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ABSTRACT

Halide solid-state electrolytes have gained significant attention in recent years due to their high ionic
conductivity, making them promising candidates for future all-solid-state batteries. Recent studies have
identified numerous crystal structures with the Li;MXg composition, although many remain unexplored
across various chemical systems. In this research, we developed a comprehensive method to examine all
conceivable space groups and structures within the Li — M — X system, where M includes In, Ga, and La,
and X includes F, Cl, Br, and I. Our findings revealed two metastable structures: Li;InFg with P3¢c1 sym-
metry and LisInlg with C2/c symmetry, exhibiting ionic conductivities of 0.55 and 2.18 mS/cm at 300 K,
respectively. Notably, the trigonal symmetry of Lis;InFs demonstrates that high ionic conductivities are
not limited to monoclinic structures but can also be achieved with trigonal symmetries. The electrochem-
ical stability windows, mechanical properties, and reaction energies of these materials with known cath-
odes suggest their potential for use in all-solid-state batteries. Additionally, we predicted the stability of
novel materials, including LisInClg, LisInBrg, LisInlg, Liln,Clg, LilnyBrg, and Liln,Is.

© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, Al

training, and similar technologies.

1. Introduction

The demand for energy storage solutions, particularly batteries,
is experiencing exponential growth and is projected to reach
unprecedented levels by 2030, surpassing the capabilities of cur-
rent technologies [1]. Among the emerging technologies, all-
solid-state lithium-ion batteries (ASSBs) utilizing solid electrolytes
stand out as promising candidates [2]. These batteries offer notable
safety and energy density advantages, albeit facing challenges such
as interface stability with electrodes and low ionic conductivity [3].
For example, sulfides such Li;oGeP,S;, and Li;P3S;; have high ionic
conductivity (about 1 mS/cm) but lack stability against electrodes
[4]. Oxides such as LisPOsCl have low conductivity but are stable
against electrodes and moisture [2]. Consequently, extensive
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research efforts are underway to discover novel solid-state elec-
trolyte (SSE) materials capable of addressing these limitations
[4]. Despite sulfides and oxides, halides emerge as promising can-
didates for solid-state electrolytes which can meet all require-
ments for SSE [5]. Early investigations into their ionic
conductivity dating back to 1930 [6], a significant breakthrough
occurred only in 2018 [7], by Asano et al. Their groundbreaking
work unveiled the experimental synthesis of Li;YClg (isostructural
to LisErClg with the P3 m1 space group) and LizYBrg (isostructural
to LisErBrg with the C2/m space group), having impressive ionic
conductivities of 0.51 and 1.71 mS/cm, respectively [7]. The fact
that Li3YClg and Li3YBrg have high ionic conductivity along with
hexagonal close-packed (hcp) and cubic close-packed (ccp) anion
sub-lattices respectively, attracted much interest to Li;MXs mate-
rials [3]. This structural insight has induced a wave of research
aimed at identifying novel LisMXg SSE candidates (where M
encompasses elements from groups 3 and 13 of the periodic table,
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such as In, Ga, La, Yb, and others, and X denotes F, Cl, Br, or I), lever-
aging these findings as a guiding design principle [8-10]. For
instance, Li et al. demonstrated the stability and high ionic conduc-
tivity of Lis;InClg with C2/m symmetry group, achieving a conduc-
tivity of 1.49 mS/cm alongside excellent air and water stability
[11]. Similarly, LizInBrg, possessing the same symmetry group
[12], exhibited a conductivity of approximately 1 mS/cm [8]. The
intricate mechanism of ion migration within these materials was
elucidated in detail by Wang et al. through ab initio molecular
dynamics (AIMD). In both LisYClg and Li3YBrg, characterized by
hexagonal (hcp) and cubic (ccp) close-packed anion motifs, respec-
tively, ion diffusion occurs via Li-ion hopping between octahedral
sites through existing vacant sites with minimal energy barriers
[13]. Notably, ccp LisYBrg demonstrates isotropic fast Li* diffusion,
while hep LisYClg exhibits anisotropic diffusion, featuring fast one-
dimensional c-channels, albeit vulnerable to blocking defects such
as Y — Li anti-sites [13]. Given the three-dimensional nature of Li-
ion migration paths and the low activation barriers associated with
ccp frameworks (monoclinic crystal structure), some researchers
propose these structures as promising candidates for solid-state
electrolytes [9,13,14].

In several studies [9,15], researchers have explored the relation-
ship between the crystal symmetry types of halides and their
implications for the design of solid-state electrolytes (SSEs).
Depending on cation ordering and structural distortion, crystals
featuring hexagonal close-packed (hcp) and cubic close-packed
(ccp) anion sublattices can exhibit various symmetries. For the
hcp anion sublattice, two distinct crystal structures have been
identified: the trigonal structure observed in LisErCls (space group
P3m1) and the orthorhombic structure seen in Li3YClg (space
group Pnma) [15]. On the other hand, the ccp anion sublattice
can give rise to structures such as the disordered spinel
Li,Sc,/5Clg (space group Fd 3 m) and the monoclinic LisErCls (space
group C2/m) [13]. While chloride compounds LisMClg can adopt
either hcp or ccp anion sublattices (with M including Er, Y, Yb,
among others), all known bromide counterparts Li;MBrg (with M
ranging from Y to Lu) exhibit a monoclinic structure with ccp anion
sublattice (space group C2/m). Wang et al. suggested prioritizing
the design of chloride and bromide SSEs due to their wider electro-
chemical stability window compared to oxides, iodides, and sul-
fides, along with their relatively high ionic conductivity [13].
While many investigations concentrate on the symmetry (trigonal,
orthorhombic, and monoclinic) of halides, some researchers have
explored other symmetries or space groups. For instance, Park
et al. used a data-mined structure predictor (DMSP) and identified
the most common space groups within LisMClg as C2 (monoclinic),
P321 (trigonal), and Pna2, (orthorhombic) [16]. In another study,
Xu et al. computationally predicted novel metastable LisLals and
stable Li;Sclg structures with the C2 space group, which exhibit
high ionic conductivity [17]. These investigations demonstrate that
the possible structures of halide SSEs are not confined to trigonal
symmetry, particularly the P3m1 space group, and monoclinic
symmetry, particularly the C2/m space group. A more comprehen-
sive investigation is necessary to search for novel structures within
other crystal symmetries. For example, in systems like Li — In — 1,
Li — La — Cl, Li — Ga — Cl, and many others, the Li;MXg composition
in the C2/m space group and monoclinic symmetry has not been
identified either experimentally or computationally.

In this study, we undertake a detailed examination of all con-
ceivable space groups and structures within the Li — M — X system
(M =In,Ga, and La, and X = F,Cl, Br,and ), leveraging open data-
bases such as Materials Project [18], OQMD [19] and literature
sources not included in these databases or not predicted by DMSP
or DeepMind [17,20-23]. Our objective is to discover novel solid-
state electrolyte materials with the Li;MXs composition.
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2. Methods

Several effective methods are available for conducting structure
searches. For instance, the utilization of evolutionary algorithms
integrated into USPEX [24-27] has proven successful in predicting
novel materials within the Li-Ge system [28], showcasing high
ionic conductivity and introducing a new class of Ca-ion anode
materials [29]. Additionally, the DeepMind team recently
employed artificial intelligence to predict approximately 421,000
novel structures [20], demonstrating the potential of Al, which
included new symmetry-aware partial substitutions (SAPS) [30]
and random structure search combined with graph neural net-
works (GNNs) for stability calculation [20]. While these methods
excel at uncovering previously unknown structures, they come
with a significant computational cost during training step in creat-
ing DeepMind database or energy minimization step with ab initio
methods in USPEX [31-38].

The simplest approach to structure prediction is the substitu-
tion of one atom type with a chemically similar atom in a known
structure, followed by the calculation of stability using a convex
hull diagram. This method forms the basis of the Data Mined Struc-
ture Prediction (DMSP) tool [39]. In previous studies, DMSP
method has been applied to explore novel stable solid-state elec-
trolytes within the Li-In-Cl system [16]. The method calculates
the probability of stability after substitution using a probabilistic
method trained on an experimental database of crystal structures
[18,39]. However, it is important to note that the stability of pre-
dicted structures must be verified through density functional the-
ory (DFT) calculations [40,41].

In our research, the detailed structure examination and novel
material search were conducted in five steps, as illustrated in
Fig. 1. First, we collected a comprehensive structure database con-
sisted from 3 parts, which are (a) novel materials from DeepMind,
comprising over 400,000 structures, (b) structures generated by
DMSP for M = In, Ga, La and (c) structures gathered from literature
that were not included in the previous datasets. Second, we per-
formed filtration of the structures. For the DeepMind database,
we selected halide ternary structures with M = In, Ga, La. The fil-
tration step for the DMSP method was performed using
Li— M — X as input systems. Structures from the literature that
were not included in DeepMind and were not predicted by DMSP
were added in the final part of the filtration step. Third, after the
filtration step, all gathered structure types were used for substitu-
tion, replacing Na with Li, metals with Ga, In, and La, and all
halides. Overall, substitutions were performed for 12 systems.
Fourth, following the substitution, the calculation of the phase dia-
gram was conducted. Fifth, in the final step, battery-related fea-
tures such as ionic conductivity, electrochemical stability
window, and elastic constants were calculated for novel stable or
metastable Li;MXs compositions.

Structure relaxation and total energy calculations were done
using the density functional theory as implemented in the Vienna
ab initio simulation package (VASP) [42,43] within the projector
augmented-wave (PAW) method [44] and generalized gradient
approximation (GGA) functional of Perdew, Burke, and Ernzerhof
(PBE) [45]. The convergence of plane-wave cutoff energy and k-
point mesh was tested for each structure and the highest values
among all structures were selected for further calculations. The
structural relaxation of substituted materials was done in several
steps by tightening relaxation parameters (details are written in
Supplementary Materials) [46-48]. After structure relaxation,
phase diagrams for ternary Li — M — X systems were calculated
[27]. The correction scheme described in [49] was applied to
improve the accuracy of computed enthalpies of formation and
phase stability predictions.
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Fig. 1. Structure search method. (a) The flowchart of detailed structure search consisted of 1. Databases 2. Filtration 3. Substitution 4. Phase stability calculations 5. Battery
related feature calculations. (b) The structure of predicted novel P3c1 — Li;InF6. (c) The structure of predicted. C2/c — LisInlg.

The supercell approach and the harmonic approximation,
implemented through the Phonopy package [50,51], were utilized
to compute vibrational frequencies. The dynamical stability of all
structures, including both stable and metastable configurations,
was confirmed by the absence of imaginary phonon frequencies.

Diffusion coefficients were calculated using mean square dis-
placements (MSD) of Li* cations [52,53].

{hmd<2<|n —ri )|2>/N>/dt}/6

where N — is number of the mobile atoms in the supercell, i —
atomic number of mobile ion (Li), r;(0), ri(t) — radius vectors from
the host center of mass to the i atom at time 0 and t, respectively.

Ionic conductivity of lithium was calculated using the Nernst-
Einstein formula [52].

0 = ng*D/H;ksT

(1)

2)

where n is the Li* ion density, g is the formal charge of the lithium
ion (q =1), kg is Boltzmann constant, T is temperature and H; is
Haven ratio (assumed to be 1) [53].

To calculate ionic conductivity, more than 1 ns ab initio molec-
ular dynamics simulation on a supercell is needed, which requires
an enormous amount of computational time [52]. Therefore, the
machine learned interatomic potential was constructed using
MLIP-3 code [54]. Moment Tensor Potential (MTP) [55-57] of 20-
th level was used for construction of potentials. The initial training
set for the MLIPs was collected using AIMD and was improved
within the Active Learning (AL) procedure [56]. We have per-
formed validation tests for each MLIP. During calculation of ionic
conductivities 2 % of Li vacancy was used, which may cause a little
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overestimation, though the method is reliable and widely used for
ionic conductivity calculation [16,53,58]. For more details about
the training procedure, validation and the accuracy of the MLIPs
see Figs. S1-S5 and Table S1 of the Supplementary Materials.

After construction of potentials, ionic conductivity was calcu-
lated using LAMMPS code [59,60] with NPT ensemble and Noose-
Hoover thermostat [61,62]. Simulations were conducted for the
supercells with lattice parameters no less than 30 A and with 2 %
vacancies on lithium sites. A timestep of 1 fs was used, and statis-
tics were collected for 4 ns, with the preliminary equilibration of
1 ns at each temperature (300-500 K).

Activation energy E, of diffusion was calculated using the
Arrhenius formula.

D = Do x exp(—Ea/ksT) 3)

The electrochemical stability of a solid-state electrolyte (SSE)
material against decomposition of the SSE phase is commonly eval-
uated by calculating its Li-grand canonical phase diagram [63-65].
These diagrams were constructed using the pymatgen code [66].
Consistent with prior research, the electrostatic potential ¢ was
taken into account when determining the Li chemical potential p;.

() = ul; — e (4)

where py; is the chemical potential of Li metal, and ¢ is the applied
voltage referenced to Li metal. Interfacial stability between solid
electrolytes and various cathode materials was also calculated using
Li-grand canonical phase diagram as a function of Li chemical
potential. The mechanical properties of novel materials were calcu-
lated regarding their symmetry, using elastic constants from VASP
calculations [67,68]. The elastic constants were also used to esti-
mate stability by Born elastic stability criterion. This criterion states
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that for a mechanically stable compound, the relevant elastic tensor
must be positive definite, that means all its eigenvalues must be
positive [69].

3. Results and discussion
3.1. Detailed structure search

Among the 400,000 novel structures predicted by DeepMind
[20], only three are included within the Li—M —X systems:

LiGaylo with space group P1, F43m — LigInF; and [4,/a — LiLaF,.
Each of these structures is classified as metastable and presents
intriguing potential as ionic conductors due to their ability to pro-
vide intercalating pathways for Li-ion transport [20].

In addition to the structures previously described, the literature
reports other experimentally synthesized or computationally pre-
dicted solid electrolytes. One notable example is LisErBrg [7],
which crystallizes in the C2/m space group. Its stability has already
been assessed for various systems, like Liz;InClg [11] and LisInBrg
[12]. To ensure the completeness of the structure type list, the
LisErBrg structure with C2/m space group has also been included
in our analysis. There are also a number of known and well-
investigated structure types from literature [8], which are
orthorhombic Pnma — LisYClg, Pna2; — LizAlFs, Pna2; — LizYbClg,

trigonal P3 m1 — LisErCls, monoclinic C2/c — Li;AlFs (Table 1).

In recent publications, several structures with high ionic con-
ductivity have gained attention, yet they remain underexplored
for other compositions. Chen et al. from Microsoft utilized the

Table 1
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structure of Na3YClg with an R3 space group to predict the meta-
stable compound Na;LiYClg [77]. Similarly, Zhu et al. computation-
ally predicted novel metastable structures of Li3Sclg and LisLals,
exhibiting monoclinic symmetry with C2 and C2/c space groups
[17]. In addition to the LisMXs compositions, we included other
non-stoichiometric compositions in our analysis due to their stable
analogs in indium or gallium halide systems, such as LiGaCl; [82]
and LiGaCly [83]. Furthermore, the structure of LiSc,/;3Cly was
added to the list, because the compound Li,In;3Sc;/3Cly with high
ionic conductivity has recently been synthesized, and it shows sig-
nificant potential as a future solid-state electrolyte (SSE) [22].

Overall 31 structure types were filtered from DMSP, DeepMind
and literature. These structures were further used for atom substi-
tution and structure generation for 12 Li — M — X systems.

3.2. Phase diagrams

For each of the 12 Li — M — X systems, we calculated the phase
diagrams or convex hulls. In addition to the filtered structures, all
known materials were incorporated into the stability diagrams.
Our analysis confirmed the stability of all known double and tern-
ary systems, validating the accuracy of our computational method.
Furthermore, our calculations predicted that the known com-
pounds Li;InClg and Lis;InBrg possess a C2/m space group, which
matches existing literature [11,12]. Notably, even the 28.6 meV/
atom above hull energy of the metastable compound LisLalg
matched with the above hull energy mentioned in the literature
[171.

Structure types of filtered materials. The composition is the taken from original structure. Also space group symbols with number in brackets, the source of database, Materials

Project ID number, Experimentally observed, and Reference are listed.

# Composition Space group [number] Source MP ID Experimentally observed Reference
1 LisErBrg C2/m[12] Literature mp-1222492 Yes [7,13]
2 Li3ErClg P3mi (164] Literature mp-676361 Yes [70]

3 Li3YbClg Pnma(62] Literature - Yes [70]
4 Li3Sclg P2/m[10] Literature - No [17]
5 Li3Sclg C2/c[15] Literature mp-1147621 No [17]
6 Li3Sclg C2[5] Literature mp-686004 No [17]

7 Li3InClg C2[5] Literature mp-676109 No [18]
8 Li3AlFg C2/c[15] Literature mp-15254 Yes [71]
9 LizInCl6 Fm3 m[255] Literature mp-1111288 No [18]
10 Li3AIF6 Pna24(33] Literature mp-556020 Yes [72]
11 Li3YbClg Pna24(33] Literature mp-637363 Yes [73]
12 Li3ScFg P3cl [165] DMSP mp-560890 Yes [74]
13 NasInClg P3 1c[163] DMSP mp-23503 Yes [75]
14 NasInFg P24 /c[14] DMSP mp-1210420 No [18]
15 LisFeFg P3 1m[162] DMSP mp-755087 No [18]
16 LisFeFg R3 [148] DMSP mp-777459 No [18]
17 Li3CrFg PZLnZ[llS] DMSP mp-769881 No [18,76]
18 Li3VFg P24 DMSP mp-767631 No [18]
19 Li3VFg Cc[9] DMSP mp-767671 No [18]
20 Na;YClg R3 (148) Literature mp-675104 No [77]
21 LizScz/3Cly Fd3 m[227) Literature - Yes [22]
22 LiGaylg P1 2 DeepMind - No [20]
23 LigInF; F213m[216] DeepMind - No [20]
24 LiLaF, 14, /a[88] DeepMind - No [20]
25 LisCrClg Cmmm{[65] DMSP mp-23361 Yes [78]
26 Rb;In3Fyq P2, /m[11] DMSP mp-554576 Yes [79]
27 Rb,LaCls Pnma(62] DMSP mp-1209610 No [80]
28 NasAl;F4 P4/mnc[128] DMSP mp-4752 Yes [81]
29 LiGaCl; Pnma[62] Literature mp-29344 Yes [82]
30 LiGaCly P21 /c[14] Literature mp-28341 Yes [83]
31 Li3InFg P2;/m[11] Literature - Yes [84,85]
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3.2.1. Li-In-F system

Magnus-Goldschmidt rule was used for description and search
for the possible Li — M — X compositions [10,14]. According to
the rule, if the ratio of cation to anion radius exceeds 0.732, the
atoms tend to form MXs cubes [10,14]. For example, Li — In — F sys-
tem InFg cubes should be preferable, which is not aligned with
experimental results [86], where InFg is more favorable and form
the LilnF, [86] and « — LizInFg [84,85] compositions. In our com-
puted convex hull (Fig. 2), « — LizInFs is classified as metastable,
lying 16 meV/atom above the hull energy, a relatively small value
that supports its classification as a metastable structure. In addi-
tion to the o, 8, and y phases have been synthesized. Our calculated
phase diagram additionally reveals a novel structure with trigonal

symmetry P3c1, which appears to be more stable, just 9 meV/
atom above the hull energy. This structure type is already known

from P3c1 — LisScFs [74]. It features a hexagonal close-packed
(hcp) anion sublattice with LiFs octahedra connected in a face-
sharing manner along the c-axis and in an edge-sharing manner
within the a-b plane (Fig. 1).

3.2.2. Li-In-I system

In the case of Li — In — I system, only Lilnl, is known from the
literature, and our calculations also confirm that Lilnl, is stable
(Fig. 3). Among the metastable Li;MXg compositions, the closest
to hull structure type is Li3Sclg [17], which has a C2/c space group
and lies just 4 meV/atom above the hull energy. Structures with
C2/m and C2 symmetries are very similar. The LisInlg structure
with C2/c symmetry features Inlg octahedra that are stacked in
an AB sequence, similar to the arrangement in Li3Sclg [17]. In con-
trast, the stacking sequence for the C2/m structure is AA, while
for the C2 structure, it is ABCD [17]. This variation in stacking
can lower the total energy in certain materials, making them
more favorable or stable compared to other LisInlg structures.
In addition to the Li;MXg compositions, we also discovered novel
stable compositions, namely LisInlg and Lilnylg, within this sys-

Energy above hull
(eV/atom)

' LilngFg |
! 50 meV/atom 1

0.08
0.06
0.04
0.02
0.0 E— —————————————

@ stable

X Metastable
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tem. Details regarding these structure types will be provided in
the next section.

3.2.3. Novel compositions
Two stable structure types have been identified in the In and Ga

systems: Cmmm — LisMXg [78,87] and P 1 —LiM,Xg [20]. The com-
pounds LisInClg, LisInBrg and LisInlg are stable and lie on the con-
vex hull. In contrast, LisGaBrg and LisGalg are metastable, with
energies less than 18 meV/atom above the hull. The LisMXs struc-
ture features a face-centered cubic (fcc) anionic framework with
orthorhombic symmetry, where the M and Li atoms form octahe-
dra units with anions (Fig. 4). These MXs form isolated, edge-
sharing, or corner-sharing units with LiXs octahedra and form lay-
ered structures [88], which may enhance the ionic conductivity in
this composition [87,89].

The next structure type, LiM,Xgy, with triclinic P1 symmetry,
was predicted by DeepMind in the Li — Ga — I system [20]. Interest-
ingly, this composition is also thermodynamically stable in the
M = In and X = Cl, Br,and I systems. An additional structure search
for fixed composition was conducted using USPEX [24,25,27] to
ensure structural stability. The resulting P1 — LiM,Xq structure is

more favorable than the P1—LiM;Xy structure from DeepMind.
In the predicted structure, M atoms form tetrahedral MX, and
octahedral MXs units (Fig. 4). The MX, units share edges with Li
atoms situated between them, while the MXs units share two
edges with nearby octahedra.

3.3. Phonon calculation

The dynamical stability calculations for the P3c1 — LisInFs and
C2/c — Lislnlg structures did not reveal any imaginary frequencies,
confirming their dynamical stability (Fig. 5a and b). Similarly, the
non-stoichiometric structures LisInClg, LisInBrg, LisInlg, Liln,Clg,
Liln,Bry, and Liln,ls also showed no imaginary frequencies (Fig. S7).

Formation energy

(eV/atom)
ey : 0.0
iLilnF4, mp-8892!
e e T -1
i es I 1 =
' P3c1-LisInFeg!
.-1 9 meV/atom, o
_______ T leinrs ¢

Lif 1. 89 meViatom ,

Li

Fig. 2. Phase diagram of Li — In — F ternary system. Stable materials are marked with black circles, metastable structures with crosses, the color of which varies according to
above hull energy. Only stable, metastable and novel compositions are shown the figure for simplicity.
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Fig. 3. Phase diagram of Li — In — I ternary system. Stable materials are marked with black circles, metastable structures with crosses, the color of which color varies
according to above hull energy. Only stable, metastable and novel compositions are shown the figure for simplicity.
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Fig. 4. Crystal structures of novel compositions. (a) Cmmm — LisMXg, (b) P1 — LiM,Xo.
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3.4. Ionic conduction and diffusion coefficients

The lithium ion conductivities obtained from molecular dynam-

ics simulations with MLIP are 0.55 mS/cm for P3 c1 — LizInFs and
2.18 mS/cm for C2/c — LisInlg at 300 K. To be considered a prospec-
tive solid-state electrolyte (SSE), a material should exhibit an ionic
conductivity of approximately 1 mS/cm. The newly identified

P3c1 - LisIinFs meets this requirement and even surpasses
Li3ScFs (0.28 mS/cm) [74]. The C2/c — LisInlg phase outperforms
all of its analogues, including LisYClg, LisYBrg, LizLals, and LisInClg
(Table 2). Although sulfide-based SSEs generally possess higher
ionic conductivities, they have a narrower electrochemical stability
window (Table 2).

The Arrhenius plots for these LisMXs materials are shown in
Fig. 6(a and b). The activation energies calculated from the Arrhe-

nius plots are 259 meV for P3c1 — LisInFg and 268 meV for
C2/c — LisInlg. More details for activation energies, ionic conduc-
tivities and diffusion coefficients are shown in the Tables S4-S6
in the Supplementary Materials.

These activation barriers are lower compared to those of

P3c1 - Li3ScClg at 310 meV [74], LisYCls at 400 meV [7], and
C2/c — LisLalg [17], along with numerous other halide solid elec-
trolytes [2,5,10]. Some researchers have shown that in general,
monoclinic halide SSEs with cubic anion sublattices exhibit higher
ionic  conductivities, with the general trend being
O monoclinic > Oorthorhombic > O-trigonal [14] In contrast, Lig]l‘lFG, Wthh

features a hexagonal anionic sublattice with P3c¢1 symmetry,
demonstrates a lower activation barrier and comparable ionic con-
ductivity. This finding suggests that hexagonal anionic sublattices
should also be considered as potential candidates for future
research.

Additionally, we calculated the activation energies along the q,
b, and c directions for LisInFs and LisInls using Arrhenius fitting;
the results are presented in Table S4.

As illustrated in Fig. 6 and Table S4, three-dimensional lithium
diffusion channels exist with very low activation barriers. All other
halide high-ionic conductors lack three-dimensional ionic paths,

indicating that P3 c1 — LisInFs is a promising new high-ionic halide
conductor. In the case of C2/c — LisInlg, the activation barriers dif-
fer, with higher values observed in the a and b directions, similar to
other C2/m — LisMX¢ materials [11]. The lithium ion migration
paths in this monoclinic structure include three-dimensional
cross-layer pathways (Fig. 6¢ and d) [7]. However, in all directions,
the barrier values are not so high and enable homogeneous diffu-
sion channels (Table S4).

The AIMD with MLIP simulation also reveals the temperature
stability of these materials until 600 K (Fig. S10), which can be a
guide for experimental groups for synthesis. The volume change
during heating and cooling show that starting from 600 K the
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structures undergoes volume distortions, which identify the insta-
bility (Fig. S10).

3.5. Electrochemical stability

A wide band gap is a crucial characteristic of solid-state elec-
trolytes, because it prevents the shortage of electrodes. Addition-
ally, band gap enables the determination of the electrochemical

stability window. The new compound P3c1 — LizInFs exhibits a
band gap of 5 eV, while LizInlg has a band gap of 2.5 eV. However,
these band gaps represent only the upper limits of the electro-
chemical stability windows. To obtain more accurate stability win-
dows, we employed grand canonical phase diagrams.

As shown in Fig. 7(a), P3 c1 — LizInFs has a wide stability win-
dow of approximately 4 V, which is consistent with other fluoride
solid-state electrolytes [74]. In contrast, the stability window for
C2/c — Lislnlg is 0.7 eV (Fig. 7b), aligning with the stability win-
dows observed for iodides [9].

The stability of these materials against common cathodes such
as LiCoO,, LiFePO,, and LiMnO, was assessed through reaction
energy calculations using the grand canonical phase diagram
across various voltages (Figs. S9 and S10). It is evident that all reac-
tion energies are small compared to sulfides and are close to
known halide solid-state electrolytes [4,17], confirming their sta-
bility against the selected cathodes. The combination of high ionic
conductivity and stability against both anodes and cathodes makes

P3cl— LisInFs and C2/c — LisInlg promising candidates for exper-
imental exploration and application in all-solid-state electrolytes.

3.6. Mechanical parameters

The calculated elastic constants are presented in Table S7. The
analysis of elastic stability criteria confirmed the stability of

P3c1 - LisInFs, C2/c —LisInls, and the novel compositions
LisInClg, LisInBrg, LisInlg, Liln,Clg, Liln,Bre, and Liln,ls. Monroe
et al. proposed that if the shear modulus of an SSE exceeds twice
that of lithium (4.8 GPa at room temperature), lithium dendrites
will not form. LizInFs exhibits a shear modulus of 28.08 GPa and
a hardness of 5.5 GPa, making it a promising candidate for an
SSE. All other mechanically stable materials also meet this criterion
(Table S7) [90].

4. Conclusions

In this study, we conducted a detailed structural search for
LisMXs compositions, where M represents In, Ga, or La, and X
includes F, Cl, Br, and I. This comprehensive search involved DMSP
calculations and the compilation of novel structures from Deep-
Mind data and existing literature. As a result, we identified two
metastable structures: Li;InFs with P3c¢1 symmetry and LiszInlg

Table 2

The important parameters of novel and known materials for battery applications.
Composition Ionic conductivity (mS/cm) E, (meV) Electrochemical stability window (V) Eg (eV) Ref.
LizInFg 0.55 259 4 5 this article
LisInlg 2.18 268 0.7 25 this article
Li3ScFg 0.28 310 5 6.7 [74]
LisYClg 0.51 400 3.2 6.1 [7]
Li3YBrg 1.7 400 2.2 5.1 [7]
LisLalg 0.99 298 2 3 [17]
Li3InClg 1.49 325 1.5 5 [9]
Li;oGeP,S1, 9 210 04 3.6 [4,52]
LigPS5Cl 13 250 2 2.7 [4,52]
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Fig. 7. Electrochemical stability windows, where stability against Li uptake and voltages are shown. The green background show the range of stability ranges of (a) Li3InFg

and (b) LisInlg materials.

with C2/c symmetry. We also predicted the stable structures with
new compositions of LisInClg, LisInBrg, LisInlg, Liln, Clg, Liln,;Brg and
Lilnylg. The stability of the new Li;MXs compound was further con-
firmed through phonon calculations, which revealed no imaginary
frequencies, as well as through elastic stability criteria.
Calculations of Li-ion conduction using ab initio molecular
dynamics (AIMD) and machine learning interatomic potentials

(MLIP) demonstrated that the novel compounds P3c1 — LisInFg
and C2/c — LisInlg exhibit high ionic conductivities of 0.55 and
2.18 mS/cm at 300 K, respectively. lonic conduction path analyses
using MD revealed a three-dimensional network, with low activa-

tion barriers 259 meV for P3cl — LisInFs and 268 meV for
C2/c — LisInlg.
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The electrochemical stability windows for LizInlg and LisInFg are
0.7 and 4 V, respectively. Taken together, these materials emerge
as promising solid electrolytes for next-generation all-solid-state
batteries. In future work, we will extend our investigation to the
full range of newly predicted compositions and experimentally
verify the stability of novel materials.
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