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Solid-State Electrolytes for Lithium Metal Batteries:
State-of-the-Art and Perspectives

Jun Huang, Chen Li, Dongkai Jiang, Jingyi Gao, Lei Cheng, Guocheng Li, Hang Luo,
Zheng-Long Xu, Dong-Myeong Shin, Yanming Wang, Yingying Lu, and Yoonseob Kim*

The use of all-solid-state lithium metal batteries (ASSLMBs) has garnered
significant attention as a promising solution for advanced energy storage
systems. By employing non-flammable solid electrolytes in ASSLMBs, their
safety profile is enhanced, and the use of lithium metal as the anode allows
for higher energy density compared to traditional lithium-ion batteries. To fully
realize the potential of ASSLMBs, solid-state electrolytes (SSEs) must meet
several requirements. These include high ionic conductivity and Li+

transference number, smooth interfacial contact between SSEs and
electrodes, low manufacturing cost, excellent electrochemical stability, and
effective suppression of dendrite formation. This paper delves into the
essential requirements of SSEs to enable the successful implementation of
ASSLMBs. Additionally, the representative state-of-the-art examples of SSEs
developed in the past 5 years, showcasing the latest advancements in SSE
materials and highlighting their unique properties are discussed. Finally, the
paper provides an outlook on achieving balanced and improved SSEs for
ASSLMBs, addressing failure mechanisms and solutions, highlighting critical
challenges such as the reversibility of Li plating/stripping and thermal
runaway, advanced characterization techniques, composite SSEs,
computational studies, and potential and challenges of ASS lithium–sulfur
and lithium–oxygen batteries. With this consideration, balanced and
improved SSEs for ASSLMBs can be realized.

J. Huang, C. Li, H. Luo, Y. Kim
Department of Chemical and Biological Engineering
The Hong Kong University of Science and Technology
Hong Kong SAR 999077, China
E-mail: yoonseobkim@ust.hk
D. Jiang, L. Cheng, Y. Wang
University of Michigan – Shanghai Jiao Tong University Joint Institute
Shanghai Jiao Tong University
Shanghai 200240, P. R. China
J. Gao, D.-M. Shin
Department of Mechanical Engineering
the University of Hong Kong
Pokfulam, Hong Kong SAR 999077, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202411171

© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adfm.202411171

1. Introduction

1.1. Lithium (Li)-Based Batteries

Energy is a crucial topic in modern so-
cieties for creating a sustainable environ-
ment. Developing energy storage devices
is an effective way to widely deliver power
sources as needed. Among current energy
storage devices and technologies, Li-based
rechargeable batteries, that utilize lithium
ions (Li+) as the primary charge carrier,
have gained significant attention since their
commercialization in the 1990s. They are
considered important milestones in the de-
velopment of the energy industry,[1,2] and
have become the dominant energy storage
sources in numerous devices that we use
daily, including portable electronic devices,
electric vehicles, unmanned aerial vehicles,
and renewable energy storage systems.[3]

The fundamental principle behind Li-based
batteries lies in the transport of Li+ be-
tween two electrodes during the charg-
ing and discharging processes. These elec-
trodes are typically made of materials capa-
ble of hosting Li+, such as lithium cobalt
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oxide (LiCoO2; LCO) or lithium iron phosphate (LiFePO4; LFP),
serving as the positive electrode, cathode, and graphite or alloys,
serving as the negative electrode, anode.[4] During charging, a
voltage is applied to the battery, driving Li+ to migrate from the
positive electrode through an electrolyte to the negative electrode.
This voltage-governed process draws electrons and Li+ from the
cathode and stores them in the anode. Conversely, the stored
Li+ is released back to the cathode during discharging, sending
electrons to power external devices. Li-based batteries offer sev-
eral advantages over other rechargeable battery technologies such
as nickel metal hydride (Ni–MH), nickel–cadmium (Ni–Cd), and
lead-acid. First, they exhibit a high-energy-density, meaning they
can store much electrical energy in a compact and lightweight
package. This characteristic makes them ideal for portable elec-
tronics, where battery size and weight are crucial considerations.
Second, Li-based batteries have a relatively low self-discharge
rate, <5% per month,[5] meaning they can retain their stored en-
ergy for extended periods without significant loss. This feature
makes them suitable for applications where the battery may not
be used for a while, such as emergency backup systems or inter-
mittent renewable energy sources.[6] Moreover, Li-based batter-
ies have a high cell voltage of 3.7 volts (V), which is higher than
most other rechargeable battery chemistries, such as Ni–MH, Ni–
Cd, and lead–acid batteries, where the nominal cell voltages are
1.2, 1.2, and 2.0 V, respectively.[7] This higher voltage allows for
greater power output and efficiency, enabling faster charging and
discharging rates, e.g., 2 C (1 C equals the current density for full
charging or discharging in 1 h).

Despite their numerous advantages, Li-based batteries have
limitations. One notable concern is safety, as they are susceptible
to thermal runaway and potential fires if mishandled or exposed
to extreme conditions, particularly in the case of batteries exhibit-
ing higher energy density, >400 Wh kg−1 and >800 Wh L−1,[8]

there is an augmented level of safety risk. Although battery man-
agement systems and safety features have been developed to
mitigate these risks and ensure safe operation, batteries with
flammable liquid electrolytes still have a potential hazard of
explosion.[9,10] Another major concern is the cell capacity. The
typical Li-ion batteries (LIBs) can achieve a gravimetric energy
density of 150–250 Wh kg−1, which is not ideal for large-scale
grid and transportation applications (Figure 1). This issue of lim-
ited energy density can be solved by using Li metal as anode; thus
Li metal batteries (LMBs) or Li–sulfur batteries (Li–S).

We compared gravimetric and volumetric energy density
among conventional LIBs, LMBs, and Li–S (Figure 1). Those
two metrics serve as crucial parameters for assessing various
battery technologies’ practical performance and energy storage
capacity.[19] Presently, commercially available classical LIBs with
various cathode materials such as LFP, LCO, LiNixCoyAl1-x-yO2
(NCA), LiNixMnyCo1-x -yO2 (NCM), and LiMn2O4 (LMO), are
manufactured by LG, Panasonic, Samsung, and CATL. These
batteries offer a gravimetric energy density of up to 250 Wh
kg−1, meeting the power requirements of most small electronic

Y. Kim
Energy Institute
The Hong Kong University of Science and Technology
Hong Kong SAR 999077, China

Figure 1. Comparison of gravimetric energy density and volumetric en-
ergy density of Li-ion batteries (LIBs), Li metal batteries (LMBs), and Li–
sulfur batteries (Li–S). Commercial classical LIBs with LiFePO4 (LFP),
LiCoO2 (LCO), LiNixCoyAl1-x -yO2 (NCA), LiNixMnyCo1-x -yO2 (NCM), and
LiMn2O4 (LMO) cathodes are fabricated by LG, Panasonic, Samsung, and
CATL. LMBs with LiNi0.8Co0.15Al0.05O2 (NCA),[11] LiNi0.83Mn0.06Co0.11O2
(NCM83),[12] LiNi0.8Co0.1Mn0.1O2 (NCM811),[13] LiNi0.6Mn0.2Co0.2O2
(NCM622),[14] and LiNi0.5Co0.2Mn0.3O2 (NCM523)[15] cathode are re-
ported. Li–S batteries with S composite,[16] LixMoS2,[17] and Mo6S8/C[18]

cathodes are reported. Commercial Li–S batteries are fabricated by Oxis
Energy and Sion Power.

devices. However, such a capacity is insufficient to meet elec-
tric vehicles’ demand with extended driving ranges or large grid
systems.[20] This limitation stems from the relatively modest the-
oretical capacity of graphite, which stands at 372 mAh g−1.21 Elec-
tric vehicles with current LIBs need to recharge every 300–600 km
due to the capacity limitation.[22,23] To address those concerns
and to enhance performance, research and development efforts
are continuously underway. New electrode materials, electrolytes,
and cell configurations are being explored to increase energy den-
sity, extend cycle life, and reduce manufacturing costs.[24–26] One
of the breakthroughs and most promising ways can be found in
Li metal anodes with solid-state electrolytes (SSEs).[27–29]

1.2. LMBs and Li–S, Equipped with Li Metal Anode

High-capacity electrodes are crucial in pursuing high-energy
density in Li-based batteries and are relatively simple to
manufacture.[30] Li metal anode is a particularly attractive choice
among anode materials due to their ultra-high theoretical spe-
cific capacity of 3860 mAh g−1, which is more than ten times
higher than the capacity of commonly used graphite anode-based
LIBs; and the lowest electrochemical potential of −3.04 V to the
standard hydrogen electrode, which could result in higher cell
voltage and energy efficiency.[31] Thus, LMBs represent a promis-
ing next-generation energy storage technology that can take over
conventional LIBs. The core principle behind LMBs involves the
reversible plating and stripping of Li metal during the charging
and discharging processes.[32] During charging, the oxidation re-
action separates Li+ and electrons at the cathode and sends them
to the anode to deposit metallic Li on the surface of the anode.
This process is reversed during discharging, where the Li metal

Adv. Funct. Mater. 2025, 35, 2411171 2411171 (2 of 61) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2025, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202411171 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [13/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

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


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

is stripped from the anode to be ionized.[33] Here, we briefly
summarize the recent examples of high-performance LMBs. In
2019, Liu’s group reported a Li metal pouch cell with a specific
energy density of 300 Wh kg−1, accomplished by implement-
ing LiNi0.6Mn0.2Co0.2O2 as the cathode.[34] Subsequently, in 2021,
Liu’s group investigated the competing degradation mechanisms
observed in 350 Wh kg−1 Li metal pouch cells. The optimal anode-
to-cathode capacity ratio of 1:1 and the utilization of ultra-thin Li,
20 μm, achieved a long cycle life of 600 cycles and high capacity
retention of 76%.[14] However, attaining the desired high specific
energy of over 500 Wh kg−1 in LMBs requires cathode materials
with several critical characteristics, such as a high capacity, excep-
tional cycling stability with sustained structural integrity, rapid ki-
netics, and cost-effectiveness.[35] For this purpose, Ni-rich NCM,
with Ni content >60 mol%, cathode materials are receiving atten-
tion, although their structural stability during the cyclic charge-
discharge process needs to be improved.[36] Consequently, identi-
fying suitable cathode materials also remains crucial to achieving
high-performance LMBs.

Accordingly, Li–S batteries, which utilize sulfur-based cath-
odes and Li metal anodes, have received attention, as sulfur-based
cathode can theoretically show a capacity of 2,567 Wh kg−1 with a
minimum of 600 Wh kg−1 for full-cell configurations due to the
redox activities of the sulfur cathode.[22] However, when deployed
for practical uses, the energy density of Li–S batteries is usually
lower than 600 Wh kg−1 due to the insufficient utilization of S
cathode and polysulfides’ shuttling effects.[37] Examples include
the Li group’s Li–S pouch cells with a gravimetric energy density
of 366 Wh kg−1 and a volumetric energy density of 581 Wh L−1, re-
alized through the implementation of a hybrid cathode composed
of Mo6S8 and carbon,[18] and a study by Chhowalla’s group re-
ported that Li–S pouch cells with LixMoS2 cathode demonstrated
a high gravimetric energy density of 441 Wh kg−1 and a volumet-
ric energy density of 735 Wh L−1.[17]

Overall, LIBs have unsatisfactory gravimetric energy density
for emerging energy storage applications, but both LMBs and
Li–S batteries have significantly improved the gravimetric energy
density of Li-based battery chemistry. However, the Li–S batter-
ies show low volumetric energy density due to the low packing
density of the sulfur-based cathode materials and suffer from
polysulfide shuttling (Figure 1).[38] Therefore, LMBs exhibit sig-
nificant promise as the next-generation, high-performance en-
ergy storage devices, particularly for electric vehicles requiring
extended driving ranges. Although LMBs have made notable ad-
vancements, the pursuit of achieving a gravimetric energy den-
sity exceeding 500 Wh kg−1 and a volumetric energy density sur-
passing 1500 Wh L−1 remains a primary focus in state-of-the-
art LMB research. Furthermore, ensuring high-safety standards
and achieving a low cost below $100 kWh−1 are crucial factors
enabling the widespread adoption of LMBs.[39] These consid-
erations emphasize the importance of concurrently addressing
safety, cost, and energy density targets to facilitate the broad ap-
plication of LMB technology.

1.3. Electrolytes for LMBs

In LMBs, carbonate-based liquid electrolytes are the most com-
monly used, as they can show high ionic conductivity (𝜎) at room

temperature (r.t.), ranging from 10−3 to 10−2 S cm−1.[40] In ad-
dition, liquid electrolytes possess the advantage of establishing
exceptional interfacial contact with electrodes due to their solid–
liquid interaction. Consequently, the interfacial resistance is min-
imal, ensuring swift transport of Li+ between the anode and cath-
ode during battery charging and discharging. This characteristic
is crucial to ensure the efficient operation of the batteries,[41] and
the fluid nature offers design flexibility, thereby improving the
adaptability of the energy storage systems in complex shapes.[42]

However, liquid electrolytes commonly exhibit limitations in the
form of a low Li+ transference number (tLi+ ) ranging from 0.2
to 0.4, high cost, and a narrow electrochemical window. For ex-
ample, the anodic stability of the commercial ethylene carbonate-
based liquid electrolyte is ≈4.3 V (vs Li+/Li).[43–45] The liquid elec-
trolytes with low boiling points are also associated with a lim-
ited operating temperature range.[46] Furthermore, using organic
solvents in liquid electrolytes can decrease the stability of the Li
metal electrode, leading to an increased amount of dead Li and
the growth of dendrites.[47] The presence of Li dendrites not only
affects battery performance but also poses safety hazards, limit-
ing their widespread commercialization (Figure 2a).[48]

Quasi-solid-state electrolytes (QSSEs), consisting of solid ion
conductors and 10–30% of liquid components, are also gaining
attention due to their intermediate 𝜎 between liquid electrolytes
and SSEs and their ability to achieve smooth interfacial contact
with electrodes.[49] QSSEs offer much improved interfacial con-
tact between the electrolyte and electrodes, attributed to their
compositional properties, which surpass those of all-solid-state
electrolytes (ASSEs). Thus, QSSEs can achieve fast ion conduc-
tion. For example, gel-based QSSEs typically show 𝜎 exceeding
10−3 S cm−1 at r.t., meeting the conductivity requirements for
LMBs.[50] QSSEs-based LMBs provide improved safety advan-
tages compared to their liquid electrolyte counterparts.[51] This
is due to the increased resistance to leakage and reduced sus-
ceptibility to thermal runaway. Furthermore, the utilization of
QSSEs in LMBs leads to improved mechanical properties, which
inhibit the growth of Li dendrites to a certain extent.[52] Never-
theless, QSSEs are not without their limitations. The presence
of liquid components in QSSEs still poses a potential safety risk
due to the flammability of organic solvents (Figure 2b).[53] Addi-
tionally, QSSEs exhibit lower thermal stability compared to their
ASSEs counterparts. Furthermore, QSSEs may still face chal-
lenges regarding mechanical properties, particularly in gel elec-
trolytes that contain a significant proportion of solvents.[54] This
deficiency in mechanical properties can result in the potential
failure of LMB cells during prolonged operations. In light of the
increasing demand for high-safety and high-energy-density in ap-
plications such as electric vehicles, ASSEs hold greater promise
for the future.[55] As a result, our work primarily focuses on all-
solid-state electrolytes. Interested readers seeking information
specifically on QSSE electrolytes in the context of LMBs are rec-
ommended to refer to the cited papers.[56–58]

To overcome these limitations, extensive research and develop-
ment efforts are focused on developing advanced materials, elec-
trolyte formulations, and cell designs.[59–61] Strategies such as the
use of ASSEs, protective coatings, and modified Li metal deposi-
tion techniques are being explored to mitigate dendrite formation
and enhance battery safety. In the past three decades of Li-based
battery development, there has been a tremendous development
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Figure 2. Limitations of liquid electrolytes and quasi-solid-state electrolytes. Upon cyclic operations of charging and discharging Li dendrites grow on
Li metal’s surface and, the dendrites penetrate through the separator (a) and grow through the voids of quasi-solid-state electrolyte (b). Eventually, the
dendrites touch the cathode and current collectors to cause short circuits and fire.

and focus on electrode materials for both the anode and cath-
ode, interfacial issues, and characterization techniques. Here, we
list some notable review papers. Chen’s group reported emerg-
ing strategies to enhance Li metal anodes’ safety in LMBs.[62]

This review encompassed interfacial chemistry, rational design
of the host materials, and novel electrolytes. Furthermore, they
offered insights and perspectives on the future development of
Li metal anodes for high-energy-density LMBs. However, their
review was primarily centered on the Li metal anode and did not
extensively cover other aspects of LMBs. Meng’s group reviewed
the characteristics and properties of interfaces and interphases in
solid-state LMBs, focusing on achieving stable interfaces between
inorganic SSEs and electrodes.[63] The review provided insights
into addressing interface challenges and offered strategies for en-
hancing stability. Furthermore, the paper examined characteriza-
tion techniques to enable a better understanding of the interface
and interphase detection, as well as the dynamic behavior and
failure mechanisms associated with these interfaces. However,
this review primarily focused on the interfaces and interphases
in ASSLMBs employing inorganic SSEs. The discussion regard-
ing the challenges and strategies associated with interfaces and
interphases in solid-state LMBs using organic SSEs is lacking.
In another review conducted by Meng’s group examined the cur-

rent advanced characterization techniques, shedding light on the
nanoscale phenomena occurring within the interfaces of solid-
state LMBs.[64] The review provided valuable insights into explor-
ing and understanding unstable solid-solid interfaces through in
situ techniques.

However, relatively little attention has been paid to the elec-
trolyte until the last five years, even though electrolyte is a key
component in realizing high-performing and safe LMBs.[65–67]

Regarding ASSEs for LMBs, some review papers have been pub-
lished in the past five years. However, most of the reviews concen-
trate on a specific type of SSEs. For example, Ding et al. reviewed
the advancements in polymer SSEs and the design strategies em-
ployed to enhance their performance by manipulating functional
units.[68] Wu et al. provided an overview of solid-state LMBs based
on sulfides. Their work specifically focused on the compatibility
of sulfide SSEs with oxide cathodes.[69] Kim et al. analyzed the
stability of both sulfide and oxide SSEs, including mechanical,
chemical, and electrochemical stability.[70] They also discussed
the challenges associated with these SSEs, particularly interface
issues. Nan’s group reviewed a specific type of oxide SSEs known
as garnet-type SSEs, particularly interfacial challenges involving
Li metal anodes, oxide cathodes, and moisture.[71] Tuo et al. cov-
ered halide-based SSEs, describing their synthetic developments,
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Figure 3. Requirements of SSEs for high-performing and safe LMBs. High
ionic conductivity (𝜎), high Li+ transference number (tLi+ ), good interfacial
contact, low manufacturing cost, high electrochemical stability, and strong
Li dendrite suppression need to be achieved simultaneously in a balanced
manner.

chemical stability, and future challenges.[72] The authors also ad-
dressed the cost considerations and scalable production capabil-
ities associated with the practical application of halide SSEs in
solid-state LMBs. Overall, there are many high-quality review pa-
pers on specific topics of SSEs for LMBs. However, an extensive
report on the development of SSEs for LMBs in the past five years
is lacking. Thus, we provide a comprehensive analysis and dis-
cussion on developing SSEs for LMBs and the next directions.
We begin by providing a concise introduction to the development
of SSEs. Subsequently, we analyze the advantages and disadvan-
tages of different types of solid electrolytes, including traditional
polymer electrolytes, ceramic-based electrolytes, emerging mate-
rials, and their composites, considering multiple aspects such as
Li+ conduction, suppression of Li dendrite formation, interfacial
contact, electrochemical stability, and manufacturing cost. In the
last chapter, we present discussions on failure mechanisms in
achieving both high-energy-density and high-safety in ASSLMBs
and the solutions, use of composite SSEs for achieving balanced
and enhanced SSEs for LMBs, the employment of advanced char-
acterization techniques to visualize the interfaces between the
electrolyte and electrodes, SSEs’ integrations in devices, and uti-
lization of computational studies to better understand the trans-
port of ions and mechanisms. Since our focus is all-solid-state
systems, SSEs hereinafter mean all-solid-state electrolytes.

2. Requirements of SSEs for LMBs

As a first step to understanding the SSEs for LMBs, we analyze
the electrolyte requirements for LMBs. Then, we move on to the
specific cases of SSEs of LMBs. Performance and safety are the
two most important criteria for recognizing ASSLMBs.[66] Thus,
to meet the requirements of two goals of the battery cells, the elec-
trolytes must ensure to achieve high 𝜎, high tLi+ , good interfacial
contact, low manufacturing cost, high electrochemical stability,
and strong Li dendrite suppression (Figure 3).

Along with those six criteria, we analyze six types of SSEs,
polymers, oxides, sulfides, metal–organic frameworks (MOFs),
covalent organic frameworks (COFs), and composites, and their
practical applications in LMBs (Figure 4). Polyethylene oxide
(PEO) stands out as one of the extensively studied polymer

SSEs as its processibility can ensure the formation of working
cells (Figure 4a). However, PEO-based SSEs typically exhibit
a relatively low 𝜎 ranging from 10−8 to 10−5 S cm−1 at r.t.[73]

Furthermore, PEO-based SSEs demonstrate electrochemical sta-
bility windows (ESWs) of up to 3.9 V (vs. Li+/Li), which renders
them unsuitable for use in LMBs equipped with cathodes oper-
ating at high cut-off voltages exceeding 4.2 V, such as LCO.[74]

Consequently, this limitation restricts the energy density of
PEO-based ASSLMBs. Poly(vinylidene fluoride) (PVDF)-based
SSEs are promising candidates due to their superior mechan-
ical properties and excellent electrochemical stability, which
significantly surpass those of PEO-based SSEs.[75] Moreover,
PVDF facilitates the dissociation of Li salts, thereby enhancing
Li+ transport. However, PVDF SSEs still encounter challenges
related to low 𝜎 (typically < 10−4 S cm−1 at r.t.) and exhibit poor
compatibility with Li metals compared to PEO-based SSEs. In
situ polymerized materials, such as poly(1,3-dioxolane) (PDOL),
exhibit significant potential as high-performance polymer-based
electrolytes.[76] This is attributed to their exceptional 𝜎, exceeding
10−3 S cm−1, and their excellent compatibility with Li metals,
which results from the in situ ring-opening polymerization of
dioxolane.[77] For instance, Archer’s group reported a PDOL-
based electrolyte that achieves a 𝜎 exceeding 10−3 S cm−1 with an
optimized initiator concentration.[78] However, PDOL demon-
strates poor thermal stability, decomposing at temperatures
above 110 °C, which raises concerns regarding potential thermal
runaway when used in LMBs.[79] To enhance the thermal stabil-
ity of PDOL, Huang’s group proposed a strategy involving the
incorporation of 1,3,5-tri glycidyl isocyanurate as a cross-linking
agent, resulting in a new material referred to as TPDOL.[80]

The TPDOL electrolyte exhibits an impressive 𝜎 of 5.5 × 10−3

S cm−1. Furthermore, the improved thermal stability of TPDOL
mitigates the risk of thermal runaway, allowing LMBs to operate
safely at temperatures up to 130 °C. It is important to note that
achieving a polymerization degree of 100% in PDOL is chal-
lenging. The presence of unreacted dioxolane monomers may
pose potential safety issues, particularly when compared to fully
polymerized all-solid-state counterparts. Two primary categories
of inorganic ceramic SSEs are oxides and sulfides. Oxide-based
SSEs exhibit promise due to their high 𝜎, wide electrochemical
window, exceptional chemical stability, and robust mechanical
strength.[81] Among various oxides, a particular representative
garnet-type oxide, Li7La3Zr2O12 (LLZO) exhibited the highest
𝜎, reaching 10−3 S cm−1 at r.t. (Figure 4b).[82] In addition to
garnet-type LLZO oxides, NASICON-type oxide-based SSEs,
particularly LATP (a compound with a general composition of
Li1+xAlxTi2−x(PO4)3) and LAGP (a compound with a general
composition of Li1+xAlxGe2−x(PO4)3), have garnered increasing
attention due to their high 𝜎 (exceeding 10−3 S cm−1 at r.t.),
wide ESWs, and excellent chemical stability against air and
moisture.[83] For example, Wang et al. reported the develop-
ment of a LATP-based oxide SSE utilizing a co-doping strategy
with B3+ and In3+. The optimized SSE, with a composition of
Li1.3Al0.21B0.08In0.01Ti1.7(PO4)3, exhibited a maximum relative
density of 98.2%, which resulted in a high 𝜎 of 1.1 × 10−3 S
cm−1 at r.t. LAGP exhibits an impressive ESW of 6 V (vs. Li+/Li),
which holds significant promise for applications in high-voltage
LMBs.[84] However, NASICON-type oxide-based SSEs exhibit
limited compatibility with Li metals. For instance, when LATP
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Figure 4. Representative SSEs. a) Chemical structure of polyethylene oxide (PEO). b) Schematic diagram of the crystal structure of Li7La3Zr2O12 (LLZO).
Reproduced with permission.[82] Copyright 2007, Wiley-VCH Verlag GmbH & Co. KGaA. c) Schematic diagram of the crystal structure of Li10GeP2S12
(LGPS). Reproduced with permission.[91] Copyright 2021, Royal Society of Chemistry. d) Structural illustration of MOF-OH-V (UiO-66 type). Reproduced
with permission.[96] Copyright 2023, Wiley-VCH Verlag GmbH & Co. KGaA. e) Chemical structure of COF-MCMC (iCOFs with multicationic molecular
chains).[99] f) Structural illustration of the LLZO/PAN/PEO composite. Reproduced with permission.[101] Copyright 2022, Elsevier.

comes into contact with Li metal, Ti4+ can be reduced to Ti3+,
leading to the formation of an insulating interfacial layer.[85] This
layer has low 𝜎, which increases interfacial resistance and pro-
motes the formation of Li dendrites, ultimately resulting in sig-
nificant capacity decay in the cells. The instability at the interface
between LATP and Li metal further restricts its broader practical
applications. Sulfides, another important class of ceramics SSEs,
have garnered significant attention due to their outstanding 𝜎.
Various sulfide-based SSEs have been developed, based on their
crystalline states, they can classify three major types: glass (e.g.,
Li2S−SiS2), glass-ceramic (e.g., Li2S−P2S5), and crystalline (e.g.,
Li6PS5Cl).[86] Among them, a family of sulfide SSEs, lithium ar-
gyrodites Li6PS5X (X = Cl, Br), are attracting more attention due
to high 𝜎, easy processability, high thermostability, and relatively
good compatibility with cathodes in LMBs.[87,88] For example,
wang et al. reported a Li6PS5Cl SSE through the sintering at
550 °C for 10 minutes, which exhibit a high 𝜎 of 3.2 × 10−3

S cm−1 at r.t.[89] However, the undesired reaction between
Li6PS5Cl and Li metal lead to the decomposition of Li6PS5Cl,
the decomposition product Li3P and Li2S with low 𝜎 will hinder
the Li+ transport, resulting in diminished cell performance.[90]

Following the discovery of Li10GeP2S12 (LGPS, Figure 4c)[91]

superionic conductor by Kanno’s group in 2011,[92] sulfides have
been recognized as promising SSEs with exceptional 𝜎. Notably,
LGPS exhibits a high 𝜎 of 1.2 × 10−2 S cm−1 at r.t. Several other
Li superionic conductors have been reported to exhibit excep-
tional 𝜎. For instance, Li9.54Si1.74P1.44S11.7Cl0.3 and LSiGePSBrO
demonstrate record-high 𝜎 of 2.5 × 10−2 and 3.2 × 10−2 S
cm−1 at r.t., respectively.[93,94] The exceptional performance of

sulfides has positioned them as SSEs capable of replacing liquid
electrolytes. However, their weak chemical stability against
moisture and high contact resistances remain critical issues.
Porous crystalline polymers (PCPs) have gained widespread
usage in energy devices due to their high porosity and highly
defined ion channels, which facilitate efficient ion conduction.
Among these materials, MOFs and COFs are particularly promi-
nent. MOF-based SSEs have attracted considerable attention in
LMBs due to their high surface area, significant Li+ transport
capability, and chemical and electrochemical stability.[95] A no-
table MOF-based SSE features customized bilayer zwitterionic
nanochannels (Figure 4d), exhibiting a remarkable 𝜎 exceed-
ing 10−4 S cm−1 at 30 °C, indicating efficient transport of Li+

within the MOFs.[96] Yang et al. reported the development of
an anionic MOF-based SSE with Li+ as the sole mobile charge
carriers. This SSE demonstrated a high tLi+ of 0.90 and a 𝜎 of
6.0 × 10−4 S cm−1 at 25 °C.[97] COFs, porous crystalline materials
synthesized through stable covalent bonds, represent another
class of materials with significant potential. Among them,
ionic covalent organic frameworks (iCOFs), where ion groups
attached to the COFs’ backbone, are distinct. iCOFs demonstrate
great promise as SSEs in LMBs due to their highly ordered
nanochannels that facilitate the transport of Li+.[98] Huang’s
group reported an SSE constructed from iCOFs containing
multicationic molecular chains for gate-mechanism-controlled
ion transport, attaining high Li+ conductivity (Figure 4e).[99] Li
et al. presented an SSE based on an azanide-based anionic COF,
which exhibited an outstanding tLi+ of 0.93, an exceptional ESW
of up to 5.6 V (Li+/Li), and a 𝜎 of 1.3 × 10−5 S cm−1 at r.t.[100]

Adv. Funct. Mater. 2025, 35, 2411171 2411171 (6 of 61) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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These results highlight the significant potential of iCOFs as SSE
materials capable of facilitating rapid conduction of Li+. How-
ever, achieving 𝜎 exceeding 10−3 S cm−1 at r.t. remains a signif-
icant challenge for MOF- or COF-based SSEs. Composite SSEs
hold immense potential for next-generation high-performance
LMBs due to their balanced properties. Among the various
types of composites, ceramic/polymer composites have gar-
nered significant attention owing to their high 𝜎, high tLi+ ,
excellent interfacial contact, and good chemical, thermal, and
electrochemical stability.[10] For example, Wang et al. reported
an oxide/polymer SSE composite consisting of well-ordered
vertical LLZO sheet arrays, PEO, and polyacrylonitrile (PAN)
(Figure 4f).[101] The composite SSE demonstrated an impressive
𝜎 of 2.6 × 10−4 S cm−1 at 30 °C. Incorporating LLZO contributes
to the mechanical strength of the composite, while the trilayer
polymer structure ensures excellent interfacial contact between
the SSE and the electrodes. Additionally, the composite SSE ex-
hibited an excellent ESW of 5.1 V (vs. Li+/Li). Hu et al. proposed
an ultrathin composite SSE composed of Li6.75La3Zr1.75Ta0.25O12,
poly(vinylene carbonate), and succinonitrile. This composite
SSE exhibited a 𝜎 of 6.5 × 10−4 S cm−1 and a tLi+ of 0.71 at r.t.,
along with a wide ESW of ≈5.0 V (vs Li+/Li).[102] Our group
proposed a novel composite SSE consisting of COF integrated
with a charged polymer matrix.[103] This composite exhibited an
exceptional 𝜎 exceeding 10−3 S cm−1 at r.t., along with a high tLi+

greater than 0.80.

2.1. Ionic Conductivity and Li+ Transference Number

𝜎 and tLi+ are the first steps to check when evaluating SSEs for
LMBs. 𝜎 refers to the ability of an electrolyte to conduct ions. It
is a measure of how rapidly ions can move through electrolytes.
High 𝜎 in electrolytes is desirable because it enables efficient
and rapid transport Li+, facilitating high-energy-density output
and fast charging/discharging.[104] Additionally, high 𝜎 reduces
the battery’s internal resistance, which helps minimize energy
losses during the operation. tLi+ is a measure of the fraction of
total current carried by Li+ compared to all other ions present
in the electrolyte. Thus, it represents the electrolyte’s selectivity
on ions for transporting through it. It is important to note that
cations and anions can participate in ion conduction and ideally,
electrolytes should have a high tLi+ to ensure that most of the cur-
rent is carried by Li+, to avoid undesired reactions on the surface
of electrodes. This selective transport can not only inhibit para-
sitic reactions at the interface between Li anode and electrolytes,
but also enables fast charging/discharging over 4 C.[25]

We assessed 𝜎 and tLi+ values of different SSEs, with liquid
electrolytes serving as a benchmark for comparison (Figure 5).
Please note that this assessment only includes all-solid-state elec-
trolytes. Samples containing fractions of organic solvents or plas-
ticizers etc. are not included. As mentioned, liquid electrolytes
exhibit a notable advantage in their high 𝜎, ranging from 10−3 to
10−2 S cm−1.105 Achieving such a level of conductivity has been
a target for most SSEs. However, liquid electrolytes exhibit a low
tLi+ , typically below 0.4.[106] The tLi+ lower than 0.4 means that the
total ionic conductivity mainly was contributed by anions, due
to a less effective mobility of Li+ and preferential solvation ex-
hibited by Li+ in comparison to its counterion. This leads to the

Figure 5. 𝜎 and tLi+ of various SSEs. Polymer SSEs data include
PDADMA FSI-LiFSI (80°C),[113] xPTHF10 and xPEO10 (30 and 70 °C
for 𝜎 and tLi+ , respectively.),[112] HPCPEG (85 °C),[114] P(IL-PEGDA)
(30 and 25 °C for 𝜎 and tLi+ , respectively.),[115] ANP–BEG7,[109] PEO8–
LiPCSI (60 °C),[116] and PTT-SPE.[117] Ceramic SSEs data include
LGPS,[92] Li9.54Si1.74P1.44S11.7Cl0.3,[93] LiF modified Li0.35La0.55TiO3
(LLTO, a compound with a general composition of Li3xLa2/3−xTiO3),[118]

Li1.3Al0.3Ti1.7(PO4)3 (LATP),[119] Li7La3ZrNb0.5Y0.5O12 (30°C)[120]

LSiGePSBrO,[94] Li6.25Al0.25La3Zr2O12
[121] Li6.55Ga0.15La3Zr2O12,[122]

Li6.65Ga0.05La2.95Ba0.05Zr1.75Ta0.25O12,[123] and Li6PS5I.[124] Metal–
organic frameworks (MOF) SSEs data include UiOLiTFSI with Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 25°C),[125] MOF-BZN
(30 °C),[96] UiO-66-LiSS,[97] and UIO-67-Li.[126] Covalent organic
frameworks (COF) SSEs data include TpPa-SO3Li,[127] Li-CON-TFSI
(30 °C),[128] COF-MCMC (30 °C),[99] dCOF-ImTFSI-60@Li (30 °C),[129]

Li-CON-3 (20 °C),[130] and Im-COF-TFSI@Li (30 °C).[131] Compos-
ite SSEs data include TpPa-SO3Li with Li DMA@LiTFSI (23°C),[132]

Li6.4La3Zr1.4Ta0.6O12/polyacrylonitrile (60 °C),[133] LLTO/BiTiO3/PVDF
(25 °C),[134] Li6.75La3Zr1.75Ta0.2O12/polytetrafluoroethylene,[135]

PEO/CMOF,[136] PEO-PVDF/LATP (25 °C),[137] LLZO/hybrid poly-
mer (25 °C),[138] COFs/PEG (30 °C),[139] Li6.4La3Zr1.4Ta0.6O12/PEO
(60 °C),[140] PEO-PEG/LGPS,[141] and PIL/iCOFs.[103] Liquid elec-
trolyte data.[142,143] The temperatures noted in the parenthesis are test
conditions. If not mentioned, tested at r.t.

formation of a voluminous solvation shell surrounding Li+, con-
trasting with the solvation shells typically found around ordinary
anions. Conventional polymer SSEs typically exhibit tLi+ values
ranging from 0.2 to 0.6.[10,107] For instance, SSEs based on PEO
typically have tLi+ values within the range of 0.2 to 0.4.[108] Thus,
research on single-ion conductive, high tLi+ exceeding 0.9, poly-
mer SSEs have been the main focus in recent years. Gao et al.
reported an impressive case for this, where a borate polymer SSE
was crosslinked to show an exceptional tLi+ of 0.98, approaching
unity.[109] Furthermore, the researchers were able to achieve tun-
able 𝜎 by manipulating the segmental mobilities of the polymers
used in the electrolyte system. Typically, polymer SSEs exhibit
ionic conductivities in the range of 10−7 to 10−4 S cm−1 at r.t.[110]

Such lower 𝜎 in polymer SSEs can be attributed to the existence
of multiple ions in the system and ill-defined conducting path-
ways in an amorphous network. Recently, Han et al. reported a
single-ion polymer SSE, which exhibited a 𝜎 of 4.2 × 10−5 S cm−1

at 30 °C, accompanied by a single-ion conductive tLi+ of 0.93.[111]

The efficient distribution of Li+ throughout the material and
facilitated site-to-site ion migration were achieved through the

Adv. Funct. Mater. 2025, 35, 2411171 2411171 (7 of 61) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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precise arrangement of designed repeating units within alternat-
ing polymer sequences. This structural design enhanced 𝜎, en-
abling fast Li+ transport within the SSE. Another type of poly-
mer SSEs is a dual-ion conductive system, where Li+ and anionic
species exist within the polymer matrix. In these SSEs, the mo-
bility of Li+ is typically lower compared to the anionic counter-
parts. This reduced mobility can be attributed to the interactions
between Li+ and Lewis basic sites present in the polymer ma-
trix. As a result, dual-ion conducting polymer SSEs often exhibit
lower values of tLi+ , typically below 0.5.[107] Zhenan Bao’s group
reported a crosslinked PEO polymer SSE, which exhibited a tLi+

of 0.19, along with a 𝜎 of 3.2 × 10−6 S cm−1 at 30 °C.[112]

Ceramic SSEs are known for their high 𝜎, which typically
range from 10−4 to 10−2 S cm−1 at r.t. In some instances, the 𝜎

of ceramic SSEs can be comparable to or surpassing that of liq-
uid electrolytes. Kanno’s group reported a representative sulfide
SSE with the compound formula Li9.54Si1.74P1.44S11.7Cl0.3 in 2016,
which exhibited an ultra-high 𝜎 of 2.5 × 10−2 S cm−1 at r.t.[93]

This exceptional conductivity was attributed to the presence of
3D Li+ pathways within the structure of the sulfide crystal lat-
tices. According to the ion transport mechanism observed in ce-
ramic SSEs, the tLi+ of ceramic SSEs is generally unity, indicating
that the Li+ have predominant mobility within these materials.[65]

Waetzig et al. reported an SSE based on a sodium (Na) superi-
onic conductor (NASICON)-type oxide, specifically LATP, with
the composition Li1.3Al0.3Ti1.7(PO4)3.[119] The SSE exhibited an
impressive 𝜎 of 1.0 × 10−3 S cm−1 at r.t., and the remarkable
conductivity was attributed to the reduction in impurity concen-
tration and the absence of secondary phases achieved through
the implementation of sol-gel synthesis. Ceramic SSEs are by far
the highest performers in terms of 𝜎 and tLi+ ; however, high in-
terfacial contacts among the particles and questionable chemical
stability are considered weak points.

We also include a class of emerging materials, such as MOFs
and COFs. These materials exhibit great promise as SSEs for
LMBs due to their highly crystalline porous structures, which
facilitate efficient conduction of Li+.[144] MOF SSEs typically
showed 𝜎 ranging from 10−5 to 10−4 S cm−1 without any liquid
components such as organic solvents or plasticizers. Zhu et al.
demonstrated SSEs utilizing anionic MOFs combined with Li salt
to show a high 𝜎 of 2.1 × 10−4 S cm−1 at 25 °C, along with a tLi+

of 0.84.[125] SSEs based on single-ion MOFs have demonstrated
the ability to achieve a high tLi+ of 0.9, indicating their signifi-
cant potential in facilitating efficient Li+ conduction.[97] iCOFs,
COFs having ionic groups installed, have attracted considerable
attention as well,[98] as they can show single-ion conduction be-
havior, tLi+ > 0.9 and high 𝜎. This notable performance can be at-
tributed to the direct installation of anionic groups onto the COF
backbone, which effectively ensures that Li+ are the exclusive mo-
bile species within the material. The 𝜎 of COF SSEs ranges from
10−5 to 10−4 S cm−1, without including any liquid components
such as organic solvents or plasticizers. For instance, Li et al.
developed a hydrazone-based iCOF, denoted as Li-CON-3, with
a high tLi+ of 0.92 and a 𝜎 of 3.2 × 10−5 S cm−1 at 20 °C.[130]

To ensure the high performance of the battery cells, it is de-
sirable for SSEs to have a tLi+ of at least 0.8, although a value
above 0.9, indicating single-ion conduction, is ideal. Achieving
such high tLi+ is not difficult for most SSEs, as anionic groups
are typically immobilized on solid substrates. However, in prac-

tice, simultaneously achieving both exceptional 𝜎 and tLi+ is chal-
lenging for many types of SSEs. Electrolyte formulations may
prioritize one parameter over the other, depending on the spe-
cific requirements of the battery application. Thus, researchers
and battery developers are continuously working on this point
to enhance the performance and safety of the LMBs. Composite
SSEs are practically the most preferred direction as they com-
bine the advantages of both the fillers—conduction property—
and the matrix—improved surface contacts and stability. Liu et al.
reported a single-ion conducting polymer-modified garnet-type
Li6.4La3Zr1.4Ta0.6O12 (LLZTO) composite SSE, which exhibited
both a high 𝜎 of 1.5 × 10−3 S cm−1 and a tLi+ of 0.77 at 60 °C.[140]

In section 3, we will discuss the detailed pros and cons of various
SSEs.[145]

2.2. Interfacial Contact

The interfacial contact resistance between SSEs and electrodes
is critical for solid-state batteries. Thus, researchers have devel-
oped strategies to minimize such contact resistance. Here, we
classified the design of SSEs and cathode assembly, thereby in-
terfacial resistances, into five primary classes (Figure 6). The
first type is pure solid electrolytes (Figure 6a). This classifica-
tion encompasses inorganic SSEs, or SSEs composed of highly
rigid particles, such as MOFs and COFs, as pure composition.
In these instances, voids arise unavoidably when it is unfeasi-
ble to attain the highest packing density, resulting in certain lim-
itations concerning interfacial contact resistances.[63] The exis-
tence of voids within the interfacial contact between solid par-
ticles impedes ions’ diffusion and hinders efficient charge trans-
fer. Furthermore, Li dendrites can grow through the voids.[104]

Although SSEs containing voids may possess a high tLi+ , they
usually result in reduced 𝜎. This is mainly attributed to the in-
adequate pathways created by the presence of voids. An illus-
trative example is the sulfonate TpPa-SO3Li COFs pellet, fabri-
cated using a cold-pressing method and demonstrated a 𝜎 of
2.7 × 10−5 S cm−1 at r.t.[127] Another example is LLZO, a repre-
sentative oxide SSE known for its wide ESW and excellent chem-
ical stability against Li metal.[146] However, the resulting lithio-
phobic surface of LLZO caused significant interfacial resistance,
limiting the electrochemical performance of the electrolyte and
battery cells. In particular, the interfacial resistance between Li
metal and LLZTO can reach 1789 Ω cm2.[147]

Numerous studies have been conducted to reduce the in-
terfacial contact resistances among the SSEs, and between
SSEs and electrodes. One approach that has been widely in-
vestigated is using liquid solvents as plasticizers (Figure 6b),
which results in the classification of these SSEs as QSSEs. Li
et al. reported a TpPa-SO3Li COF that was synthesized by a
pre-synthesis approach.[148] To reduce the contact resistances
and improve the 𝜎 of the electrolytes, a plasticizer of 10 μL
of ethylene carbonate/dimethyl carbonate was introduced.
The resulting TpPa-SO3Li COF QSSE pellet demonstrated an
impressive 𝜎 of 1.6 × 10−3 S cm−1 at 20 °C, surpassing the
conductivity of solvent-free TpPa-SO3Li COF.[127] The pres-
ence of plasticizers has significantly impacted the 𝜎 of the
COF- or MOF-based SSEs. The incorporation of plasticizers in
SSEs serves multiple functions. Plasticizers can dissociate Li+

Adv. Funct. Mater. 2025, 35, 2411171 2411171 (8 of 61) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Five types of SSEs and cathode designs and their resulting contact resistances and electrochemical properties. a) Typical pure solid elec-
trolytes. b) Solid electrolytes with liquid solvent as the plasticizer. c) Pure solid electrolytes with increased packing density. d) Increased SSE packing
with composite cathode design. e) Increased SSE packing with composite electrolytes and composite cathode design.

within the porous structure of SSEs, thereby promoting their
efficient transport through their highly organized ionic
channels.[149] Additionally, plasticizers aid in mitigating the
adverse effects of reduced ion transport caused by the pres-
ence of voids in SSEs. Hu’s group implemented a strategy
to improve the interfacial resistance between the garnet-type
Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZN) SSE and Li2FeMn3O8
cathode by incorporating a small amount of liquid organic
electrolyte.[150] The liquid organic electrolyte consisted of a
mixture of fluoroethylene carbonate, 3,3,3-fluoroethylmethyl
carbonate, and 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether
in a volumetric ratio of 20:60:20, with a LiPF6 concentration of
1 m. However, it is important to note that using liquid solvents in
SSEs can raise safety concerns, especially in extreme operating
conditions.

On the other hand, enhancing the packing density within the
SSEs can lead to decreased interfacial contact between SSEs and
electrodes (Figure 6c). In a study conducted by Wen’s group, a
sintering process was employed to fabricate highly dense LLZO
SSEs with relative densities ranging from 97% to 98%.[151] The
sintering process involved the manipulation of the Li2O atmo-
sphere. The resulting LLZO SSE exhibited improved interfacial
contact with Li metal, leading to a critical current density of
0.9 mA cm−2. Meng’s group also conducted a study in which
the interfacial contact between a Li anode and Li6PS5Cl SSE de-
creased by applying pressure at 25 MPa.[152] The Li6PS5Cl pellet
with a relative density of 87% was prepared using a cold-pressing
technique. Applying external pressure represents a straightfor-
ward and efficient approach to enhance the interfacial contact
between SSEs and electrodes, resulting in improved cyclability of

the batteries.[153] However, it should be noted that the practical-
ity of applying external pressure in real-world applications would
be limited.[59] Incorporating solid ionic conductors as catholytes
within composite cathodes offers an advanced approach to re-
duce further interfacial resistance between SSEs and cathode ma-
terials (Figure 6d). Composite cathodes are fabricated by blend-
ing active cathode materials with SSEs. Additionally, an electroni-
cally conductive additive is included in the composite cathode for-
mulation. This ionic conductive binder facilitates improved ion
transport, thus promoting efficient electrochemical reactions and
reducing interfacial resistance.[63] Rupp’s group synthesized an
LCO cathode by directly infiltrating metal salts within a porous
LLZO scaffold at a relatively low processing temperature of
700 °C.[154] This process led to the forming of a composite cath-
ode, specifically LCO/LLZO, on the surface of a dense LLZO SSE.
The resulting composite cathode exhibited a low interfacial resis-
tance of 62 Ω cm2 when in contact with a Li anode. This method
is important in developing LLZO SSEs for high-performance
ASSLMBs.

The most sophisticated method is to introduce ion conduc-
tive polymer to the packed SSEs while having a catholyte de-
sign (Figure 6e). This setup can facilitate high 𝜎, increased tLi+ ,
and minimized contact resistance. Sun’s group investigated com-
posite systems integrating PEO and ceramic components.[155]

The performance of a composite SSE comprising 20 vol.%
of 200 nm LLZTO particles was examined, revealing a no-
table 𝜎 of 1.6 × 10−4 S cm−1 at 30 °C. Additionally, an eval-
uation was conducted on a composite SSE comprising 80
vol.% of 5 μm LLZTO particles, revealing a notable tensile
strength of 12.7 MPa. To overcome challenges related to dendrite

Adv. Funct. Mater. 2025, 35, 2411171 2411171 (9 of 61) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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suppression and achieving optimal interfacial contact with Li
metal, a sandwich-type composite SSE was developed. This in-
novative design incorporated hierarchical garnet particles, with a
5 μm particle layer strategically positioned between two layers of
200 nm particles. As a result, the sandwich-type composite SSE
successfully mitigated dendrite formation and established supe-
rior interfacial contact with Li metal. Fan’s group presented a 3D
composite SSE consisting of Li6.75La3Zr1.75Ta0.25O12, succinoni-
trile, and polytetrafluoroethylene (PTFE) binder.[135] With 80.4
wt.% garnet ceramic, this SSE film exhibited excellent heat re-
sistance, nonflammability, and high processability. It featured a
wide electrochemical stability window of 4.8 V (vs. Li+/Li), mak-
ing it suitable for high-voltage ASSLMBs. Our group reported a
solvent- and plasticizer-free composite SSE composed of iCOFs
and poly(ionic liquid) (PIL).[103] The composite SSE, incorporat-
ing silicate COFs, demonstrated an exceptional 𝜎 of 1.5 × 10−3 S
cm−1 and a tLi+ of 0.8 at r.t. Moreover, it exhibited excellent com-
patibility with a Li metal anode. To mitigate the interfacial resis-
tance between the composite SSE and the cathode, a composite
cathode was prepared by blending SSEs with LFP. As a result,
the Li|SSE|LFP coin cell exhibited an initial discharge capacity of
141.5 mAh g−1 at 1 C and r.t., and maintained a high capacity of
over 87% after 800 cycles.

2.3. Manufacturing Cost

The manufacturing cost of SSEs is crucial for determining
whether the commercialization of ASSLMBs can successfully
replace traditional LIBs. These costs include mainly the ex-
penses associated with raw materials and processing. Processing
costs primarily include investment in production equipment and
processes, labor, and energy consumption. Liquid electrolytes
and separators used in current commercial LIBs range from
≈$12–20 kg−1.[156,157] To ensure the competitiveness of ASSLMBs
against the currently available commercial LIBs in the market, it
is crucial to keep the material cost of SSEs below $50 kg−1, al-
though we note that large-scale production with such low cost
and high yield would remain a formidable challenge.[158] We note
that commercialization of the SSEs is still in its infancy, and cost
analyses based on current state-of-the-art technology would be
helpful to foresee and design the next steps.

Here, we analyze the manufacturing cost of different SSEs
– large-scale production for polymers and ceramics <1000
kg, and small-scale for MOFs and COFs <1 g (Figure 7).
PEO is the most widely used polymer matrix as they are
easy to synthesize and process. PEO-based SSEs mainly
consist of PEO and Li salt, such as the commonly used
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). There-
fore, the manufacturing cost of PEO-based SSEs is quite low, es-
timated to be around $1,420 kg−1.[159] Ceramics, including ox-
ides and sulfides, generally have higher material costs than PEO-
based SSEs. For instance, the cost of LLZO is estimated to be
around $2000 kg−1.[55] However, sulfide-based SSEs tend to have
even higher materials costs than LLZO due to the inclusion of
expensive metal elements such as Germanium (Ge). For exam-
ple, LGPS and Li6PS5Cl are around $69 500 and $32 000 kg−1,
respectively.[160] When fabricating energy devices, it is generally
applicable that the processing cost is approximately three times

Figure 7. Manufacturing costs of various SSEs. Estimated costs for PEO,
LLZO, LGPS, Li6PS5Cl, MOF-688, TpPa-SO3Li, and AQ-Si-COF are $1420,
$8000, $278 000, $128 000, $655 055, $490 808, and $119 539 kg−1, re-
spectively.

higher than the materials cost.[161] Due to the various process-
ing methods employed for oxides and sulfides, it is impossi-
ble to evaluate their processing costs using a single parameter
accurately. Still following the above general practice, the esti-
mated manufacturing costs for LLZO, LGPS, and Li6PS5Cl are
≈$8 000 kg−1, $278 000 kg−1, and $128 000 kg−1, respectively.

Currently, the mass production (kilogram scale) of MOFs and
COFs has not been achieved, as those emerging materials are
still laboratory-level research. Thus, we need to rely on small-
scale laboratory preparation methods (starting monomers, <100
mg, and solvent, <300 mL) when assessing the manufacturing
cost of MOF- or COF-based SSEs, meaning that the manufac-
turing cost primarily involves the procurement cost of starting
monomers and bases, cost of laboratory equipment, electricity,
and human resource. Let’s take a representative from the Yaghi’s
group, MOF-688.[162] When we factored in the prices of com-
mercial raw materials from chemical vendors, such as Sigma-
Aldrich and TCI Co., Ltd, and associated electricity and labor dur-
ing the synthesis process, the calculated manufacturing cost for
this MOF electrolyte is $655 055 kg−1, far surpassing the cost of
LGPS. Again, please note that this is a synthetic cost in small
lab-scale, <1 g. The production cost could go lower upon suc-
cessful mass production. When we applied the same assessment
method, the production cost of the sulfonate COFs, TpPa-SO3Li,
from Lee’s group[127] is ≈$490 808 kg−1, slightly lower than the
cost of MOF-688 SSEs. Our group reported anthraquinone-based
silicate COFs with a remarkable 𝜎 of 9.8× 10−3 S cm−1 at r.t. and a
tLi+ of 0.92.[163] When applying the same calculation method, the
production cost of the anthraquinone-based silicate COFs turned
out to be $119 539 kg−1. Notably, the manufacturing costs associ-
ated with those emerging SSEs exhibit significant heterogeneity
owing to many determinants, such as types of monomers used
and synthetic procedures, which indicate a long way ahead for
mass production.

Adv. Funct. Mater. 2025, 35, 2411171 2411171 (10 of 61) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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2.4. Electrochemical Stability

The electrochemical stability of SSEs is a critical characteristic
that determines their capacity to function and endure electro-
chemical conditions without undergoing undesirable chemical
or structural alterations. This property ensures solid-state batter-
ies’ optimal performance and long-term stability.[63] Before ex-
ploring compatible cathode and anode materials, it is essential
to identify the electrochemical window ranges of the SSEs to en-
sure compatibility and optimal performance in battery devices.
The electrochemical stability of SSEs under equilibrium condi-
tions is often evaluated using the grand potential diagram by vary-
ing the chemical potential of Li.[164] Some factors can influence
the chemical potential of Li in SSEs, including the composition
of the SSE, doping with specific elements or ions, temperature,
pressure, surface effect, and electrode materials. Comprehend-
ing the influence of these factors on the chemical potential of Li
in SSEs is essential for the design and optimization of SSE mate-
rials and their interfaces in electrochemical devices.[165] Here, we
summarize the experimental electrochemical window ranges for
various SSEs, including polymers, oxides, sulfides, MOFs, COFs,
and composites (Figure 8).

Typically, most polymer-based SSEs exhibit an ESW within the
4–5 V (vs Li+/Li). Notably, SSEs based on PEO have demonstrated
an ESW of up to 3.9 V.[74] However, in practical applications of
ASSLMBs, an ESW surpassing 4.2 V is highly desirable. Notably,
carbonate-based polymer SSEs, owing to their higher dielectric
constants, exhibit higher ESWs than PEO-based SSEs.[187] For in-
stance, Shan et al. reported poly(vinyl ethylene carbonate)-based
SSEs synthesized via in situ copolymerization, which showcased
an impressive ESW of up to 5 V (vs Li+/Li).[167] This observation
underscores the potential of carbonate-based polymer SSEs for
utilization in high-voltage ASSLMBs.

Oxide-based SSEs generally exhibit superior electrochemical
stability. The oxidation stability of oxide-based SSEs is indeed in-
fluenced by the release of O2−/O2 gas, which is closely related to
the oxygen atom bonding environment with neighboring atoms.
For instance, two commonly studied oxide-based SSEs, garnet-
type LLZO and perovskite-type LLTO (a compound with a general
composition of Li3xLa2/3−xTiO3), exhibit different oxygen atom
bonding environments and exhibit different oxidation stabilities.
Among oxide-based SSEs, garnet-type LLZO, is known for its ex-
cellent chemical stability and a wide electrochemical window of
0–6 V (vs. Li+/Li), making it a promising candidate for appli-
cations that require demanding long-term operations compared
with LLTO.[146] The oxygen atoms in LLZO are bonded to Zr
atoms to form a highly stable ZrO6 octahedral configuration. This
strong bond prevents the release of O2−/O2 gas and enhances the
oxidation stability of the material. This way, LLZO can withstand
high-voltage operation and is compatible with Li metal anodes.
However, LLTO is more prone to oxidation than LLZO. The oxy-
gen atoms in LLTO are bonded to Ti atoms, and this bonding en-
vironment is less stable than the ZrO6 octahedral configuration
in LLZO. Consequently, LLTO can release O2−/O2 gas under cer-
tain conditions, leading to material degradation and reduced sta-
bility. A notable example is the work conducted by Hu’s group,
which investigated a Ca2+ and Nb5+ substituted LLZO, known
as LLCZN.[150] LLCZN exhibited an exceptional ESW of up to
6 V (vs Li+/Li). Furthermore, the reduction potential of SSE is

determined by its cation framework, particularly the lower oxi-
dation states accessible to the cation and its thermodynamic re-
duction potential. SSEs with cations with lower oxidation states
and lower thermodynamic reduction potentials generally exhibit
lower reduction potentials. In these garnet-type LLZO SSEs, re-
duction reactions can occur, involving the reduction of cations
like Zr4+ to lower oxidation states, such as Zr3+, or even to the
metallic form.[174] Due to its low decomposition energy, LLZO
may undergo reduction decomposition reactions when the volt-
age falls below 0.05 V (vs Li+/Li). The reduction may generate
products such as Li2O, Zr3O, and La2O3.[174] It is widely acknowl-
edged that the electrochemical window of SSEs is defined by
their oxidation voltage and reduction potential. Specifically, the
oxidation voltage establishes the upper limit of the electrochem-
ical window, while the reduction potential determines the lower
limit. Therefore, when designing and utilizing electrolytes, care-
ful consideration of voltage selection is needed to avoid escaping
its stability range.[188] A NASICON-type oxide-based SSE, LATP
can undergo reduction reactions as well.[173] The Ti cations in
LATP can be reduced from Ti4+ to Ti3+ or even further to the
metallic form. A study conducted by Zhou’s group investigated
an ultra-fine surface LAGP SSE with the specific composition
Li1.5Al0.5Ge1.5P3O12, which belongs to the NASICON-type oxide
family.[84] The LAGP SSEs exhibited a wide electrochemical win-
dow ranging from 0.5 V to 6 V (vs Li+/Li).

Among the ceramic SSEs, sulfides exhibit relatively poor elec-
trochemical stability and thus come with narrower electrochemi-
cal windows. For example, Li2S is stable within the voltage range
of 0–2.01 V, and one of the notable sulfide SSEs, LGPS, under-
goes lithiation and reduction starting at 1.71 V.[189] The anionic
framework within their structure strongly influences the oxida-
tion stability of SSEs. The onset oxidation potential of sulfide
SSEs is highly dependent on factors such as the electronega-
tivity of the anion and its charge density. These properties di-
rectly impact the ability of SSEs to withstand oxidation processes.
SSEs with highly electronegative anions and high charge density
exhibit greater oxidation stability.[190] Fluorides, the most elec-
tronegative atoms, can be incorporated into SSEs to enhance
their oxidation stability, although fluoride-based SSEs generally
exhibit lower ionic conductivity.[191,192] The electrochemical sta-
bility of sulfide-based SSEs is also known to be influenced by their
structural properties. Theoretical calculations have predicted an
electrochemical window of 0.6–3.7 V (vs Li+/Li) for Li3PS4 (LPS)
SSE.[193] However, experimental results on nanostructured 𝛽-LPS
SSE, as reported by Liu et al., have demonstrated stability within
a wider voltage range of 0–5 V (vs Li+/Li).[176] This underscores
the importance of considering both theoretical calculations and
experimental design to improve the electrochemical stability of
SSEs.

Emerging PCPs demonstrated wide ESWs comparable to
those of sulfides. For MOFs, choosing metal centers and organic
linkers is important for their electrochemical behavior and, con-
sequently, their electrochemical windows.[194,195] Different metal
centers can exhibit varying redox potentials, affecting the upper
and lower voltage limits of the electrochemical window. Simi-
larly, the organic linkers’ nature and stability determine the MOF
structure’s overall electrochemical stability. A representative ex-
ample is the use of single-ion conducting UiO-66 MOF.[97] This
SSE is synthesized by covalently immobilizing anions onto the
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Figure 8. Experimental electrochemical windows of various SSEs. Polymer SSEs include ANP–BEG7,[109] AO-PIM-1-Li,[166] poly(VEC10-r-LiSTFSI),[167]

PVCA-SPE,[168] and 3D-SPE.[169] Oxide SSEs include Li4TiO12,[170] LiPON,[171] LLZO,[172] Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZN),[150] LATP,[173]

LAGP.[84] Sulfide SSEs include Li2S,[85] LGPS,[174] LGSbS-04,[175] 𝛽-Li3PS4 (LPS),[176] Li7P3S11,[177] Li6PS5Cl,[178] and Li6P2S8I.[179] MOF SSEs
include MOF-BZN,[96] UiO-66 MOFs,[97] Zr-BPDC-2SO3H,[180] UiO-67-Li,[126] and UiO-66-NH2.[125] COF SSEs include TpPa-SO3Li,[127] LiCON-
3,[130] Q-COF,[181] TPB-BD(OH)2-COF,[182] dCOF-ImTFSI-60@Li,[129] and COF-MCMC.[99] Composite SSEs include HMSE,[183] and LLZO (3D
nanofibers)/PEO,[184] (PEO)18LiClO4/TpPa-SO3Li(0.75),[185] PEO/PVDF–LATP,[137] and PLD-KAO CSE.[186]

MOF structure’s skeleton, which exhibited a wide electrochemi-
cal window of ≈1–5.2 V (vs. Li+/Li). Zeng et al. reported an SSE
incorporating cross-linked MOF chains, and this SSE displayed
an ESW of 5.1 V (vs Li+/Li).[180] Regarding the electrochemical
stability of COFs, various factors, including the nature of the or-
ganic linkers and the presence of functional groups, can impact
their electrochemical stability.[196] Understanding and optimiz-
ing these factors can help enhance the electrochemical stability
of COFs, making them more suitable for LMBs. Researchers have
developed COFs with enhanced stability and wider electrochem-

ical windows by designing chemically robust linkages and opti-
mizing the pore structures.[197] The sulfonate COFs, TpPa-SO3Li,
exhibited an electrochemical window of 0–4 V (vs Li+/Li).[127]

To enhance the stability and performance of COF-based SSEs,
researchers have employed ingenious post-functionalization
strategies. These strategies aimed to improve the oxidation resis-
tance of the COF skeleton, enabling it to withstand harsh elec-
trochemical conditions. After post-functionalization, quinolyl-
linked COF SSEs demonstrated improved oxidation resistance,
better compatibility with high-voltage NCM811 cathodes, and an
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expanded ESW of up to 5.6 V (vs Li+/Li).[181] The high-voltage
tolerance was attributed to the incorporation of stable electron-
withdrawing triazine and polyfluorobenzene groups into the
skeleton of the imine-linked COF. Furthermore, the Povarov re-
action was utilized to convert the reversible imine linkage into
more stable quinoline aromatic ring linkages. It served as the
first example of high-voltage tolerant COF-based SSEs, and dis-
played the highest oxidation voltage. Another noteworthy exam-
ple is the utilization of defective 2D COFs functionalized with
imidazolium groups, dCOF-ImTFSI-60-based SSE.[129] This COF
SSE demonstrated a remarkable ESW of up to 5.3 V (vs Li+/Li).
These findings suggest that MOFs and COFs have the potential
to serve as high-voltage SSEs for ASSLMBs.

Addressing the inherent limitations associated with the nar-
row ESWs of SSEs, especially the sulfide-based materials, can
be achieved by implementing a composite approach. For ex-
ample, a composite SSE, PEO/PEG-3LGPS, was developed by
integrating LGPS fillers within a polymer matrix consisting of
PEO and polyethylene glycol (PEG).[141] Notably, this composite
SSE exhibited an exceptional ESW surpassing 5.1 V (vs Li+/Li).
A noteworthy example from Hu’s group involves the develop-
ment of an oxide/polymer composite utilizing 3D garnet-type
Li6.4La3Zr2Al0.2O12 nanofibers as fillers and PEO as the matrix
material.[184] This composite exhibited an impressive ESW of
0–6 V (vs Li+/Li). In addition, investigations have been con-
ducted on the ESWs of composite systems comprising PCPs
and polymers. For example, the composite (PEO)18LiClO4/TpPa-
SO3Li(0.75), which combined a PEO polymer matrix with TpPa-
SO3Li iCOFs powder fillers, exhibited an enhanced ESW of 4.5 V
(vs Li+/Li), surpassing the ESW of 4 V observed from TpPa-SO3Li
alone.[185] These results highlight the effectiveness of making the
composite in achieving a wide ESW and, thus, high-performance
ASSLMBs.

2.5. Dendrite Suppression

Currently, LIBs utilizing flammable liquid electrolytes suffer
from safety issues caused by the formation and growth of Li
dendrites.[198,199] These dendrites can penetrate the porous sep-
arator and create internal short circuits, leading to cell ignition
and posing significant safety concerns. The same issues exist in
the LMBs and are even worsened to the extent that LMBs have
highly reactive Li metal as anode. Thus, the broader adoption of
LMBs depends on safety management related to dendrite growth.
In this context, SSEs are desirable for LMBs, as SSEs are non-
flammable and mechanically strong, effectively blocking the pen-
etration of Li dendrites, and electrochemically stable compared to
liquid electrolytes.[200,201]

While polymer SSEs offer advantages such as flexibility and
ease of processing, the soft nature of polymers is often considered
a crucial factor contributing to dendrite penetration.[202] Most
polymer SSEs demonstrate a low shear modulus, which renders
the electrolyte vulnerable to the growth of sharp dendritic struc-
tures. According to the Monroe and Newman model, dendrite
growth can theoretically be suppressed if the shear modulus of
SSEs is greater than 1.8 times the shear modulus of Li metal,
which is ≈2–4 GPa.[203,204] Various strategies are being explored
to address the issue of dendrite penetration in polymer SSEs.

These efforts involve the development of electrolyte additives or
modifications that aim to enhance the mechanical properties of
polymer SSEs. These additives, often called fillers, can be incor-
porated into the electrolyte system to improve mechanical prop-
erties, enhance thermal stability, provide structural support, or
achieve specific functionalities.[155] In addition, methods to in-
crease the stiffness of the polymer SSEs are being explored as
an effective means of suppressing dendrite growth.[205] For ex-
ample, Yang et al. introduced a polymer SSE that utilized an
in situ cross-linking approach of PEO in the presence of a wo-
ven glass fiber.[206] The resulting polymer SSE exhibited a sig-
nificantly high elastic modulus of up to 2.5 GPa, surpassing
PEO/LiTFSI’s modulus of ≈0.1 MPa.[207] The substantial eleva-
tion of the elastic modulus indicates heightened mechanical ro-
bustness, thereby suppressing dendrite formation.

Inorganic ceramic SSEs demonstrate significantly higher
shear modulus than soft polymer SSEs, making it easier to satisfy
the shear modulus criterion. For example, the garnet-type LLZO
exhibits an exceptionally high shear modulus of 100 GPa.[208]

This high mechanical strength can easily suppress the forma-
tion and growth of Li dendrites. Indeed, it has been widely be-
lieved that inorganic SSEs possess a rigid nature that should in-
herently restrict the growth and spread of Li dendrites within
these materials.[209] However, as research progressed, it became
apparent that the rigidity of inorganic SSEs alone is insuffi-
cient to prevent the formation and propagation of Li dendrites,
mainly when higher current density is applied.[210] Several fac-
tors can contribute to this, including defects or imperfections
in the SSEs, the interface between the SSEs and the electrodes,
and the influence of external operating conditions.[211,212] This
phenomenon has been observed in different material systems,
such as LLZO,[213] Li6PS5Cl,[214] and Li2S−P2S5.[215] To address
this challenge, researchers are exploring additional strategies be-
yond rigidity alone, including developing SSEs with minimized
defects, optimizing interface design to enhance adhesion, and
uniaxial cold or hot pressing to suppress dendrite growth.[202,216]

For example, Wang’s group incorporated LiI, a material with high
𝜎 but electronic insulation properties, into the Li2S−P2S5 SSE to
significantly enhance the suppression of dendrite formation.[217]

The resulting Li|SSE|Li symmetric cell demonstrated excellent
cycling performance, maintaining stable operation for 200 h at
a current density of 1.5 mA cm−2 and 100 °C. This highlights
the need for a comprehensive understanding of the interplay be-
tween material properties, interface interactions, and operating
conditions to effectively mitigate dendrite formation and ensure
solid-state battery systems’ long-term stability and safety.[218]

PCPs, such as MOFs and COFs, have been increasingly inves-
tigated as potential protective coatings for Li metal anodes to miti-
gate dendrite growth.[219,220] These materials exhibit unique prop-
erties, including designable structures, high rigidity and stabil-
ity, and versatile functionality. As an example, Guo’s group intro-
duced a zirconium-based MOF layer into the Li metal anode.[221]

The incorporation of this MOF layer facilitated uniform trans-
port of Li+ and exhibited significant mechanical strength. The
MOF materials employed in this study demonstrate a consid-
erably high Young’s modulus of approximately 32 GPa, result-
ing in an effective restriction of dendrite propagation. Single-
ion conducting PCP SSEs exhibit significant potential in sup-
pressing dendrite formation, effectively promoting uniform Li
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deposition. For instance, the UiO-66 MOFs SSE, with a high
tLi+ of 0.9, promoted the dense growth of Li deposits, resulting
in effective dendrite suppression.[97] Yue et al. reported triazine-
based COFs highly enriched in nitrogen, with a nitrogen con-
tent of 47.04 at%.[220] The COFs prepared in this work pos-
sess a remarkable Young’s modulus of 3.51 GPa, effectively im-
peding the formation of Li dendrites. Arumugam Manthiram’s
group reported COFs, synthesized via co-condensation reaction
of diboronic acid and hexahydroxytriphenylene, to show a high
Young’s modulus of 15–20 GPa.[222] The substantial strength of
this COF was sufficient to inhibit the growth of Li dendrites. Re-
cently, Zheng’s group reported an exciting breakthrough regard-
ing the remarkable mechanical strength of single-crystal 2D COF
films.[223] These elastic COF films exhibit an exceptional Young’s
modulus, with the highest value reported at 73.4 ± 11.6 GPa.
This outstanding mechanical strength of COF film-based mate-
rials renders them highly promising for utilization as SSEs in
battery applications. Notably, iCOFs, exhibiting both rapid Li+

conduction and suppression of Li dendrites, are promising as
solid electrolyte interphase (SEI) materials and SSEs. Notably, a
study by Xu’s group introduced 3D anionic COF SSEs called CD-
COF-Li.[224] The unique characteristic of single-ion conductivity
in iCOFs contributes to the superior ability of this type of COF
SSE to inhibit the growth of Li dendrites. The Li|CD-COF-Li|Li
configuration demonstrated stable cycling at a current density of
0.2 mA cm−2 for over 800 h. Further investigation is required
to gain a deeper understanding of the factors influencing the
growth of Li dendrites in SSEs based on MOFs and COFs. This
area of research necessitates additional research efforts to delve
into the underlying mechanisms and explore potential strategies
for dendrite suppression.

Composite materials consisting of both soft and rigid com-
ponents have been designed to address the trade-offs be-
tween Young’s modulus and interfacial contact in SSEs. Guo’s
group developed polymer/polymer composite SSEs using an
interpenetrating poly(ether-acrylate) structure.[225] These SSEs
were synthesized by photopolymerizing ion-conductive PEO and
branched acrylate. The rigid and flexible structure of this SSE of-
fered several advantages. It exhibits a high 𝜎 of 2.2 × 10−4 S cm−1

at r.t. Furthermore, it possesses sufficient mechanical strength,
with a value of ≈12 GPa, effectively impeding the Li dendrites
growth. He et al. presented a 3D composite SSE consisting
of LLZO and poly(vinylidene fluoride-co-hexafluoropropylene),
and this composite architecture synergistically combines high-
rigidity ceramics with soft polymers.[226] The resulting composite
SSEs demonstrated both high mechanical strength and uniform
deposition of Li+, thus effectively impeding the growth of Li den-
drites. As a result, the Li|SSE|Li symmetric cell utilizing this com-
posite SSE, when subjected to a current density of 0.2 mA cm−2,
could operate continuously for up to 1500 h. Guo’s group re-
ported the development of a thin-film LLZTO/PAN composite
SSE, where PEO SSE was applied on the surface of LLZTO/PAN
to prevent the reactivity between PAN and Li metal.[133] The
LLZTO/PAN/PEO sheet exhibited Young’s modulus of ≈9.7 GPa,
which provides the ability to effectively suppress the formation
of Li dendrites. Consequently, the Li|SSE|Li symmetric cell, uti-
lizing the thin-film LLZTO/PAN composite SSE sandwiched be-
tween two Li foils coated with PEO SSE, demonstrated stable
Li plating and stripping behavior for 300 h at a current den-

sity of 0.1 mA cm−2 and 60 °C. Manthiram’s group also pub-
lished a study on a polymer/iCOFs composite SSE synthesized
through in situ polymerization called DMA@LiTFSI-mediated
COF (DLC).[132] The SSE exhibited a dual SEI structure on its
surface, composed of an inorganic inner layer and an organic
outer layer. The high mechanical strength of the inner layer, with
Young’s modulus of ≈9 GPa, effectively suppressed the growth
of Li dendrites. Meanwhile, the soft top layer, with Young’s mod-
ulus of ≈4 GPa resulting from the DLC electrolyte, facilitates the
maintenance of electrode|electrolyte contact during Li stripping
and deposition. Overall, incorporating both soft and rigid mate-
rials in composite structures offers the potential for enhanced
mechanical properties, including an improved Young’s modulus,
while concurrently ensuring favorable interfacial contact with
the electrodes. This approach enables superior ion transport, re-
duced interfacial resistance, and overall enhanced performance
of the SSEs.

Now we summarize the above discussion about the properties
of different SSE types based on the six parameters in the radar
charts (Figure 9). Among various electrolytes, liquid electrolytes
demonstrate the highest levels of 𝜎 and exhibit exceptional in-
terfacial contact with electrodes.[227] As a result, most commer-
cial LIBs employ liquid electrolytes. However, their low electro-
chemical stability and vulnerability to dendrite growth make peo-
ple find alternatives for LMB applications.[228] Within the SSEs,
inorganic ceramics, PCPs (MOFs and COFs), and composites
demonstrate higher 𝜎 relative to conventional polymers. Inor-
ganic ceramics, MOFs, COFs, and composites demonstrate bet-
ter suppression of Li dendrites compared to conventional poly-
mers, owing to their improved mechanical properties and higher
tLi+ .[44] However, conventional polymers possess better interfacial
contact than other types of SSEs characterized by high rigidity,
such as inorganic ceramics, MOFs, and COFs. Composites can
make good interfacial contacts as well. Regarding electrochemi-
cal stability, conventional polymers, and inorganic ceramics do
not exhibit significant improvements compared to liquid elec-
trolytes. However, MOFs, COFs, and composite SSEs demon-
strate high levels of electrochemical stability among different
types of electrolytes. Among the various types of electrolytes, the
manufacturing cost for inorganic ceramic and PCPs stands out
as the two most expensive options. The elevated manufacturing
cost of inorganic ceramics can be attributed to the high cost of
raw materials and the substantial processing expenses associated
with high-temperature sintering procedures.[229,230] PCPs have
the highest manufacturing costs, primarily due to the intricate
and energy-intensive nature of the synthesis process and expen-
sive small-scale production.[231,232] However, costs are expected
to decrease when the scaled-up production is successful. We also
summarized this information on various SSE’s significant advan-
tages/disadvantages (Table 1).

3. State-of-the-Art Examples of SSEs in the Past 5
Years

Over the past 15 years, there has been a significant increase in
publications related to SSEs for LMBs (Figure 10). The total num-
ber of publications increased almost exponentially to become
509, 619, and 648 in 2021, 2022, and 2023, respectively (Note that
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Figure 9. Analysis of electrolytes for LMBs. a) Liquid. b) Polymers. c) Inorganic ceramic. d) Porous crystalline polymers (PCPs), MOFs, and COFs.
e) Composites: polymer + ceramics or PCPs. Balanced properties from composite SSEs seem to be ideal for practical ASSLMB applications.

we only included all-solid-state cases. The QSSEs cases are ex-
cluded). The publication in polymer is the major part, taking 47.7,
49.1, and 52.1% in 2021, 2022, and 2023, respectively. Compos-
ites take the second largest portion to be 33.4, 29.9, and 24.3%
in 2021, 2022, and 2023, respectively. Pure ceramics account for
a smaller portion, with 9.8, 10.5, and 10.7% in 2021, 2022, and
2023, respectively, several times less than polymer and composite
SSEs. Pure MOF and COF SSEs have the smallest shares. MOFs
take up 7.5, 8.6, and 9.5% in 2021, 2022, and 2023, respectively,
remaining below 10%. Although publications on COFs are mini-
mal, they exhibit a gradual upward trend, comprising 1.6%, 1.9%,
and 3.4% in 2021, 2022, and 2023, respectively. Composite SSEs
can be classified into four main categories based on the type of
fillers used in conjunction with a polymer matrix: polymer com-
posites, ceramic composites, MOFs composites, and COFs com-
posites. Ceramic composites hold the majority share among the
total composites, accounting for 60.6, 53.5, and 41.5% in 2021,
2022, and 2023, respectively. The total polymer shares, including
pure polymer and composite, dominate the research and com-
prise more than half of the SSE research. This dominance stems
from the benefits of decent yet efficient Li+ transport, high flexi-
bility, processability, favorable interfacial contact with electrodes,
and wide ESWs.[107] Other than polymer and ceramics compos-
ites, composites with filler materials, such as COFs, are still be-
ing explored and in their infancy, with a percentage remaining
around or less than 10%. Thus, we expect to see more contribu-
tions from these areas. In the following section, we analyze the
features and pros and cons of each SSE sector, polymers, oxides,
sulfides, MOFs, COFs, and their composites, and provide a com-

parison table of the 𝜎, tLi+ , and ESW (vs Li+/Li) of representative
SSEs, as well as LMB performance utilizing these SSEs at the end
of the section to understand recent trends in SSE research from
an overarching view.

3.1. Conventional Materials: Polymer

Polymer SSEs, consisting of a polymer host and Li salts such as
LiTFSI and lithium bis(fluorosulfonyl)imide (LiFSI), hold great
promise for solid electrolytes due to their ease of processing, flex-
ibility, low cost, good interfacial contact with electrodes, and ex-
cellent mechanical properties.[110] The first polymer SSE reported
was PEO. In 1973, Wright et al. discovered that blending PEO
with alkali metal salts showed noticeable ion conduction.[233] In
1979, Armand et al. validated Wright’s discovery and suggested
that the PEO/Li salt system has the potential to be used as elec-
trolytes for LIBs.[234] Their discovery opened a new era of poly-
mer electrolytes used in metal-ion batteries, mainly in lithium-
ion and sodium-ion batteries. However, the 𝜎 of PEO-based SSEs
at r.t. was quite low, remaining in the range of 10−8–10−5 S cm−1,
which is far below the performance requirements for practical
applications, 10−4–10−3 S cm−1.73 The low 𝜎 observed in PEO/Li
salt electrolytes can be attributed to the constrained motion of the
polymer segments within the crystalline region. Thus, elevated
temperatures, typically exceeding 60 °C, are often required to en-
hance the mobility of PEO polymer segments, thereby improv-
ing Li+ conduction. One approach to enhance the 𝜎 of PEO/Li
salt electrolytes involves reducing the crystallinity content. The
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Table 1. Comparison of the significant advantages and disadvantages of various SSEs.

Type 𝜎 at r.t. [S cm−1] tLi+ Advantages Disadvantages

Polymer 10−7–10−4 0.2–0.9 • High compatibility with Li
• Excellent interfacial contact with

electrodes
• Easy for large-scale production
• Excellent flexibility

• Low ionic conductivity
• Poor thermal stability

Sulfide 10−3–10−2 ≈1 • Excellent ionic conductivity
• High mechanical strength
• and good flexibility
• Good thermal stability

• Poor compatibility with electrodes
• Poor chemical and electrochemi-

cal stability

Oxide 10−4–10−3 ≈ ∖1 • High mechanical strength
• Excellent thermal stability
• High chemical and electrochemi-

cal stability

• Poor flexibility
• Difficulty in large-scale production
• Poor interfacial functionality

MOFs 10−5–10−4 0.6–0.9 • Excellent porosity for ion transport
• High mechanical strength
• High chemical and electrochemi-

cal stability
• Excellent versatility and functional-

ity

• Very high manufacturing cost
• Poor interfacial contact with elec-

trodes
• Moderate ionic conductivity

COFs 10−5–10−4 0.6–0.9 • High porosity for ion transport
• Excellent mechanical strength
• Excellent chemical and electro-

chemical stability
• Excellent versatility and functional-

ity

• High manufacturing cost
• Poor interfacial contact with elec-

trodes
• Moderate ionic conductivity

Composite 10−4–10−3 0.5–0.8 • High ionic conductivity
• Good flexibility
• Good interfacial contact with elec-

trodes

• Complicated preparation method
• Complicated ion transport mecha-

nism

incorporation of plasticizers has shown promise in significantly
enhancing the 𝜎 of PEO/Li salt electrolytes to levels surpass-
ing 10−4 S cm−1 at r.t., primarily by reducing the content of the
crystalline phase.[235] However, it is important to note that most
plasticizers utilized are liquid-based materials, including ethy-
lene carbonate-based organic solvents and ionic liquids. Con-
sequently, such electrolyte formulations cannot be classified as
SSEs.

Since the pioneering discovery of PEO as SSEs, extensive re-
search has been conducted to explore the suitability of various
polymer hosts, such as polycarbonate,[236] polyester,[237] PVDF,[75]

and its copolymers.[238] Among the polymer SSEs, PEO mixed
with Li salts such as LiTFSI is the typical type of polymer
electrolyte.[239] For example, Butzelaar et al. reported a styrene-
based PEO side-chain copolymer by mixing them with LiTFSI,
which exhibited a 𝜎 of 1.6 × 10−5 S cm−1 at 25 °C.[240] The fabri-
cated full cell with Li|SSE|NMC622 configuration showed a high
initial discharge capacity of approximately 175 mAh g−1 and a ca-
pacity retention of 57% after 100 cycles at 0.1 C at 60 °C. Zhang
et al. prepared LiFSI/PEO polymer SSEs, yielding SSE mem-
branes with specific molar ratios (Figure 11a,b).[241] The resulting
LiFSI/PEO SSE demonstrated a 𝜎 of 3.3 × 10−4 S cm−1 at 60 °C,
when the EO/Li+ molar ratio was 20 (Figure 11c). In comparison,
the LiTFSI/PEO SSE exhibited a higher 𝜎 of 4.7 × 10−4 S cm−1

at 60 °C under the same EO/Li+ molar ratio. Moreover, the
Li|LiFSI/PEO|LFP cell utilizing this LiFSI/PEO SSE exhibited

stable cycling performance at 0.2 C and 80 °C, delivering an ini-
tial discharge capacity of 146 mAh g−1 and maintaining a capacity
of 144 mAh g−1 after 20 cycle (Figure 11d).

Some strategies can be employed to improve the tLi+ of PEO-
based SSEs, leading to enhanced cycling stability when used
in ASSLMBs. One such strategy is the addition of fillers. For
instance, Li et al. prepared a hexagonal boron nitride (h-BN)-
PEO composite polymer electrolyte where h-BN was used as
the filler.[242] They showed the presence of BN inhibited anions
movement and improved the selectivity of Li+ transport. The

Figure 10. Publication trends on LMBs with different types of SSEs. Search
data was updated in May 2024. Source: Web of Science.
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Figure 11. PEO SSE for ASSLMBs. a,b) Digital images of LiFSI/PEO SSE membrane with EO/Li+ molar ratios of 20 (a) and 8 (b). c) Arrhenius plot of
the 𝜎 of LiFSI/PEO SSE. d) The cycling performance of a Li|LiFSI/PEO|LFP cell at 0.2 C and 80 °C. Reproduced with permission.[241] Copyright 2014,
Elsevier.

composite SSE achieved a maximum tLi+ of 0.56, surpassing the
tLi+ value of 0.25 observed in the PEO/LiTFSI SSE. The improve-
ment in tLi+ contributes to enhanced Li+ transport and helps sup-
press the formation of Li dendrites. In line with these findings,
the Li|SSE|Li symmetric cell, utilizing the h-BN/PEO/LiTFSI
composite SSE, demonstrated an extended cycle time of 430 h
when operated at a current density of 0.2 mA cm−2. Additionally,
the Li|SSE|LFP cell exhibited an initial discharge capacity of 144
mAh g−1 and a capacity retention of 93% after 140 cycles at 0.2 C
and 60 °C.

PVDF-based SSEs generally exhibit 𝜎 below 10−4 S cm−1

at r.t. The copolymer poly(vinylidene-co-hexafluoropropylene)
(PVDF-HFP) can be employed to enhance the 𝜎 of PVDF SSEs.
In this formulation, the incorporation of hexafluoropropylene
segments facilitates partial amorphization, which boosts Li+

conduction.[243] At the same time, the crystalline regions retained
in the structure contribute to maintaining essential mechani-
cal strength. Furthermore, the 𝜎 of PVDF-based electrolytes can
be significantly enhanced by developing gel-based formulations.
For instance, Jie et al. demonstrated the creation of a PVDF-
HFP gel polymer by incorporating N-methyl-2-pyrrolidone as
a solvent.[244] This approach resulted in an impressive 𝜎 of
7.2 × 10−4 S cm−1 at 70 °C, alongside an ESW of 5.2 V and a tLi+ of
0.57. However, it is important to note that gel-based electrolytes
should be categorized as QSSE.

Poly(ionic liquid)s (PILs), having charges on the backbones,
have emerged as highly promising candidates for polymer SSEs
and have garnered increasing attention. This is primarily at-
tributed to their distinct properties when compared to neutral

polymers. PILs offer several advantageous characteristics, includ-
ing exceptional chemical stability, wide ESWs that can exceed 5 V
(vs Li+/Li), non-flammability, excellent thermal stability exceed-
ing 300 °C, and diverse structural variations.[245] These unique
attributes make PILs attractive for SSEs in advanced energy stor-
age systems. PILs refer to a class of ionic liquid polymers with an-
ionic and cationic groups on repeating units, which are produced
by the polymerization of ionic liquid monomers and have both
properties of ionic liquids and polymers. 𝜎 is a fundamentally
important property of PILs as it arises from the presence of ion
species that are incorporated into the polymer backbone.[246–248]

In the solid-state near r.t., most reported PIL SSEs exhibit a be-
havior where only the counter ions act as charge carriers, while
the movement of the ionic backbone is minimal, contributing
high 𝜎 and tLi+ . PILs offer the advantage of tunable 𝜎 through
three key aspects: the glass transition temperature, polymer ar-
chitecture, and molecular weight. By adjusting these parameters,
the 𝜎 of PILs can be tailored to meet specific requirements, mak-
ing them versatile materials for SSEs.[249] It is noteworthy that
PILs possess the remarkable ability to facilitate the transport of
Li+ even in the absence of additional Li salt additives. Further-
more, PILs can also serve as effective hosts for Li salt incorpora-
tion as SSEs. This unique characteristic positions PILs as highly
promising candidates for SSEs in the context of LMBs. The dual
capability of PILs to transport Li+ without Li salt and accommo-
date Li salt as SSEs highlights their potential for enabling ad-
vanced LMB technologies.[250]

Dong et al. presented a study on a cross-linked SSE compris-
ing polytetramethylene ether glycol and 1-vinyl-3-butylimidazole
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 16163028, 2025, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202411171 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [13/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

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


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

Figure 12. PIL-based SSE demonstrated fast Li+ transport facilitated by forming a co-coordination structure. a) Chemical structures of PIL (PDADMA
FSI) and LiFSI salt. b) tLi+ of PDADMA FSI/LiFSI SSEs with varying compositions at 80 °C. c) The cycling performance of Li|PDADMA FSI/LiFSI|Li
symmetric cell at different current densities. d) The cycling performance of the Li|PDADMA FSI/LiFSI|NMC cell at 0.1 C and 80 °C, the first two cycles
were operated at 0.05 C. e) The charge and discharge profiles of the Li|PDADMA FSI/LiFSI|NMC cell. Reproduced with permission.[113] Copyright 2019,
Elsevier.

bis(trifluoromethylsulfonyl)imide ionic liquid. The SSE demon-
strated a 𝜎 of 3.2 × 10−5 S cm−1, with a tLi+ of 0.47 at r.t.[251] The
enhanced 𝜎 in this SSE was attributed to the favorable loose coor-
dination between the polymer chain and Li+, a characteristic that
distinguishes it from PEO-based SSEs. The Li|SSE|LFP cell us-
ing the PIL SSE showed excellent cycling stability, with an initial
discharge capacity of 155 mAh g−1 and 99.5% capacity retention
after 100 cycles at 0.1 C and r.t. In 2019, Forsyth’s group pro-
posed improving Li+ transport by designing a co-coordination
structure in a PIL-in-salt electrolytes system (Figure 12).[113]

The PIL employed was poly(diallyldimethylammonium)
bis(fluorosulfonyl)imide, denoted as PDADMA FSI (Figure 12a).
PIL-in-salt SSE enhanced Li+ transport, achieving a 𝜎 of
7.0 × 10−5 S cm−1 at 80 °C with a PIL to LiFSI molar ratio
of 1:1.5, while maintaining a tLi+ of 0.56 even at high Li salt
content (Figure 12b). The Li|PDADMA FSI/LiFSI|Li sym-
metric cell exhibited stable cycling performance, sustaining
a current density of up to 0.2 mA cm−2 (Figure 12c). When

Li1/3Ni1/3Mn1/3CoO2 (NMC) is utilized as the cathode material,
the Li|PDADMA FSI/LiFSI|NMC cell demonstrated excellent
cycling performance at 80 °C, delivering an initial discharge
capacity of 188 mAh g−1 and a capacity retention of 67.6% after
50 cycles (the cell was operated at 0.05 C for the first 2 cycles,
then at 0.1 C) (Figure 12d,e). This strategy can be extended to
SSEs that facilitate the conduction of other ions such as K+, Na+,
and OH−.[252,253] However, the limitation of low 𝜎 at r.t. hampers
the full realization of their potential in ASSLMBs. Addressing
this challenge is crucial to further exploit the advantages of
PIL-in-salt SSEs in practical LMB applications.

3.2. Recent Trends

In the realm of SSEs, inorganic ceramic SSEs exhibit the
highest 𝜎, and tLi+ approaching near unity. These characteris-
tics make them highly desirable for advanced energy storage
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Figure 13. Representative oxides SSEs (LATP and LAGP) for ASSLMBs. a) The crystal structure of LATP. Reproduced with permission.[262] Copyright
2015, Royal Society of Chemistry. b) The Li migration pathway in LATP. Reproduced with permission.[263] Copyright 2015, American Chemical Society.
c) The crystal structure of LAGP. d) The Li+ hopping pathway in LAGP. Reproduced with permission.[264] Copyright 2018, American Chemical Society.
e) The voltage profiles of Li|LATP|LFP cell at 1.5 C and various cycles. Reproduced with permission.[265] Copyright 2020, Wiley-VCH Verlag GmbH & Co.
KgaA. f)The cycling performance of Li|LAGP|LFP cell at 0.05 C and r.t. Reproduced with permission.[266] Copyright 2018, American Chemical Society.

applications. However, as discussed earlier, one critical challenge
associated with inorganic ceramic SSEs is the issue of interfa-
cial contact. The interface between the ceramic electrolyte and
electrode materials can be unstable, causing overall performance
degradation.[63,254,255] To address this challenge, current research
trends focus on developing inorganic ceramic SSE composites
with polymer materials.[256] By incorporating polymers into ce-
ramic electrolytes, the interfacial resistances can be reduced. This
section provides a detailed analysis of inorganic ceramic SSEs
and their composites, exploring their properties, design strate-
gies, and performance as SSEs for ASSLMBs.

3.2.1. Inorganic Ceramic

The field of inorganic SSEs for LIBs has a long and rich history,
and a significant milestone was achieved in 1992 with the fabri-
cation of a thin-film type lithium phosphorus oxynitride (LiPON)
material as an SSE.[257,258] Since then, inorganic SSEs have gar-
nered widespread attention and have been extensively studied for
their potential applications in LIBs. Based on the crystal struc-
tures, the exploration of inorganic SSEs for solid-state batter-
ies primarily focuses on several types of materials: perovskite-

type, NASICON-type, Li superionic conductor (LISICON)-type,
garnet-type, and sulfide-type. These conductors can be broadly
classified into two categories: oxides and sulfides. The section
will delve into a detailed discussion of oxides and sulfides, ex-
ploring their characteristics, properties, and applications as solid
Li+ conductors. Furthermore, halides have garnered significant
attention over the past five years; this review will also explore
halide-based SSEs.

The perovskite-type LLTO was first reported in 1993 as oxide-
based SSE, demonstrating a remarkable 𝜎 of 2.0 × 10−5 S cm−1 at
r.t.[259] In 1997, the first NASICON-type oxide-based SSEs, LATP
and LAGP were reported by Jie Fu, showing 𝜎 of 1.3 × 10−3 S
cm−1 and 4.0× 10−4 S cm−1 at r.t., respectively.[260,261] Figure 13a,b
illustrates the crystal structure and Li migration pathway of
LATP, respectively.[262,263] Similarly, the crystal structure and
Li+ hopping pathway of LAGP are depicted in Figure 13c,d,
respectively.[264] The Li|LATP|LFP and Li|LAGP|LFP cells exhib-
ited satisfactory initial discharge capacities (Figure 13e,f).[265,266]

However, their cycling performance was compromised due to the
elevated internal resistance resulting from the reduction reaction
between the Li metal anode and the pristine LATP or LAGP SSEs.
The Li|LATP|LFP cell displayed an initial specific capacity of 150
mAh g−1 and a low capacity of retention of 7.4% after 100 cycles
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Figure 14. Representative oxides SSEs (LLZO) for ASSLMBs. a) The crystal structure of LLZO. b) The Li+ migration pathway in LLZO. Reproduced with
permission.[267] Copyright 2017, Springer Nature. c) 𝜎 at 25 °C and relative densities of the Ga-doped LLZO SSEs as a function of sintering time at
1100 °C. Reproduced with permission.[268] Copyright 2020, Elsevier. d) The schematic diagrams of the interphase-engineered all-ceramic LCO/LLZO
cathode/electrolyte system. e) The voltage profiles of the interphase-engineered all-ceramic Li|LLZO|LCO cell at 0.05 C and 25 °C. f) The cycling perfor-
mance of the interphase-engineered all-ceramic Li|LLZO|LCO cell at 0.05 C and 25 °C. Reproduced with permission.[270] Copyright 2018, Elsevier.

at 1.5 C and r.t. Similarly, the Li|LAGP|LFP cell demonstrated an
initial capacity of 96 mAh g−1 and a low capacity of retention of
37.5% after 50 cycles at 0.05 C and r.t.

In 2007, a significant development was made by Murugan
et al., where the authors developed a garnet-type oxide SSE
known as LLZO, and this SSE exhibited exceptional chemical
and thermal stability and demonstrated a high 𝜎 of 3.0 × 10−4

S cm−1 at 25°C.[82] This breakthrough opened up new possibili-
ties for utilizing LLZO as a promising SSE material in solid-state
batteries, offering enhanced safety and performance character-
istics. In recent years, oxide SSEs have gained more and more
interest owing to high 𝜎, 10−4–10−3 S cm−1, wide ESWs, excel-
lent chemical stability, and high mechanical properties.[10] Some
garnet-type LLZO SSEs have achieved even higher 𝜎, over 10−3

S cm−1 at r.t.[71] The crystal structure and Li+ migration path-
way through LLZO can be found in Figure 14a,b, respectively.[267]

In a study by Huang et al., a Ga-doped LLZO SSE was syn-
thesized by sintering the powder at 1,100 °C for 320 minutes
(Figure 14c).[268] The resulting sintered material exhibited rel-
ative densities exceeding 94% and conductivities higher than

1.2 × 10−3 S cm−1 at 25 °C. However, to attain dense ceramics ex-
hibiting high 𝜎 within the range of 10−4–10−3 S cm−1 at r.t., sinter-
ing at over 1000 °C is typically required. Furthermore, oxide SSEs
often lack flexibility due to their inherent rigidity, which presents
challenges in accommodating volume changes of electrode ma-
terials during cycling.[269] Consequently, this can lead to com-
promised contact between oxide SSEs and electrodes. Wang’s
group introduced an innovative approach to address the inter-
facial resistance between LLZO and LCO through interphase
engineering.[270] Specifically, they employed thermal soldering
to join LCO and LLZO using the Li2.3-xC0.7+xB0.3-xO3 SEI, which
forms through the reaction between Li2.3C0.7B0.3O3 solder and
Li2CO3 coatings on both LLZO and LCO (Figure 14d). The re-
sulting superior interface between LCO and LLZO enabled an all-
ceramic Li|LLZO|LCO cell to exhibit stable cycling performance
at 0.05 C and 25 °C, with the capacity stabilizing at approximately
83 mAh g−1 over 100 cycles (Figure 14e,f). However, consider-
ing the need for high-temperature processing and the rigid na-
ture of LLZO-based materials, large-scale production becomes
cost-prohibitive.
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Inorganic oxide-based SSEs have been studied widely, such
as superionic conductor NASICON type, e.g., LAGP, Perovskite
type, e.g., LLTO, and garnet type, e.g., LLZO. As mentioned, they
show a range of 𝜎 from 10−4 to 10−3 S cm−1 at r.t. and pos-
sess excellent mechanical strength. However, their applications
are limited due to challenges such as poor flexibility, inadequate
interfacial functionality, and high production costs, particularly
for large-scale manufacturing.[269,271] Most of the full cells us-
ing ceramics have carefully addressed those issues. For exam-
ple, Zheng et al. employed an in situ grain boundary modifica-
tion approach by leveraging the reaction between Li2TiO3 (LTO)
and a tantalum (Ta)-substituted garnet-type electrolyte (referred
to as LLZT).[272] This method resulted in an SSE with a 𝜎 of
≈5.0 × 10−4 S cm−1 at r.t. The Li|SSE|Li symmetric cell, uti-
lizing the LLZT/LTO composite SSE, demonstrated a remark-
ably high critical current density of up to 1.8 mA cm−2. Fur-
thermore, the symmetric cell exhibited excellent cycling stabil-
ity, maintaining stable performance for over 2000 h at a cur-
rent density of 0.3 mA cm−2. Furthermore, upon integration of
the LLZT/LTO composite SSE into a full cell configuration, with
NCM622@UiO66 serving as the cathode, the full cell demon-
strated an impressive capacity retention of 86.3% after undergo-
ing 200 cycles at a rate of 0.2 C. This corresponded to a main-
tained capacity of 149.3 mAh g−1. Additionally, incorporating
dopants is another method that can be employed to enhance
electrolyte performance and address interface issues. Kim et al.
presented a novel methodology wherein they customized garnet-
type LLZO SSE by manipulating bulk dopant concentrations and
applying dopant-specific interfacial modification methods utiliz-
ing protonation/etching techniques.[273] The Ta-doped LLZO (Ta-
LLZO) SSE demonstrated a 𝜎 of 5.1 × 10−4 S cm−1 at 25 °C. Fur-
thermore, the Ta-LLZO SSE exhibited a stable EIS spectrum for
72 h, enabling the Li|SSE|Li symmetric cell to sustain continu-
ous operation for more than 160 h at a current density of 0.2 mA
cm−2 and 60°C. Additionally, when the protonated Ta-LLZO SSE
was employed in the Li|SSE|NCM111 full-cell configuration, it
displayed an initial areal capacity of 3.2 mAh cm−2 and a capacity
retention of 95% after 1000 cycles at a rate of 0.5 C and 60 °C.

Sulfide SSEs have garnered significant attention due to their
high 𝜎, up to 10−2 S cm−1 at r.t., surpassing that of certain com-
mercial liquid electrolytes, which attracted many researchers into
the field. Also, sulfide SSEs exhibit favorable mechanical strength
and flexibility. Notably, these materials can be processed at lower
temperatures than oxide SSEs, offering potential advantages in
terms of manufacturing and scalability.[274] However, these sul-
fide SSEs have limitations, including relatively narrow ESWs,
poor chemical compatibility with electrodes, and the propensity
to form Li dendrites within the electrolyte.[275,276] Thio-LISICON,
which is derived from a LISICON-type 𝛾-Li3PO4 SSE through the
substitution of oxygen with sulfur, has shown promising perfor-
mance in addressing most of the limitations.[277] Thio-LISICON
SSEs generally exhibit higher 𝜎 compared to their oxide counter-
parts. This is attributed to the lower electronegativity of S com-
pared to O, which decreases the binding energy between Li+

and the electrolyte, consequently facilitating enhanced ion mi-
gration channels and promoting the movement of Li+ within
the electrolyte.[278] In 2011, Kanno’s group made a groundbreak-
ing achievement by introducing a LISICON known as LGPS
(Figure 15a–c).[92] This material possesses a 3D crystal structure

with the general configuration Li11−xM2−xP1+xS12, where M rep-
resents a metal cation, such as Ge, Si, or Sn, and demonstrates
an exceptional 𝜎 of 1.2 × 10−2 S cm−1 at r.t. (Figure 15e). No-
tably, this 𝜎 level is the highest among all SSEs at that time. Kuhn
et al. employed a range of techniques, including impedance spec-
troscopy, electron diffraction, XRD,[7]Li nuclear magnetic reso-
nance (NMR),[31]P magic angle spinning (MAS) NMR, and oth-
ers, to investigate the Li+ kinetics of LGPS.[279] In their study,
they discovered that the primary reason for the high 𝜎 observed
in LGPS is the isotropic movement of Li+ within the bulk lat-
tice. This finding suggests that the rapid jumping of Li+ con-
tributes significantly to the overall 𝜎 of the LGPS electrolyte.
This successful fabrication of the LGPS SSE represented a sig-
nificant milestone in developing sulfide SSEs, contributing to
the advancement of high-performance Li-based batteries. How-
ever, the Li|LGPS|LFP cell displayed a quite low initial capacity of
22 mAh g−1 and substantial polarization at 0.1 C (Figure 15g).[280]

Furthermore, the Li|LGPS|LFP cell exhibited poor cycling stabil-
ity, with the capacity dropping to zero after 60 cycles (Figure 15h).
In comparison, the Li|PCE-LGPS-PCE|LFP cell with a plastic
crystal electrolyte (donated as PCE, was made of 5 mol% LiTFSI
in succinonitrile) interlayer between Li metal and LGPS demon-
strated much better electrochemical performance due to the in-
terlayer effectively mitigated the interfacial reactions between
LGPS and Li metal. It demonstrated a notable higher initial
capacity of 131 mAh g−1 at 0.5 C, and a capacity retention of
91.6% after 120 cycles. These unfavorable electrochemical per-
formances in LGPS-based ASSLMBs are primarily attributed to
severe interfacial resistances and side reactions between LGPS
and Li metal anode, as well as suboptimal solid-solid contact
between LGPS and LFP cathode.[281] These findings showed
that interface engineering is critical in enabling the widespread
application of LGPS-based ASSLMBs. In 2013, Seino’s group
achieved another notable advancement in sulfide SSEs by devel-
oping a Li2S−P2S5 glass-ceramic Li+ conductor with a high 𝜎 of
1.7 × 10−2 S cm−1 at r.t. as well as a low conduction activation en-
ergy of 17 kJ mol−1.[282] This substantial increase in conductivity
can be attributed to two key factors: the reduction in grain bound-
ary resistance and the diminished impact of voids, both arising
from the heat treatment process. Building upon their previous
work on LGPS SSE, Kanno’s group developed an outstanding
LISICON with a composition of Li9.54Si1.74P1.44S11.7Cl0.3 in 2016
(Figure 15d).[93] This new sulfide SSE exhibited an extraordinar-
ily high 𝜎 of 2.5 × 10−2 S cm−1 at r.t. due to the 3D Li+ pathways
(Figure 15f), which is double of the LGPS’s conductivity and set a
record at that time. Notably, this SSE does not contain the expen-
sive element Ge, making it even more promising for developing
high-performance and cost-effective SSEs in next-generation ad-
vanced ASSLMBs.

Nazar’s group has developed a scalable and solution-
engineered strategy for sulfide materials, which includes
synthesizing a novel argyrodite solid solution phase called
Li6–yPS5–yCl1+y (y = 0–0.5). The resulting SSE obtained through
this method exhibited an exceptionally high 𝜎 of 3.9 × 10−3 S
cm−1 at r.t. while displaying negligible electronic conductivities.
Moreover, this group fabricated a Li11Sn6|Li6PS5Cl|TiS2 cell us-
ing this electrolyte, which demonstrated a theoretical capacity of
239 mAh g−1 at a rate of 0.11 C. Notably, this cell exhibited no dis-
cernible difference in performance compared to the one utilizing
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Figure 15. Representative sulfide SSEs (LGPS) for ASSLMBs. a) The ionic conduction in LGPS involves the participation of Li+ within its framework
structure. b) The crystal structure of LGPS. c) Li+ migration pathway in LGPS. Reproduced with permission.[92] Copyright 2011, Springer Nature.
d) The crystal structure of Li9.54Si1.74P1.44S11.7Cl0.3. Reproduced with permission.[93] Copyright 2016, Springer Nature. e) 𝜎 of LGPS SSE as a function of
temperature. Reproduced with permission.[92] Copyright 2011, Springer Nature. f) Arrhenius plot of the 𝜎 of Li9.54Si1.74P1.44S11.7Cl0.3 SSE, LGPS family,
and Li9.6P3S12 SSEs were also compared. Reproduced with permission.[93] Copyright 2016, Springer Nature. g) The voltage profiles of the Li|LGPS|LFP
cell at 0.1 C and r.t. h) The cycling performance of the Li|LGPS|LFP and Li|PCE-LGPS-PCE|LFP cells at r.t. Reproduced with permission.[280] Copyright
2019, Wiley-VCH.

a solid-state-derived electrolyte. This observation suggests that
any minor impurities formed during the solution-engineered
process have minimal impact on the overall cell performance.[283]

To address the issues of poor compatibility between sulfide-based
SSEs and Li metal, as well as the sensitivity to air, Sun’s group in-

troduced a novel approach by substituting Sn (IV) for P (V) in the
argyrodite sulfide Li6PS5I (LPSI), resulting in the development
of LPSI-xSn SSEs where “x” represents the Sn substitution per-
centage. Among these SSEs, LPSI-20Sn, with a Sn substitution
percentage of 20%, exhibited a 𝜎 of 3.5 × 10−4 S cm−1 at 25 °C.
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Notably, this value is 125 times higher than that of the original
LPSI SSE, demonstrating the significant improvement achieved
through Sn substitution.[284] The high 𝜎 exhibited by LPSI-20Sn
allowed the I-containing electrolyte to function as a stable inter-
layer, effectively mitigating the reactivity between the electrolyte
and Li metal in sulfide-based symmetric cells and ASSLMBs.
This enhanced interlayer stability contributed to the batteries’ ex-
ceptional cycling stability and rate capability. Consequently, in the
Li|LPSI-20Sn|Li symmetric cell, stable Li plating and stripping
behavior were observed for an extended period. Specifically, the
cell exhibited stable performance for over 700 h (equivalent to 350
cycles) at a current density of 0.1 mA cm−2 (the cut-off capacity
was 0.1 mAh cm−2) and r.t. Additionally, even under the demand-
ing conditions of a high current density of 1.26 mA cm−2 and a
cut-off capacity of 1 mAh cm−2, the cell maintained stable Li plat-
ing and stripping profile for ≈200 h (corresponding to 125 cycles).
To showcase the practical application of the LPSI-20Sn SSE in
ASSLMBs, Sun’s group incorporated the LPSI-20Sn SSE as the
interlayer between the Li metal and LGPS electrolyte. They uti-
lized a LiNbOx-coated LCO (LCO@LNO) cathode in their setup.
As a result, the Li|LGPS/LPSI-20Sn|LCO@LNO cell exhibited an
initial specific capacity of ≈113 mAh cm−1 at a rate of 0.1 C
(where 1 C corresponds to 140 mA gLCO

−1) and r.t. After 50 cycles,
the cell achieved a capacity retention of 88.5%. Furthermore, the
Li|LGPS/LPSI-20Sn|LCO@LNO cell demonstrated excellent rate
performance, reaching a capacity of 93.8 mAh cm−1 at a rate of
1 C and r.t. These results highlight the favorable electrochemical
characteristics and potential of the LPSI-20Sn SSE for ASSLMBs,
showcasing its ability to support high-capacity and stable cycling
performance even under demanding operating conditions. In ad-
dition, various doping materials are employed to enhance the 𝜎

of sulfide-based SSEs and improve their interfacial stability with
the electrodes. In 2022, Zhang et al. conducted a study where
they introduced rare earth oxide La2O3 as a doping component
for LPS sulfide SSEs, demonstrating improved performance for
the first time.[285] They generated a range of sulfide-based SSEs
with a formula of (100-x)(LPS)-xLa2O3, where x represents dif-
ferent doping levels, including 0, 1, 2, and 3. Among the syn-
thesized (100-x)(LPS)-xLa2O3 SSEs, the 98(LPS)-2La2O3 SSE ex-
hibited the highest 𝜎 of 2.4 × 10−4 S cm−1 at r.t. Furthermore, it
displayed a wide ESW of up to 5.0 V (vs Li+/Li). The interfacial
compatibility between the 98(LPS)-2La2O3 SSE and Li metal an-
ode was found to be significantly superior compared to that be-
tween LPS SSE and Li anode. As a result, Li|98(LPS)-2La2O3|Li
symmetric cell exhibited stable cycling for 250 h at a current
density of 0.1 mA cm−2, with a polarization voltage of 100 mV
after the cycling test. In contrast, Li|LPS|Li cells demonstrated
a high polarization voltage of 1.25 V, while both cells started
with an initial polarization voltage of 50 mV. Furthermore, a
double-layer sulfide SSE configuration consisting of LGPS and
98(LPS)-2La2O3 was employed to investigate the applicability of
the sulfide-based SSE in ASSLMBs with a cathode of LCO. The
Li|LGPS/98(LPS)-2La2O3|LCO cell exhibited an initial specific ca-
pacity of 118.5 mAh g−1 and maintained 75.8% capacity retention
after 100 cycles at 0.1 C. Similarly, Fan’s group prepared a range
of novel Li3+2xP1−xBixS4−1.5xO1.5x (x = 0.02, 0.04, 0.06, 0.08) SSEs
through the process of co-doping LPS with Bi and O.[286] The co-
doped Li3.12P0.94Bi0.06S3.91O0.09 SSE demonstrated a 𝜎 nine times
higher than LPS, reaching 2.8 × 10−3 S cm−1 at r.t., indicating im-

proved conductivity, as well as enhanced air-stability. It is note-
worthy that the Li|Li3.12P0.94Bi0.06S3.91O0.09|Li symmetric cell ex-
hibited remarkable stability, remaining stable for a duration of
400 h even when subjected to a high current density of 1 mA cm−2

and 25 °C. Furthermore, the Li|Li3.12P0.94Bi0.06S3.91O0.09|LiNbO3
coated NCM523 cell exhibited 83.2% discharge capacity reten-
tion after 50 cycles at 0.1 C and 25 °C, corresponding to a ca-
pacity of 106.1 mAh g−1. These findings indicate the potential
of the co-doped sulfide-based SSEs in enabling stable and high-
performance ASSLMBs.

In 2023, Kanno’s group published a significant advance-
ment in LISICON-type SSE.[94] They modified the existing LGPS
framework to alter its compositional complexity by employing
a high-entropy material design. This modified SSE, denoted
as LSiGePSBrO (Figure 16a), exhibited increased compositional
complexity to eliminate ion migration barriers while maintain-
ing the structural framework necessary for efficient ion con-
duction. Notably, the bulk 𝜎 of this SSE reached an impres-
sive value of 3.2 × 10−2 S cm−1 (Figure 16b), which stands
as the highest reported 𝜎 among SSEs to date. Moreover, the
Li|Li10.25P3S12.25I0.75|LSiGePSBrO/LiNbO3-coated LCO ASSLMB
cell ultilizing LSiGePSBrO as the catholyte, demonstrated out-
standing rate performance at 60 °C. It achieved discharge areal
capacities of 14 mAh cm−2 and 11 mAh cm−2 at 0.025 C and 1 C,
respectively (Figure 16c). This breakthrough holds great promise
for the development of advanced SSEs, also emphasizes the im-
portance of achieving high 𝜎 for the electrochemical performance
of ASSLMBs employing a thick cathode configuration. Neverthe-
less, sulfide SSEs do have certain drawbacks. First, sulfides are
highly sensitive to moisture and can react with moisture in the
air, leading to the generation of H2S gas, which can degrade and
compromise the electrolyte.[287] Additionally, most sulfide SSEs
are susceptible to reduction at low potentials when in contact
with Li metal and oxidation at moderate potentials.[288] Further-
more, sulfide SSEs often exhibit poor compatibility with cathode
materials.[289]

Before 2018, halide SSEs received limited attention primarily
due to their low 𝜎 (<10−3 S cm−1) at r.t., compared to oxides and
sulfides.[290] A significant breakthrough occurred in 2018 when
Asano et al. successfully synthesized Li3YCl6 and Li3YBr6, achiev-
ing high 𝜎 exceeding 10−3 S cm−1 at r.t. by employing high-energy
ball milling followed by high-temperature annealing.[291] This
milestone spurred rapid progress in developing halide SSEs for
LMBs. In particular, ternary halide SSEs with the general formula
Li3MX6, where M denotes metal elements such as Y, Er, In, or Sc,
and X signifies halide elements such as Cl, Br, or I, have attracted
significant attention for their ability to achieve 𝜎 in the range of
10−3 S cm−1 at r.t.[292] In 2020, Sun’s group reported the develop-
ment of highly conductive monoclinic halide SSEs with the for-
mula Li3ScCl6, achieved by optimizing the occupancy of Li and
Sc sites.[293] This Li3ScCl6 SSE, prepared using a cold-pressing
method, demonstrated a remarkable 𝜎 of 3.0 × 10−3 S cm−1 at
r.t. Furthermore, the Li3ScCl6 SSE exhibited a wide electrochem-
ical window ranging from 0.9 to 4.3 V (vs Li+/Li) and good com-
patibility with both bare Li metals and LCO cathodes. In 2021,
Liu et al. reported halide SSEs consisting of Li3Y(Br3Cl3), which
exhibited a record 𝜎 of 7.2 × 10−3 S cm−1 at r.t.[294] This remark-
able conductivity was attained through hot pressing at 170 °C un-
der a pressure of 294 MPa. In a notable study published in 2023,
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Figure 16. Representative sulfide SSE (LSiGePSBrO) and its application for ASSLMBs. a) The crystal structure of LSiPSBrO, and the occupancy of the
S, Br, and O atoms at the S sites are visually represented in the illustration using yellow, green, and red colors, respectively. b) Arrhenius plot of the 𝜎 of
LSiGePSBrO SSE, LGPS was also evaluated for comparison. c) Rate performance of the Li|Li10.25P3S12.25I0.75|LSiGePSBrO/LiNbO3-coated LCO ASSLMB
cell at 60 °C. Reproduced with permission.[94] Copyright 2023, American Association for the Advancement of Science.

Yin et al. presented a lanthanide metal chloride SSE with the opti-
mized composition of Li0.388Ta0.238La0.475Cl3.[295] This electrolyte
demonstrated a high 𝜎 of 3.0 × 10−3 S cm−1 at 30 °C showed
strong compatibility at the interface with Li metals. The ASSLMB
full cell equipped with an NMC523 cathode exhibited an initial
discharge capacity of 163.96 mAh g−1 at 30 °C and demonstrated
a capacity retention of 81.6% after 100 cycles. Although halide
SSEs have made significant progress in achieving 𝜎 exceeding
10−3 S cm−1 at r.t, most halide SSEs still face challenges in attain-
ing ESWs above 4.5 V (vs Li+/Li) while maintaining this level of
𝜎. Recently, Ye et al. reported a Li3InCl6-based SSE enhanced by
Ta5+ doping.[296] The optimized Li2.6In0.8Ta0.2Cl6 SSE exhibited an
exceptional 𝜎 of up to 4.5 × 10−3 S cm−1 at 30 °C and a wide ESW
of 5.1 V (vs Li+/Li). Currently, halide SSEs have gained increased
attention due to several advantages, including high 𝜎, stability
with Li metals, and favorable mechanical properties.[297] In com-
parison to oxide SSEs, halide SSEs can achieve high 𝜎 exceed-
ing 10−3 S cm−1 at r.t. without requiring high-temperature sin-
tering processes. Additionally, halide SSEs provide greater me-
chanical flexibility than oxide SSEs, facilitating a more straight-
forward preparation process. Specifically, halide pellets can be
produced using cold pressing methods.[72] While halide SSEs
exhibit high sensitivity to moisture, they present a more envi-

ronmentally friendly option than sulfide SSEs, as they do not
release toxic gases upon moisture exposure.[298] Furthermore,
halide SSEs generally possess wider ESWs compared to sulfide
SSEs.[299] Therefore, it is worth noting that halide SSEs are also
considered promising materials and have been the subject of sig-
nificant research. Interested readers can refer to the cited papers
for more information and an in-depth analysis on halide SSEs
and their potential applications in solid-state batteries.[290,300,301]

3.2.2. Ceramic Composites

Despite their high 𝜎 and nearly unit tLi+ , inorganic ceramic SSEs,
such as oxides and sulfides, face practical limitations due to their
intrinsic brittleness and the challenges associated with achieving
effective electrode/electrolyte contact. These factors continue to
impede their widespread application in practical settings.[302,303]

By contrast, polymer SSEs, e.g., PEO, PAN, PVDF, and poly
(methyl methacrylate) (PMMA), usually demonstrate excellent
flexibility, good interfacial contact towards electrodes, and easy
to produce a large-area membrane.[304,305] However, insufficient
𝜎 at r.t. and limited thermal stability make the solo use of polymer
SSEs difficult to satisfy the stringent demands of ASSLMBs.[207]
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One notable type of composite electrolytes, which has been ex-
tensively studied, involves the integration of inorganic ceramic
fillers into a flexible solid polymer host. This approach has shown
great promise in meeting the various requirements for imple-
menting ASSLMBs.[306,307] The inorganic fillers used in compos-
ite electrolytes can be classified into two categories based on
their functional mechanisms: conductive and nonconductive.[308]

Nonconductive ceramics (e.g., SiO2, ZrO2, BaTiO3, Al2O3, and
TiO2) primarily enhance the 𝜎 of composite SSEs by reducing
the crystallinity of the polymer matrices.[309] It is widely acknowl-
edged that ion transport within polymer matrices predominantly
occurs in the amorphous regions. These regions, characterized
by a lack of long-range order, facilitate the necessary mobility
for ions to traverse the material.[310] In recent years, there has
been significant research interest in utilizing garnet-structured,
sulfide-structured, NASICON, and perovskite ceramics as fillers
in solid composite SSEs. These ceramic materials have drawn at-
tention due to their excellent thermal and chemical stability and
wide electrochemical windows. These desirable properties make
them promising candidates for enhancing the performance and
stability of composite SSEs in battery applications.[311,312] Re-
markably, conductive ceramics fillers with inherent Li+ conduc-
tivity offer a dual advantage in composite SSEs. First, they can
effectively reduce the crystallinity of the polymer matrices. Sec-
ondly, these conductive ceramics serve as a conductive frame-
work within the polymer matrix, facilitating the transport of ions.
Additionally, they enable rapid ion transport on their surfaces,
further enhancing the overall conductivity of the composite elec-
trolyte system.[313]

PEO is often used as a substrate in ceramic composites to al-
low the addition of fillers to improve ion transport. Song et al.
reported the pioneering use of garnet nanosheets to create inter-
connected pathways for Li+ transport within a PEO matrix.[314]

The composite SSE, prepared by incorporating 15 wt% garnet-
type Li6.5La3Zr1.5Nb0.5O12 nanosheets into a PEO matrix, demon-
strated a practically useful 𝜎 of 3.6 × 10−4 S cm−1 at r.t. This high
𝜎 enabled the Li|SSE|Li symmetric cells fabricated with this elec-
trolyte to exhibit stable cycling for 200 h at a current density of
0.1 mA cm−2. The Li|SSE|LFP cell, utilizing this composite SSE,
displayed an initial specific capacity of 98.1 mAh g−1 and main-
tained a capacity retention of 97.5% after 30 cycles when operated
at 0.05 C and 40°C. LLTO is an SSE of ABO3-type perovskite with
a cubic phase structure. In theory, LLTO has high 𝜎, but due to
the barrier effect of grain boundaries, the 𝜎 of LLTO is signif-
icantly lower than that of single crystal materials.[269] Liu et al.
developed a flexible composite SSE comprising a combination
of PEO and perovskite-type LLTO (with a specific composition
of Li0.33La0.557TiO3).[315] Additionally, the composite SSE featured
PEO layers on both sides. The PEO on both sides formed an excel-
lent interface and buffered the volume change of electrolytes dur-
ing cycling. As a result, the fabricated PEO/LLTO SSE exhibited
a 𝜎 of 1.6 × 10−4 S cm−1 at 24 °C. Moreover, the Li|SSE|Li sym-
metric cell employing this PEO/LLTO composite SSE maintained
stability for 400 h of operation at a current density of 0.3 mA cm−2

and 60 °C. The Li|SSE|LFP full cell demonstrated exceptional rate
performance, achieving a specific capacity of 135 mAh g−1 at a
rate of 2 C and 60 °C. Additionally, this cell exhibited excellent
cycling stability, with a capacity retention of 79% after 300 cycles
at 2 C and 60 °C, corresponding to a 106.6 mAh g−1 capacity.

Wang et al. reported the development of an oxide/polymer com-
posite SSE by blending a high ion-conductive vertical LAGP with
the mechanically flexible PEO.[316] The composite SSE displayed
a high 𝜎 of 1.7 × 10−4 S cm−1 at r.t. and a tLi+ of 0.56. When incor-
porated into a Li|LAGP/PEO|LFP full cell configuration, the cell
exhibited excellent cycling stability over 300 cycles. It displayed
an initial discharge capacity of 148.7 mAh g−1 and a remarkable
capacity retention of 93.3% at 0.3 C and 60 °C.

PVDF is another polymer that is frequently utilized as a
substrate in various applications due to its high polariza-
tion and dielectric constant due to fluorine’s strong electron-
withdrawing nature.[317] These characteristics make PVDF well-
suited for effectively separating Li salts, thereby improving Li+

transport.[318,319] Additionally, PVDF demonstrates excellent ther-
mal and electrochemical stability, further enhancing its suitabil-
ity for use in various applications, including battery systems.[320]

As a notable example, Kang’s group reported a composite SSE
that exhibited both high conductivity and dielectric properties.
The composite was made of a PVDF matrix and BaTiO3–LLTO
nanowires arranged in a side-by-side heterojunction structure.
This LLTO/BaTiO3/PVDF composite SSE demonstrated a high
ionic conductivity of 8.2 × 10−4 S cm−1, along with a tLi+ of 0.57
at 25 °C. The fast Li+ transport was attributed to two key aspects:
First, the dielectric BaTiO3 facilitated the dissociation of the Li
salt, resulting in more free-moving Li+ ions. These Li+ could then
spontaneously transfer across the interface to the coupled LLTO
phase, enabling highly efficient transport. Secondly, the BaTiO3–
LLTO nanowires suppressed the formation of the space charge
layer between PVDF matrix and the inorganic fillers, thereby pro-
moting the transport of the dissociated Li+. Furthermore, the SSE
demonstrated a wide ESW of 4.8 V (vs Li+/Li), making it highly
compatible with high-voltage nickel-based cathodes. In addition,
the LLTO/BaTiO3/PVDF composite SSE exhibited excellent in-
terfacial stability with both the NCM811 cathode and the Li metal
anode. When assembling a Li|LLTO/BaTiO3/PVDF|NCM811 cell
utilizing this composite SSE, the cell delivered an initial specific
capacity of 172.1 mAh g−1 and a capacity retention of 57.1% after
1500 cycles at 1 C and 25 °C.

Bruce’s group have developed a ceramic/polymer composite
SSE featuring a 3D-ordered bicontinuous structure composed
of ceramic and polymer microchannels.[321] This composite SSE
incorporates LAGP along with non-conducting polymers such
as polypropylene and epoxy. Leveraging the capabilities of 3D
printing, precise microstructural designs in cubic, gyroidal, and
diamond configurations are achieved, allowing for accurate con-
trol of the ceramic-to-polymer ratio. The preparation process of
the composite SSEs involves fabricating a 3D printed template,
filling the template with LAGP powders, forming a structured
LAGP scaffold through calcination and sintering, and subse-
quently filling the scaffold with polymers followed by polishing
(Figure 17a,b). The composite SSE exhibited a 𝜎 of
1.6 × 10−4 S cm−1 at r.t., which is lower than that of a dense
ceramic pellet with a 𝜎 of 2.8 × 10−4 S cm−1 (Figure 17c). This de-
crease in 𝜎 can be solely attributed to the volume fraction of space
occupied by the non-conducting polymer. In the study, a detailed
analysis of the Nyquist plots via electrochemical impedance
spectroscopy (EIS) measurements of the composite SSE was
conducted at −30 °C (Figure 17d). The Nyquist plots displayed
two semicircles, which can be attributed to the intragrain and
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Figure 17. Representative oxide/polymer composite SSEs. a–e) The 3D LAGP/polymer composite SSE. a, The fabrication process of LAGP/polymer
composite SSE and scanning electron microscopy (SEM) images capturing each step of the fabrication process. b) The cell setup for 𝜎 measurement.
c,d) Nyquist plots of EIS measurements for the LAGP and LAGP/polymer composite SSEs at r.t. and −30 °C, respectively. e) Arrhenius plots of LAGP
and LAGP/polymer composite SSEs. Reproduced with permission.[321] Copyright 2018, Royal Society of Chemistry. f–i) LLZTO/PAN composite SSE.
f) Arrhenius plots of the 𝜎 of LLZTO/PAN composite SSE. g) The schematic diagram of the interparticle Li+ transport within the LLZTO/PAN composite
SSE. h) Cycling performance of the Li|LLZTO/PAN|LFP cell at 0.1 C and 60 °C. i) Rate performance of the Li|LLZTO/PAN|LFP cell at 60 °C. Reproduced
with permission. Copyright 2021, American Chemical Society.

intergrain Li+ transport within the LAGP phase observed in
both the LAGP pellet and structured LAGP/polymer composite.
Furthermore, the 𝜎 of the composite SSEs were investigated at
various temperatures ranging from −20 °C to 75 °C (Figure 17e).
It is worth noting that the introduction of polymers enhances
the mechanical properties of the composite SSE, rendering
it less susceptible to fracture compared to the LAGP pellet.
This improvement is attributed to the polymer’s ability to

alleviate the inherent brittleness of the ceramic material. By
employing 3D printing, the composite SSE achieves excellent
mechanical properties while maintaining a favorable level of
𝜎. The diverse structural designs also enable tunable SSE per-
formance, thus offering a promising avenue for developing
high-performance ASSLMBs. Guo’s group reported the fabri-
cation of an LLZTO/PAN composite SSE by coating PAN onto
the surface of LLZTO particles.[133] The resulting LLZTO/PAN
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composite SSE pellet exhibited a 𝜎 of 1.1 × 10−4 S cm−1 at
60 °C (Figure 17f), significantly higher than that of the cold-
pressed LLZTO pellet (2.0 × 10−7 S cm−1). This enhancement
in conductivity was attributed to the uniform conjugated PAN
nanocoating, which provided pathways for Li+ conduction be-
tween adjacent particles in the unsintered ceramics (Figure 17g).
The LLZTO/PAN composite SSE also displayed a tLi+ of 0.66 and
a wide ESW of up to 4.4 V (vs Li+/Li). Moreover, the composite
SSE could be tape-casted into a thin film with a thickness of
less than 10 μm, enabling high energy density in ASSLMBs.
In order to prevent parasitic reactions between PAN polymer
and the Li metal anode, a layer of PEO-based SSE with a thick-
ness of ≈1 μm was applied onto the LLZTO/PAN composite
SSE layer, establishing direct contact with the Li anode. In a
Li|LLZTO/PAN|LFP cell utilizing the LLZTO/PAN thin-film
SSE, excellent cycling stability and rate performance were
achieved at 60 °C. The cell exhibited an initial discharge capacity
of 167 mAh g−1 at 0.1 C, with a capacity retention of 89.6% after
100 cycles (Figure 17h). Furthermore, the Li|LLZTO/PAN|LFP
cell demonstrated capacities of 146, 135, and 98 mAh g−1 at 0.2
C, 0.5 C, and 1 C, respectively (Figure 17i). The oxide/polymer
composite SSEs, which exhibit fast Li+ transport and excellent
mechanical performance, hold significant potential for use in
high-energy-density ASSLMBs.

Zhang’s group reported a sulfide/polymer composite SSE con-
sisting of LGPS and a blend of PEO and PEG with the addi-
tion of Li salt (Figure 18a).[141] This composite SSE exhibited a
high 𝜎 of 9.8 × 10−4 S cm−1 at r.t. (Figure 18b), and a tLi+ of
0.68. Furthermore, this composite SSE demonstrated remark-
able electrochemical stability, as evidenced by its ESW of 5.1 V
vs Li+/Li (Figure 18c). Additionally, due to its high tLi+ and the
formation of a dense protective layer via an in situ coupling reac-
tion with a well-organized molecular arrangement, the compos-
ite SSE exhibited exceptional Li dendrite suppression ability. This
characteristic resulted in sustained electrochemical performance
of the cell when employing LFP as the cathode material. The
Li|PEO/PEG-3LGPS|LFP cell demonstrated an initial discharge
capacity of 164 mAh g−1 at 0.05 C and 60 °C and exhibited a ca-
pacity retention of 91% after 150 cycles when operated at 0.5 C,
with a corresponding capacity of 143 mAh g−1 (Figure 18d,e).
Overall, the strategy of making ceramic/polymer composite SSE
represents a promising approach for developing SSEs with high
𝜎, favorable tLi+ , and enhanced safety features through dendrite
suppression. Overall, ceramic composites are promising as SSEs
for addressing interface challenges and instabilities commonly
observed in pure ceramic SSEs.[63,322,323] This is primarily due to
the utilization of polymer materials, which provide improved in-
terface contact. By incorporating polymers into ceramic compos-
ites, the resulting SSEs can effectively mitigate interface issues
and enhance stability, thereby offering a potential solution to the
limitations associated with traditional ceramic SSEs.

3.3. Emerging Materials

Considerable efforts have been dedicated to advancing SSEs,
and the discovery of emerging materials has garnered signif-
icant interest. These emerging materials encompass a range
of substances, including MOFs, COFs, porous polymers, and

crystalline polymer composites. These materials exhibit sub-
stantial potential in the development of high-performing
SSEs, characterized by a high 𝜎 and tLi+ , exceptional ther-
mal/chemical/electrochemical stability, and cost-effectiveness
for large-scale production.[324] In this section, we delve into a
comprehensive discussion of these emerging materials as SSEs.
This entails exploring their distinctive features, properties, and
performance in the context of applications for ASSLMBs.

3.3.1. MOFs

MOFs are a class of porous materials composed of metal ions
or clusters connected by organic ligands, and they are renowned
for their exceptional structural diversity, high functional tunabil-
ity, and extraordinarily high surface areas.[325] The metal ions in
MOFs can range from transition metals like copper, zinc, or iron
to rare earth metals. On the other hand, ligands are typically or-
ganic molecules with functional groups capable of forming coor-
dination bonds with the metal ions, typically carboxylic acids. The
distinctive coordination bonds between metal ions and organic
ligands in MOFs impart exceptional design flexibility and func-
tional versatility.[326] This unique combination enables MOFs to
exhibit various properties and find applications in energy storage
fields.[327–329] In recent years, there has been a surge of interest in
utilizing MOFs as SSEs in battery applications.[330–333] This inter-
est is driven by the exceptional intrinsic characteristics displayed
by MOFs, which include their unique pore structures with high
surface areas that facilitate rapid ion transport.

Dincă’s group has developed a series of high-performing elec-
trolytes with a copper-azolate MOFs host.[334] The copper-azolate
MOF electrolytes exhibited tunable 𝜎 depending on the Li salt
used. Specifically, the highest recorded 𝜎 achieved at r.t. was
1.1 × 10−4 S cm−1 when LiI was used as the Li salt and washed
by propylene carbonate (PC), while the highest tLi+ of 0.69 was
achieved with LiCl as the Li salt. These findings highlight the po-
tential of copper-azolate MOFs as electrolytes in LMBs. Neverthe-
less, the inclusion of PC in electrolytes still categorizes them as
QSSEs, which can pose potential safety issues when applied in
practical LMBs. Single-ion conductors exhibit a notable charac-
teristic of a high tLi+ owing to their distinctive ion transport prop-
erties. In order to fulfill the practical requirement of Li+ conduc-
tion, researchers have installed ionic groups on the MOFs’ back-
bones, specifically ionic MOFs.[335,336] Yang et al. reported a single
Li+ conductor based on UiO-66 MOFs.[97] The SSE named UiO-
66-LiSS was initially synthesized through a solvothermal method
using ZrCl4 and 2-bromoterephthalic acid reagents. Afterward,
a Mizoroki-Heck coupling reaction was employed to covalently
link sulfonated side chains and sodium p-styrenesulfonate to the
MOF skeleton. Finally, the Na+ within the SSE was replaced with
Li+ through an ion exchange process. The resulting UiO-66-LiSS
SSE exhibited a 𝜎 of 6.0 × 10−5 S cm−1 and a high tLi+ of 0.90
at 25 °C without the use of plasticizers. The SSE also demon-
strated a wide ESW of 5.2 V (vs Li+/Li). When the UiO-66-LiSS
SSE was integrated into ASSLMBs, specifically in the Li|UiO-66-
LiSS|LFP full-cell configuration, excellent cycling stability was
observed. The full cell exhibited an initial discharge capacity of
127 mAh g−1 and capacity retention of 88.1% after 100 cycles at a
rate of 0.2 C and 25 °C. Furthermore, the Li|UiO-66-LiSS|LFP cell
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Figure 18. A sulfide/polymer composite SSE, denoted as PEO/PEG-LGPS. a) The composition of the PEO/PEG-LGPS SSE. b) Arrhenius plot of the 𝜎 of
PEO, PEO/PEG, and PEO/PEG-LGPS SSEs. c) ESW of the PEO/PEG, PEO/PEG-3LGPS (mechanical mixture), and PEO/PEG-3LGPS SSE. d, The cycling
performance of the Li|PEO/PEG-3LGPS|LFP cells at rates of 0.05 C, 0.1 C, and 0.5 C at 60 °C. e) The voltage profiles of the Li|PEO/PEG-3LGPS|LFP cells
at different rates and 60 °C. Reproduced with permission.[141] Copyright 2020, Wiley-VCH Verlag GmbH & Co. KgaA.

demonstrated exceptional rate capability, achieving a discharge
capacity of 150 mAh g−1 at 0.1 C and a capacity of 88 mAh g−1 at a
high rate of 2 C. Shang et al. reported a SSE based on UiO-66-type
MOFs with immobilized anions.[337] This MOFs-based SSE was
synthesized by copolymerizing diallyl decarbonate and introduc-
ing a double bond onto UiO-66-NH2 MOFs. The optimized SSE
exhibited a 𝜎 of 5.1× 10−4 S cm−1 at 25 °C, a tLi+ of 0.65, and a wide
ESW of 5.4 V (vs Li+/Li). This approach not only mitigated the ag-
glomeration issue resulting from the direct physical introduction
of MOFs but also effectively immobilized TFSI− by leveraging the

abundant coordinated unsaturated cation sites presented on the
MOFs-based SSE. According to the space charge theory, the co-
ordination of anions within the SSE acts as an effective strategy
to prevent the formation of Li dendrites. When this MOFs-based
SSE was utilized, the Li|SSE|Li symmetric cell demonstrated sta-
ble Li plating and stripping behavior for 300 h at a current density
of 0.5 mA cm−2. Furthermore, during cycling stability testing at a
rate of 0.2 C and r.t., the Li|SSE|LFP cell achieved the highest spe-
cific capacity of 154.6 mAh g−1, along with a capacity retention of
95.75% after 200 cycles.
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Figure 19. Representative MOFs SSEs for ASSLMBs. a,b) UiOLiTFSI. a) The structure of UiOLiTFSI SSE. b) The cycling performance of the
Li|PL/UiOLiTFSI|LFP cell at 1 C. Reproduced with permission.[125] Copyright 2019, American Chemical Society. c,d) MOF-BZN. c) The illustrations
of structure and ion transport mechanism in MOF-BZN SSE. d) The cycling performance of the Li|MOF-BZN|LFP and Li|MOF-BZN|NCM811 pouch
cells at 0.1 C and 30 °C. Reproduced with permission.[96] Copyright 2023, Wiley–VCH.

Kang’s group has documented the development of anionic
MOF-based SSEs utilizing UiO-66-NH2 MOFs, wherein a tri-
fluoromethanesulfonyl group is covalently linked to the MOF
framework.[125] This SSE, referred to as UiOLiTFSI (Figure 19a),
demonstrated a noteworthy 𝜎 of 2.1 × 10−4 S cm−1 and a tLi+ of
0.84 at 25 °C. Moreover, the Li|PL/UiOLiTFSI|LFP cell utilizing
the UiOLiTFSI/PVDF composite SSE, exhibited exceptional cy-
cling stability at r.t. It displayed an initial discharge capacity of
152 mAh g−1 and capacity retention of 97.2% after 100 cycles at
0.2C. Notably, the cell still achieved capacity retention of 97% af-
ter 500 cycles at a high rate of 1 C (Figure 19b). However, we
should note that, in the absence of liquid plasticizers and external
Li salts, attaining a 𝜎 exceeding 10−4 S cm−1 at r.t. is a challenging
task in most MOFs-based SSEs.[331] In 2023, Huang’s group re-
ported bilayer zwitterionic MOF SSEs, referred to as MOF-BZN,

by grafting soft multicationic oligomers onto the pore walls of
rigid anionic MOF channels (Figure 19c).[96] This design facili-
tated fast Li+ transport while limiting the movement of anions.
Remarkably, the bilayer zwitterionic MOFs SSE demonstrated a
high 𝜎 of 8.8 × 10−4 S cm−1 at r.t., along with a high tLi+ of 0.75,
without the need for any liquid components or external Li salts.
However, prior to use, the SSE was activated by treating it with a
1 M LiTFSI solution in acetonitrile, followed by washing and dry-
ing it at 120 °C under vacuum. Furthermore, the bilayer zwitteri-
onic MOF SSEs exhibited a wide ESW of up to 4.9 V (vs Li+/Li).
Leveraging the MOF-BZN SSE, a significant energy density of
419.6 Wh kg−1, calculated based on the total mass of anode, cath-
ode, and electrolyte, was achieved for the full cell configuration
(Li|MOF-BZN|NCM811), utilizing NCM811 as the cathode with
a loading of 20.1 mg cm−2 and Li metal as the anode. Moreover,
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Figure 20. The fabrication and performance analysis of the UiO-67-Li SSE, along with the illustration of the Li+ transport mechanism. a) The structure
of UiO-67-Li SSE. b) Arrhenius plots of the 𝜎 of UiO-67-Li SSE. c) The chronoamperometry profile of a Li symmetric cell utilizing UiO-67-Li as the SSE,
the inset shows the Nyquist plots obtained from EIS measurements conducted before and after polarization. d) Li+ conduction mechanism occurring
within the UiO-67-Li MOFs SSE. Reproduced with permission.[126] Copyright 2022, Wiley-VCH.

both the Li|MOF-BZN|LFP and Li|MOF-BZN|NCM811 pouch
cells demonstrated stable cycling performance when operated at
0.1 C and 30 °C. (Figure 19d). The design of bilayer zwitterionic
MOFs SSE represents a novel and promising strategy for fabri-
cating advanced MOFs-based SSEs for advanced ASSLMBs with
enhanced energy densities.

Xu’s group reported an SSE based on UiO-67 MOFs with fast
Li+ transport (Figure 20a).[126] The SSE incorporating UiO-67-Li
exhibited a notably higher 𝜎 of 6.4 × 10−4 S cm−1 at 25 °C com-
pared to UiO-66-Li SSE, which showed a 𝜎 of 6.9 × 10−5 S cm−1

(Figure 20b). This enhanced 𝜎 is attributed to the larger pore
size of UiO-67-Li, which facilitated rapid Li+ conduction through
the abundant 3D channels within the MOFs. Furthermore, UiO-
67-Li SSE demonstrates a tLi+ of 0.65 (Figure 20c). The mech-
anism underlying Li+ transport can be explained by the pres-

ence of numerous well-organized channels for Li+ transporta-
tion, while the anions are immobilized by the framework of the
MOFs (Figure 20d).

3.3.2. COFs

COFs, another distinct type of PCPs constructed from organic
molecules as nodes and junctions through reversible covalent re-
actions, are an important class of emerging SSEs. Since Yaghi’s
group reported the first boronic acid-based COFs formed by
the self-condensation of boronic acid in 2005,[338] COFs gained
increasing interest owing to highly defined nanoscale channels
and spaces, high chemical/electrochemical/thermal stabilities,
significant specific surface area, and highly regulated network
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Figure 21. Representative COFs SSE, denoted as TpPa-SO3Li. a) The chemical structure of TpPa-SO3Li SSE. b) Powder X-ray diffraction (PXRD) pattern
of the TpPa-SO3Li. c, Arrhenius plots of the 𝜎 of TpPa-SO3Li SSE. d) The cycling performance of the Li|TpPa-SO3Li|Li symmetric cell at a current density
of 0.01 mA cm−2 and r.t. over 320 h (4 h each cycle). e) The surface morphology of the Li metal was examined using SEM after undergoing the cycling
test for 320 h. Reproduced with permission.[127] Copyright 2019, American Chemical Society.

structures.[339] COF-based materials have emerged as excep-
tional platforms for designing materials with diverse functions
through manipulating linkers and linkage chemistry. Conse-
quently, they have been widely explored and utilized in various
applications.[340–342] Specifically, the fixed nanoscale channels and
spaces formed by stacking covalent COFs frameworks offer great
potential for applications such as molecular storage, release, and
separation.[343,344] Moreover, the structural regularity of COFs
renders them suitable for efficient carrier transport, thereby
presenting significant potential in advanced batteries.[149,345,346]

Indeed, COFs have received highlights due to their stable chem-
ical/electrochemical/thermal properties, adjustable chemical
design, high porosity, and large surface area, these characteristics
make COFs appealing candidates for SSEs in advanced battery
devices.[149,347] In 2015, the first reported ion-conductive covalent
organic framework marked the beginning of a rapid develop-
ment, driven by the introduction of spiroborate linkages.[348]

iCOFs, incorporating ionic species within their frameworks, have
demonstrated significant potential in energy devices, particularly
as SSEs in LMBs.[98,349] In general, iCOFs as SSEs exhibit 𝜎 rang-
ing from 10−5 to 10−4 S cm−1 at r.t., along with high electrochemi-
cal stability. While there are cases where COFs-based electrolytes
have achieved high 𝜎 exceeding 10−3 S cm−1, such as imidazolate
iCOFs with an impressive 𝜎 of 7.2 × 10−3 S cm−1 at r.t., these
are usually with 20 wt.% PC making them as QSSEs.[350] In this
review, we focus on SSEs that do not contain any liquid compo-
nents. In 2019, Lee’s group synthesized a sulfonate-based iCOF

as a single Li+ conductor (Figure 21a).[127] Based on the powder X-
ray diffraction (PXRD) pattern (Figure 21b), the iCOFs exhibited
high crystallinity. This iCOF exhibited a 𝜎 of 2.7 × 10−5 S cm−1 at
r.t. without the addition of external Li salts (Figure 21c). Further-
more, it demonstrated a tLi+ of 0.9, indicating a single-ion con-
ductive behavior. The Li|TpPa-SO3Li|Li symmetric cell showed
stable Li plating and stripping profiles at a current density of
0.01 mA cm−2 over 320 h (Figure 21d), and the clean morphology
of the Li metal anode after cycling indicated that the TpPa-SO3Li
SSE possesses effective dendrite suppression ability (Figure 21e).

By employing a solvent-free in situ polymerization method
and incorporating ether segments through grafting, Hou et al.
synthesized the highly crystalline vinyl functionalized COF (de-
noted as V-COF).[351] The V-COF-based electrolyte exhibited a 𝜎

of 1.1 × 10−4 S cm−1 at 40 °C. Additionally, this SSE displayed
a tLi+ of 0.45 and a wide ESW of up to 5 V (vs. Li+/Li). The
rapid conduction of Li+ can be attributed to the presence of one-
dimensional nanochannels in the V-COFs, which facilitate effi-
cient ion transport. Moreover, the rigid and electrochemically sta-
ble frameworks of the V-COFs contribute to enhancing the elec-
trochemical stability of ether-based materials used in the elec-
trolytes. When using the V-COF-based SSEs, the Li|SSE|Li sym-
metric cell demonstrated remarkable stability, with no significant
degradation observed even after 600 h of operation at a current
density of 0.1 mA cm−2 and 40 °C. The average polarization volt-
age of these cells was ≈125 mV. Furthermore, when incorporated
into Li|SSE|LFP cells, the initial specific capacity was measured
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at 136 mAh g−1 at a rate of 1 C and 40 °C. The cell exhibited a high
capacity retention of 83.8% after 300 charge–discharge cycles, in-
dicating good cycling stability and long-term performance.

In addition, cationic COFs can also be utilized as SSEs for bat-
teries when combined with Li+ from an external Li source. This
combination enables cationic COFs to function as a conductive
medium for Li+, facilitating their transport within the battery
system.[99] Li et al. fabricated a novel cationic COF, denoted as
Im-COF-Br, through a Schiff base reaction using imidazolium-
based monomers as building blocks.[131] The COF structure pos-
sesses adjustable anions and positively charged properties. Im-
COF-TFSI, synthesized via Im-COF-Br through an ion exchange
process. When combined with LiTFSI, the resulting SSE, de-
noted as Im-COF-TFSI@Li, exhibits a 𝜎 of 2.9 × 10−5 S cm−1

and a tLi+ of 0.62 at 30 °C. The Li|Im-COF-TFSI@Li|Li sym-
metric cell displayed stable Li plating/stripping behavior for
300 h at a current density of 0.02 mA cm−2 and 80 °C, fol-
lowed by 0.1 mA cm−2. This indicates excellent compatibility be-
tween Im-COF-TFSI@Li SSE and Li metal, as well as the abil-
ity to inhibit the growth of Li dendrites. Furthermore, the Li|Im-
COF-TFSI@Li|LFP cell exhibited an initial discharge capacity of
123.3 mAh g−1 and a capacity retention of 91.6% after 100 cy-
cles at 0.1 C and 80 °C. Li et al. further developed an SSE based
on defective 2D iCOFs with imidazolium functional groups, de-
noted as dCOF-ImTFSI-60@Li, through post-functionalization
(Figure 22a).[129] This dCOF-ImTFSI-60@Li SSE exhibited a 𝜎

of 9.7 × 10−5 S cm−1 and a tLi+ of 0.72 at 30 °C (Figure 22b).
Moreover, this SSE demonstrated high thermal stability, allow-
ing it to function within a wide temperature range up to 150 °C.
When applied in ASSLMBs, the Li|dCOF-ImTFSI-60@Li|LFP
cell demonstrated an initial capacity of 143.7 mAh g−1 at 0.1 C
and 80 °C, and a capacity retention of 98.3% after 40 cycles
(Figure 22c). These findings highlight the potential of COFs-
based SSEs for enabling efficient Li+ conduction at r.t. and above.
However, we should note that 𝜎 over 10−4 S cm−1 at r.t. is re-
quired for practical applications in LMBs. Huang’s group pre-
sented a novel approach to enhance the 𝜎 of SSEs by combin-
ing COFs with multi-cationic molecular chains, referred to as
COF-MCMC (Figure 22d).[99] This design strategy improved Li+

conduction in COF-MCMC by facilitating the dissociation of Li+

from the coordinated sites while restricting the movement of an-
ions. This effect is attributed to the Coulombic interaction be-
tween the multi-cationic molecular chains and anions. As a re-
sult, the COF-MCMC SSE exhibited a high 𝜎 of 4.9 × 10−4 S cm−1

and a tLi+ of 0.71 at 30 °C (Figure 22e). Moreover, the Li|COF-
MCMC|NCM811 cell displayed excellent cycling performance
when operated at 0.2 C and 30 °C, demonstrating an initial dis-
charge capacity of ≈200 mAh g−1 and a capacity retention of
≈96.5% after 100 cycles. (Figure 22f). These findings suggest that
the incorporation of multi-cationic molecular chains into COFs
can significantly enhance the 𝜎 and overall performance of the
SSE systems.

Besides anionic or cationic COFs, zwitterionic COFs have also
emerged as highly promising SSEs for LMBs, offering fast Li+

conduction. Kang et al. reported an intriguing example where
Zwitterionic COF was utilized as an SSE for ASSLMBs.[352]

The SSE, denoted as Zwitt-COF, was formed by combining
Zwitterionic COF with LiTFSI, demonstrating a high 𝜎 of
1.7 × 10−4 S cm−1 and a tLi+ of 0.31 at r.t. By incorporating zwit-

terionic groups into the COF structure, theoretical simulations
unveiled an intriguing phenomenon: the dissociation of strong
ion pairs and subsequent reconstruction of the AA-stacking con-
figuration. As a result, the adsorption of Li+ onto Zwitt-COF trig-
gered the formation of linear hexagonal ion channels within the
SSE, enabling rapid transport of Li+. Furthermore, the Zwitt-COF
SSE demonstrated a wide ESW of 4.8 V (vs Li+/Li). The Li|Zwitt-
COF|Li symmetric cell exhibited stable Li plating/stripping pro-
files when subjected to a current density of 0.3 mA cm−2 for
100 h. Moreover, the rate performance of the Li|Zwitt-COF|LFP
cell was evaluated across a range of rates, from 0.2 C to 2 C. No-
tably, at a rate of 0.2 C, the cell exhibited a discharge capacity of
162 mAh g−1. Of greater significance, the cell showcased excep-
tional long-term stability, initially delivering a specific capacity of
60.5 mAh g−1 at 1 C, and impressively retaining 100% of its ca-
pacity after 200 cycles.

3.3.3. Single-Ion Conductive Polymer Electrolytes

Single-ion conductive polymer electrolytes (SICPEs) are cur-
rently being popularly researched due to their high tLi+≈1, which
may alleviate the primary issues associated with LMBs, such
as Li dendrite growth. Furthermore, SICPEs offer promising
prospects for developing advanced electrolyte systems with en-
hanced ion transport properties, improved stability, and en-
hanced safety features.[353] Typically, conventional polymer elec-
trolytes doped with Li salt function as binary-ion conductors, al-
lowing both Li cations and counter-anions to move freely. The
mobility of cations with Lewis basic sites in the polymeric host
is closely interconnected, resulting in an accelerated movement
of anions, approximately four times faster than the speed of Li+

(Figure 23a). As a consequence, the transfer of Li+ contributes
only a small fraction, ≈20%, to the overall ionic current.[354] More-
over, the absence of electrode reactions for anions leads to the ac-
cumulation of anions at the interface between the electrode and
electrolyte, causing cell polarization and limiting the battery’s
lifespan.

In contrast, the anions in SICPEs are immobilized within
the polymer matrix, allowing Li transfer to predominantly carry
the ionic current (Figure 23b, c) This characteristic eliminates
concentration gradients and facilitates rapid charging and dis-
charging, as demonstrated by Newman’s simulations and the
work of McCloskey et al., who also highlighted the potential
for high power densities and fast charging by increasing the
tLi+ of the electrolyte.[106,358,359] Additionally, the Chazlviel model
predicted that dendrite growth can be minimized in SICPEs due
to the even plating and stripping of Li during the charging and
discharging process.[360,361] It also been seen as an outstanding
resistance to lithium dendrite growth in many SICPEs stud-
ies (Figure 23d).[357,362,363] Furthermore, SICPEs significantly
enhance the electrochemical performance of batteries. Unlike
binary ion-conducting electrolytes, which exhibit a relatively
narrow ESW of 4–4.3 V (vs Li+/Li),[183,364,365] SICPEs confine
anion oxidation to the electrode|electrolyte interface, prevent-
ing it from occurring throughout the electrolyte. The strong
electron-withdrawing capability of these stationary anions fur-
ther lowers the electrolyte’s highest occupied molecular orbital
level, thereby improving its electrochemical stability.[366,367]
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Figure 22. Representative COF SSE for ASSLMBs. a–c) dCOF-ImTFSI-60@Li. a) The synthesis route of dCOF-ImTFSI-Xs (X = 20, 40, and 60).
b) Arrhenius plots of the 𝜎 of dCOF-ImTFSI-Xs based SSEs. The compounds dCOF-ImTFSI-20@Li, dCOF-ImTFSI-40@Li, and dCOF-ImTFSI-60@Li
are represented by the colors green, blue, and magenta, respectively. c) The cycling performance of the Li|dCOF-ImTFSI-60@Li|LFP at 0.1 C and 80 °C.
Reproduced with permission.[129] Copyright 2020, Wiley-VCH. KgaA. d–f) COF-MCMC. d) The schematic diagram of COF-MCMC’s molecular structure
and the ion transport pathway within the COFs. In this structure, MCMC molecules are bonded to the pore wall of the ACOF. e) The Nyquist plot of
EIS measurement for COF-MCMC SSE at 30 °C. f) The cycling performance of the Li|COF-MCMC|NCM811 cell at 0.2 C and 30°C. Reproduced with
permission.[99] Copyright 2023, Wiley-VCH.

Additionally, SICPEs can incorporate functional groups,
such as cyano groups,[116] to enhance oxidation resistance.
The SICPE, which incorporates lithium poly[(cyano)(4-
styrenesulfonyl)imide] with cyano groups, exhibits an impressive
ESW of 5.5 V vs Li+/Li (Figure 23e). Additionally, its high tLi+

with a value of 0.84, combined with a highly delocalized negative
charged anion tethered to the polymer chain, promotes uniform
Li deposition and effectively suppresses the formation of Li den-
drites. As a result, the Li|SICPE|Li symmetric cell demonstrates
excellent stability, allowing it to be operated steadily at a current
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Figure 23. Single-ion conductive polymer electrolytes (SICPEs). a,b) Schematic illustration of binary-ion and single-ion conductors, respectively. Repro-
duced with permission.[355] Copyright 2021, Royal Society of Chemistry. c) Nyquist plot of EIS measurements and current decay curves for SICPE and
binary-ion conducting electrolyte before and after polarization. Reproduced with permission.[356] Copyright 2020, Wiley-VCH. d) SEM images of the Li
electrode surface from a dual-ion conductor cell (left) and SICPE cell (right) after Li plating/stripping test. Reproduced with permission.[357] Copyright
2018, Wiley-VCH. e–g) Electrochemical performance of a representative SICPE. e) Linear sweep voltammetry of linear SICPE from 2.5 to 5.8 V (vs Li+/Li).
f) Cycling performance of Li|SICPE|Li symmetric cell at a current density of 0.01 mA cm−2 and 60 °C. g) Cycling performance of Li|SICPE|LFP cell at
a rate of 0.1 C and 60 °C.[116] Copyright 2020, American Chemical Society. h) Various polymer backbones for constructing SICPEs. Reproduced with
permission.[355] Copyright 2021, Royal Society of Chemistry.
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density of 0.01 mA cm−2 and 60 °C for a remarkable duration of
1,000 h (Figure 23f). Furthermore, the mean polarization voltage
of the symmetric cell only experiences a marginal increase
of 10 mV, indicating minimal degradation. Moreover, in the
Li|SICPE|LFP cell configuration, the cell exhibited an initial
discharge capacity of 141 mAh g−1 at 0.1 C and 60°C, along with
a capacity retention of 85.1% after 80 cycles. (Figure 23g). These
results highlight the SICPE’s great potential for dendrite-free
ASSLMBs, offering enhanced electrochemical performance
without compromising safety. The improved electrochemical
stability of SICPEs is attributed to several factors, including
anion oxidation confinement, electron-withdrawing stationary
anions, and resistance-enhancing functional groups. However,
SICPEs exhibit a significant drawback in lower 𝜎 compared to
traditional polymer electrolytes. The 𝜎 of solvent-free SICPEs
are generally within the range of 10−7 to 10−5 S cm−1 at elevated
temperatures,[310] which restricts their utility in high-power
applications.

To optimize the performance of SICPEs, careful selection of
anions is essential to minimize the anion-cation dissociation en-
ergy barrier. One approach to reducing the interaction strength
is by enlarging the conjugation structure of the anionic parts
or attaching strong electron-withdrawing groups adjacent to the
anionic units, which increases the delocalization of negative
charges, thereby weakening the interaction between anions and
Li+ and further enhancing Li+ transport.[368] It has been shown
that the metal affinities to Lewis bases increase in the following
order: carboxylate > phosphate > N-sulfate anions > O-sulfate
anions.[369] This suggests that carboxylate groups tend to slow
down the Li+ transport. Therefore, alternative anionic groups
with lower metal affinities, such as phosphates or sulfates, may
be more suitable for facilitating efficient Li+ transport in SICPEs.
However, the stability of the chosen anionic groups must also
be considered for practical applications involving high-potential
cathodes. In particular, carboxylate groups exhibit low stability
above 4 V.[370] This limitation hinders their practical implementa-
tion in applications where high-potential cathodes are employed.

Various polymer backbones, including linear, branched, and
network, have been designed to develop SICPEs (Figure 23h).
Of course, linear polyethylene backbones with installed cationic
groups are widely studied. The structure of the backbone plays
a crucial role in determining ion-conducting and mechanical
properties, with flexible backbones facilitating ion transport and
rigid units ensuring mechanical strength.[354,371] Branched poly-
mer backbones with side functional chains, e.g., flexible or polar
molecular units, tethered to the linear backbone prevent the crys-
tallization of polymer matrices, resulting in increased flexibility
and ultimately high 𝜎.[372,373] The utilization of network matrices
in the development of SICPEs has also garnered considerable at-
tention due to their ability to enhance mechanical properties and
stability while reducing crystallinity. These network polymers
consist of anionic group nodes interconnected through linear
linkers via covalent bonds.[109,356,374,375] For instance, Shin et al.
developed an anionic porous aromatic framework electrolyte con-
sisting of weakly coordinating borate anion nodes and crosslink-
able linkers via nucleophilic substitution, which exhibited tLi+

and relatively high 𝜎 due to its interpenetrated diamondoid net-
work structure.[356] In addition, some unconventional methods
have been employed to immobilize anions in SICPEs, such as

designing special macromolecules, e.g., calixarenes, that capture
anions in electrolytes to slow their mobility, and grafting the or-
ganic anions onto inorganic backbones, e.g., polysiloxane, or-
ganic aluminate polymers, SiO2, and Al2O3 (Figure 23h).[376–379]

For instance, Mehta et al. incorporated boroxine rings, B3O3, as
Lewis acid-based anion acceptors into a polymer host to reach
relatively high tLi+ of 0.62–0.88.[380] Siska et al. also successfully
synthesized SICPEs by grafting organic blocks containing triflu-
oromethylsulfonamide and short oligoethers onto the polysilox-
ane backbone.[381] The resulting electrolytes displayed a 𝜎 of
1.2 × 10−6 S cm−1 at 25 °C.

An interesting example is a self-healing poly(ethylene-co-
acrylic lithium (fluoro sulfonyl)imide) SICPE reported by Ahmed
et al., denoted as PEALiFSI (Figure 24a).[382] Notably, the SICPE
employed in this study does not include solvents and plasti-
cizers, thereby ensuring enhanced safety without including or-
ganic solvents. This SSE demonstrated a high 𝜎 of 5.8 × 10−4 S
cm−1 at 25 °C and a high tLi+ of 0.91 (Figure 24b,c). This high 𝜎

can be attributed to two key factors. First, the self-healing prop-
erty of the SSE contributes to generating a larger amorphous
phase, facilitating enhanced Li+ conduction. Second, the inter-
action between Li+ and the acrylic(fluorosulfonyl)imide anion is
weak, favoring the efficient Li+ conduction. Additionally, when
the self-healing SICPE was incorporated into the ASSLMB cells,
the Li|PEALiFSI|LFP cell displayed notable cycling stability with
an initial discharge capacity of approximately 159 mAh g−1 and a
high-capacity retention of 95.6% even after 500 cycles at 0.1 C and
25 °C (Figure 24d). These findings highlight the potential of the
self-healing SICPEs for enabling high-performance and durable
ASSLMBs. These unconventional approaches demonstrate the
potential of designing macromolecules and hybrid materials to
develop high-performance SICPEs and ASSLMBs.

3.3.4. Crystalline Polymer Composites

In addition to the ceramic/polymer composites mentioned ear-
lier, another noteworthy composite consists of blends of PCPs
(such as MOFs and COFs) and polymers. As PCPs, such as
MOFs and COFs, are rigid and brittle, interfacial contact resis-
tance has been a critical issue, as with ceramic cases.[383] Thus,
the fabrication of crystalline polymer composites has proven to
be a direct and effective approach for enhancing electrochemi-
cal performance.[384,385] This unique composite has shown great
potential in achieving high-performance SSEs that exhibit fast
Li+ conduction as well as high chemical and electrochemical sta-
bility. For instance, Guo’s group reported a cationic MOF/PEO
composite (denoted as P@CMOF), where the anions were im-
mobilized by the cationic MOFs, leading to more free-moving
Li+ and faster Li+ transport.[136] The P@CMOF SSE with an op-
timal MOF content of 12.5 vol% demonstrated the highest 𝜎 of
3.1 × 10−5 S cm−1 at 25 °C and a tLi+ of 0.72. Furthermore, the
SSE displayed a wide ESW of 5.0 V (vs Li+/Li) due to the grafted
NH2 groups in the MOF, which prevented the oxidation of the
ether oxygen in the polymer chains through hydrogen bond-
ing. The property of immobilizing anions contributed to uni-
form Li+ deposition, leading to dendrite-free performance in the
SSE-based batteries. The Li|P@CMOF|Li symmetric cell showed
stable Li plating/stripping behavior for 400 h at 0.1 mA cm−2
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Figure 24. Representative SICPEs for ASSLMBs, denoted as PEALiFSI (poly(ethylene-co-acrylic lithium (fluoro sulfonyl)imide)). a) The synthesis route
of the PEALiFSI SICPE. b) The Nyquist plots of EIS measurements of the PEALiFSI SICPE at different temperatures. c) The 𝜎 of PEALiFSI SICPE as a
function of temperature. d) The cycling performance of the Li|PEALiFSI|LFP cell at 0.1 C and 25 °C. Reproduced with permission.[382] Copyright 2019,
American Chemical Society.

and 200 h at 0.5 mA cm−2 without discernible dendrites. More-
over, the Li|P@CMOF|LFP cell demonstrated excellent cycling
performance with a capacity retention of 85.4% after 300 cycles
at 1 C and 60 °C. Wang et al. developed a composite SSE by
covalently incorporating MOF nanoparticles into a flexible poly-
mer matrix (Figure 25).[386] The synthesis of the SSE involved a
one-pot photopolymerization process using vinyl-functionalized
MOF (M-UiO-66-NH2) nanoparticles, poly(ethylene glycol) di-
acrylate (PEGDA), a photoinitiator (1-hydroxycyclohexyl phenyl
ketone) and LiTFSI salt as precursors (Figure 25a). The result-
ing composite SSE, referred to as HSPE-1-8, demonstrated a 𝜎 of
4.3 × 10−5 S cm−1 at 30 °C when the weight ratio of M-UiO-66-
NH2 to PEGDA was 1:8 (Figure 25b). Notably, the 𝜎 of HSPE-1-8
was more than five times higher than that of the SSE without
vinyl-functionalized MOF. Furthermore, HSPE-1-8 SSE exhib-
ited remarkable electrochemical stability and a wide ESW of up to
5.5 V (Figure 25c). Additionally, it demonstrated excellent inter-
facial compatibility with Li metal. The Li|HSPE-1-8|LFP cell, uti-
lizing the HSPE-1-8 electrolyte, demonstrated excellent cycling
stability, retaining a high discharge capacity of 153 mAh g−1 after
40 cycles at 0.5 C and 60 °C (Figure 25d). Moverover, the Li|HSPE-
1-8|LFP cell displayed a satisfactory rate performance of up to 2
C when operated at 60 °C (Figure 25e). These findings highlight
the potential of the MOF/polymer composite SSE for advanced
ASSLMBs with high capacity and prolonged cycle life.

A notable advancement in the field of COFs/polymer compos-
ite SSE is the work of Wang’s group. They developed a method
for preparing COFs/PEG composite Li+ conductors as SSEs.[139]

The 𝜎 of this composite SSE reached 1.8 × 10−3 S cm−1 at 120
°C due to the presence of a fast Li+ transport pathway provided
by the PEG matrix, whereas the pure COFs fillers did not exhibit
significant ion conduction (Figure 26a,b). Furthermore, the com-

posite SSE displayed maintained 𝜎 even after heating at 90 °C for
48 h (Figure 26c). Manthiram’s group developed an electrolyte-
mediated iCOFs composite SSE using a 2 m dimethylacrylamide
(DMA)@LiTFSI liquid electrolyte.[132] This solution was intro-
duced into sulfonate COFs (LiCOF) and polymerized in situ
to form a free-standing SSE membrane, called DMA@LiTFSI-
mediated COFs (denoted as DLC). Unlike conventional SSEs
based on solid polymers or pure iCOFs, the DLC SSEs demon-
strated enhanced Li+ transport by increased charge-carrier con-
centration within the iCOF channels (Figure 26d–f). This design
also effectively decouples Li+ from both COF walls and molecular
chains. The resulting DLC SSEs exhibited satisfactory flexibility
and manifested a high 𝜎 of 1.7 × 10−4 S cm−1 at r.t. (Figure 26g
and 26h), along with a high tLi+ of 0.85. When the DLC SSEs were
implemented in the Li|DLC|LFP cells, the cell showcased excel-
lent rate performance, maintaining stable operation up to a cur-
rent density of 0.2 mA cm−2, even under an elevated operating
temperature of 45 °C (Figure 26i).

In another study conducted by Sun et al., they successfully fab-
ricated a composite SSE by utilizing an ultra-thin COFs/aramid
(Kevlar) membrane.[387] This hetero-layered membrane, synthe-
sized through a bottom-up spin layer-by-layer assembly technol-
ogy, possessed a thickness of 7.1 μm. The composite SSE ex-
hibited excellent mechanical strength and achieved a high 𝜎 of
1.6 × 10−4 S cm−1 at 30°C, thanks to the strong chemical and
mechanical interactions between aramid and the guanidinium-
based cationic COF with TFSI− counterion. By employing this
COF/Kevlar composite SSE, noteworthy outcomes were achieved
in different cell configurations. The Li|SSE|Li symmetric cell ex-
hibited a stable Li plating/stripping profile, with an overpotential
of ≈250 mV, under an impressive current density of 0.5 mA cm−2

and at r.t. for 500 h (250 cycles). Meanwhile, the Li|SSE|LFP cell
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Figure 25. The covalently linked MOF-PEGDA-based composite SSE for ASSLMBs. a) The synthesis route of the composite SSE. b) Arrhenius plots
of the 𝜎 of P-PEGDA and HSPEs SSEs. c) The ESW of the HSPE-1-8 composite SSE. d) The cycling performance of the Li|HSPE-1-8|LFP cell utilizing
the HSPE-1-8 composite SSE at 0.5 C and 60 °C. e) The rate performance (0.2, 0.5, 1, and 2 C) of the LFP|HSPE-1-8|Li cells at 60 °C. Reproduced with
permission.[386] Copyright 2018, Royal Society of Chemistry.

showcased an initial discharge capacity of 129 mAh g−1 and a
capacity retention of 84.4% after 300 cycles at 0.2 C and r.t. Fur-
thermore, the cell demonstrated favorable rate performance, with
capacities of 112 mAh g−1 and 80 mAh g−1 at 0.5 C and 1 C
rates, respectively. The development of COFs/polymer compos-
ite SSEs has experienced rapid growth in recent years following
the discovery of iCOFs. This approach holds great potential for
advancing the field of SSEs and improving their electrochemical
performance. Below we summarize a comparison of electrolyte
properties, including the 𝜎, tLi+ and ESW (vs. Li+/Li), and battery
performances equipped with them (Table 2).

3.3.5. Polymer Composites with Electrochemically Active Materials

The development of composite electrolytes that combine poly-
mers with electrochemically active materials marks notable
progress in energy storage technologies, especially within
LMBs.[388] These composites harness the complementary prop-
erties of their constituent materials to improve overall perfor-
mance. Incorporating polymers such as PEO and PVDF with
active materials enhances 𝜎, which is crucial for efficient ion
transport within the electrolyte, while this integration impedes
electron transport between the electrolytes and the electrodes.
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Figure 26. Representative COFs composite SSEs. a–c) COFs/PEG composites. a) The schematic illustrations of Li+ transport in COFs/PEG com-
posite SSE. b) Arrhenius plots of the 𝜎 of the COFs/PEG composite SSEs. 𝜎 of PEG-Li+@EB-COF-ClO4, PEG-Li+@CD-COF-Li, PEG-Li+@COF-300,
PEG/Li+@EB-COF-ClO4, PEG-Li+@COF-5, and Li+@CD-COF-Li are shown in orange, blue, red, gray, purple, and green dots and lines, respectively.
c) The stability of the impedance spectrum of PEGLi+@EB-COF-ClO4 at 90 °C for 48 h. Reproduced with permission.[139] Copyright 2019, Ameri-
can Chemical Society. d–i) DMA@LiTFSI-mediated COFs (DLC). d–f) Illustration of Li+ transport in conventional solid polymer electrolytes (denote
as SPE), sulfonate iCOFs (denoted as LiCOF), and DLC, respectively. g) The Nyquist plots of EIS measurements of the DLC and LiCOF SSEs at r.t.
h) Arrhenius plots of the 𝜎 of LiCOF and DLC SSEs. i) Rate performance of the Li|DLC|LFP cells utilizing the LiCOF and DLC SSEs at 45 °C. Reproduced
with permission.[132] Copyright 2022, Wiley-VCH.

Zou et al. introduced an SSE configuration that features ceramic
materials Li1.5Al0.5Ti1.5(PO4)3, LiV3O8, and Li4Ti5O12 positioned
between two solid electronic separators.[389] This arrangement
effectively shields the ionic conductors using materials that are
ionic-conductive yet electronic-insulative. As a result, the design

demonstrated an impressive capacity retention of 87% after 400
cycles in full cells containing LiNi0.8Mn0.1Co0.1O2 cathodes. Peng
et al. highlighted the promise of Li0.95Na0.05FePO4 as a highly
effective SSE owing to its excellent 𝜎 and stability in conjunc-
tion with Li metal anodes.[390] They developed composite SSE
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based on Li0.95Na0.05FePO4 to improve electronic insulation and
enhance interfacial stability. The composite SSE containing 50
wt% Li0.95Na0.05FePO4 displayed a 𝜎 of 3.6 × 10−4 S cm−1 at
25 °C and exhibited favorable compatibility with both Li metal
anodes and cathodes. Additionally, spinel Li4Ti5O12 was incor-
porated into PVDF to develop a composite solid electrolyte for
the first time.[391] The resulting membrane, which comprised 80
wt% Li4Ti5O12, exhibited an impressive 𝜎 of 2.9 × 10−4 S cm−1 at
35 °C, while also effectively preventing electronic conduction. Re-
searchers can customize the electrochemical properties of these
composites by choosing specific polymers and active materials,
enabling them to fulfill specific application requirements, includ-
ing enhanced interfacial stability, high energy density, and rapid
charging capabilities.

4. Outlook: Toward Balanced and Improved SSEs
for LMBs

This section discusses the failure mechanisms encountered in
ASSLMBs, stemming from charge transfer issues at the interface
between the electrolyte and electrode. We identify and explore the
four primary types of failure: electric, mechanical, chemical, and
electrochemical. We delve into these failure types through repre-
sentative case studies to provide a comprehensive understand-
ing. In addition, we discussed the impact of cathode degrada-
tion on the performance of ASSLMB cells. Given the growing
research interest in comprehending the electrode|electrolyte in-
terface issues in ASSLMBs, we also show how advanced char-
acterization techniques can shed light on these failure mecha-
nisms. Furthermore, we present solutions to prevent those fail-
ures, from the perspective of SSEs. These solutions entail the
development of SSEs with high mechanical strength, and 𝜎 and
tLi+ to suppress the growth of Li dendrites, exceptional chemi-
cal stability, and a wide ESW for sustained cell capacity by pre-
venting oxidation during charge and discharge processes. Addi-
tionally, we examined the critical challenges associated with SSEs
for LMBs, including the reversibility of Li plating/stripping dur-
ing cycling, as well as the risk of thermal runaway. Moving for-
ward, we shift our attention to the potential of composite SSEs
with balanced properties, aiming to achieve high-safety, high-
energy-density, and cycling stability in ASSLMBs. We approach
this topic comprehensively, considering materials design, battery
device integration, and practical applicability. We conduct an in-
depth analysis of the accomplishments and challenges associ-
ated with current composite SSEs, while offering potential so-
lutions for addressing these challenges. Lastly, we emphasize the
importance of computational studies in understanding the intri-
cate link between SSE properties and structural design, thereby
achieving SSEs with balanced characteristics. We investigate a
variety of computational methods, including density functional
theory (DFT), molecular dynamics (MD), and machine learning
(ML). Notable examples of their applications in SSE research are
showcased. While we highlight the challenges associated with
employing computational techniques to analyze composite SSEs,
we also delve into the promising potential of ML algorithms in
overcoming these obstacles. Finally, we broaden our discussion
to encompass the potential and challenges of SSEs for ASS Li–S
and lithium–oxygen (Li–O2) batteries.

4.1. Failure Mechanisms and Solutions

We emphasize the significance of understanding the fail-
ure mechanisms in achieving high-energy-density and high-
safety in ASSLMBs. The failure processes related to the elec-
trode|electrolyte interface can be categorized into four types:
mechanical, electric, electrochemical, and chemical failures
(Figure 27).[392] Here, we analyze the causes behind the four
types of failure and discuss potential solutions. Furthermore, we
relate advanced in situ and ex situ characterization techniques to
those failures to better understand the mechanisms and explore
effective solutions.

Mechanical failures in active ASSLMBs occur due to volume
expansion of the Li anode during plating and contraction during
stripping processes. These volume changes cause fluctuations
and instability at the interfaces between the Li anode and SSE,
potentially resulting in contact loss or delamination at the elec-
trode|electrolyte interface.[392,393] The interface experiences vol-
umetric changes resulting from Li deposition and dissolution,
which cannot be absorbed or mitigated by SSEs. Instead, these
changes are spatially confined by the interfacial contact between
the anode materials and the SSEs. Consequently, a substantial
amount of stress is generated, posing the risk of mechanical
damage to the interface.[394–396] Furthermore, The significant vol-
ume expansion during Li plating can induce the formation of
additional cracks, thereby hastening the pulverization of Li.[397]

The initiation of cracks near the plated Li anode is primarily at-
tributed to the locally concentrated stress field generated by the
electroplating of Li within interfacial defects.[398,399] These de-
fects, such as voids, impurities, and high roughness, are com-
monly found on the surface of SSEs as a result of manufactur-
ing processes and cyclic plating/stripping.[400,401] Voids present
in SSEs, including oxides, sulfides, MOFs, COFs, and their com-
posites, are known to have significant contact resistance among
SSEs and high contact resistance at the electrode|electrolyte in-
terfaces. This, in turn, hinders the transport of Li+, destabilizes
the interface, and poses a potential risk for battery failure. To en-
hance the Li+ transport within SSEs and improve interface sta-
bility, reducing voids in SSEs and at the interface is an efficient
approach. Addressing these issues makes it possible to enable
the development of high-performance ALLMBs. This topic is ex-
tensively discussed in “Section 2.2 Interfacial contact”. During
the electrodeposition of Li at the interface between the Li an-
ode and SSE, the interfacial defects are initially filled owing to
their capacity to enhance Li nucleation and facilitate a high local
Li+ flux. Upon filling these defects with deposited Li, even a mi-
nor overpotential during subsequent plating can generate sub-
stantial mechanical stress, leading to Griffith-like cracks within
the SSEs.[402–404] Huang’s group introduced an innovative experi-
mental setup, integrating an in situ atomic force microscope and
an environmental TEM, to study the real-time growth of individ-
ual Li whiskers (primary morphologies of Li dendrites) and mea-
sure their stress levels.[405] They observed a remarkable growth
stress of Li dendrites, reaching up to 130 MPa, significantly sur-
passing the stresses observed in bulk Li. Furthermore, the mea-
sured yield strength of Li whiskers reached an impressive value
of 244 MPa. These findings offer important quantitative bench-
marks for developing strategies to suppress Li dendrite growth in
ASSLMBs. The chemo-mechanical model proposed by Chiang’s
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Figure 27. Four failure mechanisms in ASSLMBs and SSE designs to avoid these failures. The failures experienced by ASSLMBs can be categorized
into four types based on their mechanisms: mechanical, electric, electrochemical, and chemical failures. To address these failures, various solutions
regarding the SSE perspective are available, ranging from materials design and structure design to surface chemistry and surface engineering.

group was formulated to assess the stresses arising in a sharp
flaw during the electrodeposition of Li metal.[215] This model en-
ables the understanding of Li metal propagation in brittle ce-
ramic SSEs, such as LPS and LLZTO, across a wide range of sur-
face conditions, encompassing polished single crystals and poly-
crystals with microscopic pores and grain boundaries. The find-
ings of the study revealed that the dominant failure mechanism
in brittle SSEs exhibits characteristics akin to Griffith-like behav-
ior. In 2023, Xiong et al. developed a modified electro-chemo-
mechanical model by incorporating the Butler-Volmer equation
and damage mechanics.[406] This model provides a deeper un-
derstanding of the mechanical failure mechanisms in SSEs and
sheds light on the interplay between interfacial defect geometry,
internal defect quantity, and position. The study highlights that
stress-induced damage originates from the top of interfacial de-
fects, and internal voids influence its propagation. These voids
play a secondary regulatory role by directing the damage path-
way and acting as internal sources within the SSEs. For exam-
ple, by employing multiphysics simulation, Liu et al. examined
the electro-chemo-mechanical failure of LAGP SSE caused by the
continuous electrodeposition of Li within interfacial defects.[407]

To address the mechanical failure issues caused by Li metal
electrodeposition at interfacial and internal defects, several strate-
gies have been developed.[408,409] These strategies include interfa-
cial modification techniques, such as fine polishing, which helps
improve the interface between the electrode and electrolyte. Ad-
ditionally, improved manufacturing processes have been imple-
mented to prevent internal defects within the SSEs. These strate-
gies aim to enhance the structural integrity and performance of

SSEs, thereby mitigating the risk of mechanical failure. For ex-
ample, Botros et al. utilized field-assisted sintering technology to
achieve a theoretical density of 93% and fine-grained structure
in an LLZO SSE.[410] The resulting stable Li|LLZO interface en-
abled stable operation of a Li|LLZO|Li symmetric cell for more
than 100 h at a maximum current density of 0.049 mA cm−2.
Additionally, the reactivity of the Li anode towards SSEs signifi-
cantly impacts the mechanical degradation of the ASSLMBs. The
formation and evolution of the interphase layer between Li and
SSEs plays a crucial role. During interphase growth, Li insertion
and interfacial transformation cause volumetric expansion and
internal stress within SSEs, leading to mechanical damage and
increased resistance.[411] The properties of the chemically or elec-
trochemically formed interphase also affect mechanical integrity.
SSEs that chemically react with Li metal to form mixed ionic-
electronic conducting interphases are prone to mechanical degra-
dation, disabling batteries during cyclic charging and discharg-
ing process.[402] Kang’s group discovered that LAGP undergoes
a chemical reaction with Li metal, forming an interphase com-
prising stoichiometrically modified LAGP and Li-related oxides
(such as Li2CO3) that act as a mixed ionic-electronic conductor,
with electronic conductivity being dominant.[412] The mechanical
integrity of the LAGP SSE is significantly affected by the chemi-
cally formed interphase, causing the pulverization of LAGP pel-
lets and the repeated formation of microcracks on the interphase
side. Moreover, the electrochemical reactions that occur with the
chemically formed interphase during cell operation can further
deteriorate the mechanical properties of the SSE, ultimately re-
sulting in cell failure. By manipulating the properties of SSEs to
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create stable artificial interphases, it is possible to prevent the ac-
cumulation of stress and reduce mechanical failures in cells.[413]

Researchers have utilized advanced characterization tech-
niques to study and understand these mechanical failure mecha-
nisms. For instance, Sun et al. employed in situ and in operando
synchrotron X-ray tomography to record the morphological and
compositional evolution of the electrode/electrolyte interface dur-
ing battery cycling.[414] The electrolyte investigated in their work
is sulfide-type Li10SnP2S12. Similarly, McDowell’s group utilized
in situ X-ray computed tomography to investigate the evolu-
tion of mechanical damage in SSEs of LAGP type resulting
from interphase growth during the charge/discharge cycles of
the battery.[415] These advanced characterization techniques pro-
vide valuable insights into the morphological and compositional
changes occurring at the electrode|electrolyte interface during
battery operation. Thus, to achieve mechanical stability, it is cru-
cial to implement comprehensive protective strategies such as in-
corporating soft interlayers and ensuring the SSEs are free from
surface defects. These strategies enable stress relaxation and con-
tribute to maintaining the mechanical integrity of the system.[392]

Additionally, the utilization of advanced characterization tech-
niques contributes to the development of durable interfaces, ef-
fectively mitigating mechanical failures in ASSLMBs. These ef-
forts collectively facilitate the design of more robust and reliable
battery systems.

Electric failure primarily pertains to the Li+ plating and strip-
ping process, which is closely linked to the electrical charac-
teristics of the LMBs. Major consequence of this electric fail-
ure is the occurrence of short circuits caused by the Li den-
drite growth.[416] Based on the Monroe and Newman model, the
growth of dendrites can be theoretically suppressed if the shear
modulus of SSEs exceeds 1.8 times the shear modulus of Li
metal, which is ≈2–4 GPa.[203,204] However, among the various
SSE types, polymer SSEs exhibit limited capability in inhibiting
the penetration of Li dendrites within the SSEs due to their low
shear modulus, even at low current densities. For instance, when
using PEO SSEs, a Li|PEO/LiTFSI|Li symmetric cell experienced
a short circuit within 68 h of cycling under a current density of
0.2 mA cm−2 and a capacity of 0.1 mAh cm−2.[155] Polymers usu-
ally have stronger mechanical properties when they have higher
molecular weight.[417] However, the ideal direction of suppress-
ing dendrites using polymer-based SSEs is to make a compos-
ite with mechanically strong fillers.[418] An illustrative example
is the work of Luo’s group, where they reported a PEO-based
SSE, incorporating 2D vermiculite sheets with a high Young’s
modulus of 175 GPa, thus having a significantly higher tensile
modulus of 13.1 MPa compared to the 6.8 MPa of regular PEO
SSE.[419] The Li|SSE|Li symmetric cell employing the vermiculite-
modified PEO SSE exhibited stable Li plating/stripping behav-
ior without short-circuiting over an extended operation period
of more than 60 days at a current density of 0.05 mA cm−2.
The increased tensile modulus played a crucial role in delaying
the nucleation of Li dendrites, ultimately enhancing the SSE’s
ability to impede the growth of Li dendrites.[420,421] Indeed, in-
organic ceramics, MOFs, and COFs, and their composites, hav-
ing high mechanical strength, are preferred to prevent electric
failures. As an example, the garnet-type LLZO has been theo-
retically predicted to be highly effective in preventing the forma-
tion of Li dendrites. This is primarily due to its exceptional shear

modulus of ≈55 GPa and an extremely high tLi+ of unity.[422,423]

Wu’s group presented a single-ion MOFs-based SSE developed
by integrating flexible anionic chains within static rigid porous
frameworks.[424] This MOFs-based SSE demonstrated an im-
pressive Young’s modulus of 14.5 GPa, highlighting its signif-
icant potential in effectively preventing the formation of Li den-
drites. COF-5, a pioneering example of COFs, was synthesized by
the co-condensation reaction of 1,4-benzenediboronic acid and
2,3,6,7,10,11-hexahydroxytriphenylene.[222] COF-5 displays a re-
markable Young’s modulus within the range of 15 to 20 GPa.
This substantial mechanical strength enables COF-5 to effec-
tively hinder the growth of Li dendrites. Composite method has
proven to be effective in enhancing the mechanical properties
of soft polymers while maintaining good interfacial contact be-
tween SSEs and electrodes. Fan et al. reported the development of
a ceramic/polymer SSE by combining bulk LLZTO with PEO.[425]

This SSE exhibited an exceptionally high average Young’s modu-
lus of 75.5 GPa, indicating its superior mechanical strength. It is
expected that this ceramic/polymer SSE can prevent the forma-
tion of Li dendrites.

Besides simply increasing modulus of the SSEs, having even
Li deposition at the interfaces between Li and SSEs, as well
as retarding dendrite growth speed, can also prevent electric
failures.[215,104] Surprisingly, this phenomenon occurs regard-
less of the SSE’s shear modulus.[426] The non-uniform Li|SSE
interface promotes Li dendrite formation due to the local-
ized high current density and concentrated electric field at Li
protrusions.[422,427] Consequently, during subsequent charging,
Li selectively accumulates at these specific locations. For exam-
ple, impurity particles or defects at the Li|SSE interface in poly-
mer SSEs act as critical sites for the Li dendrite deposition.[428,429]

In garnet-type or certain sulfide SSEs, dendrite growth occurs
at grain boundaries, voids, pores, and cracks.[215] Unexpectedly,
Li dendrites can still form at polished Li|SSE interfaces, altered
grain boundaries, and single-crystalline SSE surfaces. The inho-
mogeneous Li|SSE interface alone cannot fully explain Li den-
drite growth. SSEs with high electrical conductivity facilitate to
Li dendrite growth in grains and grain boundaries.[430] High
electronic conductivity, as demonstrated by Wang’s group, leads
to dendrite formation in representative oxide-type LLZO and
sulfide-type LPS SSEs.[431] Therefore, designing SSEs with mini-
mal electronic conductivity is an effective strategy to mitigate the
formation of metallic Li dendrites. The mechanism of Li den-
drites at the Li|SSE interface requires further investigation.

State-of-the-art characterization techniques, including a range
of in situ imaging techniques, are crucial for understanding
the mechanisms of Li dendrite formation and growth. These
techniques include in situ optical-based imaging techniques
such as optical microscopy and Raman spectroscopy, as well as
electron-based imaging techniques, including scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and cryo-electron microscopy (cryo-EM).[432] Among these tech-
niques, in situ optical microscopy is widely utilized due to its
accessibility and ability to observe dendrite growth in real-time.
However, when compared to in situ optical microscopy, in situ
SEM offers significantly higher spatial resolution, making it
particularly suitable for studying the intricacies of Li dendrite
growth. By employing in situ SEM, researchers can directly
visualize Li dendrites’ nucleation, growth, and morphological
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evolution at a highly detailed level. This technique facilitates
the observation of dendrite formation, identification of potential
failure mechanisms, and exploration of the effects of various
parameters on dendrite growth, such as current density, tem-
perature, and electrolyte composition.[433] For instance, in a
notable example from 2021, Lu’s group employed in situ opti-
cal microscopy in combination with cryo-TEM to observe the
nucleation and growth of Li inside LPS SSE.[434] Based on their
findings, they proposed that the formation of Li dendrites within
the SSE, causing cracking and failure, precedes the dendrite for-
mation at the Li|SSE interface. These advanced characterization
techniques enable a comprehensive understanding of battery
failure mechanisms resulting from Li dendrite growth. This
knowledge plays a crucial role in the design and development of
SSEs for high-performance ASSLMBs.

Electrochemical failure is observed when SSEs cannot with-
stand higher voltages due to their limited ESWs. Additionally, un-
expected reactions between the cathode and SSE can result in the
formation of new interphases, negatively impacting battery per-
formance or even leading to battery failure. Besides them, vari-
ous factors, including electrode degradation, electrolyte decom-
position, and interface instability, can cause electrochemical fail-
ure in ASSLMBs.[435] For example, Zhang’s group showed that
the redox decomposition of Li7P3S11 and the subsequent forma-
tion of irreversible side products, including Li2S and S, can con-
tribute to the charge resistance at the interface.[436] The redox re-
actions of LPS took place over a wide electrochemical window
of 0.5–3.5 V (vs Li+/Li), generating a number of side products.
As decomposition products are generated and accumulated, the
interfacial resistance increased, and the polarization effect in-
tensified. This led to the formation of an insulative layer at the
electrode|electrolyte interface, causing a rapid decline in capacity.
Another notable instance is the research conducted by Chiang’s
group, which explored the redox behavior of 𝛽-LPS SSE across a
wide voltage range of 0–5.0 V (vs Li+/Li).[437] During electrochem-
ical oxidation, 𝛽-LPS underwent an irreversible decomposition
process, resulting in the formation of an interphase rich in oxi-
dized sulfur species, including P2S5. The irreversibility of this re-
action was due to the electronically insulating characteristic of the
resulting reaction products. Conversely, electrochemical reduc-
tion of 𝛽-LPS led to decomposition into components where both
sulfur and phosphorus undergo reduction, with the overall extent
of the reaction being several times greater than that observed dur-
ing oxidation. Notably, the interphase formed during reduction
stands out for its reversibility, distinguishing it from the inter-
phase formed during oxidation. These findings provided valuable
insights into the underlying reasons for the higher impedance
encountered at the SSE|cathode interface in ASSLMBs utilizing
𝛽-LPS-based SSEs. To effectively mitigate electrochemical fail-
ure in ASSLMBs, a notable approach is to enhance the electro-
chemical stability of SSEs by incorporating them into compos-
ites. These composites offer wide ESWs while maintaining high
𝜎, enabling stable electrode|electrolyte interfaces. For example,
Hu’s group reported on an oxide/polymer composite SSE con-
sisting of 3D garnet-type Li6.4La3Zr2Al0.2O12 nanofiber fillers em-
bedded in a PEO matrix.[184] This composite demonstrated an im-
pressive electrochemical window of 0–6 V (vs. Li+/Li) while main-
taining a high 𝜎 of 2.5 × 10−4 S cm−1 at r.t. The combination of a
wide ESW, high 𝜎, inhibition of Li dendrites growth, and a stable

Li|SSE interface enabled the Li|SSE|Li symmetric cell to exhibit
stable Li stripping/plating. Specifically, the cell exhibited stable
Li stripping/plating for a duration of 500 h at a current density of
0.2 mA cm−2 and over 300 h at a current density of 0.5 mA cm−2 at
r.t. Another strategy involves designing SSEs with a multilayered
structure to enhance the ESW and address interfacial instability
issues. For instance, Guo’s group reported a multilayered SSE
composed of LAGP, antioxidative PAN, and reduction-tolerant
PEGDA.[183] This SSE exhibited a wide electrochemical window
of 0–5 V (vs Li+/Li) while maintaining a 𝜎 of 3.7 × 10−4 S cm−1

at r.t. During the assembly of the Li|SSE|NCM811 configuration,
the use of PAN in contact with the cathode and PEGDA in contact
with the Li metal ensures stable electrode|electrolyte interfaces,
thus preventing side reactions that could arise from direct con-
tact between LAGP and the Li anode. This design facilitates fast
Li+ transport and takes advantage of the wide ESW of the SSE.
Consequently, the cell demonstrates exceptional cycling perfor-
mance at 0.2 C with a remarkable initial capacity of 184 mA h g−1

and an impressive capacity retention of 94.4% after 175 cycles.
As discussed earlier, PCPs, such as COFs-based materials, have
emerged as promising candidates for SSEs in ASSLMBs, offering
wide ESW exceeding 5.0 V (vs. Li+/Li). For example, a holisti-
cally oriented quinolyl-linked COFs film exhibited an impressive
ESW of up to 5.6 V (vs. Li+/Li), along with a 𝜎 of 1.5×10−4 S cm−1

at 60 °C and excellent mechanical strength characterized by a
Young’s modulus of 10.5 GPa.[181] These findings demonstrate
the significant potential of COFs-based SSEs for high-energy-
density ASSLMBs when combined with suitable cathode mate-
rials. However, further research is needed to thoroughly investi-
gate the solid-solid Li|PCPs interface, which holds promise as a
crucial research direction for next-generation ASSLMBs.

Chemical failure can occur when undesired interfacial reac-
tions between the electrode and electrolyte materials happen.
This is particularly relevant as Li anode exhibit high reactivity
with the most SSEs.[438] The chemically formed interphase layer
between SSE and Li metal plays a critical role in the performance
of ASSLMBs. The desired interphase layer is thermodynamically
stable, exhibits high 𝜎, and is electronically insulating.[439] Such
an interphase layer can reduce the decomposition of SSEs
and facilitate rapid Li+ transport, enabling batteries with high-
energy-density and long lifespan during practical operations.
However, attaining a stable interphase possessing both high 𝜎

and electronic insulation proves challenging for most SSEs, pri-
marily because the strong thermodynamic driving force compels
Li metal to undergo reactions with the SSEs.[392] The formation
of an interphase at the interface between Li anode and SSE,
which exhibits negligible electrical conductivity but low 𝜎, leads
to slow Li+ transport and increased interface resistance. This, in
turn, negatively impacts the performance of the cell, including
cycling stability. For example. Wenzel et al. investigated the
interaction between phosphorus-based sulfide SSEs such as
argyrodite Li6PS5X (X = Cl, Br, and I) and Li metal.[440] A com-
bination of experimental and theoretical calculations confirmed
the formation of decomposition products, including Li2S, Li3P,
and LiX (X = Cl, Br, and I). These decomposition products
are insulating materials that exhibit relative stability when in
contact with Li metal, enabling the interphase to self-passivate.
However, the drawback of these materials is their low 𝜎, leading
to increased interfacial resistance. This higher resistance can
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have a detrimental impact on the overall performance of the
cell. By investigating the Li|Li6PS5Cl interface using quantum
mechanics-based reactive molecular dynamics, Cheng et al.
observed its instability and rapid decomposition, leading to the
formation of multiple phases.[441] The resulting decomposition
products, including Li3P, Li2S, LiCl, and potentially LiP, exhibit
significantly lower 𝜎 than the original Li6PS5Cl. This decrease in
𝜎 adversely affects the transport properties of the entire system.
Consequently, the cell performance is compromised, and in
some cases, it can lead to failure. To address these issues, a
promising approach to improving stability is constructing a
multifunctional layer at the Li|SSE interface that exhibits high 𝜎

while maintaining electrical insulation. Li’s group introduced a
nanostructured lithium fluoride (LiF) and lithium−zinc (Li−Zn)
alloy component (referred to as LiF@Li−Zn) between LAGP SSE
and Li using in-situ conversion reactions.[442] This nano layer
possesses electrical insulation properties while retaining high
𝜎. The incorporation of the multifunctional layer at the Li|LAGP
interface not only promotes stability but also reduces interface
resistance. Moreover, it effectively mitigates side reactions that
arise from the intrinsic instability of LAGP when in contact
with metallic Li. This multifunctional layer enables Li|LAGP|Li
symmetric cells to exhibit stable Li plating/stripping behavior for
more than 1,000 h at a current density of 0.1 mA cm−2. Addition-
ally, these cells demonstrate superior cycling performance, even
when subjected to a remarkable current density of 0.5 mA cm−2.

In addition, the presence of mixed ionic-electronic conduct-
ing interphases at the Li|SSE interface can lead to the rapid
decomposition of the SSE, ultimately resulting in cell failure.
These mixed interphases are characterized by their ability to
facilitate both ionic and electronic charge transfer across the
interface. Highly ionic conductive SSEs, such as NASICON-type
LAGP, perovskite-type LLTO, and sulfide-type LGPS, are known
to exhibit such mixed interphases.[443] As an example, the LGPS
undergoes decomposition upon contact with Li metal, primar-
ily due to its favorable decomposition energy of −1.2 eV per
atom.[165] The predicted decomposition products are Li2S, Li3P,
and Li−Ge alloys. Li2S is an insulator, Li3P is an ionic conductor,
and Li-Ge alloys act as electronic conductors.[444] The existence of
Li−Ge phases increased in local electronic conductivity, causing
continuous degradation of the LGPS surface. This degradation
process results in an increase in cell resistance and a decrease
in cell cyclability, ultimately affecting the overall performance of
the cell. To address this issue, a viable solution is to incorporate
a thin and stable barrier layer between the reactive SSE and the
Li metal in ASSLMBs. This barrier layer should possess high
𝜎, excellent electronic insulation, thermodynamic stability with
both Li metal and SEs, and mechanical ductility for effective
Li|SSE contact. The barrier layer effectively prevents undesirable
side reactions by satisfying these requirements while maintain-
ing the SE’s high 𝜎.[63] In a study by Zhang et al., a chemically
stable interface was achieved by applying a protective layer of
LiH2PO4 on the Li metal surface using an in situ approach.[445]

This interface re-engineering strategy effectively prevents the
migration of mixed ionic-electronic reactants into the LGPS
and improves the kinetics of reactions at the interface. The
incorporation of the LiH2PO4 protective layer enables a stable
Li|LGPS interface. As a result, the Li|LGPS|Li symmetric cell
exhibited stable operation for over 950 h at a current density

of 0.1 mA cm−2, with a consistently low overpotential of 50
mV. Additionally, the Li|LGPS|LCO cell demonstrated an initial
discharge capacity of 131.1 mAh g−1 and a capacity retention of
86.7% over 500 cycles at a rate of 0.1 C. These results highlight
the effectiveness of the protective layer in improving the stability
of Li|SSE interface and the performance of ASSLMBs. Indeed,
the “building barrier layer” strategy can also be applied to LMBs
equipped with liquid electrolytes. Our group utilized a silicate
COFs as SEI for LMBs.[163] The COFs protective layer formed
on the surface of the Li metal anode served dual purposes:
facilitating rapid transport of Li+ while effectively suppressing
dendrite formation. By implementing this strategy, the LMB
cell equipped with a LCO cathode achieved an impressive max-
imum reversible capacity of 188 mAh g−1 at a rate of 0.25 C.
Moreover, the cell exhibited exceptional cycling stability, with a
capacity decrease of less than 3% over the course of 100 cycles.

Advanced characterization techniques are crucial in acquiring
a deeper understanding of and mitigating these chemical failure
mechanisms. For example, Wenzel et al. conducted in situ X-ray
photoelectron spectroscopy and time-resolved electrochemical
measurements to understand the chemical reactions occurring
at the interface between the LGPS SSE and Li metal anode.[444]

These techniques allowed for a detailed examination of the chem-
ical reaction processes at the Li|LGPS interface and provided valu-
able insights into the mechanisms involved. With the aid of these
characterization techniques, the researchers confirmed that the
predicted decomposition products at the interface indeed con-
sist of Li2S, Li3P, and Li–Ge alloys, aligning with the theoreti-
cal calculations. Our group employed in situ OM to observe the
growth of Li dendrites. Through the utilization of in situ OM,
we acquired valuable insights into the complex growth patterns
and features of Li dendrites throughout various battery operating
stages. This comprehensive understanding enabled us to identify
potential methods to mitigate dendrite formation and enhance
the overall performance of the LMBs.[163] In summary, achieving
a stable Li|SSE interface is crucial to prevent chemical failures in
active ASSLMBs during practical use. This requires the design
of SSEs with high chemical stability and advanced structural fea-
tures at the Li|SSE interface. Moreover, advanced characterization
techniques and complementary methods such as electrochem-
ical impedance spectroscopy and in situ measurements enable
a comprehensive understanding of the chemical failure mecha-
nisms in ASSLMBs. These techniques are vital in designing ef-
fective strategies to mitigate chemical degradation and enhance
battery performance.[64,446,447] Characterization techniques are es-
sential to gain a comprehensive understanding of the underlying
mechanisms and develop effective strategies to mitigate electro-
chemical failure. These techniques provide valuable insights into
the underlying processes and contribute to a more comprehen-
sive understanding of battery performance and failure modes.
Thus, interested readers are suggested to read the cited papers
for further study.[63,448−451]

Cathode degradation significantly impacts cell performance,
as the compatibility of suitable cathodes with Li metal anodes is
crucial for enhancing the overall energy density of LMBs.[452,453]

Understanding the mechanisms of cathode degradation is es-
sential for designing high-performance ASSLMB systems. It is
well established that cathode degradation in ASSLMBs signif-
icantly increases the interfacial resistance at the cathode|SSE
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interface.[454] As this interfacial resistance rises, the transport of
Li+ at the cathode|SSE interface becomes impeded, leading to
diminished electrochemical performance characterized by low
Coulombic efficiency (CE) and reduced capacity. Ni-rich layered
oxide cathodes with high Ni content (LiNixMnyCo1 -x-yO2, x>0.8)
are particularly promising due to their high specific capacity, ex-
ceeding 200 mAh g−1.[390,455] Park et al. explored the mechanisms
underlying capacity decay in Ni-rich cathodes, placing particu-
lar emphasis on the internal particle structure.[456] They discov-
ered that the primary cause of deterioration in these cathodes was
mechanical degradation associated with the formation of microc-
racks. This mechanical failure not only contributed to additional
chemical and structural degradation but also heightened the sus-
ceptibility of the internal areas of the secondary particles to elec-
trolyte attack. Therefore, safeguarding the internal structure of
the particles from electrolyte attack by mitigating microcrack for-
mation is an effective strategy for ensuring the practical use of
high-energy Ni-rich cathodes with long-term stability.

The fabrication of composite cathodes, often referred to as
catholytes, which consist of active materials and SSEs, is an effec-
tive and widely adopted approach to reduce interfacial resistance
between the cathode and SSEs.[457] The degradation of composite
cathodes is more complex due to the electrochemical-mechanical
coupling failure mechanisms involved.[458] For example, Yuan
et al. proposed a 3D electrochemical–mechanical coupled model
to study the failure mechanism of the composite cathode went
through the electrochemical and physics processes.[459] The ir-
regular distribution of primary particles within the NCM111 sec-
ondary particle induces anisotropic Li diffusion and variations in
volume. Consequently, this leads to substantial nonuniformity Li
concentration and stress distributions, especially at the bound-
aries of the primary particles, ultimately resulting in the develop-
ment of internal cracks within the particles. When equipped with
LLZO SSE, the cell experiences capacity decay due to increased
interfacial resistance resulting from lamination, which occurs as
the particle volume shrinks under the constraints imposed by the
rigid structure.

Advanced characterization tools are essential for gaining in-
sights into the mechanisms of cathode degradation.[460,461] For
example, Meng’s group conducted a study utilizing a combina-
tion of multiscale imaging analysis and computational modeling
to explore the degradation mechanisms of the NCM811 cathodes
during cycling.[462] They showcased the effectiveness of plasma-
focused ion beam-scanning electron microscopy technology for
achieving 3D imaging and quantitative analysis of the NCM811
cathodes. The data obtained from this imaging technique serves
as a foundation for conducting relevant statistical analyses and
developing computational models. By integrating these models,
the research provides valuable quantitative insights into how the
structure of the thick electrode evolves during the cycling process.

4.2. Li Plating/Stripping Coulombic Efficiency in SSEs

Typically, attaining high Li plating/stripping CE continues to be
a challenge in SSEs. Li plating/stripping CE is influenced by
the loss of Li at the negative electrode during each cycle, which
primarily arises from two sources: Li+ trapped in the SEI and
the presence of “dead Li”.[416] By minimizing the loss of Li+

within the SEI and reducing the quantity of dead Li, it is pos-
sible to enhance the CE of Li plating/stripping processes sig-
nificantly. Several factors contribute to the low CE of Li plat-
ing/stripping in SSEs. In certain SSEs, limited 𝜎 impedes the
movement of Li+, adversely affecting the reversibility of the plat-
ing and stripping processes. This limitation ultimately results in
reduced CE. Furthermore, high interfacial resistance between the
SSEs and the electrodes restricts the movement of Li+ at the elec-
trode|electrolyte interfaces. This restriction diminishes the re-
versibility of Li plating and stripping, further lowering the CE. In
addition, the undesirable formation and growth of Li dendrites
within SSEs generate “dead Li”. The accumulation of “dead Li”,
resulting from irreversible stripping and plating processes dur-
ing cycling, significantly decreases CE.[463] Therefore, preventing
dendrite growth is critical for enhancing Li plating and stripping
efficiency. It is widely recognized that the highly reactive nature of
Li metal can result in ongoing reactions with organic liquid elec-
trolytes, leading to the formation of a thick SEI during cycling.[464]

This reaction not only consumes a significant amount of Li from
the anode but also depletes the liquid electrolyte. Similarly, the
chemical stability of SSEs is also a critical factor influencing the
CE of Li plating/stripping. Chen et al. investigated a garnet-type
oxide SSE, LLZTO, which exhibits notable stability in contact
with Li metal.[465] Consequently, the ASSLMB cell utilizing an
LFP cathode achieved an impressive initial CE of 96.80% at a
rate of 0.1 C. This performance significantly surpasses the initial
CE of 79.35% recorded for LMBs employing a liquid electrolyte
(1 m LiPF6 in a 1:1 v/v mixture of ethylene carbonate and
dimethyl carbonate). Moreover, the electrochemical stability of
SSEs significantly influences the CE of Li plating/stripping. For
example, Zhang’s group showed that the redox decomposition of
Li7P3S11 and the subsequent formation of irreversible side prod-
ucts, including Li2S and S, can contribute to the charge resistance
at the interface.[436] The redox reactions of Li7P3S11 took place
over a wide electrochemical window of 0.5–3.5 V (vs. Li+/Li),
generating several side products. As decomposition products are
generated and accumulated, the interfacial resistance increases,
and the polarization effect intensifies. This leads to the formation
of an insulative layer at the electrode|electrolyte interface, caus-
ing a rapid decline in capacity. Additionally, impediments to Li+

movement at the electrode|electrolyte interface adversely affect
the reversibility of the plating/stripping processes, ultimately re-
sulting in reduced Li plating/stripping CE.

4.3. Thermal Runaway of the ASSLMBs with SSEs

Although SSEs demonstrate greater intrinsic thermal stability
compared to liquid electrolytes, ASSLMBs continue to face
considerable safety challenges due to the potential for thermal
runaway.[466–468] This risk becomes more pronounced as the
energy density of LMBs increases.[469] Thermal runaway in
ASSLMBs is primarily linked to the processes of heat generation
and release, influenced by multiple factors. One significant con-
cern is the decompose behavior of SSEs under high-temperature
conditions. As temperatures rise, SSEs can decompose or melt,
particularly in polymer-based electrolytes, which may lead to
internal short circuits.[201] This short-circuiting not only gen-
erates heat but can also trigger thermal runaway in the battery
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system. Furthermore, the decomposition products of certain
electrolytes can react with Li metal, releasing heat and poten-
tially flammable gases. For instance, when PEO decomposes,
it produces byproducts such as alcohols and water that react
with Li to generate hydrogen gas, increasing the risk of thermal
runaway.[470] In the case of in situ polymerized PDOL SSE,
thermal decomposition occurs at temperatures above 110 °C,
releasing formaldehyde gas, which further enhances the threat
of thermal runaway.[79] Sulfide-based SSEs also pose challenges
due to their relative thermal instability compared to oxides.[471]

For example, during the heating of Li3PS4, the formation of the
Li4P2S6 phase occurs, and sublimation of sulfur can be observed
at ≈660 °C.[472] Such decomposition reactions can release heat
and interact with Li metal, further contributing to the risk of
thermal runaway in ASSLMBs.

In addition, undesirable side reactions between SSEs and elec-
trodes can induce heat generation and gas production. These
ongoing exothermic reactions lead to heat accumulation, which
raises the temperature within the batteries.[466] Elevated temper-
atures, in turn, can accelerate the chemical interactions between
the SSE and the electrodes, creating a feedback loop that exacer-
bates the situation. As a result, thermal runaway may occur when
the rate of heat dissipation falls significantly short of the rate
of heat generation. Although ceramic-based SSEs, such as sul-
fides, demonstrate comparatively high thermal stability and non-
flammability, their limited chemical stability can still contribute
to thermal runaway issues in LMBs.[467] For instance, Zhang’s
group explored the mechanisms underlying thermal runaway in
ASSLMBs that utilize Li6PS5Cl SSEs.[473] They employed char-
acterization techniques, including extended-volume accelerating
rate calorimetry and differential scanning calorimetry. Their re-
search identified that a passivation layer of LiCl forms through
the reaction between the SSE and Li metal, which initially re-
stricts any further reactions at 178 °C, thus preventing thermal
runaway at 0% state-of-charge. However, the melting of Li com-
promises this passivation layer, facilitating ongoing reactions be-
tween the SSE and Li. This persistent chemical interaction re-
sults in heat accumulation, significantly increasing the risk of
thermal runaway in ASSLMBs. Furthermore, the formation and
growth of Li dendrites can lead to internal short circuits within
ASSLMBs, resulting in heat generation and potential thermal
runaway.[474,475] SSEs with high mechanical strength are expected
to effectively inhibit dendrite growth. Recently, a single-crystal
COF membrane was reported to have a Young’s modulus of
73.4± 11.6 GPa,[223] demonstrating significant potential for COF-
based materials in blocking dendrite formation due to their su-
perior mechanical properties. Therefore, to mitigate the risk of
thermal runaway in ASSLMBs, SSEs should possess certain char-
acteristics, including high thermal stability, high chemical stabil-
ity, wide ESWs, and effective suppression of Li dendrites. Addi-
tionally, the development of advanced detection tools can effec-
tively monitor thermal runaway in ASSLMBs, thereby enhancing
safety in practical applications.

4.4. Composite SSEs

To make SSEs with balanced properties in all aspects, the com-
posite method, combining the advantages of high-performing

fillers and flexible matrix, is the most practical and promising
way. Although remarkable progress has been made on compos-
ite SSEs in LMBs, there is still a long way to go before practical
industrial implementation. These challenges encompass various
aspects, including materials design, integration into batteries,
and adapting manufacturing processes to accommodate SSEs.
It is crucial to pay greater attention to these bottlenecks and en-
sure compatibility with the existing mature battery production
system, which is primarily based on liquid electrolytes. First, fur-
ther efforts are required to improve the composite electrolytes’
insufficient 𝜎 at r.t. The polymer matrix, which often takes the
form of polymer–Li salts systems, in composite SSEs accounts
for partial ion transport. It significantly lowers 𝜎 and ion trans-
port kinetics of the bulk composite SSE.[476,477] The 𝜎 of poly-
mer matrices and the transport behavior of the composite SSE
determine whether the bulk 𝜎 can reach a value that meets the
working requirements, 10−4 S cm−1. Thus, designing polymer
matrices with higher 𝜎, embedding 3D continuous conductive
ceramics, or nano-scale fillers with aligned Li+ conductive chan-
nels in the composite SSE are promising directions.[478] Second,
reducing the high interfacial reactivity and resistance deserves
attention to enhance interfacial stability under battery operat-
ing conditions and ensure long-term cycling.[479] Although the
high flexibility and processability of the polymer matrices con-
tribute to the smooth contact at the interfaces, the rough sur-
faces of electrodes and most electrolytes still render a consid-
erable issue.[480] For this, in situ polymerization, featuring the
liquid precursor converted into solid polymer on the surface of
both anode and cathode electrode, is regarded as a promising
approach to achieve excellent interface contact.[78,481] Addition-
ally, high reactivity of metallic Li may deteriorate the interfacial
chemical stability by reacting with the residual solvents or protu-
berant inorganic ceramics fillers, e.g., sulfide and NASICON-type
LAGP, which can cause side products at the interface and slug-
gish the carrier transport. Therefore, improving interface com-
patibility between electrode and electrolyte via modifying Li metal
electrode or enhancing the intrinsic chemical stability of com-
posite electrolytes is an effective strategy to ensure durable long-
term battery cycling.[482] Finally, identifying the right balance be-
tween mechanical properties and electrochemical performance
is also essential in commercializing composite SSEs. Composite
SSEs with high thickness usually demonstrate high mechanical
strength and enhanced processability, enabling the production of
a large-area membrane.[483] However, large thicknesses will sig-
nificantly increase the proportion of non-capacity components
in batteries and sacrifice the high-energy density of solid-state
LMBs. The commercial Celgard separator in the liquid electrolyte
system is about 10 μm thick.[484] Unfortunately, composite SSEs
with similar thickness show great challenges in large-scale pro-
duction, and the mechanical strength is insufficient to withstand
the external pressure required to maintain the operation of solid-
state LMBs. Thus, it is necessary to reduce the thickness of the
composite SSEs while improving their mechanical strength.

Such successfully developed SSEs with a 𝜎 and a wide ESW
can be ideal next-generation SSEs for LMBs with a high-energy
density that can be paired with high-voltage cathodes. When a
cell’s operating voltage exceeds the ESW of SSEs, it forms new
interphases due to undesirable redox reactions between the elec-
trodes and electrolyte. These interphases play a crucial role in
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Figure 28. Comparison of the 𝜎 and ESWs (vs. Li+/Li) of
various SSEs, including conventional polymers,[109,112,116]

ceramics,[92–94,118,120] MOFs,[96,97,125,126] COFs,[99,127,129−131,181]

and composites.[103,134,135,137,141,184,386]

determining the cell’s performance and stability. Here, we sum-
marize a comparison of the 𝜎 and ESW (vs Li+/Li) observed in a
selection of representative composite SSEs and show the target
area for the next-generation ASSLMBs that can endure highly de-
manding energy output. Other SSE types, including polymers,
ceramics, MOFs, and COFs, were also evaluated for compari-
son (Figure 28). Polymer SSEs typically exhibit 𝜎 ranging from
10−7 to 10−4 S cm−1 at r.t., with ESWs typically in the 4.2–5.0 V
(vs Li+/Li). Among the various types of single SSEs, inorganic
ceramics demonstrate the highest 𝜎. For instance, sulfide-type
SSEs exhibit 𝜎 in the range of 10−3 to 10−2 S cm−1 at r.t. How-
ever, the ESWs of most sulfides do not exceed 5.0 V (vs Li+/Li).
On the other hand, PCPs, including MOFs and COFs, exhibit 𝜎
in the range of 10−5 to 10−4 S cm−1 at r.t., while maintaining wide
ESWs ranging from 4.0 V to 5.6 V (vs Li+/Li). Composite SSEs,
composed of different types of fillers (such as oxides, sulfides,
MOFs, and COFs) embedded in a polymer matrix, offer a wide
range of 𝜎 varying from 10−5 to 10−3 S cm−1 at r.t., with the ma-
jority falling within the range of 10−4–10−3 S cm−1. These com-
posites also have exceptional ESWs ranging from 4.8 to 6.0 V (vs
Li+/Li), providing a desirable balance between conductivity and
stability for SSE applications. Moreover, we highlight the perfor-
mance targets that future SSEs should aim to achieve to endure
the demanding environments of high-energy-density batteries.
Overall, composite SSEs offer a balanced and high-performing
combination of 𝜎 and electrochemical stability.

4.5. Computational Study

When designing composite SSEs with desired properties, an es-
sential prerequisite is understanding the ion transport mecha-
nisms thoroughly; however, the modes of ion motions and their
associated pathways in composite SSEs are still under debate.[485]

Specifically, the complexity of composite SSE systems may arise
from the multi-phase interactions near boundaries and space
charge redistributions at the interfaces, which can hardly be
fully described by the current experimental characterizations.[486]

Thus, many computational approaches, such as DFT calcula-
tions and MD simulations, have become indispensable tools
for predicting intrinsic material structure-property relationships
(Figure 29). These methods are expected to provide a deeper un-
derstanding of the elusive ion transport mechanism in compos-
ite SSEs. DFT simulations have become a linchpin, especially in
investigating the energetics of novel composite electrolytes for
solid-state batteries. In the study of Li sulfonated COFs, (TpPa-
SO3Li, DFT has been adopted in elucidating Li+ conduction
behaviors.[127] The calculated migration barriers revealed a pref-
erence for axial Li+ migration over planar pathways, Similarly,
Zhou’s group utilized DFT calculations to investigate the energy
barriers for the transport of TFSI‒ through MOF channels lon-
gitudinally and laterally (Figure 29a).[142] A higher energy barrier
was observed for lateral diffusion through the rigid MOF frame-
works. This highlights the MOF channels’ ability to hinder TFSI−

transport within channels through spatial constraints.
In addition to DFT, MD simulation is a valuable tool for provid-

ing dynamical information of electrolyte materials during elec-
trochemical processes at atomic and molecular scales.[311] For
instance, Yi Cui’s group demonstrated the use of MD to un-
derstand the enhanced 𝜎 in composite SSEs with aligned poly-
mer chains (Figure 29b).[207] The simulations captured preferen-
tial Li+ diffusion pathways along the alignment direction with a
modified OPLS-AA (OPLS: optimized potentials for liquid sim-
ulations; AA: all-atom) force field.[490] However, these classical
MD models, governed by conventional interatomic potentials,
are not always available nor precisely calibrated for new com-
posite electrolyte systems.[491] On the other hand, ab initio MD
(AIMD), whose force evaluations are usually based on DFT cal-
culations, are comparatively more suitable for real-time simula-
tions of ion motions for novel SSE materials.[492,493] Nevertheless,
the primary drawback of AIMD lies in their substantial computa-
tional expense. Consequently, this technique is still constrained
to small supercells comprising only a few hundred atoms and
is limited to a relatively short physical timescale, typically rang-
ing from tens of picoseconds to a few nanoseconds.[494] To bal-
ance accuracy, applicability, and computational cost, MD enabled
by ML force fields (MLFF) has gradually emerged as a poten-
tial game changer.[495,496] In a recent example, MD with deep-
learning potential was adopted for developing a new sulfide solid-
state electrolyte. This ML-assisted MD is 100–1000 times faster
than AIMD, while accommodating a system size ten times larger
than that achievable with AIMD.[497] In the context of large-scale
atomistic simulations of composite SSEs, MLFF shows great
promise to develop a universally accurate polarizable interatomic
potential (Figure 29c).[487] This is essential for uncovering the
properties and mechanisms associated with the complex variety
of chemical elements, phase components, and interfaces.

ML techniques have also been effectively employed for iden-
tifying suitable SSE materials via making robust predictions on
key parameters such as 𝜎,[498] electrochemical stability,[499] and
mechanical properties.[488,500,501] By training ML models on exten-
sive datasets,[502] researchers expedite material screening and se-
lection, as demonstrated in the search for high-performance solid
Li+ conductors.[498,500,503] Notably, most of the existing ML-related
research on SSEs is still concentrated on pure inorganic ceramics
(Figure 29d)[488,500] and polymer electrolytes (Figure 29e).[489,504]

The difficulty in exploring composite SSEs with ML may lie
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Figure 29. A proposed workflow that combines multi-scale models and ML techniques for designing new composite SSEs. a) Density functional theory
(DFT) calculations of TFSI‒ transport in MOF channels. Reproduced with permission.[142] Copyright 2018, Elsevier. b) Molecular dynamics (MD) simula-
tions of Li+ transport in electrolyte systems, with the corresponding mean square displacement (MSD) curves plotted as functions of time. Reproduced
with permission.[207] Copyright 2019, Springer Nature. c) Schematic architecture of the many-body graph potential. Reproduced with permission.[487]

Copyright 2022, Springer Nature. d) Flowchart of machine learning (ML) processes to predict elastic properties and ionic conductivities of garnet-type
SSEs. Reproduced with permission.[488] Copyright 2023, American Chemical Society. e) Diagram of ChemArr architecture containing a message passing
neural network (MPNN). Reproduced with permission.[489] Copyright 2023, American Chemical Society.
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in establishing a comprehensive design space. Unlike single-
type SSEs, the design space for composite SSEs is not simply
an intersection or union of individual components’ parameters
due to diverse component interfaces and distinct ion transport
mechanisms. To summarize this section, composite SSEs of-
fer a promising pathway to overcome inherent shortcomings in
existing SSEs. However, their complex composition and inter-
faces pose significant challenges in mechanistic investigations
and materials design. ML-assisted multiscale modeling from the
electronic level to the atomic level should be of great importance
in understanding microscopic properties within composite SSEs,
such as ion migration, interface formation, and microstructure
evolution. In parallel, developing ML algorithms for promoting
global exploration and reverse design of composite electrolyte
materials should also be significant in advancing research in
composite SSEs.

4.6. All-solid-State Li–S and Li–O2 Batteries

Batteries utilizing Li metal anodes have shown considerable
promise for achieving elevated energy densities.[505] In addition
to LMBs, alternative technologies, such as Li–S and Li–O2 batter-
ies, are emerging as strong contenders for next-generation en-
ergy storage solutions that are both high in energy density and
low in cost.[506–509] Nevertheless, liquid-based Li–S batteries face
notable obstacles primarily due to the shuttling effect of soluble
Li polysulfides that move between the anode and cathode.[510,511]

This migration leads to diminished CE and accelerates capac-
ity degradation over cycling. ASS (all-solid-state) Li–S that in-
corporate SSEs instead of liquid electrolytes represent a promis-
ing approach to mitigate this issue.[37,512] Although polymer-
based SSEs, such as PEO and PAN, offer benefits like flexibility,
high chemical stability, and cost-effectiveness, their low 𝜎 at r.t.
and limited capability to suppress dendrite growth restrict their
broader application in ASS Li–S batteries.[513] Furthermore, the
solubility of Li polysulfides in conventional polymers continues
to be problematic.[514] For example, PEO exhibits a high solubil-
ity for Li polysulfides due to its high Gutmann donor number
of 22 for ethylene oxide units, which indicates significant sol-
vent properties.[515] To address the polysulfide shuttling issue in
PEO-based ASS Li–S batteries, Goodenough’s group reported a
strategy involving the introduction of a PVDF layer on the sul-
fur cathode.[516] The low Gutmann donor number and weak sol-
vent properties of PVDF render long-chain polysulfides insolu-
ble and unstable within this material. By mitigating the poly-
sulfide shuttling problem, this approach significantly enhances
the electrochemical performance of the batteries. The high in-
terfacial resistance between oxide-based SSEs and electrodes, at-
tributed to the inherent rigidity of oxides, represents a signifi-
cant drawback that limits the broader application of these materi-
als in ASS Li–S batteries.[517] In contrast, ASS Li–S batteries uti-
lizing sulfide-based SSEs demonstrate high energy density due
to the absence of the polysulfide shuttling effect.[277] However,
their practical use is hindered by the poor chemical and electro-
chemical stability of sulfides. Creating polymer-ceramic compos-
ites is an effective strategy to address both interfacial issues and
polysulfide shuttling simultaneously. For instance, Cheng et al.
reported a composite electrolyte composed of garnet-type oxide

Li6.28La3Al0.24Zr2O12 nanofibers integrated into a PEO polymer
matrix.[518] The incorporation of Li6.28La3Al0.24Zr2O12 not only en-
hances the mechanical properties and dendrite suppression of
the PEO-based composite SSE but also improves the inhibition
of polysulfide diffusion throughout the cycling process. MOFs or
COFs, along with their composites, offer considerable promise
for enhancing the performance of ASS Li–S batteries. For in-
stance, a study by Li et al. introduced a 3D composite SSE that
integrates ordered MOF fillers within a PEO matrix.[519] The pres-
ence of the ordered MOF structure not only promotes ion trans-
port but also creates well-defined micropores and multiple bar-
riers that effectively inhibit the shuttling of Li polysulfides. This
design leads to significant improvements in both the rate per-
formance and cycling stability of the ASS Li–S batteries. To ad-
vance the future development of ASS Li–S batteries, it is essential
not only to design SSEs with attributes such as high 𝜎, excellent
compatibility with electrodes, and effective suppression of poly-
sulfide shuttling, but also to develop advanced characterization
techniques and theoretical calculations.

Li–O2 batteries represent a promising energy storage technol-
ogy due to their exceptionally high theoretical energy density
of 3,458 Wh kg−1, low manufacturing costs, and open system
design.[520–522] ASS Li–O2 batteries that incorporate SSEs signifi-
cantly enhance safety and are regarded as one of the most promis-
ing configurations for Li metal anodes.[523] In the development
of ASS Li–O2 batteries, various types of SSEs have been explored
for practical applications, including polymers,[524–526] inorganic
ceramics (such as oxides and halides),[527–530] PCPs like MOFs
and COFs,[126,224,531] as well as composite materials.[532–534] How-
ever, the advancement of ASS Li–O2 batteries, which aim for high
energy density and durability, is currently limited by the avail-
ability of effective SSEs. The SSEs used in these systems often
exhibit several limitations, including high interfacial resistance
with electrodes, inadequate 𝜎, and poor stability under practical
operating conditions. Cycling performance poses a major chal-
lenge for the wider application of ASS Li–O2 batteries, as many
systems struggle to achieve more than 1,000 cycles, resulting in
substantial capacity loss over time; only a limited number of stud-
ies have reported successful long-term performance.[535] Addi-
tionally, the operation of ASS Li–O2 batteries as open systems
that draw oxygen from the surrounding environment introduces
risks of contamination. The ingress of substances like water can
lead to safety concerns and potential battery failure due to ad-
verse reactions with the Li anodes.[536,537] Looking ahead, the fu-
ture of ASS Li–O2 batteries should prioritize advancements in
high-performance SSEs, the development of sophisticated char-
acterization techniques, and the creation of electrocatalysts with
improved catalytic efficiency and stability. Furthermore, effective
battery management strategies, including thermal management,
will be essential for enhancing cycling stability and ensuring
safety in practical applications.

4.7. Conclusion

In summary, in this review, starting from the introduction of
Li-based batteries, we conducted a comprehensive analysis of the
advantages of LMBs compared to traditional LIBs and Li–S bat-
teries. While LMBs have made significant progress, the primary
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objective in current LMB research is to achieve a gravimetric
energy density exceeding 500 Wh kg−1 and a volumetric energy
density surpassing 1500 Wh L−1 to meet the needs of highly
demanding and large-scale electronic devices. SSEs, as crucial
components of ASSLMBs, demonstrate outstanding potential in
realizing these goals while offering superior safety. We evaluated
the properties of SSEs based on six criteria: ionic conductivity,
Li+ transference number, interfacial contact, manufacturing
cost, electrochemical stability, and dendrite suppression. We
comprehensively analyzed different types of SSEs, including
oxides, sulfides, polymers, MOFs, COFs, and their compos-
ites, highlighting their distinct advantages and disadvantages.
In addition, we conducted a comprehensive review of recent
breakthroughs in the field of SSEs and identified the critical
bottlenecks that researchers have encountered in SSE devel-
opment. Based on our analysis, we provided valuable insights
and recommendations for future directions in SSE research.
Additionally, we offered notable examples of these SSEs in the
past five years and analyzed their application in ASSLMBs.
By thoroughly examining the properties and performance of
various SSEs, we provided a comprehensive understanding of
their potential for enabling high-energy-density LMBs.

In our research, we analyzed the four main types of fail-
ure (electric, mechanical, chemical, and electrochemical) in
ASSLMBs and proposed solutions. We also discussed the im-
pact of the cathode degradation on cell performance, as well as
future directions for overcoming these challenges. The issues
of Li plating/stripping reversibility, along with thermal runaway,
in ASSLMBs have been extensively examined. Additionally, we
explored advanced characterization techniques for understand-
ing solid-solid electrode|electrolyte interfaces and emphasized
the emerging trend in SSEs towards developing composites with
balanced properties. However, we acknowledged the difficulties
associated with composite SSEs, particularly in achieving high-
energy density, safety, and long-term durability in ASSLMBs, and
proposed ideas for future advancements in this field. Although
significant progress has been made in understanding the Li+

transport mechanism in SSEs through computational tools such
as density functional theory, molecular dynamics, and machine
learning, there are still gaps in our understanding, particularly
for complex composite structures and components with distinct
properties. Further research is needed to clarify the Li+ transport
mechanism and the interactions between electrodes and elec-
trolytes in SSEs. Lastly, while advancements have been made
in the design of SSEs for ASSLMBs, there are still considerable
challenges to address. Ongoing research and innovation are re-
quired to improve safety, achieve higher energy density, enable
fast charging, and ensure long cycling life in ASSLMBs. Addition-
ally, alternative solid-state battery technologies utilizing Li metal
anodes, such as Li–S and Li–O2 batteries, also show significant
promise.
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