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a b s t r a c t

The utilization of solid electrolytes as substitutes for flammable liquid electrolytes represents a crucial

strategy for enhancing both the safety and energy density of lithium metal batteries. However, the poor

solid-solid contact between electrodes/electrolytes and the inherent difficulties of Li dendrite growth have

seriously hindered their practical applications. Among the various types of solid electrolytes, polymer

electrolytes are highly regarded for their potential high ionic conductivity, good deformability, and wide

electrochemical window. In-situ curing technology has been demonstrated to be an effective solution to

these problems and shows great application prospects in polymer electrolyte all-solid-state lithium-metal

batteries. This paper will provide a comprehensive review of the three primary types of polymerization

methods: free radical polymerization, ring-opening metathesis polymerization, and ionic polymerization.

The technical principles, research progress, and performance optimization of in-situ polymerized solid

state electrolytes will be reviewed, and the review will look forward to the future development of in-situ

curing. The emerging challenges faced by the field and the potential opportunities in practical applica-

tions will be pointed out. As research progresses and technology advances, in-situ curing technology is

poised to reinvigorate the development of all-solid-state batteries, propelling them towards enhanced

safety, efficiency, and reliability.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Global energy demand growth and environmental protection

requirements have driven research and development into high-

performance, safe batteries [1]. Traditional graphite anodes have

limited energy density improvement potential [2,3], so lithium

metal anodes have become the focus of research into next-

generation lithium metal batteries (LMBs) [4–6], due to their ultra-

high theoretical specific capacity (3860mAh/g) [7,8] and low redox

potential of −3.04V (relative to the standard hydrogen electrode)

[9]. However, their commercialization still faces challenges [10,11]:

Lithium dendrites may cause short circuits and thermal runaway

[12–14], traditional organic electrolytes are flammable [15], and

side reactions affect performance and lifespan [16,17].
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To address the issues of lithium dendrites and electrolyte

flammability, researchers have proposed using inorganic/polymer

solid-state electrolytes to replace traditional electrolytes [18].

These materials offer advantages such as low flammability, high

thermal stability, and leak-free safety [19], and can suppress

lithium dendrite formation [20]. Among these, inorganic elec-

trolytes, due to their non-flammability, high mechanical strength,

and ionic conductivity, can enhance battery stability and safety

[21], but their preparation is complex, they are costly, and they ex-

hibit poor solid-solid interface contact [22,23]. In contrast, polymer

electrolytes offer advantages such as low cost, good process com-

patibility [24], excellent interface contact [25], ease of processing

[26], and design flexibility [27,28], making them a focus of recent

attention [29].

Against this backdrop, in situ polymerization technology, as an

innovative method for preparing solid-state electrolytes for all-

solid-state lithium batteries, offers a new path for development

[30]. This technology originates from the field of nanocomposites,

where reactive monomers or prepolymers are directly filled into

https://doi.org/10.1016/j.cclet.2025.112020
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the nanolayer structure of the battery or the electrode surface, and

then polymerized to form a solid-state electrolyte layer [31]. The

specific implementation involves three steps: (1) Mixing reactive

monomers (or soluble prepolymers) with initiators to prepare a

precursor solution [32], (2) injecting the solution between the pos-

itive and negative electrodes to form a dispersed/continuous phase

[33], and (3) the polymer solid-state electrolyte is in situ generated

within the battery under temperature/pressure or light conditions

[34]. Compared to traditional processes, this technology eliminates

the complex coating-drying process, significantly reducing prepara-

tion costs [35]. Additionally, the polymerization process enhances

the interface contact and compatibility between the electrolyte and

electrodes, effectively improving the overall performance of the

battery [36].

Based on its advantages, in situ polymerization has made sig-

nificant progress in all-solid-state lithium batteries. Han et al.

[37] utilized polymerization-induced phase separation (PIPS) tech-

nology to prepare plastic crystal elastic electrolytes (PCEE) us-

ing propyl acrylate (BA), butadiene nitrile (SN), and azobisisobu-

tyronitrile (AIBN) to prepare a plastic crystal elastic electrolyte

(PCEE), achieving simultaneous optimization of ionic conductivity

(20 °C, 10–3 S/cm) and mechanical elasticity (elongation at break

≥
et al. [38] replaced liquid electrolytes with in-situ polymerized

acrylic ester-functionalized polyethylene glycol (PAP) quasi-solid-

state electrolytes (QSPEs), forming a stable SEI layer rich in LiF

on the lithium metal surface, thereby inhibiting the growth of

dendritic crystals. Among these, the EDFA-based E-QSPE exhibits

high oxidative stability (4.9V) and is compatible with high-voltage

NCM811 cathodes. This technology also facilitates structural de-

sign: Wang et al. [39] cross-linked modified metal-organic frame-

works (Uio-66-MET) with poly(ethylene glycol) diacrylate (PEGDA)

via a thiol-ene click reaction, forming a three-dimensional network

electrolyte with -C-S-C- side chains, significantly enhancing tensile

tivity (24 times higher than pure PEGDA), while lowering the glass

transition temperature (Tg, −56.7 °C). Additionally, in situ polymer-

ization enabled precise interface control. Zhang et al. [40] designed

a trimethylolpropane-based electrolyte that can form a double-

layer SEI (10–22nm) in situ, with the inner layer enriched with LiF

to enhance ion transport uniformity, and the outer layer containing

lithium polyformaldehyde (LiPOM) to provide mechanical stability

(dynamic modulus of 2.9GPa), effectively suppressing SEI rupture.

Zhou et al. [41] developed a P(VEC-IL) electrolyte based on 1-vinyl-

3-ethylimidazole (VEIM), where the cations specifically adsorb on

the NCM83 cathode surface to form a protective layer and promote

the formation of anion-derived CEI, enhancing performance at high

voltages (4.5V) and wide temperature ranges (−30∼70 °C). Notably,
Liu et al. [42] utilized this technology to construct a dual-interface

synergistic regulation system (rich inorganic CEI layer and rich LiF

gradient SEI layer), where additives and salts (LiBF4, LiTFSI) partic-

ipate in forming the gradient SEI to suppress dendrites and side

reactions, while initiators promote the formation of inorganic CEI

at the cathode, significantly enhancing the performance of high-

nickel solid-state lithium metal batteries. Currently, in situ poly-

merization has become one of the most commonly used meth-

ods for preparing solid-state electrolytes [43,44], and it is expected

to make significant contributions to improving the performance of

lithium metal batteries. Therefore, as shown in Fig. 1, this paper re-

views three commonly used in situ polymerization methods in this

technology, detailing their types, mechanisms, and applications to

provide comprehensive guidance and reference, and discusses the

challenges and prospects.

Although in situ polymerization technology has significantly ad-

vanced the development of all-solid-state lithium batteries, there

remains a lack of systematic summaries of strategies based on

Fig. 1. Classification of in situ polymerization technology.

polymerization mechanisms. In response, this paper reviews in

situ polymerization methods for solid electrolytes, categorizing

them into three types: radical polymerization, ring-opening mi-

gration polymerization, and ionic polymerization, based on mech-

anism differences. It also delves into the structure-property re-

lationships between polymerization mechanisms and electrolyte

performance, providing guidance for the design optimization of

novel in situ polymerized electrolytes. Finally, the paper outlines

the most promising research directions for this technology, aiming

to guide the future development and commercialization of high-

performance all-solid-state lithium batteries.

2. Free radical polymerization

Free radical polymerization is a core technology in poly-

mer synthesis, utilizing the reactivity of free radicals to initiate

chain-growth addition polymerization reactions. Typically, olefin

monomers containing unsaturated double bonds are used as raw

materials, which undergo double bond cleavage followed by re-

peated addition reactions to form macromolecules. This method is

the most commonly used technique for synthesizing organic poly-

mer electrolytes.

2.1. Fundamentals

Free radical polymerization is based on a chain reaction mecha-

nism. First, the initiator decomposes upon heating or is excited by

external energy (such as light, high-energy radiation, electrolysis,

or plasma), producing highly reactive primary free radicals [45].

The primary free radicals rapidly add to olefin monomers (such as

compounds containing double bonds), forming monomer free rad-

icals (chain initiation) [46]. The active radical center continues to

rapidly add to other monomer molecules, achieving chain growth.

Chain growth can be terminated in the following ways: (1) Deple-

tion of monomers, (2) addition of specific terminators, (3) the pri-

mary chain termination reaction, i.e., two growing chain radicals

encountering each other and combining (forming saturated chains)

or undergoing disproportionation reactions (generating saturated

and unsaturated chains) [47].

The chain transfer phenomenon in polymerization reactions of-

fers significant advantages for the design of polymer molecular

2
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strength (9.4MPa), elongation at break (500%), and ionic conduc-
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chains. For example, strategies such as fixing anions to specific

molecular chains [48] or introducing functional groups into the

main chain [49], can effectively optimize the performance reg-

ulation of polymer solid-state electrolytes. Free radical polymer-

ization systems exhibit significant controllability, with their in

situ curing technology enabling interface integration between elec-

trode materials and organic polymer electrolytes [50], and allow-

ing adjustment of molecular weight and structure through param-

eters such as initiator concentration and reaction temperature [51].

Such polymerizations can be classified into multiple types based

on their radical chain activity mechanisms, including Iniferter-

mediated polymerization (IMP), atom transfer radical polymeriza-

tion (ATRP), reversible addition-fragmentation chain transfer poly-

merization (RAFT), and nitrogen-oxygen radical-mediated polymer-

ization (NMP). These methods collectively expand the strategic di-

mensions of polymer synthesis.

2.2. Iniferter-mediated polymerization (IMP)

IMP is a unique and highly efficient radical polymerization

method with broad application prospects. At its core is the

initiator-transfer agent-terminator (Iniferter), which integrates ini-

tiation, transfer, and termination functions, serving as the key to

achieving active polymerization. The process proceeds as follows:

Iniferter decomposes under thermal, photochemical, or chemical

conditions to generate free radicals that initiate monomer poly-

merization. During chain growth, it acts as a transfer agent to reg-

ulate polymer molecular weight and distribution, thereby enhanc-

ing reaction controllability. The IMP mechanism fundamentally in-

volves a reversible equilibrium between growing chain free radi-

cals and inert dormant species. Based on the initiation mechanism,

they are primarily divided into two categories: (1) Thermally initi-

ated (Thermoiniferter), such as tetraphenyldimethylsulfonyl (TPSN),

which thermally decomposes to generate carbon-centered free rad-

icals to initiate polymerization and terminate chain growth, form-

ing dormant species containing initiator fragments [48], which can

reversibly decompose to achieve active polymerization [49]; (2)

photolytic (photoinitiators), primarily compounds containing di-

ethyl dithiocarbonate imide groups. Under light exposure, these

compounds decompose to produce two radicals: One initiates poly-

merization, while the other controls the process through transfer

and termination [52]. Compared to traditional block copolymeriza-

tion, this method involves fewer steps and achieves better results

[53,54].

Previously, researchers developed high-performance polymer

electrolytes using different polymerization strategies. In 2016, Por-

carelli et al. [55] used 3wt% AIBN as an initiator to thermally ini-

tiate the copolymerization of LiMTFSI, PEGM, and the crosslinking

agent PEGDM in a PC plasticizer system, producing a crosslinked

single-ion conductor polymer electrolyte (SIPE), which achieved

high lithium-ion mobility (0.86), ionic conductivity (1.2×10−4

S/cm, which is 2–3 orders of magnitude higher than that of con-

ventional systems), and a wide electrochemical window (5.0V vs.

Li+/Li). When applied to a LiFePO4/Li battery, it provided a capac-

ity of 126mAh/g at 0.1 C and maintained a capacity retention rate

stration of efficient and stable operation of a room-temperature

single-ion conductor (Fig. 2a). Subsequently, Cao et al. [56] in July

2017 utilized AIBN to thermally initiate the alternating copolymer-

ization of SSPSILi and MA in DMF, synthesizing P(SSPSILi-alt-MA),

which was then composite with PVDF-HFP to prepare a single-ion

polymer electrolyte membrane; its room-temperature lithium-ion

conductivity reached 2.67mS/cm with a migration number of 0.98.

The high dielectric constant of the acid anhydride groups promotes

lithium-ion dissociation/distribution, while PVDF-HFP provides a

continuous ionic pathway; A Li4Ti5O12/LiFePO4 full cell based on

100 cycles at 0.5 C and a capacity of 36.9mAh/g at 5C, signifi-

cantly outperforming liquid systems, effectively suppressing con-

centration polarization and lithium dendrites (Fig. 2b). Lin et al.

[57] used AIBN to thermally initiate the in situ polymerization of

liquid VEC monomers under vacuum at 80 °C, preparing polyvinyl

carbonate ethylene carbonate electrolyte (PVEC-PE), which exhibits

an ionic conductivity of 2.1mS/cm at 25 °C, a wide electrochem-

ical window up to 4.5V (vs. Li+/Li), good interface compatibility,

and ionic transport involving the coupling/decoupling of Li+ with

C=O and C–O synergistic effects. When used in LiFePO4/lithium

metal batteries, the discharge capacity at 25 °C/0.1 C is 165mAh/g

(104mAh/g at −15 °C), with capacities of 139 and 118mAh/g after

100 cycles at 1 and 3C rates, respectively. The lithium ion migra-

tion number increased to 0.40, and the interfacial resistance de-

creased to 70�, enabling the development of high-performance

polymer lithium metal batterie (Fig. 2c).

Moving into 2021, Tan et al. [58] developed a non-flammable

solid electrolyte by encapsulating flame-retardant phosphates in a

polycarbonate matrix using in situ curing technology. This elec-

trolyte exhibits a high ionic conductivity of 4.4mS/cm, a high

Young’s modulus of 12.4GPa, a lithium ion mobility of 0.76, and

a wide electrochemical window of 0–4.9V, effectively suppressing

lithium dendrite growth. The lithium symmetric battery assembled

with this electrolyte stably cycled for 500h at 0.5mA/cm2 (overpo-

ity after 200 cycles, and the Li||Cu battery achieved a coulombic

tration test on an Ah-level pouch battery (Fig. 2d). From 2022 to

2024, in situ polymerization technology has shown diversified de-

velopment: Zhang et al. [59] prepared an in situ radical polymer-

ization electrolyte based on PEO, forming a complete ionic con-

ductive network with excellent flexibility, and the pouch battery

continued to function normally under bending and cutting condi-

et al. [60] designed a P(VC-EAVE)-based ther-

moresponsive polymer electrolyte that automatically shuts off ion

channels when temperatures exceed limits (Fig. 2f). Sun et al. [61]

used azobisisobutyronitrile as an initiator to prepare polyvinyl iron

fluoride (PVF) with uniformly distributed iron, verifying its cycling

stability and dendrite suppression capability (Fig. 2g). Meanwhile,

Zhang et al. [62] developed an interface-compatible single-ion-

conducting three-dimensional polymer electrolyte (3D-SIPE-LiFPA),

significantly improving cycling life and safety (Fig. S1a in Support-

ing information). Han et al. [63] synthesized single-ion polymer

electrolytes (SIPEs) using chain transfer initiators, achieving uni-

form lithium ion distribution and point-to-point migration, regu-

lating ionic conductivity by three orders of magnitude, addressing

wide-temperature-range cycling issues, and suppressing dendrite

formation (Fig. S1b in Supporting information).

In 2024, multiple studies combined in situ polymerization tech-

nology with innovative concepts such as liquid metal composite

materials and low-molecular-weight polymer confinement, signif-

icantly enhancing the performance and safety of lithium metal

batteries. Specific advancements include: In March 2024, Peng et

al. [64] proposed a strategy for designing solid polymer elec-

trolytes through in situ initiation-transfer Iniferter-mediated poly-

merization, utilizing the weak coordination interactions of poly-

mer chains to facilitate rapid lithium ion migration and con-

structing fast ion channels within oligomers (Fig. S1c in Sup-

porting information); In April, Rui et al. [65] combined high-

safety ethylene carbonate-free liquid electrolytes with in situ poly-

merization technology to prepare practical solid-state electrolytes

that balance safety and electrochemical performance (Fig. S1d in

Supporting information); Concurrently, Tong et al. [66] ddevel-

oped a quasi-solid composite electrolyte based on low-molecular-

weight polyethylene glycol dimethyl ether (PEGDME), restricting

3

this electrolyte exhibits a capacity retention rate of 92.7 % after

tential 0.07V). The Li||NCM811 full cell retained 87.7% of its capac-

efficiency of 98.1%. Its safety was verified through a needle pene-

tions (Fig. 2e). Zhang

of over 98% after 100 cycles, marking the first successful demon-
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Fig. 2. (a) General pathway for the preparation of SIPE films. Copied with permission [55]. Copyright 2016, American Chemical Society. (b) Schematics of synthesis of the

P(SSPSILi-alt-MA) single-ion conductor. Copied with permission [56]. Copyright 2017, the Royal Society of Chemistry. (c) Schematic illustration of the azoles structures and

the dissolution in the electrolyte. Copied with permission [57]. Copyright 2020, Elsevier Ltd. (d) Schematic diagram of the preparation process and the characteristics of

FRSE. Copied with permission [58]. Copyright 2021, Elsevier B.V. (e) Schematic illustration of the in-situ preparation process (PTLiN1 sample). Copied with permission [59].

Copyright 2022, Elsevier B.V. (f) Schematic illustration of the ion-blocking protective layer’s formation. Copied with permission [60]. Copyright 2022, The author(s). (g)

Schematic illustration of the ion-blocking protective layer’s formation. Copied with permission [61]. Copyright 2022, The author(s).

it within the poly(methyl methacrylate) (PMMA) backbone via in

situ Iniferter-mediated polymerization, offering a new approach for

room-temperature solid-state lithium metal batteries (Fig. S1e in

Supporting information); In July, Nguyen et al. [67] in South Korea

combined an anode current collector coated with liquid metal@C

nanocomposites with an in situ polymerized electrolyte, demon-

strating the potential application of an anode-less battery (Fig. S1f

in Supporting information).

Free radical-initiated in situ preparation technology is a key

strategy for developing advanced battery materials, enabling ef-

ficient initiation and precise process control, promoting the for-

mation of dense and uniform functional layers, thereby en-

hancing material interface bonding strength, structural stabil-

ity, and overall electrochemical performance. By optimizing the

initiation system and conducting in-depth studies on reac-

tion kinetics, this technology holds promise for breakthroughs

in the field of next-generation high-performance batteries. Al-

though IMP technology offers mild reaction conditions, simple

operation, system simplification, fewer steps, high polymeriza-

tion degree, and excellent molecular weight control, enabling

the preparation of polymers with narrower molecular weight

distributions, it cannot achieve controlled synthesis and pre-

cise structural design of polymer electrolytes, which may lead

to rapid degradation of electrochemical performance in battery

applications.

2.3. Atom transfer radical polymerization (ATRP)

ATRP is a novel controlled polymerization technique that com-

bines the characteristics of radical polymerization and reactive

polymerization. It offers the advantages of precise control over

molecular weight (narrow distribution) and expanded monomer

applicability (e.g., styrene, acrylates, vinyl derivatives), providing

high flexibility for the preparation of functional polymers. Based

on these characteristics, researchers have successfully synthesized

various types of polymers using ATRP, including structurally de-

fined homopolymers, random/alternating/step-growth/block-graft

copolymers, dendritic polymers, and organic-inorganic hybrid ma-

terials, demonstrating broad cross-disciplinary application poten-

tial.

In the field of energy storage batteries, ATRP has even exerted

its unique advantages. For example, Su et al. [68] synthesized flu-

oropolymers via ATRP and incorporated them into polyethylene

glycol-based solid-state electrolytes, forming 21-arm fluoropoly-

mers (21-β-CD-g-PTFEMA), which enhanced electrochemical win-

dow stability and conductivity, providing new insights for re-

search on all-lithium and sodium metal batteries (Fig. 3a). Yang

et al. [69] used ATRP to copolymerize 1,1,3-dioxolane with 1,3,5-

triglycidyl isocyanurate (TGIC) in situ, resulting in a TPDOL elec-

trolyte with excellent thermal stability and antioxidant proper-

ties, offering potential for intrinsically safe lithium metal batter-

ies (Fig. 3b). Additionally, in terms of electrolyte structure op-

timization, Xie et al. [70] incorporated ether bonds with imi-

dazolium ionic liquids into the main chain of multi-arm poly-

mers via ATRP, preparing the tandem-structured S-P(PEGMA-IM)

and parallel-structured P-P(PEGMA-IM). Electrochemical testing re-

vealed that the SPEs derived from P-P(PEGMA-IM) exhibited higher

ionic conductivity, lithium ion mobility, and stability compared

to those from S-P(PEGMA-IM) (Fig. 3c). In membrane design,

Zheng et al. [71] utilized ATRP to precisely construct nanoscale

one-dimensional oriented Li+ flow, grafting the electron-negative

poly(pentafluorostyrene propionate) (PPFPA) polymer onto a Cel-

gard membrane, achieving rapid ion transport and ultra-stable

lithium deposition (Fig. 3d).

4
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Fig. 3. (a) Detailed synthetic scheme of 21-β-CD-g-PTFEMA. Copied with permission [68]. Copyright 2022, The author(s). (b) The polymerization process of TPDOL electrolyte.

Copied with permission [69]. Copyright 2024, Wiley-VCH GmbH. (c) The mechanism of Li+ conduction in S-SPE and P-SPE. Copied with permission [70]. Copyright 2021,

Published by Elsevier B.V. (d) Schematic illustration showing the chemical synthesis process of the electronegative PPFPA polymer brushes on the Celgard separator. Copied

with permission [71]. Copyright 2022, Wiley-VCH GmbH. (e) Covalently grafted PVDF-CTFE-g-PEGA-co-PAA binder by ATRP. Copied with permission [72]. Copyright 2023, The

authors. (f) Fabrication process of gel polymer electrolytes (PETEA-TCGG-PAN). Copied with permission [73]. Copyright 2022, American Chemical Society.

Meanwhile, ATRP has also made progress in adhesive modi-

fication: Liu et al. [72] used ATRP to covalently graft multifunc-

tional poly(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-

CTFE) via ATRP to PVDF adhesives, yielding PVDF-CTFE-g-PEGA-

co-PAA graft copolymers, which significantly enhanced flexibil-

ity, adhesive strength, and ionic conductivity (Fig. 3e). Shen et

al. [73] used ATRP to prepare an in situ gel polymer electrolyte

(PETEA-TCGG-PANZ) containing an electrolyte using pentylene gly-

col tetraacrylate (PETEA) as the monomer, investigated its polymer-

ization mechanism and ionic transport properties, and provided a

new design approach for in situ solid-state electrolytes for high-

energy lithium metal batteries (Fig. 3f).

However, ATRP has the drawback of being sensitive to pH,

which increases the difficulty of preparing polymer electrolytes

and the complexity of reaction control, thereby hindering its ap-

plication in energy storage batteries to some extent. Nevertheless,

through optimizing reaction conditions and exploring new areas,

ATRP still demonstrates significant potential and value. In sum-

mary, ATRP has been proven to be a precise, controllable, and

flexible polymerization method, offering significant advantages and

promising prospects in the fields of polymer electrolytes and func-

tional polymer materials. Despite existing challenges, as research

progresses, ATRP is expected to continue playing a unique role in

driving technological advancements.

2.4. Reversible addition-fragmentation chain transfer polymerization

(RAFT)

RAFT as an advanced active radical polymerization technology,

provides an effective approach for synthesizing polymers with pre-

cise molecular weight and structure. Compared to ATRP, RAFT of-

fers superior advantages in terms of monomer compatibility, oxy-

gen tolerance, and molecular weight control, demonstrating greater

commercial application potential. In its polymerization mechanism,

disulfide ester derivatives act as chain transfer agents, reducing

radical concentration through isomerization transfer reactions with

growing chain radicals, thereby inhibiting irreversible diradical ter-

mination and enabling active polymerization. This process ensures

that each polymer chain has nearly equal growth opportunities, ul-

timately forming a uniform and controllable polymer structure.

Based on the advantages of RAFT polymerization, several re-

search teams have applied it to the synthesis of polymer solid-state

electrolytes for lithium-metal batteries. Gao et al. [74] prepared

a multi-grafted polymer network PPS (poly(dimethyl siloxane)-

g-[poly(polyethylene glycol methyl ether methacrylate)-r-sodium

poly(styrene sulfonate)]) via RAFT polymerization, demonstrating

excellent electrochemical performance and mechanical strength

(Fig. 4a). Guo et al. [75] prepared block copolymer electrolytes

(BCPEs) via a one-step process combining RAFT polymerization

5
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Fig. 4. (a) Schematic illustrations of dual role for PPS polymer as artificial SEI in stabilizing Li electrode and solid polymer electrolyte for safe all-solid-state batteries. Copied

with permission [74]. Copyright 2022, Elsevier B.V. (b) One-step in situ fabrication of block copolymer electrolytes. Copied with permission [75]. Copyright 2022, Wiley-

VCH GmbH. (c) Schematic illustration of rationally fabricating hybrid copolymer electrolytes. Copied with permission [76]. Copyright 2024, American Chemical Society. (d)

Schematic representation of structural modifications in the SEI induced by PPP. Copied with permission [79]. Copyright 2024, Elsevier B.V. (e) Schematic illustration of the

design strategy of the branched PAA binder. Copied with permission [84]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

and carboxylic acid-catalyzed ring-opening polymerization (ROP),

enabling rapid Li+ migration in solid-state electrolytes (Fig. 4b).

The following year, Guo et al. [76] utilized lithium-catalyzed ortho-

polymerization reactions and RAFT reactions to in situ prepare hy-

brid, block, and brush-type solid-state polymer electrolytes, inte-

grating the advantages of different matrices and demonstrating

ideal mass transport performance and a broad electrochemical sta-

bility window (Fig. 4c). Hu et al. [77] modified nano-silica particles

via RAFT polymerization and physical doping to prepare ionically

bonded nano-particle-reinforced flexible composite polymer elec-

trolytes, enhancing ionic conductivity and electrochemical stability.

Zhou et al. [78] thermally initiated RAFT polymerization to synthe-

size dynamic borate-based self-healing polymer electrolytes in situ,

exhibiting excellent mechanical properties and interface stability.

Additionally, Zhan et al. [79] synthesized perfluorinated polyether

derivatives (PPP) as electrolyte additives via RAFT polymerization,

improving ionic transport efficiency and battery stability (Fig. 4d);

Jin et al. [80] prepared amphiphilic ionic polymer interface protec-

tive layers, enhancing Li+ transport rates and battery cycling sta-

bility.

Makhlooghiazad et al. [81] combined sodium salts with ionic

liquids via RAFT polymerization, demonstrating the feasibility of

AB block copolymers as solid-state electrolytes for sodium batter-

ies, and systematically investigated the properties of binary/ternary

electrolyte systems. Kim et al. [82] employed a two-step process to

develop a novel solid-state electrolyte: First, potassium persulfate

was used as an initiator to prepare 20nm cross-linked polystyrene

(x-PS) core/poly(sodium styrene sulfonate) (PSS−Na+) shell core-

shell structured nanoparticles via a 70 °C water-in-oil emulsion

copolymerization reaction, followed by ion exchange to obtain the

single-ion conductor PS (LiTFSI); Then, using ACVA as an initiator,

a thiol-olefin click reaction at 75 °C was performed to graft vinyl

polyethylene glycol (PEO) with a molecular weight of 2 kg/mol onto

the surface of thiolized silica, forming 60nm PEO-SiO2 nanoparti-

cles. The two particles were co-assembled in a 3:1 mass ratio to

form an AB6 superlattice electrolyte. At 25 °C, this material exhib-

ited an ionic conductivity of 10−4 S/cm, a lithium ion mobility of

0.94, an electrochemical window of >6V, and an elastic modu-

lus of 0.12GPa, maintaining mechanical stability between 25 °C and

150 °C. When applied to all-solid-state lithium-sulfur batteries, the

first-cycle discharge capacity at 0.05C reaches 1090mAh/g, and the

capacity at 3 C remains at 627mAh/g. After 200 cycles, the capacity

performance, and cycling stability.

Although RAFT polymerization technology has its advantages,

its application still faces challenges: It requires the use of expen-

sive high-purity specific catalysts/chain transfer agents, leading to

complex synthesis and purification processes; and in actual op-

eration, it is easily affected by interference, potentially deviating

from the target narrow molecular weight distribution. To address

these challenges, Sun et al. [83] developed a covalently bonded

crosslinked network adhesive for Si/C electrodes using RAFT poly-

merization, demonstrating excellent cycling performance; Jiang et

al. [84] synthesized a polymer adhesive (PAA) by copolymerizing

acrylic monomers with a small amount of ether linkages through

RAFT polymerization, effectively offsetting the capacity decay of Si-

based electrodes (Fig. 4e).

RAFT polymerization, as an advanced reactive radical polymer-

ization technology, has great potential in the synthesis of polymer

solid-state electrolytes for lithium metal batteries. However, the

polymerization conditions, catalyst and chain transfer agent selec-

tion, as well as the post-polymerization processing technology still

6
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Fig. 5. (a) Electrochemical redox reactions of a nitroxide radical. Copied with per-

mission [85]. Copyright 2021, The Royal Society of Chemistry. (b) Schematic repre-

sentation of the action of conjugated nitroxide radical polymer. Copied with per-

mission [86]. Copyright 2024, American Chemical Society.

need to be continuously optimized in order to fully leverage its

advantages and overcome challenges.

2.4. Nitroxide-mediated polymerization (NMP)

NMP is an important controlled radical polymerization tech-

nique that utilizes stable nitroso oxide radicals to regulate the

polymerization process [85]. This technology achieves precise con-

trol over polymer molecular weight and distribution by estab-

lishing a dynamic equilibrium between the active chain and the

dormant state formed by the addition of nitrogen-oxygen radi-

cals (Fig. 5a). Compared to ATRP and RAFT, the high chemical sta-

bility of NMP regulators confers tolerance to various functional

groups, simplifying the synthesis of functional group-containing

polymers and eliminating the need for purification and product

odor, thereby driving the application of this technology. The ad-

vantages of NMP include high controllability, broad monomer ap-

plicability (e.g., styrene, acrylic esters), and mild reaction condi-

tions (no strict anaerobic requirements), reducing operational com-

plexity and costs. It enables efficient polymerization and produces

polymers with narrow molecular weight distributions, which are

critical for high-precision applications.

However, despite its advantages, NMP still faces significant

challenges. First, its applicability is limited to a narrow range of

monomers, restricting its scope of application. Second, limitations

in molecular design make it difficult to meet the specific require-

ments of certain fields. Additionally, the synthesis and purifica-

tion costs of nitrogen-oxygen radical regulators are high, hindering

their large-scale industrial application. Furthermore, the polymer-

ization rate of NMP may be slow, affecting the efficiency of large-

scale production. More importantly, some NMPs are toxic and re-

quire special safety measures for handling, increasing application

difficulty and costs. However, NMP still demonstrates significant

potential in specific fields. For instance, Xiong et al. [86] synthe-

sized a radical polymerization polymer P(DATPAPO-TPA) through

in situ nitro oxide-mediated polymerization, featuring conjugated

nitrogen-rich triphenylamine derivatives as the main chain and

high-density nitrogen oxides as the side chains. This polymer ex-

hibits high discharge capacity, high charge-discharge platforms, ex-

cellent rate performance, and good cyclability in aqueous zinc-ion

batteries, validating the effectiveness of NMP in synthesizing high-

performance polymers and providing new material options for the

energy storage field (Fig. 5b).

Although nitrite-mediated polymerization has advantages, it

also has challenges and limitations. In practical applications, its ad-

vantages and disadvantages, as well as factors such as cost and ef-

ficiency, must be weighed. With further research and technological

advances, this method is expected to demonstrate unique advan-

tages and application prospects in more fields in the future.

3. Ring-opening metathesis polymerization (ROMP)

Free radical polymerization has garnered attention due to its

simplicity, but its primary drawback lies in the difficulty of con-

trolling polymer structure and molecular weight. In contrast, con-

trolled free radical polymerization techniques (such as ATRP and

RAFT) enable control over molecular weight and structure, but they

require stringent and complex synthesis conditions. In recent years,

transposition polymerization, particularly ROMP, has gained signif-

icant attention due to its ability to maintain the same composition

as the monomer, automatically preserve the equimolarity of func-

tional groups, and utilize mild polymerization conditions driven by

ring tension.

3.1. Fundamentals

ROMP is a chain-growth polymerization catalyzed by transition

metal carbene complexes (such as Schrock molybdenum/tungsten

or Grubbs ruthenium catalysts). Its core mechanism involves

the isomerization of alkenes triggered by metal carbenes (e.g.,

Ru=CHR): the catalytic metal alkyl reacts with strained ring alkene

monomers (e.g., cyclopentadiene or cyclooctene) via a [2+2] cy-

cloaddition [87], forming a high-energy metal cyclobutane inter-

mediate. This intermediate rapidly undergoes ring-opening, gener-

ating an active growing chain terminated with a metal alkyl group

(polymer chain-Ru=CH-polymer chain), and small-molecule olefins

are also produced during the cross-isomerization [88]. The newly

formed polymeric metal alkyl carbocation then reacts with an-

other monomer, repeating the [2+2] cycloaddition-ring-opening

sequence. This cycle continues, with monomer molecules sequen-

tially ring-opening and inserting between the metal alkyl carboca-

tion and the growing chain. Polymerization termination is typically

achieved through β-hydrogen elimination of the active chain, chain

transfer agent reaction, or catalyst deactivation [89].

3.2. ROMP

In 1973, Wright et al. [90] first used ROMP to prepare polyethy-

lene oxide (PEO)-based solid-state electrolytes (SPE), demonstrat-

ing their potential. Advantages include: high monomer selectiv-

ity enhances SPE structural diversity; enables reversible deactiva-

tion radical polymerization (RDRP) to synthesize controllable high-

performance biodegradable polymers; metal-free catalysis avoids

current collector corrosion, polymerization without small molecule

release, and molecular weight proportional to time, reducing inter-

facial side reactions.

In the field of lithium-ion batteries, ROMP technology has

gained widespread application due to its advantages in the prepa-

ration of high-performance polymer electrolytes and the develop-

ment of high-energy-density batteries. Specifically, Mu et al. [91]

utilized surface-modified TiO2 nanoparticles as the heterogeneous

catalytic center for ROMP, in situ synthesizing anti-agglomeration

nanoparticle-hybrid crosslinked composite polymer electrolytes

(NHCPEs), significantly enhancing ionic conductivity, lithium ion

migration number, and thermal stability (Fig. S2a in Support-

ing information). Yang et al. [92] utilized ROMP to construct

a LiF/LiCl/LiIn hybrid solid electrolyte interphase (SEI), achieving

rapid Li+ transport and enhanced electronic insulation perfor-

mance (Fig. S2b in Supporting information). For high-voltage solid-

state batteries, Liu et al. [93] synthesized poly(DOX) polyethylene
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(PE) with excellent oxidation stability by regulating the molecu-

lar structure of the liquid precursor, providing long-cycle stability

for high-voltage cathodes (Fig. S2c in Supporting information). Li

et al. [94] ntroduced a multifunctional Lewis acid additive (THB)

to simultaneously catalyze the in situ ROMP reaction of DOL and

induce the formation of a fluorine/boron-enriched SEI layer. This

strategy significantly suppressed lithium dendrite growth and ex-

tended the battery’s cycle life (Fig. S2d in Supporting informa-

tion). Li et al. [95] used ROMP to integrate polyethylene oxide elec-

trolyte/composite electrodes, reducing interface resistance and im-

proving stability, thereby optimizing the performance of lithium

metal anodes (Fig. S2e in Supporting information). Hao et al. [96]

prepared an ultra-adhesive interface electrolyte based on in situ

polymerization of SnCl4. SnCl4 serves both as a polymerization ini-

tiator and a facilitator for the formation of the lithium metal alloy

layer, exhibiting high ionic conductivity and electrochemical per-

formance (Fig. S2f in Supporting information). Zheng et al. [97] in-

troduced the bifunctional additive Sn(OTf)2 into DOL-based elec-

trolytes, in situ constructing a gel polymer electrolyte and Li-Sn

alloy interface, resulting in a quasi-solid-state lithium metal bat-

tery with low internal resistance and strong interface compatibil-

ity. Sn2+ inhibits dendrite growth by improving electrolyte perfor-

mance and promoting alloy layer formation (Fig. S2g in Supporting

information). Tang et al. [98] developed a flame-retardant PDOL-

TEP electrolyte for NCM811 lithium batteries, combining cycling

stability and rate performance. The decomposition products of TEP

can block combustion reactions, providing an effective solution for

solid-state lithium metal batteries (Fig. S2h in Supporting informa-

tion).

However, ROMP requires specific catalysts and strict conditions,

increasing complexity and cost. Residual catalysts may affect elec-

trolyte stability and battery performance. ROMP polymers may

have poor compatibility with electrode interfaces, leading to high

impedance. Therefore, when using ROMP to prepare electrolytes, it

is necessary to weigh the pros and cons, optimize synthesis con-

ditions, and select materials to achieve optimal performance. Al-

though ring-opening isomerization polymerization holds great po-

tential in lithium-ion batteries, it still faces challenges. Through

continued research, it is hoped that more high-performance poly-

mer electrolytes based on ROMP can be developed to drive the ad-

vancement of lithium-ion batteries.

4. Ionic polymerization

In addition to known polymerization techniques, ion polymer-

ization (including anionic and cationic polymerization) is a key ad-

dition polymerization technique for preparing polymer solid-state

electrolytes (SSEs), primarily used in the lithium-ion battery field.

By embedding migrating ions into polymer chains, this technique

can construct efficient ion conduction pathways, enhancing bat-

tery safety and capacity. The resulting SSE exhibits excellent elec-

trochemical stability, high ionic conductivity, and good mechani-

cal toughness, enabling it to accommodate volume changes during

charging and discharging. Its high flexibility allows precise control

over polymer structure and properties, enabling customized design

of lithium-ion batteries. This technology holds promise for driv-

ing the development of lithium-ion batteries toward higher per-

formance and safety.

4.1. Fundamentals

Ionic polymerization is a chain reaction in which charged

ions (carbon anions/cations) serve as the active centers for chain

growth. Monomers continuously add to ion pairs or free ions to

achieve chain growth [99]. Based on the charge of the active center,

it is divided into two categories: (a) Anionic polymerization: Strong

nucleophilic initiators (e.g., RLi) attack monomers containing strong

electron-withdrawing groups or conjugated systems (e.g., styrene,

acrylonitrile), forming carbon anion centers. Strictly anhydrous,

oxygen-free, and proton-free conditions (inert solvents) are re-

quired, exhibiting “active polymerization” characteristics (no spon-

taneous termination), with controllable molecular weight [100]. (b)

Cationic polymerization: Electrophilic initiators/co-initiators (e.g.,

AlCl3/trace water) provide protons or carbocation centers, attack-

ing monomers containing strong electron-donating groups (e.g.,

isobutylene, alkyl vinyl ethers), forming carbocation centers. A

water-free environment (stable to oxygen) is required, typically

conducted at low temperatures in polar solvents (e.g., chlorinated

alkanes) to suppress chain transfer/termination, resulting in a

broader molecular weight distribution [101]. Ionic polymerization

is highly sensitive to the electron-withdrawing effects of monomer

substituents [102]. The type of initiator determines the polymeriza-

tion type; solvent polarity, temperature, and counterion properties

influence the degree of ion dissociation, thereby regulating reac-

tion rate, stereoregularity, and molecular weight distribution. Es-

sentially, monomers add to the ionic active center via nucleophilic

(anionic) or electrophilic (cationic) mechanisms [103].

4.2. Anionic polymerization

Anionic polymerization is a key polymerization method that is

highly dependent on initiators such as organic lithium metal com-

pounds, alkali metals, amines, and Grignard reagents. The reaction

must be carried out in a strictly anhydrous, oxygen-free inert at-

mosphere to avoid interference. The electron-withdrawing proper-

ties of the initiators cause them to act primarily on unsaturated

monomers containing electron-withdrawing groups, and once the

reaction is initiated, it continues until the monomers are depleted.

In the study of anionic polymerization, multiple teams have

achieved significant results. Cui et al. [104] has developed a new

strategy for in situ polymerization of PECA-GPE: Using lithium

powder to trigger the rapid film formation of ethyl cyanoacry-

late monomers in an electrolyte containing LiClO4. This elec-

trolyte exhibits excellent performance (room temperature con-

ductivity σ ∼ 2.7×10−3 S/cm, t+ =0.45, voltage window 4.8V),

with its cyano/ester groups strongly anchoring anions and forming

continuous ionic channels. The innovative aspect of this method

lies in utilizing the self-initiation properties of the monomer to

achieve full electrode penetration, avoiding interface deactivation,

thereby enabling LiFePO4 batteries based on PECA-GPE to ex-

hibit bend-resistant performance and advancing the development

of flexible lithium-ion batteries (Fig. 6a). Guo et al. [105] devel-

oped an electrolyte-mediated nano-confined strategy: LiTFSI/DMA

was in situ solidified in LiCOF channels to form a DLC solid-

state electrolyte. Its performance is outstanding: Li+ conductiv-

ity of 1.7×10−4 S/cm (a 100-fold increase), migration number of

0.85, ultra-thin (32μm) and highly tough (tensile strength 22MPa,

strong interactions, “welding” to eliminate defects and form ori-

ented channels, enabling the first foldable COF solid-state pouch

battery (Fig. 6b). Zhou et al. [106] utilized LiI to catalyze the

decarboxylation polymerization of VC, in situ preparing polyvinyl

carbonate-LiI gel electrolyte. The resulting composite SEI contain-

ing Li2CO3 suppresses dendrite formation, combining high conduc-

tivity (1.8×10–3 S/cm), excellent cycling performance (500 cycles

at 5mA/cm2), and self-shutoff safety features such as thermal-

induced solidification at 80 °C (impedance increases by 103 times).

This unique mechanism integrates stable lithium metal cycling

with active thermal protection into a single system (Fig. 6c). Meis-

ner et al. [107] utilized the discharge product Li2Sx from lithium-

sulfur batteries as an initiator to in situ synthesize cross-linked

solid-state polymer electrolytes via anionic ring-opening polymer-
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Fig. 6. (a) Anionic polymerization mechanism initiated by metal Li. Copied with permission [104]. Copyright 2017, American Chemical Society. (b) Illustration of the Li+-
transport mode in conventional SPE, pristine LiCOF, and DLC. Copied with permission [105]. Copyright 2022, Wiley-VCH GmbH. (c) Li metal battery enabling dendrite-free

Li cycling at room temperature and thermal shutdown when temperatures increase. Copied with permission [106]. Copyright 2019, The Royal Society of Chemistry. (d)

Schematic model of in situ generated polymer electrolyte via AROP. Copied with permission [107]. Copyright 2021, The Royal Society of Chemistry.

ization (AROP). This electrolyte is initiator-free, exhibits high ionic

conductivity (6.9mS/cm at 25 °C), excellent cycling stability (over-

potential <0.25V in a lithium symmetric battery after 400h), and

bic efficiency after 100 cycles), significantly enhancing the per-

formance of lithium-sulfur batteries and providing an innovative

strategy for solid-state electrolytes (Fig. 6d).

Anionic polymerization efficiently conducts ions through the

polymer matrix by introducing a large number of mobile an-

ions, significantly enhancing ionic conductivity. Carefully select-

ing monomers and polymerization conditions enables anionic poly-

mers to form close interface contact with electrodes, reducing in-

terface impedance. Additionally, adjusting polymer structure and

composition can optimize mechanical properties to suit different

battery requirements. However, anionic polymerization faces chal-

lenges: The reaction process is difficult to precisely control, prone

to chain transfer and chain termination, leading to uneven poly-

mer molecular weight and distribution; it is also sensitive to tem-

perature and humidity, requiring strict control of the reaction en-

vironment. Furthermore, high-cost monomers and catalysts limit

its large-scale application. Although initial performance is good,

long-term stability still needs improvement. Anionic polymeriza-

tion holds great potential in battery electrolytes but faces numer-

ous challenges. Future research will focus on optimizing polymer-

ization conditions, enhancing polymer stability, and reducing costs

to drive broader application in battery technology.

4.3. Cationic polymerization

Cationic polymerization is an important polymerization method

in the field of battery electrolytes, initiated by electrophilic

reagents (such as protonic acids, Lewis acids), and can be carried

out under conditions ranging from room temperature to high tem-

perature or high-energy radiation. The degree of polymerization

depends on the activity of the initiator and monomer, and can be

optimized by adjusting these parameters to enhance polymer per-

formance.

This polymerization method has been applied to the prepara-

tion of high-performance gel polymer electrolytes (GPEs) and SPEs.

Liu et al. [108] utilized LiPF6 to in situ initiate the cationic polymer-

ization of 1,3-dioxane and 1,2-dimethoxyethane liquid electrolytes

at room temperature, converting them into quasi-solid GPEs. The

a polymer backbone melting point of 60 °C, capable of withstand-

ing temperature changes during battery formation, and reducing

the contact resistance between the lithium-sulfur battery cathode

and electrolyte, enabling rapid Li+ transport and blocking polysul-

fide migration (Fig. 7a). Similarly, Hwang et al. [109] prepared a

room-temperature crosslinked GPE via in situ cationic polymeriza-

tion of triethylene glycol diethylene ether (TEGDVE) with LiBF4,

exhibiting a wide electrochemical window, high ionic conductiv-

ity, and excellent electrochemical performance (Fig. 7b). Zhao et

al. [110] prepared SPE that closely contacts all battery compo-

nents by adding an aluminum-based initiator to trigger the in situ

cationic ring-opening polymerization of molecular ether. This SPE

exhibits high ionic conductivity, low interfacial resistance, and uni-

form lithium deposition at room temperature, demonstrating high

coulombic efficiency and long-life battery potential (Fig. 7c).

Nair et al. [111]. employed thermally induced cationic ring-

opening polymerization (CROP) using polyethylene glycol diglycidyl

ether (PEGDGE) as the monomer, combined with a LiBF4/LiTFSI

double salt system (optimal composition P85A: 85wt% PEGDGE,

5wt% LiBF4, 10wt% LiTFSI), and cured under nitrogen at 80 °C for

1h without a solvent, forming a cross-linked three-dimensional

network solid polymer electrolyte (SPE). This SPE exhibits a low

glass transition temperature (<−50 °C), high room-temperature

ionic conductivity (0.113mS/cm, reaching 1mS/cm at 70 °C), and

a wide electrochemical window (>5.5V vs. Li/Li+, reaching 7V

when LiBF4 dominates). Chen et al. [112] prepared self-reinforced

gel polymer electrolytes (GPEs) by in situ ion polymeriza-

tion of 1,3-dioxolane (DOL) on a nanofiber scaffold, achieving

safe lithium metal batteries (LMBs) and good cycling stability

(Fig. 7d). In addition, Xiang et al. [113] utilized multifunctional

tri(pentafluorophenyl)borane (TB) additives to in situ form a flame-

retardant polymer 1,3-dioxolane electrolyte (PDE), which provides

a stable electrode-electrolyte interface and exhibits both excellent

flame retardancy and oxidative stability (TB) additive. The elec-

trolyte is formed in situ by multifunctional TB additive, which not

only provides a stable electrode-electrolyte interface, but also pos-

sesses good flame retardancy and oxidative stability (Fig. 7e). Wen

et al. [114] reported the design of ultra-thin crosslinked SPEs with

high ionic conductivity, high mechanical strength, and rapid in-

terfacial charge transfer at room temperature (Fig. 7f). Zhu et al.

[115] prepared crosslinked gel polymer electrolytes (c-GPE) using

tetraarm crosslinking agents via cationic ring-opening polymeriza-

tion (CROP) crosslinking, which exhibit high solvent adsorption ca-

pacity, good oxidative stability, and excellent cycling performance

(Fig. 7g).

Despite the challenges associated with ion polymerization tech-

nology, such as the difficulty in precisely controlling the poly-
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Fig. 7. (a) Schematic model of the polymerization mechanism of DOL induced by LiPF6. Copied with permission [108]. Copyright 2018, The authors. (b) Schematic diagram

of cationic polymerization of divinyl ethers. Copied with permission [109]. Copyright 2010, Elsevier B.V. (c) Schematic illustrating ex situ and in situ synthesis of SPEs.

Copied with permission [110]. Copyright 2019, The author(s). (d) Schematic diagram of solvent-free polymerization. Copied with permission [111]. Copyright 2019, American

Chemical Society. (e) Schematic of the preparation of self-enhancing gel polymer electrolyte. Copied with permission [112]. Copyright 2021, The authors. (f) Illustration of

the integrated flexible all-solid-state lithium batteries. Copied with permission [114]. Copyright 2022, Elsevier B.V. (g) Schematic illustration of the in situ fabrication process

of c-GPE and the crosslinking polymerization mechanism. Copied with permission [115]. Copyright 2023, Elsevier B.V.

merization process (prone to chain transfer/termination reactions,

leading to structural and performance inconsistencies), sensitiv-

ity to temperature and humidity (requiring strict environmental

control), and stringent catalyst selection (which may limit poly-

mer diversity and performance), researchers have developed var-

ious strategies to address these issues (e.g., multifunctional initia-

tors, optimized conditions, introduction of functional groups, and

development of novel catalysts). These strategies have enhanced

the controllability and efficiency of polymerization while expand-

ing the performance and application potential of polymers. In the

field of solid-state batteries, ion polymerization can be used to

prepare polymer electrolytes with excellent ionic conductivity, me-

chanical properties, and thermal stability by regulating conditions

and monomers, introducing functional groups, and optimizing cat-

alysts, thereby meeting diverse requirements. In the future, the ap-

plication prospects of this technology will be even more promising.

5. Conclusions and prospects

Lithium solid-state battery technology is mature and has broad

application prospects [116]. In situ polymerization, as an innova-

tive method, has garnered attention for simplifying processes, im-

proving interface compatibility, and suppressing lithium dendrites

[117,118]. This paper focuses on the progress of in situ curing tech-

nologies such as radical polymerization, ring-opening metathesis

polymerization (ROMP), and cationic/anionic polymerization [119],

emphasizing the critical importance of these methods for polymer

molecular structure [120], ionic conductivity, and the commercial-

ization of solid-state lithium batteries [121–123].

Different in-situ polymerization methods have distinct charac-

teristics: Radical polymerization offers a wide range of monomer

choices, fast reaction rates, and mature processes, but residual ini-

tiators/catalysts may degrade oxidative stability and cycle life, and

some systems exhibit oxygen sensitivity and gas evolution issues.

ROMP typically does not use metal catalysts, resulting in polyether

electrolytes with high ionic conductivity, good interface compati-

bility, and thermal stability. However, monomer selection is lim-

ited (primarily to cyclic ethers, lactones, etc.), and precise control

of polymerization rate/degree and curing shrinkage is required. Ion

polymerization can produce polymers with a wide electrochemical

window and high thermal stability (such as polyacrylates), but it

is sensitive to water/impurities, has an uncontrollably fast reaction

rate, and has limited monomers. The cost of the initiation system

and residual effects also need to be considered. In terms of safety,

ROMP (especially metal-free catalysis) is generally the best, with

few byproducts, high thermal stability, and low gas generation.

Free radical polymerization is highly influenced by residues and

poses risks of thermal runaway and gas generation. Ion polymer-

ization electrolytes have good thermal stability, but their high reac-

tivity poses process challenges, and the potential toxicity of initia-
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tors must be addressed. A summary comparison table of core per-

formance metrics for different polymerization methods is shown in

Table S1 (Supporting information).

Although performance has improved in recent years through

optimizing monomers, polymerization conditions, and introducing

inorganic fillers, commercialization still faces specific limitations:

The bottleneck of radical polymerization lies in oxidative decompo-

sition caused by residues; ROMP is constrained by monomers, cur-

ing control, and temperature sensitivity; and ion polymerization is

limited by harsh synthesis conditions, uncontrollable ultra-high re-

action rates, high-cost initiator systems, and potential toxicity. Ad-

ditionally, the technology still faces widespread challenges in terms

of conductivity, stability, interfacial resistance, compatibility, cost,

and scalable production [124,125].

Future prospects indicate that ROMP (especially those based on

cyclic ether monomers) hold the most promising commercial po-

tential in the mid-to-short term for power battery applications due

to their superior comprehensive performance and safety potential.

Radical polymerization (particularly controlled RAFT polymeriza-

tion) may offer opportunities in specific applications or as a mod-

ification technique. Ion polymerization currently faces the great-

est challenges in commercialization, with potential lying in sys-

tems requiring high-voltage stability. The cross-integration of these

three methods is also an important trend. Ultimately, the domi-

nant technology will depend on advancements in materials, pro-

cesses, and cost control. In-situ polymerization technology, with its

unique advantages in improving interface contact and suppress-

ing dendrites, remains a key direction for future solid-state elec-

trolyte research. Its core drawbacks (such as residual effects, lim-

ited monomer selection, process control challenges, and cost) re-

quire ongoing overcoming, while its core advantages (process sim-

plification, interface optimization, and dendrite suppression poten-

tial) are the key drivers propelling further exploration. In-situ poly-

merization presents both opportunities and challenges in the de-

sign of next-generation high-performance lithium metal batteries:

(1) Development of liquid-free in situ polymerization technol-

ogy: Design in situ polymerization technology based on

flame-retardant plasticizers to eliminate liquid components

(The core is to develop polymerizable monomers/oligomers

containing flame-retardant groups such as phosphoni-

trile/phosphate esters, which directly form a solid network

after polymerization); utilize AI to screen monomers that si-

multaneously exhibit high ionic conductivity, low flamma-

bility, and polymerization activity; explore the use of solid

ionic conductors such as lithium salt crystals as “solid plas-

ticizers” in the polymerization process.

(2) Optimize the correlation between polymerization process

and performance: Conduct a systematic study on the ef-

fects of initiators (activity/dosage/half-life) and temperature

on the electrochemical window of the electrolyte and room-

temperature ionic conductivity; evaluate polymerization de-

gree (molecular weight, polydispersity index PDI) using gel

permeation chromatography (GPC) to balance performance;

establish a machine learning predictive model linking poly-

merization parameters, polymer structure, and electrolyte

performance; develop a high-throughput in situ characteri-

zation platform (combining rheology, EIS, and GPC) to mon-

itor polymerization processes and performance evolution in

real time.

(3) Construct efficient structures and study interfacial mech-

anisms: Combine 3D printing/directed freezing to prepare

continuous porous frameworks (ceramic/polymer) and opti-

mize in situ polymerization technology to construct struc-

tures that facilitate Li+ migration and suppress dendrite for-

mation; design monomers with flexible segments or self-

contracting compensation mechanisms to mitigate volume

shrinkage; utilize in situ X-ray/neutron imaging, atomic force

microscopy (AFM), and molecular dynamics (MD)/phase field

simulations to elucidate electrode/electrolyte interface evo-

lution and failure mechanisms, guiding interface modifica-

tion (e.g., in situ formation of the SEI layer).

(4) Develop novel electrolytes and additives: Develop single-ion

polymer electrolytes, MOF/COF/POM composite electrolytes,

and multifunctional additives (Strategies include in situ poly-

merization for direct synthesis of single-ion conductor poly-

mers (anion anchoring)); designing MOF/COF/POM particles

with polymerizable functional groups to achieve strong in-

terface bonding; developing multifunctional polymerizable

additives that combine initiation, plasticization, flame retar-

dancy, interface stabilization, or optimization of lithium sol-

ventization structure, utilizing AI to generate new molecular

structures.

(5) Advancing industrialization and sustainability: Adopting in-

frared/laser/electromagnetic induction precise temperature

control to address non-uniform heating; develop low-

viscosity, high-wettability precursors or add surfactants to

improve wettability; design self-venting/low-pressure pro-

cesses to eliminate bubbles; optimize battery pack ther-

mal management and simulate mass production using AI;

strengthen green design (bio-based monomers) and recy-

cling research, develop efficient recycling processes based on

chemical depolymerization/physical separation, and achieve

sustainability across the entire lifecycle.

To address challenges and adapt to market and competitive

changes [126,127], future efforts should prioritize the development

of new electrolyte materials, enhance interface stability, optimize

cost control, and scale up production [128]. Continuous innovation

is needed to drive the development of solid-state electrolyte and

all-solid-state battery technologies and seize opportunities [129–

131]. Therefore, strengthening industry-academia-research collab-

oration and promoting collaborative innovation are key to ac-

celerating the development of the solid-state electrolyte industry

[132,133].
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