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HIGHLIGHTS

GRAPHICAL ABSTRACT

e The structural stability and Li-ion
diffusion in the LiGaOS crystal were
studied by first-principles
calculations.

e LiGaOS has wide electrochemical
window of 5.44 eV and high ionic
conductivity of 103 cm?/s at room
temperature.

e The “kick-off” collective migration is
dominant mechanism, the interstitial
Li direct migration is a secondary
mechanism.
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Solid Li-ion conducting electrolytes are highly sought for all solid-state Li-batteries, which are considered
the next-generation safe batteries. Here a systematic computational study on the intrinsic transport
properties of lithium gallium oxysulfide, LiGaOS (S. G. Pmc2;), as a potential solid-state Li-ion electrolyte
have been reported. The phonon dispersion spectrum analysis indicates that LiGaOS crystal structure is
dynamically stable. The energy band structure and density of states calculations suggest that LiGaOS is an
insulator with a wide indirect band gap of ~5.44 eV. The CI-NEB calculations reveal that the “kick-off”
collective migration via Li-interstitials is the dominant conduction mechanism for Li-transport, with an
extremely low energy barrier of 0.05 eV. The corresponding Li-ion self-diffusion coefficient estimated by
transition state theory is in the order of magnitude of 10~3cm?/s at room temperature, with the
dominant charge carrier being Li-interstitial. Overall, the presented first-principles calculations suggest

that LiGaOS is a promising solid Li-ion electrolyte for future all-solid-state lithium batteries.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

rate, can ignite fire and cause thermal runaways that have been a
serious safety concern on applications [1]. To fundamentally solve

The use of organics-based liquid electrolytes enables the
benchmark Li-ion batteries (LIBs) to operate at high voltage (~3 V),
a significant advantage over conventional 1.5V aqueous batteries.
However, these organic electrolytes are flammable in nature,
overheating of which, for example by a faster charging/discharging
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this safety problem, the electrolyte needs to be changed to a
nonflammable solid material that not only conducts Li-ion well, but
also are chemically compatible with the adjacent electrodes and
electrochemically stable within a wide working voltage window.
So far, good solid-state Li-ion conductors are mainly found in a
limited group of materials [2—4]. A well-known group is
LijoGeP,S12 (LGPS) [5] and its derivatives LijgMP2X1> (M = Ge, Sn, Si,
...; X=S, Se, ...) [6,7] and Li7P3S1; glass ceramics [8]. LGPS and its
derivatives generally have a high Li-ion conductivity, e.g.
1.2 x 1072 S/cm at room temperature, but they are air/moisture-
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sensitive and electrochemically unstable at both low and high po-
tentials due to Li-reduction and Li-extraction, respectively [9,10].
Most recently, Yu et al. [11] reported a diffusion coefficient of
1.70(3) x 10~ cm?/s at 333 K and an energy barrier of 0.132 eV for
the Li-ion transport between Li,S cathode and Li7P3S1; electrolyte,
the small diffusion coefficient suggests that these contact interfaces
between electrode and electrolyte are relatively scarce. Another
widely studied family of solid-state Li-ion conductors is garnet-
structured Li-containing oxides, among which the cubic phase
LiyLasZr,012 (LLZO) is widely studied. The LLZO exhibits a Li-ion
conductivity of 2.6 x 1074S/cm at room temperature [12], and
has a sufficiently large band gap (~6.4 eV) to ensure a good elec-
trochemical stability even with Li-metal as an anode [13]. In addi-
tion, the total ionic conductivity can be enhanced to 1.41 x 10~
Sem~! at 30°C and 5.2 x 1074 Sem ™! at room temperature via Al
doping and Ca doping, respectively [14,15]. Most recently, it was
reported that Nb—Gd co-doping LLZO electrolyte
(LigsLasZri3NbggGdg1012) presented the high Li-ion conductivity
of 9.86 x 10~% Sem~! when sintered at 1150°C for 12 h [16]. Also,
the mechanical strength and ionic conductivity of Ta-doped LLZO
solid electrolyte (Lig4LazZry4Tags012) have been enhanced at room
temperature by oscillatory pressure sintering technique [17].
Recently, a lithium-rich antiperovskite material Li3OCl has also
been reported as a promising Li-ion conductor with an ionic con-
ductivity greater than 10~3S/cm at room temperature [18].
Following this work, we performed a first-principles calculation,
revealing that Li3OCl has a wide band gap of 6.26 eV, similar to LLZO
[19].

Throughout the history of solid state ionics, it is fair to say that
discovery of new solid-state ionic conductors is a very challenging
task. Therefore, materials design through computational science
becomes more and more important in finding new solid-state Li-
ion conductors. Recently, based on the crystal structure prediction
method, Xiao et al. [20] theoretically design two kinds of AlS;0,-
layer stacking structures: Pmc2; and Cmc2; with a chemical
composition of LiAIOS, and predict it to be a potential Li-ion
conductor. The materials’ band gap reported is 5.6 eV, and the Li-
ion migration barrier is less than 50 meV with a Li-interstitial
based “kick-off” migration mechanism. This is an excellent
attempt to computationally design a new solid-state Li-ion
conductor, which may pave the way to discover more new elec-
trochemical materials in the future. Inspired by the fact that Ga and
Al belong to the same main Il group with similar physicochemical
properties, we naturally wonder whether LiGaOS can also be a good
Li-ion conductor, and if LiIMSO (M = Al, Ga, In) represents a new
family of high-conductivity Li-ion conductors.

In the present work, a suite of systematic first-principles cal-
culations on the intrinsic transport properties of LiGaOS crystal in
Pmc21 symmetry, including structural stability, electronic property,
defect structure, and Li-ion self-diffusion have been performed. The
Li-ion migration mechanisms with different point defects are
particularly examined in detail. In addition, the effect of tempera-
ture for Li-ion migration is also investigated using the first-
principles molecular dynamics (FPMD) method. We expect that
the results offered by the current study will provide critical insights
for discovery of new solid-state Li-ion electrolytes much needed for
high-energy-density and safe all-solid-state lithium metal batteries
(LMBs) in the future.

2. Computational details and models

All the calculations in the present work were performed using
the VASP code [21,22]. The projected augmented wave (PAW) to
describe the valence electron and core-ion interactions [23,24] and
the GGA/PBE exchange—correlation functional [25] to calculate the
electron exchange and correlation energies were used. A cutoff

energy of 500 eV was applied to the plane wave basis expansion.
The electronic structures were calculated using a primitive cell with
8 atoms and a 6 x 4 x 4 Monkhorst—Pack [26] k-point grid in the
first Brillouin zone. The Li-ion self-diffusion was calculated on a
3 x 2 x 2 supercell with 96 atoms using the climbing image nudged
elastic band (CI-NEB) method [27,28] to seek for the saddle points
and minimum energy paths. Correspondingly, a small 2 x 2 x 2
Monkhorst—Pack k-point grid was used for the integration over the
first Brillouin zone. The lattice parameters and ionic positions were
fully relaxed until the total energies and ionic forces were less than
10~ eV and 0.01 eVA~!, respectively.

For phonon dispersion spectrum calculations, the PHONOPY
code was used [29], which directly uses the dynamic matrices
calculated by the density functional perturbation theory (DFPT)
[30] implemented in VASP. A 6 x 4 x 4 k-point grid and 108 eV/A
electronic forces convergence were used.

For the FPMD simulations, the canonical ensemble (NVT) was
employed. A Verlet algorithm was integrated with Newton's
equations of motion at 300K for 3 ps with a time step of 1 fs. The
frequency of the temperature oscillations was controlled by the
Nosé mass during the simulations. Additionally, a supercell of
3 x 2 x 2 primitive cell (96 atoms) was used with a 1x 1 x 1 k-
point sampling at the I"-point.

3. Results and discussions
3.1. Crystal structure and stability

Here, the LiGaOS crystal structure with orthorhombic space
group Pmc2; has been constructed, where Li, Ga, S and O atoms
occupy Wyckoff positions at 2a, 2b, 2a, and 2b, respectively. In
addition, it is noted that the structure of LiGaOS is not a sulfur-
substituted version of LiGaO;. LiGaO; crystal structure with space
group of Pna21 has different symmetry from LiGaOS. The relaxed
crystal structure of LiGaOS is shown in Fig. 1 (a), from which one
can see that each Li or Ga atom coordinates with two O atoms and
two S atoms, forming a tetrahedron. Like the structure of LiAlOS,
GaS,0,; tetrahedra are connected to each other by sharing corners
to form layers in the ab plane. The GaS,0, planes constitute layer-
by-layer stacking along the c direction separated by severely dis-
torted LiS;0, tetrahedra. The lattice parameters are a =3.587 A,
b=6.514A, and c = 5.456 A, which are slightly larger than those of
LiAIOS [20]. This can be explained by the larger ionic radius of Ga
than that of Al The relaxed Ga—S and Ga—O distances are 2.272 A
and 1.886 A, respectively, which are larger than Al-S and Al-O
distances in oxysulfide LiAISO [20]. On the contrary, the lengths
of Li—S and Li—O bonds are 2.505 A and 2.072 A, respectively, which
are 2.8% and 3.5% smaller than those in LiAIOS [20].

To evaluate the thermodynamic stability of the crystal structure
determined above, the typical decomposition reactions of
LiGaOS — 0.25Li,0 + 0.25Li;,S + 0.25Ga, 03 + 0.25Ga;S3 and
LiGaOS— 0.5LiGa0, + 0.5LiGasS, have been taken into account. The
related structures are taken from the Open Quantum Materials
Database (OQMD) [31,32]. The reaction energies are calculated by
the formulas

1
AE= 7 (Eti,0 + Eviys +EGa,0, + Ecays;) — Eiicaos (1)
and

1
AE= 5 (Eticao, + Eticas,) — Eiicaos (2)

where Ey;,0, Eyi,ss EGa,05 Ecaysss ELicao, Elicas, and Eyjgaos are the
total energy of optimized primitive cell of LiyO, Li,S, Gay03, Ga,Ss,
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Fig. 1. Crystal structure of Pmc2; LiGaOS, the red, yellow, purple, and green represent O, S, Li, and Ga atoms, respectively (a) and the phonon dispersion spectrum (b).

LiGaO,, LiGaS, and LiGaOS crystal structures, respectively. The
evaluated reaction energy is about 0.233 eV/atom for Eq. (1), indi-
cating that it is possible to stabilize LiGaOS and to synthesize it from
the parent phase. However, the calculated reaction energy of Eq. (2)
is about —0.062 eV/atom, indicating that the predicted LiGaOS
phase is thermodynamically unstable at 0 K with respect to LiGaO,
and LiGaS;. Nevertheless, the reaction energy of LiGaOS decom-
posed into LiGaO, and LiGaS, competing phase is relatively low,
suggesting that it can exist as a metastable structure or be stabi-
lized by entropic effects, as the newly predicted Li superionic
conductor LiAISO [20].

In general, the phonon dispersion spectrum could provide evi-
dence for the crystal structure stability. The positive phonon fre-
quencies indicate a stable crystal, while the imaginary frequencies
indicate otherwise. To verify the stability of LiGaOS crystal, its
phonon dispersion spectrum are examined and the results are
shown in Fig. 1 (b). There are eight atoms in our simulated primitive
cell, producing three acoustic branches and twenty-one optical
branches in the dispersion curves. Fig. 1 (b) shows that phonon
frequencies of LiGaOS crystal are all positive, suggesting that
LiGaOS crystal structure is dynamically stable.

3.2. Electronic property

For an electrolyte material, it is required that it be a pure ionic
conductor with negligible electronic conductivity. This is to say that
the electrolyte material must have an adequate band gap to ensure
electronic structural stability and to prevent electronic leakage. To
examine the electronic structure of LiGaOS, the energy band
structure and density of states (DOS) of ground state in LiGaOS are
calculated. Since the GGA-PBE function usually underestimates
band gap, herein the high-level HSE06 approach are employed to
accessing the band gap [33]. Fig. 2 shows that LiGaOS has an indi-
rect band gap of ~5.44 eV with the conduction band minimum
(CBM) and valence band maximum (VBM) located at the I" and Z
points of the first Brillouin zone, respectively. The large band gap
implies that LiGaOS is an insulator with negligible electronic con-
ductivity, which can ensure a wide electrochemical window.

3.3. Li-ion self-diffusion in LiGaOS

3.3.1. Defect structure and formation energy

Generally, Li-ion conductivity depends on the concentration of
charge carriers and energy barrier to migration of charge carriers.
The types of defects as a charge carrier as well as their concentra-
tions are important factors determining the diffusion coefficient
and thus conductivity. Therefore, the types of defects have been
first studied. Since point defects are the most common defects in
solid materials, here four types of point defects represented by

Gap=5.44 eV

Energy (eV)

: ‘: P | i 1 i 1 oo | 2 1 i
r F Q Z o2 4 6 :8 10 12
Density of States (States/eV)

Fig. 2. Density of states (DOS) and the band structure of Pmc2; LiGaOS.

Kroger-Vink notations are considered: isolated charged point de-
fects including Li-vacancy (\/Li) and interstitial-Li (Li; ) and charge
neutral point-defect clusters including Frenkel defect pair (Vy; —
Li; ) and LiO Schottky defect pair (2\/Li — Vg'). The Li-vacancy can
be created by removing one Li-ion from its lattice site in the perfect
system, and the interstitial-Li defect is created by adding one Li-ion
into the interstitial site in the perfect system. The Frenkel defect
pair is created by Lij; —V}; + Li, i. e. a Li at the lattice site is moved
to the interstitial site in the perfect system, leaving behind a va-
cancy and forming (V'Li —Li;) Frenkel defect pair. For Li;O Schottky
defect pair, it is created by 2Lij; + O —2V}; + Vg + Li,0, meaning
that two Li-lattice sites and one O-lattice site are removed simul-
taneously, forming a (2V; —Vg') LiO Schottky defect pair.

Then the defect configurations and formation energies have
been studied. Based on the symmetry of LiGaOS crystal structure,
Fig. 3 (a) shows one created Li-vacancy defect and one created
interstitial-Li defect in the structure, respectively. For the Frenkel
defect pair, according to the distance between Vj; and Li;, two
different configurations: Vpear and Vi, as indicated in Fig. 3(b) are
considered; Vpear represents V'Li near Li;, while Vg, represents \/Li
far from Li; . As for the Li,O Schottky defect pair, two different defect
configurations denoted by Vconcen and Vyisperse are also considered,
as shown in Fig. 3 (¢) and 3 (d); Vconcen represents the concentrated
distribution of (2V’Li —Vg') defect pair, while Vysperse represents the
dispersed distribution of (2V}; —V{') defect pair.

In a solid material, the defect concentration is strongly related to
the defect formation energy. Here, the defect formation energy are
defined as Er = Egefect — EperfecttUi» Where Egefect and Eperfect are the
total energy with and without defect in the 3 x 2 x 2 supercell, and
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Fig. 3. Schematic representations of defect configurations in (a) single Li-vacancy (V};)
and single interstitial-Li (Li; ), (b) Frenkel defect pair (V'Li — Li; ), (c) concentrated dis-
tribution of Li;O Schottky defect pair (2V}_i — Vg), and (d) dispersed distribution of
Li,O Schottky defect pair (2V}; — Vg).

u; is the chemical potential of Li or Li;O compound calculated from
the body centered cubic (bcc) Li metal and face centered cubic (fcc)
Li»O crystal structure. Based on the definition of the considered four
types of defects, the calculated defect formation energies are listed
in Table 1, from which one can see that the most stable defect
configuration is Vpeyr for (V'Li —Li;) defect pair and Vconcen for
(2V'Li —Vg') defect pair, suggesting that the energy of a defect sys-
tem increases with increasing distance between defects. This is a
reasonable assertion given the coulombic attractions between Vj;
and Li; and between V; and V. Furthermore, it is noted that the
formation energies for single V’Li and Li; are roughly 4.01 eV and
0.70 eV, respectively, implying that the concentration of Li-vacancy
should be very low at room temperature, and the most dominant
defect is interstitial Li (Lij) in LiGaOS. On the other hand, the
optimal defect formation energies for the charge neutral (V}; —Li;)
Frenkel defect pair and (2V}; —Vg ') Schottky defect pair are 1.34 eV
(0.67 eV per defect) and 3.45 eV (1.15 eV per defect), respectively.
Therefore, the (Vi; —Li;) Frenkel defect pair is presumably the
predominant defect pair in LiGaOS at room temperature.

3.3.2. Li-migration via vacancy mechanism

Since the electronic structure in LiGaOS is suited for pure ionic
conduction, how fast ionic charge carriers can migrate in LiGaOS
becomes critical to the ultimate electrolyte conductivity. After the
charge-carrier formation energies of Vj;, Lij, (V;—Li;) and
(2\/“ —Vg) were studied, next the energy barriers of the charge
carrier migration are evaluated. First, Li-vacancy migration in
Pmc2; LiGaOS are considered. We hypothesize that Li-vacancies
directly hop between two neighboring Li sites. Fig. 4 shows the
migration path and barriers of a single Li-vacancy migration along
the bc-plane and a-axis in LiGaOS. From the symmetry of LiGaOS
crystal structure, four possible migration pathways in the bc-plane

Table 1
Defect formation energy of single V;_i and Li;, (\/]_i —Li;) defect pairs Vpear and Vg,
and (2V}; —Vg) defect pairs Vconcen and Vgisperse-

Defect type Vi Li; Vhear Viar Veoncen Vdisperse
u;(eV) -1.91 -1.91 - - -14.35 -14.35
Ef(eV) 4.01 0.70 1.34 1.40 3.45 4.49

are identified in Fig. 4 (a), denoted as P—I, P-II, P-III, and P-IV, and
calculate the corresponding migration energy barriers in Fig. 4 (b).
The results show that the lowest barrier is 1.14 eV, corresponding to
the P—I and P-II pathways, and the highest barrier is 1.52 eV, cor-
responding to the P-IIl and P-IV pathways. Such higher energy
barriers indicate that the Li-vacancy migration in the bc-plane is
very difficult. For migration along the a-axis in LiGaOS, only one
pathway is identified for Li-vacancy from the structural features of
LiGaOs. Fig. 4 (c)—(d) show an energy barrier of 0.38 eV, which
suggests that the Li-vacancy migration along a-direction is possible
[34].

As discussed above in defect structure, we know that the Li-
vacancy formation energy is quite high, while for the Frenkel
defect pair it is much smaller. Therefore, the Li-vacancy migration
in the case of the Frenkel defect pair are also examined. A possible
low-energy migration pathway are created shown in Fig. 5 (a), and
the corresponding energy profile for Li-vacancy migration is shown
in Fig. 5 (b). It is evident that the migration pathway of Li-vacancy
along a-axis follows: V;—V,—V3—Vj, and the corresponding
energy barrier is 0.49 eV, which is 0.11 eV higher than that of a
single Li-vacancy migration. This may be due to the Coulombic
attraction between Li-vacancy and interstitial Li, making a Li-
vacancy leaving the host a little bit difficult.

According to the above discussion, we know that a single Li-
vacancy migration energy barrier along the a-axis is low
(0.38 eV), but the formation of single Li-vacancy is very difficult due
to its high defect formation energy (4.01eV). On the contrary,
although the defect formation energy of Frenkel defect pair is low
(0.67 eV per defect), the energy barrier of Li-vacancy migration in
the case of Frenkel defect pair is relatively high (0.49 eV). Therefore,
it is concluded that the contribution of charge carriers from Li-
vacancy to the ionic conductivity of LiGaOS crystals cannot be
significant.

3.3.3. Li migration via interstitial mechanism

Now we turn to interstitial-Li defect migration in Pmc2; LiGaOS,
including interstitial Li-defect direct migration mechanism and
“kick-off” collective migration mechanism. Direct migration
mechanism describes a direct hopping of interstitial Li between
empty interstitial sites, while the “kick-off” collective migration
mechanism describes an interstitial Li-defect pushes the adjacent
lattice Li into the next interstitial site and occupies the lattice site by
itself. Fig. 6 compares direct migration of the interstitial Li-defect
along the b-axis and a “kick-off” collective migration along the a-
axis in LiGaOS. For the direct migration mechanism, Fig. 6 (a)—(b),
the interstitial Li1 migration from an interstitial site to its neighbor
interstitial site need to overcome an energy barrier of 0.24 eV. In
contrast, Fig. 6 (c)—(d) shows that the “kick-off” collective mecha-
nism, involving interstitial Li1 migration from an interstitial site to
the nearest lattice site and the lattice Li2 migration from the host
lattice site to the next interstitial site, needs to overcome an energy
barrier as low as 0.05 eV; this level of energy barriers is lower than
many known Li-ion conductors [35—37]. Overall, it is envisioned
that interstitial Li-defects migrate within a two-dimensional (2D)
channel in the ab plane formed by corner-shared GaS,0, tetrahedra
and separated by Li atoms. The “kick-off” collective migration along
the a-direction with a low energy barrier of 0.05eV should be a
dominant Li-transport mechanism, while the direct migration
along the b-direction with an energy barrier of 0.24eV is a sec-
ondary transport mechanism. As we know, the local environment
of moving Li in the NEB calculation is complicated, including ionic
valence, voids size, voids number and so on. Nevertheless,
increasing the concentration of interstitial-Li defects is another key
to achieve high Li-ion conductivity.
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3.3.4. FPMD simulations of interstitial-Li migration via the “kick-
off” mechanism

All the above calculations of Li-migration by CI-NEB method
were conducted at OK. To learn about interstitial-Li migration in
LiGaOS vs temperature, FPMD simulations under the Born Oppen-
heimer approximation are carried out. The simulations were per-
formed at 300K for 3000 fs. Fig. 7 shows a series of snapshots of
“kick-off” collective migration along x-axis (or a-axis in the lattice
coordinate) in the Pmc2; LiGaOS structure, which provides us a
“live” picture to understand the mechanism of the “kick-off” col-
lective migration. The big blue ball and brown ball, respectively,
represent the interstitial Li and lattice Li in motion. The purple, red,
yellow, and dark pink balls indicate the regular, immobile Li, O, S,
and Ga atoms, respectively. Apparently, at the beginning, the blue
ball is localized at an interstitial site, while other atoms are located
at their respective lattice sites. Then, all atoms vibrate at their
respective equilibrium positions with time before the “kick-off”
collective migration kicks in. A positional comparison between

interstitial Li and lattice Li in each snapshot shows that the inter-
stitial Li moves to the nearest lattice site while the lattice Li
simultaneously move to the next interstitial site, indicating a
typical “kick-off” collective migration mechanism in the negative
direction of the x-axis. Statistically speaking, the movement of
interstitial Li to the positive or negative x-axis is random. More
importantly, a complete “kick-off” migration process is observed to
start in ~1900 fs and ends in ~2000 fs before the next “kick-off”
migration step begins. The snapshots in 2060 fs and 2100 fs indicate
the trajectory towards the beginning of the next-step “kick-off”
migration. We also note, on the other hand, that other atoms such
as regular Ga, S, O, and Li only vibrate with respect to their original
equilibrium positions without any migration, and no breaking of
Ga—S or Ga—O0 bonds is observed during the simulations. This again
demonstrates that the LiGaOS structure with Pmc2; symmetry is
thermodynamically stable at 300 K. In fact, we performed three MD
simulations for the same structure at 300 K, one or two complete
migration period can be observed in a supercell with one extra Li at
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the interstitial site in the 3000 fs simulations.

The corresponding trajectory of the interstitial Li and lattice Li
together with their X and Z coordinates in the Pmc2; LiGaOS
structure simulated at 300 K for 3000 fs are further shown in Fig. 8.
From this simulation, it is evident that the trajectories of interstitial
Li and lattice Li diffusion are 1D along the x-axis (a-direction in the
lattice) with large displacements. Initially, the interstitial Li and
lattice Li vibrate at their respective positions; then the interstitial Li
hops to the nearest lattice site as evidenced by the decreasing of X
and Z coordinates. Meanwhile, the lattice Li successfully jumps to
the next interstitial site as evidenced by the decreasing of X co-
ordinates and increasing of Z coordinates. Fig. 8 (c) shows the
change of X and Z coordinates of the interstitial Li and lattice Li vs
time. The decreasing of X coordinates and the intersection of Z
coordinates again demonstrate that the “kick-off” migration takes
place at ~ 1900 fs and completes at ~ 2000 fs. It is also evident from
Fig. 8 (d) of MSDs that the instantaneous MSDs of regular Li, O, S,
and Ga atoms are small constant values near zero and independent
of time, implying that these atoms only vibrate at their lattice po-
sitions and are immobile throughout the simulation time. In
contrast, MSDs of interstitial Li and lattice Li are first time inde-
pendent, and then increase linearly with time, indicating that a
simultaneous migration of interstitial Li and lattice Li begins after
several vibrations at their equilibrium positions. The distinct fea-
tures in Fig. 8 strongly suggests the possibility of the “kick-off”
collective migration mechanism.

3.3.5. Li-ion self-diffusion coefficient

From the above results, we learn the migration pathway and
energy barrier of Li-diffusion in the LiGaOS crystal and understand
that the dominant Li-migration mechanism is “kick-off” collective
migration. To facilitate a comparison of our findings with other Li-
ion conductors, according to the transition state theory [38,39], the
Li-ion self-diffusion coefficient are further estimated by D = cd?v-

=

¢ 8F —Interstitial Li X
’gf —— Lattice Li X

5 6F —InterstitialLiZ
g —— Lattice Li Z

Q

o 4r

N

AV

1 L 1 L L
0 500 1000 1500 2000 2500 3000
Time (fs)

exp( — 4E /kgT), where c, d, v, 4E, kg and T are pre-factor, Li-ion
hopping distance, vibration frequency, migration energy barrier,
Boltzmann constant, and absolute temperature, respectively, and v
can be approximated as 10'3 Hz based on our calculations for the
phonon frequencies (see Fig. 1 b), ¢ can be estimated by W/2 N,
where W is the number of crystallographically similar nearest sites,
and N is the dimension number of Li-ion diffusion. Moreover, the
diffusion coefficient equation mentioned above is only valid for an
uncorrelated random walk. With the calculated migration distance
and energy barriers, D at room temperature (T=300K) can be
estimated and the results are listed in Table 2. The Li-ion self-
diffusion coefficient of ~10~3 cm?/s at room temperature for the
“kick-off” collective migration mechanism is at least one order of
magnitude higher than that of Li self-diffusion along the ab plane in
the P;-LGPS [40].

In practice, one merit of solid electrolyte is the possibility of Li-
metal anode design. To examine the stability of LiGaOS when in
contact with Li metal, we think it needs to construct the interface
model between lithium metal and LiGaOS and further more
detailed studies should be carried out.

Allin all, as far as we know, there is no experimental synthesis of
LiGaOSs so far. From the view point of calculation, we predict that
LiGaOSs has wide electrochemical window and high ionic conduc-
tivity, which is an ideal candidate for solid-state electrolyte of all-
solid-state lithium batteries. We hope that our computational
data can provide basic knowledge for experimental preparation of
LiGaOs, and that LiGaOS can be synthesized experimentally in the

Table 2
Calculated migration distance (d), energy barriers (4E), and estimated Li-ion diffu-
sion coefficients (D) at room temperature for four types of Li migration mechanism.

Migration mechanism d(A) AE(eV) D (cm?/s)
Vi 3.68 0.38 1078
v, - Li 3.68 0.49 107°
Li; 2.95 024 10°¢
“kick-off” 1.99 0.05 103

(b)

3.24

Z(A)

(d) 20
—1Li
16} —— interstitial Li
— lattice Li
—0
g 12} —2
a —Ga
0
= 08
04
0.0 L 1 L 1 1 N
0 200 400 600 800 1000 1200 1400
Times (fs)

Fig. 8. Trajectories of the interstitial Li (a) and the lattice Li (b) along with their X and Z coordinates (c), and the MSD of regular Li, interstitial Li, lattice Li, regular O, S, and Ga atoms

(d) in the Pmc2; LiGaOS simulated at 300K for 3000 fs.
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future.
4. Conclusions

In summary, through materials design, we identified a prom-
ising materials of fairly good Li-ion conductors, LiGaOS crystal. The
crystal structure and stability, electronic properties, defect struc-
ture, and Li-ion migration mechanisms of oxysulfide LiGaOS have
been systematically studied using first-principles calculations and
FPMD simulations. The structure of LiGaOS in the Pmc2; symmetry
is like that of LiAlIOS and composed of stacking layers of GaS;0,
tetrahedrons sharing vertex atoms with Li ions located between the
layers. The phonon dispersion spectrum and FPMD simulations
indicate that LiGaOS crystal structure is dynamically and thermo-
dynamically stable. The electronic energy band structure and DOS
calculations show that the Pmc2; LiGaOS is an insulator with a wide
indirect band gap of ~5.44 eV, which ensures a sufficiently wide
electrochemical window for all-solid-state LMBs. From the study of
defect configurations and defect formation energies of four types of
defects, we find that the interstitial Li (Li; ) and (\/,_i —Li;) Frenkel
defect pair are the two most energetically favorable defects with
smaller defect formation energies. CI-NEB calculations reveal that
the “kick-off” collective migration is the dominant conduction
mechanism for Li; with an extremely low energy barrier of 0.05 eV.
Estimated by the transition state theory, the corresponding Li; self-
diffusion coefficient is in the order of magnitude of 10~3 cm?/s at
room temperature, which demonstrates that the Pmc2; LiGaOS is a
promising fast Li-ion conductor.
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