifies the possible non-equilibrium inter-
mediate phases from a large number of geometrically distinct Li/va-
cancy configurations on possible insertion sites of the TiS, structure
(Fig. S10) at different compositions (Li/vacancy ratios). Through cal-
culating the formation energies of those configurations as shown in the
built Li-TiS, convex hull (Fig. S10b), we find one extra non-equilibrium
phase at x = 0.7 in Li, TiS,, besides the identified ground state phases,
which is consistent with previous reports [53,54]. With all the ground-
state and non-equilibrium phases as discovered, now we have a full
picture of the complete lithiation process of TiS, from the computa-
tional perspective. The pristine TiS, has two types of vacancies between
Ti-S layers, namely octahedral and tetrahedral sites (Fig. S10a). Upon
lithiation, the Li ions would start occupying the octahedral sites with
subsequent formation of two intermediate phases (x = 0.3 and 0.7)
until octahedral sites are completely filled up (x = 1). Further lithiation
would have to be proceeded by taking the tetrahedral sites which are
smaller in size compared to the octahedral counterparts. Ti-S bonds
nearby will be greatly impacted and eventually be broken to lower the
energy of the whole system (Fig. S10c). Beyond x = 1, the lithiation
then proceeds via conversion reactions with lithiated products of
TiS + LisS (x = 2), TixS + LisS (x = 3), and finally Ti + Li,S (x = 4).
We plotted the discharge voltage profile from the combined the NEPS
and ground-state calculations, and overlaid with the experimental
measurement (Fig. 5e), which shows a good agreement. Interestingly,
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we observed only one intercalation process in both in-situ SAED and
STEM-HAADF imaging, while the DFT calculation predicted three in-
tercalation phases of Lig 3TiS,, Lig,TiS,, and LiTiS,. One possibility is
that the in-situ TEM technique could not detect the structural difference
between these phases since there are only 0.25% in-plane lattice change
from Lig 3TiS, to Lig ,TiS,.

The reaction pathways of TiS, for the whole range of lithiation were
investigated here with both theoretical calculations and real-time ob-
servations using TEM. Since there have been intensive studies on the
intercalation process of TiS,, our work paid more attention to the
conversion reactions. The insertion mechanisms can be varied de-
pending on the metal cations [55,56]. For example, 2H-MoS, was
firstly transformed to 1T-LiMoS; in a intercalation reaction and finally
converted into the composite of metallic Mo and Li,S upon lithiation
[57,58]; whereas for the lithiation of copper sulfides (CuS or Cu,S), a
displacement reaction occurs after the intercalation: Cu is being ex-
truded out of the original lattice, which is transformed into Li,S [8,41].
A more complicated scenario was revealed during the lithiation of SnS,
as four different types of reactions: intercalation, disordering, conver-
sion, and alloying reactions happened sequentially [7,59]. In principle,
configurations of Li-S/Ti-S bonds and kinetic factors play important
roles to determine the reaction pathways. Comparing our results with
the previous reports, we found that the reaction pathways of 2D metal
sulfides were different for different M-S bonding. For example, the
multiple-step conversion processes in TiS, in contrast to the single
conversion step of SnS, though they have the same crystal structure. In
addition, no alloying reaction has been found between metallic Ti and
Li which might be due to the insolubility between Ti and Li metals.
Although metallic Ti is a thermodynamically stable phase with further
lithiation, after being discharged to 0.05V, the Ti-S phases can be still
observed from TEM images (Fig. S9). These intermediate phases may
affect the performance of TiS,. In addition, the extrusion of Ti was
observed at the edge of sample while the whole flakes are kept un-
broken (Fig. 2). A recent report has shown that extrusion reaction with
relative intact matrix can enhance the cycling stability and reaction
kinetics compared to the conversion [60]. While the conversion reac-
tions are severely irreversible in most other metal sulfides, the cyclic
charge/discharge curves of TiS, (Fig. S2) show a retention of more than
50% of capacity after 9 cycles in spite of fast decay, indicating the
conversion reactions are partially reversible [7]. We believe that the
intermediate phases of Ti-S and extrusion reaction can be beneficial to
the reversibility of TiS, because the relative intact structure of Ti-S
phase can serve as the diffusion paths for lithium ions and electrons,
reducing passivation layers produced from conversion reaction. The
partial reversibility we found in TiS, indicates that TiS, can be devel-
oped as a promising electrode material for lithium ion batteries.

4. Conclusions

In summary, we take advantage of a correlated study of in situ TEM
characterization and DFT calculations to elucidate atomistic lithiation
mechanisms of 2D metallic sulfide compound. As DFT calculations
predict the possibility of expanded lithiation in TiS, beyond intercala-
tion, we reveal the reaction pathways experimentally using in situ TEM
methods. The intercalation of Li into TiS, proceeds along and opens the
gap between TiS, slabs. LiTiS, phase formed after the intercalation
reaction. The in situ electron diffraction shows a high accuracy mea-
surement of the lattice modifications and reveals a multi-step conver-
sion reaction with further lithiation of LiTiS,. Two intermediate phases
of TiS and Ti,S are found along with the formation of Li,S. Finally, a
metallic Ti phase is identified from both in situ TEM and ex-situ char-
acterizations of TEM and PDF. This result shows up to 4 lithium ions
can be inserted into one chemical formula of TiS,, which largely in-
crease the capacity. With lithium metal as anode, this expanded capa-
city can double the total energy density of Li-TiS, battery. More im-
portantly, the multiple step reactions may account for the improved
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reaction reversibility and make TiS, a promising candidate for electrode
materials for lithium ion batteries. A first-principles calculation guided
in situ TEM approach here sheds light on revealing new reaction me-
chanisms of electrode materials and show the metal-sulfur bond of 2D
metal sulfides plays a determining role for their reaction pathways.
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