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A B S T R A C T   

New structures and compositions as inorganic solid-state electrolytes (ISSEs) are needed for all-solid-state lithium 
batteries (ASSLBs). Here we report the theoretical discovery of three new structure types by computational 
identification of nearest neighbor Li–Li distance (nRLi-Li) within Li-ion sublattice of fluorides which correlates 
with ISSEs ionic conductivity. This is achieved by computing Li-ions radial distribution functions and whose first 
peak corresponds to nRLi-Li. Subsequent theoretical exploration of the four fluorides with small nRLi-Li affords 
three materials (Li3MF6 (M = Al, Sc, Ga)) with crystal structures featuring three-dimensional diffusion channels 
for Li-ions. The three fluoride materials exhibit very well (electro)chemical stability and high ionic conductivity. 
The screening method used in this work will accelerate the systematic discovery of high ionic conductivity ISSEs 
for use in ASSLBs and related applications.   

1. Introduction 

All-solid-state Li-ion batteries (ASSLBs) ASSLBs may play an impor
tant role in the future of consumer electronics and electric vehicles, as 
they can realize high safety and high energy density at the same time 
[1–5]. Typically, inorganic solid-state electrolytes (ISSEs) are incorpo
rated in ASSLBs, primarily to overcome the volatile and flammable 
properties of liquid electrolytes [6–10]. Similar to organic liquid elec
trolytes, ISSEs needs to satisfy two important requirements: (1) high 
ionic conductivity and low electronic conductivity [11,12], (2) good 
(electro)chemical stability [13–16]. Among the members of the library, 
crystalline lithium fluoride (LiF) is one of the most promising coating 
materials for Li-metal anode, which has the widest electrochemical 
window so far and excellent electrochemical stability [17–23]. The 
strong bonding between Li and F ions on one hand contributes to the 
high stability of LiF, while on the other hand hampers the diffusivity of 

the Li-ions. It would be desirable if facile ionic diffusion can be achieved 
in fluoride materials without compromising their intrinsically high 
electrochemical stability. 

It has been shown that ISSE with fast cation conduction has two 
different sublattices, formed by “rigid” sublattice of immobile cations 
and anions and “quasi-liquid” sublattice of mobile cations [24–27]. The 
so-called “rigid” and “quasi-liquid” arise from the ion dynamics per
formed by solid-state nuclear magnetic resonance (NMR) [28,29]. The 
“quasi-liquid” cation sublattice exhibits a unique character to facilitate 
ion transport in ISSEs, leading to the effect of cooperative migration of 
the mobile ions, which has been demonstrated in several typical ISSEs 
[30–32]. This concept of cation sublattice could provide a good guiding 
principle for the optimization of current electrolyte materials and the 
discovery of new high-performance ion conductors [33–36]. Moreover, 
current studies suggest that a strong correlation between the arrange
ment of Li-ion sublattice and energy barrier of Li-ion migration: 
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compounds with interstitial Li-ions or strong Li–Li interactions exhibit 
low migration barriers, indicative of Li-ions cooperative migration [34, 
37–39]. The best-known examples include lithium germanium thio
phosphate Li10GeP2S12 (LGPS) [30,31], NASICON-type 
Li1⋅3Al0⋅3Ti1⋅7(PO4)3 (LATP) [32], and cubic lithium garnet 
Li7La3Zr2O12 (c-LLZO) [40,41]. Therefore, Li-ion sublattice could pro
vide a unique character to optimize Li-ion transport of ISSEs. 

In this work, we aimed to provide a relationship between the packing 
feature of Li-ion sublattice and ionic transport in ISSEs, propose the 
structural descriptor for Li-ion mobility, and eventually screen prom
ising fluoride Li-ion conductors. The nearest neighbor Li–Li distance 
within a Li-ion sublattice can be seen as a good structural descriptor in 
determining intrinsic Li-ion mobility. The nearest neighbor Li–Li dis
tance (nRLi-Li) ranging from 2.5 to 3 Å can trigger Li-ion motion and 
enable fast Li-ion motion with low activation energies. Based on the 

nRLi-Li descriptor and theoretical calculations, Li3GaF6, Li3AlF6, and 
Li3ScF6 exhibit good stability and high Li-ion diffusion coefficient. The 
origin of the fast diffusion was elucidated by a detailed analysis of the 
small Li–Li distance and disordered LiFx structural units in the fluoride 
materials. Density functional theory (DFT) calculations [42,43] and ab 
initio molecular dynamics (AIMD) simulations [43,44] combined with 
diffusivity and (electro)chemical stability analysis using the Python 
Materials Genomics (Pymatgen) toolkit [45–47], were employed in this 
work. The detailed computation methods are shown in the Supporting 
Information (SI). 

2. Methodology section 

DFT method has been very popular for calculations in solid-state 
physics, such as ion transport properties in crystals. For a supercell of 

Fig. 1. (a) The Li–Li RDFs of the LGPS, LATP, and LLZO ISSEs. The insets show Li–S/O configurations and highlight the nRLi-Li with an arrow. (b) The correlation 
relationship between activation energy and nRLi-Li in ISSEs. The nRLi-Li at the range from 2 to 3 Å exhibits low activation energy for Li-ion diffusion in the whole nRLi- 

Li range. (c) Computational screening of fluoride conductors for ISSEs. (d) The Li–Li RDFs in Li-ion sublattice of LixMF6. The nRLi-Li of these compounds (highlighted 
with an arrow) is around 2.7 Å, which is within the optimal range of nRLi-Li. 
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a crystal with n electrons, the state function of a quantum mechanical 
system can be studied as a set of n one-electron Schrödinger-like equa
tions. The many-electron Schrödinger equation can be very much 
simplified if electrons are divided in two groups: valence electrons and 
inner core electrons. Valence electrons were described by the plane- 
wave basis set and inner core electrons were kept frozen in the config
uration for which the projector augment-wave approach (PAW) dataset 
was generated [48,49]. In this work, all structure optimization and 
AIMD simulations were performed using the Vienna initio Simulation 
Package (VASP) package with the PAW [48,49]. The 
exchange-correlation functional was GGA-PBE with a kinetic energy 
cut-off of 500 eV [50]. For structure optimization, all atomic positions 
and lattice parameters were allowed to relax until the forces on the 
atoms were less than 0.01 eV/Å and the energy difference between two 
self-consistent structures was less than 10− 5 eV. K-point grids of 2 × 2 ×
2 were used for the supercells of Li3AlF6, Li3GaF6, Li3ScF6, and Li2ZrF6. 

For AIMD calculations, the Velocity-Verlet algorithm was used to 
integrate Newton’s equations of motion. A time step of 1.0 fs was used 
for integration. An NVT (or canonical) ensemble with a Nose-Hoover 
thermostat is employed. Only Γ-point of the k-point grid was used for 
all calculations. All analyses including radial distribution function, Li- 
ion diffusion, and phase stability were performed using the Pymatgen 
package developed by Ceder and co-workers [45,51]. The Li-ion diffu
sion coefficient (DLi) was calculated from the slope of the MSD. The 
room temperature conductivity (σLi) was also predicted in this work. The 
calculation details of MSD, DLi, and σLi in AIMD calculations were pre
sent in SI file, and the two references (Ref. 33 and 44) also offer more 
information. For phase diagram and electrochemical stability, and 
interfacial chemical stability, we used the database consisting of DFT 
computed bulk energies of materials as available in the open quantum 
mechanical database [52,53]. The detailed calculation on phase stability 
of electrolytes with respect to a range of possible decomposed products, 
electrochemical stability of electrolytes subjected to Li chemical po
tentials, and interfacial stability between the electrolyte and cathodes 
can refer to previous papers [47,54]. 

3. Results and discussions 

3.1. Predicted rapid Li-ion diffusion from the nRLi-Li descriptor 

To abstract and provide insight into the (dis)order of the Li-ion 
sublattice, we calculated the Li-ions radial distribution functions 
(RDFs), in which the first peak corresponds to the nearest neighbor 
distance of two native lattice sites. Three compounds with high Li-ion 
conductivity due to cooperative migration are evaluated, LGPS, LATP, 
and c-LLZO, as shown in Fig. 1a. The configurations of Li-ion structure 
units are shown as insets of Fig. 1a. We note that the nRLi-Li in the three 
compounds is in the range of 2.4–2.7 Å. Such a short distance between 
the adjacent sites of the Li-ion sublattice in the above materials leads to a 
scenario where some of the Li-ions are squeezed into higher-energy 
(metastable) sites due to Li–Li repulsion interaction, thus initiating 
cooperative migration, that is, interstitial migration with reduced 
migration activation energy [54–57]. Small nRLi-Li is also found in other 
ISSEs, such as Li3OX (X = Cl, Br) [58], Li3N [59], Li2CO3 [60], and doped 

Li3PO4 [61]. 
To estimate the correlation of nRLi-Li and Li-ion mobility, we made an 

analysis on Li-ion migration activation energies versus nRLi-Li of Li-ion 
RDFs based on the published literatures, as shown in Fig. 1b. A full 
list of activation energy and nRLi-Li in Fig. 1b is shown in Table S1 of SI. A 
positive relationship between activation energy and nRLi-Li is found: a 
larger nRLi-Li is more likely to lead to a higher activation energy, and vice 
versa. Fig. 1b indicates that small nRLi-Li is preferred in Li-ion sublattice 
arrangements for Li-ion conductors owing to the low activation energy 
of cooperative migration. Therefore, the nearest neighbor Li–Li distance 
within Li-ion sublattice is an important factor in Li-ion mobility, which 
is applicable for Li-ion low-barrier migration in a broad range of ISSEs. 

Fig. 1c shows the sequential steps of our screening process and 
exclusion criteria. First, we downloaded a total of 215 distinct Li-M-F 
fluoride compositions. Here, the fluoride materials in the inorganic 
crystal structure database (ICSD) for compounds contain three elements 
(Li, F, and M, M is cation). Next, we analyzed the Li-ion RDFs of mate
rials using the structure analysis tools contained in Pymatgen. nRLi-Li is 
used as a descriptor for the evaluation of Li-ion mobility to exclude 
materials that have a nRLi-Li value larger than 2.8 Å. After the screening 
process, 11 fluoride materials are left as shown in Table S2. We note that 
LixMF6 may be a new class of superionic conductors (Fig. 1d) as the 
predicted nRLi-Li of LixMF6 is on par with state-of-the-art Li-ion con
ducting electrolytes. Next, we removed compounds that possess rare 
elements and a narrow energy band-gap (less than 3 eV) by calculating 
the total density of states (TDOS), thus eliminating materials that would 
likely to be electron conductors. In this process, Li3AlF6, Li2ZrF6, 
Li3ScF6, and Li3GaF6 have wide band-gap larger than 6.0 eV (as shown in 
Fig. S1), which suggests electrical insulation. In comparison, Li3CrF6, 
Li3VF6, Li2⋅5TiF6, and Li2MnF6, have narrow band-gap, as shown in 
Fig. S2. Therefore, four promising fluoride materials (Li3AlF6, Li2ZrF6, 
Li3ScF6, and Li3GaF6) are suggested as potential ISSEs. 

3.2. Structural properties and phase stability of LixMF6 

The four promising fluoride materials found in this work are opti
mized by DFT calculations and the structural configurations are shown 
in Table 1 and Fig. 2a, suggesting three distinct phase structures. These 
crystal structures in polyhedral representation are detailed in 
Figs. S3–S5. For Li3AlF6 and Li3GaF6, the structures consist of an 
immobile framework that includes isolated MF6 octahedrons without 
sharing edges or corners as well as a potential three-dimensional (3D) 
diffusion channel formed by interconnected LiFx polyhedrons (see 
Fig. S3). For Li2ZrF6, the rigid structural framework is formed as isolated 
lagers in the bc-plane, which are built by the edge-sharing ZrF8 poly
hedrons (see Fig. S4). The edge-sharing LiF6 octahedrons are sand
wiched between the layers of ZrF8 polyhedrons. Thus, the Li-ions in 
layered Li2ZrF6 may diffuse along a two-dimensional (2D) channel in bc- 
plane, from one octahedral site to another. For Li3ScF6, it has a frame
work of isolated ScF6 octahedral units with no shared edges or corners. 
Li-ions are placed at distorted octahedrons which are interconnected by 
face-sharing and arranged in an alternating way along the conduction 
channels and build up a 3D Li diffusion network throughout the crystal 
(see Fig. S5). Overall, the crystalline structures of all four fluoride 

Table 1 
Calculated structural parameters for Li3AlF6, Li3GaF6, Li2ZrF6, and Li3ScF6 crystal.   

ICSD number Space group  a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) 

Li3AlF6 252226 C12/c1 Theor. 14.35 8.51 9.97 90.12 94.37 90.02 
Exp. 14.23 8.40 9.88 90.00 94.10 90.00 

Li3GaF6 409384 Theor. 14.53 8.71 10.09 89.71 94.83 89.92 
Exp. 14.37 8.57 9.99 90.00 94.80 90.00 

Li2ZrF6 155020 C2/c Theor. 10.27 8.42 5.02 89.52 117.01 89.65 
Exp. 9.65 7.53 4.99 90.00 114.90 90.00 

Li3ScF6 415135 P3c1 Theosr. 8.88 8.88 9.65 89.87 89.93 120.17 
Exp. 8.78 8.78 9.52 90.00 90.00 120.00  
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materials consist of LiFx and MFx structural units through periodic ar
rangements [62]. 

To understand the phase stability relative to their corresponding 
separated phases including elemental, binary, and ternary ones, we used 
the grand canonical linear programming method (GCLP) [63] to explore 
the phase diagram of Li-M-F compounds (see Fig. 2b). The GCLP writes a 
linear equation from a mixed or multicomponent compound into all 
phase equilibria and gives the combination with the lowest energy under 
the constraint that the coefficients for all the phase equilibria must be 
positive. For the four fluoride materials, the favorable combination is 
the decomposition of ternary LixMF6 into binary LiF and MF3 or MF4, 

with the order of decomposition energy (ΔE = [E(phase equilibrium) - 
E(LixMF6)]/Natoms): Li3GaF6 (52 meV/atom) > Li3AlF6 (38 meV/atom) >
Li2ZrF6 (13 meV/atom) > Li3ScF6 (1 meV/atom). These positive values 
suggest they are stable relative to decomposition into binary LiF and 
MF3/MF4. By comparison, we note that the decomposition energy for 
Li3InCl6 with respect to LiCl and InCl3 is 14 meV/atom, which is less 
stable compared to Li3GaF6 and Li3AlF6, but similar to Li2ZrF6. And 
recent experiments have successfully demonstrated the air stability of 
Li3InCl6 and assembled it in a battery setup [64]. Thus, the above 
fluoride materials are thermodynamically stable at room temperature. It 
is important to note that in Li–Zr–F phase space, Li4ZrF8, Li2ZrF6, and 

Fig. 2. (a) Crystal structure of Li3AlF6 (Li3GaF6), Li2ZrF6, and Li3ScF6 in polyhedral representation. Orange sphere, Al(Ga); yellow sphere, Zr; purple sphere, Sc; green 
sphere, Li; green polyhedron, LiFx; small sky blue sphere, F. (b) Li-M-F ternary phase diagram assessing the computed stability of Li-M-F compounds. Black solid 
circles indicate stable phases. Red solid circles show the targeted fluoride materials. Compositions appeared in the Li-M-F phase space along with LiMF stoichiometry 
are shown, while the decomposition to binary phases (LiF and XF3) is the most feasible case for Li3AlF6, Li3ScF6, and Li3GaF6. Li2ZrF6, Li4ZrF8, and Li3Zr4F19 make up 
a convex hull in the LiF-ZeF4 phase. 
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Li3Zr4F19 make up a convex hull in the LiF–ZrF4 combination, that is, in 
addition to the existing Li2ZrF6, other possible stoichiometric ratios of 
LiF and ZrF4 are within the Li–Zr–F composition diagram. To learn more 
about the structural stability of the four fluorides, we carried out AIMD 
with a canonical ensemble (NVT) at 900 K. We found that the frame
works of Li3GaF6, Li3AlF6, and Li3ScF6 remained stable for 100 ps of 
simulation, but the framework of Li2ZrF6 was unstable and Zr-ions 
migrated forming multiple Zr–F coordinations, resulting in 

degradation of phase structure. Thus, Li2ZrF6 is excluded from the 
further study of Li-ion migration properties. 

3.3. (electro)Chemical stability 

Achieving electrochemical stability in solid-state electrolytes is 
challenging while in contact with both cathode and anode due to their 
extreme chemical potentials and the possible chemical reactions at the 

Fig. 3. (a) The electrochemical stability ranges of LixMF6 fluoride electrolytes. The yellow region reflects the possible extension of the voltage window over which 
there is decomposition but without any metallic products. (b) The voltage profiles and phase equilibria of LixMF6 upon lithiation and delithiation that determine the 
anodic and cathodic reactions. The stability window (green-shaded region) is determined after the energy consideration of the lithium extraction/insertion without 
any mutual reactions between the electrode and electrolyte. 
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Fig. 4. (a) The calculated mutual reaction energy for the products of the interfacial reaction x⋅ISSEs + (1-x)⋅cathode → Cequilibrium as a function of x, without any 
applied voltage. (b) The calculated mutual reaction energy for the products of the interfacial reaction x⋅ISSEs + (1-x)⋅cathode → Cequilibrium as a function of voltage 
from 2.0 to 5.0 V vs Li/LI+, x corresponds to the maximum mutual reaction energy. 
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electrolyte-electrode interface [65–68]. To evaluate the interfacial sta
bility and compatibility, we employed grand canonical phase diagrams 
and processed in two stages similar to the approaches adopted in pre
vious studies [69,70]. First, we evaluated the electrochemical stability 
of the potential candidate by utilizing Li chemical potential (μLi) as a 
proxy for the voltage. The Li chemical potential is related to the applied 
voltage and can be determined according to the eq. μLi(φ) = μLi-metal ̶ eφ, 
in which φ is the applied voltage referenced to Li metal and μLi-metal is the 
chemical potential of Li metal. After examining the whole window (0–5 
V), we determined the stability window of fluoride materials (see Fig. 3a 
and b). The sequence of fluoride materials determined by their elec
trochemical stability window is Li3ScF6 (5.78 V) > Li3AlF6 (5.49 V) >
Li2ZrF6 (5.34 V) > Li3GaF6 (4.37 V). By comparison, Li3InF6 can be 
decomposed into other compounds that are Li-ion conducting and 
electronically insulating (as shown in the yellow region). Li3TiF6, 
Li2MnF6, and Li3CrF6 show narrow electrochemical stability windows 
less than 3 V. Moreover, the fluoride materials exhibit a wider stability 
window compared to the sulfides. For example, the Li3AlF6 exhibits an 
anodic (cathodic) limit of 0.56 V (6.0 V) versus bulk Li, while Li3PS4 
operates within a narrow window of 1.6–3.0 V. We also found that 
Li3ScF6 had the lowest anodic limit (as low as 0.5 V) but Li2ZrF6 could 
achieve the highest oxidation potential (up to 6 V), which was higher 
than all commercially available cathodes. On the anodic side, the elec
tronically insulating and ionically conducting phase (see Fig. 3b), LiF, is 
formed at low voltage, which may potentially serve as a passivating 
interfacial phase that can act as a barrier against further solid electrolyte 
decomposition. 

It is important to note that the computed stability window versus μLi 
of an electrolyte is the voltage range that the electrolyte can sustain 
without redox decomposition. However, this definition does not 

consider possible mixing reactions between electrolyte and electrode, 
especially considering that heating treatment or sintering is an impor
tant process in cell preparation. Next, to understand the interfacial 
electrochemistry of fluoride materials with cathodes, we extended the 
above model and consider all reaction possibilities for electrolyte/ 
cathode interfaces: xISSEs + (1-x)Cathode → Cequilibrium, in which the 
Cequilibrium is the low energy phase determined by the GCPD, and x is the 
stoichiometric coefficient varying from 0 to 1. Thermodynamically, the 
chemical stability and electrochemical stability for electrolyte/cathode 
interfaces are evaluated by calculating the mutual reaction energy of 
interfacial reactions as a function of the electrolyte ratio and voltage. 
The methodology to calculate mutual reaction energy can be referred to 
in previous studies [47,54]. The negative value of mutual reaction en
ergies suggests an exothermic interfacial reaction. The various cathodes 
namely Li [M1]O2 (M1 = Ni, Co, and Mn), Li [M2]S2 (M2 = Ti, V), spinel 
LiMn2O4, and LiFePO4 are herein considered (see Fig. 4a). The results in 
Fig. 4a show that the interfaces between Li3AlF6 and oxide cathodes are 
not thermodynamically stable at the minimum mutual reaction energies 
from − 500 to − 1100 meV per atom. For the other three fluoride com
pounds (Li3ScF6, Li2ZrF6, and Li3GaF6), the minimum mutual energies of 
ISSEs with cathodes are higher than − 125 meV per atom. This value is 
close to that of LiPON with LiCoO2 (− 100 meV per atom) but far above 
that of Li3PS4 with LiCoO2 (− 406 meV per atom) [47]. The main 
decomposition phase equilibria are detailed in Table S3 of SI. 

At applied voltages, the electrochemical stability of the fluorides 
with cathodes is also evaluated (see Fig. 4b). The mutual reaction en
ergies are shown in Fig. 4b and the corresponding decomposition 
products are detailed in Table S4 of SI. We find that fluorides form 
electrochemical stable interface with sulfide (LiTiS2 and LiVS2) and 
LiFePO4 at corresponding anodic and cathodic limit. However, for oxide 

Fig. 5. (a, b and c) MSD of Li-ions along three different crystallographic directions and overall value, and probability densities (insets) obtained from the AIMD 
trajectory at 900 K within Li3GaF6, Li3AlF6, and Li3ScF6, respectively. (d) Li-ion diffusivity at various temperatures is fitted linearly for Li3GaF6, 
Li3AlF6, andLi3ScF6. 
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cathodes, fluorides have better electrochemical stability at cathodic 
limit than anodic limit. This indicates that the delithiation of fluorides at 
high voltages will generate an additional thermodynamic driving force 
for the interfacial decompositions. For fluorides and oxide cathodes 
interfaces, the interfacial mutual reaction energies are in the range of 
[-550, 0] meV per atom from 2 to 5 V. In contrast, the interfacial mutual 
reaction energies of Li3PS4– LiCoO2 and LLZO- LiCoO2 are in the range of 
[-1278, − 595] and [-656, − 2] meV per atom from 2 to 5 V [47]. 

Overall, our results show that four fluoride materials exhibit large 
intrinsic electrochemical stability windows and good chemical stability 
against various cathodes. In particular, the cathodic limit for LixMF6: 
[5.0, 6.0] V is significantly higher than sulfide ISSEs and LLZO. For 
future studies, it may be of interest to look into the interphase layer of 
fluorides with oxide cathodes by in situ experiments and investigate the 
kinetic effects on stability. 

3.4. Li-ion conductivity in LixMF6 

Li-ion diffusivity within the fluoride framework is determined by the 
AIMD simulations with a total period of 100 ps. [51,71,72]. For Li3GaF6, 
Li3AlF6, and Li3ScF6, we observed an isotropic 3D network diffusion 
with the mean square displacement (MSD) of Li-ions in Fig. 5a–c. The 3D 
diffusion networks in the three materials are also proved by Li-ion 

probability density (insets in Fig. 5a–c) extracted from the simulated 
trajectories. In Fig. 5d, the diffusion coefficient (DLi) values at different 
temperatures are extracted from the MSD analysis and use the Arrhenius 
relation to predict a value for ionic diffusion at room temperature. 
Table 2 summarizes the Li-ion conductivity, diffusivity, and activation 
energy for three candidates predicted. The estimated activation energy 
is relatively small, in the range from 0.23 to 0.33 eV, which is consistent 
with predictions of the nearest neighbor Li–Li distance. The sequence 
determined by ionic conductivity at room temperature is Li3GaF6 >

Li3ScF6 > Li3AlF6. The ionic conductivity of three fluorides is on the 
order of 1.0 mS/cm at room temperature, which suggests that the three 
candidates have the potential to be new ion conductors. 

In detail, we calculated the self (Gs (r, t)) and distinct (Gd (r, t)) parts 
of van Hove correlation function of Li-ions, the RDFs of Li–F from the 
AIMD simulations of Li3GaF6 (see Fig. 6a–c), Li3AlF6 (see Fig. S6), and 
Li3ScF6 (see Fig. S7) at 900 K. The plots of the Gs (r, t) describe how 
probable a Li-ion diffuses away from its original site by a distance of r 
after time t, and the plots of Gd (r, t) is related to the probability of 
finding one Li-ion when a different Li-ion is away from the original 
position of this Li-ion by a distance of r after time t. In Gs calculations 
(see Fig. 6a), the probability of finding Li-ions shifts to large r values and 
becomes discrete with the increase of t, and such probability is strong 
time dependence under different distances. Such a correlation function 
is typical of a superionic state. Gd results always show a significantly 
high probability at the proximity of r = 0 Å (see Fig. 6b), suggesting that 
Li-ions motions may be correlated. The temporal projection of Gd (r, t) at 
0 and 10.5 ps (see Fig. 6c) indicates that Li-ions have left their original 
position and migrated to other sites. The migration of Li-ions is related 
to their coordination environment, known as Li-ion structure units 
(LiFx). Fig. 6d shows the RDFs for Li–F interactions in Li3GaF6 calculated 
over the simulation time, and indicates two important features. First, the 

Table 2 
Li-ion conductivity (σ) and diffusivity (D) at 300 K, activation energy (Ea) for 
fluorides from AIMD simulations.   

Error bar of σ (mS/cm) Error bar of D (cm2/s) Ea (eV) 

Li3AlF6 [1.85, 5.55] [1.0 × 10− 8, 3.0 × 10− 8] [0.25, 0.31] 
Li3GaF6 [8.83, 12.36] [5.0 × 10− 8, 7.0 × 10− 8] [0.25, 0.32] 
Li3ScF6 [5.11, 8.52] [3.0 × 10− 8, 5.0 × 10− 8] [0.26, 0.32]  

Fig. 6. (a, b) The self-part Gs and distinct-part Gd of van Hove correlation function at 900 K in Li3GaF6. (c) The temporal projection of distinct-part of van Hove 
correlation function at 900 K. (d) RDFs for Li–F interactions obtained from the simulated trajectory at 900 K in Li3GaF6. AIMD simulation snapshots (insets in RDFs) 
indicate the face-sharing LiFx units. 
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weak and diffuse peaks beyond the first coordination shell indicate a 
great disorder and mobility of Li-ions. Second, integrating the Li-ion 
density up to the first coordination shell for Li–F pair in LixMF6, we 
find there are on average 5.63 F-ions in the first coordination shell of Li- 
ions. We recall the initial structure at the distance of approximately 2.0 
Å, whereas Li-ions exhibit 4, 5, and 6 F-ions in the first coordination 
shell. This suggests that great distortion of LiFx units during simulated 
trajectories. The increment of the Li–F coordination sphere agrees well 
with the snapshots of simulated trajectories in which two adjacent LiF6 
units are generally interconnected by the face-sharing way (see insets in 
Fig. 6d). The pathway consisting of face-sharing interconnection octa
hedrons facilitates Li-ion migration with low activation energy as sug
gested by the previous study [73]. In summary, the AIMD simulations 
prove that Li-ions in three fluorides have relatively low activation en
ergy for diffusion and a correlated motion between Li-ions, in agreement 
with our prediction of the bare Li-ion sublattices. Our results suggest 
that the method of choosing the nearest neighbor Li–Li distance to 
screen ISSEs is reliable. 

4. Conclusion 

In summary, we conducted high-throughput Li-ion radial distribu
tion function-based screening for fluorides in search of electrochemi
cally stable and highly conductive ISSEs. First, it was found that the 
correlation between Li-ion migration activation energy Ea and the 
nearest neighbor Li–Li distance, nRLi-Li, can be used as a structural 
descriptor for the Li-ion migration activation energy, which is correlated 
to the ionic conductivity. The electrochemical stability using the phase 
diagram module contained in Pymatgen’s phase diagram packages are 
examined. Electrolyte materials were screened based on our established 
exclusion criteria: (1) a nRLi-Li less than 3.0 Å, (2) an electronic bandgap 
larger than 2.0 eV, (3) an electrochemical stability window larger than 3 
eV. As a result, four promising ISSEs materials with nRLi-Li less than 2.7 Å 
were proposed, and three materials were verified to have good elec
trochemical stability, chemical stability and high ionic conductivity. The 
ionic conductivity of these compounds at room temperature was pre
dicted to be in the range of [1,10] mS/cm, which was on par with 
currently reported garnet-type materials. Moreover, their electro
chemical stability windows were in the range of [4.37, 5.78] V. 

For ASSLBs technology implications, the Li3AlF6, Li3GaF6, and 
Li2ZrF6 may be promising ISSEs candidates. For future studies, it may be 
of interest to experimentally verify their electrochemical stability and 
conductivity. Besides, we suggest that the use of nRLi-Li descriptor may 
be a universal strategy to screen high ionic conductivity ISSEs materials. 
Similar screening studies of the current work on chloride and bromide 
materials may result in more promising ISSEs candidates. 
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