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ABSTRACT: The development of solid electrolytes (SEs) is a promising
pathway to improve the energy density and safety of conventional Li-ion
batteries. Several lithium chloride SEs, Li3MCl6 (M = Y, Er, In, and Sc), have
gained popularity due to their high ionic conductivity, wide electrochemical
window, and good chemical stability. This study systematically investigated 17
Li3MCl6 SEs to identify novel and promising lithium chloride SEs. Calculation
results revealed that 12 Li3MCl6 (M = Bi, Dy, Er, Ho, In, Lu, Sc, Sm, Tb, Tl, Tm,
and Y) were stable phase with a wide electrochemical stability window and
excellent chemical stability against cathode materials and moisture. Li-ion
transport properties were examined using bond valence site energy (BVSE) and
ab initio molecular dynamics (AIMD) calculation. Li3MCl6 showed the lower
migration energy barrier in monoclinic structures, while orthorhombic and trigonal structures exhibited higher energy barriers due to
the sluggish diffusion along the two-dimensional path based on the BVSE model. AIMD results confirmed the slower ion migration
along the 2D path, exhibiting lower ionic diffusivity and higher activation energy in orthorhombic and trigonal structures. For the
further increase of ionic conductivity in monoclinic structures, Li-ion vacancy was formed by the substitution of M3+ with Zr4+. Zr-
substituted phase (Li2.5M0.5Zr0.5Cl6, M = In, Sc) exhibited up to a fourfold increase in ionic conductivity. This finding suggested that
the optimization of Li vacancy in the Li3MCl6 SEs could lead to superionic Li3MCl6 SEs.
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1. INTRODUCTION

Lithium-ion batteries are widely used in portable electronics
and have become popular candidates in emerging applications
that specifically demand high energy density and enhanced
safety, including electric vehicles and energy storage systems.1,2

One promising pathway is the development of solid electro-
lytes (SEs).3−5 SEs with a metallic Li anode exhibit higher
energy density than conventional graphite-based anodes,6

which allow the high energy density of Li−S and Li−air
batteries.7,8 Furthermore, SEs significantly improve safety by
replacing the flammable conventional liquid electrolytes.9

Various types of SEs have been applied in all-solid-state
lithium batteries.10−12 Sulfide SEs exhibit a high ionic
conductivity (10 mS/cm), which is comparable to that of
liquid electrolytes.12,13 However, sulfide SEs are unstable when
exposed to moisture and exhibit narrow electrochemical
stability.14,15 Oxide SEs are chemically stable and show high
ionic conductivity (∼1 mS/cm for Li7La3Zr2O12)

16,17 but
require a high-temperature sintering process.18,19 Several
lithium chloride SEs have been recently reported as promising
SEs due to their high ionic conductivity, wide electrochemical
window, chemical stability, and scalable synthesis.20,21

Asano et al. reported Li3YCl6 SEs with high ionic
conductivity of 0.5 mS/cm,22 and Li3MCl6 SEs (M = Er, In)

have been subsequently developed.23−26 Specifically, Li3InCl6
exhibited high ionic conductivity (2 mS/cm) and was
synthesized by a scalable water-mediated method.26 A recent
study demonstrated the excellent ionic conductivity of
Li3ScCl6 (3 mS/cm) at room temperature.27 A theoretical
study by Wang et al. reported that high ionic conductivity
(∼10 mS/cm) and good electrochemical stability is expected
in Li chloride SEs.20 Furthermore, Park et al. produced mixed-
metal chlorides, namely, Li3−xM1−xZrxCl6 (M = Y, Er), by
replacing Y and Er with Zr. The resulting Li vacancy site in
Li3MCl6 led to phase transition and increased ionic
conductivity of up to 1.4 mS/cm.28

Although Li3MCl6 is a promising group of SEs, their
development is still in the early stages.21 This study aimed to
systematically investigate 17 Li3MCl6 (M = Al, Bi, Dy, Er, Ga,
Ho, In, La, Lu, Nd, Sb, Sc, Sm, Tb, Tl, Tm, and Y) to identify
the promising compounds. The Li3MCl6 SEs were evaluated
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according to their electrochemical stability window, chemical
stability against cathode materials and moisture, Li-ion
migration pathway, and ionic conductivity. The effect of Li
vacancy by aliovalent substitution on Li-ion migration was also
investigated to improve the ionic conductivity.
Calculation results revealed that 12 Li3MCl6 (M = Bi, Dy,

Er, Ho, In, Lu, Sc, Sm, Tb, Tl, Tm, and Y) were stable phases
with a wide electrochemical stability window and good
chemical stability against cathode materials and moisture. Li-
ion transport properties examined by the bond valence site
energy (BVSE) and ab initio molecular dynamics (AIMD)
indicated that Li-ion migration was dependent on the structure
of Li3MCl6. Most Li3MCl6 showed the lowest migration energy
barrier in monoclinic structures, while orthorhombic structures
and trigonal structures exhibited higher energy barriers. AIMD
simulations showed that Li-ion migration through the 2D path
along the ab-plane exhibited lower ionic diffusivity and higher
activation energy in orthorhombic and trigonal structures.
Based on the calculation results, monoclinic Li3InCl6 and
Li3ScCl6 structures exhibit the highest ionic conductivities
among Li3MCl6 SEs. For the further increase of ionic
conductivity, Li-ion vacancy was formed by the aliovalent
substitution of M3+ with Zr4+ in Li3MCl6 SEs. Zr-substituted
phase Li2.5In0.5Zr0.5Cl6 and Li2.5Sc0.5Zr0.5Cl6 increased ionic
conductivity up to fourfold at 300 K. This finding suggested
that the optimization of substitution (type and level of Li
vacancy) in the Li3MCl6 SEs would be helpful in developing
superionic Li chloride SEs.

2. METHODS
First-principles calculations were performed based on a plane wave
basis set, the projector augmented wave method,29 and the
generalized gradient approximation in the Perdew−Burke−Ernzerhof
exchange−correlation functional30 as implemented the Vienna ab
initio simulation package.31,32 The cutoff energy for the plane waves
and k-points grid for the total energy calculations were consistent with
the setting in the Materials Project (MP) database.33 Energy
corrections for anions, transition metals, and gas/liquid phases were
included in the MP.34,35

The phase stability of the Li chlorides was evaluated based on Li−
M−Cl phase diagrams from the MP.36 The energy above the convex
hull (Ehull) for the Li chlorides indicated the energy above the

competing stable phases. The Li3MCl6 phases exhibiting Ehull below
25 meV/atom were considered as stable phases since they can be
stabilized by entropic effects at room temperature. The electro-
chemical stability of the Li chlorides was determined using the grand
potential phase diagram as a function of the chemical potential of Li

μ φ μ φ= − e( )Li Li,0 (1)

where μLi,0 is the chemical potential of lithium metal, e is the
elementary charge, and φ is the potential referenced to a lithium metal
anode. Python Materials Genomics (pymatgen)37 code was used to
construct the grand phase diagram, which provided the most stable
compounds as a function of Li chemical potential.

The chemical reaction energy of the Li3MCl6 SEs was determined
based on a method by Richards et al.38 Four commercial cathode
materials, namely, LiCoO2 (LCO), LiMn2O4 (LMO), LiFePO4
(LFP), and Li(NiMnCo)1/3O2 (NMC), were used to examine the
chemical stability of the Li3MCl6 SEs against the cathode materials.
The hydrolysis stability was evaluated using the chemical reaction
energy between the Li3MCl6 SEs and H2O. The chemical stability of
the sulfide SEs (Li6PS5Cl, Li10GeP2S12, and Li3PS4) against cathode
materials and moisture were also calculated to compare the stability of
the chloride and sulfide SEs.

The crystal structure of lithium chlorides Li3MCl6 was obtained
using the data mined structure prediction (DMSP) algorithm by
Hautier et al.,39 which facilitated to generate a new and reasonable
crystal structure by the chemical substitution of the existing
materials.37,40 After collecting the M1−M2−X ternary materials, the
most reasonable space group was selected using the DMSP algorithm
for lithium chlorides Li3MCl6.

BVSE calculations were performed to investigate the Li-ion
migration path and the energy barriers in the Li3MCl6 SEs using
the SoftBV software tool.41,42 Li site energies (EBVSE,Li) were
calculated for a dense grid with a resolution of 0.1 Å using the
Morse type SoftBV interaction potential. The Li migration path was
identified based on the isosurface of EBVSE,Li. The minimum value
required to form a migration path was used as the energy barrier. The
crystal structures and ionic migration path were visualized using the
VESTA program.43

The Li-ion diffusivity within the Li3MCl6 SEs was calculated using
AIMD calculations. Due to the demanding nature of AIMD
calculations, a lower energy cutoff of 350 eV, gamma point-only
sampling of the Brillouin zone, and the NVT ensemble with a Nose−́
Hoover thermostat44 were used. Mean squared displacement (MSD)
data were collected for 80 ps at 600 and 700 K, and 40 ps at 800, 900,
and 1000 K. The time step used for AIMD was 2 fs, and the MSD

Table 1. Phase Stability (Energy above the Hull, Ehull, and Decomposition Phases) of Li3MCl6 SEs Based on the Space Group43

Ehull (meV/atom)

Li3MCl6 monoclinic (C2) trigonal (P321) orthorhombic (Pna21) stability decomp. phases

Li3AlCl6 25 64 46 unstable LiAlCl4, LiCl
Li3BiCl6 0 2 7 stable N/A
Li3DyCl6 5 11 6 metastable DyCl3, LiCl
Li3ErCl6 0 0 0 stable N/A
Li3GaCl6 45 82 64 unstable LiGaCl4, LiCl
Li3HoCl6 0 0 0 stable N/A
Li3InCl6 0 0 0 stable N/A
Li3LaCl6 55 51 51 unstable LaCl3, LiCl
Li3LuCl6 0 0 0 stable N/A
Li3NdCl6 44 41 71 unstable NdCl3, LiCl
Li3SbCl6 26 38 32 unstable SbCl3, LiCl
Li3ScCl6 11 30 20 metastable ScCl3, LiCl
Li3SmCl6 6 7 4 metastable SmCl3, LiCl
Li3TbCl6 12 17 13 metastable TbCl3, LiCl
Li3TlCl6 17 31 21 metastable TlCl3, LiCl
Li3TmCl6 0 8 4 stable N/A
Li3YCl6 20 25 21 metastable YCl3, LiCl
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values were measured after an equilibration time of 20 ps. The
diffusion coefficient (D) was derived from the MSD of Li ions

= ⟨[ + − ] ⟩D
dt

t t tr r
1

2
( ) ( )0 0

2
(2)

where d is the dimensionality of the system, t0 is the initial time, t is
the time window for MSD, and the angled brackets indicate average
overall Li ions. The ionic conductivity (σ) was calculated using the
Nernst−Einstein equation

σ = ze cD
k T

( )2

B (3)

where z is the valence of an ion, e is the elementary charge, c is the
concentration of the ion, D is the diffusion coefficient, kB is the
Boltzmann constant, and T is the temperature.

3. RESULTS
3.1. Structures and Phase Stability. The space group of

A3BX6 (A+, B3+, and X−) was examined for the structure
prediction of the Li3MCl6 SEs using the DMSP algorithm. The
DMSP algorithm suggested that the C2 (monoclinic), P321
(trigonal), and Pna21 (orthorhombic) space groups are the
most appropriate candidates for the substitution. This
prediction is in good agreement with the crystal structures of
the Li3MCl6, exhibiting the trigonal (P3̅m1) structure for Y,
Tb, and Tm,45,46 the orthorhombic (Pnma) structure for Y, Yb,
and Lu,46,47 and the monoclinic (C2/m) structure for Sc.46 All
of the Li3MCl6 was prepared using these three types of
structures (total of 51 Li3MCl6 structures), as shown in Table
1. The crystal structures of Li3ScCl6 (monoclinic, mp-686004),
Li3ErCl6 (trigonal, mp-676361), and Li3AlF6 (orthorhombic,
mp-556020) in the MP33 database were selected to generate
the structure of Li3MCl6. After appropriate ionic substitution,
the structures and ionic position of Li3MCl6 were fully relaxed.
The lattice constants of Li3MCl6 for three space groups are
presented in Table S1. The lattice constants of Li3MCl6 in
Table S1 indicate that the fully relaxed Li3MCl6 structures
maintained their symmetries.
The phase stability of the Li3MCl6 structures was

determined using the Ehull of Li3MCl6 in the Li−M−Cl
phase diagram, as listed in Table 1. The trend of the crystal
structures of Li3MCl6 is consistent with the experimental
results. The monoclinic Li3ScCl6 is found to be a stable phase
compared to the trigonal and orthorhombic phases.27,45

Experimentally synthesized trigonal Li3MCl6 (M = Tb, Dy,
Ho, Er, and Tm)45,46 and orthorhombic Li3MCl6 (M = Y, and
Lu)46,47 structures exhibit Ehull values below 25 meV/atom,
confirming that the phase stability calculations are in good
agreement with the experiments. The Li3MCl6 (M = Bi, Dy, Er,
Ho, In, Lu, Sm, Tb, and Tm) are stable phases for all the space
groups. Based on the Ehull, several Li3MCl6 (M = Al, Ga, La,
Nd, and Sb) exceeded the stability criterion (>25 meV/atom),
indicating that these compounds are unstable for all three
space groups. The phase stability calculations exhibited the
stable 12 Li3MCl6 (M = Bi, Dy, Er, Ho, In, Lu, Sc, Sm, Tb, Tl,
Tm, and Y) phases.
Mostly, monoclinic Li3MCl6 structures exhibited the lowest

total energy and Ehull among the three space groups, as shown
in Table S2. However, the negligible energy difference (∼10
meV/atom) among monoclinic, trigonal, and orthorhombic
structures indicated that trigonal and orthorhombic structures
could be stabilized at high temperature by the entropic effect.
Based on the energy difference between monoclinic and
trigonal structures in Figure S1, Li3MCl6 SEs with smaller ionic

radii of M such as Sc (75 pm) and In (80 pm) are likely to
maintain a monoclinic structure. In comparison, other Li3MCl6
SEs with larger ionic radii of M (>88 pm, Er, Y, Ho, Dy, Tb,
Sm, and Bi) can exhibit trigonal phase at high temperature
during syntheses procedures, which are consistent with
experimental results.21,27,45−47

3.2. Electrochemical and Chemical Stabilities. The
electrochemical and chemical stabilities of Li3MCl6 SEs were
investigated using the most stable phases for each Li3MCl6 SE
in Table 1. The electrochemical stability window was
calculated based on the grand potential phase diagram as a
function of Li chemical potential, as shown in Figure 1.

Theoretical electrochemical stability windows are in good
agreement with the experimental results for Li6PS5Cl,

48

Li10GeP2S12,
49 Li3PS4,

50 Li3InCl6,
25 and Li3ScCl6,

27 which are
presented with a dashed line. The Li3MCl6 SEs exhibited a
wide stability window compared to Li sulfide SEs (e.g.,
Li6PS5Cl, Li10GeP2S12, and Li3PS4). The oxidation potential of
the Li sulfide SEs was approximately 2 V, which indicated that
the sulfide SEs were unstable against oxidation. However, the
Li3MCl6 SEs generally exhibited a wide stability window and a
high oxidation potential. All of the stable Li3MCl6 SEs
exhibited an oxidation potential above 4.2 V, while the
operation potential of typical cathode materials ranges between
2.8 and 4.3 V. Most of the Li3MCl6 SEs exhibited a wide
stability window that covers this range, indicating that Li3MCl6
are stable SE candidates for applications with high-voltage
cathodes. The reduction and oxidation potentials of the stable
Li3MCl6 SEs are listed in Table S3. The reduction potential of
Li3TlCl6 was higher than those of others (above 3 V) because
of the decomposition to TlCl and LiCl phases, indicating that
Li3TlCl6 is unstable and susceptible to reduction if used with
typical cathode materials.
The reaction energies between the stable Li3MCl6 SEs and

four commercial cathode materials, LCO, LMO, LFP, and
NMC, were calculated as shown in Figure 2. The chemical
reaction energy between Li3MCl6 and LMO was below 30
meV/atom, indicating the chemical stability of Li3MCl6 against
the LMO cathode. The reaction energies were slightly higher
for LFP (∼40 meV/atom) and LCO (∼50 meV/atom), but
kinetics at the interface can hinder the decomposition of the
Li3MCl6 SEs and the cathode material. The reaction energies
for NMC were higher than those of other cathode materials

Figure 1. Electrochemical stability window of lithium chloride SEs
(Li3MCl6) and lithium sulfide SEs (Li6PS5Cl, Li10GeP2S12, and
Li3PS4). The experimental results are presented for Li6PS5Cl,
Li10GeP2S12, Li3PS4, Li3InCl6, and Li3ScCl6 with a dashed line.
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(∼80 meV/atom). The chemical reaction energy between the
Li3MCl6 SEs and cathode materials was much lower (<100
meV/atom) than the sulfide SEs (above 300 meV/atom for
NMC, LMO, and LCO), where phase decomposition was
expected at the sulfide SE interface. The reaction energy
between the sulfide SEs and the LFP cathode material was
approximately 100 meV/atom, which would also result in
chemical decomposition at the interface.
The reaction energies of chloride and sulfide SEs against the

cathode materials are negative, suggesting that these are not
stable against chemical decomposition (thermodynamically
preferred reaction). However, the kinetic barrier can prevent
the chemical reaction of chloride SEs due to the lower reaction
energy (<100 meV/atom). The sulfide SEs can react with the
cathode material, but the decomposition phase at the interface
can hinder the further decomposition of sulfide SEs. The
details of the decomposition reactions between the 12 stable
Li3MCl6 (i.e., Li chloride) and three Li sulfide SEs and the four
cathode materials are presented in Table S4.
The reaction energies between the Li3MCl6 and Li sulfide

SEs and H2O were calculated to determine hydrolysis stability,
as listed in Table S4. All of the Li3MCl6 SEs exhibited excellent
hydrolysis stability, and no decomposition phases were found.

This confirms previous experimental results, which demon-
strated the stability of Li3InCl6 after exposure to H2O.

26

Exposure to humid air can result in the formation of hydrate
Li3MCl6 phase based on the experimental results of Li3InCl6.

26

Nevertheless, the phase decomposition of Li3MCl6 would not
occur, and the hydrate phase can be recovered to pristine SE
after a drying step. The reaction energies between the sulfide
SEs and H2O were 50, 92, and 49 meV/atom for Li10GeP2S12,
Li6PS5Cl, and Li3PS4, respectively. This indicated that Li
sulfide SEs reacted with H2O and generated H2S (Table S4),
which was expected based on previous experimental results.15

The electrochemical stability window and chemical stability
of the Li3MCl6 SEs against cathode materials and moisture
demonstrated several advantages compared to the sulfide SEs.
The high oxidation potential (>4.2 V) of the Li3MCl6 SEs was
appropriate for use with high-voltage cathode materials, and
the interfacial stability of the Li3MCl6 SEs against cathode
materials such as LMO, LCO, and LFP was excellent. In
addition, the hydrolysis stability of the Li3MCl6 SEs is expected
to reduce the cost of the synthesis process. Conversely, the Li
sulfide SEs had a narrow stability window and high chemical
reaction energies against cathode materials, indicating that
additional coatings are required to stabilize the interface
between the Li sulfide SEs and cathode materials.51,52

3.3. Li-Ion Migration Pathways. The Li-ion migration
path and energy barrier in the Li3MCl6 SEs were investigated
using the BVSE method. The Li-ionic migration within the
monoclinic, trigonal, and orthorhombic structures of the 12
stable Li3MCl6 SEs was examined. Calculation results from the
BVSE indicated that Li-ion migration paths in monoclinic
structures included a three-dimensional cross-layer and two-
dimensional intralayer paths (Figure 3a), which were
connected by tetrahedral interstitial sites between octahedral
sites (Oct-Tet-Oct). The trigonal and orthorhombic structures
(including hcp anion sublattice) exhibited anisotropic
migration paths (Figure 3b,c; one-dimensional migration
path along the c-axis between octahedral sites (Oct-Oct) and
two-dimensional migration path along the ab-plane between
octahedral sites via interstitial tetrahedral sites (Oct-Tet-Oct)).

Figure 2. Heat map of the maximum reaction energy between 12
lithium chloride and three lithium sulfide SEs and four cathode
materials (LCO, LMO, LFP, and NMC). The details of chemical
reactions including decomposition phases between SEs and cathode
materials are shown in Table S4.

Figure 3. Li-ion migration pathway in (a) monoclinic, (b) orthorhombic, and (c) trigonal Li3MCl6 obtained using the BVSE method. Blue atom
and yellow polyhedral correspond to Li and MCl6, respectively, while isosurface with light blue corresponds to Li ion migration path. Monoclinic
phase (ccp anion sublattice) exhibits two-dimensional intralayer and three-dimensional cross-layer paths between octahedral sites via tetrahedral
interstitial sites (Oct-Tet-Oct), while trigonal and orthorhombic phase (hcp anion sublattice) exhibit anisotropic paths including a one-dimensional
path along the c-axis between octahedral sites (Oct-Oct) and two-dimensional migration path along the ab-plane between octahedral sites via
interstitial tetrahedral sites (Oct-Tet-Oct).
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Details of the migration path are shown in Figure S2. These
migration paths are in good agreement with previous works for
Li3YCl6 (hcp anion sublattice) and Li3YBr6 (ccp anion
sublattice).20,22 Calculation results from the BVSE showed
that Li3MCl6 SEs in the same space group exhibited identical
ionic path, indicating that the transport properties of Li3MCl6
are dependent on the structures (i.e., space group) of Li3MCl6.
The energy barriers of Li-ion migration between the

octahedral Li sites (from occupied Li site to empty Li site)
were evaluated using the BVSE method for monoclinic,
trigonal, and orthorhombic Li3MCl6 structures (total 36
structures). The migration energy barrier structures as a
function of migration path (3D Oct-Tet-Oct path in
monoclinic structure, and 1D Oct-Oct path/2D Oct-Tet-Oct
path in orthorhombic and trigonal structures) were shown in
Figure 4. Most Li3MCl6 showed a lower energy barrier of

approximately 0.51 eV in monoclinic structures, while
orthorhombic structures showed slightly higher energy
barriers. The energy barriers of migration along the c-axis
through face sharing octahedral sites (Oct-Oct) in ortho-
rhombic were approximately 0.58 eV, and the energy barriers
between octahedral sites via interstitial tetrahedral sites (Oct-
Tet-Oct) along the two-dimensional ab-plane were about 0.57
eV. Trigonal structures exhibited higher energy barriers among
the three space groups of Li3MCl6. The energy barriers of
migration in trigonal structures were higher for 1D (Oct-Oct)

and 2D (Oct-Tet-Oct) paths (0.59 and 0.75 eV, respectively).
Figure 5 shows the energy barrier in monoclinic Li3InCl6 and
orthorhombic and trigonal Li3YCl6 structures. The energy
barrier for 12 Li3MCl6 in monoclinic, trigonal, and
orthorhombic structures are presented in Figures S3−S5 and
Table S5. Li-ion diffusivity could be increased in monoclinic
and orthorhombic structures for Li3MCl6. Trigonal structures
could exhibit sluggish Li-ion diffusivity compared to other
structures. These results are in good agreement with the
previous experimental works that monoclinic Li3InCl6 and
Li3ScCl6 exhibit fast ionic conduction (2 and 3 mS/cm,
respectively),26,27 while trigonal Li3YCl6 and Li3ErCl6 show
lower ionic conductivity (0.5 and 0.3 mS/cm, respectively).22

Although BVSE is a simplified empirical energy calculation
that often overestimates activation energy, BVSE is known as
an efficient screening method for analyzing the relative height
of the migration barrier.53 In addition, the isosurface of Li-ion
densities from BVSE can provide insight into the existence of
the possible Li-ion diffusion pathway in the candidate
structures and the dimensionality of diffusion. The preliminary
results done by BVSE motivate further quantitative analysis
through AIMD, which requires considerable computational
efforts.

3.4. Li-Ion Diffusivity. AIMD simulations calculations
were performed to examine the Li-ion diffusivity and activation
energy of Li3MCl6. Due to the demanding nature of AIMD,
several elements with various ionic radii were used as M in
Li3MCl6 in the AIMD calculations, including Sc (74.5 pm), In
(80 pm), Lu (86 pm), and Y (90 pm). The diffusivity of Li
ions in the Li3MCl6 SEs is illustrated by the Arrhenius plot
given in Figure 6a, which indicates that the Li-ion diffusivity in
monoclinic (M) Li3InCl6 and Li3ScCl6 is higher than that in
orthorhombic (O) and trigonal (T) structures. Trigonal
Li3YCl6 exhibited lower ionic diffusivity compared to that in
orthorhombic Li3YCl6. The Li-ion MSD for the Arrhenius plot
in Figure 6a is shown in Figure S6. The activation energy was
0.20, 0.21, 0.23, 0.24, and 0.26 for Li3InCl6 (M), Li3ScCl6 (M),
Li3LuCl6 (O), Li3YCl6 (O), and Li3YCl6 (T), respectively,
indicating that the monoclinic Li3InCl6 and Li3ScCl6 SEs
exhibit fast ion diffusivity than other structures. These are in
good agreement with the calculation results from the BVSE
model in the previous section.
The fast ion migration along the intralayer in monoclinic

Li3InCl6 and Li3ScCl6 from the BVSE model in Figure 4 was
confirmed using the AIMD results in Figure 6b,c. The Li-ion
diffusivity is higher in the ab-plane (intralayer) compared to

Figure 4. Li-ion migration energy barriers between octahedral Li sites
along the 2D/3D Oct-Tet-Oct path in a monoclinic structure and the
1D Oct-Oct path and 2D Oct-Tet-Oct path in trigonal and
orthorhombic Li3MCl6 structures from the BVSE calculations. The
details of the energy barrier of 12 Li3MCl6 SEs for three space groups
(total 36 structures) are presented in Figures S3−S5.

Figure 5. Li-ion migration energy barriers between octahedral Li sites along the (a) 2D and 3D Oct-Tet-Oct path in monoclinic Li3InCl6 and (b, c)
1D Oct-Oct path and 2D Oct-Tet-Oct path in (b) orthorhombic Li3YCl6 and (c) trigonal Li3YCl6 from the BVSE model.
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three-dimensional ion diffusion. Also, Li-ion migration along
the c-axis (Oct-Oct) and the ab-plane (Oct-Tet-Oct) for
orthorhombic Li3LuCl6 and Li3YCl6 and trigonal Li3YCl6 was
examined using the AIMD calculations (Figure 6d−f). Li-ion
migration along the c-axis (1D Oct-Oct path) showed higher
ionic diffusivity, while Li-ion migration through the ab-plane
(2D Oct-Tet-Oct) exhibited lower ionic diffusivity and higher
activation energy for all Li3LuCl6 (O), Li3YCl6 (O), and
Li3YCl6 (T) structures.
Based on the calculation results from the BVSE and AIMD,

monoclinic Li3MCl6 structures exhibit fast ion migration, while
orthorhombic and trigonal Li3MCl6 structures show lower
ionic diffusivity due to sluggish ion migration along two-
dimensional Oct-Tet-Oct path. According to the formation
energy of the Li3MCl6 structures in three space groups as a
function of the effective ionic radii of M (Table 1 and Figure
S1) and ionic transport properties from the BVSE and AIMD,
monoclinic Li3InCl6 and Li3ScCl6 structures exhibit higher
ionic conductivities among Li3MCl6 SEs.
For the further enhancement of Li-ion migration in

monoclinic Li3InCl6 and Li3ScCl6, the effects of Li vacancy
on the transport properties were examined using the BVSE and
AIMD calculations. Li vacancy was formed by the substitution
of half M3+ with Zr4+ in Li3MCl6 SEs, resulting in
Li2.5In0.5Zr0.5Cl6 and Li2.5Sc0.5Zr0.5Cl6. Both Zr-substituted
Li3MCl6 (M = In and Sc) maintained the monoclinic
symmetry, as shown in Table S6. The Ehull values from the
phase stability calculations indicated that both structures are
stable (Ehull < 25 meV/atom). The details of lattice constants
and phase stability are shown in Table S6. Li2.5In0.5Zr0.5Cl6 and
Li2.5Sc0.5Zr0.5Cl6 also showed a wide electrochemical stability
window (2.50−4.31 and 1.72−4.26 V, respectively) and
moderate chemical stability against cathode materials (reaction
energy under 100 meV/atom) as shown in Table S7.

AIMD calculations were conducted to investigate the Li-ion
diffusivity and activation energy of Li2.5In0.5Zr0.5Cl6 and
Li2.5Sc0.5Zr0.5Cl6, as shown in Figures 7 and S7. The Zr-

substituted structures exhibited higher Li-ion diffusivity and
lower activation energy. The ionic conductivity at room
temperature was calculated by extrapolating the Arrhenius
plots (Figure S8). The ionic conductivities of Li3InCl6 and
Li3ScCl6 are in good agreement with previous works.20,54,55 Zr-
substituted Li3MCl6 structures increased the ionic conductivity
to 27 and 89 for M = In and Sc, respectively (Table 2). This
improved conductivity (up to fourfold) demonstrated the
development of Zr-substituted Li3MCl6 superionic conductors.
As Li vacancy by substitution further enhanced the ionic
conductivity, the optimization of element type for substitution,
such a Ti, Ge, Zr, Sn, Mo, Ce, Hf, W, and Pb, and the ratio of

Figure 6. Arrhenius plots for (a) 3D Li-ion diffusivity in Li3InCl6, Li3ScCl6, Li3LuCl6, and Li3YCl6. Li-ion migration through the intralayer (ab-
plane) 2D path are included in monoclinic (b) Li3InCl6 and (c) Li3ScCl6, while 1D (c-axis) and 2D (ab-plane) paths are included in orthorhombic
(d) Li3LuCl6 and (e) Li3YCl6 and (f) trigonal Li3YCl6.

Figure 7. Arrhenius plots for Li-ion diffusivity in Li3InCl6,
Li2.5In0.5Zr0.5Cl6, Li3ScCl6, and Li2.5Sc0.5Zr0.5Cl6.
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substitution (level of Li vacancy) in the Li3MCl6 SEs is
recommended to develop superionic Li chloride SEs.
A recent theoretical study56 shows that sodium halide SEs

(Na3YX6, X = Cl, Br) are also promising SEs due to their high
ionic conductivity, good chemical stability, and wide electro-
chemical window. Therefore, theoretical design works in this
study can also be conducted to explore novel halide-based Na
SEs (Na3MX6, X = Cl, Br, I). The Na-ion migration path and
energy barrier could be identified based on their structures
using the BVSE methods, which could be subsequently
confirmed by AIMD simulations.

4. CONCLUSIONS
Several lithium chloride Li3MCl6 (M = In, Y, Er, and Sc) SEs
have been reported as promising SEs due to their high ionic
conductivity, wide electrochemical window, and chemical
stability. Here, we systematically investigated 17 Li3MCl6 (M
= Al, Bi, Dy, Er, Ga, Ho, In, La, Lu, Nd, Sb, Sc, Sm, Tb, Tl,
Tm, and Y) to identify the novel and promising SEs. The phase
stability calculations indicated that 12 Li3MCl6 (M = Bi, Dy,
Er, Ho, In, Lu, Sc, Sm, Tb, Tl, Tm, and Y) were stable. The
formation energy of Li3MCl6 suggested that Li3MCl6 SEs with
smaller ionic radii of M such as Sc and In are likely to maintain
monoclinic structures, while other Li3MCl6 SEs with larger
ionic radii of M (Er, Y, Ho, Dy, Tb, Sm, and Bi) can exhibit a
trigonal phase. The electrochemical stability window of the
Li3MCl6 SEs (except Li3TlCl6) was wide and sufficient to cover
the operation potential of typical cathode materials. Li3MCl6
SEs also exhibited good chemical stability against cathode
materials and moisture, while sulfide SEs were predicted to be
unstable.
In addition, Li-ion transport properties for monoclinic,

trigonal, and orthorhombic Li3MCl6 SEs were investigated
using the BVSE and AIMD. Li-ion migration paths were
dependent on the structure of Li3MCl6. Most Li3MCl6 showed
the lowest energy barrier in monoclinic structures, while
orthorhombic structures showed slightly higher energy
barriers. Trigonal structures exhibited the highest energy
barriers among the three space groups. AIMD simulations were
further performed to examine the Li-ion diffusivity of Li3MCl6.
AIMD results showed the fast ion migration along the
intralayer in monoclinic structures and the 1D path along
the c-axis in orthorhombic and trigonal structures. Li-ion
migration through the 2D path along the ab-plane exhibited
lower ionic diffusivity and higher activation energy in
orthorhombic and trigonal structures. According to the
formation energy of Li3MCl6 structures and ionic transport
properties, monoclinic Li3InCl6 and Li3ScCl6 structures exhibit
the highest ionic conductivities among Li3MCl6 SEs. Further
enhancement of ionic conductivity in monoclinic Li3InCl6 and
Li3ScCl6 was achieved by the aliovalent substitution of M3+

with Zr4+ forming Li vacancy. AIMD calculations showed the
increase of ionic conductivity (up to fourfold at 300 K) for

Li2.5In0.5Zr0.5Cl6 and Li2.5Sc0.5Zr0.5Cl6. As Li vacancy was
predicted to improve the ionic conductivity, the optimization
of substitution in the Li3MCl6 SEs is suggested to develop
superionic Li chloride SEs.
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