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ABSTRACT: The rapidly evolving field of inorganic solid-state
electrolytes (ISSEs) has been driven in recent years by advances in
data-mining techniques, which facilitates the high-throughput
computational screening for candidate materials in the databases.
The key to the mining process is the selection of critical features
that underline the similarity of a material to an existing ISSE.
Unfortunately, this selection is generally subjective and frequently
under debate. Here we propose a subgraph isomorphism matching
method that allows an objective evaluation of the similarity
between two compounds according to the topology of the local
atomic environment. The matching algorithm has been applied to
discover four structure types that are highly analogous to the LiTi2(PO4)3 NASICON prototype. We demonstrate that the local
atomic environments similar to LiTi2(PO4)3 endow these four structures with favorable Li diffusion tunnels and ionic conductivity
on par with those of the prototype. By further taking into account the electronic structure and electrochemical stability window, 13
compounds are identified to be potential ISSEs. Our findings not only offer a promising approach toward rapid mining of fast ion
conductors without limitation in the compositional range but also reveal insights into the design of ISSEs according to the topology
of their framework structures.

1. INTRODUCTION
Lithium-ion batteries are widely accepted as an enabler of
electric vehicles and smart electricity grids equipped with
renewable energy sources.1,2 While enormous improvements
have been made with regard to their energy density, power
capability, and cycle life, an intense quest for battery materials
that can enhance operational safety is still underway. All-solid-
state lithium-ion batteries using inorganic solid-state electro-
lytes (ISSEs) could not only avoid the flammability issue of
conventional liquid organic electrolytes but also offer addi-
tional advantages such as the compatibility with a Li metal
anode, the absence of leakage and a potentially wider
electrochemical stability window.3 A considerable number of
fast ion conductors4−10 have already been explored as ISSEs,
some of which show a promising ionic conductivity exceeding
10−3 S/cm at ambient temperatures.11 Nevertheless, the
majority of previous efforts have been based on trial-and-
error experiments, while the rest have relied on expensive high-
throughput first-principles calculations. Moreover, the pro-
posed design principles are generally limited to specific
compositions and structures. In this sense, it is still a challenge
to formulate a strategy that can accelerate the discovery of
ISSEs both in a cost-effective way and without limitation in the
compositional range.

Data mining in the materials databases has been proposed to
serve as a viable preprocessing step for the search of fast ion
conductor materials.10,12−14 Early studies focused on the
identification of certain Li environments appropriate for
diffusion,15 while others tried to examine the arrangement of
non-Li atoms,3,16−18 since the rigid non-Li framework can to a
large extent determine the efficiency of ionic transport in the Li
percolation pathways.19 Specifically, it was demonstrated that
the anion arrangement is directly responsible for the mode of
Li migration and can be used as a criterion for discovering
sulfide fast ion conductors.3 Yet, since O ions are relatively
smaller than S ions and less polarizable than the latter,11 the
ability of interatomic screening that decreases the influence of
non-Li cations on Li diffusion is considerably weaker for O
ions than that of the S counterpart.20 This makes any criterion
focused on anion arrangement hardly applicable for oxide
ISSEs, while oxide ISSEs are indeed more preferable for Li ion
batteries owing to their higher air and electrochemical stability.

Received: March 28, 2024
Revised: June 18, 2024
Accepted: June 20, 2024
Published: June 28, 2024

Articlepubs.acs.org/JACS

© 2024 American Chemical Society
18535

https://doi.org/10.1021/jacs.4c04202
J. Am. Chem. Soc. 2024, 146, 18535−18543

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 T

O
W

N
 O

F 
SH

E
N

Z
H

E
N

 o
n 

N
ov

em
be

r 
20

, 2
02

5 
at

 0
2:

20
:4

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wentao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mouyi+Weng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingzheng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhefeng+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bingxu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shunning+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c04202&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04202?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04202?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04202?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04202?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c04202?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/146/27?ref=pdf
https://pubs.acs.org/toc/jacsat/146/27?ref=pdf
https://pubs.acs.org/toc/jacsat/146/27?ref=pdf
https://pubs.acs.org/toc/jacsat/146/27?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c04202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


Human intuition says that compounds with a similar
structure to existing ISSEs are more probable to exhibit a
high ionic conductivity. Therefore, structure matching
algorithms, potentially with respect to the spatial symmetry
of the crystal structure, the coordination number of atoms and
the Wyckoff sites, etc.,21 can be employed for materials
screening. This approach was previously developed via an
atom-by-atom displacement comparison with a standardized
cell.22 Despite their accuracy, such global structural descriptors
tend to fall short in gauging the similarity of local atomic
environments, not to mention that the screening criteria are
generally subjective. To overcome these limitations, we herein
design a graph-based algorithm, which can accurately interpret
the interatomic connection and enable an objective and
convenient evaluation of the similarity between two com-
pounds according to the topology of the local atomic
environment. This algorithm can provide a new avenue for
the recommendation of potential fast ion conductors for ISSEs.

The algorithm proposed in this work is based on subgraph
isomorphism matching from the graph theory. We have chosen
LiTi2(PO4)3 as the prototype material for the exploration of
potential ISSEs. LiTi2(PO4)3 has a NASICON-type structure,
in which a framework of combined octahedral (Oct) and
tetrahedral (Tet) coordination environments is critical for the
construction of facile Li diffusion pathways.23−25 With our
graph-based algorithm, four structure types that are highly
analogous to LiTi2(PO4)3 have been discovered. First-
principles calculations further justify that they have Li diffusion
activation barriers on a similar scale to that of LiTi2(PO4)3. A
detailed comparison between the corresponding compounds
suggests that the direct Oct−Oct Li diffusion paths can
contribute to a barrier lower than that of the prototype
material. A series of potential ISSEs are thus identified, with
both a room-temperature ionic conductivity reaching the order
of 10−2 S/cm and an electrochemical stability window of over
2 V.

2. RESULTS
2.1. Graph Representation of Atomic Environments.

The crystal structure of a compound can be translated into an
undirected graph with atoms as vertices and atomic connection
relationships (i.e., chemical bonds) as edges. To further
consider the local atomic environment and the periodic
boundary conditions of crystal structure representation, all of

the atoms in the cell are traversed and a subgraph is generated
based on the neighbors of the selected atom.26−28 An area−
distance pair clustering method was used to determine the
atomic connection relationships (details are provided in the
Supporting Information), which facilitates a reliable extraction
of the local atomic environment.

The subgraph representation of LiTi2(PO4)3 is displayed in
Figure 1. The basic coordination environments include LiO6
and TiO6 octahedra and PO4 tetrahedra, which correspond to
a graph distance of one (red frames). When atoms of the outer
sheath of these polyhedra are considered, they correspond to a
graph distance of two (yellow frames). Then, a subgraph with a
graph distance of three (green frames) contains a central
polyhedron and its neighboring polyhedra (e.g., a central TiO6
octahedron with its neighbors including six PO4 tetrahedra and
one LiO6 octahedron). Subgraph isomorphism is defined as a
bijection between both the node sets and edge sets of two
subgraphs, which indicates the similarity between two crystal
structures.

We note that subgraph isomorphism does not necessarily
imply the complete matching of two structures. While the
topology of the local atomic environment is the same, the
detailed alignment of the polyhedra could be different, leading
to a fine distinction between the subgraphs on a larger scale.
For example, there are cases where two structures exhibit the
same subgraph with a graph distance of up to three but they
show different subgraphs with a graph distance of four. In fact,
previous studies have already revealed that the polyhedral
models of non-Li cations are the key structure units dictating
the Li ion transport in ion conductors.29 A polyhedral module
connection algorithm was recently developed for the
exploration of fast ion conductors, employing corner-sharing
descriptors between two non-Li units.20 However, in these
studies, only the type of connection between polyhedra was
considered, which is definitely not enough to interpret the
similarity between two structures and therefore requires
substantial high-throughput first-principles calculations for
further screening. Our subgraph isomorphism algorithm can
offer significant improvement over the previous ones by taking
into account the overall topology of the non-Li framework.
Finding structures with a similar topology of local atomic
environment to an existing ISSE would likely provide a better
chance of finding a similar structure of Li diffusion tunnels.
This enables us to narrow down the range of searches and

Figure 1. Crystal structure converted into subgraphs. The NASICON phase of LiTi2(PO4)3 can be described by five subgraphs with Li, Ti, P, and
O as the central atoms (O has two types of subgraphs). Only the subgraphs of the cation centers are shown here. The graph distance indicates the
minimum number of edges between two nodes along the neighborhood relations. Subgraphs with a graph distance of three (green frames) contain
the information on how the neighboring polyhedra (graph distance of one, red frames) are topologically linked to the central one. Color code of the
atomic structures: Li, green; O, red; Ti, blue; and P, pink. For clarification, the color of the P atom in the subgraph representation (dark yellow) is
different from that in the atomic structures.
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reduce the cost of high-throughput calculations. Moreover, it
could also yield insights into how specific environments of Li
diffusion tunnels affect the ionic conductivity, as will be
discussed in the following sections.
2.2. Subgraph Isomorphism Matching for LiTi2(PO4)3.

The subgraph isomorphism method only captures the
information on topology and does not consider the elements
of the constituent atoms.26 For two identical crystal structures
that adopt different unit-cell-axis directions, as shown in Figure
2a, their constructed subgraphs are actually the same, and the
algorithm inspects all subgraphs and finally specifies that their
local structures are isomorphic. For two different crystal
structures, the bijective mapping between their corresponding
subgraphs with a graph distance of up to three will indicate the
similarity between these structures. Subgraph construction,
unique subgraph filtering, and bijective alignment are
conducted in a parallel fashion to facilitate efficiency in the
matching process.

Using the NASICON structure of LiTi2(PO4)3 as a
prototype, four structure types are discovered to share the
same topology of the local atomic environment as
LiTi2(PO4)3, as shown in Figure 2b. For the sake of clarity,
only the subgraphs with Ti at the center node are depicted. A
bijective mapping between unique subgraphs with a graph
distance of four was conducted to group the structures with an
identical set of subgraphs into the same category. Structure
type I, in the P21/c space group, has a [MO6]2[XO4]3 (M is a
metal atom and X is a main group element) configuration
which is identical to LiTi2(PO4)3 but shows different
alignments along the c-axis. The prototype has a linearly
aligned configuration while the structure type I shows a zigzag
alignment.23 We note that structure type I has been previously
reported to be characteristic of a stable framework and
promising ion mobility, and can thus be employed as
cathode30−32 or ISSE23 materials. Structure type II, belonging
to the Pbca space group, features two distinct [MO6]2[XO4]3
alignments separately, one corresponding to the prototype and
the other corresponding to the structure type I. Structure type
III, in the Ia3̅d space group, closely resembles the garnet
structure of Li3Ln3Te2O12

33 and Li5Ln3Nb2O12,34 a famous

group of ISSEs with high ionic conductivity. In these phases, Li
ions diffuse through the Oct and Tet sites sequentially in a
flattened energy landscape.33 Structure type III has the same
space group as Li3Ln3Te2O12 but with Li occupying different
sites, resulting in a helical Li ion transport tunnel in the
framework. Structure type IV, in the C2/c space group, is
characteristic of a tubular architecture with Li ions
accommodated inside the tubes that provide the diffusion
paths.

Extending the subgraphs to a graph distance of four leads to
the conclusion that the difference among these structure types
lies in the distribution of the second sheath of polyhedra to the
central one, as revealed in Figure 2b. We can see the obvious
difference among the five structures from the configurations of
nodes and edges outside the local atomic environment region
(with a graph distance of three, marked by the blue shadow in
the insets). While their local atomic environments are identical
in topology, the subtle change in the alignment of structure
units as indicated by this second sheath of polyhedra will give
rise to noticeable changes in Li ion diffusion paths and
therefore modulate the ionic conductivity to some extent.
2.3. Favorable Li Diffusion Pathways. The bond-valence

site energy (BVSE) method,35 which has been widely used to
identify areas with weak electrostatic interaction in a crystal
structure,36−39 was employed to search for the potential Li
diffusion pathways (Figure S1). After that, density functional
theory (DFT) calculations using climbing image nudged elastic
band (CI-NEB) method40,41 were conducted to obtain the
activation barriers. For all of the structure types, we used the
same composition as LiTi2(PO4)3 to enable direct comparison
between these five structures, without any influence from the
constituent elements. The calculated activation barrier for Li
diffusion along the most favorable path in each of structure
types I−IV is in the range 0.1−0.4 eV (Figure S2), which is
comparable to that in LiTi2(PO4)3 (0.39 eV). This confirms
our assumption that similar topology of local atomic
environment can potentially lead to similar activation barrier
for Li transport.

We further investigated the Li coordination environments
along the diffusion paths according to the CI-NEB calculations.

Figure 2. Subgraph isomorphism matching process and the four structure types identified as similar to the LiTi2(PO4)3 prototype. (a) Flowchart of
the subgraph isomorphism matching method. (b) Local atomic environments of the four structure types that are topologically related to the
LiTi2(PO4)3 prototype. The subgraphs with a graph distance of three (indicated by the blue shadow) are the same among these structure types and
the prototype. Difference emerges in the subgraphs with a graph distance of four with the distinctive nodes highlighted by red circles.
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Previous studies have suggested that the distortion of Li
coordination environment is critical for Li transport in a non-
Li framework42 and that the distortion degree of this
environment can be well assessed by the continuous symmetry
measure (CSM).43 As shown in Figure 3a, for pristine static
configurations, the Li coordination environments in structure
types I, III, and IV do not exhibit the octahedral symmetry
displayed in the LiTi2(PO4)3 prototype. We note that structure
type II is not presented here, because it is actually a direct
combination between the prototype and structure type I, as
discussed above. This means that Li coordination environ-
ments in the structure type II are identical to those of either
the prototype or type I. Hence, the structure type II is left out
of consideration in the following discussion. The CSM values
for the prototype and the structure types I, III, and IV are
calculated to be 4.82, 6.71, 16.48, and 3.45, respectively, taking
the regular tetrahedron, octahedron, and cube as references
(i.e., the ideal polyhedral geometry) for coordination numbers
of 4, 6, and 8, respectively. The relatively high distortion
degree can confer a high lattice energy at the initial state for Li
diffusion, which is beneficial for reducing the activation barrier.
We have also examined the cases of Li stuffing in structure type
I (Figure S4). It turns out that the excess Li ions are
accommodated in coordination environments with a similar
degree of distortion to that of the pristine structure. This is
consistent with the prediction of relatively lower activation
barrier for configurations with excess Li ions in the lattice, as
shown in Figure S5. We also note that this Li stuffing condition
can reduce the disparity between these four structure types
regarding the Li diffusion barrier. The fact that the barriers for
concerted Li migration in all of these structures are in the
range of 0.06−0.25 eV (Figure S5) adds another evidence to
our claim that the difference in ion-transport properties could
be relatively small for compounds with strong correlation in
topology.

Two types of diffusion paths, corresponding to the
octahedron−tetrahedron−octahedron (Oct−Tet−Oct) and
direct Oct−Oct Li hopping modes, have been identified in
the prototype and structure types I, III, and IV (Figure 3a).
The former mode requires the motion of Li through a gate site
constituted by the edge connections of three polyhedra. In this
configuration, the PO4 tetrahedron causes a deviation of the
saddle point location out of the bisecting plane of these
octahedra, thus resulting in an S-shaped twisty trajectory for Li

diffusion. The latter mode, however, is characterized by a
direct, face-sharing alignment of two octahedra without any
intervening tetrahedron, thus, enabling a weak interaction of Li
ions with the non-Li cations. By subgraph isomorphism
analysis, we use the graph edit distance metric, i.e., the number
of steps taken to transform a graph into the targeted sample
(see details in the Supporting Information), to evaluate the
similarity between two structure types. At a graph distance of
four, the graph edit distance between the prototype and
structure type I is 3, whereas it is 2 between structure types III
and IV, as illustrated by the two sets of subgraph patterns
depicted in Figure 2b. It means that the prototype and
structure type I are similar even in the second sheath of
polyhedra, and such high similarity is also demonstrated
between structure types III and IV. This result may account for
the fact that the prototype and structure type I only contain
pathways of Oct−Tet−Oct type, while structure types III and
IV have pathways of Oct−Oct type, matching well with their
difference in activation barriers (Figure 3b).

To provide a quantitative evaluation of the interaction of Li
ions with the non-Li cations during diffusion, we used a metric
of normalized distance ratio between the saddle point location
of Li diffusion and the sites of neighboring non-Li cations (the
detailed method is provided in the Section 5). As shown in
Figure 3b, the distance ratio with respect to the P atom is
negatively correlated with the activation barrier in an overall
trend. In the pathways of Oct−Tet−Oct type, a discernible
trend is the smaller distance ratio with respect to Ti atom
leading to relatively lower activation barrier. This can be
rationalized by the decreased inter-octahedral distance that
drives the saddle point location away from the PO4
tetrahedron. The above analysis underscores that the electro-
static repulsion exerted by the non-Li cations, especially the
main group element in the XO4 tetrahedron, on Li ions during
their motion to the saddle point location is of paramount
importance for Li conductivity in these structure types.
2.4. Identification of Potential ISSEs. We further

screened the database (consisting of 544,145 inorganic
compounds) for materials that belong to the structure types
I, III, and IV so as to identify candidates suitable as ISSEs.
Such material should contain Li, and we also constrained our
investigation to compounds with less than 200 atoms in a unit
cell so that there is not too much burden in the following DFT
calculations. Moreover, we neglected the compounds contain-

Figure 3. Li coordination environments along the diffusion paths and the corresponding activation barrier. (a) Li environments at the initial state in
the LiTi2(PO4)3 prototype and structure types I, III, and IV. Two kinds of Li hopping modes (i.e., Oct−Tet−Oct and Oct−Oct) are identified in
these structures. (b) Energy barriers for different Li diffusion paths in the prototype and structure types I, III, and IV. The normalized distance
ratios between the saddle point location during Li diffusion and the sites of neighboring non-Li cations are also presented (dashed lines).
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ing H atoms because the database entries of these materials
generally provide inaccurate information for the coordinates of
H (some of them could even be missing). The above criteria
lead to a much narrower range of candidate compounds
(29,330 entries). Then, we used the subgraph isomorphism
matching algorithm for screening and removed all of the
duplicate entries via the graph matching scheme proposed in
our previous work.26 This results in a portfolio of 104 materials
(listed in Table S1), and the screening flow is shown in Figure
S6. Ab initio molecular dynamics (AIMD) simulations were
employed to evaluate their ionic conductivity and activation
barriers for Li diffusion.

The AIMD calculation results are provided in Figure 4,
showing that a large number of compounds exhibit higher

ionic conductivities than those of the LiTi2(PO4)3 prototype.
Over three-fourths of the compounds present activation
barriers of below 0.5 eV for Li diffusion. These results justify
the reliability of using subgraph isomorphism for the
identification of potential fast ion conductors. We note that
for compounds with exceptionally high activation barriers, the
sluggish Li diffusion is mostly due to the complete filling of
stable Li sites (generally at high symmetry Wyckoff positions)
and the absence of Li ions at less stable sites. This condition
confers high stability to the pristine configuration and makes it
difficult to activate a Li ion to the metastable sites along the
diffusion paths. Accordingly, introducing Li vacancies into the
compounds can effectively reduce the activation barriers.
Moreover, the fact that LiTi2(PO4)3 falls below the trendline of
structure types I, III, and IV in Figure 4, indicates a higher pre-
exponential factor of these structure types as compared to the
prototype. This could be related to the less symmetric and
more distorted local atomic environments in structure types I,
III, and IV than that of LiTi2(PO4)3.

In pursuit of ISSEs, we should take into account other
essential attributes such as electronic conductivity and the
electrochemical stability window. Here we set a criterion that
the electronic band gap should exceed 2 eV. All compounds

belonging to structure types III and IV are filtered because
their band gaps are almost near zero. We also specify that the
electrochemical stability window should exceed 0.5 V. As
shown in Figure 5, a total of 13 compounds out of the 104

candidates meet both of the above criteria (their structures are
shown in Figures S8−S20). Notably, LiZr2(AsO4)3 shows the
widest electrochemical stability window, along with a Li
diffusion activation barrier on par with the LiTi2(PO4)3
prototype. Its ionic conductivity can be further modified by
partially substituting AsO4 with PO4, as demonstrated by the
result of Li2Zr4(PO4)3(AsO4)3. Li2Mg2(SO4)3 is the most cost-
effective candidate, which was also predicted by a previous
work to possess appropriate electrochemical stability window
and promising ionic conductivity simultaneously.20

Li3Bi2(PO4)3 exhibits the highest ionic conductivity (52 mS/
cm), and its diffusion path is three-dimensional percolating, as
shown in Figure S18. We believe that this material is worth the
experimental effort in future studies.

3. DISCUSSION
Due to their competitive advantage in air and electrochemical
stability over sulfide and halide counterparts, oxide-based
ISSEs have attracted extensive research interest since the early
discovery of the famous prototype materials including
LiTi2(PO4)3, Li3xLa2/3−xTiO3, Li7La3Zr2O12, etc.44,45 A long-
standing challenge lies in achieving a room-temperature
conductivity greater than 1 mS/cm, which has been exhibited
by only a very limited number of oxide-based ISSEs. As a
result, most of previous studies have focused on the
modification of the above prototype materials, and many
strategies have been proposed to improve the conductivity via
control over Li ion content.46−48 Methods to affect the
distortion degree of the rigid framework structures have also
been exploited, such as changing the lattice volume,16 neck
size,17,49 and polyhedral size of non-Li cation.20,50 These
changes will affect the coordination environment of Li ions,
typically increasing the energy at stable Li sites and leading to a
reduced migration barrier. Despite the advances in this field, it
is still difficult to fulfill all of the performance requirements by
simple chemical modifications of the existing prototype

Figure 4. AIMD-calculated ionic conductivity at room temperature
and Li diffusion activation barrier for the candidate fast ion
conductors identified via subgraph isomorphism matching. The
room-temperature ionic conductivity is extrapolated from the
calculation results at high temperatures, and the activation barrier is
fitted according to the Arrhenius law. The population of materials
with a high ionic conductivity and a low activation barrier is illustrated
in the frequency distribution histograms.

Figure 5. Potential ISSEs identified in this work. A total of 13
compounds are discovered to be electrochemically stable and exhibit
low Li diffusion activation barrier and promising ionic conductivity.
Ionic conductivity is indicated by the color and size of the circle.
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materials, whereas more complicated modifications tend to
increase the final price, which will inevitably impede their
industrial applications. Therefore, there remains a great need
to discover new material systems beyond the existing
prototypes. While the identification of potential ISSE materials
has been previously bottlenecked by a laborious trial-and-error
procedure, the recent rapid progress in data-mining techniques
offers powerful tools to accelerate the discovery of candidate
materials. In the present work, we show that the subgraph
isomorphism matching algorithms can be added into the data-
mining tool box for the efficient and reliable recommendation
of fast ion conductors that could be further employed as ISSEs.

Different from earlier studies that utilized either global
factors such as symmetry or key local factors such as the
coordination environment of Li to explore previously unknown
or overlooked materials for ISSEs, our approach enables a fast
screening for topological frameworks that are likely to be ideal
for ion conduction. Via subgraph isomorphism matching,
crystal structures with a non-Li framework similar to the
prototype material can be identified with a nearly negligible
computational cost. We have exemplified this with NASICON-
type LiTi2(PO4)3. Notably, when we eliminate the difference
in constituent elements (i.e., the composition is fixed at
LiTi2(PO4)3), the Li diffusion activation barriers in all of the
discovered crystal structures are close to or even lower than
that of the prototype material (Figure 3). When we do not
remove the influence from the constituent elements (i.e., the
compounds with the targeted structure type are extracted from
the materials database), the majority of the identified
compounds can still exhibit properties similar to those of
LiTi2(PO4)3 (Figure 4). Especially, over 77% of the identified
compounds have an ionic conductivity greater than that of
LiTi2(PO4)3, and the ionic conductivity for over 37% of the
compounds could surpass 1 mS/cm, meaning that our
convenient graph-based algorithm can offer high efficiency
for navigating the chemical space in search of fast ion
conductors.

Another advantage of our approach is that it can be readily
adapted to a wide range of prototype materials, even if not
limited to those for Li ion batteries. We can expect that a much
larger number of candidate materials for ISSEs can be
uncovered when the algorithm is applied to other prototypes
such as garnet-type oxides as well as some specific sulfide/
halide ISSEs that have been reported in recent years.
Moreover, the node representation of subgraphs can
potentially be extended from atom to polyhedron, through
which the subgraphs can describe the spatial arrangement of
ordered polyhedra to facilitate the screening of fast ion
conductors with separated non-Li cationic polyhedra.
Compositional design can be employed to further improve
the ionic conductivity of the candidate compounds because
our screening method emphasizes the topological structure
rather than the material composition. Generally, Li stuffing is
an effective compositional design strategy, which causes
intensification of Coulomb repulsion, thus activating the
concerted migration of multiple Li ions and leading to a
reduced migration barrier.51 For compounds with relatively
high Li content, introduction of Li vacancies into the lattice via
compositional modulation could be an alternative strategy to
enhance ionic conductivity.52 Actually, from Figure 4, we note
that the calculated ionic conductivities can vary several orders
of magnitude despite the similar local structures. This could be
largely attributed to the difference in Li content for different

materials, given that the various elements in the non-Li
framework will correspond to a wide range of valence states.

The fact that our approach relies solely on the topology of
the framework would suggest that the element-related effects
of the framework have been neglected in the calculations. This
is a major challenge of nearly all of the structural
representations using undirected graphs in materials science.
Especially, the information on interatomic distance has not
been stored in the subgraph representations in our work, which
precludes us from capturing the size effect of the ion diffusion
paths.50 This could be another reason for the large variation of
the ionic conductivities shown in Figure 4. Moreover, the
configuration of Li ions is also neglected in the algorithm.
Specifically, recent studies have demonstrated a close relation-
ship between ion migration and lattice dynamic,53−55 revealing
the predominance of concertation between multiple mobile
ions and further elucidating the essential role of ion hopping
lengths and hopping spans in the lattice. Although our
approach cannot incorporate this collective mechanism for
the evaluation of Li ion mobility, the main idea that Li ion
diffusion correlates greatly with the rigid topological frame-
work is consistent with these previous works. Furthermore, it is
worth noting that apart from the activation energy, the pre-
exponential factor could also be an important parameter for
ionic conductivity. In this work, materials with the same
structure type exhibit similar pre-exponential factors due to the
rigid character of the framework structure, which implies that
further compositional modification may exert a relatively
limited influence on the pre-exponential factor.

Another shortcoming of this graph-based method is that it
cannot contain nodes of partial occupancy of non-Li cations at
Li sites. We note that the cation-disordered structures (e.g.,
solid-solution rocksalt compounds)56−58 have recently gained
increasing attention in the field of ISSEs. The disorder at lattice
sites that can be assigned to either a Li diffusion tunnel or a
non-Li framework precludes us from designating the
corresponding subgraphs as subjects for isomorphism match-
ing with another structure. To address this limitation, we may
try to consider all of the possible configurations in a given cell
size to represent the random distribution of atoms in a
disordered material. Apparently, this will lead to a substantial
increase in the computation costs. Nevertheless, our scheme of
graph representation of local atomic environments can still
open up a different avenue from the previous studies that only
focused on specific structural characteristics, such as the face-
sharing configurations of polyhedra.

4. CONCLUSIONS
Overall, the subgraph isomorphism matching method intro-
duced in this work enables a thorough evaluation of the
similarity in topology between the framework structures of the
two different compounds. Our screening is based on the
assumption that compounds bearing strong resemblance to
existing ISSEs are likely to exhibit promising ionic con-
ductivity. Such a resemblance is expected to be more reliant on
the local atomic environment than the global features such as
lattice symmetry. Since the subgraphs of a crystal structure can
well represent the topology of local atomic environments, it is
anticipated that if the subgraphs of two structures are
isomorphic, their non-Li frameworks tend to be very alike
and so does their ionic conductivity. Especially, we find that
subgraphs with a graph distance of three can fully incorporate
the information on geometry and distribution for each pair of
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neighboring polyhedra in the framework. Such subgraphs can
thus be employed for isomorphism matching, which will
narrow down the search area while not restricting it to a
specific compositional range. In this context, we examine the
above assumptions by taking the NASICON-type LiTi2(PO4)3
as an example, and it turns out that all of the structure types
identified via our algorithm demonstrate comparable ionic
conductivity to the LiTi2(PO4)3 prototype. Moreover, a
detailed inspection of the local atomic environments indicates
that the distortion of Li coordination polyhedra and the
distance from the saddle point location to XO4 tetrahedra
during Li diffusion are the two main factors dictating Li
conductivity. By screening the materials database for
compounds belonging to the identified structure types, 13
candidates for ISSE have been discovered out of 29,330
inorganic compounds. All of these candidate materials have
suitable electronic structure, wide electrochemical stability
window, and promising Li conductivity, which demonstrates
the efficiency of our algorithm in accelerating the discovery of
fast ion conductors for all-solid-state lithium-ion batteries.

5. EXPERIMENTAL SECTION
5.1. Density Functional Theory Calculations. All of the first-

principles calculations were performed by the Vienna Ab initio
Simulation Package (VASP)59 with the projector augmented wave
(PAW) method and the Perdew−Burke−Ernzerhof (PBE)60

approximation. A plane wave basis with a cutoff energy of 520 eV
was used, and Γ-centered k-meshes were selected with the smallest
spacing between k-points of 0.4 for structural optimization and 0.25
for energy calculations.
5.2. Ab Initio Molecular Dynamics Simulation. A Γ-point-only

sampling of k-space was used for all AIMD simulations with a time
step of 2 fs. The initial structures were relaxed and then heated to the
targeted temperature (1200 K) by a velocity scaling over 10 ps.
Subsequently, the samples were equilibrated at each temperature
point (1000, 1100, and 1200 K) for 20 ps, and the initial 2 ps
trajectories were excluded from investigation. For the 13 candidate
ISSEs, additional AIMD temperature points (800, 900, 1000, 1100,
and 1200 K) were used to obtain more accurate computational
results.
5.3. Distance Ratio. A normalized distance ratio was used to

quantitatively compare the electrostatic repulsion exerted by the non-
Li cations at the saddle point location during Li diffusion. For the
Oct−Tet−Oct hopping mode, only the PO4 that connects two
adjacent octahedra near the saddle point location was focused on.
Two TiO6 octahedra that are closest to the saddle point location were
also considered. The distance ratio was calculated using the following
equation

r
N

r

r
1

j

ji
d

c
=

(1)

where N is the number of neighboring non-Li cations for
consideration and rji is the interatomic distance between atom i and
j. To compare the relative sizes of distance ratios of different elements,
we uniformly set rc to 4 Å. As the maximum nearest neighbor atomic
distances of Ti and P atoms are smaller than 4 Å in all of these
structure types with LiTi2(PO4)3 composition, rc was used here to
normalize the average distances to a range of 0−1.
5.4. Graph Edit Distance. To quantitatively describe the

similarity between different subgraph structures, we employed the
metric of graph edit distance, which refers to the number of changes
in nodes and edges required to make two graphs isomorphic. A graph
edit distance of 1 can be regarded as the addition or deletion of a
node or an edge in the subgraph.
5.5. Crystal Structure Data Set. The data set was built in our

previous work,26 with the structure entries extracted from the
Inorganic Crystal Structure Database (ICSD),61 the Open Quantum

Materials Database,62 the Materials Project database,63 the
Crystallography Open Database,64 and the AFLOW.65 A total of
544,145 crystal structures were included in the data set.
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