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Abstract

Magnesium (Mg) is a promising alternative to lithium (Li) as an anode material in solid-state batteries due to its
abundance and high theoretical volumetric capacity. However, the sluggish Mg-ion conduction in the lattice of solid-
state electrolytes (SSEs) is one of the key challenges that hamper the development of Mg-ion solid-state batteries.
Though various Mg-ion SSEs have been reported in recent years, key insights are hard to be derived from a single
literature report. Besides, the structure-performance relationships of Mg-ion SSEs need to be further unraveled to
provide a more precise design guideline for SSEs. In this viewpoint article, we analyze the structural characteristics of
the Mg-based SSEs with high ionic conductivity reported in the last four decades based upon data mining - we
provide big-data-derived insights into the challenges and opportunities in developing next-generation Mg-ion SSEs.

Keywords: Data mining; Magnesium-ion solid-state electrolytes; All-solid-state batteries; Magnesium-ion conductivity

1. Introduction

Battery is a critical device in energy storage and
conversion, which has been widely used in
portable electronic devices, electric vehicles, and
power grids [1,2]. All-solid-state batteries have
attracted significant interest due to their higher
safety and larger energy density than conventional
liquid-state batteries. In recent decades, there has
been substantial advancement in the field of all-
solid-state Li-ion batteries (ASSLIBs). This prog-
ress is primarily attributed to the discovery of
superionic conductivity in a variety of solid mate-
rials [3e5]. So far, an ionic conductivity with the
order of magnitude of 10�2 S$cm�1 at room tem-
perature has been achieved in solid-state electro-
lytes (SSEs), which can match that of liquid
electrolytes [6e9]. However, the Li resources

within Earth's crust are limited, and the associated
costs of extraction and processing are considerable
[10e14]. Therefore, seeking a cheaper alternative is
one possible solution. Compared to Li, Mg has a
higher elemental abundance (the 8th most abun-
dant element in the Earth's crust) [15], and is
more environmentally friendly and safer (non-
inflammability and non-corrosivity) [16,17]. In
addition, Mg2þ ions can contribute nearly twice the
theoretical volumetric capacity of Li-ion due to the
double charge-per-ion (3832 mAh$cm�3 for Mg
and 2062 mAh$cm�3 for Li). Therefore, Mg-based
solid-state batteries may have a favorable potential
in energy storage application.
Unfortunately, the development of all-solid-state

Mg-ion batteries (ASSMIB) has been hampered by
the low mobility of Mg2þ within the lattice of solid
electrolytes, owing to the strong electrostatic
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interactions between Mg2þ and anions [18e20].
The sluggish ionic migration would significantly
decrease the overall performance of the recharge-
able ASSMIB. The ionic conductivity is one of the
key indicators for ionic diffusion in SSE, which can
be described by Eq. (1) [21]:

s¼CnZem¼A
T
Cn exp

�
� Ea

kBT

�
ð1Þ

where s is the ionic conductivity, A is the constant
depending on the crystal structure, T is the tem-
perature,Cn is the concentration ofmobility-ion site
(interstitials or vacancies) in materials, Ea is the
activation energy, and kB is the Boltzmann constant.
The first Mg2þ conducting solid (i.e., the Mg-Zr-

PO4 system) was reported by Ikeda et al. in 1987.
The composition Mg0.5Zr2(PO4)3 has an optimal
ionic conductivity of 2.9 � 10�5 S$cm�1 at 400 �C
[22,23]. Their results indicated that Mg-ion SSE has
significant potential in solid-state batteries. Based
on this pioneering work, more and more attention
has been paid to exploring SSEs by optimizing
experimental conditions and material structures in
the past few decades. Kazakos-Kijowski et al. found
that Mg2þ presented better ionic conductivity in the
single-phaseMg0.5Zr2(PO4)3 synthesized by the sol-
gel method [24]. The ionic conductivity ofMg2þwas
further increased by Halim et al., by substituting Zr
with Si in this structure [25]. Liang et al. obtained a
composition of Mg0.5Ge0.2Zr1.8(PO4)3 by liquid-feed
flame spray pyrolysis, which had an ionic conduc-
tivity of 3 � 10�6 S$cm�1 at 280 �C [26]. Other types
of materials were developed by using different
counter-ions, such as Mg(BH4)2, Mg3(BH4)4(NH2)2,
MgBH4NH2, MgSc2Se4, and MgY2Se2 [27e31]. The
ionic conductivity of Mg2þ in these SSEs was
significantly improved. However, the low mobility
of Mg2þ at room temperature continues to be a
bottleneck that hampers the wide applications of
Mg-ion batteries. It is necessary to explore novel
electrolyte materials that further increase the ionic
conductivity of Mg2þ in SSEs. Nevertheless, con-
ventional trial-and-error-based experimental
methods are costly and time-consuming to search
for new materials in the complicated component
and composition space.
Theoretical computations, such as density func-

tional theory (DFT) calculations and molecular dy-
namics (MD) simulations, are splendid tools for
investigating material properties due to the rapid
development of computational science and super-
computer facilities to date, which can contribute to
understanding the intricate characteristics and ion
transport mechanisms from an atomic scale. Pre-
liminary assessments of material properties can be
made by computing simple physical quantities.

For instance, electronic energy calculations can
provide early insights into a material's relative sta-
bility, significantly reducing the cost associated
with experiments. Specifically, advancements in
computation technology have further facilitated the
screening process. Revealing the relationship be-
tween structure and properties is meaningful to
guide theoptimization anddesignofSSEs.However,
the substantial time investment remains a formi-
dable challenge when dealing with extensive struc-
tures and conducting high-throughput searches. In
recent years, machine learning (ML) modeling
driven by a high volume of data has attracted
attention due to its effectiveness in screening novel
materials from complex high-dimensional data [32].
Motivated by the current stages, we recently

developed a dynamic database of solid-state elec-
trolytes (DDSE) by large-scale data mining and the
subsequent data analysis [33,34]. As of April 2024,
this database contains the ionic conductivity and
material information of >1400 SSEs (including
>10,000 performance data under different tem-
peratures) reported during the past 40 years, with a
variety of cations (i.e., Liþ, Naþ, Kþ, Agþ, Ca2þ,
Mg2þ, and Zn2þ). Relevant conductivity or diffu-
sion kinetics information can be derived based on
Eq. (1). According to the statistics from the DDSE,
many divalent cation-conducting SSEs with high
ionic conductivity have been reported recently,
providing a distinct opportunity to derive new
viewpoints that can drive the development of Mg-
ion SSEs. Based upon a big-data-driven analysis, in
this viewpoint, we discuss the challenges and op-
portunities of developing next-generation Mg-ion
SSEs in terms of the materials’ properties and
operating mechanisms. We expect that these
viewpoints can provide essential insights and
design guidelines for developing next-generation
divalent ion SSEs in batteries.

2. Discussion

2.1. Overview based on big data

Divalent ion SSEs have received wide attention
due to their higher theoretical volumetric capacity
than monovalent ion SSEs. However, the low ionic
conductivity in divalent ion SSEs has hindered the
development of solid-state batteries. Some divalent
ions (i.e., Ca2þ, Mg2þ, and Zn2þ) SSEs with high
ionic conductivities have been found during the
data mining for the DDSE database construction, as
summarized in Fig. 1a. It can be clearly seen that
during the past decades, Mg has attracted more
attention than Zn and Ca as the SSE cation
element, which was in part due to the larger
gravimetric capacity and smaller volume of Mg2þ
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[35]. Therefore, the subsequent discussion will
focus on Mg-based SSEs. To investigate the reason
why some divalent SSEs have relatively higher
ionic conductivities, the relationship between the
structure and performance of SSEs can be analyzed
in the DDSE [33,34]. Particularly, the processes of
Mg2þ migration in SSEs were studied both exper-
imentally and theoretically as reported in literature,
providing understandings of how to improve the
ionic conductivity. Interestingly, from big data, we
can directly observe that SSEs with high ionic
conductivity have one or more of the following
characteristics (Fig. 1b), including i) having neutral
molecules (e.g., NH3, H2O, and NH3BH3) inside the
SSE lattice, ii) having metal oxide in a mixture
phase, and/or iii) having large-volume anions,

which account for around 46.9%, 4.0%, and 44.9% of
the Mg-ion SSE publications, respectively.
To reveal the mechanism behind the enhance-

ment of ionic conductivity, we first conducted an
analysis of various Mg-based SSEs according to the
DDSE database. It is noted that Mg(BH4)2 has a
negligible Mg2þ mobility (~10�12 S$cm�1 at room
temperature) [28]. In Mg(BH4)2, Mg2þ was confined
in the tetrahedral center composed of four [BH4]

-

anions (Fig. 2a), which could lead to slow Mg2þ

migration due to the strong coulombic interactions
[36]. Higashi et al. synthesized Mg(BH4)2 and
achieved an ionic conductivity with the order of
magnitudes of 10�9 S$cm�1 at 150 �C [29]. Pristine
Mg(BH4)2 presents relatively limited ionic con-
ductivity. However, they found that Mg(BH4)

Fig. 1. Statistics of divalent-ion-conducting materials published during the past 40 years. (a) Distribution of divalent-ion-conducting SSEs as a
function of temperature. The right frame shows the counts of SSEs in a diverse range of ionic conductivity. (b) Reports of Mg-, Zn-, and Ca-ion
SSEs, where the diverse colors present different SSEs in the upper picture, and the lower picture shows the optimized strategies in Mg-based SSEs.
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(NH2) owns an ionic conductivity of 10�6 S$cm�1 at
150 �C by replacing the [BH4]

� in Mg(BH4)2 with
NH2

- [29]. Ruyet et al. manifested that ionic con-
ductivity of Mg(BH4) (NH2) can be significantly
increased to 3 � 10�6 S$cm�1 at 100 �C by opti-
mizing the synthetic conditions (i.e., with ball
milling and heat treatment) [37]. In addition,
numerous Mg(BH4)2 derived materials with
promising ionic conductivity were found, sug-
gesting that Mg(BH4)2 could be a class of poten-
tially promising SSEs. Matsuo et al. investigated
the ionic conductivity of Mg2þ in high-temperature
phase of Mg(BH4)2 using first principles MD sim-
ulations [38]. It was suggested that the mobility of
Mg2þ could be improved by replacing [BH4]

e with
a bigger size [AlH4]

e. Ikeshoji et al. found that no
Mg movement was observed by substituting
[BH4]

e with Cle and Ie, but Mg2þ would move
outside the cage by introducing 20% larger-volume
[AlH4]

e [39]. All these results provide clear evi-
dence that improving the ionic conductivity of
Mg(BH4)2 is achievable by employing targeted
synthetic conditions or replacing [BH4]

e with other
anions.

2.2. Strategy one to improve ionic conductivity:
adding neutral molecules

Based on the Mg(BH4)2 structure, plenty of ma-
terials were designed to accelerate ionic migration
by various strategies, such as adding neutral mol-
ecules (e.g., NH3, NH2CH2CH2NH2, CH3NH2, and
NH3BH3) to the system [28,40e42]. The ionic con-
ductivities of Mg2þ in Mg(NH2CH2CH2NH2)
(BH4)2 and Mg(NH3BH3)2(BH4)2 were reported to
be 6.1 � 10�5 and 1.3 � 10�5 S$cm�1 at 70 and
30 �C, respectively [28]. The Mg-ion conductivity in
Mg(BH4)2$2NH3 was increased to 5 � 10�4 S$cm�1

at 75 �C [41,] which is dramatically improved

compared to the performance of an original
Mg(BH4)2 [28]. Amdisen et al. synthesized various
methylamine magnesium borohydride compounds
(b-Mg(BH4)2$CH3NH2), which achieved an ionic
conductivity of 1.5 � 10�4 S$cm�1 at room tem-
perature [40]. Experiments and theoretical calcu-
lations both revealed the mechanism that neutral
molecules can enhance the ionic conductivity of
Mg2þ in SSEs. The neutral molecules coordinating
with Mg2þ can induce the asymmetrical distribu-
tion of cation charge, consequently weakening the
Mg-coordination shell and leading to the fast
mobility of Mg2þ [23,28,43]. Meanwhile, exchange
of neutral molecules among lattice and interstitial
Mg ions could accelerate Mg2þ migration in solid
materials [44]. In addition, the neutral molecules
could lead to an expanded structure framework in
the system to promote Mg2þ migration [41,44]. It is
noted that formation and migration of Mg vacancy
could be a vital factor in affecting Mg2þ migration
[41,45]. According to the above discussion, the
performance of Mg(BH4)2 can be effectively opti-
mized by adding neutral molecules. However, the
Mg(BH4)2 derivatives developed by adding neutral
molecules generally possess the electrochemical
stability window <1.5 V, which could lead to low
oxidative stability [28,41,42,46,47].

2.3. Strategy two to improve ionic conductivity:
mixing with metal oxide

Plenty of experiments indicated that the number
of neutral molecules will significantly affect the
ionic conductivity of materials [48]. However, the
stability of SSEs with a different ratio of neutral
molecules remains a challenge. Yan et al. reported
that Mg(BH4)2$1.6NH3 stabilized by adding MgO
nanoparticles exhibit excellent Mg2þ conductivity
of the order of magnitude 10�5 S$cm�1 at room

Fig. 2. The structure framework of Mg(BH4)2. (a) Coordination configuration of Mg2þ and four [BH4]
�. (b) Structure of a cubic Mg(BH4)2. Mg2þ is

located at the center of a regular tetrahedron constructed by four [BH4]
� anions.
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temperature and 10�3 S$cm�1 at around 70 �C [49].
Additionally, they found that adding 67wt% Al2O3

to Mg(BH4)2$1.6NH3 can significantly promote the
Mg2þ mobility to 2.5 � 10�5 S$cm�1 at 22 �C, which
could account for the favorable interface between
MgO and amorphous state Mg(BH4)2$1.6NH3 [50].
Oxygen vacancies in metal oxides can promote
cation conduction in SSEs [51e54]. Wang et al.
demonstrated that Mg2þ migration in a
Mg(BH4)2$1.5NH3 system can be substantially
improved by adding 60wt% TiO2, resulting in a
conductivity of 2.96 � 10�4 S$cm�1 at room tem-
perature. Their theoretical calculations revealed
that the high ionic conductivity can be attributed to
the “coordination-unlock” phenomenon [20], i.e.,
Mg(BH4)2$1.5NH3 can be broken and [BH4]

e can
be captured by the oxygen vacancies on the surface
of metal oxide. Subsequently, Mg2þ in the segment
can migrate into the oxygen vacancy sites. How-
ever, their results indicated that this approach does
not considerably affect Mg2þ migration in the
compounds of Mg(BH4)2 and Mg(BH4)2$6NH3 due
to the strong Mg-coordination shells. Mixing with
metal oxide could be an effective strategy to
improve the stability of SSEs and increase Mg2þ

ionic conductivity. Unfortunately, there is no
apparent change in the electrochemical stability
window (<1.5 V) by adding metal oxide into
Mg(BH4)2 derivatives. Therefore, the utilization of
new anions is essential for improving the perfor-
mance of SSEs.

2.4. Strategy three to improve ionic conductivity:
using large-volume anions

Ceder and co-workers reported a spinel struc-
ture (MgSc2Se4) with a high ionic conductivity of
10�4 S$cm�1 at room temperature. As illustrated in
Fig. 3, one Mg2þ is arranged within a tetrahedron

structure composed of four Se2�, which can be
transfered between two adjacent tetrahedrons (tet)
through an octahedron (oct) (i.e., a “tet-oct-tet”
pathway). They suggested that the migration bar-
riers of Mg2þ would be decreased by using a large
volume anion, which could offer a larger triangular
face for Mg2þ migration [30]. However, MgSc2Se4
exhibits a high electron conductivity due to the
intrinsic defects or secondary non-Mg-containing
phases, which makes it less desirable for battery
applications. Fichtner et al. attempted to decrease
the electron conductivity by synthesizing the
MgSc2Se4 phase with excess Se, and by doping
Ti4þ and Ce4þ into the materials [55]. Nevertheless,
neither approach can effectively achieve the target.
Besides, the DDSE database found that a class of

SSEs used closo-boranes or carboranes (e.g.,
[B12H12]

2e, [CB11H12]
e, [B10H10]

2e and [CB9H10]
e,

as illustrated in Fig. 4) as the anions, which can
exhibit high ionic conductivities (even at room
temperature) and wide electrochemical stability
windows [56,57]. These closo-type (or cage-like)
anions generally have large volumes that can lead
to a wide cation diffusion channel for Mg2þ

migration. Moreover, the closo-structures with
electronic deficiency can reduce the electrostatic
interaction between the cation and anions
[30,47,58], which may further decrease the migra-
tion barrier because electrons can be delocalized
to the whole anion to disperse charge density.
Using closo-boranes and carboranes can produce
new SSEs by substituting hydrogen atoms or
mixing various closo-materials, which can be an
effective strategy to generate large-volume species
[59e61]. Noted that in some studies, the hydrogen
atoms were replaced by halogen (i.e., Cl, Br, and
I), which would decrease the ionic conductivity
due to the stronger directional bonding and larger
anion mass than hydrogen [62]. However, these

Fig. 3. Illustration of Mg2þ migration in ternary spinel MgSc2Se4. Mg2þ will overcome an energy barrier to migrate from a to b (i.e., the “tet-oct-
tet” pathway). A larger atomic volume is expected to result in a larger triangle plane for a more facile ionic migration.
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halogen analogs have higher thermal stability and
phase transition temperature than the corre-
sponding parent compounds [60], endowing an
optimized approach for the thermal stability of
closo-materials. Neutral molecules can further
optimize the Mg2þ conductivity in the closo-type
SSEs and could be attributed to the paddle wheel
effect [47,63,64]. The mobility of Mg2þ within
closo-boranes and carboranes is intricate and
variable. Shen et al. summarized the ionic
migration mechanisms in different closo-boranes
and carboranes SSEs [58]. Orimo and colleagues
reported that the rotation of anions can facilitate
the fast diffusion of Mg-ions in closo-type mate-
rials [47]. The closo-boranes and carboranes com-
bined with other divalent conducting cations, such
as Ca- and Zn-ions, have been reported in recent
years and shown dramatic performance [47,64,65].
Additionally, closo-type materials have high
oxidation potential in wide temperatures and low
density [58,66], making them promising as diva-
lent-ion SSEs.

2.5. What we really need is an integrated workflow
for comprehensive analysis

Based on the current stages of development, it is
crucial to understand the internal mechanism of
ionic mobility for optimizing and designing high-
performance SSEs. What we really need is an in-
tegrated workflow for analysis, by combining the
strengths and eliminating the weaknesses of cur-
rent available techniques.

2.5.1. Pros and cons of current available techniques
Experiments and theoretical calculations are

crucial to identify potential SSEs with high ionic
conductivity from a complex materials space.
Compared with conventional trial-and-error ex-
periments, theoretical calculations (e.g., ab initio
calculations, which are primarily based on DFT
and empirical force fields) can provide new in-
sights to explore high-performance SSEs with
lower cost and less time consumption. We can
identify stable and promising materials for a spe-
cific class of materials, which can be used for
further analysis to obtain high-performance ma-
terials. However, the high-throughput screening
and nanoseconds timescales’ dynamical simula-
tion still require tremendous computational re-
sources and time. In addition, there remain
challenges in using theoretical computations to
simulate a synthetic process (e.g., the ball milling
and molding, which could be crucial factors for
improving the performance of SSEs).
Alternatively, machine learning (ML) is a prom-

ising method to screen and predict novel materials
based on datasets, which has been used to suc-
cessfully obtain high-performance SSEs in mono-
valent materials [67e70]. It is known that features
and the quality of dataset play a crucial role in ML-
based modeling and prediction. However, plenty
of common inorganic compound databases (e.g.,
the Materials Project and Inorganic Crystal Struc-
ture Database) lack properties to describe SSEs’
performance, which would restrict the accuracy of
a ML model. Based on the >1000 SSE materials in

Fig. 4. Different anion structures of closo-type materials and halogen analogs. X represents different halogen atoms (F, Cl, Br, and I) [58]. Note
that halogens' atomic volumes are larger than the hydrogen atom, and electrostatic potential distribution is more heterogeneous, which could lead
to a higher cation ion migration barrier [60].
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the DDSE database (with >8000 performance data
under various temperatures), we attempted to
employ >50 chemical composition features (with
diverse regression algorithms) to describe the
experimentally acquired activation energies of
divalent ion SSEs. However, the attainment of a
precise ML model for SSEs still remains as a big
challenge with a relatively poor extrapolation ca-
pacity [33], which is in part due to the limited
number of reported SSE materials and meanwhile,
most of the reports to date mainly published their
materials with the highest performance and dis-
carded the details of low-performance SSEs.
Therefore, data scarcity remains a tremendous
challenge in ML-related applications.
In the DDSE database, divalent ion SSEs with

high ionic conductivity have attracted our atten-
tion, and they can be classified into different anion
species. Interestingly, the movement of divalent
cations is sluggish in some of the original SSE
structures, but the ion migration would be
improved by adding neutral molecules or metal
oxides into the material lattice. Ionic mobility is
crucial in evaluating the ion-conducting perfor-
mance of materials, in which experiment tech-
niques and theoretical calculations play a pivotal
role in understanding the ion migration mecha-
nism in various SSEs. High-resolution experi-
mental methods (e.g., quasielastic neutron
scattering (QNES) and solid-state nuclear mag-
netic resonance (ssNMR)) could provide a
straightforward certification for an unknown
phenomenon. And theoretical calculations can
determine the material properties at an atomic
level. Various theoretical methods would help
provide insights into the mechanism of ionic
mobility in SSEs. For example, the climbing-
image nudged elastic band (CI-NEB) is a powerful
approach to search cation migration pathway and
activation energy in SSEs based on transition state
theory (TST) [71,72]. In addition, molecular dy-
namics (MD) has been widely applied to study the
ionic diffusion and conductivity in SSEs. Addi-
tionally, Chen et al. developed the bond-valence-
site-energy (BVSE) method to obtain the conduc-
tion pathway and estimate the approximate en-
ergy barrier [73]. These characteristics are helpful
for understanding the microstructure and
designing novel high ionic conductivity SSEs.
However, many key challenges remain. For
example, when using CI-NEB for cation migration
analysis, it can only locate one transition state (TS)
at a time based on one pair of selected initial and
final state structures, while MD sometimes fails to
do a broad sampling on an energy landscape with
high activation energy (in particular, divalent ion

SSEs). To address these challenges, Campos dos
Santos et al. recently developed a new framework
combining genetic algorithm (GA) and meta-dy-
namics (MetaD) simulations [74] to investigate
cation migration in complex SSEs. Through this
method, the most stable structure can be identi-
fied from numerous potential compounds without
depending on prior experimental information,
and the theoretically acquired activation energies
can be close to the experimental observations in
divalent-ion-conducting SSEs. Notably, GA can
search stable structures by global optimization,
providing structural information without
depending on experimental data. MetaD could be
a more effective tool to sample the free energy
surface of ionic migration and identify the acti-
vation energies when the ionic diffusion is too
sluggish to be analyzed by conventional MD
methods.

2.5.2. Combining the advantages of each technique
via an integrated workflow
Each method itself has both pros and cons - it

would be essential to develop an integrated
analytical framework to combine the strengths and
eliminate the shortcomings of each strategy.
Herein, as summarized in Fig. 5, we propose a

Fig. 5. A proposed scheme for obtaining high-performance SSEs from
a complex material space of divalent ion SSEs. Data mining will play
a key role in capturing promising divalent ion SSE materials as the
basis, and an integrated strategy across subsequent data mining,
theoretical calculations and modeling, and experiments will be used to
reveal the ionic migration mechanism and structure-performance re-
lationships of the potential SSEs. Finally, the ionic migration of these
SSEs will be accelerated by considering various optimization
strategies.
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workflow to comprehensively analyze SSEs and
make precise designs. First, data mining is a key
strategy to analyze the SSE materials reported to
date to acquire a comprehensive understanding on
the features of high-performance SSEs, e.g., the
types of materials that possess high performance
and their corresponding characteristics. Next, to
understand the structure-performance relation-
ships of high-performance SSEs, further data
mining (on mechanistic research), theoretical cal-
culations and modeling (including simulations and
ML), and experiments are essential to elucidate the
ionic migration mechanisms. Once the structure-
performance relationships are established, modi-
fication strategies can be applied to further accel-
erate the ionic migration of the SSEs. Strategies
from Sections 2.2e2.4 are the key guidelines to
improve ionic conductivity. If we can develop new
materials, theoretical calculations can further assist
in understanding the complex migration mecha-
nism, resulting in obtaining novel approaches or
optimizing current strategies. These new experi-
mental data and new insights from theoretical
simulations can help further improve the accuracy
of ML modeling.

3. Summary and prospects

In this viewpoint, we have summarized the
structural characteristics of diverse Mg-ion SSEs
with measurable ionic conductivity drawing from
big-data analysis, and the advantages and chal-
lenges of Mg-ion SSEs have been analyzed. In the
following parts, we highlight the key opportunities
and challenges in developing next-generation Mg-
ion SSEs.

3.1. Opportunities

3.1.1. New technique brings new hopes
Advanced experimental techniques can help

provide new insights into better understanding of
SSEs. ssNMR, QNES, and synchrotron powder X-
ray diffraction (PXRD) techniques can reveal the
complex mobility of ions, including their relaxation
time [75e78], which could provide a more
insightful understanding of ionic motion mecha-
nisms and structural information. In addition,
theoretical calculations can determine the struc-
ture-performance relationship of materials at an
atomic level. The structural information and elec-
tronic distribution can evaluate the material sta-
bility and ion transport dynamics in the SSEs,
which can hold a significant advantage in revealing
material characteristics. Meanwhile, multiscale
simulations can provide powerful support for

understanding the whole mass transfer processes
(e.g., the complex electrode/electrolyte interface)
and internal mechanisms.
It is noted that ML techniques have been widely

applied in screening and predicting novel mono-
valent ion SSEs, which could rapidly identify po-
tential candidates from a complex material space.
Feature explanation tools have been developed in
recent decades [79e81], making ML no longer a
“black box”. These tools facilitate the interpretation
of connections among features, offering a wealth of
descriptors to reveal the structure-performance
relationships of materials. More importantly, the
combination of ML techniques, and theoretical
computations and experiments could generate
novel perspectives and solutions to research new
SSE materials [82,83]. The results of ML and
theoretical calculations can reduce experimental
cost and improve material discovery efficiency [84].
Min and colleagues employed ML to screen po-
tential Garnet-type SSEs with high ionic conduc-
tivity at room temperature [67]. Meanwhile, the
experimental data could serve back to ML to pro-
vide new features and/or new training samples,
and then optimize the generalization capacity of
the ML model. Sendek et al. presented a classifi-
cation model for screening promising SSEs by
training a dataset of 40 crystal structures [85].
These innovative approaches could accelerate the
search for high ionic conductivity SSEs and offer
solutions in the future.

3.1.2. Some Mg-based SSEs applied at room
temperature are promising
Further efforts have been made to optimize the

material preparations (e.g., ball milling and heat
treatment) [37,86] and synthetic strategies (e.g.,
adding neutral molecules or metal oxide) [40,49,64].
Various Mg-ion SSEs with their ionic conductivities
reaching 10�4 S$cm�1 at room temperature were
reported in recent years, which gradually narrows
the performance gap between the Mg-ion and
monovalent ion SSEs (and also, the traditional
liquid electrolytes). Currently, various inorganic
materials databases (e.g., Materials Project and
Inorganic Crystal Structure Database) include
plentiful Mg-based compounds, which could pro-
vide potential high-performance materials. In
addition, the different ionic migration mechanisms
have been illustrated, and mature strategies of
monovalent ion SSEs can provide lessons to opti-
mize Mg-ion SSEs. These studies will contribute to
understanding the microstructures and transport
mechanisms of divalent ion-conducting materials,
and pave the way for screening materials from a
complex materials space.
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3.2. Challenges

3.2.1. Limited data of Mg-ion SSEs
The number of reported Mg-ion SSEs is limited

compared to monovalent ion SSEs (i.e., Na- or Li-
ion SSEs). In the most up-to-date version of the
DDSE, we have compiled data related to Mg-ion
SSEs reported over the past 40 years. However,
the number of reported Mg-ion materials was
found to be far less than monovalent ion mate-
rials, and only ~52 species (mainly focusing on
oxide and hydroboron) were found so far (as of
April 2024). The limited number of data would
easily lead to overfitting and poor extrapolation in
predictions using ML. In addition, the absence of
experimental data describing battery properties
hinders the exploration of novel high-perfor-
mance materials. It indicates that a comprehen-
sive database describing SSEs' features and timely
data sharing is necessary.

3.2.2. Time consumption in material screening and
simulations
DFT calculations can help understand material

properties and mechanisms at the atomic scale,
whileMD simulations can provide atomic trajectory
data, which is meaningful in exploring dynamic
processes. They play a crucial role in understanding
the ion migration mechanisms and screening high-
performance materials. However, the significant
time consumption remains a criticism in complex
systems, significantly limiting the screening effi-
ciency of high-performance Mg-ion SSEs from the
material space. ML-accelerated theoretical calcula-
tions (e.g., ML force field by fitting the potential
energy surface) can be an effective approach, which
can achieve similar accuracy with less time con-
sumption to the first principle calculations. In
addition, the computational results can provide
ample data to train the ML model. Meanwhile,
different ensemble algorithms should be developed
to optimize the ML model. The ML-accelerated
methods could tackle more challenges and prob-
lems in ASSBs, such as electrode/electrolyte inter-
face, chemical compatibility, and mechanical
property, which could help better understand the
whole electrochemical process of SSE.

3.3. Summary

In summary, this viewpoint has summarized the
optimization strategies for developing high-per-
formance Mg-ion SSEs, including i) adding neutral
molecules inside the SSE materials; ii) having
metallic oxide as the mixture, and iii) adding large-
volume anions inside the SSE lattice. Data mining
shows significant advantages in SEE search

and understanding, which can achieve more
comprehensive information by analyzing the big
picture of SSEs, compared to the limited insights
from a single literature report. Some Mg-ion SSEs
with high ionic conductivities are available in the
literature, which certificates the feasibility of diva-
lent cations migration under room-temperature
operating conditions. However, exploring new
high-performance Mg-ion SSEs poses a challenge
for data-driven ML due to the limited number of
currently reported data. Combining theoretical
calculations with ML could be a prominent
approach to overcome this predicament. Theoret-
ical calculations can introduce new features and
structural properties into ML to enhance the model
precision. Meanwhile, ML can rapidly screen po-
tential candidates from a complicated material
space, and followed by theoretical calculations to
unveil the internal mechanisms governing the ionic
conduction of SSEs. Upon the current stage, we
propose a framework to comprehensively analyze
the structure-performance relationship of Mg-ion
SSEs (Fig. 5), which could accelerate the search for
next-generation Mg-ion SSEs and offer innovative
solutions in the future. All in all, though developing
Mg-ion SSEs for next-generation batteries has
remained a challenging topic, we are optimistic that
many key bottlenecks will be solved by embracing
new analytical technologies such as data science.
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