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First-Principles Study of Li Ion Diffusion in Lithium Oxythioborate Halide Glass Solid
Electrolyte

Gyeong Ho Cha

Department of Physics, The Graduate School

Pukyong National University

Abstract

Due to their absence of grain boundaries that limit Li ion transport and
provoke dendritic growth, glass materials are considered promising solid
electrolytes for all-solid-state lithium batteries. However, the understanding of
ion transport in glassy solid electrolytes is limited because of their disordered
structure. In this study, the Li ion diffusion mechanism in lithium oxythioborate
halide (Li2S-B2S3—Lil-S10,) quaternary glasses with different SiO> contents is
reported. Oxygen in the glass can increase and decrease Li ion conductivity by
disrupting local Lil crystals and forming strong bonds with Li ions. This
conductivity is determined by the competition of the two effects of oxygen at
each SiO: content, causing a maximum conductivity of 14.6 mS ¢cm™! in the
30L12S-25B>S3-45Li11-255102 composition, comparable to that of a liquid
electrolyte of about 10 mS cm . Li ion hopping easily occurs in cation-rich

environments, as the cations facilitate the breaking of the bonds of Li with



anions, especially oxygen, by attracting the anions around Li, which is
suggested to be the cation-assisted Li ion diffusion mechanism. This study
suggests that controlling the oxygen:sulfur ratio in glassy solid electrolytes is
key to promoting Li ion diffusion while minimizing immobilized Li ions and

improving moisture stability.



1. Introduction

Among all-solid-state batteries (ASSBs), solid electrolytes are in an
important position to overcome the potential safety risks and energy density
limits of conventional lithium-ion batteries (LIBs) [1-5]. LIBs that use liquid
electrolytes are vulnerable to fire and one of the causes of the fire is flammable
liquid electrolytes [5—9]. Replacing these flammable liquid electrolytes, the
safety issues of batteries can be further solved, and the ASSBs can provide
higher energy densities compared to current LIBs [6]. Other advantages of
substitution include high ionic conductivity, interfacial chemical stability, and
high resistance to dendrite growth [6,10-12].

Of these, ionic conductivity has a significant impact on the performance of
solid electrolyte (SE). In general, the ionic conductivity of ASSB at room
temperature is lower than that of LIB (10 mS ¢m ') [10], but it is essential to
approach the value of liquid electrolyte to replace liquid electrolyte. Among the
investigated SE, that is, oxides, sulfides, and halides, sulfides such as LiS—P-Ss
(70L12S-30P2Ss) [13], LiioGeP2S12 [14], and Lio 54S11.74P1.44S11.7Clo 3 [15] satisfy
this ionic conductivity.

The reason why the ionic conductivity of sulfide SE is higher than that of
other SEs is that the interaction between Li" ions and anions is weakened due to

the polarization of sulfur [16,17]. In addition, sulfide SE has a low grain



boundary resistance, which facilitates ion transport [10,16,18]. However,
sulfide SE produces very toxic H>S gas when exposed to humid air, so sulfide
SE requires further treatment to reduce H>S production [10,18]. On the other
hand, Oxide SE has high moisture resistance, electrochemical and mechanical
stability, but the conductivity is about 107 S cm™ [10,19,20], which is lower
than sulfide SE. The addition of oxide SE with these advantages to sulfide SE
can be a method to increase moisture resistance while maintaining ionic
conductivity. Indeed, it has been reported that the addition of metal oxides such
as Fe203, ZnO, and Bi2O3 to the Li3PS4 glass electrolyte reduces the generation
of HaS gas [21].

Recently, kaup et al. [22] reported lithium oxythioborate halide (Li2S-B2Ss-
Lil-SiO2; LIBOSS) of a glass electrolyte with a maximum conductivity of 2 mS
cm ! and a low H>S gas emission when exposed to moisture. Given that LIBOSS
is an oxysulfide glass and not a pure sulfide glass, the reported conductivity at
room temperature is quite high. In addition, although LIBOSS glasses contain
large amounts of oxygen, they have higher ionic conductivity across a wide SiO>
content range than lithium thioborate halide (Li2S—-B>S3;—Lil) glass without
oxygen. Furthermore, because of their glassy structure, LIBOSS glasses have
no grain boundaries, which facilitates fast Li ion transport and does not trigger
dendrite growth at grain boundaries [23,24]. Due to the absence of grain
boundaries, many studies have recently investigated glassy solid electrolytes for

ASSBs [22-31]. However, understanding the roles of glass elements on Li ion

2



transport in glass materials such as LIBOSS is challenging because the ion
conduction mechanism in glassy structures is usually elusive due to the
disordered amorphous nature of these structures.

In this study, we investigated the Li ion diffusion mechanism in LIBOSS
glasses with different SiO, contents using density functional theory (DFT)
calculations and ab initio molecular dynamics (AIMD) simulations. The
structures of LIBOSS glasses constructed using AIMD simulations were
investigated by analyzing radial distribution functions (RDFs), coordination
numbers (CNs), and Bader charges. The analyzed results were used to interpret
the bell-shaped curve of the Li ion conductivity as a function of SiO, content,
which exhibits the highest value of 14.6 mS cm! in the
30L12S-25B>S3-45Li11-25S102 composition. Analysis of the movements of fast-
and slow-moving Li ions at 7 = 900 K offers a detailed picture of Li ion motion
in LIBOSS glasses, which leads us to suggest the cation-assisted Li ion diffusion
mechanism. The presence of SiO2 in LIBOSS glasses turns out to increase the
resistance to HoS formation and thus enhance moisture stability. This study also
clarifies the roles of oxygen and sulfur in glassy solid electrolytes in terms of
electrochemical performance. The calculation results provide atomic-level
insights into the ion transport in glass materials and the design of high-

performance glassy solid electrolytes for ASSBs.



2. Theory

2.1. Density functional theory (LDA and GGA)

Interpreting particles in the microscopic world requires solving the
Schrodinger equation quantum-mechanically. A solid is a collection of many
(~10?%) atoms, and understanding the physical and chemical properties of solids
is very difficult. To solve this problem, Thomas-Fermi in 1927 calculated the
kinetic, exchange, and correlation energies for a uniform electron density [32].

It is written as

E,[n] = fn(r)em(n(r))dr (1)
Here, m represents the type of energy, and ¢ denotes the energy density with
respect to m.
Hamiltonian in a many-body problem can be written as
H = E;+E,+E, (2)
Here E;, E, and E, represents kinetic energy, external potential and
coulomb energy respectively. This Hamiltonian satisfies the following equation
Av> = El¥> )
According to Hohenberg-Kohn's theorem, the Hamiltonian, the wave
function, and the density function have a one-to-one correspondence, and the
remainder except the external potential is always the same, ground state energy

Eo can be calculated through transformation, and it can be obtained as follows
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through Equations (1), (2), and (3) [33,34].

Eolp] = Erlpl+ Eylp] + Eylp] )

Where p is the electron density. And Ej{p] can be written as

Blpl = [p@W(pe))ar 5)
V' can be found by the Hohenberg-Kohn theorem. The remaining terms are
pure kinetic energy without interaction and interaction between electrons, and
the interaction between electrons can be summarized as follows through Khon-

Sham approximation, leaving only electrical interactions.

Riol = Elol+ 5[ [S25arar + [ prvieenar

+ Exc[p]

Here, Ex[p] is an exchange-correlation potential, meaning that the exact
value is unknown. If only this value is known, Eo[p] can be known. Therefore,

Eo[p] can be obtained by approximating this Ex[p].

In 1965, Khon and Sham proposed Local Density Approximation (LDA) by
approximating that the electron density when viewed locally is uniform. In this
approximation, Ex/[p] for a uniform electron density was obtained as follows

through Equation (1).

B0l = [ o) ew(p@)ar )
Here, since exc(p) is composed of electron density, only a uniform electron

density can obtain Eo[p] through p(7).



However, in real systems, the density changes with space. To compensate for
this, a more accurate approximation can be made by adding a gradient term.
These approximations are called generalized gradient approximations (GGAs)

[35] and are written as

B0 = [ oo, Vo()ar ®)
GGA doesn't always guarantee better results. In covalent bonds or weakly
bonded systems, GGAs generally perform better.
Putting the equations together, the Schrodinger equation is as follows, which

is called the Khon-Sham equation.

1 !
(_Evzwext(m f %drwvxcm)wm = gP(r) @

Here, p(7) is a function of the density of electrons, so it can be expressed as

pa) = ) )P (10)

Since V. 1s a potential, it becomes

. (r) SExc[p] (11)
6p(r)
By substituting Equation (11) into Equation (9), the result is as follows.
1 P(T’) SEy [ |
= &Pi(r)

Here, energy can be obtained by substituting Equation (7) or Equation (8) for

E.. alone and solving the Schrodinger equation.



2.2. Plane wave pseudopotential method

Electrons in solids are largely divided into core electrons and valence
electrons. Valence electrons contribute to interactions between atoms, but core
electrons exist around the nucleus in a closed shell. Valence electrons occupy a
more important place in research than core electrons because they determine the
chemical properties of matter. Also, since the core electrons block the charge of
the nucleus, the potential felt by the valence electrons is lower than that of the
core electrons. This fast oscillation of the core electron is explained by a very
large number of plane waves, which greatly increases the computational
complexity. Accordingly, Hamann, Schliiuter and Chiang devised a method for
generating pseudo potentials based on all-electron calculations of the potentials
and wave functions [36]. First, by setting a plane wave, the periodic function

un(r) 1s extended as follows.

unk(r) = ZGan,Gei(G.r) (13)

where the sum is the value on the reciprocal lattice vector G. Therefore, the

electronic wave function can be written as

(pnk(r) = ZGan,Gei(G.r) (14)

This electronic wave function can be expressed as the sum of plane wave

bases. Since this Fourier series is infinite, we cannot work with computational



calculation, so we have to limit the number of plane waves. The number of plane
waves can be limited by placing an upper limit on the kinetic energy of plane
waves. This boundary is called Ecu, and only plane waves that satisfy the

following conditions need to be calculated.

|k +G|? (15)

2 cut

However, in a system with many electrons, it is still difficult to calculate. In
the pseudo potential approximation, the core electron is removed and the strong
ionic potential is replaced by a relatively weak pseudo potential wave function
(Wpseudo) acting on the real valence wave function (y), which simplifies the
action of the core electron (Vpseudo). Vpseudo and Wpseudo are generated in the same
way as actual potentials and wave functions. All nodes of the pseudo potential
at the core are removed, but the norm is preserved. Since the node of the core is
removed, the number of plane waves required to explain the wave function at
the core is reduced. For this reason, the plane-wave pseudo potential method

was applied.



2.3. Projector augmented wave (PAW) method

A disadvantage of the pseudo potential method is that information on wave
functions close to the nucleus is removed. This lack of information can affect
the results when calculating hyperfine parameters, electric field gradients, etc.
projector augmented wave (PAW) calculates all electronic properties by
replacing these core wave functions with smooth wave functions [37]. When

PAW is applied, the total energy is divided into two parts as follows.

iy = E+ZAE“ (16)

Here, E is the energy calculated by the smooth function, and AE® is the
energy around the nucleus. £ can be expanded as follows.
E = T[{.}] + Unlp] + Exc[fi] (17)
This equation is similar to the structure of general energy, but it can better

explain the core electron because p and i, which are derived from the smooth

function, substituted p and 7.



3. Computational details

In this study, DFT calculations were carried out using Vienna ab initio
simulation package (VASP) [38]. The Perdew-Burke-Ernzerhof (PBE)
exchange and correlation functionals [34], and the projector augmented wave
(PAW) method [37] were used. The plane-wave energy cutoff was set to 374.3
eV. 1s?2s! for Li, 2s?2p! for B, 2s?2p* for O, 3s?2p? for Si, 3s*3p* for S, and
5s?5p> for 1 were considered as the valence electron configurations.
Li1.05B0.5Six02:S1.05l0.45s (x = 0, 0.25, 0.5, and 1.0) was used as the composition
of LIBOSS glasses considering the Li>S:B,S3:Lil ratio of 30:25:45 reported in
the experimental study [22]. The LIBOSS glass structures were simulated by a
tetragonal supercell for x = 0 and cubic supercells for x = 0.25, 0.5, and 1.0. The
Lil crystals were reported to be partially formed in the LIBOSS glass with x =
0 [22], which led us to make the Lil crystal within the supercell using the
tetragonal supercell for x = 0. The total numbers of atoms used in the supercells
are 217, 271, 322, and 363 for x =0, 0.25, 0.5, and 1.0, respectively. A 1 x 1 x
1 k-point mesh was employed for Brillouin-zone integrations.

AIMD simulations were used to generate glass structures. The equations of
motion were integrated with the Verlet algorithm using a time step of 1 fs. The
temperature was controlled by velocity rescaling and a canonical ensemble

using a Nosé—Hoover thermostat. The LIBOSS glass structures were
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constructed using the liquid-quench method. The Li, B, O, Si, S, and I atoms
were randomly distributed in the tetragonal (x = 0) and cubic (x = 0.25, 0.5, and
1.0) supercells, except for 32 Li and 32 I atoms placed at bulk positions to make
the Lil crystal for x = 0. These initial structures were heated up to 4000 K at a
heating rate of 1 K fs!, equilibrated for 3—6 ps at 4000 K, and then quenched to
300 K at a cooling rate of 1 K fs™'. The quenched structures were equilibrated
for 5 ps at 300 K. For x = 0, the volume of the last structure of the equilibration
step at 300 K was determined by optimizing the c-axis of the tetragonal supercell
using static DFT calculations. For x = 0.25, 0.5, and 1.0, three structures were
taken every 1 ps in the last 2 ps of the equilibration step at 300 K, and their
volumes were determined by optimizing the cubic supercells using static DFT
calculations. The final volume for each x (x =0.25, 0.5, and 1.0) was determined
by averaging the volumes of the three structures. A higher plane-wave energy
cutoff of 648.7 eV was used in the volume-determination processes to avoid the
Pulay stress problem [39] caused by the volume change of the cell. Finally, the
LIBOSS structures were adjusted to the tetragonal (x = 0) and cubic (x = 0.25,
0.5, and 1.0) supercells with the determined volumes and again equilibrated for
5 ps at 300 K. RDFs and CNs of the structures obtained from this equilibration
step were analyzed using rigorous investigation of networks generated using

simulations (RINGS) code.
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4. Result & discussion

4.1. LIBOSS structure

In this study, we mixed LS, B>S3, and Lil in a ratio of 30:25:45 to prepare
three structures in which Lil is crystallized, partially crystallized, and
amorphous [22,40,41]. Among them, the most stable structure is a crystallized
structure, which has a unit energy 0.10 eV lower than that of other structures
(Fig. 1(a)). These results are consistent with the results of actual experiments
[22]. After that, SiO> was added to 30Li,S-25B,S3-45Lil to make the models of
x=0.25,x=0.5, and x = 1.0 with the ratio of LIBOSS (Li1.05B0.5SixO2:S1.05I0.45)
reported in the paper (Fig. 1(b)—(d)) [22].

The addition of SiO2 to LixS—-B2S3;—Lil glass leads to the formation of
LIBOSS (Li1.05B0.5S1xO2.S1.05l0.45) glass. The Lil crystals start to dissolve with
even a small amount of SiO; (x = 0.125) and completely dissolve with a larger

amount (x =0.25) [22].

12



(b) x=0.25

T30

Fig. 1. LIBOSS (Li1.0sB0.5S1:02:S1.0510.45) glasses with (a) x =0, (b) 0.25, (¢) 0.5,
and (d) 1.0. The green, orange, red, blue, yellow, and purple spheres represent
the Li, B, O, Si, S, and I atoms, respectively. For x = 0, three glass models, one
containing crystalline Lil, one containing partially collapsed Lil, and one
containing fully collapsed Lil, are shown with numbers representing the relative

energies per Lii.05Bo.sS1.050.45s formula unit.
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4.2. Radial distribution functions (RDFs) and coordination

numbers (CNs)

RDFs analysis was performed to confirm the change in the average bonding
distance of each element according to the input ratio of SiO». As a result, there
was no peak when >3 A or more, and the peak appeared widely in the bonding
between Li—Li, Li-B, and Li—Si. The absence of such a long-range order
indicates the amorphous nature of LIBOS. The peak positions for Li—S and B—S
pairs are 2.45 to 2.51 and 1.82to 1.87 A at x =0, 0.25, 0.5, and 1.0, respectively,
with a small deviation of 0.05 to 0.06 A (Fig.2). However, Li—I, Li—Li, and
Li—B show significant changes in the addition of SiO». Li—I, Li—Li, and Li—B
were 2.86, 4.34, 3.40 A at x = 0 and decreased relative to x = 0 to 2.73, 3.12,
and 2.84 A at x = 1.0. In order to confirm that the cause of this decrease is due
to the input of SiO», the RDF having a crystallization structure of x = 0 and the
RDF having an amorphous structure were compared. As a result, it can be seen
that, in the case of Li—I, the crystallization of Li—I had a large effect, but in the
case of Li—Li and Li—B, the structural change by the addition of SiO> was the
effect. Additionally, CNs between atoms in the LIBOSS glass were identified.
Among them, CNri-s, CNri-1, and CNg-s decrease by 0.89, 1.13, and 1.87,
respectively, as x increases from 0 to 1.0 (Fig.3 and Table 1). This change is due

to the preference for O atoms to attach to Li atoms and B atoms due to the input
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of Si0;. This is explained by 0.62, and 0.83 increases in CNri-o0, and CN-o
when x increases from 0.25 to 1.0. The radial distribution functions (RDFs) for
the Li-S, Li-I, Li-Li, Li-B, and B-S pairs in the LIBOSS glasses with x = 0
and 1.0 were displayed in Fig. 4. For x = 0, the RDFs in the glasses with and
without crystalline Lil were also displayed. The peak position of the Li—I pair
shifts downward by 0.13 A from 2.86 A for x = 0 (with Lil) to 2.73 A for x =
1.0. The shift 0f 0.13 A in the Li-I distance is mainly due to the collapse of Lil
crystal in LIBOSS, because the Li-I peak position for x = 0 (without Lil) is
closer to that for x = 1.0 than for x = 0 (with Lil). The peak positions of the Li—
Li and Li-B pairs shift downward by 0.56-1.22 A from 4.34 and 3.40 A for x =
0 (with Lil), respectively, to 3.12 and 2.84 A for x = 1.0, respectively. The shifts
of 1.22 and 0.56 A in the Li-Li and Li-B distances are mainly attributed to
Si02-induced structural changes, because the Li—Li and Li—B peak positions for

x = 0 (without Lil) are closer to those for x = 0 (with Lil) than for x = 1.0.
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A

Li-Li

Li-B

B-S

[i—O

RDF (arb. unit)

S0

B-O r\

Li-Si

Fig. 2. Radial distribution functions (RDFs) of the atomic pairs in the LIBOSS
(Li1.05B0.5S1:O2xS1.0510.45) glasses obtained from AIMD simulations for 3 ps at T

=300 K.
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Coordination numbers (CNs) of atoms in the LIBOSS

(Li1.0sB0.5S1:O02:S1.0510.45) glasses. CNgp represents the number of  atoms
around an a atom. The bond cutoff distances are 3.3, 3.7, 3.7, 3.3, 2.5, 2.8, 2.5,
2.0, and 3.5 A for the Li-S, Li-I, Li-Li, Li-B, B-S, Li-O, Si—O, B—O, and

Li—Si pairs, respectively.
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Fig. 4. Radial distribution functions (RDFs) of the atomic pairs in the LIBOSS

(L11.05B0.5S1:02,S1.0510.45) glasses obtained from the AIMD simulations for 3 ps

at 7=300 K.

18



Table 1

Coordination numbers (CNs) of atoms in the LIBOSS (L1ii.05B0.5SixO2:S1.0510.45)

glasses.?
CNop x=0 x=0.25 x=0.5 x=1.0
CNLi-s 2.36 1.93 1.75 1.47
CNLit 2.14 1.47 1.26 1.01
CNLi-Li 1.27 1.74 1.78 1.52
CNLis P72 1.04 1.07 0.75
CNB-s 2.67 1.56 1120, 0.80
CNLio 0.89 1.23 1.51
CNsio 0.39 1.46 2.52
CNs-o 1.14 1.56 1.97
CNLi-si 0.35 0.63 1.21

# CNg-p represents the number of B atoms around an o atom. The bond cutoff
distances are 3.3, 3.7, 3.7, 3.3, 2.5, 2.8, 2.5, 2.0, and 3.5 A for the Li-S, Li-I,

Li—Li, Li—B, B—S, Li—0, Si—0, B-O, and Li—Si pairs, respectively.
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4.3. Diffusivity analysis

Li ion transport in LIBOSS glass at 7= 300 K was examined using AIMD
simulation. To effectively obtain Li ion diffusivity (D) at 7= 300 K, LIBOSS
glasses at x = 0, 0.25, 0.5 and 1.0 were simulated at 7= 600, 700, 800 and 900
K for 30 ps. In the LIBOSS glass with x = 0, the two inner layer atoms of the
Lil crystal were kept in the bulk position to prevent the destruction of the
crystalline Lil during simulations at these temperatures (> 600 K). The mean-
square displacement of Li ions at 7= 600, 700, 800 and 900 K was calculated
as a function of ¢. The calculated dms curves are approximately linear for x = 0,
0.25, 0.5 and 1.0 (Fig. 5). This linearity allowed us to determine the D values at
T = 600, 700, 800, and 900 K using the Einstein relation D = <7*(£)>/6t. where
D is diffusivity and <7*(f)> is the mean-square displacement. The D values at T
= 600, 700, 800, and 900 K were estimated using the Arrhenius law D = Dy
exp(—Ep/ksT) at T =300 K. where Dy is the pre-exponential factor, Ep is the
activation energy for diffusion, and Kg is the Boltzmann constant. Arrhenius
plots for x = 0, 0.25, 0.5 and 1.0 show the linear change of In(D) with inverse
temperature (Fig. 6(a)).

The calculated Li ion diffusivity in LIBOSS glass at 7= 300 K is 3.0 x 10,
20x107,1.5x 107 cm? st at x =0, 0.25, 0.5 and 1.0, respectively (Table 1

and Fig.6(b)). Using the Li ion diffusivity at 7= 300 K, the Li ion conductivity
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(0) was estimated based on the Nernst-Einstein relationship ¢ = DNg*/kzT.
where N is the carrier density and ¢ is the carrier charge. The Li ion
conductivities were 2.5, 14.6, 9.8 and 7.4 mS cm ! at x =0, 0.25, 0.5, and 1.0,
respectively (Table 2), with the maximum at x = 0.25 (Fig. 6(c)). The
conductivity of 14.6 mS cm™! at x = 0.25 is close to a value of about 10 mS cm !
for a conventional liquid electrolyte [10]. The calculated conductivity for each
x differs from each experimental value (Table 2) by approximately one order.
Nevertheless, the conductivity curve peaking at x = 0.25 and decreasing as x
deviates from 0.25 is in good agreement with that reported by Kaup et al. [22]
(Fig. 6(c)). This suggests that the simulation model for LIBOSS glass is
qualitatively valid.

For x = 0, the diffusivity calculation results in the LIBOSS glasses with and
without crystalline Lil were also presented in Fig. 7 and Table 3. The structures
of LIBOSS glasses with and without crystalline Lil were displayed in Fig. 1a.
The LIBOSS glass with crystalline Lil is more stable by 0.1 eV per formula unit

than that without crystalline Lil.
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Table 2

Diffusion properties of Li ions in the LIBOSS (Li1.05sB0.5S1:02:S1.0510.45) glasses.?

X Do D Ep o
This work 0 1.5x107° 3.0x10°* 0.28 2.5
0.25 7.8x10*  2.0x 1077 0.21 14.6
0.5 54x10*%  1.5x1077 0.21 9.8
1.0 3.8x10*  1.4x1077 0.20 7.4
Ref[22]. 0 0.35 0.53
0.25 0.33 2.1
0.5 0.35 1.0
1.0 0.36 0.18

2Dy (cm? s°!) is the pre-exponential factor, D (cm” s ') is the diffusivity at 7 =

300 K, Ep (eV) is the activation energy for diffusion, and ¢ (mS cm!) is the

conductivity at 7= 300 K.

Table 3

Diffusion properties of Li ions in the LIBOSS (x = 0) glasses with and without

crystalline Lil

Do D Ep o
with Lil 1.5x1073 3.0x 108 0.28 2.5
without Lil 82 x 10 7.9 %1077 0.18 66.1
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and (c) conductivity (¢) of Li ions as a function of SiO> content in the LIBOSS
glasses at 7= 300 K. In (c), the blue squares represent the conductivity reported

in an experimental study [22].
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4.4. Bader charge and diffusion trajectory

Two factors can explain why the LIBOSS glass with x = 0.25 has the highest
Li ion conductivity. First, the higher conductivity at x = 0.25 than at x = 0 is due
to the absence of Lil crystals in the LIBOSS glass. Li ions in Lil crystals hardly
participate in ion transport because they are almost immobile. Indeed, at x = 0,
LIBOSS glass without crystalline Lil exhibits a diffusivity of 7.9 x 1077 cm? s~
and a conductivity of 66.1 mS cm! (Table 3 and Figure 7). These values are
higher than for LIBOSS glass with x = 0.25 (2.0 x 1077 cm? s™! and 14.6 mS
cm !, respectively). Second, the higher conductivity at x = 0.25 than at x = 0.5
and 1.0 is because CNyri-o increases as x increases from 0.25 to 1.0 (Fig. 3).
Diffused Li ions can exhibit attractive interactions with anions that are O, S and
I and repulsive interactions with Li, B and Si cations. The Li—A electrostatic
interaction (A = Li, B, O, Si, S, I) can be estimated by a simple method using
the Li—A distance (d) of A and the Bader charge (Q). The electrostatic energy
term (—QLiQa/dLi-a) estimated at x = 0.25 shows that the attractive interaction
strength of Li—A decreases in the order Li—O > Li—S > Li—I, and the repulsive

interaction strength is Li—B > Li—Si > Li—I in the order of decreasing (Table 4).
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Table 4

Li—A distances (d), Bader charges (Q), and their combinations to evaluate the

electrostatic interactions in the LIBOSS (Lij.05B0.5S1:02:S1.0510.45) glass with x =

0.25.
A dria (A)? Ox (e)® —OrLiQa/dLi-A°
Li 3.18 +0.90 —0.26
B 2.98 +1.69 -0.51
0) K93 —1.47 +0.69
Si 3.85 +2.03 —0.48
S 2.48 —1.09 +0.40
I 2.78 —0.64 +0.21

*The dvLi-a values indicate the first-peak positions of the RDFs in Fig. 2.

®The QOa values were determined by averaging the Bader charges of atoms of

the three structures obtained during the AIMD simulation at 7= 300 K.

‘Units are omitted. The positive and negative signs indicate the attractive and

repulsive interactions between Li and A, respectively.
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Since Li ions can migrate by breaking bonds with surrounding anions,
breaking the strongest Li—O bonds is essential for rapid Li ion diffusion. As
shown in Fig. 3, CNLi-o increases by 0.62 from 0.89 to 1.51. As x increases from
0.25 to 1.0, it can be seen that the diffusion of Li ions must break bonds with O
atoms as x increases. This leads to a decrease in conductivity as the SiO> content
increases. The introduction of SiO> into LIBOSS causes the local Lil crystals in
the LIBOSS glass to decompose, increasing the number of mobile Li ions.
However, as the SiO content increases, the movement of Li ions is increasingly
hindered by O atoms, resulting in maximum conductivity at x = 0.25. The way
in which individual Li ions diffuse in the LIBOSS glass was also investigated.
Fig. 8(a) shows the dms curves of fast and slow moving Li ions obtained from
AIMD simulations of LIBOSS glass with x = 0.25 at 7 =900 K. The duws value
of slow Li ions is less than 50 A%, whereas the dums value of fast Li ions is up to
300 A2. The values of CNri-a (A =Li, B, O, Si, S, I) calculated for slow Li ions
and fast Li ions show that the total number of cations around Li (CNri—cation)
equals the total number of anions around Li. (CNLi-anion) 1S smaller than (Fig.
8(b)). Interestingly, the CNri-anion Of the fast Li ion (4.08) is greater than the
CNLi-positivity of the slow Li ion (4.06) by 0.69 than that of the slow Li ion (2.88).
It has a higher cation to anion ratio for fast Li ions (0.88) than for slow Li ions
(0.71).

The presence of many cations around Li seems to be an important factor for

the rapid diffusion of Li ions. As mentioned earlier, Li ions can diffuse by
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breaking their bonds with surrounding anions, especially oxygen, which attracts
the Li ions the most. If only anions exist around Li ions, it is very difficult for
the anions to diffuse due to the strong Li—anion bond. However, when both
cations and anions surround Li ions, the bond between Li ions and anions is
weakened because the cations attract the anions. This provides more
opportunities for Li ions to break their bonds with the nearest anions and escape.
To confirm this, the values of CNri-a and dii-a for fast Li ions in Fig. 8(a) were
analyzed over a period of 13.1 to 14.1 ps in which the dms curve rapidly
increased (inset of Fig. 8(a)). See Part A and B). This 1ps period corresponds to
a hopping event in the Li diffusion process, which is a repetition of Li ion
oscillation and hopping, as in the fast Li ion orbit in Fig. 8(c). The calculated
CNvii-a and dri-a values over 1 and 30 ps periods are presented in Table 5. The
CNLi-a values for the 1-ps period are 0.22—1.63 smaller than that for the 30-ps
period, whereas CNLi-s;i and CNri-s are 0.02 and 0.73 greater than the 30-ps
period, respectively. Therefore, CNLi-cation and CNLi-anion in 1-ps period are 2.25
and 0.17, respectively, which are smaller than CNLi-cation in 30-ps period. The
dii-a values in the 1-ps period are 0.11-0.69 A longer than those in the 30-ps
period, except for A =S and I. The dii-s value of the 1-ps period is the same as
that of the 30-ps period, and the dvi-1 value of the 1-ps period is 0.04 A shorter
than the value of the 30-ps period. Comparing CNri-a and dri-a with 1—ps and
30-ps periods, it can be seen that Li ions can jump at the moment they are

attracted by cations. In particular, during hopping of Li ions, dri-o increased
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significantly by 0.69 A from 2.09 A (30 ps) to 2.78 A (1 ps), indicating that
breaking Li—O bonds is very important for Li—O hopping. . During Li ion
hopping, CNri-o decreases by 0.68 from 0.68 (30 ps) to 0.003 (1 ps), while
CNLi-s increases by 0.73 from 1.51 (30 ps) to 2.24 (1 ps). During Li ion hopping,
CNiri-o decreases by 0.68 from 0.68 (30 ps) to 0.003 (1 ps), while CNgi-s
increases by 0.73 from 1.51 (30 ps) to 2.24 (1 ps). This suggests that, unlike O
atoms, S atoms do not inhibit Li ion hopping, which is consistent with higher Li
ion conductivity in sulfides than in oxide solid electrolytes. As shown in Figure
8 and Table 5, when the Li—anionic bond is weakened with the help of
surrounding cations, Li ions can easily jump, which can be viewed as cation-

assisted Li ion diffusion.

30



(a) 190 — fastLi
A B Am 5
100 A Rl — slow Li
300 | ’ |
- 50 "w‘ww
N
= 0
\-:0200 12 13 14 15 whp
EE
100 J\MA
0 Y.y W
0 10 20 30
time (ps)
5
(b)
anion anion
- m '
cation .
3 cation
= S
(&)
2
1
slow Li fast Li

Fig. 8. (a) Mean-square displacements (dws) of fast- and slow-moving Li ions in
the LIBOSS (Li1.0sB0.5S1xO02:S1.05l0.45) glass with x = 0.25 at 7' = 900 K. (b)
Coordination numbers (CNs) of the fast and slow Li ions over a period of 30 ps.
(c) Trajectory of the fast Li ion over a period of 4 ps (11.5-15.5 ps). A and B
represent 13.1 and 14.1 ps, respectively. The atomic configurations at 12.7 and

13.6 ps are displayed.
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Table 5

CNvii-a and dvi-a of the fast Li ion in Fig. 8(a), obtained over a partial period of
1 ps (13.1-14.1 ps) and a full period of 30 ps in the AIMD simulation of the

LIBOSS (Li1.0sB0.5S1x02:S1.0510.45) glass with x = 0.25 for 30 ps at 7= 900 K.

cation anion

A Ips 30ps A A Ips 30ps A
Li 084 247 -1.63 O  0.003 068 -0.68
B 016 0.80 —0.64 S 224 151  +0.73
Si 032 030 +0.02 I 1.67 189 -0.22
total 1.32 357 225 total 391 4.08 —0.17
Li 340 323 +0.17 O 278 2.09 +0.69
dia(Ad) B 303 292 +0.11 S 266 266  0.00
Sit 13.27 %311  +0.16 I 294 298 —0.04

CNvLi-a
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4.5. H»S gas formation

Kaup et al. also reported that the production of HzS is reduced when adding
oxygen to LIBOSS [22]. Our calculations show that SiO> in LIBOSS increases
the resistance to H2S gas formation. When the LIBOSS glass reacted with H20,
the H2S formation reaction was assumed to be as follows: LIBOSS(Ns) (s) +
2H>0 (g) — LIBOSS(Ns — 2) (s) + 2HaS (g) + O2 (g), where Ns represents the
number of S atoms in the supercell and s and g represent solid and gas phases,
respectively. The LIBOSS(Ns — 2) structure was obtained by optimizing the
LIBOSS structure in which two S atoms were removed, and several LIBOSS(Ns
— 2) structures were investigated to calculate the formation energy of H»S. The
calculated average H>S formation energies are 3.20 and 3.94 eV at x = 0 and
0.25, respectively (Fig. 6), indicating that H>S formation is not energetically
good at x = 0.25 than at x = 0.

The roles of oxygen and sulfur in glassy solid electrolytes can be summarized
from our calculation results as follows: oxygen reduces immobilized Li ions
(i.e., kinetically lost Li ions) and inhibits H>S formation but hinders Li ion
diffusion, whereas sulfur relatively promotes Li ion diffusion but causes H>S
formation. It is thus preferable that glassy solid electrolytes contain both oxygen

and sulfur. Furthermore, precise control of the oxygen:sulfur ratio is key to
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achieving optimal performance of the glassy solid electrolyte in terms of

conductivity and moisture stability.
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Fig. 9. Formation energy of H>S from LIBOSS, defined as Er= [E(LIBOSS; Ng
—2) + 2E(H2S) + 2E(0O2) — E(LIBOSS; Ns) — 2E(H20)]/2, where E(LIBOSS) is
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H>S, Oz, and H>O molecules, respectively. The positive formation energy
indicates that the formation of H>S from LIBOSS is energetically unfavorable.

Horizontal bars represent the average formation energies.
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5. Conclusion

This first-principle study elucidated the diffusion mechanism ofLi ions inside
LIBOSS (Li1.05B0.5SixO2xS1.0510.45) glasses. Oxygen in the LIBOSS glass exerts
two opposing effects, respectively, which degrade local Lil crystals and strongly
attract Li ions, increasing and decreasing Li ion conductivity. Between the two
effects of oxygen, the maximum conductance reached 14.6 mS cm™' when SiO»
was added by x = 0.25. Li ions can diffuse much faster in a cation-rich
environment than in a cation-poor environment, because the cation attracts
anions around Li, so the Li ions can break bonds with surrounding anions,
especially oxygen. Our work provides an atomic-level understanding of ion
transport in glass materials as well as the roles of glass elements in terms of
conductivity, salt decomposition, and hydrogen sulfide formation. The proposed
cation-assisted ion diffusion mechanism and the elucidated roles of oxygen and
sulfur could be helpful in designing high-performance glassy solid electrolytes

for ASSBs.
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