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A B S T R A C T

Solid-state polymer electrolytes (SPEs) coupling with high-specific-energy cathodes/anodes are candidate
schemes for meeting the safety and energy density needs of next generation lithium batteries due to the reinforced
mechanical/chemical and electrochemical stability. However, many pressing challenges, such as low ionic con-
ductivity, large interfacial resistance and side reactions, hindering their practical applications in solid-state
lithium batteries (SSLBs). Crosslinked SPEs as one of the most attractive structures exhibit many advantages,
such as superior mechanical strength, thermal/chemical stability, and reduced crystallinity. The design/synthesis
strategies of crosslinked SPEs and how do the geometric structural parameters affect electrochemical performance
of the SPEs are not fully understood. This review comprehensively summarizes the very recent advances of
crosslinked SPEs for SSLBs by discussing the related publications, which involves physical and chemical cross-
linking strategies. The selection of crosslinked monomers and reaction type are classified in detail. The re-
lationships between crosslinking structures and physical/electrochemical properties at molecular level are
comprehensive analyzed. Finally, the challenges and future prospects of crosslinked SPEs in this rapidly evolving
field are outlined. Overall, this review is expected to serve as a guide for designing high-performance crosslinked
SPEs, and will receive widespread attention in the field of binders, separators, hydrogels, electronic skin and
engineering plastics.
1. Introduction

Next-generation electric vehicles and large-scale energy storage are
thriving in the global context of carbon neutrality, lithium-ion batteries
(LIBs) have gained tremendous success as an energy-storage system.
However, the escalating demand for higher energy density and safety can
hardly satisfy the ever-increasing demand in portable electronics and
electric vehicles, presents a formidable challenge for state-of-the-art LIBs
based on intercalation chemistry and liquid electrolyte [1–4].

High-voltage cathode materials (such as high-nickel, Li-rich Mn-
based layered oxide or sulfur) matched with lithium-metal (Li) or
silicon-based (Si) anode materials have been identified as one of the most
promising optimal choice beyond traditional LIBs due to the higher
theoretical capacity and operating voltage [5–13]. The most concerned
safety hazards come along with the increased energy density of LIBs, this
).
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severely limits the further development of many high specific energy
battery systems. Up to now, the commercialized LIBs heavily depend on
the utilization of organic liquid electrolytes (LE), which can lead to a
series of severe safety problems, including oxidation/decomposition
thermal runaway, burning or explosion [14,15]. This puts forward higher
requirements for the safety of lithium-based batteries especially with the
boom in electric vehicles. To address these issues, solid-state lith-
ium-based batteries (SSLBs), by replacing LE with solid-state electrolytes,
has been viewed as a safe choice and received much attention and
research recently [16–18]. Solid-state polymer electrolytes (SPEs) can
meet the safety and energy density needs of advanced SSLBs due to their
improved mechanical property, excellent electrochemical stability, flex-
ibility and processability.

The research of SPEs beganwith the exploration of the conductivity of
poly(ethylene oxide) (PEO) and alkali metal ion complexes by Wright
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et al., in 1973 [19]. Then Armand et al. in France reported that the Liþ

conductivity of PEO with alkali metal salt complex reached 10�5 S cm�1

at 40–60 �C in 1979, showing good film forming property, which could
be used as electrolyte of LIBs [4]. The results show that the SPE formed by
PEO and alkali metal salts has three phase regions at room temperature:
amorphous phase, pure PEO phase and salt-rich phase, in which the Liþ

conduction occurs in the amorphous phase. The ion conductive mecha-
nism of SPEs is generally believed to be: Lithium salts are complexed with
polar functional groups on the polymer chain, which promotes the
dissociation of lithium salt and the transport of Liþ ions. Under the action
of electric field, with the thermal movement of the polymer chain seg-
ments in the high elastic region, the Liþ ions and the polar groups
continue to complexation/de-complexation process, achieving the con-
duction of Liþ ions.

However, the bottleneck of SPEs, such as the unsatisfied ionic con-
ductivity at room temperature (such as the most common linear PEO,
10�7~10�5 S cm�1), relatively narrow electrochemical stability window
with the cutoff voltage less than 4.0 V, large solid/solid interfacial
resistance and non-ideal electrode/electrolyte compatibility, still restrict
further commercialization of SPEs in SSLBs. This issue is even more
pronounced in high-energy-density battery systems when coupling with
high-voltage cathodes (such as LiNi1-x-yCoxMnyO2, LiNi1-x-yCoxAlyO2,
LiCoO2 or xLi2MnO3⋅(1-x)LiMO2) [20–23].

Over the last decades, crosslinked polymers as one of the most
representative polymers, which deliver desirable mechanical properties,
elasticity, and thermal/chemical stability, have been widely used in
aerospace engineering, smart electronics, intelligent architecture, and
other high-tech fields. Recently, with the assistance of huge technique
Fig. 1. The hierarchical schematic of universal design strategies for crosslinke
linking strategies.
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progress on the polymerization synthesis strategy, characterization
methods, and theoretical calculation, plenty of crosslinked SPEs have
been developed into the field of SSLBs. Crosslinked polymers have been
widely used in many applications, particularly for hydrogels, fuel cells,
electronic skin, and engineering plastics. Owing to the strong mechanical
strength, physicochemical stability and excellent ionic conductivity of
the recently reported crosslinked SPEs, constructing crosslinked SPEs
appears to be a more appropriate strategy to promote the electrochemical
performance of SSLBs. Crosslinked SPEs are highlighted because of: (i)
Three-dimensional crosslinked polymer networks can significantly
improve the mechanical strength and elasticity of polymers, effectively
inhibiting the short circuit caused by Li dendrites and the stress/strain
caused by the volume expansion of electrode materials; (ii) The inter-
action between molecular chains in crosslinked polymers can give the
polymers novel properties, such as dynamic self-healing and shape
memory, which help to understand the relationships between structure
and physical property at molecular level; (iii) Compared with the linear
chain polymer molecules, the crosslinked structure helps to break the
ordered arrangement of the polymer chain and reduce the polymer
crystallinity, improving the thermal motion of the molecular chain and
efficient Liþ ion transport. Based on the above advantages, crosslinked
polymer electrolytes have begun to attract great attention from
researchers.

In this review, we briefly review the strategies of molecular structure
design and regulation of crosslinked SPEs at the molecular level for long-
life and high-energy-density SSLBs, which are include physical cross-
linking and chemical crosslinking strategies (Fig. 1). First, we start by
introducing the fundamentals of solid-state polymer electrolytes, as well
d polymer electrolytes, including physical crosslinking and chemical cross-
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as their key challenges and potential solutions. Next, both physical and
chemical crosslinking strategies are classified in detail, the selection of
crosslinked monomers and reaction type of crosslinked SPEs are classi-
fied in detail. The relationships between crosslinking structure and
physical/electrochemical properties at molecular level are comprehen-
sive analyzed. Finally, the optimization and in-situ characterization of
the intrinsic properties of crosslinked SPEs are summarized and pro-
spected. We believe that this review will contribute to guiding the mo-
lecular design of SPEs and industrial application of high-performance
SSLBs in the future.

2. Fundamentals and challenges

According to the types of polymerization reaction and the choice of
monomers, a series of SPEs with different structure types have been
designed and synthesized. In addition to the common straight-chain
polymers, such as poly(ethylene oxide) (PEO), polyvinylidene difluor-
ide (PVDF), polyacrylonitrile (PAN) and polymethyl methacrylate
(PMMA), etc. [23–25] Some SPEs with special structures have been
gradually discovered, such as single-ion conductor polymers, block co-
polymers, star structures, hyperbranched structures, bottlebrush-like and
crosslinked structures, etc. These unique structures have improved the
electrochemical properties of SPEs to various degrees. The conduction
mechanism of Liþ ions in polymers has been deeply studied, such as polar
functional groups, crystallization region, glass transition temperature
(Tg) and other influencing factors. However, the classification of mech-
anism design strategies, the effects of structural parameters on physico-
chemical properties and electrochemical properties of SPEs are rarely
summarized. The key challenges that hinder the practical application of
SPEs include.
2.1. Ionic conductivity

Among all disadvantages that SPEs suffer, the unsatisfactory ionic
conductivity of SPEs than that of liquid electrolytes (LE) manifests a
serious barrier to high electrochemical performance. The lithium salts are
dissolved in the polymers and migrate by the thermal motion of the
polymer chain segments. According to the universally accepted Liþ

transport model in SPEs, Liþ ions are coupled with the thermal motion of
the polymer chain segments, Liþ can transport or hop to adjacent coor-
dinated sites through various polar functional groups on the macromo-
lecular chains, such as carbonyl (�C¼O), ether (C�O�C), nitrile (�C �
N), and fluoride (C�F) (for example, polycarbonates (PC), polyether
(PE), polyacrylonitrile (PAN) and polyvinylidene difluoride (PVDF))
[26]. Besides, ionic conductivity of the SPEs is generally controlled by the
Vogel-Tamman-Fulcher (VTF) model, indicating that low glass transition
temperatures (Tg) value leads to high speed lithium ion migration and
ionic conductivity in SPEs.
2.2. Electrochemical stability

The common strategies for evaluating electrochemical stability of
SPEs are measured by the linear scan voltammograms (LSV) or electro-
chemical floating analysis. The stabilities of SPEs directly determine their
compatibility with high-voltage cathodes and Li-metal anodes. Besides,
theoretical calculations and simulation have been applied to study the
electrochemical stability window of SPEs by evaluating the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy level of the monomers, polymers, lithium salts or
additives [27]. It is well known that the PEO-based SPEs are slowly
oxidized at voltages >3.8 V, restricting its further application in
high-energy-density SSLBs. Thus, the polymer matrix and Li salts can be
rationally designed to further broaden the electrochemical stability
windows.
3

2.3. Glass transition temperature and crystallinity

As one of the pivotal influencing factors of amorphous polymer ma-
terials, glass transition directly affects the ion transport properties of
SPEs. Above the glass transition temperature (Tg), the polymer chain
segment begins to thermal motion, showing a high elastic property.
Along with the temperature continue to rise, the polymer chain will move
and show a viscous flow property. Generally, Tg can be tested by differ-
ential scanning calorimetry (DSC). The molecular structure, geometry,
and molecular weight have a direct influence on Tg. Reducing the Tg can
significantly enhance the segmental mobility of the polymer chains at a
higher temperature. Above Tg, with the thermal motion of the polymer
chain segments, the Liþ ion can migrate from one coordination site to the
next site along the molecular chains. Alternatively, the Li þ ion can hop
from one chain to another under the effect of an electric field. Reducing
the Tg is one of the most efficient strategies to improve the Li þ con-
ductivity [24].

The molecular structure of polymers with good symmetry, without
branch chain or small side group volume, and large intermolecular forces
are easy to be close to each other, and the tightly ordered regions are easy
to crystallization. High crystallinity usually means that the movement of
the molecular chain is limited because the molecular chains are locked in
a fixed position within the crystalline region. In contrast, in the amor-
phous region, the molecular chains can move more freely. Amorphous
can act as channels for ion transport because they provide a path of lower
resistance that allows ions to pass through.

2.4. Mechanical strength

The mechanical properties of the SPEs directly determine the core
safety issues of the battery. Such as Young's modulus, elasticity, and self-
healing properties, which can be a good solution to the stress-strain
problems of the next generation of high specific energy electrode mate-
rials such as high nickel oxide, sulfur, silicon, and Li metal (severe vol-
ume expansion during cycling) [10,28]. (i) The excellent elastic structure
of SPEs can inhibit the volume expansion/contraction of the active ma-
terials during cycling process; (ii) The high Young's modulus can inhibit
the safety hazards such as the short circuit caused by the Li dendrites
piercing the electrolyte; (iii) The self-healing property can automatically
repair the cracking of the electrodes during cycling. However, the me-
chanical strength of SPEs will show a significant decline after adding a
large amount of lithium salts and plasticizers. Especially at present, in
order to improve the energy density, the continuous pursuit of ultra-thin
SPEs structure puts higher requirements on the mechanical strength of
the SPEs.

2.5. Solid-solid interface contact

The fabrication SSLBs involve multiple steps including the prepara-
tion of self-supporting SPEs films and laminated assembly process. The
physical contact resistance is caused by poor solid-solid contact at the
electrode/electrolyte interfaces, which results in poor electrode/elec-
trolyte interface contact/compatibility and unsatisfactory electro-
chemical performance compared with LE [29,30]. In addition to this,
during cycling, even feeble stress-strain at the rigid solid-solid interfaces
could lead to electrochemical failures. These failures include crack for-
mation or delamination between the electrodes and SPEs, which signif-
icantly increase the interfacial resistance, reduce the cycling performance
and even lead to performance failure.

Molecular architectural engineering of crosslinked SPEs can achieve a
remarkable Liþ conductivity without sacrificing mechanical/chemical
strength and electrochemical properties of SPEs. Therefore, this brings us
to the following interesting questions. (i) What are the advantages and
special properties of crosslinked polymers compared to traditional
straight chain polymers? (ii) What are the detailed classifications of the
molecular structure of crosslinked SPEs? (iii) How to select the
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monomers and reaction types of crosslinked polymer electrolytes ratio-
nally? (iv) What is the mechanism of performance improvement behind
this atomic-level structural design? In this review, we comprehensively
summarize the recent publication of crosslinked SPEs in addressing the
key challenges in the next section by stating and discussing their cross-
linking type and underlying mechanisms.

3. Physical crosslinking

Physical crosslinking refers to the interaction of two or more polymer
molecules through a single physical interaction, such as electrostatic
interaction, hydrogen bonding, ion coordination or chain entanglement/
interpenetration (mechanical interlock). The structure of composite
crosslinked polymer is formed without affecting the original molecular
structures. In the structural design methods of SPEs, physical crosslinking
is one of the most common strategies to improve the mechanical strength
Fig. 2. Hydrogen bond crosslinking strategy applied to design polymer electrolytes. a
Dynamic supramolecular polymer electrolyte network with multiple dynamic bonds i
2023, Wiley-VCH. c) Chemical structures of PTMG-HDI and PTMG-HDI-BHDS. d)
comparison of the conventional laminated and the integrated electrode/electrolyte
illustration of PCL-MDI-DBNPG structure. g) Coordination effect of Liþ with O and hyd
h) Schematic diagram of H-bonds between PCL-HDI and UIO-66-NH2 [43]. Copyrigh
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and electrochemical performance of SPEs. In this section, we focus on
hydrogen bond (H-bonds) crosslinking, metal ion coordination cross-
linking, and mechanical interlocked crosslinking strategies in detail.
3.1. H-bonds and multiple H-bonds crosslinking

The high energy density solid-state energy storage devices inevitably
suffer from mechanical failure, bend/twist, and cracks during their long
service life, which lead to serious security risks. Therefore, it is desirable
to fabricate intelligent polymers that can restore original functionalities
after physical/chemical damage to satisfy practical application re-
quirements in various emerging fields [31,32]. At the intersection be-
tween chemistry and physics, there exists a special intermolecular force:
hydrogen bonds. This hydrogen bond force in polymer science can ach-
ieve physical crosslinking, this is the so-called "hydrogen bond physical
crosslinking". This physical crosslinked network can be reversibly formed
) Schematic diagram of various hydrogen bond structures in the field of SPEs. b)
ncluding disulfide bonds (S–S) and multiple H-bonds (UPy-UPy) [30]. Copyright
The dynamic covalent self-healing disulfide bonds and H-bonds. e) Structure
solid-state batteries [29]. Copyright 2024, Nature Publish Group. f) Schematic
rogen bond formed between NH� and COO� [42]. Copyright 2021, Wiley-VCH.
t 2024, Springer Heidelberg.
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and dissociated under certain conditions, thus giving the polymer unique
properties, such as high elasticity, self-healing and shape memory effect,
etc. [33–35] H-bonds are widely used in various fields of batteries, such
as binders, functional separators, electrolytes and electrode materials.
Especially, H-bonds in SPEs play a crucial role to improve mechanical
strength and dynamic self-healing properties.

Hydrogen atoms can form H-bonds with highly electronegative atoms
(e.g., N, O, F). H-bonds in polymers occur mainly between functional
groups containing hydroxyl (�OH), amino (�NH2), carbonyl (C¼O), and
carboxylic (�COOH) groups (Fig. 2a) [36–39]. As one of the most
common SPEs, poly(ether-urethane) is usually formed by stepwise
polymerization of polyalcohols (e.g., polyether (PEG), poly-
tetrahydrofuran (PTMG), or polycaprolactone (PCL)) and poly-
isocyanates, H-bond networks are formed between the repeated urethane
groups (�NH�COO�) in the main framework. Therefore,
poly(ether-urethane) is widely used in the field of SPEs [40,41]. Due to
the limited solid-solid physical contact of the electrolyte-electrode in-
terfaces, Ding et al. constructed an integrated cathode/SPE for SSLMBs
by designing crosslinked dynamic supramolecular ionic conductive
elastomers (DSICE) molecular structure (Fig. 2b) [30]. Multiple dynamic
bonds, such as disulfide bonds (S�S), borate ester bonds, strong multiple
H-bonds (UPy-UPy) and weak H-bonds (urethane-urethane or
urea-urethane) were introduced into the polyurethane framework to
enhance mechanical properties and the self-rapairing structure. The
DSICE concurrently was utilized as LiFePO4 (LFP) binders and SPE,
providing consecutive Liþ transport and uniform Liþ deposition, such
well-constructed LijDSICEjLFP cells with the SPE thickness of 12 μm
further delivered superior long-term cycling stability ( > 600 cycles) and
high capacity retention (80 % after 400 cycles). To solve the interface
problem in SSLMBs, compared with traditional laminated assembly
method with high interfacial resistance. Huang et al. designed a novel
poly(ether-urethane)-based SPEs (PTMG-HDI-BHDS) for high-energy
density SSLMBs, which was used to resolve the solid-solid interface
contact of electrodes/SPEs (Fig. 2c) [29]. The hydroxyls (�OH) of pol-
ytetrahydrofuran (PTMG) reacted readily with hexamethylene diisocya-
nate (HDI). The chain extender of 2-hydroxyethyl disulfide (BHDS) was
introduced to form poly(ether-urethane) (PTMG-HDI-BHDS) with
self-healing character. The dynamic covalent disulfide bonds (S�S) and
H-bonds provide excellent interfacial self-healing ability to repair
ulti-interface problems (30 �C for 1 h) (Fig. 2d and e). As a result, the
mechanical properties of PTMG-HDI-BHDS were 88.3 MPa (breaking
strength) and 2000 % (ultimate elongation). The sulfurized poly-
acrylonitrile (SPAN) cathode delivered a significantly improved cycling
stability (93 % capacity retention after 700 cycles) and rate performance
(560 mAh gSPAN�1 at 1C). Recently, they also report a nonflammable
polyurethane electrolyte (PCL-MDI-DBNPG) by introducing flame retar-
dant molecules (2,2-bis(bromomethyl)-1,3-propanediol (DBNPG)) in the
form of covalent bonds (Fig. 2f) [42]. The abundant C¼O and C�O�C
functional groups in the polycaprolactone diol (PCL) soft segment can act
as Liþ complexation sites to promote the dissociation of lithium bis(tri-
fluoromethanesulfonyl)imide salt (LiTFSI) (Fig. 2g). The repeated
�NH�COO� and �COO� groups introduce abundant H-bonds network
to endow SPEs with self-healing properties. The molecular weight of
PCL-MDI-DBNPG improved by the chain extender of DBNPG significantly
improved mechanical strength with a tensile elongation up to 1400 %. A
low activation energy (0.35 eV), wide electrochemical window (5.1 V)
was obtained. Pei et al. proposed �NH2 modified metal-organic frame-
works (UiO-66-NH2) as multifunctional nano-fillers in the PU-based SPEs
(PCL-HDI), achieving the collaborative promotion of the mechanical
strength (42.8 MPa) and room temperature ionic conductivity (2.1 �
10�4 S cm�1) (Fig. 2h) [43]. The surface modified �NH2 groups and
repeated�NH�COO� and �COO� groups can form H-bond network on
polycarbonate-based PU frameworks. The interfaces between
UiO-66-NH2 and PU significantly decrease the crystallization of PCL-HDI
and improve ion transport efficiency. As a result, LiFePO4jSPEsjLi cells
exhibit excellent cyclability for 700 cycles at 0.5C with a high capacity
5

retention of ~97 %.
In general, the strength of a single H-bond is relatively weak, with a

bond energy (~5 � 30 kJ mol�1) of about one-tenth that of covalent
bonds (~345 kJ mol�1 for C�C bonds). Efforts have been made to
improve multiple H-bonds interaction. Double, triple, quadruple,
sextuple and octuple H-bonds have been successively developed [36,44,
45]. Alternatively, the multiple H-bonds (such as 2-ureido-4-pyrimidone
(UPy)) can provide a stronger crosslinked skeleton with dynamic
self-healing character [46]. To avoid the trade-off effect between Liþ

conductivity and mechanical strength in SPEs, Cui et al. Proposed a su-
pramolecular Liþ conductor in which the strong quadruple
hydrogen-bonding UPy is included in the backbone to enhance the me-
chanical strength [38]. The strong association constant between UPy
repetitive unit makes the H-bonds as strong as covalent bonds due to the
reversible nature and dynamic properties, creating an enhanced breaking
strength (~29 MJ m�3) and high Liþ conductivity (1.2 � 10�4 S cm�1 at
25 �C). Therefore, more types of multiple H-bonds have wider applica-
tion prospects in the field of crosslinked polymer electrolytes.

However, significant variability among reported strategies (e.g.,
molecular weight, hydrogen bond types (e.g., F, N, O or S), density, steric
effects, and hydrogen bond concentration) has led to irregular trends in
physicochemical properties of SPEs. These inconsistencies likely arise
from uncontrolled variables in polymer molecular structures across
studies. This is the main reason why the H-bonded physical cross-linking
strategy requires further in-depth research.

3.2. Metal ion coordination crosslinking

Metal coordination is one of the most common methods used for the
construction of crosslinked polymers that are used in biomedical, envi-
ronmental governance, electrochemical energy storage and other fields.
Usually, metal ions (e.g., Ca2þ, Cu2þ, Fe3þ, Co2þ) with positive charge
will form a coordination covalent bond structure with anions or nega-
tively charged functional groups in polymer molecules when their elec-
tronic shell is not full, and eventually form a stable physical coordination
crosslinked complex, which significantly improves mechanical strength,
thermal stability and ion transport, making it an attractive method for
crosslinking [47–50].

The polymers with multiple coordination functional groups are often
used as the basic materials for coordination crosslinking. Hu et al. report
a generalduty method for achieving high-performance Liþ conductors by
engineering of molecular channels (Fig. 3a) [51]. Through the coordi-
nation of copper ions (Cu2þ) with one-dimensional (1D) cellulose
nanofibers which are rich in oxygen-containing polar functional groups
(for example, hydroxyl), the opening of macromolecular chain within the
normally ion-insulating cellulose enables rapid transport of Liþ along the
cellulose chains. As a result, the Cu2þ-coordinated cellulose SPE shows
high Liþ conductivity (1.5 � 10�3 S cm�1 at room temperature), high
transference number (0.78) and a wide window of electrochemical sta-
bility (4.5 V) that canmatch both the high-voltage cathodes and Li anode.
This 1D ion conductor also act as an effective ion-conducting binder of
cathode, allowing ion transport in thick LiFePO4 cathodes for high en-
ergy density SSLIMBs. Similarly, in the field of binders, ionic coordina-
tion crosslinking is also widely used. Zheng et al. constructed a 3D
crosslinked polymer network as an enhanced binder for
high-performance silicon anodes through coordination alginate chains
with Ca2þ cations (Fig. 3b) [52]. The highly crosslinked alginate network
exhibited enhanced mechanical strength and strongly interacted on Si
particles, tolerating the severe volume expansion of Si anode to a large
degree.

Some metal fluoride functional additives (MxFy) can not only form
ionic coordination crosslinked structures with SPEs, but also participate
in forming more stable solid electrolyte interphase (SEI). Huang et al.
introduce a low content of CuF2 (<0.5 wt%) into PEO-based SPE to
improve the Li þ conductivity through the strong coordination cross-
linking effect between Cu2þ and O atoms from PEO/LiTFSI matrix [56].



Fig. 3. Polymer electrolytes crosslinked by metal ion coordination. a) Coordination of Cu2þ ions with the �OH of cellulose fibres opens the spacing between the
molecular chains, creating Liþ-conducting pathways [51]. Copyright 2021, Nature Publish Group. b) Chemical structure of sodium alginate and its network formation
in the presence of calcium chloride [52]. Copyright 2014, The Royal Society of Chemistry. c) Molecular structure of ionic crosslinks between alginate chains and Ca2þ

[53]. Copyright 2012, Nature Publish Group. d) Schematic depiction of the mechanism of PAA-Fe3þ-CS gel [54]. Copyright 2022, Wiley-VCH. e, f) In-situ grown
process of ZIF-67 on cellulose fiber (CF) through Co2þ (e) and Liþ conduction mechanism in SPEs after adding ZIF-67@CF and SN to the PEO matrix (f) [55]. Copyright
2024, Nature Publish Group.
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The obtained PEO-CuF2-LiTFSI SPE achieved an impressive Liþ conduc-
tivity of 0.2 mS cm�1 (30 �C). Furthermore, the LiF-rich SEI was formed
by CuF2, enabling uniform Liþ deposition during plating/stripping. As a
result, the LijSPEjLiNi0.83Co0.12Mn0.05O2 (NCM83) cell with PEO-Cu-
F2-LiTFSI exhibits a long cycling life over 500 cycles with 71 % capacity
retention.

As a kind of semi-solid-state electrolytes between the liquid electro-
lytes (LE) and SPEs, the gel polymer electrolyte (GPEs) combines the
advantages of both while allowing Liþ ions to be transported in the
swelling gel phase or liquid phase. The GPEs consists of polymer matrix,
electrolyte salt and plasticizer, and usually exhibits unsatisfactory me-
chanical behaviour due to the large amount of LE stored in the polymer
network. Suo et al. designed an extremely stretchable and tough gel by
reacting two types of crosslinkers: ionically crosslinked alginate with
CaSO4, and covalently crosslinked polyacrylamide (Fig. 3c) [53]. They
can be stretched beyond 20 times of original length with breaking
strength of 9000 J m�2. The excellent mechanical propertiesof gel is
attributed to the synergistic effect of two mechanisms: crack bridging by
the network of covalent crosslinks, and hysteresis by unzipping the
network of Ca2þ crosslinks. Tan et al. introduced sodium alginate (SA)
and calcium ions (Ca2þ) into PEO by ionic cross-linking to improve the
mechanical properties of SPE [50]. The cross-linking process ensured the
structure stability and flame-retardant performance, enhancing the me-
chanical strength and thermal stability of the solid-state batteries, so that
it can maintain the integrity of morphology even at 120 �C, avoid short
circuit caused by cathodes/anodes contact, and greatly improve the
safety of LFP-based SSLMBs (2C for 100 cycles).

Furthermore, Hu et al. developed a GPE by using dual-network
crosslinked polyacrylic acid-Fe3þ-chitosan (PAA-Fe3þ-CS) (Fig. 3d)
[54]. The interconnected framework was fully penetrated by the physical
network formed by complexation of chitosan (CS) and Fe3þ. Compared to
6

other divalent and trivalent cations, Fe3þ was chosen to promote the
metal-ligand bond's strength of PAA-Fe3þ-CS GPE, becaused of its larger
coordination number and more stable metal-ligand bond ((COO)3Fe)).
Zhang et al. adopted a strategy of in-situ grown zeolitic imidazolate
frameworks (ZIF-67) on cellulose nanofiber (ZIF-67@CF) by coordina-
tion with Co2þ ion into PEO to form the composite SPE (ZIF-67@CF/-
PEO), synergistically enhancing the physical and electrochemical
properties of SPE (Fig. 3e and f) [55]. The ZIF-67@CF/PEO SPEs exhibit a
high ionic conductivity of 1.17 � 10�4 S cm�1 (30 �C), broadened
electrochemical window (5.0 V), and enhanced breaking strength of
18.7 MPa.

Alaniz et al. synthesized a crosslinked SPE by using covalently bonded
imidazole-containing ligands and polyvalent metal salts nickel (II) bis-
(trifluoromethane sulfonimide) (Ni(TFSI)2) [57]. Stronger binding
strength of the metal-ligand complex formed a mechanically robust
network with excellent self-healing properties. Sun et al. reported a
self-healing and recyclable PU with outstanding mechanical strength,
coordination crosslinking Zn2þ ions with poly(dimethylsiloxane)
(PDMS)/polycaprolactone (PCL) [58]. The polymer exhibit a high
breaking strength (~52.4 MPa) and toughness (~363.8 MJ m�3). These
ion coordination crosslinking strategies are expected to be widely used in
the field of polymer electrolyte.

3.3. Mechanically interlocked crosslinking

Mechanically interlocked polymers (MIPs) work by interlacing two or
more molecular structures into the entire polymer network to form a
mesh structure. Such structures are not only physically highly stable, but
also their shape and properties can be controlled by external stimuli such
as stretching/compression. This strategy is often used to improve the
mechanical properties and structural stability of electrolyte materials
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[59–61].
Polyrotaxanes are representative structure of MIPs which are

frequently reported due to their stable ring-shaped molecule structure,
such as: (a) Cyclodextrin-based polyrotaxanes; (b) Crown ether-based
polyrotaxanes; (c) Cyclophane cyclobis(paraquat-p-phenylene) tetra-
chloride (CBPQT(4þ)-based polyrotaxanes [62,63]. The threaded host
molecules shuttlecock in the ring structure. In addition, when movable
host molecules are partially crosslinked, the networkedMIP structure can
exhibit excellent toughness and flexible properties due to the movable
interpenetrating network. Kim et al. reported a mechanically tough SPE
with superior ionic conductivity based on partially crosslinked poly-
rotaxane molecules with diisocyanate (Fig. 4a) [64]. The outstanding Liþ

conductivity (σ ¼ 5.93 � 10�3 S cm�1 at 25 �C) and Liþ transference
number (tLiþ ¼ 0.71) are obtained. When coupling SPEs with LiFePO4
(LFP) or LiNi0.8Co0.1Mn0.1O2 (NCM811) cells, an excellent fast charging
capability (4C) can be achieved using the “built-in molecular shuttle”
strategy (Fig. 4b).

During repeated insertion and extraction of Liþ, silicon suffers the
huge volume changes and stress strain. This limit cycling life is caused by
particle pulverization and unstable electrode-electrolyte interface. Poly-
mer electrolytes and binders in silicon anode systems have similar
characteristic requirements [65]. Choi et al. showed that the incorpora-
tion of 5 wt% polyrotaxane (PR) to conventional polyacrylic acid (PAA)
binder imparts extraordinary elasticity and flexibility due to the me-
chanical interlocked crosslinking (Fig. 4c) [66]. This polymer binder
Fig. 4. Polymer electrolytes crosslinked by mechanically interlocking. a) Schemat
discharge profiles of LFP/PRX-SPE/Li cell (i), charge-discharge profiles (ii) and
Wiley-VCH. c) Interlocked Polyacrylic acid (PAA) with hydroxypropylated α-cyclo
American Association for the Advancement of Science. d) Zipper-like sliding-ring m
Cartoon representation of the formation of [an]daisy chain (DC) and mechanically i
tected by mechanical interlocking polymer [68]. Copyright 2024, Wiley-VCH.
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keeps Si particles coalesced together, delivering a stable cycling life at a
high areal capacities. The PR-PAA-Si preserved 2.43 mAh cm�2 after 150
cycles at 0.2 C with 91 % capacity retention.

To surmount the inherent trade-off between mechanical strength and
stretchability of elastomers, Qu et al. proposed a supramolecular strategy
of introducing a zipper-like sliding-ring mechanism in a H-bonds cross-
linked PU network (Fig. 4d) [67]. A very small amount (0.5 mol%) The
addition of 0.5 mol% of an external additive (pseudo [2]-rotaxane
crosslinker) into PU can dramatically increase the maximum mechanical
strength up to 45.06 MPa and maximum elongation up to 1890 %. This
enhancement is attributable to that the unique molecular-level zipper--
like ring-sliding motion efficiently dissipates mechanical. The molecular
structure design ideas of many reported artificial SEI are also derived
from SPEs. Liang et al. introduced a mechanically interlocked polymer
chain network (DCMIN) into the artificial solid electrolyte interphase
(ASEI) to stabilize the Li metal/ASEI interface (Fig. 4e) [68]. The DCMIN
crosslinked via efficient click reaction between the thiol unit of poly-
dimethylsiloxane (PDMS) and the olefin of the hermaphroditic monomer
exhibits flexibility and excellent mechanical properties (Fig. 4f). The
crown ether in DCMIN not only interact with the dialkylammonium of a
flexible chain, forming the energy dissipation behavior, but also coor-
dinate with Liþ to support the fast Liþ transport in DCMIN. Therefore, a
long-term 2800 h LijjLi symmetrical cycling (1 mA cm�2) and an
outstanding 5 C-rate of LiFePO4 cells were achieved by DCMIN ASEI. The
molecular design of mechanical interlocking materials provides broad
ic of the built-in molecular shuttle design of crosslinked polymer. b) Charge-
rate performance (iii) of NCM811/PRX-SPE/Li cell [64]. Copyright 2021,

dextrin to form a "molecular pulley structure" polymer [66]. Copyright 2017,
echanism in a H-bonds crosslinked PU [67]. Copyright 2020, Wiley-VCH. e)

nterlocked [an]daisy chain network. f) Mechanism of lithium metal anode pro-
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application prospects in the field of ASEI and solid polymer electrolytes.
To address the application problems of PEO electrolyte which were
restricted by unsatisfactory Li þ conductivity and a narrow electro-
chemical stability window. Yu et al. designed a self-assembled ether--
based polyrotaxane based SPE by using different functional units and
prepared by threading cyclic 18-crown ether-6 (18C6) to linear poly(-
ethylene glycol) (PEG) via intermolecular H-bond and terminating with
HDI [69]. The designed SPE has delivered an observably enhanced Liþ

conductivity of ~3.5 � 10�4 S cm�1, contributing to prolong the cycling
life of SSLMBs when coupling with LiFePO4 or LiNi0.8Co0.15Al0.05O2.

4. Chemical crosslinking

Chemical crosslinking refers to the process in which two or more
molecular chains are connected by chemical bonds under the action of
light, heat, high-energy radiation, mechanical force, catalyst and cross-
linking agents to form a network structure polymer. The linear or mildly
branched-chain macromolecules are transformed into a three-
dimensional network structure to improve strength, heat resistance,
chemical/electrochemical stability, anti-swelling and other properties.
Chemical crosslinking strategy is one of the most popular strategies in the
molecular structure design of polymer electrolytes, separator and binders
in batteries. Due to the rich chemical reaction types and crosslinking
reagents, this is very beneficial to the molecular structure design and
regulation of crosslinked polymer electrolytes. According to the different
commonly used crosslinking agents, it can be roughly divided into the
following categories: small molecule crosslinker, inorganic particle
crosslinker, organic/inorganic hybrid crosslinker, macromolecular
crosslinker and biomass crosslinker.

4.1. Small molecule crosslinking

The small molecule crosslinking agent contains multiple functional
groups, such as: (i) Vinyl monomers (Fig. 5a–e), (ii) Aldehyde monomer
(Fig. 5f), (iii) Polyol monomer (Fig. 5g), (iv) Sulfhydryl monomers
Fig. 5. Chemical structures of various common monomers. a-e) Vinyl monomers, f)
ethers investigated in this study.
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(Fig. 5h), (v) Glycidyl ethers (Fig. 5i–l) [70–77]. Because common
one-dimensional linear polymer materials usually deliver unsatisfactory
mechanical strength or without elasticity, the role of crosslinking agents
is to generate chemical bonds between linear polymer chains to form a
network structure, thereby improving the strength and elasticity of the
polymer materials. This strategy has been frequently applied to the mo-
lecular structure design of SPEs in recent years.

Considering that the typical SPEs with easily oxidized oxygen-based
groups exhibit unsatisfactory electrochemical stability window when
matching with high voltage cathodes. Lee et al. reported an in-situ-
formed elastomer SPEs (poly(ethylene glycol) diacrylate (PEGDA) and
butyl acrylate (BA)) with a 3D crosslinked phase of ion-conductive plastic
crystals (Fig. 6a) [78]. The authors developed a co-continuous structures
of plastic-crystal-embedded elastomer SPE, which exhibited low activa-
tion energy (Ea ¼ 0.13 eV), high Liþ conductivity (1.1 mS cm�1) and Liþ

transference number of 0.75. In addition, its mechanical strength effec-
tively accommodated the stress-strain of Li anode during cycling. Chen
et al. applied a polyfluorinated crosslinker to enhance resistance to
electrochemical oxidation of SPEs due to introducing
electron-withdrawing functional group (Fig. 6b) [79]. The SPE was
crosslinked by three monomers of polyfluorinated crosslinker 2,2,3,3,4,
4,5,5-octafluoro-1,6-hexanediol diacrylate (OFHDODA), 1-allyl-1-me-
thyl-pyrrolidinium bis(trifluoromethanesulfonyl) imide ionic liquid
(IL), and vinyl ethylene carbonate (VEC) by UV light polymerization.
Young's modulus of the crosslinked P(IL-OFHDODA-VEC) was ~142
MPa, higher than that of the linear P(IL-VEC) (~27 MPa). With an
excellent conductivity of 1.37 mS cm�1, the LijSPEjLiNi0.5Co0.2Mn0.3O2
cell (charging voltage 4.5 V) delivered a high capacity of ~164 mAh g�1

at 0.5 C with capacity retention of ~90 %.
Epoxy ring-opening is a kind of very attractive polymerization reac-

tion, which is widely used in the synthesis of epoxy resins and in-situ
polymerization of SPEs [84,85]. Chen et al. fabricated a fluorinated
and crosslinked polyether-based SPE (FGPE), which was through in-situ
cationic ring-opening polymerization of fluorinated monomer (tri-
fluoropropene oxide (TFPO)) and four-armed cross-linker
Aldehyde monomer, g) Polyol monomer, h) Sulfhydryl monomers, i-l) Glycidyl



Fig. 6. Crosslinked polymer electrolyte constructed by monomer polymerization with multiple functional groups. a) Schematic illustration of the plastic-crystal-
embedded elastomer electrolyte [78]. Copyright 2023, Nature Publish Group. b) Schematic illustration of the P(IL-OFHDODA-VEC) after UV light curing [79].
Copyright 2021, Nature Publish Group. c) The crosslinked polymer electrolyte was constructed by monomer polymerization with multiple functional groups [80].
Copyright 2024, Wiley-VCH. d) Schematic illustration of the crosslinking polymerization of PEE with DOL [81]. Copyright 2015, Elsevier. e) The crosslinked poly-
merization mechanism of DOL and TTE monomers initiated by LiBF4 [82]. Copyright 2022, Elsevier. f) Synthesis of the PHGPE by reaction of PETEA with HEA [83].
Copyright 2022, The Royal Society of Chemistry.
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(polyfunctional pentaerythritol glycidyl ether (PEE)) within the battery
(Fig. 6c) [80]. This in-situ crosslinking method ensured interfacial con-
tact of electrode/electrolyte and exhibited high voltage oxidation resis-
tance (5.1 V), Consequently, due to the electron-withdrawing �CF3
group and the LiF-rich SEI, the LijFGPEjNCM622 SSLMBs demonstrated a
long-cycling life of 1000 cycles with 78 % capacity retention, as well as
the 18650-type cylindrical cells (1.3 Ah, 500 cycles) with high cathode
loading (21 mg cm�2). Chen et al. also constructed a 3D crosslinked SPE
(PEE-DOL) based in-situ polymerization strategy. With the electrolyte
solvent 1,3-dioxolane (DOL), the polyfunctional pentaerythritol glycidyl
ether (PEE) with four epoxy groups was used as a cross-linker (Fig. 6d)
[81]. A high Liþ conductivity (~2.4 mS cm�1) and oxidative stability
(~4.5 V) are achieved. Moreover, due to the reduced desolvation energy
of Liþ and LiF-rich SEI, the LijjLiFePO4 (LFP) and high-voltage
LijjLiNi0.6Mn0.2Co0.2O2 (NMC622) achieved a long lifespan of 2000
and 300 cycles, respectively. Design of SPEs that combines ultra-thin
thickness with high mechanical strength is essential to improve energy
density and safety of SSLBs. Deng et al. reported an ultrathin (12 μm)
crosslinked SPE for flexible SSLMBs by in-situ crosslinked polymerization
of 1, 3-dioxolane (DOL), and trimethylolpropane triglycidyl ether (TTE)
with LiNO3 additive (Fig. 6e) [82]. The 3D crosslinked structure enabled
the designed SPE with high Liþ conductivity of 0.3 mS cm�1 and
enhanced oxidation stability (4.9 V). The formative Li3N/LiF-rich SEI
promoted uniform Li deposition. The integrated LiFePO4 pouch cell
delivered high capacities retention (>90 %) and high operation safety
during 2000 cycles of bending. Sun et al. synthesized a novel 3D cross-
linked GPE by in-situ cross-linking reaction of pentaerythritol tetraa-
crylate (PETEA) and 2-hydroxyethyl acrylate (HEA) in commercial LE
(Fig. 6f) [83]. The symmetric LijGPEjLi cells delivered a long cycling life
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of 6000 h (1 mA cm�2, 1 mAh cm�2) and 7700 h (0.5 mA cm�2, 2 mAh
cm�2). The wide electrochemical stability enabled the GPE with the
ability to compatible with both NCM811 and sulfur cathodes.
4.2. Inorganic particle crosslinking

Organic/inorganic compound strategy by recombination inorganic
fillers (e.g., Al2O3, ZrO2 and SiO2) or inorganic fast ionic conductor (e.g.,
Li0.33La0.557TiO3, Li7La2.75Ca0.25Zr1.75Nb0.25O12 and Li6.4La3Zr2Al0.2O12)
with SPEs is widely applied to reduce crystallinity and increase Liþ

conductivity of SPEs [90–92]. Such overall improvements of electro-
chemical performances are generally attributed to the Lewis acid in-
teractions between nanofiller and polymer/salt. Nanofillers involved in
the polymer matrix are considered to introduce more nanofiller/polymer
interfaces, reducing the crystalline of SPEs, promoting the dissociation of
Li salts, and constructing high-throughput Liþ transport pathway.

Therefore, polymers/nano-fillers interface, including the regulation
of nanofiller size, concentration, and hybridization strategies, is key
factor to fabrication of composite polymer electrolytes (CPEs). So far,
various nanofillers of the CPEs have been investigated and reported.
However, establishing a more powerful interaction relationship between
the inorganic nanofillers and the polymer skeleton, rather than a single
physical mixing with weaker interaction, is important to further promote
the structural stability of the CPEs. Therefore, how to improve the
dispersion of the nanofiller, prevent agglomeration or phase separation,
increase the contact area of organic-inorganic interface, and increase the
proportion of amorphous areas, is significantly conducive to the migra-
tion of Liþ. The chemical crosslinking between the polymer chains and
inorganic nanofillers can significantly improve the mechanical strength
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and electrochemical stability of the CPEs, thereby inhibiting the pene-
tration of Li-dendrites, buffering the stress/strain caused by the volume
expansion of cathode and anode materials, and ensuring the battery
safety.

This strategy requires prior modification of specific functional groups
on the surface of nanomaterials [93]. Archer et al. grafted oligomers with
Fig. 7. Crosslinking polymerization of inorganic oxide nanomaterials with organic m
composite. b) TEM image of the crosslinked SPE [86]. Copyright 2015, Nature Pu
performance of solid-state battery at 30 �C [87]. Copyright 2021, American Chemic
crosslinking of end-epoxidized SiO2 (KMSP) and 1,3-dioxolane (DOL) [88]. Copyright
and DOL (PDOL@nanoTiO2). h, i) Comparison of TEM images (h) and rate perform
2022, Wiley-VCH.
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isocyanate group (�N¼C¼O) onto inorganic SiO2 nanoparticles (Fig. 7a)
[86]. The reaction between �N¼C¼O groups in poly(propylene oxide)
(PPO) and hydroxyl (�OH) groups on the hairy silica (SiO2�OH) nano-
particles form the crosslinked nanoparticle-polymer composite with
urethane (�NH�COO�) groups. The obtained hairy nanoparticles are
employed as crosslinkers, the homogeneous dispersion and arrangement
onomers. a) Scheme of synthesis process of the crosslinked nanoparticle-polymer
blish Group. c) Preparation route of P-P-A@SiO2 SPE. d) Comparison of rate
al Society. e, f) Schematic illustration of composite electrolytes synthesized by
2022, Elsevier. g) Schematic diagram of in-situ crosslinking of TiO2 nanoparticle
ance (i) of LFPjPDOLjLi and LFPjPDOL@nanoTiO2jLi batteries [89]. Copyright
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of SiO2 nanoparticles in the crosslinked polymer matrix was obtained
from transmission electron microscopy (TEM) (Fig. 7b). The robust me-
chanical strength of CPE effectively inhibited Li-dendrite growth in
SSLMBs. Wang et al. crosslinked modified silica and acrylamide (AM)
with the poly(ethylene glycol) methyl ether methacrylate-poly(ethylene
glycol) diacrylate (Fig. 7c) [87]. The multiple H-bonds of AM expand the
single Li environment (Li⋅⋅⋅O�C) to three types (Li⋅⋅⋅O�C, Li⋅⋅⋅N�H, and
Li⋅⋅⋅O¼C), significantly improve the transfer efficiency of Liþ. The SiO2
crosslinked CPE (P-P-A@SiO2) assembled all-solid-state lithium-sulfur
battery (S loading: 4.3 mg cm�2) delivered the specific discharge capacity
of 613 mAh g�1 even at 1 C at 30 �C (Fig. 7d). Cao et al. also prepared a
novel crosslinked CPE based on poly(propylene oxide)-poly(ethylene
oxide)-poly(propylene oxide) triblock polymer and modified nano-SiO2
(Fig. 7e and f) [94]. The CPE exhibited high ionic conductivity of 1.32
mS cm�1 with an electrochemical stability window up to 6.5 V. The CPE
delivered excellent mechanical stability (tensile elongation of 700 %).
LijCPEjLiFePO4 delivered a high capacity of 160 mAh g�1 (0.2 C). Tian
et al. proposed a highly stable CPEs (PDOL@nanoTiO2) by crosslinking of
nano-TiO2 and DOLwith a Li þ conductivity of 1.74� 10�3 S cm�1 and tLiþ

of 0.725 (Fig. 7g) [89]. These properties enable the LijPDOL@nano-
TiO2jLi symmetric battery keep stable cycling at 0.5 mA cm�2 for 1000 h.
The LiFePO4jPDOL@nanoTiO2jLi cell exhibited a high capacity of ~143
mAh g�1 at 1 C, with an 90 % capacity retention (1000 cycles). The
Fig. 8. Hybrid nanomaterials with multi-functional groups used as multi-site cross
quioxane (POSS). b) Molecular structure of titanium-oxo clusters (TOC) [91]. Copyri
4-aminobenzoic molecular rings bridged with 4-aminobenzoic [97]. Copyright 2022
with amino modified PEG [98]. Copyright 2015, Wiley-VCH. e) Schematic illustratio
Copyright 2023, Wiley-VCH. f) Schematic illustration of the titanium-oxo clusters cro
polyurethane [100]. Copyright 2023, Elsevier. g) Schematic of forming noncrystalline
conductivity of TAN/LiTFSI [101]. Copyright 2023, American Chemical Society.

11
thinner (~11 nm) and uniform CEI after cycling formed by PDOL@na-
noTiO2 reduced the polarization of the battery, and inhibited the
oxidative decomposition of the electrolyte (Fig. 7h).
4.3. Organic-inorganic hybrid crosslinking

Combining inorganic nano-fillers with SPEs is an effective approach
to suppress the crystallization of polymers, promoting the ion transport
capability of SPE. Unfortunately, these inorganic fillers with irregularly
morphology and relatively weak polymer-fillers interaction result in
aggregate and phase separation in the polymer matrix. Organic-inorganic
hybrid nanomaterials, such as polyhedral oligomeric silsesquioxane
(POSS) (Fig. 8a), ligands protected metal oxygen cluster (MOCs) (Fig. 8b
and c), and metal-organic frameworks (MOFs), reveal more unique ad-
vantages. Benefited from their accurate structure parameter, adjustable
surface functional groups and excellent dispersion, they are widely used
in the field of crosslinked SPEs [95,96].

Hybrid polyhedral oligomeric silsesquioxane (POSS) is composed of
Si-O interchangeably connected inorganic core skeleton, its shape is like
a "cage", with a three-dimensional size of 1~3 nm. POSS/polymer hybrid
material are recently developed as a kind of high-performance organic/
inorganic hybrid materials with excellent thermal stability, mechanical
properties and flame retardancy [102,103]. With multi-functional POSS
-linking reaction nodes. a) Molecular structure of polyhedral oligomeric silses-
ght 2021, The Royal Society of Chemistry. c) A summary molecular structure of
, Wiley-VCH. d) Schematic illustration of SPE constructed by cross-linking POSS
n of the hybrid crosslinked SPE (POSS and DOL) by in-situ polymerization [99].
sslinked SPE by cross-linking the �OH group functionalized Ti-oxo clusters with
titanium alkoxide networks (TANs) with titanium-oxo clusters and PEG. h) Ionic
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inorganic component as the cross-linking agent, the inorganic phase and
the organic phase are combined by strong chemical bonds, and it is easy
to be synthesized with the polymer matrix by copolymerization, grafting
and crosslinking. Li et al. reported a crosslinked SPE with organ-
ic/inorganic hybrid epoxy-modified POSS as crosslinker and
amine-terminated poly(ethylene glycol) (PEG2000) as Liþ conductor
(Fig. 8d) [98]. POSS-PEG electrolyte with high ion conductivity (~0.1
mS cm�1 at room temperature) or (>1 mS cm�1 at 105 �C) and high
breaking strength (33.6 MPa) was obtained. The LijPOSS-PEGjLi sym-
metric battery delivered the cycling stability of 2600 h (0.3 mA cm�2).
Zhu et al. proposed a strategy of organic/inorganic hybrid crosslinked
polymer electrolyte (HCPE) via in-situ polymerization of DOL and gly-
cidyl ether oxypropyl cage polyhedral silsesquioxane (POSS) as a cross-
linking agent and hybrid center [99]. The non-flammable HCPE
delivered superior ionic conductivity of 2.22 � 10�3 S cm�1, ultrahigh
Liþ transference number of 0.88, and wide electrochemical stability
window of 5.2 V (Fig. 8e). The assembled LijHCPEjLiFePO4 batteries
delivered long-cycling life over 600 cycles at 2 C and high capacity
retention of 92.1 %. Wei et al. developed a series of organic/inorganic
hybrid star-shaped crosslinked SPEs by free radical polymerization using
POSS with eight vinyl (�C¼C) functional corner groups, while poly(-
ethylene glycol) methyl ether methacrylate (PEGMEM) was applied to
dissolve lithium salt [104]. The SPEs exhibited a high Liþ conductivity of
Fig. 9. MOF materials with multi-functional groups used as multi-site cross-linking r
polymer electrolyte by UIO-66-NH2. b) Stress-strain comparison curves of various pol
crosslinked polymers (P-PETEA-MOF). d) Structure illustration of Liþ conduction in P
MOFPEGDA-based SPE [110]. Copyright 2018, The Royal Society of Chemistry. f) Illu
SPE. g, h) SEM images of UiO-66. i) N2 isotherms (top) and corresponding pore si
Chemical Society.
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~1.1 � 10�4 S cm�1 (25 �C) and tLiþ of 0.35.
Compared with the conventional inorganic fillers (e.g., TiO2, Al2O3

and SiO2) with non-uniform sizes and high aggregation tendency, metal-
oxo clusters (e.g., Ti-oxo, Al-oxo, Zr-oxo and lanthanide-oxo clusters), as
an important class of organic-inorganic hybrid crystalline nanomaterials
with uniform structural parameters, act as a bridge connecting organic
molecule and inorganic nanoparticle/bulk material. From the perspec-
tive of structural characteristics, metal-oxo cluster with regulable func-
tional groups of surface ligands (e.g., �NH2, �OH and �COOH) can be
regarded as the multi-site crosslinked reaction sites, exhibiting the sig-
nificant advantages to rationally design the molecular structure of
crosslinked polymers at the atomic level (Fig. 8b and c) [97,105,106].
For example, Zheng et al. reported a kind of titanium-oxo clusters (TOC)
which possessed controllable surface ligand with functional groups (e.g.,
ethanol, glycerol, and polyethylene glycol), so they can act as crosslinked
reaction node to fabricate the nanofiller-crosslinked hybrid SPEs [91,
105]. Therefore, Fang et al. designed the �OH functionalized Ti-oxo
clusters (TOC) crosslinked polyurethane based SPEs (PTHF-HDI-TO-
C/LiTFSI) to construct robust SSLMBs (Fig. 8f) [100]. A wheel-like TOC
was synthesized with a formula of Ti32O16(OCH2CH2O)32(R-
COO)16(OCH2CH2OH)16 (R ¼ t-butyl). The crosslinked
PTHF-HDI-TOC/LiTFSI showed the enhaned room-temperature ionic
conductivity (1.34� 10�4 S cm�1), mechanical strength (10.63MPa) and
eaction nodes. a) Chemical precursors and synthesis scheme for the crosslinked
ymers [108]. Copyright 2020, Wiley-VCH. c) Main chemicals for the synthesis of
-PETEA-MOF [109]. Copyright 2023, Wiley-VCH. e) Synthesis of the cross-linked
strative drawings of Zr-based MOF (UiO-66) facilitating Liþ-ion conduction in gel
ze distribution (bottom) of activated UiO-66 [111]. Copyright 2020, American
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tLiþ (0.6). The SSLMBs assembled with LiFePO4 or LiNi0.8Mn0.1Co0.1O2
cathodes exhibited enhanced capacities and cycling life. Xie et al. pro-
posed a novel crosslinked metal-alkoxy-terminated SPE by precisely
controlling the content of H2O as an initiator (Fig. 8g) [107]. nano-Al-O
nanoclusters can serve as crosslink nodes to enhance PEO chains to 8 �
106 g mol�1. The crosslinked polymer network incorporated a high
concentration of plasticizers over 75 wt%, still maintained excellent
elasticity and breaking strength. The SPE delivered high Liþ conductivity
(1.41 mS cm�1 at 30 �C) and a stable electrochemical window (>4.8 V).
Besides, the LijjLiFePO4 delivered a long cycling life over 1000 cycles at 1
C.

Metal-organic frameworks (MOFs) materials have attracted much
attention as functional nanofillers due to their precise crystal structure
and geometry [112,113]. Specially, zirconium-basedMOFs are one of the
most robust materials due to their strong coordination bonds, which have
been widely used in the field of SPEs. Sun et al. designed a new SPE
which was enabled by chemically crosslinked MOFs (UIO-66),
tetrakis(3-mercaptopropionic acid) pentaerythritol (PETMP), and poly(-
ethylene glycol) diacrylate (PEGDA) (Fig. 9a) [108]. The MOFs were
connected with PEGDA through PETMP, leading to a high ionic con-
ductivity of ~0.23 mS cm�1. The �C�S�C� covalent bonds showed an
enhanced breaking strength (9.4 MPa) and toughness (~500 %),
balancing the trade-off between electrochemical and mechanical per-
formance of SPEs (Fig. 9b).

Fu et al. designed a novel hybrid SPE by the crosslinked of vinyl-MOFs
(Vinyl-ZIF-8), pentaerythritol tetraacrylate (PETEA), and polyethylene
glycol (ethylene glycol) diacrylate (PEGDA) (Fig. 9c and d) [109]. The
ionic conductivity was as high as ~0.65 mS cm�1. The formation of
crosslinked fameworks enhanced the mechanical strength of SPEs (ten-
sile strength of 1.85MPa and elongation of 45.4 %). Zhang et al. designed
a free-standing, flexible and homogenous hybrid SPE membrane by
chemically linked with the double bonds decorated MOF (UiO-66-NH2)
as crosslinking center (Fig. 9e) [110]. The forming space grid structure
provid additional transport channels for Liþ. PEGDA not only can
conduct Liþ but also constructing a crosslinked structure.

Lu et al. employed a Zr-based MOF possessing open-metal sites
(OMSs) as the crosslinker for GPE (Fig. 9f) [111]. their selected MOF
provided Lewis acidity that can readily immobilize anions and facilitate
Liþ conduction, affording high Liþ conductivity (1 mS cm�1), high tLiþ

(0.66), and low activation energy (<0.1 eV). The UiO-66 (Fig. 9g and h)
exhibited an uniform morphology in scanning electron microscopy
(SEM) image. The UiO-66 showed a huge surface area of 922 m2 g�1

(Fig. 9i). Huang et al. proposed a novel strategy to fabricate crosslinked
MOFs chains to build a continuous Liþ transport path [114]. �SO3H
groups modified MOF (Zr-BPDC-2SO3H) can facilitate the ion transport
along the pore channels. The crosslinked SPE exhibited a high Liþ con-
ductivity of 0.79 mS cm�1 and wide electrochemical stable window
(5.10 V).

4.4. Macromolecular crosslinking

So far, numerous semicrystalline/amorphous, inexpensive and
convenient polymers with typical straight-chain macromolecules have
been studied as the base materials of SPEs, including polyethylene oxide
(PEO), poly (methylmethacrylate) (PMMA), poly(acrylonitrile) (PAN),
poly(vinyl chloride) (PVC), polyvinyl alcohol (PVA), poly(acrylic acid)
(PAA), poly(vinylidene fluoride) (PVDF), poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) [115–118]. In general, lithium salts
are dissolved in these polymers with polar group (e.g., �O�, ¼O, �S�,
�N�, �P�, �C¼O, and �C � N) to improve the Liþ conductivities of
SPEs. Nevertheless, these conventional polymers are still suffered from
the lower Liþ transference number and conductivity at room temperature
due to the high crystallinity. Besides, their one-dimensional linear
structure results in limited mechanical strength.

By introducing crosslinking agents, the single straight chain is
transformed into a three-dimensional crosslinked network, which is a
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very effective strategy to solve the above problems in the field of SPEs.
Wang et al. prepared a crosslinked polyurethane electrolyte (HPU) by the
reaction of hyperbranched polyethylene glycol (HPEG) with isophorone
diisocyanate (IPDI) in the presence of LiTFSI and PryTFSI (Fig. 10a)
[119]. The obtained HPU electrolyte showed obvious low crystallization
due to the hyperbranched polyurethane and ionic liquid, delivering a
high Liþ conductivity of 4.0� 10�4 S cm�1 with a electrochemical stable
window of 4.95 V so HPU can couple with various electrodes including
LiFePO4 (LFP), Li4Ti5O12 (LTO) and LiNi0.8Co0.1Mn0.1O2 (NCM811). The
high-voltage NCM811 and LTO-based cells exhibited 440 cycles at 0.2 C.
Zhou et al. proposed a poly(ethylene oxide)-polyacrylonitrile (PEO-PAN)
crosslinked SPEs, PAN nano-fibers act as crosslinker (Fig. 10b) [120].
This structure provided enhanced Liþ conductivity, excellent mechanical
properties, and inhibition of lithium dendrite growth, it also delivered
the ability to inhibit polysulfide shuttling due to the strong polysulfide
adsorption of C¼N�O functional groups, improving the cycling stability
and rate performance of Li-S batteries [124–126]. Zhu et al. reported a
crosslinked SPE (SCOF-PEP-PEA) by using covalent organic framework
(COF) containing abundant allyl groups (SCOF) [118]. Benefitting from
the 3D crosslinked structure and abundant lithiophilic groups, the ob-
tained SPE exhibited high mechanical strength (AFM Young's modulus:
453 MPa), Liþ conductivity (4.0 mS cm�1) and tLiþ (0.82). As a result, the
LijSPEjLiFePO4 full cell shows excellent rate capacity of 141 mAh g�1 (1
C).

Yan et al. synthesized a new type of polyurethane binder (PEI-HDI) by
the polymerization of HDI with polyethylenimine (PEI) used for sulfur
cathode binder (Fig. 10c) [121]. When compared to the traditional PVDF
binder, the PEI-HDI with �NH2 groups and crosslinked structures, pro-
vided the strong ability anchoring polysulfide, remarkably prolonged the
cycling life of Li-S batteries (capacity retention of 91.3 % for 600 cycles).
Wang et al. developed crosslinked polyethylene glycol-based resin
(cPEGR) by ring-opening reaction of PEGDE with epoxy groups and PEA
with �NH2 (Fig. 10d) [122]. The GPE with LE (1 M LiPF6 in DMC: FEC)
achieved an ionic conductivity (7.0 � 10�4 mS cm�1). LCOjjLi cells with
the GPE exhibited long cycling performances with a cut off voltage up to
4.35 V. Silicon is a promising anode material for Li-ion batteries. How-
ever, its large volume changes during cycling pose a great challenge for
fabricating stable electrodes. Wang et al. designed polymer binder
crosslinked by poly(acrylic acid)-poly(2-hydroxyethyl acrylate-co-dop-
amine methacrylate) (Fig. 10e) [123]. Its crosslinked famework with
hard-soft chains and self-healing ability not only provided enough me-
chanical strength but also buffered the volume change of Si anode.
Therefore, the molecular structure design of binders is very enlightening
for solid electrolytes, especially when matching thick electrodes with
high electrode loading [127].

4.5. Biomass crosslinking

Notably, a wide variety of biomass materials (e.g., starch, cellulose,
lignin, chitin, proteins, and low-molecular-weight sugars) in nature
provide an ideal source and templates for multifunctional materials.
(Fig. 11a) [132–134]. Biomass is actually a class of biological macro-
molecules or carbohydrates with a variety of microstructure and rich
functional groups, which provides more opportunities for its compati-
bility with SPEs. The biomass skeleton is thought to reduce polymer
crystallinity, promote lithium salt dissociation, and construct new fast
ion transport channels. And it can cope with the expansion of electrode
volume during cycling. Most importantly, macromolecular biomass can
directly replace industrial fossil-derived polymers, offering attractive
prospects for the development of green high-performance SSLBs.
Recently, more and more attention has been paid to the study of the
biomass based SPEs.

As the most widely distributed and abundant biomass in nature, The
raw materials of cellulose are mainly from wood, cotton, wheat grass,
straw, reed and hemp. Despite its many attractive properties, cellulose
still faces many inherent drawbacks, such as being insoluble in most



Fig. 10. Polymer electrolytes constructed by chemical crosslinking between macromolecules. a) The preparation of the hyperbranched cross-linking polyurethane
electrolyte by the reaction of hyperbranched polyethylene glycol (HPEG) and IPDI [119]. Copyright 2024, Elsevier. b) Illustration of the preparation process and
crosslinking mechanism of the PEO-PAN-LiTFSI electrolyte [120]. Copyright 2022, Wiley-VCH. c) Synthesis scheme of AFG binder by copolymerization of PEI with
HDI [121]. Copyright 2017, Wiley-VCH. d) Crosslinked polyethylene glycol-based resin (cPEGR) was developed by ring-opening reaction [122]. Copyright 2017,
Wiley-VCH. e) The spring expanders model of P(HEA-co-DMA) and PAA [123]. Copyright 2018, Elsevier.
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solvents. Therefore, the cellulosic biomass need to be dissolved in sol-
vents to obtain functionalized films and gels [135,136]. This benefits
from the three active hydroxyl groups (�OH) on the glucose unit of
cellulose can be modified by etherification, esterification and other
methods, grafting or crosslinking of the polymer to increase their solu-
bility. These modification strategies drastically improve the solubility of
cellulose. Cellulose acetate (CA), cellulose acetate butyrate (CAB),
methyl cellulose (MC), ethyl cellulose (EC) and hydroxy ethyl cellulose
(HEC) are cellulose derivatives. Cyclodextrin (CD) is also a commonly
used biomass material, which is mainly divided into α-cyclodextrin
(α-CD), β-cyclodextrin (β-CD) and γ-cyclodextrin (γ-CD) (Fig. 11b) [128].
It is possible to chemically modify cyclodextrin molecules by grafting
functional groups or cross-linking cyclodextrins to polymers.

In order to improve the functionality of natural cellulose and broaden
its application range in the field of energy storage materials, modification
of cellulose is a sensible and effective strategy. Chen et al. chemically
modified the cellulose by allyl chloride in NaOH/urea solution (Fig. 11c)
[129]. The allyl groups can crosslinked to enhance the mechanical
properties and reduce the crystallinity of the SPE. Methyl cellulose (MC)
was selected to react with acryloyl modified cellulose (AC) due to its
excellent film forming ability and ability to absorb electrolyte due to the
substitution of some hydroxyl groups by methoxy groups. Because
cross-linking is an effective way to improve the mechanical and elec-
trochemical properties of biomass-based SPEs. Considering the poor
mechanical properties of starch, it is difficult to form a self-supporting
film when used as a polymer substrate. Wang et al. prepared a novel
biomass based SPE by react corn starch with g-(2,3-epoxy–propoxy)
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propyl trimethoxysilane and other coupling agents (Fig. 11d and e)
[130]. The starch based SPE with 40 % LiTFSI content was used to
construct high-energy density solid-state Li-S battery. The obtained SPE
exhibits high ionic conductivity (0.34 mS cm�1 at 25 �C) and high tLiþ

(0.80). The Li-S battery delivered a high capacity of 864 mAh g�1 for 100
cycles. The rapid advances of cellulose-based SPEs has significantly
reduced the cost of safe energy storage devices. Fang et al. reported a
dynamic network of imidazolium bonds based on soy protein isolate
(SPI) polymer electrolyte, which is recyclable and self-healing (Fig. 11f)
[131]. This pliable covalently cross-linked network polymer can be
reshaped and recovered at differenth temperatures (up to 100 �C), which
helps achieve the recycling of energy materials. The addition of LiTFSI
resulted in a conductivity of more than 0.33 mS cm�1 for the obtained
SPE.

5. Summary and prospects

In summary, this review presents an overview of crosslinked SPEs by
critically summary and analysisthestructure type of crosslinked polymer
chain, and effective strategies to achieve the collaborative promotion of
enhancing the ionic conductivity, ion transference number, mechanical
properties, thermal stability, and interfacial electrochemical stability.
The unique architectures of Physical crosslinking and chemical cross-
linking strategies are classified in detail and discussed. In contrast to
linear polymers, Spatial structure of 3D crosslinked polymer can effec-
tively weaken Tg and crystallinity of polymer chains, endowing them
with higher thermal motility and larger amorphous area. Nevertheless,



Fig. 11. Crosslinked polymer electrolytes constructed from biomass materials. a) The molecular structures of common biomass materials which are used to construct
SPEs. b) Chemical structures of hyperbranched α-, β-, and γ-CD (cyclodextrin) [128]. Copyright 2015, American Chemical Society. c) Allylation of cellulose and
crosslinking mechanism of allyl-modified cellulose [129]. Copyright 2020, Elsevier. d) Preparation of starch hosted electrolyte films. Inset: Images of the transparent
and flexible electrolyte films with LiTFSI. e) Chronoamperometry of the LijStarch þ LiTFSIjLi cell. Inset: AC impedance spectra of the cell [130]. Copyright 2016, The
Royal Society of Chemistry. f) The soy protein isolate (SPI) based matrix were crosslinked by PA and BDE. g) The stress-strain curve of SPI-based vitrimers [131].
Copyright 2022, Wiley-VCH.
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there are still many potential problems to be solved and many exciting
opportunities to be discovered in the commercialization of SPEs.

Therefore, in order to further improve the performance of cross-
linked polymer electrolytes in high-safety solid-state batteries, we pro-
pose the following research directions.
5.1. Improving the high voltage electrochemical stability of the crosslinked
SPEs

High-voltage solid-state lithium batteries are considered to be one of
the most promising directions for research due to their high safety and
energy density (Fig. 12a). Although significant research progress has
been made in SPEs development, the oxidative decomposition/evolution
(4.3–4.8 V) of the SPEs can directly affect the evolution of the internal
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interface of the battery and the cycle life, this challenge is further exac-
erbated by the high reactivity and structural instability between high-
voltage cathode and electrolyte materials. Therefore, selecting mono-
mers with high lithium salt solubility and high voltage tolerance will be
the key research target in the future. Theoretical calculations can also
play a more prominent role in this regard.
5.2. Developing more simple and controllable synthesis strategy for
crosslinked polymer electrolytes

Tunable and controllable architecture offer crosslinked polymer a set
of intriguing properties such as self-healing, shape memory and excellent
stress-strain properties. Synthesizing crosslinked polymer electrolytes
with highly tunable degree of polymerization, dielectric properties and



Fig. 12. The suggestion of the following research directions for further improving the performance of crosslinked SPEs in solid-state batteries. a) Influence mechanism
between crosslinked structure and physicochemical properties. b) Developing in-situ crosslinked polymerization methods for future commercialized production [137].
Copyright 2019, Nature Publish Group. c) Developing universal cross-linking synthesis strategies adapted to multiple energy storage fields [138]. Copyright 2022,
Nature Publish Group. d) Understanding the electrochemical properties of crosslinked SPEs by advanced in-situ characterization techniques [139–141]. Copyright
2021, Nature Publish Group. Copyright 2020, Elsevier.
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crystallinity still faces difficulties to date. Moreover, crosslinkers with
more functional characteristics need to be developed, the synthesis route
should be enough environment-friendly low-cost precursors and mild
reaction conditions are advisable for large-scale manufacturing of
crosslinked SPEs. Unsatisfactory synthesis suggests that one fails to tailor
SPEs with precise synthesis at the molecular level and to achieve physi-
cochemical and electrochemical properties optimization. Thus, there is
much room for performance improvement. Further studies are needed to
design, controlled synthesis and characterization of crosslinked SPEs.

5.3. Developing in-situ crosslinked polymerization methods for future mass
production

In-situ polymerization process for SSPLBs has been identified as one
of the most promising strategies for solid-state polymer lithium batteries
(SSPLBs) scale-up manufacturing, effectively solving the problems of
interfacial contact and excessive thickness of SPEs. Besides, the in-situ
polymerization economized the complex processes of polymer dissolu-
tion, film drying and laminated assembly process of the ex situ strategy,
which effectively reduces the cost and is compatible with the existing
battery production processes. However, most of the current studies on in
situ polymerization have been based on coin cells at the laboratory level,
while practical pouch cells have been much less studied. There is a huge
difference between laboratory level coin SSLBs and practical pouch
SSLBs. Moreover, in-situ polymerization process puts forward more re-
quirements on the viscosity and solubility of monomers (Fig. 12b) [85,
142].

5.4. Developing universal cross-linking synthesis strategies adapted to other
energy storage fields

Crosslinked polymer electrolytes have a wide range of applications,
and the ion transport mechanisms in polymers have many similarities.
Large-scale production of crosslinked polymer electrolytes indeed faces
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challenges (e.g., Large-scale synthesis, low-cost preparation, and uni-
versal synthesis strategies). Therefore, it is urgent to develop a universal
synthesis strategy to meet the needs of various fields and improve the
migration rate of different ions (e.g., Naþ, Kþ, Zn2þ, Mg2þ) in polymer
networks by developing universal synthesis methods of crosslinked mo-
lecular structures, so as to adapt to different solid-state alkali metal
batteries systems (Li/Na/Zn-ion batteries) or supercapacitors (Fig. 12c)
[138,143].

5.5. Understanding the electrochemical behaviors of crosslinked SPEs by
advanced in-situ characterization techniques

During the whole cycling life of the solid-state batteries, some un-
certainties such as continuous monitoring of the dynamic chemistry in-
side cells and unsustainable multi-interfacial problems remain to be
further revealed. The oxidative decomposition/evolution of the elec-
trode/electrolyte interfaces can directly affect the health condition of the
battery. Advanced in-situ characterization methods include in-situ TEM,
in-situ FT-IR, in-situ NMR and in-situ DMES (Differential electrochemical
mass spectrometry), could reveal the evolution of morphology and
structure in operating SSPLBs, including electrodes structural trans-
formation, gas production analysis, interfacial evolution, Li-dendrite
growth, and oxidative decomposition of SPEs (Fig. 12d) [139,
144–148]. Moreover, operando nondestructive characterization tech-
nologies, such as infrared optical fiber, fiber Bragg grating (FBG) sensors
and ultrasonic imaging technology, can monitor the parasitic chemical
and physical processes inside the battery in real time under working
conditions, building a more profound understanding decomposition
mechanisms for solid-state electrolytes [10,29,141,149–151]. These
advanced characterization techniques will further guide the optimization
of electrolyte materials and improvement the electrochemical perfor-
mance of solid-state batteries.
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