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From first principle calculations, we demonstrate that LiXS, (X = Ga, In) compounds have potential applications as
cathode materials for Li ion batteries. It is shown that Li can be extracted from the LiX S, lattice with relatively small
volume change and the XS4 tetrahedron structure framework remains stable upon delithiation. The theoretical capacity
and average intercalation potential of the LiGaS; (LiInS;) cathode are 190.4 (144.2) mAh/g and 3.50 V (3.53 V). The
electronic structures of the LiXS, are insulating with band gaps of 2.88 eV and 1.99 eV for X = Ga and In, respectively.
However, Li vacancies, which are formed through delithiation, change the electronic structure substantially from insulating
to metallic structure, indicating that the electrical conductivities of the LiXS, compounds should be good during cycling.
Li ion migration energy barriers are also calculated, and the results show that Li ion diffusions in the LiXS, compounds
can be as good as those in the currently widely used electrode materials.
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1. Introduction

It is now universally recognized that lithium ion batter-
ies (LIBs), with advantages like high energy density and long
cycling life, are one of the most important energy storage
sources and being widely used in various consumer electron-
ics industries. The most promising application of the LIBs
in the near future is in the power supplies for electrical vehi-
cles (EVs).l'-31 However, the comprehensive performance of
the currently commercialized LIBs is difficult to fully satisfy
the market demands of the EV industry in terms of the en-
ergy density, cycling life and safety. Many efforts, either ex-
perimentally or theoretically, have been made to improve the
comprehensive performance of the LIBs.[*~7! As for the safety
problem, the inflammable organic liquid electrolyte is (at least
partly) responsible for most of the fire or explosion accidents
occurring in either the consumer electronic and power LIBs.
One alternative is to develop the all solid state LIBs, in which
non-inflammable solid state electrolytes are used to replace the
liquid electrolyte and therefore the safety of the battery system
is enhanced.!®! In addition to the better safety, Li metal can be
directly used as anode for all solid state LIBs, which is ben-
eficial to enhancing the energy density of the battery system.
On the other hand, Li metal anode allows us to select the cath-
ode with more flexibilities, because Li anode can be used as
the Li source and thus the cathode material does not necessar-
ily contain Li element. Furthermore, all-solid-state Li battery
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has a wider electrochemical window and the solid/solid inter-
face is electrochemically more stable than the solid/liquid in-
terface. These features are beneficial to obtaining full utility
of the cathode’s capacity. %]

In order to accelerate the development of all-solid-state
LIBs, it is important to discover or design novel solid state
electrolyte materials that possess both good electrochemical
stability and high Li ion conductivity. There are three types
of solid state electrolyte materials that are reported in the lit-
erature. The most widely studied type is the inorganic crys-
talline solid state electrolyte, which includes the perovskite
structured materials,'!! the garnet structured materials,[1%13]
the NASICON, 14! and LISICONI! structured materials, etc.
Generally speaking, these inorganic solid state electrolytes
are electrochemically very stable with high electrochemical
window while the Li ion conductivity is not good enough
to satisfy the industrial application, particularly the Li diffu-
sion across the solid electrode/electrolyte interface leads to
large interfacial impedance. Polymer electrolyte (PEO) is an-
other type of solid state electrolyte and has been widely stud-
ied in the literature in the past years.[!®!”] Unlike the in-
organic solid state electrolyte, the plasticity of PEO is very
good and therefore the electrode/electrolyte contact is good
with PEO electrolyte. However, the Li ionic conductivity in
PEO ranges from 10® S/cm to 10~* S/cm at temperatures be-
tween 40 °C and 100 °C,!8] and thus the allsolidstate LIBs
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with using PEO as electrolyte must be operated under high
temperatures.!'”! The third type of solid state electrolyte is
non-crystalline glassy sulfide material that contains Li,S and
other sulfide as the main component. The non-crystalline sul-
fide electrolyte has higher Li ion conductivity than the crys-
talline oxide electrolyte in general, while this type of material
is very reactive to HoO molecule in air and therefore becomes
very unstable in air. [?0-21]

Recently, Kamaya et al.!*?! reported a novel crystalline
solid state electrolyte LijgGeP,S1, (LGPS), with an elec-
trochemical window width of 5 V and Li ion conductiv-
ity reaches 1.2 x 1072 S/cm under room temperature. This
value is the highest in Li ion conductivities ever reported
so far in the literature for solid state electrolytes. As a
promising solid state electrolyte, the lithium ion diffusion

25

mechanism, 2324 the phase and structural stability, ! the me-

chanical properties, %% and the electrochemical performances
of LGPS!?7] have been studied recently.

Although the LGPS has very good Li ionic conductivity,
there is still a long way to go before it can be widely used in the
all-solid-state LIBs. The interfacial problem at the electrode
and the electrolyte boundary occurs for all kinds of sulfide
solid state electrolytes.[?8] The electrode/electrolyte interface
in an Li/LGPS/Li half battery reduces the Li ion conductiv-
ity by more than one order of magnitude, indicated from the
ion conductivity measurement of the bulk material.”?”) More
importantly, from density functional theory calculations, it is
shown that the LGPS is electrochemically unstable at the elec-
trode/electrolyte interface.!*”! The interfacial reaction decom-
poses the LGPS in the interface area, and therefore the elec-
trochemical performance of the battery becomes deteriorated.
Technically, a thin buffer layer (several nanometers thick) be-
tween the oxide cathode and the sulfide solid state electrolyte
can reduce the interfacial resistance and hence the rate capac-
ity can be increased. Those buffer layers include LiNbO3 30-311
and Li,0-SiO, glasses,*?! and LisTisO12,*3 while the ox-
ide cathodes include LiCoO, and LiMn,Oy.3*! The improved
electrochemical performance via introducing the thin buffer
layer is attributed to the lowering of the space-charge potential
in the interface area.

As discussed above, there are two major problems con-
cerning the electrode/electrolyte interface, which are recog-
nized in the literature, namely, the reaction of sulfide solid
electrolyte with the electrode, and the formation of space-
charge layer in the interface region. These problems block the
way of rapidly developing the all-solid-state LIB with using
sulfide electrolytes. Although coating can lower the space-
charge potential and prevent the reaction between the sulfide
electrolyte and the cathode, it makes the manufacture proce-
dure more complicated and the cost increased. Another strat-
egy is to find novel cathode materials that are more compatible
with the sulfide electrolyte. If we can use Li sulfide compound

cathode rather than oxide cathode, the interfacial reaction and
the space-charge induced Schottky barrier can be substantially
reduced.

With the development of the computer simulation tech-
niques, it is possible to screen novel materials using high-
throughput computational technology. Materials Genome Ini-
tiative (MGI) combines the high-throughput computational
materials sciences with available experimental data to accel-
erate the development of novel materials. Using the main
idea of the MGI, Hautier et al. identified two novel cathode
materials with capacity values higher than 200 mAh/g.!3! In
the present paper, from high-throughput first principle calcu-
lations, we search for all possible Li sulfide compounds. Se-
lection criteria include those for the theoretical capacity, the
intercalation voltage, the electronic and Li ion conductivity,

1361 We identify two Li sulfide com-

and the structural stability.
pounds that have potential application as cathode material for

all-solid-state LIB with sulfide electrolyte.

2. Screening criteria and computational param-
eters

In order to use the MGI idea to fast screen the physical
and chemical properties of the Li compounds using the high-
throughput computational techniques, we develop a compu-
tational platform that supports the first principle calculation
and the output result analysis spontaneously. The architec-
ture of the platform and the details on the data collection
and data mining are introduced in Ref. [37]. The screening
procedure and criteria for Li ion battery materials are intro-
duced in Ref. [36]. In the present work, we select all Li
sulfide compounds as candidate from the inorganic crystal
structure database (ICSD). The theoretical Li storage capac-
ity and the average intercalation potential criterion are larger
than 140 mAh/g and higher than 3.0 V. Then the structural sta-
bility is evaluated through analyzing the structural change and
calculating the volume change upon Li extraction and inser-
tion. If these criteria are satisfied, the Li ion migration energy
barriers and the electronic structures are calculated to evalu-
ate the Li ion diffusion and electrical conduction. Finally, we
identify that two compounds, namely the LiGaS; and LilnS;
satisfy all criteria and have potential applications as cathode
materials for allsolidstate LIBs.

First principle calculations are performed using the Vi-
enna ab initio simulation package (VASP) within the projec-
tor augmented-wave (PAW) approach.[*8! The ground state of
the electronic structure is described with density functional
theory (DFT) using the generalized gradient approximation
(GGA) with PW91 exchange correlation functional.**) The
wave functions are expanded into plane waves and the cutoff
energy is selected to be 520 eV. The calculation of density
of states (DOS) is smeared by the Gaussian smearing method
with a smearing width of 0.02 eV. The Li migration pathway

028202-2



Chin. Phys. B  Vol. 25, No. 2 (2016) 028202

and energy barrier are optimized by the nudged elastic band
(NEB) method. [#0]
The average lithium extraction potential is calculated

from [41-43]

Vive = —AG/nF,

where AG is the variation of Gibbs free energy of the electro-
chemical charge/discharge reaction, F is the Faraday constant,
and n is the mole number of Li ion participating in the reac-
tion. In addition to the inner energy, the Gibbs free energy
also includes contributions from the variations of volume and
entropy, which are negligibly small and not included in the
present work. Therefore, the average intercalation potential
can be approximately obtained by calculating the total energy
change from

Vave = —AE /nF,

where AFE is the total energy difference.

3. Properties and performances of the LiGaS;
and LiInS; compounds

3.1. Energetics and structures of the LiXS; (X= Ga, In)

From our first principle calculation, we identify that all
Li ions can be delithiated from the LiXS, lattice and there-
fore the theoretical Li storage capacities of the two materi-
als are calculated to be 190.4 mAh/g and 144.2 mAh/g for
LiGaS, and LilnS,, respectively. On the other hand, the
average intercalation potentials are calculated to be 3.50 V
and 3.53 V versus Li/Li™ for the LiGaS, cathode and LiInS,
cathode, respectively. Therefore, the corresponding energy
densities of the two cathode materials are 665.6 Wh/kg and
468.7 Wh/kg, which are comparable to those of the currently
widely used oxide cathodes like spinel structured LiMn,Oq4
material (475 Wh/kg) and the olivine structured LiFePO4 ma-
terial (586 Wh/kg).

The LiGaS; and LilnS, compounds were synthesized
several decades ago.[***! The crystal structures of com-
pounds LiXS, (X = Ga, In) both belong to the orthogonal
crystal system with space group of Pna2;*4%! as shown in
Fig. 1. All the atoms occupy 4a sites, and the Li atoms and In
atoms are all located in the centers of the tetrahedrons while
the S atoms at the vertex sites. These orthorhombic crystals
are known as good infrared nonlinear optical crystals with
unique optical properties such as high thermal conductivities,
wide band gaps, and low anisotropies of linear thermal ex-
pansion coefficient and wide opportunities of phase-matching
conditions.[*®47 Recently, the piezoelectric, elastic and di-
electric properties of these materials have been measured, in
which piezoelectric crystal is considered to be applicable to
pressure sensors, ultrasonic transducers for medical and sonar

[48-50

imaging, etc. I In the present work, it is the first time to

report that they can be used as the electrode materials for Li
ion batteries.
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Fig. 1. (color online) Optimized structures of the LiXS, (X = Ga, In)
compounds before ((a), (c)) and after ((b), (d)) delithiation.

In Table 1 summarized are the theoretically optimized lat-
tice parameters before and after Li extraction from a2 x 2 x 2
supercell. They keep their orthorhombic structures and the
XS4 tetrahedrons remain stable upon relaxation after Li atoms
have been fully delithiated, indicating that the delithiated
structure is at least a metastable structure and can be stable
upon electrochemical delithiation. The volume changes of the
two compounds from lithiated state LiXSsto the delithiated
state LigX S, are —20.6% and —17.22% for X = Ga and In, re-
spectively. Comparing with the volume changes of other cath-
ode materials upon lithiation, the volume change of the LiX S,
cathode is not high, indicating that the structural stability of
the LiX'S, cathode is good upon charge/discharge cycling. On
the other hand, unlike the lattice expansion upon delithiation
for the LiCoO; cathode, the volume decreases upon delithia-
tion (charging of the battery) for the case of LiXS, cathode.
This is beneficial to the battery design of the all-solid- state
Li battery system in which Li metal is generally used as an-
ode material, whose volume expands in the charging process.
Therefore, the volume decrease at the cathode side compen-
sates for the volume expansion at the anode side.

Table 1. Theoretical lattice parameters for a 2 x 2 x 2 supercell of the
LiXS; (X = Ga, In).

LiGaSz Li()GaSQ LilnSz Li()IIlSz
alA 13.217 11.530 14.033 12.092
bIA 15.897 14.495 16.345 15.506
c/A 12.624 12.601 13.196 13.354
a=B=7v/(°) 90.0 90.0 90.0 90.0
AVIV —20.60% —17.22%

3.2. Electronic structures of the LiXS; (X= Ga, In)

To achieve high charge and discharge speed, the electri-
cal conductivity values of the electrode materials of the Li
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ion batteries should be high. In the present work, we calcu-
late the electronic structures of the LiXS, cathodes (includ-
ing their delithiated states LipX'S;) and the electrical conduc-
tivity values can be evaluated qualitatively from the analyses
of the electronic structures. The calculated total density of
states (TDOS) is given in Fig. 2. As shown in the figure, the
LiXS; compounds have insulating electronic structures with
band gaps of 2.88 eV and 1.99 eV for X = Ga and In, respec-
tively. Those values are smaller than the experimental mea-
sured values of 4.15 eV (LiGaS,) and 3.57 eV (LiInS;),[*®! as
DFT always underestimates the band gaps of insulators. On
the other hand, our predicted band gap is in agreement with
other theoretical result. Ma et al.’'! calculated the electronic
structure of the LiGaS, compound from the GGA-PBE level
and they obtained a band gap of 3.12 eV. From LDA + U cal-
culations, Atuchin et al. obtained the band gap of the LiGaS,
to be about 3.28 eV.1>?l Those DFT calculated band gaps of
the LiGaS, from the literature are close to the one obtained in
the present work, while much smaller than the experimentally
observed value.
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Fig. 2. (color online) The TDOSs of the LiGa$S; (a) and LiInS; (b) cathode
materials before (solid black lines) and after (dashed blue lines) delithia-
tion. The Fermi level is set to be 0 eV.

The insulating electronic structure indicates the poor elec-
trical conductivity, which is not good for the rate performance.
However, this is a common problem that has already ex-
isted for most of the other cathode materials. For example,
it is shown that the electronic structures of the LiCoO, and
LiMn,Oy4 cathodes with band gaps of 2.7 eV3 and 1.2 eV, P4
respectively are also insulating. Furthermore, the band gap
of the olivine structured LiFePO, cathode is even as high as
3.7 eV.I3]

Technically, defects can change the electronic structures
of these insulating materials, thus helping to improve their
electrical conductivities. In the present work, we show that
Li vacancies, which are created in the delithiation process, can
change the electronic structures of the LiX S, compounds sub-
stantially from insulating to metallic structure. As shown in
Fig. 2, the electronic structures of the fully delithiated states

LigpX S, are metallic. Therefore, it is expected that the electri-
cal conductivity can be enhanced in the delithiation process.
Further analysis of the projected density of states (PDOS)
shows that the p-states of the S atoms contribute to electronic
states near the Fermi level as shown in Fig. 3. Here we men-
tion that the small contributions of the electronic states near
the Fermi level from the Ga/In atoms presented in Fig. 3 are
due to the technical errors when we calculate the PDOSs,
which are obtained by integrating the wave functions in a
sphere with a specific radius. In order to have an accurate de-
scription of the electronic states near the Fermi level, we cal-
culate the band decomposed charge density within an energy
range from —0.5 eV to 0.5 eV around the Fermi level, which
is the wave function in a specific energy range. As shown in
the insets of Fig. 3, the states near the Fermi level all originate
from S atoms and have dumbbell shapes, indicating that they
are typical p states.
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Fig. 3. (color online) Projected density of states of the delithiated states
of LipGaS; (a) and LipInS; (b). The insets show the band decomposed
charge density contours, in which the small (yellow) and large (light and
dark brown) spheres denote S and Ga (In) atoms, respectively. The charge
density contour is in blue color with the shape of a dumbbell. The isosur-
face value is 0.025 e/A3.

3.3. Lithium ion migration

The rate performance of an electrode material is also
strongly related to the Li ion diffusion behavior in the bulk
material. From the analyses of the Li ion distribution and the
symmetry of the crystalline structure, we figured out two inde-
pendent Li diffusion pathways (path-I and path-II in Fig. 4) in
the lattice, which interconnect the Li sites in different planes
and thus a three-dimensional diffusion network can be formed
by the two pathways in the bulk material. Path-I is within
the ab-plane while Path-II is within the bc-plane of the lat-
tice. The Li ion migration pathways are then optimized by the
NEB method and the calculated energy barriers are given in
Fig. 4. As shown in the figure, the energy barriers for Li ion
migration along path-I are 0.325 eV and 0.478 eV for LiGaS;
and LilnS,, respectively. On the other hand, Li ion migration
energy barrier along path-II is higher than that along path-I.
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The corresponding energy barriers are 0.559 eV and 0.998 eV
along path-II for LiGaS, and LilnS,, respectively. By com-
paring the Li diffusion pathways and the energy barrier values
with those of the currently widely used electrode materials,
we can conclude that the Li ion diffusivity values in the LiXS,
cathode are acceptable. For example, the Li ion diffusion in
the LiCoO; cathode with layered structure is two-dimensional
and the energy barriers are reported to be in a range from
0.39 eV t0 0.83 eV.17! On the other hand, Li diffusion in
LiFePQy is one-dimensional, and the energy barrier is reported
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to be 0.6 eV.15¥! Li ion diffusion pathways in spinel structures
are three-dimensional and the energy barrier of Li ion migra-
tion in LiMn;04 cathode and LisTisO, anode materials are
0.235% and 0.70 eV, respectively. It is shown that the Li
ion migration energy barriers of the LiXS, cathodes are com-
parable to those of the commercially used electrode materials.
Therefore, we believe that the Li ion diffusivity values of the
LiXS; cathodes can satisfy the requirements for commercial

applications.
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Fig. 4. (color online) Energy profiles for Li ion migration along the two independent pathways in (a) LilnS,-path-I, (b) LilnS;-path-II, (c) LiGaS,-path-I,
and (d) LiGaS;-path-II. The optimized pathways are also presented schematically in the insets with ball and stick models. The large spheres (brown), middle
spheres (yellow), and small spheres (purples) represent In, S, and Li atoms, respectively. The Li pathways are given by green spheres (intermediate states)

and red (initial and final states) spheres.

4. Summary and conclusions

In this study, two compounds LiXS; (X = Ga, In) are
identified as potential cathode materials for Li ion batteries.
The first principle calculations show that their basic physi-
cal and chemical properties, including the structural stabili-
ties, the electrical and Li ion conductivities, the intercalation
potentials, are suitable for use as cathode materials. As the
LiXS, are sulfide, they are particularly suitable for all-solid-
state LIBs with using sulfide solid state electrolyte. From
the obtained theoretical Li storage capacities and the average
intercalation potential, the corresponding energy densities of
the two cathode materials are calculated to be 665.6 Wh/kg
and 468.7 Wh/kg, which are comparable to those of currently
widely used oxide cathodes. Although the electronic struc-
tures of the LiX'S, compounds are insulating, their electrical

conductivities can be improved substantially upon delithiation,
as the electronic structure changes from insulating to metallic
structure when Li vacancies are induced. Furthermore, from
the calculated Li ion migration energy barriers in the LiXS,
compounds, we identify a three-dimensional Li diffusion net-
work in each of these materials with energy barriers that are
comparable to those of the currently widely used electrode
materials, indicating that the Li ion migration dynamic perfor-
mances of the LiXS; compounds are acceptable for the cath-
ode materials.
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