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The developments of all-solid-state lithium batteries (ASSLBs)
have become promising candidates for next-generation energy
storage devices. Compared to conventional lithium batteries,
ASSLBs possess higher safety, energy density, and stability,
which are determined by the nature of the solid electrolyte
materials. In particular, various types of solid electrolyte
materials have been developed to achieve similar or even
superior ionic conductivity to the organic liquid electrolyte at
room temperature. Although tremendous efforts have been
devoted to the mechanistic understanding of solid electrolyte
materials, the unsatisfactory electrochemical and mechanical
performances limit the commercialization and practical applica-
tion of ASSLBs. To further improve their performances, the

current developments of different advanced solid electrolytes
and their performances are highly significant. In this review, we
summarize the comprehensive performance of the common
solid electrolytes and their fabrication strategies, including
inorganic-based solid electrolytes, solid polymer electrolytes,
and composite solid electrolytes. The performances of the
ASSLBs constructed by different solid electrolytes have been
systematically compared. The practical challenges of ASSLBs
will also be summarized in this review. This review aims to
provide a comprehensive review of the current developments
of solid electrolytes in ASSLBs and discuss the strategies for
advanced solid electrolytes to facilitate the future commerciali-
zation of ASSLBs.

1. Introduction

Modern human activities and the development of science
require tremendous energy consumption, and the reliance on
traditional fossil fuel resources has caused severe environmental
pollution issues. Meanwhile, the electrical energy generated by
renewable sources such as solar, wind, and hydropower are
good alternatives to replace the burning of fossil fuels. Hence, it
is believed that electricity power and the corresponding energy
storage technologies will play a vital role in achieving a
sustainable future. Storing electrical energy in the form of
chemical energy has the advantage of high conversion
efficiency and energy density.[1] For example, the Lithium-ion
battery (LIB) is one of the most widely used rechargeable
batteries in the world owing to its high energy density (200–
250 Wh/kg), wide electrochemical window (3.7–4.2 V), low cost,
and limited self-discharge rate (1–2% per month). Since the first
commercial LIB released by the Sony and Asahi Kasei teams in
1991, the LIBs have been applied in every aspect of our lives,
leading to rapid battery market growth in the past few
decades.[2] Goodenough, Whittingham, and Yoshino equally
share the 2019 Nobel Prize in Chemistry for their contributions
to developing Li-ion batteries due to the importance of storing
electrical energy in batteries.[3] On the other hand, Li-air
batteries have also attracted worldwide attention due to their
high theoretical specific energy (11,140 Wh/kg). The Li-air

batteries utilize the reduction and oxidation reaction between
the Li metal and air (O2/CO2) to generate electricity. In general,
the Li-air battery is composed of a Li metal as the anode, and a
porous cathode is used to allow the electrochemical contact
between air and Li ions in the electrolyte. While a Li-ion
conductive natural organic polymer could be used as the
electrolyte membrane for the Li-air batteries. Although it
possess promising specific energy, the Li-air batteries are still
facing various challenges which limit the performance and
durability of the Li-air batteries. Fortunately, significant progress
has recently been made in developing Li-air batteries. For
example, Min et al.[4] demonstrated a novel design strategy to
construct a rechargeable Li-O2 battery with excellent humidity
resistance, using the water-defendable protective layer to
prevent water ingress on the Li anode surface. Meanwhile, the
high charge overpotential and Li dendrite growth are the main
issues limiting the performance of Li-CO2 batteries. This
challenge can be resolved by employing the 1-ethyl-3-methyl-
imidazole bromide (EMIBr) as a defense donor redox mediator
(RM).[5] At the same time, the formation of superoxide radicals
(O2

*� ) and the resulting deterioration of electrolytes and
oxidation of the carbon cathode have also been investigated
systemically in the latest study, in which both density functional
theory (DFT) and experimental results indicated that the
introduction of sodium lignosulfonate (LSS) as an electrolyte
additive could effectively capture O2

*� and improved the
performance of the Li-CO2 batteries.[6] Based on these latest
studies, the Li-air batteries possess great potential for the next-
generation energy storage system. Like the LIBs, the SEs can
also replace the liquid electrolytes for Li-air batteries, forming
the solid-state Li-air batteries (SSLABs) with high safety, high
energy density, and environmental friendliness.

Conventional LIBs are constructed by a carbon/graphite
anode, a metal oxide cathode, a separator, and organic liquid
electrolytes. However, the need for a better LIB has never been
terminated, especially conventional liquid electrolyte-based
LIBs. Due to the highly volatile and flammable organic liquid
electrolytes, conventional liquid electrolyte-based LIBs possess
a potential safety risk of fire and explosion.[7] LIB constructed by
organic liquid electrolytes also suffers from narrow electro-
chemical windows and poor thermal stability. Therefore, storing
electrical energy with improved safety and electrochemical

[a] C. Hei Chan, H. Ho Wong, M. Sun, T. Wu, Q. Lu, L. Lu, B. Chen, B. Huang
Department of Applied Biology and Chemical Technology, The Hong Kong
Polytechnic University, Hung Hom, Kowloon, Hong Kong SAR, China
E-mail: bhuang@polyu.edu.hk

[b] S. Liang, B. Huang
CAS Center for Excellence in Nanoscience, Beijing Institute of Nanoenergy
and Nanosystems, Chinese Academy of Sciences, Beijing 100083, P. R. China

[c] S. Liang
School of Nanoscience and Technology, University of Chinese Academy of
Sciences, Beijing 100049, P. R. China

[d] B. Huang
Research Centre for Carbon-Strategic Catalysis, The Hong Kong Polytechnic
University, Hung Hom, Kowloon, Hong Kong SAR, China

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Wiley VCH Donnerstag, 05.12.2024

2412 / 372857 [S. 13/39] 1

Batteries & Supercaps 2024, 7, e202400432 (2 of 28) © 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Review
doi.org/10.1002/batt.202400432

 25666223, 2024, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202400432 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [16/12/2024]. 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



performance is crucial. All-solid-state lithium batteries (ASSLBs)
with solid electrolytes (SEs) are the perfect solution to address
conventional liquid electrolyte-based LIB safety and perform-
ance issues.[8] Compared with the highly flammable liquid
electrolyte, nonflammable SEs not only greatly enhance the
safety of the batteries but also have the advantage of better
durability, wider electrochemical windows, and higher energy
and power density.[9] As a result, ASSLBs with SEs have received
worldwide attention as next-generation electrical energy stor-
age devices, and the advances in SE developments have
determined the revolution of ASSLB technologies. On the other
hand, some challenges of the ASSLBs, such as the cost,
interfacial resistance, scalability, and compatibility, need to be
addressed for further development. These challenges limit the
development and applications of ASSLBs in different fields.

The ASSLBs are constructed by three main components: the
cathode, solid-state electrolyte (SE), and anode. In contrast with
the conventional LIBs, both the cathode and anode are
immersed in the liquid electrolyte with a separator to prevent
the liquid on the cathode side from mixing suddenly with the
liquid on the anode side, the SE directly separates the cathode
and anode without the need of separator. The cathode (positive
electrode) is the oxidizing electrode in the battery; hence, it
should be an efficient oxidizing agent. In ASSLBs, the cathode
materials must be stable and able to maintain good physical
contact with the SEs. Typically, Li transition metal oxides are
often used as the cathode materials for LIBs, such as lithium
cobalt oxide (LCO), Li manganese oxide (LMO), lithium nickel
manganese cobalt oxide (NMC), and Li nickel cobalt aluminum
oxide (NCA).[10] Meanwhile, cost-effective carbon materials with
good electrical conductivity, including carbon black (CB), carbon
nanotubes (CNTs), graphene, and carbon nanofibers (CNF), can
also incorporated as conductive materials into the cathode to
further enhance the electrical conductivity of Ni-rich cathode
material, forming the composites electrode.[11] Meanwhile, the
intercalation-type or conversion-type cathode active materials
(CAMs) have been adopted to improve the specific capacity and
cyclability of ASSLBs. For the anode, the Li metal is the most
used anode material for ASSLBs, but the side reactions between
the metallic Li anode and electrolyte reduce the battery
performances and significantly hamper the implementation of

Li anodes. The Si (Li15Si4) is one of the most promising anode
materials for achieving a high energy density and safe
operation of ASSLBs due to its high specific capacity, abundant
reserves, and high working potential.[12] The working principle
of ASSLBs is similar to that of the conventional LIBs, in which
the ASSLBs consist of an SE in place of a liquid electrolyte, but
the function of SE in ASSLBs is the same as the liquid electrolyte
in conventional LIBs. On discharge, the anode undergoes
oxidation, and the cathode is reduced, accompanied by the
migration of Li-ion from the anode to the cathode through the
Li-ion conducting SEs. During charge, this process is reversed, in
which the Li-ion moves from cathode to anode and passes
through the SEs for the rechargeable battery.

Depending on the materials, the Li-ion conducting SEs for
ASSLBs can be classified into three main categories: (i)
inorganic-based SEs,[13] (ii) organic polymer-based SEs,[14] and
(iii) composite SEs.[15] Although SEs made from various materials
would have different physical and chemical properties, they
mostly share the same working principle during the charge/
discharge process of the battery. When ASSLB charges, the Li-
ions de-intercalate from the cathode and transfer to the anode
via the Li-ion conductive SE, while the electron moves from the
cathode to the anode via an external circuit. During the
discharging process, the Li-ions move reversely from the anode
to the cathode through the SEs, and electrons are passed
through the external circuit, which drives a device to work.[16]

Therefore, the key point for making good SEs next-generation
rechargeable ASSLBs is to achieve high Li-ion conductivity,
which the ionic conductivity of SEs greatly determines battery
capacity and charge/discharge rate, especially the ionic con-
ductivity at room temperature. Besides Li-ionic conductivity,
another key feature is the solid-solid interface between the
electrode and the SEs.[17] The reaction steps in the electrolyte-
electrode interface involve (i) Li diffusion in the electrolyte, (ii)
adsorption on the electrode surface, (iii) charge transfer, (iv)
intercalation into the electrode, (v) Li diffusion in the electrode,
and (vi) surface reaction. Moreover, the chemical and physical
interaction between the electrolytes and electrode may also
cause poor thermal stability due to undesired side reactions at
the interface. For instance, the growth and expansion of Li
dendrite will cause internal short circuits and significantly
reduce the safety properties of batteries. Besides conductivity
and stability, the electrochemical window (EW) is another
crucial consideration for SEs. SEs with a wide electrochemical
window can reduce undesirable electronic transport, including
charge injection or extraction from electrodes, such as self-
discharge or short-circuiting. In addition, a wide electrochemical
window also guarantees the high energy density of the ASSLBs.
In summary, an ideal SEs for ASSLBs should possess the
following features: (i) High ionic conductivity at room temper-
ature with fast ionic dynamic and negligible electronic con-
ductivity; (ii) wide electrochemical window against the electro-
des for high energy density and long-term durability of the
ASSLBs; (iii) excellent mechanical strength, thermal and electro-
chemical stability; (iv) low-cost and easy to fabricate for large-
scale applications.[18]
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Since the invention of ASSLBs, the primary target has always
been to maximize the gravimetric and volumetric energy
density of the battery cell unit. Currently, the ASSLBs made by
oxide-, halide-, sulfide-, and polymer-based and composite SEs
can achieve high energy density paired with the Li anode.
Although the current representative SEs for ASSLBs can exhibit
an ionic conductivity comparable with traditional liquid electro-
lytes, the ASSLBs that can work stably under ambient conditions
with high energy and power density are still lacking in the
report.[19] This poor electrochemical performance of the ASSLBs
at room temperature can be attributed to the low ionic
conductivities of the SEs at room temperature, especially for the
organic-based solid polymer electrolytes. Additionally, the high
interfacial resistance between inorganic-based SEs and electro-
des is the main reason for the insufficient electrochemical
performance of ASSLBs. Last but not least, the stability issues of
the electrode also hinder the development of highly efficient
ASSLBs. Owing to these challenges of ASSLBs, the investigation
of SEs mainly focused on enhancing the Li-ion conductivity and
improving the electrode/electrolyte interface property of the
ASSLBs. In the past decade, great progress has been achieved in
fabricating SEs with extraordinary Li-ion conductivity at room
temperature. Followed by a better understanding of the Li-ion
transportation mechanism and ionic behaviors between the
electrolyte/electrode interfaces, various high-performance in-
organic- and organic (polymer)-based SEs were developed for
advanced ASSLBs. The present review will provide a systematic
summary of the development of current SEs, including
inorganic SEs, solid polymer electrolytes, and composite
polymer electrolytes. Also, the fabrication strategies and
performance of the ASSLBs constructed by various SEs will be
introduced. Also, the fabrication strategies, performance of the
ASSLBs constructed by various SEs, and the practical challenges
will be introduced.

2. Inorganic Solid Electrolytes Classifications

Inorganic SEs are one of the most used SEs for ASSLBs; hence,
considerable research has been devoted to optimizing the
electrical and mechanical properties of inorganic SEs. Compared
with the liquid electrolytes, the SEs made from inorganic
material can operate under a wide temperature range (� 50 to
over 200 °C) with no significant ionic conductivity variation
owing to the low activation energies for fast-ion conduction.[20]

Additionally, inorganic SEs also provide potential benefits for
high potential cathode material (>5 V) and are able to achieve
higher power capability because of the absence of bulk
polarization on solid materials. On the other hand, the ionic
conductivity of the SEs was determined by the mobility of
cations (Li+) on the solid. At the atomic level, the diffusion
pathway of the cation can be visualized as the hopping of the
ions between the ground-state (stable sites) and the intermedi-
ate metastable sites on the framework. Therefore, the energies
of the sites and the corresponding activation energy of the ion
transportation are mainly defined by the bonding and coordi-
nation environment of the ion. For example, body-centered

cubic (BCC) crystals commonly displayed fast ion conductivity
because of the low activation energy required for the direct Li-
ion hopping between adjacent tetrahedral sites, and the
hopping through octahedral sites with higher activation energy
was not necessitated.[21] For crystalline inorganic SEs, the ions
migrate depending on the cationic vacancies or interstitials. The
ion can migrate to a neighboring vacant site by vacancy
diffusion or correlated interstitialcy mechanism. In general, the
ionic conductivity of inorganic SEs increases with the temper-
ature and is mainly regulated by the Arrhenius equation[22]:

s ¼
s0

T e� Ea=kBT

Where the s0 is the pre-exponential factor, T is the temper-
ature in Kelvin (K), Ea is the activation energy for Li-ion diffusion
and kB is the Boltzmann constant.

2.1. Oxide-Based SEs

Li-conductive oxide materials are well-known for their excellent
oxidation stability, thermal stability, and good ionic conductiv-
ity. The oxide-based SEs could display various electrical and
chemical properties depending on the chemical structures. The
common oxide-based SEs involved sodium superionic conduc-
tors (NASICON), crystalline perovskite (LLT and LATP), and
garnet-type crystals (LLZO). However, most oxide-based SEs
have high rigidity and brittleness, leading to poor physical
contact and hindering ion diffusion between the SEs and the
electrode.[23] Therefore, the approaches aimed at enhancing the
performance of oxide-based SEs predominantly focus on
improving the ionic conductivity and solving the poor mechan-
ical properties and high interface impedance issues. The
following section will briefly outline various oxide-based SEs to
show their electrochemical features.

The first reported NASICON material is Na1+xZr2SixP3� xO12,
which exhibits high ionic conductivity for Na ions.[24] The Li
superionic conductors (LISICON) for Li-ion conduction
(LiGexTi2� x(PO4)3) were devolved later based on the proposed
sodium-based NASICON. The chemical formula of NASICON/
LISICON-type materials is AM2(XO4)3, in which the [M2X3O12] is
the skeleton forming the basic structure. Generally, the A site in
the formula is occupied by 1st-row alkali metal ions such as Li+,
Na+, K+, Rb+ , and Cs+, and the M sites could be occupied by
various multivalent transition metal ions (from divalent to
pentavalent) to balance the charge suitably. For LISICON (e.g.
LiM2(PO4)3), the Li+ ions should reside on the 6-fold coordinated
M1 site and 6-fold coordinated M2 sites, where the M1 site is
located between two stacked MO6 units and the M2 site is
located between two columns of MO6 units. It is also worth
noticing that the Li-ion conductivity of LISICON is considerably
lower than sodium-based NASICON because the ion channels
within the designed NASICON are unsuitable for facilitating Li-
ion migration.[26] The common examples of LISICON included
LiZr2(PO4)3, LiTi2(PO4)3, and LiGe2(PO4)3. On the other hand,
doping other elements is the most adopted strategy for tuning
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the interstitial channel size for Li+ ion diffusion for LISICON. For
instance, through the doping of Y3+ ions, the resulting Li1+

xYxZr2� x (PO4)3 (LYZP, where 0.1�x�0.2) could achieve im-
proved bulk conductivity of 1.4×10� 4 Scm� 1 and Li-ion con-
ductively of 0.71×10� 4 Scm� 1 due to the reduction of the M1
cavity after the Y3+ doping.[27] Except for the Y3+ ions doping,
the doping of Al3+ in LiTi2(PO4)3 (LTP) is also able to increase
the Li-ion conductively by accommodating more Li in the
structure in order to compensate for the charge balance.[28]

Crystall perovskites are another important type of Li-
conductive SE for ASSLBs. The general formula for ideal
perovskite is ABO3, where A (6-fold oxygen-coordination) and B
(12-fold oxygen-coordination) are two cations of very different
sizes. In the perovskite’s crystal structure, the A site is occupied
by larger cations such as Na+, K+, Ca2+, Sr2+, Ba2+, La3+, whereas
the B are cation with smaller ionic radius, such as Sc3+, In3+,
Al3+, Sm3+, Ga3+, Ti4+, Zr4+, Hf4+, Sn4+, Ge4+, Nb5+, Ta5+. The
space group for ideal cubic perovskites is Pm3 m, while the
space group for orthorhombic and tetragonal variants are Pnma
and I4/mcm, respectively. The cubic and tetragonal perovskite
are the two main structures for perovskite-type SEs, and the
perovskite-type SEs are mostly A-site-deficient materials.[29]

There are numerous advantages for perovskite-type SEs, La2/
3� xLi3xTiO3 (LLTO) is one of the most representative perovskite-
type SEs used in ASSLBs owing to its relatively high bulk ionic
conductivity (~10� 3 Scm� 1) at room temperature, large ionic
transference numbers (0.5–0.9) and excellent chemical and
thermal stability in air.[30] However, LLTO has also suffered from
the issues of poor stability against Li metal anode and high
interface resistance. The LLTO mostly has a tetragonal crystal
structure, in which the La3+ is unevenly distributed at La1 and
La2 sites, leading to the doubling of the c-axis cell parameter
and the tilting of TiO6 octahedra. Doping is the most common
strategy for improving the electrochemical performance of
LLTO. For example, doping large rare-earth or alkaline-earth
metal ions in A site of the perovskite structure can increase the
ionic conductivity. This is because the Li-ions migrate via the
octahedral channels (ab plane or c-axis migration pathway), in
which Li-ions predominantly migrate along the ab plane due to
the bottleneck size of the c-axis being much smaller than that
of the ab plane.[31] The doping of larger cations in A-sites could
expand the bottleneck size, thus increasing the ionic conductiv-
ity of LLTO.[32] For the B-site, substituting a smaller cation could
reduce interatomic Ti� O bond length; thus, the competing Li� O
bond will be weakened, which can also increase the ionic
conductivity of LLTO.[33] For interfacial stability, the Ti reduction
at the LLTO/Li anode interface is a major issue. The Ti4+ in LLTO
can react readily with Li metal anode during direct contact,
resulting in the decomposition of LLTO and influencing the
diffusion of Li ions in electrolytes. Moreover, Li dendrites also
grow easily at the LLTO pellet voids during cycling.[34] To
improve the interfacial compatibility between LLTO and Li
metal anode, a feasible approach is modifying the electrolyte
surface coating. Soft polymer matrix such as polyethylene oxide
(PEO) can also be used as an interface protection layer for
perovskite SEs to avoid the adverse Ti reduction between the
LLTO and Li metal anode by preventing direct LLTO-anode

contact.[25] As a result of PEO coating, the Li jPEO-LiTFSI-LLTO jLi
symmetric cell displayed superior stability, in which the battery
can remain stable after 400 h of operation without short-
circuiting, and with a capacity retention of 79.0% after 300
cycles at 2 °C at 60 °C (Figure 1). Moreover, Ti-free perovskites
such as Li3/8Sr7/16Ta3/4Zr1/4O3 displayed much better anode
compatibility and Li dendrites suppression due to the avoiding
of Ti reduction.[35]

Garnet-type oxide (A3B2C3O12) SEs are excellent Li-ion
conductors with high ionic conductivity (~10� 3 to 10� 4 S/cm),
wide electrochemical windows, and excellent chemical stability
with negative Li metal electrodes.[36] Currently, the most used
garnet-type oxide SE is Li7La3Zr2O12 (LLZO) owing to its excellent
comprehensive performances, including high room temper-
ature Li-ion conductivity because of its high lithium content
compared with other electrolytes.[36b] However, several issues
still exist for the practical garnet-type oxide SE applications,
such as the ionic conductivity of garnet-type oxide SEs is still
lower than the liquid electrolyte. Additionally, the interfacial
issues between solid electrolytes and electrodes are another
major drawback of LLZO, leading to high interfacial resistance
and inhomogeneous current distribution.[37] The poor air
stability of garnet-type oxide SEs due to the formation of Li2CO3

in the surface under the atmosphere also leads to the
degradation of ionic conductivity and increased interfacial
resistance.[38] These problems have limited the wider use of
garnet-type oxide SEs for ASSLBs, while different strategies
were developed to encounter these issues of garnet-type oxide
SEs. To further improve the ionic conductivity of LLZO, it is
important to effectively control the chemical stoichiometry and
Li+ concentration in LLZO to obtain high ionic conductivity.
Due to the volatile nature of Li, low-temperature sintering
should be adopted to reduce the loss of Li+ concentration.[39] In
addition, the crystal structure of LLZO also plays an important
role in Li-ion conduction. LLZO generally has two kinds of
skeleton-like phase structures: tetragonal (t-LLZO) and cubic (c-
LLZO).[40] The ionic conductivity of c-LLZO is about two orders
of magnitude higher than the t-LLZO due to the difference in
Li+ arrangement. Therefore, the formation and stabilization of
c-LLZO are the key to enhancing its ionic conductivity. Mean-
while, the sintering condition also greatly affects the LLZO
crystallization and the ionic conductivity. Kim et al.[41] found
that the optimal temperature for the c-LLZO formation was
estimated to be 600 °C, in which both bulk and grain boundary
ionic conductivities were improved (1.87×10� 4 Scm� 1). For the
cathode/LLZO interface, the stability of LLZO with cathode
material was investigated by computational studies. The study
demonstrated that the LiCoO2 (LCO)/LLZO is the most stable
interphase owing to the lowest driving force for the LCO
decomposition in the charge state, whereas other cathodes
such as LMO and LFP react strongly with the LLZO.[42] Never-
theless, side reactions frequently occur, creating a secondary
phase (insulating layer) on LLZO under humid air, contributing
to interfacial resistance and negatively affecting the capacity at
room temperature. The LCO/LLZO interface issues can be solved
by employing the co-sintering for the LCO cathode with Nb-
doped LLZO (LLZO� Nb), in which the side reaction between the
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LCO and LLZO� Nb can be greatly suppressed at low sintering
temperatures.[43] In addition, coating the LLZO layer on the
cathode materials also could improve the interface stability.[44]

For example, the coating of uniform thin LLZO on the
Li1.2Mn0.54Ni0.13Co0.13O2 (S-LLNCM) submicron particles, in which
LLZO not only acts as a protective layer to inhibit the adverse
reactions at the interface but also provides an ionic conductive
pathway that facilitates the interfacial Li+ diffusion.[45] For the
interfacial issue between LLZO and Li-metal (anode), interface
medication can be adopted to improve the physical contact
and wettability of LLZO with Li anode via the formation of Li-
alloy and conversion of solid electrolyte’s surface wettability
from lithiophobicity to lithiophilicity. For instance, ultrathin
lithiated Si coating can change the wettability properties of
garnet LLZO from “super-lithiophobicity” to “super-lithiophilic-
ity”, which the lithiated Si coating acts as a Li-ion conductor
layer and lowing the interfacial resistance with improved Li
metal/LLZ interface contact.[46] For air stability issues, the LLZO
tends to react with the moisture and CO2 in the atmosphere,
leading to impurities formation of LiOH and Li2CO3.

[38] The
doping of Al3+ into LLZO could result in Al-doped LLZO pellets
with small grains that are more stable than those with large
grains, due to the distribution differences of Al and Li-ions on
the surface of Al-doped LLZO.[47]

Murugan et al.[36b] reported the Li7La3Zr2O12 (LLZ) based
garnets with ionic conductivity of 5.0×10� 4 Scm� 1 at room
temperature, which became the benchmark of garnet-based
solid-state electrolytes. While the representative oxide-based

SEs included LLZO such as Li6.55Ga0.15La3Zr2O12 with room
temperature ionic conductivity of 2.1×10� 3 Scm� 1, and LATP
such as Li1.3Al0.3Ti1.7(PO4)3 with room temperature ionic con-
ductivity of 7.0×10� 4 Scm� 1.[48] In addition, a new type of oxide
SEs based on Li29Zr9Nb3O40 (LZNO) was reported in 2020.[49] The
pure LZNO shows a bulk ionic conductivity of 1.75×10� 4 Scm� 1

and a total conductivity of 5.90×10� 5 Scm� 1 at room temper-
ature, while the Al-modified LZNO has an improved ionic
conductivity of 2.41×10� 4 Scm� 1. These representative oxide-
based SEs are served as the benchmark SEs for ASSLBs.

2.2. Sulfide-Based SEs

Besides the oxide-based SEs, sulfide-based SEs have also been
widely studied as a common Li-ion conducting material. Unlike
the hard and brittle oxide-based SEs, the sulfide-based SEs are
relativity “soft” with better interfacial contact.[50] Additionally,
due to their favorable plastic properties, sulfide-based SEs can
easily reduce grain-boundary resistance via conventional cold-
pressing of the electrolyte powder. As a result, sulfide-based SE
powders are one of the most promising candidates for the
construction of ASSLBs.[51] The early research on sulfide-based
SEs mainly focuses on glassy materials (such as Li2S-P2S5-LiI,
B2S3-Li2S-LiI, Li2S-SiS2-GeS2, and Li3PS4), but these early glassy
sulfide-based SEs exhibited relatively low ionic conductivity.[52]

Reducing the grain-boundary resistance by hot pressing could
greatly increase the ionic conductivity of the glassy Li2S-P2S5

Figure 1. (a) EIS profiles of the PEO jPEO-perovskite jPEO SE at different temperatures. (b) Linear sweep voltammetry (LSV) of the electrolyte and PEO-LiTFSI.
(c) The charge-discharge voltage profiles of Li/PEO-LiTFSI-LLTO/LiFePO4, Li/PEO-LiTFSI/LiFePO4, and Li/PEO-LiTFSI-LLTO� O/LiFePO4 batteries at 0.5 °C and 60 °C.
(d, e) The cross-sectional SEM image of the interface. (f) The charge-discharge voltage profiles of the Li/PEO-LiTFSI-LLTO/LiFePO4 battery at different rates at
60 °C. (g) Rate performance of the Li/PEO-LiTFSI-LLTO/LiFePO4 battery at 60 °C. (h) Cycling performance of the Li/PEO-LiTFSI-LLTO/LiFePO4 battery at 2 C at
60 °C. (i) The impedance spectra of the Li/PEO-LiTFSI/Li and Li/PEO-LiTFSI-LLTO/Li symmetric cells at 24 and 60 °C. (j) Voltage profiles of the symmetric cells
cycling at 60 °C. (k) Voltage profile of the continued cycling of the Li/PEO-LiTFSI-LLTO/Li symmetric cell at 0.3 mAcm� 2 at 60 °C. Reproduced with permission.[25]

Copyright 2019 ACS.
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glass-ceramic to about 17 mScm� 1.[53] Furthermore, Li argyro-
dites are also a popular type of sulfide electrolyte that is able to
reach high ionic conductivity of over 10 mScm� 1. For example,
the Li5.5PS4.5Cl1.5 prepared by the ultimate-energy mechanical
alloying method exhibited a high ionic conductivity of
10.2 mScm� 1.[54] Recently, a new type of Ge-substituted thio-
antimonate iodide argyrodite SEs was synthesized by a high-
energy ball milling method with extremely high ionic con-
ductivity and outstanding air stability.[55] The synthesized
Li6.5Sb0.5Ge0.5S5I displays a high ionic conductivity of
16.1 mScm� 1, attributed to the concerted migrations of Li-ions
through the inter-cage pathways, significantly enhancing ionic
conductivity. On the other hand, the Li10GeP2S12 (LGPS)-type SE
is well-known for its remarkable ionic conductivity
(12 mScm� 1).[56] This exceptional performance of LGPS is
primarily due to its unique crystal structure, which facilitates
rapid Li-ion transport.[57] This also is the first reported sulfide-
based SEs that exhibited room-temperature ionic conductivity
exceeding that of liquid electrolyte. In addition, by leveraging
the unique properties of high-entropy materials, researchers
have recently developed a monophasic LSiMδPSBrO (M=Ge, δ=

0.4) with bulk ionic conductivity of 32 mScm� 1 at room temper-
ature, marking the highest conductivity among the ASSLB
reported to date.[60]

Since the sulfide-based SEs can be constructed by more
than one phase, the sulfide-based SEs can be divided into three
systems: (i) the pseudo-binary, (ii) the pseudo-ternary, and (iii)
the pseudo-quaternary.[61] Examples of the pseudo-binary
sulfide-based SEs include the typical Li2S-P2S5 and Li2S-MS2
systems, while the ionic conductivity of the pseudo-binary
sulfide-based SEs is usually lower than the pseudo-ternary and
pseudo-quaternary sulfide-based SEs. In contrast, the pseudo-
ternary system included Li2S-P2S5-MS2 (where the M=Ge, Si, Sn,
Al, etc.) with a thio-LISICON (Li Super Ionic conductor) structure,
and Li2S-P2S5-LiX (where X=F, Cl, Br, and I) with an argyrodite
structure. Generally, the pseudo-ternary sulfide-based SEs
display higher ionic conductivity than the pseudo-binary
system. On the other hand, pseudo-quaternary sulfide SEs can
usually achieve higher ionic conductivity than pseudo-binary
and pseudo-ternary sulfide-based SEs. One of the examples of
pseudo-quaternary sulfide SEs is Li9.54Si1.74P1.44S11.7Cll0.3, which
exhibited ultra-high ionic conductivity (25 mScm� 1) and ex-
cellent electrochemical stability.[62]

Important sulfide-based SEs, such as LGPS, LSPSCl, and
Li6PS5B, usually display a high ionic conductivity of over
1.0×10� 3 Scm� 1. For example, the representative sulfide-based
SEs included Li10GeP2S12, which gives the benchmark for the
novel sulfide-based SEs for ASSLBs.[63] The Li10GeP2S12 exhibited
a high ionic conductivity of 1.6×10� 3 Scm� 1 and electronic
conductivities of 9.8×10� 9 Scm� 1 at room temperature. Re-
cently, Fan et al.[64] proposed a dual anionic novel sulfide-based
SEs Li6.58P2.76N0.03S10.12F0.05 with superior room temperature ionic
conductivity of 4.33×10� 3 Scm� 1 as well as lowest bulk
electronic conductivity of 4.33×10� 10 Scm� 1, which set a new
benchmark performance for ASSLBs with the superior critical
current density of 0.90 mA cm� 2 at room temperature.

2.3. Halide-Based SEs

The metal halide SEs with the general formula Li� M� X (where
M is a metal element and x is the halogen) are considered to be
a promising candidate for enabling ASSLB technology.[65] In
contrast with divalent chalcogen (e.g. sulfide) anions, the
monovalent halogen anions have a weaker Coulombic force
with Li-ions during ion migration, which leads to a faster Li-ion
transport kinetic and hence possible to achieve higher ionic
conductivity for halide-based SEs. Nevertheless, the ionic radii
of halogen anions (167 pm to 202 pm) are also larger than
oxide (126 pm) as well as sulfide anions (170 pm), leading to
better ion mobility and deformability due to the longer ionic
bond lengths in halide-based SEs. Despite the numerous
potential advantages of metal halide SEs, the early-developed
halide-based SEs cannot be applied in practice due to their
extremely low Li-ionic conductivity at room temperature.[66]

Another issue for most halide-based SEs is that they are
deliquescent substances sensitive to moisture due to the
hygroscopic nature of halides.[67] Hence, designing air-stable
metal halide materials with high ionic conductivity for ASSLBs is
the major research direction for halide-based SEs. The trigonal
Li3YCl6 and monoclinic Li3YBr6 have first demonstrated that
halide-based SEs could have decent room-temperature ionic
conductivity.[65a] However, these halide-based SEs still suffer
from poor air stability, low electrochemical reduction stability,
and limited high-voltage compatibility. Owing to the relatively
higher redox potential of the halide compared to oxide and
sulfide, the halide-based SEs also could possess higher oxidative
stability and a wider electrochemical stability window.[68] In
particular, fluoride has the highest oxidation stability (oxidation
stability: F� >Cl� >Br� > I� ) as well as the widest electrochem-
ical stability window.[69] However, the room-temperature ionic
conductivities of fluoride-based SEs (e.g. LiMF4) are insufficient
for practical applications.[70] The fluoride- and chloride-based
SEs are a good choice for high-voltage transition metal oxides
due to their wide electrochemical stability window. In contrast,
the halide-SEs based on bromide and iodide can be used for
developing solid-state Li� S and Li� O2 batteries because of the
suitable battery operating voltage.[71]

For the structure of halide-based SEs, the ionic radius ratio
of cations to anions (r+/r� ) must meet certain conditions to
form a stable lattice structure.[72] Based on the law of ionic
packing, the most common form of fluoride-based SEs is the
LiMF4 phase with the trivalent M3+ cation occupying the cubic
site of the F� (ionic radius=122 pm) framework (MF8 cube), as
the radius ratio of M3+/F� is usually needs to greater than 0.732.
For the chloride (Cl� , 167 pm), bromide (Br� , 182 pm), and
iodide (I� , 202 pm)-based SEs, the trivalent M3+ cation tends to
form MX6 octahedron coordination with Li3MX6-type structure,
as radius ratio is often between 0.414 and 0.732. Besides, the
ion transport kinetic and coordination environment of metal
halide SEs (Li� M� X) are controlled by their halide anion
sublattice, in which different anion sublattices lead to different
ion transport pathways.[73] For Li� M� X ternary halides, the
sublattice structures included hexagonal close-packing (hcp:
trigonal and orthorhombic) and cubic close-packing (ccp:
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Monoclinic). For hcp anion lattices like Li3YCl6, the Li+ ions
transportation occurs through an anisotropic 3D diffusion
network with fast one-dimension (1D) diffusion channels along
the c-axis, whereas the ccp anion lattices such as Li3YBr6, the 3D
diffusion network is isotropic.[68b] Because of different ion
diffusion between the hcp and ccp framework, the ccp-
monoclinic displays much higher ionic conductivity than
trigonal and orthorhombic halide SSEs with an hcp framework
(general trend of ionic conductivity: ccp-monoclinic >hcp-
orthorhombic>hcp-trigonal).[74] At the same time, the ionic
conductivity of the halide-based SEs can be enhanced by tuning
the lattice structures. In particular, since the hcp anion
sublattices have an anisotropic ion diffusion network with fast
c-axis ion transport, the ion transport in the z-direction is likely
to be the rate-determining step. Hence, the ionic conductivity
of halide-based SEs with the hcp framework can be improved
by increasing the disorder of Y2 and Y3 sites in the z-direction.
The relatively low ionic conductivity of the hcp framework
could be improved via aliovalent substation by trigonal and
orthorhombic structure changes to a new orthorhombic
structure (orthorhombic-II). For example, the substitution of M
by Zr on Li3M1Cl6 (M=Y, Er, and Yb) metal halide SEs led to a

significant improvement in ionic conductivity (up to
1.4 mS cm� 1 at 25 °C) and oxidation stability (>4.0 V) due to the
trigonal-to-orthorhombic phase transition (Figure 2).[58,59] Addi-
tionally, introducing micro-strain and stacking faults during the
synthesis process also helps facilitate the Li-ion transport and
increase the ionic conductivity of halide SEs with hcp anion
sublattice.[75] For against the moisture environments, structural
tuning combined with surface coatings could significantly
improve the moisture stability of halide-based SEs.[76]

Overall, Li3YCl6 and Li3YBr6 are the two important halide-
based SEs that represent the revival of halide-based SEs. These
benchmark SEs exhibited room temperature Li-ion conductivity
of 5.1×10� 4 Scm� 1 and 1.7×10� 3 Scm� 1 for Li3YCl6 and Li3YBr6,
respectively. On the other hand, most of the recently developed
halide-based SEs have an ionic conductivity close to 10� 3 Scm� 1

level due to the grain boundary reduction. For example, the
Li3InCl6 reported by Li et al. demonstrated good stability against
moisture in the air and exhibited a high ionic conductivity of
2.04×10� 3 Scm� 1 at room temperature.[77] This novel halide-
based SE is also electrochemically stable with high-voltage
oxide cathodes, proving that the Li3InCl6 is a highly promising

Figure 2. (a) Phase evolution of Li3M1-xZrxCl6 (M=Er, Y) upon Zr substitution. The first (solid) and second (dashed) charge-discharge voltage profiles of LiCoO2/
chloride-SE jLi3PS4 jLi11Sn6 cells using (b) Li2.633Er0.633Zr0.367Cl6, Li3PS4, and (c) Li2.5Y0.5Zr0.5Cl6 as the solid electrolyte in the cathode composite at a current density
of 0.11 mAcm� 2 (~0.1 °C). (d) Nyquist plots of LiCoO2/SE jLi3PS4 jLi11Sn6 cell measured after the sixth charging process. (e) Room-temperature cycling
performance of the LiCoO2/chloride-SE jLi3PS4 jLi11Sn6 cell employing Li2.633Er0.633Zr0.367Cl6 as the chloride SE in the cathode composite. The cycling test was
conducted at a current density of 0.55 mAcm� 2 (3.0–4.3 V vs. Li/Li+). Reproduced with permission.[58] Copyright 2020 ACS. (f) Crystal structures of Li3YbCl6-350
and Li2.7Yb0.7Zr0.3Cl6-350. (g) Structural evolution of Li3YbCl6–350 to Li2.7Yb0.7Zr0.3Cl6-350 upon Zr substitution. Li site and Tet site connectivity of (h) Li3YbCl6-350
along the [001] direction and (i) Li2.7Yb0.7Zr0.3Cl6-350 along the [100] direction. (j) Li+ ion migration pathways in Li2.7Yb0.7Zr0.3Cl6-350. BVSE model of migration
energy barriers for (k) Li3YbCl6-50 and (l) Li2.7Yb0.7Zr0.3Cl6-350. Reproduced with permission.[59] Copyright 2021 ACS.
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SE for ASSLBs, which can be used as the benchmark for the
novel halide-based SEs.

2.4. Hydroborate/Boro-Based Electrolytes

Hydroborate is an anion where hydrogen bonds with boron.
The boron atoms can be substituted by carbon atoms and then
produce carbonates.[78] Benefitting from the high hydrogen
densities, hydroborate can be applied as a solid-state hydrogen
storage device.[79] Besides hydrogen storage, hydroborate can
also be used as a solid electrolyte for energy storage and
conversion. Due to the specific structure and the electronic
network, hydroborate-based solid-state electrolyte possesses
some advantages, such as high thermal, chemical, and redox
stability, low electronic and high ionic conductivities, and the
appropriate mechanical properties (suitable hardness).[80] The
relevant research concerning hydroborate-based electrolytes
mainly focuses on the application of ion batteries (i. e., Na, Li,
Zn), which involves the studies of crystal structure, mechanical
properties, dendrite resistance, stability, and electrochemical
properties.[81]

In the 1970s, the predecessor of hydroborate-based electro-
lytes, Li2B10Cl10 and Li2B12Cl12, were first applied as the electrolyte
components.[82] Afterward, more and more research and efforts
were invented to study the properties of hydroborate electro-
lytes. In 2007, Orimo et al.[83] first applied the HT hexagonal
LiBH4 as the electrolyte and found the strong ionic conductivity
of LiBH4. Subsequently, they continuously studied and im-
proved the performance of LiBH4. Through a series of experi-
ments, they successfully stabilized the performance hexagonal
phase LiBH4 under room temperature and determined that the
ionic conductivity of LiBH4 is 10

� 4 S cm� 1.[84] Until now, theMBH4,
MB3H8, M2BnHn/MBnHn (n=10, 12), MCBnHn+1/MCBnHn+1 (n=9,
11), MB11H14, M-7-CB10H13, and M-7,8-C2B9H12 (M=Li, Na, K, Mg,
Ca, Ag) are the common members of the family of hydroborate-
based electrolyte. According to the previous report, the ionic
conductivity of hydroborate-based material can achieve
70 mScm� 1 at 300 K.[85]

As the emerging class of SEs, the history of hydroborate-
based SEs is much shorter than the SE based on oxides, halides,
and sulfides. Hydroborate-based SEs show remarkable SE
properties in high-voltage batteries.[86] For example, the
Na4B36H34–7Na2B12H12 is a high-voltage SE demonstrating high
ionic conductivity of 1.02×10� 3 Scm� 1 and a wide electro-
chemical stability window of 5.5 V for all-solid-state sodium
batteries. For ASSLBs, LiCB9H10 is the benchmark for hydro-
borate-based SEs, with an ionic conductivity of
~3.0×10� 2 Scm� 1 at 354 K.[85] On the other hand, novel nido-
hydroborate-based SE for ASSLBs has been successfully pre-
pared recently, with liquid-like room temperature ionic
conductivity.[87] This new Li3(B11H14)(CB9H10)2 displays a remark-
able ionic conductivity of 1.1×10� 3 Scm� 1 at 25 °C, which also is
a cost-effective replacement of LiCB9H10.

2.5. Phosphide-Based SEs

Phosphide is a compound containing the anion P3� , where
these compounds can exist in wide structures, such as chain
and cage form.[88] Most metals can bind with anion P3� to form
metal phosphide (MP) or transition metal phosphide (TMP).[89]

On one hand, MPs/TMPs are commonly used as insecticides and
rodenticides to protect grains and crops due to their high
toxicity.[90] On the other hand, MPs/TMPs possess excellent
electrocatalytic activity, low redox potential, high theoretical
capacity of 2596 mAhg� 1 (calculated from the formation of
M3P), high reserve abundance, and robust durability.[91] Owing
to their excellent properties, MPs/TMPs are intensively applied
to the field of electrochemistry, such as water splitting, fuel
cells, batteries, energy conversion, and storage. However, the
volume expansion and the low reaction kinetic during the cycle
limit the applications of the phosphide-based electrolyte.

Due to the differences in structure, composition, and
morphosis, the working principle of each phosphide-based
electrolyte can be significantly different. Generally, the working
principle mainly includes intercalation/deintercalation, chemical
conversion, and alloying/dealloying mechanisms. The intercala-
tion/deintercalation mechanism relates to the capacity gener-
ation of phosphide-based electrolytes, which involves the
transportation of metal ions into or out of the phosphide-based
electrolytes.[94] The chemical conversion mechanism commonly
involves the enhancement of the storage performance of
electrolytes. The M species evenly form and distribute within
the MPs during the reaction of metal ions and phosphorus ions.
Remarkably, the existence of M species enhances the electro-
chemical performance of the battery. Additionally, these species
also prevent structural pulverization and accelerate electron
transfer.[94] Finally, the alloying/dealloying mechanisms, affect
the maximum performance of the electrochemical activity and
the capacity of the battery.[95]

3. Organic Solid Electrolytes Classifications

Polymer (organic) SEs are being revisited as promising electro-
lytes for ASSLBs owing to their higher flexibility and process-
ability. In particular, the polymer-based SEs can effectively
suppress the growth of Li dendrite and avoid internal short
circuits, which significantly increases the safety property of
ASSLBs.[96] However, polymer-based SEs generally display lower
room temperature ionic conductivity, low mechanical strength,
limited electrochemical window, and weak thermodynamic
stability compared to inorganic-based SEs.[97] The Li salt can
fully dissolve in the polymer electrolytes to form the cation and
anion, in which the Li+ cation migrates via polymer chain
movement. Therefore, the Li ionic conductivity of polymer-
based SEs is determined by the number of free Li+ cations as
well as the moving ability of the polymer chain. Moreover,
inorganic additives can be used as fillers to be compounded
with polymer/Li salts, forming composite polymer electrolytes
(CPEs). In general, inorganic fillers can improve the interface
between the polymer electrolyte and the electrode and
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enhance the interfacial compatibility between the polymer
electrolyte and the Li electrode by capturing impurities in the
battery system.[98] In the following part, we will briefly outline
the common types of solid polymer SEs and polymer-based
composite SEs for ASSLBs.

3.1. Solid Polymer Electrolytes (SPEs)

The Li salt utilized for SPEs requires low lattice energy, and the
host polymer needs to possess a high dielectric constant to
facilitate the dissociation and transport of ions.[99] Based on that,
polymers with polar groups that can form coordination bonds
with both anions and cations are chosen for constructing SPEs.
In general, the lithium salt interacts with the polymer coordina-
tion sites to form the complex based on the acid-base theory,
and the ion diffusion occurs in the presence of the propelling
dynamic created from the motion of amorphous polymer
chains, where the ion species dissociate, hop and coordinate
repeatedly as the local segments regenerate at new adjacent
coordination sites. The ion conductive process is a directional
movement of ions driven by the external electric field. There-
fore, ion transportation should occur in the amorphous phase,
while the crystalline phase hinders ion migration.[100] For SPE
materials, the ionic conductivity (σ) can be expressed as by:

s ¼ nem

Where n, e, and μ are the effective number of mobile ions,
the elementary electric charge, and the ion mobility, respec-
tively. The common SPEs are dual-ion conductors, and both the
cations and counter anions are movable in the amorphous
region. This dual-ion transportation in SPEs causes the polar-
ization issue, which limits the Li-supply toward the electrode
and lowers the effective Li transference number due to the
accumulation of counter anion on the anode site.[101] To address
polarization issues, single-Li-ion SPEs were developed by fixing
the anion to the polymer chain. The single-Li-ion SPEs have
anions covalently bonded to polymers or immobilized by anion
acceptors.[102] Consequently, the single-Li-ion SPEs show single-
ion conduction with approximately unity Li-ion transference
number.[103]

Polyethylene oxide (PEO) is the most used SPE for ASSLBs,
and it possesses good chain flexibility, excellent electrochemical
stability to Li metal, low glass transition temperature (Tg), and
excellent solubility with Li salts.[104] The main issue of PEO-based
SEs is poor ionic conductivity and low inferior Li-ion trans-
ference numbers (0.2–0.3) at room temperature due to the high
crystallinity of PEO. Hence, the PEO-based SEs usually operate
at high temperatures (above 60 °C).[105] On the other hand,
several methods have been explored to address the crystallinity
and low ionic conductivity of PEO. The ionic conductivity of
PEO-based SEs performance can be enhanced via blending or
copolymerization of the PEO with poly (methacrylic acid)
(PMAA) to form a hydrogen bonding type inter-macromolecular
complex matrix with dissolving LiClO4 salt.[106] Furthermore,
copolymerization can also improve Li-ion conductivity by

effectively reducing crystallinity and increasing the amorphous
area for Li+ transportation. Additionally, crosslinking is also an
effective method to decrease crystalline domain. At the same
time, crosslinking could also substantially improve the mechan-
ical strength and thermal stability of the PEO-based-SPEs.[107] For
example, polysiloxane has also been another candidate host for
SPEs, in which the PEO-based-SPEs based on polysiloxane
derivatives can have ion-conducting PEO side chains that
crosslinked with modified gallic acid.[92] The crosslinked polymer
(A-BPTPs) displayed a relatively high conductivity due to the
highly flexible polysiloxane backbones, low glass-transition
temperature (Tg), and excellent compatibility with Li metal
anode (Figure 3a–f). It is also believed that the large number of
crosslinking sites can increase the mobility of ion-conducting
chains via crosslinking. Meanwhile, polymers with hyper-
branched structures can effectively suppress crystallization. For
example, Chen et al.[93] synthesized hyperstar polymers
(hbPPEGMAm-s-PSn) using PEO and polystyrene (PS), in which
the hyperbranched PEO served as the star core, and PS served
as the arms. The hbPPEGMAm-s-PSn displayed fast Li+ transport
(~0.1 mScm� 1 at 60 °C) due to the suppressed crystallization of
the PEO domains. Meanwhile, the efficient entanglement of
linear PS arms during phase separation also improved the
mechanical property, leading to a high Li/SPE interface stability
without lithium dendrite growth (Figure 3g–m).

3.2. Composite Polymer Electrolytes (CPEs)

Instead of using blending, copolymerization, crosslinking, and
hyperbranched structure, the performance of SPEs can also be
enhanced by adding various types of filler additives to form
composite polymer electrolytes (CPEs).[108] The CPEs mainly
consist of host polymers, Li salts, and inorganic additives
(fillers), and the inorganic fillers play a key role in comprehen-
sive performance. Recently, the CPEs have exhibited excellent
electrochemical and safety properties. The CPEs can gain the
advantage from each of their respective components, enhanc-
ing their properties, including ionic conductivity, mechanical
properties, interfacial stability, and electrochemical windows.[109]

For example, adding inorganic filler can improve the interface
between the polymer electrolyte and the electrode while
enhancing the interfacial compatibility between the polymer
electrolyte and the lithium electrode by capturing impurities in
the battery system. However, the practical application of CPEs is
still limited by their relatively low ionic conductivity of the
electrolyte and high interfacial impedance. Therefore, solving
the ionic conductivity and interfacial issues are the two key
focus areas for the research in CPEs. Depending on the
influence of the filler on the ionic conductivity, the inorganic
fillers can be divided into passive and active fillers.

For passive fillers, although the ionic conductivity of CPEs
can be increased by incorporating passive fillers, the passive
fillers themselves do not possess ion transport capabilities
(lithium-ion insulators). The improvement of ionic conductivity
by incorporating passive filler depends on the filler-polymer
interface, where the passive fillers can affect the ion transport
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capability of polymer chain segments.[110] For instance, adding
passive fillers (such as plasticizers or ceramics) can improve ion
transport efficiency by suppressing polymer crystallization
(increasing the amorphous phase).[111] In addition, passive fillers
can support the polymer matrix and increase the mechanical
strength, while the surface of passive fillers would interact with
ion pairs to promote further dissociation based on Lewis acid-
base theory. Common passive fillers such as Al2O3,

[115] Fe2O3,
[116]

TiO2,
[117] and SiO2,

[118] are widely used to increase the ionic
conductivity of CPEs due to their controllable size and high
stability.

In contrast to the passive fillers, the active fillers not only
can reduce the crystallinity of the polymer matrix but also
contain continuous ion channels in the bulk phase that can
facilitate ion transport.[119] Hence, it is believed that the active
fillers based on lithium fast-ion conductors that possess high
ion conductivity can improve the ionic conductivity of CPEs
more effectively. The high ionic conductivity active fillers usually

have numerous continuous defects with low activation energy,
allowing easy ion hopping.[120] Meanwhile, active fillers can also
serve as a Li+ source that increases the movable Li+ at the
filler-polymer interface. Perovskite, garnet, and LISICON are
inorganic materials that are commonly used as the active filler
for CPEs, while NASICON-type electrolytes like LAGP and LATP
were also can be used as an effective active filler to improve
both ionic conductivity and stability of PEO-based SEPs.[121]

Recently, the most used active fillers are different kinds of
lithium salts, such as LiTFSI and LiClO4.

[122] The additional lithium
salt can increase ionic conductivity via a direct increase in the
number of charge carriers. Besides, ionic liquids such as [1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
(EMIM)(TFSI),[123] and 1-butyl-3-methylimidazolium chloride,[124]

are also drawing tremendous attention because of their ability
to reduce the crystallinity, which indirectly increases the
conduction.

Figure 3. (a) Preparation of A-BPTPs crosslinked polymer and (b) photographs of A-BPTPs having free-standing film states and BPTP100 having a wax state,
where the number in the name indicates mol% of allyl PEO. (c) Linear sweep voltammogram A-BPTP80 at 60 °C with a scan rate of 1 mVs� 1 and (d) bulk
resistance (Rb) and interfacial resistance (Rint) of symmetric Li/A-BPTP80/Li cell stored under open-circuit condition at 60 °C as a function of storage time. (e)
DSC thermograms and (f) temperature dependence of ionic conductivities of BPTP100 and A-BPTPs ([Li]/[EO]=0.07). Reproduced with permission.[92]

Copyright 2017 Elsevier. (g) Synthetic route of hbPPEGMAm-s-PSn hyperstar polymers. (h) Schematic of hyperbranched hbPPEGMAm and hbPPEGMAm-s-PSn
polymers with different average chain lengths of branched PEO and linear PS. (i) Digital photograph of hbPPEGMA50-s-PS299 SPE membrane. (j) Temperature-
dependent ionic conductivity. (k) Storage modulus E’. Li plating/stripping voltage profiles versus cycle time and charge passed of Li jhbPPEGMAm-s-PSn SPE jLi
symmetric cells cycled at 60 °C with 1 h charge and 1 h discharge at a current density of (l) 0.1 mAcm� 2 for hbPPEGMA25-s-PS179 SPE and (m) 0.05 mAcm� 2 for
hbPPEGMA50-s-PS299 SPE. Reproduced with permission.[93] Copyright 2019 ACS.
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Although the PEO is considered the unrivaled benchmark
for the SPE for battery application, the pure PEO without further
modification or filler additive is not considered the benchmark
owing to its poor ionic conductivity and narrow electrochemical
window (>3.6 V). Based on that, the high-performance organic-
based SEs usually have passive or active fillers. The PEO-LiTFSI
(LiTFSI= lithium bis(trifluoromethanesulfonyl)imide) SE are com-
monly used as starting points in designing next-generation
polymer electrolytes. The PEO-LiTFSI exhibited a high ionic
conductivity of 1.5×10� 5 Scm� 1 at 25 °C, which is considered as
the benchmark for SPE.[125] For all the different solid electrolytes,
we have supplied a comparison Table to demonstrate the
representative materials, ionic conductivity, main advantages,
and drawbacks of different SEs (Table 1).

4. Recent Advances of Solid Electrolytes

4.1. Inorganic Electrolyte

4.1.1. Sulfide-Based SEs

Even though the sulfide-based electrolyte is famous for the
lithium battery, the development of this electrolyte is still
ongoing. Hong et al.[126] developed a thin, high flexibility, high
ionic conductivity, and high mechanical strength sulfide-based
electrolyte. They combined the EMG terpolymer (polyethylene-
co-methyl acrylate-co-glycidyl methacrylate with the Li6PS5Cl
(argyrodite) to obtain the solid electrolyte. At 60 °C, the solid
electrolyte showed satisfactory interfacial stability with Li and a
high ionic conductivity of 1.88 mScm� 1. Moreover, they com-
bined the Li� In anode, EMG-based solid electrolyte sheet, and
the LiNi0.9Co0.05Mn0.05O2 cathode to produce the whole solid-
state cell. At 0.05 °C and 60 °C, the cell possesses a discharge
capacity of 229.2 mAhg� , which is equal to the areal capacity of
5.5 mAhcm� 1.

Besides the interfacial stability and ionic conductivity, they
also improved the energy density of sulfide-based
electrolytes.[112] The idea of improving the energy density of
sulfide-based electrolytes is that enhance the loading of active
material in the composite cathode. The composite cathode
consists of the LiNixCoyMn1� x� yO2 (NCM) materials and Ni. The
content of Ni (70 and 82%) particle size (4, 5, and 10 μm) and
the crystallization form (single and polyform) are variables to
determine the suitable conditions for optimizing the perform-
ance of electrolytes. Figure 4a–c shows the structure of the
single crystal, small polycrystalline, and large polycrystalline
NCM. The experimental result shows that the single crystalline
LiNi0.82Co0.1Mn0.08O2 with SNi82-5 and small particle size exhibit
the best performance. The product exhibits a high discharge
capacity of 193.2 mAhg� 1 and an active mass loading of
26 mgcm� 2 (equal to the areal capacity of 5.0 mAh cm� 2).

In addition to the actual performance, the stability of the
sulfide-based SEs at the ambient condition is another factor
that needs to be considered during the operation. To enhance
the moisture stability of the sulfide-based SE, Jin et al.[127]

fluorinate the Li10GeP2S12 to form the LiF-coated core-shell solid
electrolyte LiF@Li10GeP2S12. In 30% relative humidity air, the SE
exhibits excellent moisture stability. They applied the DFT to
determine the hydrolysis mechanism of the Li10GeP2S12, which
brings the moisture stability of the product. After exposure to
the air for 40 min, the ionic conductivity of the LiF-coated core-
shell SE is 1.46×10� 3 Scm� 1. Besides the LiF-coated core-shell
SE, they combined the LiNbO3@LiCoO2, LiF@Li10GeP2S12, and Li
to assemble the battery. The initial discharge capacity and the
capacity retention of the assembly battery are 101.0 mAhg� 1

and 94.8% after 1000 cycles at 1 °C, respectively.
Zhang et al.[128] study the Li10GeP2S12 and applied the

stannous fluoride doping method to synthesize the fluorine
functionalized Li10GeP2S12 and used the product as the stable
monolayer solid electrolyte. They used the DFT calculation to
study the atomic-scale mechanism, which involves the moisture

Table 1. The Summary of SEs for ASSLBs with their main advantages and drawbacks.

Type Example Ionic Conductivity at 25 °C
(S cm� 1)

Advantages Drawbacks

Oxide SEs LISICON (LiGexTi2
�
x-

(PO4)3)
LLTO (La2/3

�
xLi3xTiO3)

LLZO (Li7La3Zr2O12)

10� 3 to 10� 4 High ionic conductivity
Excellent chemical & electrochemi-
cal stability

Non-flexible & brittleness
Poor physical contact with electrode

Sulfide SEs Li2S-P2S5
Li2S-MS2

10� 2 to 10� 3 High ionic conductivity
High flexibility
Low grain-boundary resistance

Poor air stability
Low interfacial compatibility with cath-
ode

Halide SEs Metal halide: Li3MX6

(M=Y, Er, Yb, X=F,
Cl, Br, I)

10� 3 to 10� 4 Good compatibility with Li
Widest electrochemical window (F-
based SEs)

Poor air stability (Cl� & Br-based SEs)
Low ionic conductivity (F-based SEs)

Hydroborate
SEs

LiBH4

Li2B12H12-Al2O3

10� 3 to 10� 5 Excellent redox stability with Li
electrode

Low interface stability with high-volt-
age cathodes

Phosphide
SEs

Li8TtP4 and Li9TrP4

(Tt=Si, Ge, Sn; Tr=Al,
Ga)

10� 2 to 10� 4 High ionic conductivity
Low redox potential
Robust durability

Relatively low conductivity

Organic SEs PEO 10� 5 to 10� 7

10� 3 to 10� 4 (with filler)
Good compatibility with Li
High flexibility

Poor ionic conductivity (no fillers)
Low thermal stability
Limited electrochemical window
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and electrochemical stability of the fluorine functionalized
Li10GeP2S12. Through the DFT calculation, they discovered that
the retardation of the hydrolysis reaction of Li10GeP2S12 caused
by the electronic regulation, which is contributed to the
reduction of surface hydrophilicity from the fluorine surface
doping. Under relative humidity of 35%–40% and exposure for
20 min, the ionic conductivity of the SE is 2.21 mScm� 1.
Benefitting from the doping of fluorine, the ASSLB assembled
by fluorine functionalized Li10GeP2S12 exhibits the critical current
density of 2.1 mAcm� 2 and 80.1% retention after 600 cycles at
1 °C.

4.1.2. Oxide-Based SEs

The oxide-based solid electrolyte is commonly used for lithium
batteries and has attracted the attention of researchers recently
due to its structural stability and other excellent properties.
Nevertheless, more and more efforts have been made to further
improve the performance and explore the application of these
materials. Ahmad et al.[129] employed the conventional method
to synthesize the novel oxide-based ternary composite (AlPO4-
SiOLi4P2O7) electrolyte, where the product exhibits high water
stability and ionic conductivity. Through the analysis of the x-
ray diffraction, they determined the crystallographic structure

of the ternary composite and thus found that the ionic
conductivity is significantly influenced by the structure. Besides,
they also applied electrochemical impedance spectroscopy to
determine the ionic conductivity of the electrolytes. At ambient
temperature, the ionic conductivity of the Mn-ternary compo-
site is 1.63×10� 6 S/cm, where it can enhance up to 1.68×10� 6 S/
cm by applying 8 wt%-LiBr for reducing the grain boundaries.

The side reaction and lithium loss from the high-temper-
ature sintering (HTS) process limits the application of oxide
solid electrolyte (OSE). To overcome these limitations, Sun
et al.[113] designed a near-room-temperature (60 °C) cold sinter-
ing process to produce the OSE. This process applied a low-
melting-point plastic crystal electrolyte (PCE) to fill the grain
boundaries (GBs). Under the ambient temperature, the ionic
conductivity and transference number of electrolytes reached
up to 0.25 mScm� 1 and 0.88, respectively. Figure 4d shows the
relationship between the conductivity and temperature. At a
current density of 0.1 mA cm� 2, the cell can operate for 2000 h,
which exhibits the ability of electrolytes to suppress side
reactions and maintain the interfacial stability of the cell. After
820 cycles (566 days) at 0.1 °C rate, the capacity retention of the
full cell is around 70%.

Figure 4. The structure of (a) single crystal, (b) small polycrystalline, and (c) large polycrystalline of NCM. Reproduce with permission[112] Copyright 2023 Wiley
(d) The plot of conductivity versus temperature of sample. Reproduce with permission.[113] Copyright 2024 Elsevier. The crystal structure of (e) VCl3 and (f)
LiVCl3 (the layered O1 structure). Reproduced with permission.[114] Copyright 2023 Wiley.
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4.1.3. Halide-Based SEs

Although the halide-based solid electrolyte is intensively
applied for the lithium battery due to its excellent performance,
the study of these materials is actively ongoing. Liang et al.[114]

reported a novel V3+/V2+ chloride cathode in the halide-based
solid-state electrolyte for the lithium battery. The cell exhibits
high interfacial stability and the VCl3 cathode enables the high
reversible redox reaction, owing to the chemical stability
between the VCl3 cathode and halide electrolyte. Figure 4e and
f show the crystal structures of VCl3 and LiVCl3. Moreover, the
all-solid-state battery demonstrates satisfactory performance,
including high reversible capacity, high rate, and long-life cycle
(85% capacity retention, 6 °C, over 200 cycles). Further, under
extreme temperatures and ultra-high loading, the battery still
exhibits good performance.

Kwak et al.[130] developed a halide nanocomposite solid
electrolytes (HNSEs) ZrO2(� ACl)-A2ZrCl6 (A=Li or Na) to improve
the electrochemical performance of the lithium and sodium
batteries. At 30 °C, compared to the A2ZrCl6, HNSE enhances the
ionic conductivity of Li and Na batteries from 0.40 to
1.3 mScm� 1 and from 0.011 to 0.11 mScm� 1, respectively.
Moreover, they developed the fluorinated ZrO2–2Li2ZrCl5F
HNSE, which exhibits high-voltage stability and interfacial
compatibility with Li6PS5Cl. Furthermore, they assemble the ASS
lab-scale cell, Li� In j j LiNi0.88Co0.11Mn0.01O2. Under the testing at

the temperature of 30 °C and pressure of 70 MPa, the cell
demonstrates the specific discharge of 115 mAhg� 1 after almost
2000 cycles at 400 mAg� 1.

4.1.4. Hydroborate-Based SEs

Sakamoto et al.[131] combined two materials, including the
conductive Li7La3Zr2O12 (LLZ) and sintering-free LiBH4, to create
a composite-based electrolyte. The composited LLZ-LiBH4 was
synthesized by mixing LLZ powder with LiBH4, where the
mixing ratio depends on the mass and density. LLZ powder was
produced by hand milling and ball milling at room temperature.
In this case, the hand milling method produced the LLZ-LiBH4

composite with higher density, because of the more intensive
particle size distribution of LLZ powder. Moreover, after hand
milling, the composite electrolyte did not exhibit the formation
of a secondary phase. When the volume ratio of LLZ increases
to 0.8, the total ion conductivity of the whole composite
increases with the increase of the LLZ ratio, because of the
filling of LiBH4 between the interspace of LLZ particles. Under
room temperature, the optimized composite exhibited ionic
conductivity of 5.8×10� 5 Scm� 1, which is 670 times higher than
that of LiBH4 alone. Figure 5a, b shows the ionic conductivity of
the product at different conditions. Figure 5c shows the
nominal volume fraction of LLZ. At around 120 °C, LiBH4

Figure 5. (a)The ionic conductivity of different hand milling LLZ-LiBH4 composites (b)The ionic conductivity at 50 °C and 120 °C versus the net volume fraction
of LLZ. (c) The plot of the net volume fraction versus the nominal volume fraction of different LLZ product. Reproduced with permission.[131] Copyright 2023
Elsevier. The 11B (1H) NMR spectra of (d) LiB11H14(H2O) n and LiB11H13R after heat treatment under different conditions, and (e) (i) the precursors (CH3)3NHB11H14

or LiB11H14(H2O) n, (ii) the mixture of LiB11H14 and Li2B11H13 in basic solutions, and (iii) of pure LiB11H14 after heat treatment. (f) The ESI-MS with 11B/10B isotopic
patterns assigned to 2–5 for different samples. Reproduced with permission.[132] Copyright 2021 Wiley. The phase diagrams of (g) Li-Si� P and (h) Li-Ge� P. The
(i) density of state and (j) band gap of the solid electrolytes. Reproduced with permission.[133] Copyright 2022 ACS.
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undergoes a phase transition to high temperature conduction
phase. Under such a conduction phase, the Li-ion conduction
behavior changed from a percolation model to a series
resistance model. Furthermore, the composite formed an inter-
face to Li metal, where the voltage endurance is 0.5 mAcm� 2 at
100 °C.

Payandeh et al.[132] reported the use of nido-hydroborate
(lithium tetradecahydroundecaborate, LiB11H14) to replace the
LiCB9H10. First, they applied the n-butyllithium (LiC4H9, BuLi),
(CH3)3NHB11H14, and tetrahydrofuran (THF) solution to synthesize
the LiB11H14. After the synthesis, they used the 11B nuclear
magnetic resonance spectroscopy (NMR) and electrospray
ionization high-resolution mass spectrometry (ESI-MS) to identi-
fy the impurities and then eliminate them (Figure 5d–f). Closo-
hydroborates and carba-closo-hydroborates are used for the
following synthesis process. They obtained the Li2(B11H14)
(CB11H12) and the Li3(B11H14) (CB9H10)2 with the ionic conductivity
of 1.1×10� 4 Scm� 1 and 1.1×10� 3 Scm� 1, respectively. Moreover,
through the Density Functional Theory (DFT) calculations, they
determined the oxidative stability of LiB11H14 is 2.6 V versus Li+/
Li. Furthermore, they combined the Li2(B11H14) (CB11H12) electro-
lyte with the TiS2 cathode to produce a proof-of-concept half-
cell, where the capacity retention is 82% after 150 cycles at C/5.

4.1.5. Phosphide-Based SEs

Maltsev et al.[134] combined first principle calculation and
machine learning to investigate the ionic conductivity of the
lithium phosphide. For the first principle DFT calculation, the
Vienna Ab initio Simulation Package (VASP), projector aug-
mented-wave method with plane-wave basis set, and the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
were selected as the parameter. For machine learning, Ab Initio
Molecular Dynamics (AIMD) was selected to collect the dataset
of the machine learning interatomic potential (MLIP). Through
the combination, they calculated the convex hull of the lithium
phosphide product at different temperatures and then obtained
a temperature-composition phase diagram. The lithium
phosphide can be classified as stable (Li3P, LiP, Li3P7, Li3P11, LiP7)
and metastable (Li4P3, Li5P4, LiP5) compound, where the ionic
conductivity of these compounds was investigated as the
function of temperature. In addition, Li3P, LiP5, Li5P4, Li4P3, and
Li3P7 appeared high lithium diffusion, with ion conductivity in
the range of 10� 4–10� 2 Scm� 1 at room temperature. In the
temperature range of 300–500 °C, the lithium diffusion did not
happen in the LiP, Li3P1, and LiP7, where the ion conductivity of
these lithium phosphides was the lowest. Moreover, they
observed a different relationship between the ion conductivity
and the arrangement of phosphorus atoms. In the case, of the
3D network arrangement lithium phosphides possess 1D
conductivity, the chains and broken chains of lithium phos-
phides exhibit 2D conductivity, whereas the lithium phosphides
with other structures result in 3D conductivity. The team of Min
reported their study concerning the lithium-rich ternary
phosphide through the first principle calculation.[133] Through
the first-principles DFT calculations and the thermodynamic

analysis, they investigated the phase stability, electrochemical
stability, and the phase equilibrium of 10 lithium-based
phosphide types of SE. First of all, they constructed the phase
diagrams at 0 K. The results from the phase diagrams explain
the availability for synthesizing lithium-based phosphides
composite and indicate that the stable phase results from the
bonding of phosphorus with other atoms. To determine the
electrochemical stability, they calculated the Density-of-State
(DOS) and the band gap of the SE (Figure 5g–j). These results
show that the electrochemical stability of the SEs is narrower
than 0.5 V. The various P binary compounds form from the
oxidation of SE, causing the lower anodic limits of about 1 V vs
Li/Li+. However, the lower anodic limit implies that the SE
possesses poor cathodic electrochemical stability. Besides the
phase and electrochemical stability, they discovered that the
new phases formed at the interface are the critical factors for
the thermodynamic driving force of these SEs. Moreover,
through the analysis of the Li diffusion kinetics, the face-sharing
octahedral and tetrahedral sites possess a low energy barrier,
leading to the high efficiency of Li conduction.

4.2. Organic Solid Polymer Electrolytes

Although solid polymer is one of the common organic electro-
lytes for the lithium battery, the problems of ionic conductivity
and mechanical strength still need to be overcome for better
performance. To overcome these problems, Zang et al.[135]

developed a local high-concentration solid polymer electrolyte
for the lithium battery. The design of the electrolyte is based on
the polymer blends, which it named Li-polymer in F diluter
(LPIFD). The combination of lithium and polymer ensures
continuous Li+ conduction channels and benefits the solid
electrolyte interphase (SEI). Besides, the F diluter enhances the
mechanical strength of the electrolyte. The ionic conductivity of
LPIFD is 3.0×10� 4 Scm� 1, and the Coulombic efficiency and
critical current density of Li anode achieved 99.1% and
3.7 mAcm� 2, respectively (Figure 6a). Moreover, the formation
of F-rich cathode electrolyte interphase brings the satisfactory
performance of the lithium battery, where the battery can work
450 cycles at an operating voltage of 4.5 V (Figure 6b and c).

Besides the actual performance, the stability of the electro-
lyte is also essential for the battery during the operation. Peng
et al.[136] improved the stability and the ionic conductivity of the
solid polymer electrolyte. They developed a novel solid polymer
electrolyte, which is termed fluorinated backbone and oligomer
batteries in terms of columbic efficiency, cycle lifetime, and
capacity retention (Figure 6d and e). Moreover, they produced a
2.6 Ah pouch cell containing the graphite anode, PFVS electro-
lyte, and the NCM90 cathode, which exhibits stable cycling and
application potential.

4.3. Composite Electrolytes

The application of poly (ethylene oxide) (PEO) and the garnet-
type material Li6.4La3Zr1.4Ta0.6O12 (LLZTO)-based composite elec-
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trolyte is limited by the ionic conductivity and the interfacial
resistance. The team of Khan reported the novel designed
composite electrolyte for improving the electrochemical per-
formance of the lithium battery.[137] They combined active and
inactive fillers to invent a hybrid filler-designed solid polymer
electrolyte and applied it to enhance the properties of both the
lithium metal anode and the LiFePO4 cathode. They applied
scanning electron microscopy (SEM) to observe the surface of Li
at different periods. (Figure 7a–d) The novel electrolyte ensures
the interfacial stability and the cycling performance for 2000 h
at a current density of 0.1 mAcm� 2 and stabilizes the cycling of
LiFePO4//Li full battery for 400 cycles at 1 °C. Moreover, at 40 °C,
the maximum ionic conductivity and the Li+ transference
number of these batteries with the novel electrolytes can reach
1.9×10� 4 Scm� 1 and 0.67, respectively. These satisfactory results
contribute to the strong affinity to Li+ and low interfacial
resistance of hybrid fillers.

Fan et al.[138] developed an air-processable technique to
synthesize the solid composite electrolyte and avoid the
undesired reaction from ambient moisture. The technique
combined the LiCF3SO3 (LiOTf) (Li salt), Li6.4La3Zr1.4Ta0.6O12

(LLZTO) (fast Li-conductor), and the polyvinylidene difluoro
ethylene/polyvinyl acetate (PVDF/PVAC) (polymer matrix). The
trace amount of H2O in the electrolyte solution significantly
enhances the Li+ conductivity of solid composite electrolytes to

5.09×10� 4 Scm� 1 at room temperature. The oxygen H2O tends
to interact with the Li atom in LiOTf, therefore, forming the
hydrogen bond with the oxygen atom in the solvent. LiOTf
dissociates due to such interaction, and results in the formation
of uniform Li+ transportation channels. At 0.2 °C, the initial
Coulombic efficiency and capacity retention rate of the battery
are 94.7% and 96% after 180 cycles, respectively. At 0.5 °C, the
capacity of the battery is 143.7 mAhg� 1 after 150 cycles
(Figure 7e and f). Song et al.[139] employed the niobium-based
Li-rich disordered rock salt (DRS) to form the shell on the
surface of carbon material (Nb-DRS). They applied the shelled
carbon material to perform efficient Li protection, which
benefits the Li+ diffusion network for accelerating carbon
lithiation. The Li anode is protected by the Nb-DRS, where the
protection brings the extra-stable cycling over 7000 cycles at
high charge/discharge rates of 3 C/3 C. In addition, the
improved ASSLB possesses a capacity of 3 mAhcm� 2 and a
relatively low negative/positive ratio of 5. Based on the detailed
analysis of the performances, we have supplied a performance
comparison Table 2 of different types of recent advanced solid
electrolytes.

Figure 6. (a) The Coulombic efficiency of different LPIFD with polymer products under different cycling. (b) The average discharge voltage and the (c) cycling
performance of the coin cells with NMC811 cathodes at 4.5 V cutoff voltage using PTFEP-LPIFD. Reproduced with permission.[135] Copyright 2024 Nature. (d)
The Cycling performances of Li j jNCM811 cells at 0.5 °C rate with different electrolytes. (e) Rate performance of Li /PFVS/NCM811 cells. Reproduced with
permission.[136] Copyright 2024 Wiley.
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5. Synthesis Method of Solid Electrolytes

Synthesis is a critical process for all chemicals, which directly
influence the yield, properties, structure, and performance of
the product. Additionally, the complexity, mechanism, and cost,
are the factors that require to be considered before the
synthesis of chemical products. For instance, flow processing
and batch production are the possible patterns to produce the
chemical on a large scale. Compared to the batch method, the
flow process benefits chemical manufacturing, including higher
control temperature and pressure, smaller operation volume,
more safety intermediates, and less production time.[140] In
contrast, traditional batch production provides a high flexibility,
low cost, and better-quality control approach to manufacturing
chemicals. The safety issue, efficiency, technique, related
personnel, time consumption, resources, working area, and
other factors, are necessary to consider before the production
of solid electrolyte. In this part, the synthesis methods of SEs
will be classified into 4 types: inorganic electrolyte synthesis,
solid polymer/composite electrolyte synthesis, direct writing-
based 3D printing, and lithography-based 3D printing.

5.1. Inorganic Electrolyte Synthesis

Inorganic electrolytes are the common types of electrolytes
used in lithium batteries. Benefitting from the flammable and

withstanding higher temperatures, inorganic solid electrolyte
opens the limited windows from liquid electrolytes. The efforts
invested by scientists facilitate the development of solid
electrolytes toward better ion conductivity, electrochemical
stability, and mechanical properties. The synthesis process
would significantly influence the performance, in terms of
morphology, purity, phase, crystallinity, and other character-
istics. The selection of synthesis would change the properties of
materials, even for those with the same precursors. As a result,
the synthesis method should be considered carefully before
production for the yield and performance of products.

5.1.1. Sol-Gel Method

Sol-gel method is a wet chemical technique that is commonly
applied to synthesize different organic and inorganic materials,
such as electrolytes, fiber wood, and ceramic. In 1931, Kistler
synthesized the aerogel, which may be the first sol-gel
product.[141] After that, in the late 1960s to early 1980s, the sol-
gel technology was gradually developed and explored applica-
tions. For instance, Roy heated the gelled water glass to
synthesize small silica glass pieces in 1969.[142] In 1981, the first
sol-gel workshop was held in Padova, Italy, where 80 partic-
ipants from 8 countries joined in this workshop.[143] This
workshop is an important milestone throughout the develop-
ment of the sol-gel method.

Figure 7. The SEM image of Li (a) before the work cycling, (b) after cycling with PL electrolyte membrane, (c) after cycling with PL-10 L electrolyte membrane,
(d) after cycling with PL-10 L (L@3 W) electrolyte membrane. Reproduced with permission.[137] Copyright 2023 Wiley. The cycling performance of the LFP-aSCE/
Li and LFP-iSCE/Li batteries (e) at 0.2 °C under 25 °C, (f) at 0.5 °C under 25 °C. Reproduced with permission.[138] Copyright 2024 ACS.
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The sol-gel method involves a series of processes, including
gelling, drying, pressing, casting, and coating.[144] The prosecu-
tor solves into the solvent and forms a prosecutor solution. The
solution will then undergo a hydrolysis polymerization to form
the sol solution. Depending on the purpose, the sol solution
would perform different processes and result in various
structures.[145] For instance, the wet gel can be obtained through
grilling processing and then extracted from the aerogel after
drying. In addition, through the precipitating, uniform particles
can be obtained from the sol solution. Moreover, after spinning
and the handling in furnace, ceramic fibers would be produced
from sol solution.

5.1.2. Melt-Quenching

Melt-quenching is one of the traditional methods that is applied
to produce glass materials, including bioactive glass, and glassy
electrolytes (Figure 8a).[146] Melt-quenching involves several
processes, including the handling of raw materials, the batch
and melting process, the annealing process, and the shaping

process. Before the process begins, the raw materials should be
handled appropriately, and this process involves cleaning,
selection, weighting, and mixing. After the preliminary process,
the mixed materials would undergo the batch process. In this
process, the materials heat up to a certain temperature and
melt in a suitable container while stirring. The melt materials
would be transported to the specific mold for casting and
annealing. Before the shaping process, the annealed glass
product would go through some preparation, including cutting,
grinding, and polishing. Lastly, the glass would be characterized
to the desired size and shape by different techniques.[148]

5.1.3. Mechanical Milling

Mechanical milling is a common top-down synthesis method
that can be conducted with or without a solid-state chemical
reaction.[149] Through the mechanical method, the dispersed
powders are milled together, resulting in the formation of
mechanochemical bonds.[150] Among the mechanical milling
approaches, high-energy ball milling is commonly and widely

Table 2. The performance comparison of different types of recent advanced solid electrolytes.

Types of solid electrolytes Classification Examples Ionic Conductivity Other Performance Refs.

Sulfide-based SEs Inorganic Li6PS5Cl with EMG terpolymer 1.88 mScm� 1 discharge capacity: 229.2 mA hg� 1 [126]

LiNixCoyMn1
�
x-yO2 (NCM) with

Ni
/ discharge capacity: 193.2 mAhg� 1

active mass loading: 26 mgcm� 2

[112]

LiF@Li10GeP2S12/
F@Li10GeP2S12,

1.46×10� 3 Scm� 1/
2.21 mScm� 1

initial discharge
capacity:101.0 mAhg� 1/
critical current density:2.1 mAcm� 2

[127]
[128]

Oxide-based SEs AlPO4-SiO2-Li4P2O7 1.63×10� 6 to
1.68×10� 4 mScm� 1

High water stability [129]

OSE with PCE 0.25 mScm� 1 Capacity retention: ~70% (After
820 h, at 0.1 °C)

[113]

Halide-based SEs Li-VX3 (X=Cl, Br, I) / Capacity retention:
85% (6 °C,>200 cycles)

[114]

(HNSEs) ZrO2(� ACl)-A2ZrCl6
(A=Li or Na)

0.4 to 1.3 mS cm� 1 High-voltage stability and interfacial
compatibility

[130]

Hydroborate/Boro-Based
SEs

LLZ-LiBH4 5.8×10� 5 Scm� 1 Voltage endurance:
0.5 mAcm� 2 (100 °C)

[131]

LiB11H14 1.1×10� 4 Scm� 1

and 1.1×10� 3 Scm� 1
Capacity retention:
82% (150 cycles. C/5)

[132]

Phosphide-based SEs Li3P, LiP, Li3P7, Li3P11, LiP7,
Li4P3, Li5P4, LiP5

10� 4 to 10� 2 Scm� 1 Satisfactory stability, High lithium dif-
fusion

[134]

lithium-rich ternary
phosphide

/ Low energy barrier and high effi-
ciency of Li conduction

[133]

Solid Polymer Electro-
lytes (SPEs)

Organic Combination of Li and LPIFD 3.0×10� 4 Scm� 1 Critical current density:
3.7 mAcm� 2’

Coulombic efficiency:99.1%

[135]

PFVS 6.3×10� 4 Scm� 1 Ionic mobility number: 0.82 [136]

Composite Polymer Elec-
trolytes (CPEs)

PEO with LLZTO Composited 1.9×10� 4 Scm� 1 Current density:
0.1 mAcm� 2 (2000 h)
Li+ transference number: 0.67

[137]

LiOTf, LLZTO, and PVDF/
PVAC Composited

5.09×10� 4 Scm� 1 Capacity retention:
96% (180 cycles, 0.2 °C)

[138]

Li with Nb-DRS / Capacity: 3 mAhcm� 2 [139]
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applied for the synthesis. Mechanical milling can be employed
to synthesize various types of materials for different applica-
tions, such as electrolytes, nanomaterials, and alloys. Mechanical
milling involves a series of operations, including plastic
deformation, cold welding, and fracture. These operations
directly influence the characteristics of products: Plastic defor-
mation controls the shape of particles, cold-welding increases
the particle size and fracture reduces the particle size.

In the late 1960s, John Benjamin and his partner worked at
the International Nickel Company, where they first developed
the high-energy ball milling method to synthesize materials.[151]

In this work, they successfully yielded the small, uniformly
dispersed oxide particles (Al2O3, Y2O3, ThO2) in nickel-base
superalloys, where the traditional powder metallurgy methods
are not able to provide the same performance. Afterward, they
continuously studied and explored the application of mechan-

ical milling. In 1977, they reported that mechanical milling
could produce metal composite, compounds, and other materi-
als, except dispersion-strengthened alloys.[152]

5.2. Solid Polymer/Composite Electrolyte Synthesis

The presence of solid polymer electrolyte (SPE) broadens the
electrochemical application of materials, such as fuel cells,
supercapacitors, and high-energy-density rechargeable
batteries.[153] In 1973, the first ion-conducting polymeric material
was invented.[154] Afterward, the main goal of the researcher
focuses on the synthesis of polymer electrolytes with room
temperature ionic conductivity close to the liquid or aqueous
electrolyte. Compared to the organic salt liquid, SPE has a lower
room temperature ionic conductivity, but the usage of SPE is

Figure 8. (a) The synthesis process of melt quenching. Reproduced with permission.[146] Copyright 2024 Elsevier. (b) The schematic diagram of the CIP process.
Reproduced with permission.[147] Copyright 2021 Taylor & Francis. (c) The process of chemical vapor deposition (CVD). Reproduced with permission.[146]

Copyright 2024 Elsevier.
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safer. In addition, the shape versatility, flexibility, low-weight,
and low processing costs, promising SPE to be useful materials
for the lithium battery.

Although SPE possesses various advantages, some limita-
tions still need to be overcome. One of the possible strategies is
to combine SPE with other materials to synthesize composite
electrolytes. Solid composite electrolyte (SCE) consists of the
ionic conductor and the dielectric matrix. The engineering of
the conduction interface can help to effectively increase the
ionic conductivity.[155] The combinations of ionic conductors and
matrix alter the molecular structure and increase the charge
carrier concentration. These changes improve the ionic con-
ductivity of the interface between the ionic conductor and
matrix. The selection of synthesis would influence the proper-
ties of SPE/SCE.

5.2.1. Hot/Cold Isostatic Pressing

Isostatic pressing is a powder-based process for producing a
solid electrolyte. Hot isostatic pressing (HIP) and cold isostatic
pressing (CIP) are the traditional methods for the synthesis of
solid-state electrolytes (Figure 8b).[147] The difference between
HIP and CIP is the operation temperature. HIP conducts at
elevated temperature, whereas CIP conducts at ambient
temperature.[147,156] The isostatic pressing consists of different
parts, including the elastomer tool, the powder-form material,
the bung, and the pressure vessel. First, the powder-form
material was placed into the elastomer tool. Afterward, the
bung is used to close the tool. The following gentle vibration
ensures the powder-form material to packedack until the
material reaches the desired volume and density. The whole
tool is placed into a pressure vessel to further compress by
increasing the pressure of the vessel. In the end, the pressure is
released gradually, and thereby, the shape of the tool retracts
to its original form. The powder-from material converts to a
partially dense compact.

5.2.2. Deposit Process

The deposit process is usually used to produce 2D materials,
including thin film, transition metal chalcogenides, MXenes,
electrolytes, and other materials. Chemical vapor deposition
(CVD) and physical vapor deposition (PVD) are types of the
deposit process (Figure 8c). These methods possess their
specific advantages and limitations, where the main difference
between the 2 methods is the coating process. PVD vapor
vaporizes the liquid sources to gas through a physical reaction.
The vapored gas then returns to solid form and coats the
surface of the substrate. CVD uses a chemical reaction to
produce the thin film, where the polymerization and the
coating process conduct immediately.[157] The thin film pro-
duced by PVD is temperature resistant, where the film can
withstand over 400 °C. The temperature resistance enables the
applications for intense heat resistance.[158] In addition, PVD can
produce very thin film with high abrasion and impact

resistance. Moreover, PVD is an environmentally friendly
technique, which implies it does not produce harmful by-
products during the process. In contrast, CVD possesses specific
advantages over PVD. First of all, CVD can synthesize the
products with high purity, because most of the impurities
would be eliminated by the airflow. Secondly, CVD uniformly
coats the material to form an evenly distributed product. Finally,
the overall cost of the CVD reaction is cheaper than the PVD.[159]

5.3. Direct Writing-Based 3D Printing

Direct writing-based 3D printing is a novel method for the
synthesis of various materials, such as organic, inorganic, and
composite materials. The 3D printing method is a type of
additive manufacturing (AM), which is able to manufacture the
materials with desired mechanical properties.[160] The appear-
ance of the 3D printing method significantly accelerates the
soft material design over the past decade.[161] Direct writing-
based 3D printing method possesses some advantages, includ-
ing high compatibility for the synthesis of a wide range of
materials, and multiple crosslink methods. However, some
limitations still need to be overcome, for instance, the
challenges in the synthesis of materials with large overhanging
structures, and relatively slow speed.[162] Nevertheless, 3D
printing provides another available way to produce soft
materials, such as electrolytes and polymers.

5.3.1. Direct Ink Writing

Direct ink writing (DIW) is extensively applied to manufacture
architecture functional materials and biocompatible
constructs.[163] Compared to other AM methods, DIW is the most
general 3D printing method for the synthesis of various
materials. As a type of extrusion-based AM method, DIW
enables the production of meso- and microscale materials with
complex structure and composition. The engineering of
precursor ink leads to rheological behavior, therefore, DIW can
produce practically any material.[168] In 1997, Cesarano and
Calvert first applied DIW as a printing method to synthesize
ceramic material with a complex structure at Sandia National
Laboratory.[169] Afterward, more and more researchers studied
and explored the application of DIW. The components of DIW
commonly consist of the syringe, air pressure controller, air
pump, and substrate (Figure 9a and b).[164] In the synthesis
process, the raw material would convert to viscoelastic ink and
then extrude through the deposition nozzle in a layer-by-layer
form. The Computer-Aided-Design (CAD) software generates
the 3D model of the product. Under computational control, the
pathway of the deposition nozzle follows the design of a 3D
model. During the movement process, the deposition nozzle
discharges the ink and builds up the material with the desired
scaffold.[170] The low cost, simplicity, and high versatility of DIW
attract a massive number of scientists for the continuous state-
of-the-art development of this technique.
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5.3.2. Aerosol Jet Printing

Aerosol jet printing (AJP) is a type of direct writing-based 3D
printing method that deposits functional aerosolized solutions
on free-form substrates.[171] Similar to other direct writing-based
3D printing methods, AJP can also promise fabrication
techniques for different electrochemical devices. The AJP
consists of several components, including the atomizer, the
carrier gas, the mist transport channel, the deposition head, the
nozzle, and the substrate.[172] The CAD software generates the
motion data to control the AJP system. The atomizer converts
the material to a dense mist droplet (ink). Afterward, the carrier
gas (e.g. N2 gas) transports the droplet through the transport

channel to the deposition head, where the nozzle deposits the
droplet to the substrate to generate the product (Figure 9c).[165]

5.4. Lithography-Based 3D Printing

Besides direct writing-based 3D printing, lithography-based 3D
printing is another printing method, which attracted interest
from scientists over the past decade. Lithography-based 3D
printing is intensively applied for material synthesis, including
biomaterials, bio tissues, ceramics, and electrolytes.[173] Stereo-
lithography and digital light processing are representative
lithography-based 3D printing techniques. In this part, the

Figure 9. (a) The schematic diagram of the setup of DIW. (b) The basic process of the DIW. Reproduced with permission.[164] Copyright 2016 Nature. (c) The
process of aerosol jet printing. Reproduced with permission.[165] Copyright 2018 IOP Science. (d) A representative setup of DLP-based printers. Reproduced
with permission.[166] Copyright 2020 Royal Society of Chemistry. (e) The schemes of two types of stereolithography setups. Left: a bottom-up system with
scanning laser. Right: a top-down setup with digital light projection. Reproduced with permission.[167] Copyright Elsevier B.V.
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principle, and the relevant studies concerning the lithium solid-
state electrolyte will be briefly discussed.

5.4.1. Digital Light Processing

Digital Light Processing (DLP) is a rapid 3D printing technique,
which can build complex 3D materials through the deposition
of raw materials. DLP can be used to produce soft materials,
biomaterials, electronics, and other materials. The appearance
of DLP provides a possible way to achieve high-resolution and
elaborate 3D structures. The development of DLP can be traced
back to 1977 when Dr. Larry Hornbeck studied the principles of
reflection and manipulation of light.[174] In 1993, the prototype
of DLP, Digital Imaging Division (DID) was developed. After the
appearance of DLP, more and more efforts were further
invented to develop the applications of DLP. The DLP printing
component commonly consists of the printing platform (vat
with precursor, motorized stage), the light source (DLP device,
optics), and the computer. (Figure 9d)[166] The light source
provides the energy and drives the light-sensitive reactants to
start the reaction. The printing platform works as a dynamic
container to contain the light-sensitive reactants and maintain
the reaction environment. The DLP device (digital micromirror
device with million pixels) and optics precisely reflect the
incident projection light, control the light intensity, and provide
satisfactory performance in terms of accuracy and printing
speed.

5.4.2. Stereolithography

Stereolithography is a lithography-based 3D printing technique,
where it utilizes photopolymerization to build the 3D structure
in a layer-by-layer fashion. In other words, stereolithography
solidifies the light-sensitive material of each layer.[175] The
application of stereolithography is widespread, where it can be
utilized for the building of biological products, ceramics, and
other materials. Some limitations, such as the beam size and
scan rate of the incident laser, would impact the sample
resolution and the synthesis time.[176] To overcome the
limitations of traditional stereolithography, new types of stereo-
lithography were developed.

In the 1970s, the first significant work concerning stereo-
lithography was conducted by Swainson, where both cross-
linked and degraded polymers were synthesized by two
intersecting radiation beams.[177] Afterward, the development of
stereolithography can be classified into four generations. In
1984, the first generation, CW Hull employed laser scanning
stereolithography to build 3D structure products.[177b] In the
second generation, 1988, the projection stereolithography
enable to cure of each layer immediately through the usage of
photo mask technology. The usage of projection stereolithog-
raphy overcomes the problem of low efficiency.[178] The third
generation, Tumbleston et al.[179] applied continuous stereo-
lithography to build the product in the scale of a minute. In
2016, the fourth generation, the appearance of volumetric

stereolithography accelerated the building of 3D structures in
the scale of seconds.

The setup of stereolithography can be classified into two
types: (1) the bottom-up system with scanning laser, and (2) the
top-down setup with digital light projection.[167] (Figure 9e) The
bottom-up system applies the computer-controlled laser beam
to decide the pattern and then constructs the product bottom-
up on the support platform. The top-down system projects the
light on the transparent, non-adhering plate from underneath.
After the projection, the raw materials dip into the build
platform from above and then construct the product.

6. Practical Challenges of ASSLBs

The study and application of ASSLBs demonstrate the potential
to revolutionize the battery system and even the next-
generation energy system in the future. The development of
state-of-the-art ASSLBs benefits the battery system in terms of
safety, energy density, lifetime, packaging, and the operatable
temperature range. Nevertheless, some practical challenges and
obstacles to the further development of ASSLBS. For instance,
the cost, scalability, interface property, and compatibility, are
the main limitations that obstacle the development of
ASSLBs.[180] These challenges should be addressed to transition
the product from laboratory experiments to large-scale com-
mercial applications. In this part, we will summarize the
practical challenges of ASSLBs and the corresponding strategies
in the following part.

6.1. Cost

The cost of developing an ASSLB is critical for expanding the
application and transiting it from laboratory to commercial
manufacturing. The synthesis method, raw material, time and
electrical consumption, and personnel operation, are the critical
factors that affect the overall cost of the final product. The
expensive development cost may be an inescapable and
unignorable hindrance for the large-scale commercial applica-
tion of ASSLBs, even though the ASSLBs possess extraordinary
properties. One of the examples is the battery for electric
vehicles, where the cost of the LIBs dropped to USD
145 per kWh in around 2016.[181,182] The cost of the battery
directly influences the final price of electric vehicles and then
affects the desire of the customers to buy the electric vehicles.
This challenge is an important issue for the laboratory which
lacks the budget, especially in developing and backward
countries.

In order to overcome the cost issue, researchers attempt to
apply different methods for the lower development cost. One
of the possible strategies is to substitute the original compo-
nent with other cheaper materials to reduce the material cost.
For instance, Roling and co-workers emphasized that using Sn
to substitute Ge reduces the material cost by a factor of ~3
without an obvious reduction of total conductivity.[183] Another
possible method is to simplify the manufactory process. For
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example, applying the electroplated Li metal could assist in the
simplification of the manufacturing and lower the cost.[184]

Moreover, the stability of SSE also influences the overall cost of
the ASSLBs. The manufactory cost of air-sensitive SSEs is more
expensive than the air-stable SSEs under ambient conditions.
Controlling the ambient condition is an extra cost (~10%)
during the manufactory process.[185]

6.2. Scalability

The growing demand for energy supply, storage, and relevant
devices facilitates the development of large-scale ASSLBs. Along
with the demand for large-scale energy supply, the safety
requirement is not only focused on the small and isolated
devices but also the large and multiple electrical devices and
components. The safety regulatory requirements have become
more demanding due to the increased scale of the electrical
energy supply and storage.[186] As a result, the safety issue needs
to be addressed to expand the scale of ASSLB production. In
addition, the large-scale ASSLB manufactory is confronted with
other problems. The high cost of the ASSLB product and the
technological gaps lead to the difficulty of the transition from
laboratory to large-scale manufacturing.[187]

The instability of some SSEs may cause the extra cost due to
environmental control. For instance, the sulfide-based electro-
lyte is moisture-sensitive, and atmospheric moisture could
cause chemical and mechanical degradation, therefore, leading
to poor performance in terms of ionic conductivity and
interfacial resistance.[188,189] Moreover, the reaction between the
moisture and the sulfide (thiophosphates) may cause a
hydrolysis reaction, and thereby, form the toxic H2S.

[182,190] The
large-scale commercialization of these products requires a large
budget to maintain a stable and safe condition, which hinders
the large-scale manufactory. Furthermore, one of the typical
synthesis methods of the sulfide SSEs is high-energy ball milling
on the laboratory scale.[190,191] The technological gap limits the
scale-up throughput and ease of processability from the
laboratory scale to the manufactory on a large scale. The further
development of relevant techniques would overcome the
problems concerning scalability. Moreover, interfacial engineer-
ing may solve the problems concerning the cost and the
technological gap.

6.3. Interface Property

The interface property is the heart of the solid-state battery,
which involves physics, chemistry, and mechanics.[192] At the
electrolyte-electrode interfaces, the interfacial electrochemical
reactions drive the whole chemistry in the ASSLB.[193] As a result,
the ionic conductivity of the ASSLB depends on the interfacial
properties, including the wetting properties, the interface
stability, the compatibility, and the migration speed of charge
carriers across interfaces. The interface property of the ASSLBs
could be influenced by these factors, including the rigid
physical contact, the electrochemical/chemical interfacial reac-

tion, and the lithium dendrite growth and penetration.[190] To
overcome these problems, interface engineering is applied to
improve and develop the performance of the ASSLBs.

6.3.1. Rigid Physical Contact

The effective interaction area at the interface depends on the
physical contact of the SE and the electrode. However, the rigid
property of both SE and the electrode particles, and the rough
surface of the particle, cause the point-to-point contact
between them. The point-to-point contact causes poor contact
and thus reduces the effective Li+ migration areas between
these materials.[194] Moreover, during the lithiation and delithia-
tion processes, the rigid contact of these materials may cause
uneven local stress and complex thermomechanical failures.
The undesired stress and thermomechanic failures may finally
cause the crack and delamination between the electrode and
SE, and the direct broken of the SE layer.[195]

The electronic conduction of the cathode, Li anode, and the
non-Li anode are different, where the Li anode possesses good
electronic conductivity. Compared to the Li anode, the cathode
and non-Li anode commonly consist of semiconductors or the
composite, which possess relatively lower electronic conductiv-
ity than the Li anode.[196] Generally, the cathode material
possesses the particle structure, which causes the void and the
pore space, and therefore, causes poor contact at the interface.
Besides the structure, the dynamic system of the ASSLBs may
cause the chemomechanics induced failure on the surface of
the electrolyte. During the operation, particle cracks, volume
changes, and undesired chemical/mechanical reactions may
occur on the surface due to the continuous change of the
whole system. The volume change and particle crack induce
the deformation of the electrolyte and thus produce strain on
the surface of the electrolyte.[197] The appearance of strain alters
the morphosis of the surface and affects the interfacial contact.

6.3.2. Electrochemical/Chemical Interfacial Reaction

Besides the rigid contact, the interfacial resistance caused by
the sluggish charge transfer is another issue for the interface
property.[190] At the interface, the irreversibly parasitic reactions
would be caused by the excess electrode operating potentials
over the electrochemical stability window. The excess electrode
operating potentials cause the thermodynamic instability
between the electrolyte and the electrode, and thus the
parasitic reactions drive the formation of complex interphases,
which possess high electronic conductivity or limited ionic
conductivity and kinetic rate. Therefore, the parasitic reactions
may obstacle the L+ transfer across the interfaces, and thus
cause the poor performance of the cell.[198]

In the heterogeneous phase, the energetical favor of
element exchange led to elemental interdiffusion, where the
degree of interdiffusion is influenced by the mutual solubility
and the diffusion coefficients. For the oxide-based SEs, this issue
is common due to the co-sintering process under high
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temperatures.[199] Besides the elemental interdiffusion, the
redox, chemical, and electrochemical reactions at the interface
are critical for interfacial stability. The dimension of the electro-
chemical stability window of the electrolyte depends on the
gap between the highest occupied molecular orbital (HOMO) of
the electrolytes and the lowest unoccupied molecular orbital
(LUMO).[200] These reactions and the electrochemical stability
directly affect the parasitic reaction and the formation of
interphase.

6.3.3. Lithium Dendrite Growth and Penetration

In addition, at the SE/Li anode interface, the changing of Li
dendrites and filaments leads to the short-circuit problem for
the sulfide-based SE.[182] The potential safety risk caused by the
short-circuit problem is considered as a challenge for the
ASSLBs.[190] Generally, the uneven distribution of the Li and the
contact loss are possible reasons for the safety issue. The
enhancement of the Li protrusion could be achieved by the
uneven electric field and Li+ flux distribution, originating from
the inhomogeneous interface.[201] Moreover, during the oper-
ation, the partial electronic conductivity of SEs may lead to the
nucleation of Li inside the defect of sulfide-based SE.[202]

Furthermore, the complexity and dynamic of the interface
properties result from the changing of the solid interphase
layer.[203]

The uniformity of Li on the surface depends on the plating
and stripping. Also, the mechanical stress and strain affect the
morphosis of the surface, and thereby, alter the uniformity and
the formation of dendrites.[203] In some cases, high and low
pressure is applied to the ASSLBs to increase the contact of
solid components and prevent contact loss, preventively.[204]

However, the application of pressure leads to the creep of Li,
and hence, partial Li strip on the surface to cause the dendrite
growth and short-circuit problem.[205] Moreover, the dendrite
propagation and nucleation aggravate the short-circuit
problem.[190] These processes increase the amount of Li dendrite
in the whole battery. As the demand for ASSLBs increases, the
safety issue is considered as the most important factor in the
development of ASSLBs. Therefore, the safety issue concerning
the short-circuit problem becomes complex and needs to be
overcome for the various applications.

6.3.4. Interface Engineering

Interface engineering is an effective strategy to overcome the
issues concerning the interface properties of ASSLBs. The
interface engineering improves the interface stability and
efficient charge carrier transport for high-energy and long-
lifetime ASSLBs by managing the interface behavior. These
methods require an in-depth understanding of the interface
behavior and the mechanism of different problems.

6.3.4.1. Interface Engineering of the Cathode Side

The properties of the cathode active material are influenced by
the composition, morphology, and microstructure of the
cathode. In most cases, the microstructure of the cathode
becomes unstable due to the volumetric variation. The
stabilization of the microstructure reduces the volumetric
variation during the operation. The low-strain and even zero-
strain cathode is necessary to achieve the stability of the
microstructure.[190] The blending method makes it possible to
reduce the strain of the cathode by combining the materials
with negative and positive stress. After the combination, the
volume variation of the material can be partially and even
completely canceled, and lead to a low/no net change of
volume. Koerver et al.[190,197] combine NCM and LiCoO2 materials
to partially reduce the net change of the ASSLBs volume and
thereby, the chemomechanical balance of the cell is improved
due to the stability of the microstructure. In addition, the single
crystalline structure is also useful to improve the microstructure
of the cathode because of its satisfactory mechanical
properties.[206]

The single crystalline cathode possesses enough mechanical
stability, which ensures strength and improves the contact of
the cathode. Moreover, the single crystalline cathode removes
the intragranular boundaries, and thus, the barrier of the Li+

and electron conductivity is directly eliminated, resulting in the
enhancement of the charge carrier transfer.[207] Additionally,
surface coating is another possible strategy to effectively
improve the performance of the cathode in the ASSLBs. The
coating directly changes the surface properties of the cathode,
which may improve the compatibility, chemical stability, and
ionic conductivity.[208]

6.3.4.2. Interface Engineering of the Anode Side

For the anode side, the interfacial buffer layer could be
synthesized by the artificial interphase layer to adjust the
interface properties. Commonly, the direct introduction of the
additional buffer layer and the reaction between the Li and
specific chemicals, are the general approaches to synthesize the
protective layers on the surface of anode. The materials of the
layer could be polymer (organic), inorganic, or a combination of
them, which should be stable and compatible with the anode
itself.[190] Besides the buffer layer, the solid electrolyte inter-
phases (SEI) layer is another layer to improve the interface
properties at the anode side. Theoretically, the SEI layer should
be highly stable to avoid undesired parasitic reactions at the
interface of the anode side. In order to prevent the formation of
mixed conducting interphase (MIEC) interphase, the growth of
dendrites, and the continuous change of the net volume, the
SEI layer should contain high ionic conductivity, low electronic
conductivity, satisfactory mechanical hardness, and enough
elasticity.[209,210,209c]

In addition to the extra layer on the surface of the anode,
doping could be applied to modify the property of the anode
itself. The team of Han applied 30%mol LiI to dope into the
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Li2S-P2S5 glass and they finally improved the critical current
density of the product to 3.9 mAcm� 2 at 100 °C.[211] Similar to
doping, the Li alloy is commonly used to enhance the perform-
ance of the anode. Compared to pure Li, the alloy Li could
provide a lower diffusion barrier, and thus increase the
diffusivity of Li+. Benefitting from the increasing diffusivity, the
deposition flux decreases and thus enhances the diffusion of Li
on the surface of the electrode. As a result, the probability of
the formation of dendrites on the surface of the anode would
be reduced.[212]

7. Summary and Outlook

In conclusion, we summarize and review the background, the
applications, and the developments of electrolytes in ASSLBs
including sulfide-based electrolytes, oxide-based electrolytes,
halide-based electrolytes, hydroborate-based electrolytes,
phosphide-based electrolytes, solid polymer electrolytes, and
the composite electrolytes. In addition, we have also reviewed
recent studies and the performances of the representative
electrolyte materials. More importantly, we have demonstrated
the synthesis methods of different electrolytes, where the
conventional chemical synthesis methods are systematically
reviewed by the electrolyte types. Additionally, novel 3D
printing methods including the direct writing-based and the
lithography-based 3D printing methods are introduced for a
better understanding of electrolyte synthesis. Besides, the
relevant challenges of ASSLBs are summarized in this review.

Although different solid electrolytes have significantly
improved the performance of lithium batteries, the research
pace of electrolyte materials is still rapidly going forward. The
demand for these electrolytes gradually increases with the
development of new and renewable energy industries. The
requirements, performance of the battery, and relevant devices,
such as the efficiency, safety, environmentally friendly, and cost,
are strived for progress by different researchers in the future.
However, the challenges, such as scalability, cost, and interfacial
resistance, limit the development of ASSLBs from the laboratory
scale to the large-scale manufactory. For the interface property,
the rigid physical contact, the electrochemical/chemical inter-
facial reaction, and the lithium dendrite growth and penetration
are the main factors causing the challenge to develop the
ASSLBs. Although these limitations obstacle the development
and application of ASSLBS, the effort, and desire for the
development and exploration of ASSLBs is still continuously
increasing. Interface engineering, novel fabrication techniques,
and new electrolyte/electrode materials are possible research
directions to overcome these challenges.

Compared to the traditional lithium battery, the invention
of ASSLBs provides a safer, improved energy density, higher
ionic conductivity, longer lifetime, and higher capacity retention
choice for the new energy supply and energy storage. The
actual performance of the solid electrolyte is influenced by
different factors, such as the composition, synthesis method,
morphology, and size. Countless efforts are invested to discover
the relationship between the factors and performance. As a

result, the development and evolution of ASSLBs have shown
obvious and explosive progress in recent years. The develop-
ment of ASSLBs will be the milestone of another advanced
technique in the future. The development of ASSLBs at this
stage is meaningful, where the footprint of ASSLBs is the solid
foundation of advanced techniques. The appearance of ASSLBs
certainly improves sustainable developments and becomes the
key to realizing environmentally friendly energy supply devices.
It is expected that ASSLBs will be one of the main energy
supplies in the future. This review will bring a clear and in-
depth understanding of the solid electrolytes in lithium
batteries, which further inspires the researchers to optimize the
performances of ASSLBs towards practical applications with
novel and advanced electrolytes.
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