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Identifying Novel Lithium Superionic Conductors Using a
High-Throughput Screening Model Based on Structural
Parameters

Bo Xiao, Xiaohan Zhang, Liangliang Xu, Xianyong Wu, Ju Li, and Zhongfang Chen*

As the key component in solid-state batteries, Li superionic conductors ought
to exhibit high ionic conductivities (>10−4 S cm−1) at room temperature
(𝝈RT). However, identifying such materials is a grand challenge due to the
limited number of known candidates and the difficulty of predicting 𝝈RT with
both efficiency and accuracy. Herein, a high-throughput screening model is
developed that requires only two easily accessible parameters: the diameter of
Li-ion diffusion path (Dpath) and the dimension of Li-ion network (DLi). This
model successfully identifies Li superionic conductors from 132
experimentally available Li-ion conductors. Using this approach, 13 new
candidates are screened out of the 21 686 Li-containing materials from the
Materials Project, and their Li superionic conductivity is confirmed by
first-principle molecular dynamics simulations. Notably, two N-containing
materials (i.e., Li6.5Ta0.5W0.5N4 and Li6.5Nb0.5W0.5N4) are identified, enriching
the rare N-based Li superionic conductor family, while Li2Mo3S4 achieves the
highest conductivity of 6.24 × 10−2 S cm−1 due to its unique structure of
interconnected Mo6O8 clusters, providing a robust and optimal diffusion
path. Li6.5Ta0.5W0.5N4, Li6.5Nb0.5W0.5N4, and Li7PSe6 have been identified as
promising solid-state electrolytes for use at the anode interface for the
solid-state Li-ion batteries, while Li10X(PS6)2 (X = Si, Ge, or Sn),
Li2Mn0.75Ta0.5Sn0.5S4, and Li2Zn0.5TaS4 are suitable for the cathode interface.
This work not only proposes a highly effective and accurate screening model
for exploring Li superionic conductors but also provides several new
frameworks for designing systems with ultrahigh 𝝈RT values.
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1. Introduction

Li-ion batteries (LIBs) have been indis-
pensable in powering electronics, electric
vehicles, and large-scale energy storage
systems.[1,2] However, the widespread use
of toxic and flammable organic liquid elec-
trolytes in commercial LIBs poses signif-
icant safety risks. Moreover, these liquid
electrolytes are generally incompatible with
high-capacity electrodematerials, such as Li
metal or alloys, limiting the achievable en-
ergy density. To address these challenges,
solid-state electrolytes (SSEs) have emerged
as a promising alternative, enabling the de-
velopment of all-solid-state batteries (SSBs)
with enhanced energy density, improved
safety, and longer cycling life.[3–5]

Both academia and industry have fo-
cused intense research efforts on SSBs,
typically utilizing polymeric or inorganic
compounds as SSEs.[6,7] To be effective,
an ideal SSE should exhibit several key
features: fast Li-ion conduction, low elec-
tronic conductivity, a wide electrochemi-
cal stability window, and robust mechan-
ical stability. Among these features, ultra-
fast Li-ion conductivity at room tempera-
ture (𝜎RT) is considered the most critical
since all other properties can be fine-tuned
by optimizing the structure and electronic

characteristics of the electrode and electrolyte.[8]

Despite their potential, the primary challenge in designing
effective SSEs lies in their low 𝜎RT value, which is typically
several orders of magnitude lower than that of liquid elec-
trolyte (≈10−2 S cm−1 at room temperature), as illustrated in
Figure 1 and detailed in Table S1 (Supporting Information). Tra-
ditionally, many Li-ion conductors (LICs) have been identified
through “guess and check” or “trial and error” approaches. Based
on their compositions and structures, these solid electrolytes
could be classified into five major categories: i) oxides, such as
LLTO-type LixLa2/3−xTiO3,

[9] and garnet-type L5La3M2O12 (M =
Ta, Nb);[10,11] ii) sulfides, including xLi2S·yP2S5,

[12] and LGPS-
type Li10+xM1+xP2−xS12 (M = Si, Ge, Sn);[13,14] iii) phosphates,
such as NASICON-type LiM2(PO4)3 (M = Al, Ge, Hf, Zr, Ti);[13,15]

iv) nitrides and halides, such as Li3N,
[16] and LiMCl6 (M = Ta

and/or Nb);[17] v) LICs composed of multiple anions, such as
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Figure 1. 𝜎RT values for 132 experimentally available LICs.

halide–sulfides (Li6PS5X, X = halogen),[18,19] and halide–oxides
(such as Li3OBr and Li3OCl).

[20,21]

In contrast to the traditional “guess and check” or “trial
and error” experimental methods, high-throughput screen-
ing has recently emerged as an efficient strategy to iden-
tify Li superionic conductors (𝜎RT > 10−4 S cm−1).[8,22–33] De-
spite its promise, these screening methods often suffer from
low predictive accuracy, with only a small percentage of pre-
dicted materials being validated as Li superionic conductors
through first-principle molecular dynamics (FPMD) simula-
tions. This limitation stems primarily from deficiencies in the
screening models and the scarcity of comprehensive training
data.
To construct a highly accurate screening model for iden-

tifying potential Li superionic conductors, it is imperative
to thoroughly understand the diffusion mechanisms of
Li ions within LICs. According to the Arrhenius equation
(D = Aexp(−Ea/RT)) and the Einstein relation (D = <|r(t) −
r(0)|[2]>/6t), Li-ion diffusivity depends on the pre-exponential
factor (A), the ion diffusion energy barrier (Ea), and the displace-
ment of Li ions (r(t)) duringMD simulation.However, calculating
these parameters through first-principle simulations is compu-
tationally intensive, making it impractical for high-throughput
screening.
As an alternative, several empirical methods have been devel-

oped to estimate the diffusion barrier (Ea) and diffusion coeffi-
cient (D) more efficiently, such as the bond valence method,[22–24]

pinball model,[8,25] and the recently proposed composition-based
machine learning method.[26] In addition, several structural fac-
tors have been linked to Li-ion conductivity. i) Wang et al. re-
vealed that a body-centered cubic S sublattice, which facilitates
direct Li hopping between adjacent tetrahedral sites, is optimal
for high ionic conductivity.[27] A similar conclusion was drawn
by Zhang et al. using unsupervised machine learning.[28] These
findings imply that the size (or chemical environment) of the Li-
ion diffusion pathways must fall within certain ranges to achieve
high conductivity. ii) He et al. proposed that fast diffusion in Li

superionic conductors occurs not via isolated Li-ion hopping, as
typically observed in solids, rather through the concerted motion
of multiple Li ions with low energy barriers,[29] indicating that
the connectivity of Li-ion network in LICs is crucial for deter-
mining ionic conductivity. iii) Using machine-learning models,
Sendek et al. identified two key descriptors, namely Li─Li bond
length and Li─anion distance, that govern the ionic conductiv-
ity of LICs.[30–32] iv) Through high-throughput screening models,
Muy et al. and He et al. showed that Li-ion vibration frequencies
and enlarged Li sites enhance Li-ion conductivity.[33,34] v) Wang
et al. proposed using density of atomistic states to quantitatively
characterize the closed energy levels among Li sites in Li supe-
rionic conductors.[35] vi) By tuning the collective anion motion
in halides, Liu et al. revealed that the bottleneck in the diffu-
sion path could be opened to achieve high Li-ion conductivity,[36]

which highlights the importance of local space or the chemical
environment around Li ions.
Despite these advantages, none of the existing approaches

could reliably differentiate between known LICs with high
(>10−4 S cm−1) and low (<10−4 S cm−1) 𝜎RT values. Further-
more, many methods are limited to specific types of LICs, such
as those containing S, O, or a single type of anion, resulting
in reduced predictive efficiency for unknown Li superionic con-
ductors. Nonetheless, these studies have collectively highlighted
two key factors influencing Li-ion conductivity: the diameter (or
chemical environment) of Li-ion diffusion path (Dpath), and the
dimension of Li-ion network (DLi). Consequently, an effective and
accurate screening model could be developed by precisely char-
acterizing Dpath and DLi within LICs.
In this study, we developed a high-throughput screen-

ing model based on the abovementioned two key structural
factors − Dpath and DLi − to identify potential Li superionic con-
ductors. The model’s efficiency and accuracy were validated by
successfully recognizing known Li superionic conductors among
132 experimentally available LICs and 21 686 Li-containing ma-
terials from theMaterials Project database.[37] As a result, 13 new
Li superionic conductors were identified, several of which exhibit
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ultrafast ionic conductivity, entirely novel structural frameworks,
and excellent compatibility with the Li metal.

2. Computational Methods

All the first-principle simulations in this work were performed
using the Vienna Ab Initio Simulation Package.[38,39] The
Perdew–Burke–Ernzerhof (PBE) functional within the general-
ized gradient approximation was employed to describe electron–
ion and electron–electron interactions.[40,41] To calculate the ionic
conductivity of Li ions at room temperature, FPMD simulations
were conducted at five different temperatures (750, 900, 1150,
1300, and 1500 K), and their room-temperature ionic conductiv-
ities were obtained by extrapolation.[42] We simulated large su-
percells (≈100 atoms) to minimize the effects of periodic bound-
ary conditions. During FPMD simulations, a gamma-centered k-
point was used, and the Nosé–Hoover thermostat was employed
under theNVT ensemble.[43] The time stepwas set to be 2 fs. Each
FPMD simulation was carried out for a duration of 100–600 ps,
unless otherwise specified, until the diffusivity converged with
a relative standard deviation below 20%, which aligns with the
accuracy range (≈20–30%) proposed in a previous study.[42] For
example, in the case of Li2Mo3S4, the total simulation time was
570 ps, including 100 ps each at 900, 1150, 1300, and 1500 K, and
170 ps at 750 K. The Li ionic conductivity at room temperature,
the corresponding error bound, and the activation energy were
calculated following the previously established method.[42]

For some candidate materials identified by high-throughput
screening, aliovalent substitution was employed to adjust their
Li contents. First, one dopant was selected based on substitution
probability.[44] Then, the Supercell program[45] was used to gen-
erate all the symmetrically distinct substitution structures, and
their stabilities were roughly screened using electrostatic Ewald
energies. The energy above hull (Ehull) values for the 10 most
stable configurations were further evaluated using first-principle
calculations to identify the thermodynamically favorable
structures.
Additionally, for pristine Li2Mo3S4, deep potential molecular

dynamics (DPMD) simulations were carried out at room tem-
perature using the DeepMD-kit interface[46] within the LAMMPS
package.[47] The training set was constructed by randomly select-
ing 80% of FPMD trajectories at 300, 750, 900, 1150, 1300, and
1500 K, while the remaining 20% of trajectories at 300 K were re-
served as the testing set. The neutral network was trained using
the Adam stochastic gradient descent method.[48] We adopted the
“se_e2_a” descriptor, which is constructed fromboth angular and
radial information of the atomic structures. The sizes of the em-
bedding and fitting neural networks were set to be (25, 50, 100)
and (240, 240, 240), respectively. The radius and smooth cutoff
were set to 6.00 and 0.50 Å, respectively. The initial learning rate
was set to be 0.001, and the final drop ended at 3.50 × 10−8 over
the course of training.
The initial screening steps, including the selection of Li-

containing materials with specific bandgaps, energy above hull,
and elemental composition, and the calculations for dimension
of Li-ion network, were carried out using Pymatgen.[49] The
Zeo++ program[50,51] was employed to calculate the diameters of
the Li-ion diffusion pathways and identify blocked Li-ion posi-
tions.

3. Results and Discussion

3.1. Compilation and Overview of LIC Dataset

To establish a comprehensive dataset for LICs, we compiled 132
experimentally validated materials covering a wide range of con-
ductivity values. As shown in Figure 1 and detailed in Table S1
(Supporting Information), these materials represent nearly all
known categories of LICs. The 𝜎RT of these materials spans an
extensive range, from 10−24 to 10−2 S cm−1, with ≈25% exhibit-
ing 𝜎RT values greater than 10−4 S cm−1, a commonly accepted
threshold for classifying Li-ion superionic conductors.[52–54]

3.2. Calculating the Dpath

As highlighted in the previous section, Li-ion conductivity is
closely linked to the Dpath as well as the DLi. Thus, we first cal-
culated the Dpath values across the LICs.

3.2.1. Simple Estimation Using the Zeo++ Program

Since Li-ion diffusion primarily occurs along the sublattice of Li-
ion network, the diffusion path could be approximated as the con-
nections between Li-vacancy sites. With approximation in mind,
to calculateDpath, we removed all Li ions from the LICs, and used
the Zeo++ program for the analysis. The van der Waals (vdW)
radii of anions provided by the Cambridge Crystalography Data
Center (CCDC)[55] were incorporated, ensuring that the bond-
ing behavior (chemical environment) between Li ions and anions
was accounted for in the Dpath calculations.
As shown in Figure 2a, the Dpath values of all 33 Li superi-

onic conductors (𝜎RT > 10−4 S cm−1) exceed 1.00 Å, except for
Li4BH10N3 and Li3YCl6, which will be discussed later. In the case
of LICs with low 𝜎RT values (<10

−4 S cm−1), there are 23 materi-
als also exhibiting Dpath values greater than 1.00 Å. These results
revealed that while Dpath value higher than 1.00 Å is a necessary
condition for high 𝜎RT (>10

−4 S cm−1), it is not sufficient on its
own. Additional factors, beyond diffusion path size, also play a
crucial role in determining ionic conductivity.

3.2.2. Correction Procedure for Materials with Nanopores

Although the initial Dpath values obtained from our simple
method are useful, they can sometimes be inaccurate and require
careful correction, especially in materials with large nanopore
structures. In such cases, Zeo++ considers both Li-vacancy sites
and natural voids as part of Li-ion diffusion path, leading to an
overestimation where the calculatedDpath is essentially the diam-
eter of the nanopore. For instance, in LiAlSiO4, which features
a natural nanopore structure (Figure 3, left), the calculated Dpath

equals the nanopore diameter of 1.37 Å. However, since Li-ion
diffusion must pass through its initial site within the material,
which is an integral part of the diffusion path, the Dpath value
within such Li site should not exceed twice the difference be-
tween the averaged Li─anion bond length (dLi─Anion) and the vdW
radius of the anion (rAnion). For example, the averaged Li─O bond
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Figure 2. Comparison of Dpath and DLi values in a) fast and b) slow LICs.

Figure 3. Schematic representation of the correction process for Dpath values for LICs with nanopore structures.
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Figure 4. Schematic illustration of the correction process for Dpath values in LICs containing two types of anions.

length in LiAlSiO4 is 2.01 Å, indicating that the actualDpath value
should be no greater than 2 × (dLi─O − rO) = 0.98 Å (with rO =
1.52 Å). Moreover, the Li ion resides within an oxygen-containing
tetrahedron, and must traverse an O3 triangle during diffusion
(Figure 3, right), where the Li─O distance is about 0.05 Å shorter
than the average Li─O bond. In this regard, the actualDpath value
for LiAlSiO4 should be further reduced to not higher than 0.88 Å.
Therefore, for LICs with large nanopores, the Dpath values calcu-
lated by Zeo++must be corrected: the actual Dpath values should
be less than 2 × (dLi─Anion − rAnion) × x, where x is the tolerance
factor accounting for these structural nuances.
Inmost LICs, Li ions preferentially occupy tetrahedral (T) sites

rather than octahedral (O) sites, and long-range Li-ion diffusion
typically follows pathways such as T↔O↔ T or T↔ T).[27] Thus,
we can assume that a Li ion resides at the center of a regular tetra-
hedron formed by four anions, as illustrated in Figure 3 (right).
In this configuration, the dLi─Anion value is about 5% greater than
half of theDpath value. Therefore, in this work, the correction fac-
tor x is set to 0.95.
Applying this correction, we identified overestimatedDpath val-

ues in six LICs with large nanopores: LiAl(Si2O5)2, LiAlSiO4,
LiGaSiO4, LiZr2(PO4)3, LiScP2O7, and LiSbO2. After correction,
the corrected Dpath values for these materials fall below 1.00 Å.
Furthermore, this correction procedure should also be extended
to other LICs where the Li-ion coordination number exceeds
three since most Li-ion diffusion involves crossing T sites. Thus,
for these materials, the corrected Dpath values should not exceed
2 × (dLi─Anion − rAnion) × 0.95.

3.2.3. Correction Procedure for Materials with Two or More Anions

In materials containing two types of anions, accurate deter-
mination of Li-ion diffusion paths requires careful correction
due to discrepancies that arose between the Li site positions
identified by Zeo++ and the actual Li sites within the ma-
terial. As illustrated in Figure 4 (left), the Li site identified
by Zeo++ is located centrally between Anion_I and Anion_II,
resulting in a calculated Dpath value approximately equal to
(dLi─Anion_I − rAnion_I + dLi─Anion_I − rAnion_I). However, the ac-
tual Li site depends on the specific chemical properties of An-
ion_I and Anion_II, meaning the true Dpath should be lower

than the minimum of 2 × (dLi─Anion_I − rAnion_I) × 0.95 and
2 × (dLi─Anion_II − rAnionII) × 0.95. This overestimation becomes
particularly pronounced when the two anions have significantly
different vdW radii. The most common anions in LICs − O, N,
P, S, Cl, Br, and I − have vdW radii (rAnion) of 1.52, 1.55, 1.80,
1.80, 1.75, 1.85, and 1.98 Å, respectively. Consequently, Dpath val-
ues for LICs containing pairs of anions, such as O or N with P,
S, Cl, Br, or I, are often overestimated and should be carefully
corrected.
Accurate correction of Dpath values is crucial for LICs con-

taining multiple types of anions to avoid overestimating Li-
ion conductivity. Taking Li6I3N as an example (Figure 4, right),
the Li─I and Li─N bond lengths are 2.99 and 1.96 Å, respec-
tively, with a Zeo++ calculated Dpath value of 1.18 Å. However,
the actual Dpath value for Li6I3N should be lower, calculated as
2 × (dLi─N − rN) × 0.95 = 0.78 Å. A similar correction proce-
dure was applied to other LICs containing two types of anions.
As a result, five LICs, namely, Li6I3N, Li5NCl2, Li9S3N, Li6Br3N,
and Li2B3O4F3, with original Dpath values (obtained by Zeo++)
exceeding 1.00 Å, were excluded from the list of Li superionic
conductors due to their corrected Dpath values being below 1.00
Å. Note that this correction process should also be applied to LICs
containingmore than two types of anions, though suchmaterials
are rare in experimental studies.

3.2.4. Correction Procedure for Materials Containing Immobile Li
Ions

Finally, it is important to recognize that the chemical environ-
ment of Li ions in LICs can vary, leading to different ionic conduc-
tivities for different types of Li ions. As mentioned above, Li ions
with a localDpath value greater than 1.00 Å are likely to exhibit fast
diffusion, while those with Dpath < 1.00 Å are expected to have
lower ionic conductivities. Therefore, it is crucial not to remove
all the Li ions from LICs during Dpath calculations using Zeo++,
as some of the Li ions may not be mobile. One approach to deter-
mine the local Dpath value for each Li ion is through the bond-
length-based correction method described in Figures 3 and 4.
However, this method assumes that Li ions reside at the center
of a regular tetrahedron formed by four anions, which may not
fully capture the actual environment of Li ions in LICs.
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Figure 5. Structural representation of Li7PN4, illustrating the configurations a) with and b) without blocked Li ions (depicted as black spheres).

To address the inaccuracies in identifying blocked Li-ion sites
with low diffusion potential (local Dpath < 1.00 Å), we performed
Monte Carlo (MC) simulations as implanted in Zeo++. In this
approach, all Li ions were initially removed from the LICs,
and 20 blocking spheres, with diameters ranging from 0.60 to
1.00 Å, were used to pinpoint the exact locations of blocked Li
sites. Li ions positioned within 1.00 Å of these blocked sites were
classified as having low ionic conductivity. The Dpath value was
then corrected by incorporating these blocked Li ions as part of
the anion framework.
For example, in Li7PN4 (𝜎RT < 10−4 S cm−1, Figure 5), the

initially calculated Dpath value using Zeo++ was 1.01 Å. Among
the 56 Li ions in the structure, 13 blocked Li ions were identi-
fied through MC simulations (represented as black spheres in
Figure 5b). An additional 35 Li ions with local Dpath values lower
than 1.00 Å were identified using the bond-length-based correc-
tion method. After removing the remaining eight Li ions from
the structure, the recalculated Dpath value dropped to 0.80 Å, be-
low the 1.00 Å threshold typically required for classification as Li
superionic conductor.
In summary, the Dpath values obtained by Zeo++ require

careful correction, particularly for LICs with large nanopores,
those composed of two or more types of anions with signif-
icantly different vdW radii, or materials containing immobile
Li ions. Using a corrected Dpath > 1.00 Å as the criterion, 28
out of 33 Li superionic conductors were successfully identi-
fied, while 85 LICs were excluded, as shown in Figure 2. Thus,
while the Dpath value is a necessary criterion for identifying
Li superionic conductors, it alone is insufficient for complete
classification.

3.3. Examining the DLi

So far, we have determined the size of the diffusion path in LICs,
but another key factor determining the Li-ion conductivity is the
connectivity of Li-ion network, which can be easily quantified by
calculating the DLi value. However, it is important to note that
such Li-ion networks consist only of movable Li ions; blocked Li

ions, with local Dpath values below 1.00 Å, should be excluded
from the network.
To illustrate the importance of DLi value, we examined the ex-

ample of Li4GeS4 (𝜎RT = 2.00 × 10−7 S cm−1, Figure 6). When
blocked Li ions are not considered, the calculated DLi value is 3
initially. The Zeo++ calculated blocked spheres, represented as
black spheres, are located near some Li ions, indicating they are
blocked. Notably, the bond-length-based correctionmethod could
not identify these blocked Li ions. After removing them, the DLi
value decreases to 2.
Using this improved approach, we calculated theDLi values for

all 132 LICs (Figure 2). Among the 33 Li superionic conductors,
27 exhibit a 3D Li-ion network with a Li─Li cutoff distance of
4.05 Å. By contrast, 91 out of the remaining 99 LICs display 1D
or 2D Li-ion networks. Therefore, we concluded that DLi = 3 is a
key criterion for identifying Li superionic conductors (for layered
structures, DLi = 2; see the discussions about Li0.31Ag0.69CrS2 in
Section 3.4)

3.4. Evaluation of Screening Model Accuracy and Analysis of
Unidentified LICs

Based on the discussions above, the accuracy of our screen-
ing model was evaluated by applying two key criteria for iden-
tifying Li superionic conductors: a corrected Dpath > 1.00 Å
and a DLi value of 3 (Figure 2). Of the 132 LICs evaluated,
only eight out were misclassified: Li0.31Ag0.69CrS2, Li2BH6N,
Li4BH10N3, LiGa(SeO3)2, Li3InCl6, and Li3YCl6 were incor-
rectly categorized as low LICs, while Li2S and Li3AlH6 were
wrongly identified as Li-ion superconductors. This result demon-
strates the high accuracy of our screening model. Next, we
analyze the structural properties of these eight “negative”
materials.
Li0.31Ag0.69CrS2 (Dpath = 1.12 Å) is a layered structure with Li

ions in the interlayer region,[56] forming a 2D Li-ion network.
Given the ultrahigh 𝜎RT value (1.96 × 10−2 S cm−1), we suggest
that layered LICs with Dpath > 1.00 Å and DLi = 2 may also be
potential Li superionic conductors.
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Figure 6. a,b) Structures of Li4GeS4 and c,d) their corresponding Li-ion networks, with and without the inclusion of blocked Li ions (shown as black
spheres).

In the case of Li2S (Dpath = 1.06 Å, DLi = 3, 𝜎RT = 1 × 10−5

S cm−1), previous studies revealed that the highly symmetric face-
centered cubic (fcc, such as Li2S) S sublattice contributes to a
high Li-ion diffusion barrier from T-site to O-site, resulting in
low ionic conductivity.[27] However, since materials with highly
symmetric fcc S sublattices are rare, this condition will not be
considered in our screening process.
Li2BH6N (Dpath = 0.87 Å, DLi = 2, 𝜎RT = 1.00 × 10−4 S cm−1),

Li4BH10N3 (Dpath = 0.92 Å, DLi = 1, 𝜎RT = 2.00 × 10−4 S cm−1),
and Li3AlH6 (Dpath = 1.15 Å, DLi = 3, 𝜎RT = 1.00 × 10−7 S cm−1)
all feature Li ions coordinated with the MH4 units (M = B or
Al). The Li─H bond lengths in these materials are 2.00, 2.37, and
1.95 Å, respectively, which are significantly longer than that in
LiH (1.60 Å), indicating their weak interaction strengths. As a re-
sult, it is likely that the MH4 units move during Li-ion diffusion,
making structural parameters such asDpath difficult to determine
accurately. Therefore, such materials should be excluded from
our screening model.
LiGa(SeO3)2 was recently identified as a Li superionic

conductor,[57] but our results indicate a relatively low Dpath value
(0.95 Å) and 1D Li-ion network. Its 𝜎RT value of 1.10 × 10−4

S cm−1 is very close to the threshold for fast and slow LICs
(1.00 × 10−4 S cm−1), suggesting that the failure to recognize
LiGa(SeO3)2 as a Li superionic conductor may be due to the in-
herent margin of error within our screening model.
Li3InCl6 and Li3YCl6 are representatives of Li3MX6-type halide

electrolytes, which exhibit high Li ionic conductivity of about
1.00 × 10−3 S cm−1 at room temperature. However, our simu-
lations revealed that Li-ion diffusion was fully blocked in these
structures, indicating a key limitation of our current screen-
ing model for this class of compounds. In our model, the Li-

ion diffusion path size is mainly determined by the vdW radii
of the anions, which inherently assumes these radii could ade-
quately capture the interaction strength between Li and its sur-
rounding anions. This approximation has proven effective for
a broad range of LICs, as demonstrated by the successful iden-
tification of various sulfide and oxide superionic phases. How-
ever, as discussed in previous studies,[58] Li3MX6-type halides
possess layered structures similar to the well-established lay-
ered transition-metal oxides, where interlayer Coulomb interac-
tions significantly influence the diffusion of Li ions. In such
systems, the charge of the anions becomes a dominant fac-
tor that the vdW-based model does not account for. For exam-
ple, the vdW radii of S and Cl are similar (1.80 vs 1.75 Å), yet
Cl− has higher electronegativity and lower valence compared
to S2−. According to our model, this should not favor an en-
hanced Li-ion diffusion. Yet, in Li3YCl6 (Dpath = 0.77 Å), a fast Li-
ion diffusion was observed, which is primarily driven by weaker
Coulomb interactions between Li+ and Cl−,[59] a factor not ac-
counted for in our current descriptor. Thus, our model under-
estimates the diffusion capacity of Li3MX6-type halides. To cor-
rectly identify this type of Li superionic halides, a significantly
lower Dpath threshold or an improved descriptor incorporating
electrostatic interactions, may be necessary in future screening
studies.
To summarize, our screening model demonstrates high ac-

curacy in predicting Li superionic conductors, successfully cat-
egorizing 124 materials out of 132 experimentally available
LICs as either low or superionic conductors. However, as dis-
cussed above, we recognize that the model does not account
for all types of LICs, particularly those with unique structural
characteristics.

Adv. Funct. Mater. 2025, 2507834 © 2025 Wiley-VCH GmbH2507834 (7 of 12)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202507834 by M
assachusetts Institute of T

echnolo, W
iley O

nline L
ibrary on [25/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 7. High-throughput screening steps for identifying Li superionic
conductors.

3.5. Screening Li-Ion Superionic Conductors from Materials
Project Database

Building on the success of our model, we extended our search
for potential Li superionic conductors using theMaterials Project
database. The screening process involved several key steps
(Figure 7): i, ii) materials must contain Li ions and be composed
of more than two elements, with bandgap values greater than
0 eV and energy above hull values below 10−6 eV; iii) the corrected
Dpath values must exceed 1.00 Å; iv) DLi values must equal to 3 or
2 for layered LICs; v) practical considerations were applied to ex-
cludematerials containing toxic and expensive elements (such as
Be, As, Sb, Au, Pt, and lanthanide and actinide elements), as well
as those containing MH4 units, Li3MX6-type halides or already
known Li superionic conductors.
Note that our screening model is highly sensitive to the vdW

radii of anions. For certain elements (e.g., Be, B, Al, Ca, Sc, Ti,
V, Cr, Mn, Fe, Co, Ge, and elements with large atomic numbers),
vdW radii are not well-defined in the CCDC,[49] with only the de-
fault value of 2.00 Å available. As a result, our screening model
could not predict the 𝜎RT values for LICs containing these anions
well. Fortunately, the vdW radii of widely present anions (such
as H, N, O, F, P, S, Cl, and I) are well-defined in the CCDC, al-
lowing our screening model to cover the majority of LICs. This
screening scheme identified 33 out of 21 686 LICs as potential Li
superionic conductors (Table S2, Supporting Information). How-
ever, after accounting for practical factors, 16 candidates contain
expensive or toxic elements, leaving with 17 viable options. Of
these, four are already known, resulting in 13 newly predicted,
previously unknown and practical Li-ion superionic conductors
(Table 1).
Finally, we calculated the 𝜎RT values for the 13 identified can-

didates using FPMD simulations. Note that theDLi value used in
our high-throughput screening model may overestimate Li con-

tents in materials with fully occupied Li sites, which lack avail-
able hopping pathways. To address this issue, aliovalent substi-
tution was used to reduce Li content and create mobile Li vacan-
cies in such materials, thereby enhancing ionic conductivity (for
pristine structures with native Li hopping sites, no substitution
was applied, and their Li contents remain the same). Subsequent
FPMD simulations confirmed that all the 13 candidates exhibit
superionic behavior, further affirming the high accuracy of our
screening model, as summarized in Table 1. The corresponding
mean square displacement (MSD) curves andArrhenius plots are
shown in Figures S1 and S2 (Supporting Information), respec-
tively. Following a previous study,[42] the ballistic region at the
initial stage and the poor linearity region at the terminal stage of
the MSD curves were excluded from diffusivity calculations. In
all cases, the linear regions of the MSD curves exhibited excel-
lent linearity, with R2 values exceeding 0.98.
The structures of all these 13 newly identified Li superionic

conductors are shown in Figure S3 (Supporting Information).
Several new material types were discovered, expanding the land-
scape of known LICs. For example, LICs with Si as the anions,
such as Li1.75Mg0.875Hf0.125Si and Li13Mg0.5Hf0.5Si4, were identi-
fied for the first time as Li superionic conductors. However, be-
cause of the small bandgaps, these materials are likely mixed
ionic electronic conductors, and may be used as high-rate elec-
trode materials,[60,61] rather than SSEs. Additionally, the previ-
ously reported Li10X(PS6)2 (X = Si, Ge, or Sn) Li superionic con-
ductors were extended into Li10X(PSe6)2 systems. Furthermore,
the family of N-anion-based Li superionic conductors was en-
riched, such as Li6.5Ta0.5W0.5N4 and Li6.5Nb0.5W0.5N4. Their Li
probability densities obtained from FPMD simulations at 900 K
are shown in Figure 8a,b, respectively, which clearly show the
3D Li-ion diffusion path. Remarkably, the 𝜎RT value of Li2Mo3S4
reaches 6.24 × 10−2 S cm−1, the highest among all 13 candi-
dates. The structure of Li2Mo3S4 is unique (Figure 8c), with
Mo6S8 clusters connected by only two Mo─S bonds. This con-
figuration forms a highly rigid 3D diffusion path, allowing for
rapid Li-ion movement. This structural feature is similar to that
of Li0.31Ag0.69CrS2,

[56] a layered structure where the distance be-
tween adjacent CrS2 layers is stabilized by Ag ions in the inter-
layer region, resulting in very high ionic conductivity (1.96 ×
10−2 S cm−1) at room temperature. The Li probability density
in Li2Mo3S4 (Figure 8d) confirms the 3D diffusion pathway at
900 K.
Note that our calculated DLi value for Li2Mo3S4 is 2, indicating

a 2D Li-ion diffusion network at room temperature, despite its
nonlayered structure. To verify this point, we performed FPMD
simulations at 300 K for 1 ns. As shown in Figure S4 (Supporting
Information), the MSD of Li ions along a direction is nearly neg-
ligible, which confirms the 2D nature of Li-ion diffusion. This is
further supported by the 2D Li-ion network topology and Li prob-
ability density shown in Figure S5 (Supporting Information). In
addition, the calculated Li ionic conductivity based on such ex-
tended room-temperature FPMD simulation is about 3.89 × 10−2
S cm−1, which agrees with the above result (6.24 × 10−2 S cm−1)
obtained by extrapolation.
To further verify the fast Li-ion diffusion in pristine Li2Mo3S4,

we performed long-timescale DPMD simulations for 40 ns. The
deep potential model for the Li2Mo3S4 system was trained using
trajectories from FPMD simulations at 300, 750, 900, 1150, 1300,

Adv. Funct. Mater. 2025, 2507834 © 2025 Wiley-VCH GmbH2507834 (8 of 12)
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Table 1. List of 13 newly predicted practical Li superionic conductors with the corresponding doped compositions, corrected Dpath and DLi values, Ehull
values, 𝜎RT and error bound values, Ea, and bandgap values calculated by using PBE and Heyd–Scuseria–Ernzerhof-06 (HSE06) hybrid (in bracket)
functionals.

MP-ID Original
composition

Doped
composition

Corrected
Dpath [Å]

DLi Ehull
[meV per atom]

𝜎RT
[mS cm−1]

Error bound
(𝜎min, 𝜎max) [mS cm−1]

Ea [meV] Bandgap [eV]

1222572 Li7Cu2N3 Li7Cu2N3 1.19 3 0 21.80 [9.63, 49.33] 216 ± 20 0.32 (1.19)

685991 Li5SiP3 Li4.75Si0.75V0.25P3 1.32 3 42 0.50 [0.21, 1.18] 351 ± 21 0.64 (2.07)

1222798 Li14MgSi4 Li13Mg0.5Hf0.5Si4 1.30 3 49 2.70 [1.11, 6.57] 308 ± 22 0 (0.46)

721239 Li10Ge(PSe6)2 Li10Ge(PSe6)2 1.14 3 0 1.27 [0.49, 3.30] 314 ± 24 1.31 (2.27)

721252 Li10Sn(PSe6)2 Li10Sn(PSe6)2 1.15 3 0 1.40 [0.53, 3.65] 306 ± 24 1.37 (2.30)

721253 Li10Si(PSe6)2 Li10Si(PSe6)2 1.14 3 0 0.86 [0.40, 1.84] 329 ± 19 1.46 (2.46)

1211446 Li7PSe6 Li7PSe6 1.10 3 0 1.74 [0.73, 4.14] 309 ± 22 0.93 (1.79)

14753 Li7TaN4 Li6.5Ta0.5W0.5N4 1.03 3 15 0.13 [0.04, 0.45] 341 ± 30 3.00 (4.45)

14827 Li7NbN4 Li6.5Nb0.5W0.5N4 1.03 3 17 0.63 [0.18, 2.11] 287 ± 30 2.94 (4.44)

1105932 Li2MgSi Li1.75Mg0.875Hf0.125Si 1.02 3 45 0.50 [0.21, 1.18] 351 ± 21 0 (0)

1105291 Li2MnSnS4 Li2Mn0.75Ta0.5Sn0.5S4 1.02 3 61 17.02 [7.96, 36.41] 214 ±19 1.00 (2.95)

555186 Li2ZnSnS4 Li2Zn0.5TaS4 1.04 3 42 0.21 [0.08, 0.54] 363 ± 23 1.57 (2.92)

675779 Li2Mo3S4 Li2Mo3S4 1.05 2 0 62.42 [19.45, 200.28] 134 ± 29 1.44 (2.24)

Figure 8. Li-ion probability densities for a) Li6.5Ta0.5W0.5N4, and b) Li6.5Nb0.5W0.5N4 from FPMD simulations at 900 K. c) The crystal structure of
Li2Mo3S4 and d) its corresponding Li-ion probability density at 900 K.
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and 1500 K, as described above. The accuracy of the trained deep
potential was validated by comparing energies and forces with
FPMD simulations, as presented in Figure S6 (Supporting Infor-
mation). The root mean square error for energy per atom and
force per atom were found to be only 1.59 × 10−4 eV and 2.50 ×
10−2 eV Å−1, respectively, which confirms the high fidelity of the
deep potential model. Using this model, DPMD simulation was
carried out at 300 K for 40 ns. The calculated 𝜎RT value reaches an
impressive 1.60 × 10−2 S cm−1, further confirming the ultrahigh
ionic conductivity of Li2Mo3S4.

3.5.1. Application as SSEs in Solid-State Li-Ion Batteries

Finally, we assessed the potential of using these 13 identified Li
superionic conductors as SSEs in Li-ion solid-state batteries. It is
well established that ideal SSEs should exhibit high Li-ion con-
ductivity, low electronic conductivity, and high electrochemical
stability at electrode interfaces.[62]

To evaluate their suitability, we corrected the bandgap val-
ues initially obtained at the PBE level using the Heyd–Scuseria–
Ernzerhof (HSE) functional,[63] as presented in Table 1. Note that
these corrected bandgap values only represent the upper bound
of the electrochemical windows of SSEs.[62] Additionally, to assess
chemical stability under extreme conditions of Li chemical poten-
tial, we plotted their grand potential phase diagram.[64] In doing
so, we calculated the phase equilibria of each candidate at the an-
ode (Limetal chemical potential𝜇0

Li) and cathode (𝜇
0
Li− 5 eV corre-

sponding to a charged high voltage, 5 V) limits, as listed in Table
S3 (Supporting Information). Decomposition of a material at ei-
ther electrode suggests incompatibility with that electrode. How-
ever, if the decomposed phases exhibit high Li ionic conductivity
and low electronic conductivity, they are expected to form a pas-
sivating interphase layer at the SSE/electrode interphase, which
can help stabilize the SSE.
The cases of Li6.5Ta0.5W0.5N4 and Li6.5Nb0.5W0.5N4 emerge as

promising candidates for use with Li metal anodes, as the lithi-
ation process is not feasible at 0 V. Although both of them may
decompose into themost stable compounds Li6WN4 and Li7MN4
(M=Ta orNb) at 0 V, such decomposition processes are not favor-
able since the Ehull values of Li6.5Ta0.5W0.5N4 and Li6.5Nb0.5W0.5N4
are only 0.015 and 0.017 eV, respectively. Their large bandgap val-
ues (4.45 and 4.44 eV at the HSE level) further suggest they could
serve as effective Li protection layers. Notably, to our knowledge,
Li3N is the only known N-based LIC that has demonstrated excel-
lent performance as an interlayer in Li-ion solid-state batteries.[65]

Thus, Li6.5Ta0.5W0.5N4 and Li6.5Nb0.5W0.5N4 represent valuable
additions to this rare N-based Li superionic conductor family.
Note that their electrochemical stability against Li metal was also
theoretically suggested in a previous study.[66]

Moreover, Li7PSe6 (bandgap 1.79 eV) decomposes at the an-
ode into Li3P and Li2Se, both recognized for their excellent Li
ionic conductivities.[67,68] Thus, Li7PSe6 may form a stable, ion-
ically conductive interphase with the Li metal anode, making it
another promising SSE for the anode side.
On the cathode side, the phase equilibria of Li10X(PS6)2

(X = Si, Ge, or Sn) (bandgap 2.27–2.46 eV), Li2Mn0.75Ta0.5Sn0.5S4
(bandgap 2.95 eV), Li2Zn0.5TaS4 (bandgap 2.92 eV) consist of S-
or Se-based compounds. These compounds have the potential to

form ionically conductive but electronically insulating passivated
glassy layers,[67,69] supporting their suitability as SSEs at the cath-
ode interface in solid-state battery systems.
These results indicate that Li6.5Ta0.5W0.5N4, Li6.5Nb0.5W0.5N4,

and Li7PSe6 are promising SSEs for use at the anode interface,
while Li10X(PS6)2 (X = Si, Ge, or Sn), Li2Mn0.75Ta0.5Sn0.5S4, and
Li2Zn0.5TaS4 are suitable for the cathode interface. Identifying
these materials greatly enhances the options for designing effec-
tive SSEs in Li-ion batteries.

4. Conclusion

In this study, we developed a high-throughput screening model
based on two structural factors, namely, Dpath and DLi, which can
effectively identify Li superionic conductors (𝜎RT > 10−4S cm−1).
This model was validated by examining the relationship between
structural properties and 𝜎RT values in 132 experimentally avail-
able LICs. We demonstrated that the key characteristics of Li su-
perionic conductors (𝜎RT > 10−4 S cm−1) are the coexistence of
sufficiently large diffusion pathways (Dpath > 1.00 Å) and a high-
dimensional network of movable Li ions (DLi = 3, or 2 for lay-
ered LICs). Using these criteria, we identified 33 potential Li-ion
superionic conductors (Table S2, Supporting Information) from
21 686 LICs in the Materials Project database. After excluding
16 candidates containing expensive or toxic elements and four
previously known conductors, we narrowed the list to 13 viable
new candidates. And all these 13 candidates were confirmed as
Li-ion superionic conductors through FPMD simulations, mak-
ing them strong candidates for future experimental investigation.
Among 13 confirmed candidates, several new types of Li supe-

rionic conductors were identified. Notably, two N-containing ma-
terials (i.e., Li6.5Ta0.5W0.5N4 and Li6.5Nb0.5W0.5N4) were identified,
which enrich the rare N-based Li superionic conductor family.
Li2Mo3S4, which shows the highest room-temperature Li ionic
conductivity (6.24× 10−2 S cm−1), was further validated by FPMD
(1 ns) and DeepMD (40 ns) simulations at room temperature.
This exceptional conductivity is attributed to its unique structure
of interconnected Mo6S8 clusters.
By considering electronic conductivity and electrochemi-

cal stability at the electrode interfaces, we identified several
promising SSEs for solid-state Li-ion batteries: Li6.5Ta0.5W0.5N4,
Li6.5Nb0.5W0.5N4, and Li7PSe6 for the anode interface, and
Li1nX(PS6)2 (X = Si, Ge, or Sn), Li2Mn0.75Ta0.5Sn0.5S4, and
Li2Zn0.5TaS4 for the cathode interface. Li6.5Ta0.5W0.5N4,
Li6.5Nb0.5W0.5N4 exhibit excellent compatibility with the Li
anode, remaining stable without decomposition. While Li7PSe6
decomposes at the anode and Li1nX(PS6)2, Li2Mn0.75Ta0.5Sn0.5S4,
and Li2Zn0.5TaS4 decompose at the cathode, their decomposition
products can form ionically conductive but electronically insu-
lating passivating interphase layers on the electrodes, enhancing
overall stability.
Li superionic conductors, such as those identified in this

study, hold great promise in many applications. Those with wide
bandgaps are especially promising for solid-state electrolytes for
next-generation batteries, offering improved safety and stabil-
ity over traditional liquid electrolytes. Notably, Li-ion content
in some materials can be increased via aliovalent substitution,
which could enhance their DLi values. Therefore, LICs with Dpath

> 1.00 Å but DLi < 3 may be further optimized to be Li-ion
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superionic conductors through appropriate Li content modifica-
tion. Moreover, considering the similar diffusion of other metal
ions, such as Na, K, and Zn, our screening model could likely be
extended to explore superionic conductors for other metals. This
study not only provides a highly accurate screening model for
identifying Li superionic conductors, but also introduces several
novel frameworks for designing new materials in this class.
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Supporting Information is available from the Wiley Online Library or from
the author.
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