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Gel polymer electrolytes (GPEs) are considered as a promising
solution to replace organic liquid electrolytes for safer lithium
(Li) batteries due to their high ionic conductivity comparable to
liquid electrolytes, no risk of leakage, and high flexibility.
However, poor interfacial contact between electrodes and GPEs
leads to high interfacial impedance and unsatisfactory electro-
chemical performance. The emerging in situ synthesized GPEs
can fully infiltrate into porous electrodes and form intimate
interfaces, improving interfacial contact and electrochemical
performance. This perspective covers recent advances of in situ
GPEs in design, synthesis, and applications in lithium (Li)

batteries. Polyester and polyether-based GPEs are mainly
discussed followed by a brief introduction of GPEs with other
polymer matrices, such as poly(ionic liquid)s, cyanoethyl
polyvinyl alcohol, poly(vinyl acetal) and single-ion conductors.
Then, the recent progress in Li batteries using in situ GPEs are
summarized, including Li-ion battery, Li-metal battery, Li-sulfur
battery, and Li-air battery. Finally, the remaining challenges and
future perspectives of in situ GPEs are discussed. We hope this
perspective can offer guidance for in situ synthesis of GPEs and
facilitate their applications in high-performance Li batteries.

1. Introduction

Nowadays, lithium (Li-)ion batteries have become one of the
most promising energy storage devices due to their high
operating voltage, high energy density, long cycle life, low self-
discharge rate, and no memory effect.[1] Electrolytes, an
important part of Li-ion battery, can transport ions and conduct
current between positive and negative electrodes. Designing
suitable electrolytes is one of the key factors in realizing Li-ion
batteries with high energy and power densities, long cycle life,
and high safety. The state-of-art Li-ion batteries usually use
liquid electrolytes for their high ionic conductivity and effective
contact with porous electrodes, but liquid electrolytes face the
risks of leakage and volatilization, which can cause the battery
to burn and even explode.[2]

Solid-state electrolytes, including inorganic solid electro-
lytes and solid polymer electrolytes, have been developed to
tackle the problems of liquid electrolytes. Despite of their high
ionic conductivity, inorganic solid electrolytes have not been
widely used in Li batteries due to their brittleness and poor
electrode/electrolyte interfacial contact. Solid polymer electro-
lytes are composed of polymer matrix and Li salts, and Li-ions
migrate through repeated coordination-dissociation processes.
However, typical solid polymer electrolytes such as poly-

ethylene oxide (PEO) exhibit low ionic conductivity (10� 8–
10� 6 S/cm) at room temperature, orders of magnitude lower
than the practical requirements (10� 4–10� 3 S/cm).[3] To improve
ionic conductivity, Feuillade et al. first proposed adding plasti-
cizers to polymer electrolytes in the 1970s, thus promoting the
development of gel polymer electrolytes (GPEs).[4]

GPEs are usually composed of polymer matrix, organic
solvent, and electrolyte salt. The polymer networks prevent
electrolyte leakage and provide mechanical support, while the
solvents dissolve the salts and transport Li-ions. GPEs combine
the advantages of high ionic conductivity (10� 3–10� 2 S/cm),
enhanced safety, and good flexibility and processability,
exhibiting great potential for large-scale production. However,
the quasi-solid state GPEs are usually prepared before battery
assembly and have difficulty in fully permeating into the
porous electrodes (e.g., solution-casting, phase-inversion, and
electrospinning), leading to poor interfacial contact and high
interface impedance (Figure 1a).[5] Moreover, the complicated
ex situ methods are always accompanied by the volatilization of
organic solvents, which is harmful to the environment. In situ
synthesis of GPEs, which is cured from liquid gel precursor
within the battery, is proposed to solve this challenge.[6] The
gel precursor solutions are typically composed of monomers,
plasticizers, Li salts, and initiators, which are injected into the
battery and cured in situ under certain external conditions,
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such as ultraviolet irradiation and heating (Figure 1b).[7] There-
fore, in situ preparing GPEs for solid-state Li batteries has
attracted increasing attention.[8]

Excellent reviews are available discussing different synthesis
conditions of in situ GPEs, such as UV-irradiation, heating,
room-temperature, and initiator-free.[7,9] A few available reviews
discussed polymerization mechanisms, such as free radical
polymerization, cationic polymerization, anionic polymerization,
and electrochemical initiated polymerization.[7,10] However, the
structures of polymer host significantly influence the overall
performance of GPEs and batteries, including ionic conductiv-
ity, mechanical properties and thermal stability, but few reviews
thoroughly discuss the structure and properties of different
polymer hosts for in situ GPEs, and the functionalities of in situ
GPEs in different Li batteries.
This perspective comprehensively summarizes the func-

tional design and advanced applications of in situ GPEs for Li
batteries. We first introduce two kinds of typical polyester and
polyether GPEs in detail, followed by a brief introduction of
other GPEs, such as poly(ionic liquid)s, cyanoethyl polyvinyl
alcohol, poly(vinyl acetal), and single-ion conductor. The recent
advances for in situ GPEs in various Li batteries, including Li-ion
battery, Li-metal battery, Li-sulfur battery, and Li-air battery, are
then systematically presented. Finally, the key challenges and
prospects for in situ GPEs are discussed. This perspective aims
to summarize the basic knowledge of the in situ synthesized
GPEs and inspire more researchers to find solutions to
construct safer and high-performance Li batteries.

2. Polyester

Carbonyl-containing polymers, such as polyacrylates and poly-
carbonates, have strong interactions with the oxygen groups in
carbonate solvents, thus exhibiting high electrolyte absorption
and excellent ionic conductivity. They are usually synthesized
in situ by free radical polymerization of monomers, such as
methyl methacrylate (MMA),[11] butyl acrylate (BA),[12] butyl
ethoxylated trimethylolpropane triacrylate (ETPTA),[13] pentaery-
thritol tetraacrylate (PETEA),[14] vinylene carbonate (VC)[15] and
vinyl ethylene carbonate (VEC),[16] or crosslinking of oligomers,
such as poly(ethylene glycol) methyl ether acrylate (PEGMEA),[17]

poly (ethylene glycol)diacrylate (PEGDA).[18] In this Section,
polyester-based GPEs are classified into polyacrylates and
polycarbonates based on polymer matrix, and different mod-
ification strategies are introduced.

2.1. Polyacrylate

Among polyacrylates, PMMA is the most common polymer
matrix of GPEs for Li batteries. Because of the strong
interactions between the � C=O group in acrylate and the O
atom in carbonate solvent, PMMA provides excellent liquid
absorption capability. For example, the crosslinked GPEs by
in situ polymerizing MMA and PEGDMA in ethylene carbonate/
propylene carbonate liquid electrolytes initiated by azodiisobu-
tyronitrile (AIBN) (Figure 2a).[11a] The low viscosity precursor
solution mainly made of MMA could efficiently wet porous
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electrodes. After polymerization, PMMA was well-compatible
with carbonate-based liquid electrolytes and showed a high
conductivity of 3.9×10� 3 S/cm at 20 °C. The free radical
polymerization is normally triggered by AIBN, benzoyl peroxide
(BPO), or 2-hydroxy-2-methylpropiophenone (HMPP). However,
these initiators often decompose incompletely after the
polymerization, and the remaining radicals cause side reactions
during the following charge-discharge process. Compound
initiators employing dimethyl azodiisobutyrate (AIBM) and BPO
could regulate the initiation process (Figure 2b).[11b] The as-
prepared GPEs exhibited a high Li+ conductivity and good
cyclic stability in Gr/NCM811 pouch batteries with a capacity
retention of 91.1% after 600 cycles.
ETPTA[13] and PETEA[14] have multiple vinyl bonds at the end

of the chain. After polymerization, their highly crosslinked
networks exhibit high mechanical strength and compatibility
with liquid electrolytes. An ETPTA-based GPE was prepared by
polymerizing ETPTA and HMPP in 2 mol/L LiTFSI in
triethyleneglycoldimethylether (TEGDME).[13] Through in situ
polymerization method, plasticizers were uniformly distributed
in the crosslinked polymer network, and intimate electrolyte/
electrode interface was formed, facilitating fast Li+ transport
both in bulk and at the interface. Similarly, a PETEA-based GPE
was synthesized with a high ionic conductivity of 1.13×10� 2 S/
cm for a Li-sulfur battery (Figure 2c).[14a] By encapsulating the
liquid electrolyte in the cross-linked polymer network, the
dissolution and diffusion of polysulfides were constrained. The
resulting Li-sulfur battery exhibited enhanced rate capacity and
cycle stability.
Low molecular chain polymers, such as PEGDA[18] and

PEGMEA[17,19] are usually used as crosslinkers or copolymers for

in situ GPEs. Low molecular chain polymers with good fluidity
can infiltrate into the porous electrode and maintain full
contact with electrodes after in situ gelation. Their linear
� CH2� CH2� O� segments also show good flexibility. An in situ
polymerized GPE was synthesized via thermal polymerization
of PEGDA and ETPTA.[18c] The PEGDA monomer had one double
bond, while ETPTA monomer had three double bonds in each
unit. In GPEs, PEGDA monomer polymerized to produce linear
segments and ETPTA monomer polymerized to form bulk
segments. The as-obtained GPEs encapsulated a large amount
of liquid electrolytes and manifested a high ionic conductivity
of 8.7×10� 4 S/cm. The in situ crosslinked PEGDA-based GPE was
used for Li-air battery (Figure 3a).[18d] LiTFSI and SN were
dissolved in liquid-state PEGDA to form a homogeneous
precursor solution. Then the precursor was heated at 60 °C and
crosslinked into solid-state GPEs catalyzed by AIBN. Compared
with high-molecular-weight polymers, such as PEO and PVDF-
HFP, liquid PEGDA with good fluidity could wet electrodes
sufficiently and form compact interface between anode and
electrolyte. A series of GPEs were in situ prepared via the
crosslinking reaction between poly(ethylene glycol) methyl
ether methacrylate and di-methacrylate, and the relationship
between crosslinking density and electrochemical performance
of GPEs was further investigated (Figure 3b).[19b] With increasing
crosslinking density, polymer network could encapsulate
carbonate electrolytes and suppress the side reaction between
electrolyte and Li metal. However, highly crosslinked polymer
network also lowered the polymer chain flexibility and the
carbonate electrolytes diffusivity. By adjusting the length of
linear chain, the GPEs with optimized crosslinking density could
achieve desired battery performance.

Figure 2. a) Preparation procedures for PMMA-based GPEs. Reproduced with permission from Ref. [11a]. Copyright (2020) Elsevier. b) Preparation of PMMA-
based GPEs initiated by compound initiators. Reproduced with permission from Ref. [11b]. Copyright (2022) Elsevier. c) Polymerization of PETEA-based GPEs.
Reproduced with permission from Ref. [14a]. Copyright (2016) Elsevier.
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Designing heteroatoms-containing polymer backbones is
an efficient strategy to improve the performance of GPEs. F-
contained polymer matrix can form sable SEI layer on Li metal
and improve oxidation stability towards cathodes. A hybrid
polymer framework of PEGDMA and trifluoroethyl methacrylate
(TFMA).[20] The � CF3 groups in the polymer skeleton could react
with Li+ and form a stable LiF-rich SEI to protect Li metal
anode. Besides, the C� F bond, as one of the strongest single
bonds in organic compounds, has outstanding high-voltage
resistance.[21] A poly(maleic anhydride-hexafluorobutyl metha-
crylate-methyl methacrylate) (PMHM) electrolyte was in situ
polymerized, and exhibited a high electrochemical stability
window of 5.5 V vs. Li/Li+ and ionic conductivity of 1.1×10� 3 S/
cm (Figure 4a).[22] The superior high-voltage stability and fast
ion migration dynamics were attributed to C� F and ester/acid
anhydride groups in the polymer chain. Boron with a vacant p-
orbital can interact with the anions of electrolyte salts and
increase the dissociation of ion pairs. Therefore, the boron-
containing polymer matrix for GPE exhibits high ionic con-
ductivity and Li+ transference number. A boron-containing GPE
by polymerizing a cyclic boron ester and branched boron ester
into the 3D structure (Figure 4b).[23] Incorporated with anion-
trapping boron moieties, the GPEs presented a high ionic

conductivity (8.4×10� 4 S/cm) and near single ion conduction
(Li+ transference number of 0.76).
In addition, copolymerization and blend can improve the

ionic conductivity and mechanical strength of polyacrylate-
based GPEs.[24] A novel densely-packed multifunctional GPE by
in situ copolymerization of pentaerythritol tetraacrylate (PETEA)
and 2-hydroxyethyl acrylate (HEA) via a thermal initiation
method (Figure 5a).[25] The self-polymerization of PETEA formed
randomly stacked polymer skeleton. In contrast, copolymerized
GPEs constructed a 3D polymer microsphere network structure,
owing to the strong hydrogen bonding between the hydroxyl
groups on the end of polymer chains. This copolymer structure
provided uniform channels for Li+ migration and promoted

Figure 3. a) Schematic of Li+ transfer in PEGDA-LiTFSI-SN polymer electrolytes. Reproduced with permission from Ref. [18d]. Copyright (2022) IOP Publishing
Ltd. b) Synthesis of polyether di-methacrylate crosslinker and GPEs and illustration of the interaction of Li+, EC and polymer matrix with different crosslinking
density. Reproduced with permission from Ref. [19b]. Copyright (2020) Elsevier.

Figure 4. a) Synthesis of in situ GPEs from MA, HFMA and MMA monomers.
Reproduced with permission from Ref. [22]. Copyright (2021) Royal Society
of Chemistry. b) Synthesis of the borate-rich GPEs via in situ polymerization
of linear boron ester and branched boron ester. Reproduced with permission
from Ref. [23]. Copyright (2019) Royal Society of Chemistry.

Figure 5. a) Synthesis of the crosslinked GPE matrix by in situ copolymeriza-
tion of pentaerythritol tetraacrylate (PETEA) and 2-hydroxyethyl acrylate
(HEA) via a thermal initiation method. Reproduced with permission from
Ref. [25]. Copyright (2022) Royal Society of Chemistry. b) Copolymerization
mechanism of acrylic anhydride and methyl methacrylate. Reproduced with
permission from Ref. [27]. Copyright (2017) American Chemical Society.
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uniform Li plating. Besides, a GPE rich in ester groups was
synthesized by using PETEA crosslinked with divinyladipate for
Li-sulfur batteries.[26] Combining PETEA and ester could improve
the flexibility of the polymer matrix. Meanwhile, large ester
groups in polymer skeleton could capture polysulfide and
enable stable cycling of Li-sulfur batteries. A rigid crosslinked
polymer network was in situ prepared with acrylic anhydride,
methyl methacrylate and crosslinking agent 2-methyl-acrylic
acid-2-oxirane-ethyl ester (Figure 5b).[27] The anhydride and
acrylate groups provided high voltage resistance and ionic
conductivity, respectively. The as-prepared poly(acrylic anhy-
dride) and poly(methyl methacrylate)-based GPEs exhibited an
electrochemical stability window exceeding 5 V vs. Li/Li+, ionic
conductivity of 6.79×10� 4 S/cm at room temperature and high
mechanical strength of 27.5 MPa.
Composite GPEs also play a great role in the development

of polyacrylate-based GPEs. Inorganic fillers, such as SiO2,
[28]

Al2O3,
[29] LATP,[30] LLZO[31]) and organic fillers polyacrylonitrile

(PAN)[32] and cellulose acetate (CA),[33] have been used in GPEs.
A SiO2-composite GPE was prepared via in situ polymerization
of tripropylene gycol diacrylate (TPGDA) monomer in a SiO2
hollow nanosphere layer (Figure 6a).[28] The polymerized TPGDA
framework eliminated safety risks caused by electrolyte leak-
age. The SiO2 layer provided the GPEs with enhanced
mechanical strength and high room-temperature ionic con-

ductivity. In situ polymerized GPE also addressed the rigid
interfaces between inorganic solid electrolytes and electrodes.
Introducing in situ GPE between the garnet LLZO and the
electrodes could address the rigid electrode/electrolyte inter-
face and construct a continuous ion conduction network.[31c]

PAN electrospun membrane is a common supporting
skeleton for GPEs, offering favorable oxidation resistance and
mechanical properties. PETEA monomers were in situ polymer-
ized in a PAN membrane to obtain GPEs (Figure 6b).[32a] The as-
fabricated GPEs possessed a high Li+ transference number of
0.77 and electrochemical decomposition voltage of 5.15 V.
PETEA and PAN could synergistically promote Li+ transporta-
tion and stable charge-discharge performance of batteries by
constructing fast ion transport channels. CA membrane with
abundant ether and ester functional groups shows good
affinity to the electrolyte. A composite GPE was prepared with
CA as a matrix, PEGDA as a crosslinking agent, and layered
boron nitride (BN) as reinforcement for Li-ion batteries.[33b] Due
to the interaction with anions in liquid electrolyte and the
polymer matrix, BN filler could facilitate Li+ transport and
improve the oxidative stability of the GPE. Combining polar
groups in CA and Lewis acid-base characteristic of BN together,
the obtained GPE exhibited a high ionic conductivity of 8.9×
10� 3 S/cm at 30 °C and an excellent electrochemical stability up
to 5.5 V.

Figure 6. a) Schematic illustration for the preparation route of SiO2 composite GPEs via in situ polymerizing the tripropylene gycol diacrylate (TPGDA) in a SiO2
hollow nanosphere layer. Reproduced with permission from Ref. [28]. Copyright (2016) Wiley-VCH. b) Fabrication process of pentaerythritol tetraacrylate
(PETEA)-based GPEs in a polyacrylonitrile (PAN) membrane. Reproduced with permission from Ref. [32a]. Copyright (2022) American Chemical Society.
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Organic solvents play an important role as Li+ transport
medium in GPEs, but they are unstable at high temperatures
and may catch fire or even explode under abusive conditions.
To address safety concerns, ionic liquids have been incorpo-
rated into GPEs to replace organic solvent, called “ionogels”.[34]

Ionic liquids are molten salts at room temperature, consisting
of weakly coordinated cations and anions. They are considered
as “green” solvents because of nonflammability, negligible
vapor pressure, high ionic conductivity, wide electrochemical
window, and high thermal stability.[35] An ionic liquid-based
GPE was prepared via in situ polymerization of trimeth-
ylolpropane trimethylacrylate in tributylmethylammonium
bis(trifluoromethanesulfonyl) imide (N1,4,4,4TFSI). The N1,4,4,4TFSI
ionic liquid could effectively dissociate the Li salts and facilitate
ion transport. The as-prepared GPE delivered a high ionic
conductivity of 6.15×10� 3 S/cm at 25 °C and enhanced inter-
face stability with Li metal electrode. Besides, solvent ionic
liquids consisting of equimolar glyme and Li salts have also
been reported. A novel ionogels by UV-induced polymerization
of butyl acrylate in a solvate ionic liquid ([Li(G4)][TFSI])
(Figure 7a).[36] Almost all the glyme molecules were complexed
with Li+, leaving TFSI� anions uncoordinated to Li+. The
obtained GPEs exhibited a high Li+ transference number of
0.46.
Flame-inhibiting additives can also effectively mitigate the

safety risks of batteries. Among them, organic alkyl phosphates
possess excellent fire-extinguishing capability, low density, low
viscosity, and the capability to dissolve Li salts.[37] During
heating, phosphonates generate free radicals P* and remove H*

or O* radicals derived from organic solvents, thereby terminat-
ing the chain reaction of free radicals and retarding combus-
tion. A new non-flammable elastic poly(butyl acrylate) (PBA)-
based GPE with the addition of trimethyl phosphate (TMP).[37a]

TMP rendered the electrolyte non-flammable. Compared with
the methyl side group, the large butyl side group of PBA
provided more free volume and facilitated the movement of

polymer chains, thus endowing the GPE with better flexibility
and elasticity. Besides, incorporating the P atom into the
polymer backbone also improved the safety of GPEs.[38] A non-
flammable GPE was in situ synthesized via copolymerization of
diethyl allyl phosphate (DAP) monomer and pentaerythritol
tetraacrylate (PETEA) crosslinker in an all-fluorinated electrolyte
(Figure 7b).[38c] The as-fabricated GPEs possessed high ionic
conductivity (2×10� 3 S/cm) and enhanced safety (nonflam-
mable and free of liquid leakage).
Because self-healing GPEs can repair defects and voids at

the electrode/electrolyte interface, they have been developed
to improve battery performance. By copolymerization of 2-(3-
(6-methyl4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl metha-
crylate (UPyMA) and acrylates, self-healing GPEs have been
prepared (Figure 8a).[39] The self-healing behavior was attrib-
uted to intramolecular hydrogen bonding between the ester
groups and urea groups in the UPyMA units of the polymer
chains (Figure 8b). Additionally, the GPE also showed high
mechanical elasticity due to hydrogen bonds interactions.
These characteristics endowed the Li metal anode with an
adaptable Li electrode/electrolyte interface, which was stable
against the repeated electrode volume change and crack
growth during cycling.

2.2. Polycarbonate

Polycarbonates have been developed as polymer electrolytes
to overcome the safety problems of carbonate liquid electro-
lytes. The polar carbonate groups in polymer skeletons benefit
salt dissociation and ion solvation. Vinyl ethylene carbonate
(VEC) with a unique framework containing C=C and C=O bonds
can be polymerized via C=C bonds. The weak complexation
between Li+ and C=O bonds in the polymer backbone can
facilitate ion dissociation and transport. VEC also shows high
stability towards Li metal anode. A novel dual-salt GPE was

Figure 7. a) Synthetic procedure of [Li(G4)][TFSI] ionogels. Reproduced with
permission from Ref. [36]. Copyright (2022) Elsevier. b) In situ copolymeriza-
tion mechanism of diethyl allyl phosphate (DAP) and pentaerythritol
tetraacrylate (PETEA) monomers. Reproduced with permission from
Ref. [38c]. Copyright (2021) Springer Nature.

Figure 8. a) Reaction route to synthesize the 2-(3-(6-methyl4-oxo-1,4-
dihydropyrimidin-2-yl)ureido)ethyl methacrylate (UPyMA) monomer and self-
healing GPEs. Reproduced with permission from Ref. [39a]. Copyright (2020)
Wiley-VCH. b) Schematic diagram of the self-healing mechanism and
elasticity. Reproduced with permission from Ref. [39b]. Copyright (2022)
Wiley-VCH.
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synthesized via in situ polymerization of VEC and PETEA in a
PVDF-HFP porous structure (Figure 9a).[16] The GPEs showed
high ionic conductivity of 6.9×10� 3 S/cm at room temperature,
Li+ transference number of 0.512, oxidative resistance of 5.3 V
vs. Li/Li+ and favorable interfacial compatibility. To enhance
the safety of GPEs, vinylene carbonate (VC) was in situ
polymerized in a 3D electrospun PVDF nanofiber membrane
embedded with silane-functionalized LATP nano-
particles(Si@LATP) (Figure 9b).[15] The high dielectric PVDF
embedded with Si@LATP particles greatly enhanced Li+ trans-
port in bulk GPE. The in situ solidification process accelerated
the Li+ transport across the electrode/electrolyte interface. The
resulting composite GPE exhibited superior ionic conductivity
(1.06×10� 3 S/cm at 25 °C), near single-ion conducting charac-
teristic (Li+ transference number=0.82), good mechanical
strength (tensile strength=15.3 MPa) and high-voltage endur-
ance (4.86 V).

3. Polyether

Polyester-based GPEs are usually synthesized in situ via a free
radical mechanism, which requires extra non-electrolytic mono-
mers and initiators and special conditions, such as high
temperature and UV irradiation. The external initiators and
residual monomers may cause side reactions and degrade
battery performance during long cycles. To adapt to the
industrial production of batteries, it is necessary to develop
in situ synthesis strategies performed under moderate external
conditions without introducing impurities. Recently, polyether-
based GPEs have been in situ synthesized via ring-opening
polymerization of cyclic ether[40] or crosslinking of linear ether
oligomers[41] catalyzed by Li salts under room temperature.

3.1. Ring-opening polymerization of cyclic ether

Cyclic ethers, such as 1,3-dioxolane (DOL), are common
solvents for Li metal batteries due to their high reduction
stability. However, they exhibit poor oxidation stability and
high flammability. Conversing liquid ether electrolytes into
polyether electrolytes can improve safety and oxidative
stability. Lithium hexafluorophosphate (LiPF6) was used to
initiate the cationic polymerization of 1,3-dioxolane (DOL) in
1,2-dimethoxyethane (DME) liquid electrolytes at room temper-
ature (Figure 10a).[40a] This facile synthesis strategy exhibited
several advantages including free of impurities and moderate
conditions.
Other initiators, such as lithium difluoro (oxalato)borate

(LiDFOB),[42] tin trifluoromethanesulfonate (Sn(OTf)2),
[43] magne-

sium trifuoromethanesulfonate (Mg(OTf)2),
[44] and tris-

(1,1,1,3,3,3-hexafluoroisopropyl) (HFiP)[45] have also been devel-
oped. Besides, a small amount of LiDFOB with 2 M lithium
bis(trifuoromethylsulfonyl)imide (LiTFSI) was applied to con-
struct a dual-salt polyDOL-based GPE.[42a] The redox reactions of
two anions of double salts with Li metal formed nitrogen,
fluoride and boron-rich solid electrolyte interphase (SEI) and
cathode electrolyte interphase (CEI), which could inhibit
dendrite growth and improve cell lifespan. When using Sn(OTf)2
as the initiator, Sn2+ attached to the oxygen atom of DOL and
initiated the ring-opening polymerization of DOL (Figure 10b).
Meanwhile, Sn2+ was reduced to metallic Sn and formed a thin
Li-Sn alloy layer on the surface of Li metal.[43a] The Li-Sn alloy
layer improved surface charge transference and deposited Li
density. Similarly, Mg(OTf)2 was reduced to Mg metal and
distributed uniformly on the Li metal surface while initiating
the polymerization of DOL.[44] Trace Mg element in SEI layer
could adjust space charge distribution and inhibit dendrite
growth on Li metal surface. After initiating DOL polymerization,

Figure 9. a) Reaction route to obtain the poly (vinyl ethylene carbonate)-
based dual-salt GPE. Reproduced with permission from Ref. [16]. Copyright
(2022) Elsevier. b) Schematic illustration of 3D composite fiber network
reinforced poly (vinylene carbonate)-based GPEs. Reproduced with permis-
sion from Ref. [15]. Copyright (2022) Elsevier.

Figure 10. a) Schematic of the polymerization mechanism of DOL induced
by LiPF6. Reproduced with permission from Ref. [40a]. Copyright (2018) IOP
Publishing Ltd. b) Schematic illustrating in situ polymerization mechanism of
DOL induced by Sn(OTf)2 and the following formed tin protected Li layer.
Reproduced with permission from Ref. [43a]. Copyright (2022) Elsevier.
c) Reaction mechanism of HFiP and DOL. Reproduced with permission from
Ref. [45]. Copyright (2021) American Chemical Society.
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HFiP decomposed into the � CF3 functional groups and formed
a dense CEI layer to improve the battery lifetime (Figure 10c).[45]

Copolymerization and blending are common strategies to
modify the properties of polyether-based GPE.[46] A novel
polyether-based GPE via copolymerization of DOL and tetrahy-
drofuran (THF) initiated by LiPF6 (Figure 11a).

[46a] These copoly-
mer-based GPEs achieved a high Li+ transference number of
0.64, benefitting the Li+ diffusion process and electric potential
distribution around the Li metal anode. Besides, an inter-
penetrating network was constructed via the polymerization of
DOL and crosslinking of cyanoethyl polyvinyl alcohol (PVA-
CN).[46b] The as-prepared GPE exhibited a high ionic conductivity
of 3.23×10� 3 S/cm at 25 °C and a high Li+ transference number
of 0.81. The polyDOL could promote uniform Li deposition and
suppress the volume expansion of the Li metal anode. The
crosslinked PVA-CN network with polar carbonyl groups could
inhibit the solubility and shuttling of polysulfides on the
cathode side. To improve the mechanical strength of polyDOL,
DOL was in situ polymerized in a polydopamine (PDA)-modified
PVDF-HFP nanofibrous skeleton (Figure 11b). The polar groups
on PDA could form hydrogen bonds with the ether oxygen
group and terminal hydroxyl group on polyDOL, benefitting
mechanical strength and ionic conductivity of GPE. Meanwhile,
the hydrogen bond interaction could prevent the side reaction
between the terminal hydroxyl group and Li metal. Therefore,
the PDOL@PDA/PVDF-HFP GPE possessed high ionic conductiv-

ity of 2.39×10� 3 S/cm at 25 °C, the wide electrochemical
window of 4.57 V vs. Li/Li+, Li+ transference number of 0.59
and low interface resistance.[46c]

Poly(ethylene glycol)diglycidyl ether (PEGDE) with two
cyclic ether units has been used to in situ synthesize crosslinked
GPEs via ring-opening polymerization.[40b,47] A novel GPE was
synthesized via the ring-opening addition polymerization of
polyethyleneimine (PEI) and PEGDE (Figure 11c).[47b] The ether
chain in PEGDE and the amino group in PEI could facilitate Li+

transport for their strong interactions with Li+. Besides, � NH� ,
C� N� C, � OH, and C� O� C in the polymer matrix provided
Lewis-base sites to constrain polysulfides within the cathode
side.[47b]

Various additives have been used to improve the perform-
ance of GPEs. Low freezing point solvents can facilitate ion
transport at subzero temperatures. A low-temperature operat-
ing polyDOL-based GPE was developed with the addition of
methyl propionate (MP).[48] MP with the freezing point at
� 88 °C significantly improved the low-temperature perform-
ance of GPEs (e.g., 1.0×10� 3 S/cm at � 30 °C). Flame-retardants
are also incorporated to enhance the safety of GPEs. A non-
flammable GPE composed of Al2O3 and polyDOL showed high
safety.[49] The H+ derived from acid-treated nano Al2O3 first
attached to lone pair electrons of oxygen atom and initiated
the ring-opening polymerization of DOL. The � OH on the
surface of acid-treated nano Al2O3 could attract TFSI

� anions by
Lewis acid-base interaction and facilitate Li+ transport. Further-
more, owing to the fire-retarding property of Al2O3, the as-
prepared GPE possessed a high oxygen index of 22.2%.

3.2. Crosslinking of linear ether oligomer

Tetraethylene glycol dimethyl ether (TEGDME, G4) is a common
solvent used in Li-air batteries, due to its low viscosity, high
reduction resistance, and stability against the nucleophilic
attack of superoxide radicals.[41a] However, ether solvent is
highly volatile and flammable. By gelation into quasi-solid state
GPE, its safety can be enhanced. A new GPE was prepared by
directly cross-linking liquid G4 with lithium ethylenediamine
(LiEDA) (Figure 12).[41b] The in situ formed GPE ensured a good
interfacial contact with both cathode and anode. Meanwhile,
the electrolyte-derived GPEs avoided contamination from non-
electrolytic ions or polymer matrices. The GPE barrier could also

Figure 11. a) Copolymerization mechanism of poly(DOL-co-THF)-based GPE.
Reproduced with permission from Ref. [46a]. Copyright (2022) American
Chemical Society. b) In situ preparation of 3D PDOL@PDA/PVDF-HFP GPE.
Reproduced with permission from Ref. [46c]. Copyright (2022) Wiley-VCH.
c) Synthesis scheme of the polyethyleneimine (PEI) and poly(ethylene
glycol)diglycidyl ether (PEGDE) via in situ thermal polymerization. Repro-
duced with permission from Ref. [47b]. Copyright (2021) American Chemical
Society.

Figure 12. Crosslinking reaction mechanism of tetraethylene glycol dimethyl
ether (G4) and lithium ethylenediamine (LiEDA). Reproduced with permission
from Ref. [41b]. Copyright (2018) John Wiley and Sons.
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protect the Li metal anode from corrosion by H2O in the
ambient air.

4. Other GPEs

4.1. Poly(ionic liquid)s

In recent years, poly(ionic liquid)s have been developed by
incorporating ionic liquid-type monomers into the polymer
backbone.[50] Poly(ionic liquid)s inherit the advantages of ionic
liquids, such as good ionic conduction, non-flammability, and
high electrochemical stability, and also have extra advantages,
such as excellent mechanical properties and good process-
ability. Besides, the chemical affinity between the poly(ionic
liquid)s and ionic liquids prevent them from phase separation
and enhance the safety and performance of ionic liquid-based
GPEs.[51]

Poly(ionic liquid)s have high oxidation stability for high
voltage cathodes but inferior capability to form a uniform,
dense SEI layer on Li anodes. Therefore, combining cyclic
carbonate and ionic liquid can simultaneously achieve good
compatibility with both electrodes. A novel GPE was in situ
prepared via random copolymerization of a quaternary
ammonium salt-based monomer of 2-(methacryloyloxy)-N,N,N-
trimethylethanaminium hexafluorophosphate (NPF6) and a
cyclic carbonate-containing monomer of 2-((((2-oxo-1,3-dioxo-
lan4-yl)methoxy)carbonyl)amino)ethyl methacrylate (CUMA)
(Figure 13a).[52] By integrating the oxidation stability of NPF6
and Li anodes compatibility of CUMA, the P(CUMA-NPF6) GPEs
delivered a wide window of 0–5.6 V vs. Li/Li+, large Li+

transference number of 0.61, and superior electrode/electrolyte
interface compatibility. To improve the safety of GPEs, a fire-
retardant GPE was synthesized via in situ polymerization of the
ionic liquid monomer grafted on SiO2 nanoparticles in PVDF-
HFP porous membranes.[53] The nano-SiO2 anchored poly(ionic
liquid)s constructed ion migration channels to facilitate ion
transport. Simultaneously, the silica layer acted as a physical
barrier to endow the GPEs with fire safety.

4.2. Cyanoethyl polyvinyl alcohol

Cyanoethyl polyvinyl alcohol (PVA-CN) exhibits high thermody-
namic stability and resistance to electrochemical oxidation and
has been used to in situ prepare GPEs.[54] The cyano resin in
PVA-CN was initiated by PF5 derived from LiPF6 and polymer-
ized into crosslinked GPEs via cationic polymerization mecha-
nism (Figure 13b).[54b] The interactions between nitrile groups
(� C=N) and Li+ benefit salt dissolution and dissociation. The
in situ preparation method significantly reduced the interfacial
resistance and benefited the formation of a more stable SEI on
the anode.

4.3. Poly(vinyl acetal)

Polyvinyl acetal is a suitable polymer matrix for Li batteries
because of its high conductivity, unique film-forming proper-
ties, and excellent adhesion on many surfaces. The C=O bond
in the side chains of polyvinyl acetal can interact with the
oxygen atoms of liquid electrolytes and thus exhibit high liquid
absorption.[55] A polyvinyl formal (PVFM)-based GPE was in situ
prepared via an initiator-free thermal polymerization method
(Figure 13c). PVFM with tri-functional groups, i. e., vinyl formal,
vinyl hydroxyl and vinyl acetate, turned into a crosslinked GPE
at 60 °C for 6 h, exhibiting high conductivity of 8.82×10� 3 S/cm
at 25 °C and wide electrochemical window of 1.5–5 V vs. Li/Li+.

4.4. Single-ion conductor

Single-ion conducting polymer electrolytes are constructed by
covalently immobilizing anionic groups onto the polymer
backbone, allowing Li+ to move from one anion site to another
along the polymer backbone. Therefore, single-ion conducting
polymer electrolytes have a high Li+ transference number close

Figure 13. a) Schematic diagram of the polymerization process of the
P(CUMA-NPF6) GPE. Reproduced with permission from Ref. [52]. Copyright
(2020) American Chemical Society. b) Polymerization mechanism of PVA-CN
in electrolyte solvents. Reproduced with permission from Ref. [54b]. Copy-
right (2014) Royal Society of Chemistry. c) Schematic representation of the
polymerization mechanism of the poly(vinyl formal) (PVFM)-based GPE.
Reproduced with permission from Ref. [55]. Copyright (2014) Elsevier.
d) Schematic illustration of the in situ preparation of a boron-centered
fluorinated single-ion conducting polymer electrolyte. Reproduced with
permission from Ref. [56]. Copyright (2020) American Chemical Society.
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to 1, benefitting a homogeneous ion concentration distribu-
tion. A boron-centered fluorinated single-ion conducting poly-
mer electrolyte was synthesized via UV-initiated polymerization
between trimethylolpropane tris(3-mercapto propionate) and
lithium bis(fluoroallyl)malonato borate (LiBFMB) (Figure 13d).[56]

Owing to the high efficiency of thiol-ene click reactions, BFMB�

anions were all anchored on the polymer skeleton and lost
mobility. The noncoordinating sp3 boron center showed weak
coordination with Li+ and benefitted Li+ transport. Meanwhile,
the strong electron withdrawing nature of fluorine could
increase the anodic stability. The as-prepared single-ion
conducting polymer electrolytes achieved a high Li+ trans-
ference number of 0.93 and an ionic conductivity of 2×10� 4 S/
cm at 35 °C, mainly contributed by Li+.
In this Section, we have introduced the synthesis and

performance of various in situ GPEs based on polymer matrix,
mainly including polyester and polyether. Polyester-based GPEs
are usually synthesized in situ by free radical polymerization
mechanism. They contain carbonyl groups and show strong
interactions with the oxygen groups in carbonate solvents, thus
exhibiting high electrolyte absorption and excellent ionic
conductivity. Polyether-based GPEs can be synthesized via
cationic polymerization mechanism under mild external con-
ditions, such as at room-temperature and without initiators,
which is promising to accommodate industrial production.
Besides, other novel types of in situ GPEs was also introduced,
such as poly(ionic liquid)s, cyanoethyl polyvinyl alcohol,
poly(vinyl acetal), single-ion conductor. The compositon and
performance of different in situ GPEs were summarized in
Table 1. We also summarized the novel structural and func-
tional designs of in situ GPEs. In situ synthesized GPEs have the
advantages of high ionic conductivity, intimate interfacial
contact with electrodes, and enhanced safety, which are
expected to be widely used in high-performance quasi-solid-
state Li batteries.

5. Applications

With the development of electric vehicles and wearable
electronics, Li batteries are developing towards high energy
density and high safety. However, Li batteries using liquid
electrolytes are faced with unsatisfactory performance and
safety concerns. The emerging in situ GPEs can prevent electro-
lyte leakage, suppress dendrite growth, prevent polysulfide
shutting, and inhibit O2 crossover, thereby greatly enhancing
the battery performance. This section summarized the applica-
tions of in situ GPEs in different Li batteries, such as Li-ion
battery, Li-metal battery, Li-sulfur battery and Li-air battery.

5.1. Li-ion battery

Li-ion batteries have the advantages of high energy density
and long cycle life. After commercialization for over 30 years,
Li-ion batteries have become the preferred energy source for
portable electronics, electric vehicles, and large-scale energy

storage systems.[21] However, intrinsically flammable liquid
electrolytes are challenged with leakage, combustion, and even
explosion.[38a] By encapsulating flammable organic solvents in
polymer matrix, GPE prevents leakage and exhibits high ionic
conductivity close to liquid electrolyte.[54b] For in situ GPE, gel
precursor with low viscosity can fully permeate porous electro-
des and form compact electrode/electrolyte interface, achiev-
ing high utilization of active materials.[18b] By forming SEI layer
before gelation, the interfacial resistance could be further
reduced (Figure 14a). Compared with ex situ GPE, LIBs with
in situ GPE exhibited improved performance in terms of
capacity retention, Coulombic efficiency, and cycle life.[40b,54b]

Combining GPE with high performance electrodes can
further increase the energy density of LIBs. Si electrodes have a
high specific capacity of 4200 mAh/g but suffer from significant
volume change during lithiation and delithiation. In situ formed
PETEA-based GPE with the robust network could maintain a
tight interface with the Si anode and suppress its volume
change during lithiation and delithiation (Figure 14b). The as-
fabricated Si-C/NCA batteries still kept 81.2% capacity after 200
cycles at 5C.[14b] High-voltage cathodes, such as olivine type
LiCoPO4, spinel LiNi0.5Mn1.5O4, layered LiCoO2, and Li-
NixCoyMnzO2, have also been used in high-energy-density Li-ion
batteries.[57] However, conventional carbonate-based liquid
electrolytes decompose at 4.5 V vs. Li/Li+ and cannot accom-
modate 4.6 V LiNi0.5Mn1.5O4 cathode.

[16] Electrolyte decomposi-
tion may further trigger the dissolution of transition metal on
the cathode. The in situ crosslinked poly(acrylic anhydride-2-
methyl-acrylic acid-2-oxirane-ethyl ester-methyl methacrylate)
(PAMM) GPE showed a broad voltage window (above 5 V) to
avoid decomposition and served as a physical barrier to
suppress transition metal dissolution (Figure 14c). Li4Ti5O12/
LiNi0.5Mn1.5O4 cell showed improved Coulombic efficiency of
96% after 100 cycles at 0.1 C (Figure 14d).[27]

5.2. Li-metal battery

Traditional Li-ion batteries with graphene anodes are approach-
ing the theoretical specific energy of 300 Wh/kg, which still
cannot fulfill the emerging needs of electric vehicles, 5G
telecommunication, and smart grids.[42a] Li metal anode has the
ultra-high theoretical specific capacity (3860 mAh/g), the lowest
redox potential (� 3.04 V vs. SHE), and lightweight (0.534 g/cm),
which thus is considered as an ideal anode for high-energy-
density battery.[58] Unfortunately, Li metal anode suffers from
the long-standing dendrite problem, which causes poor cycling
performance and severe safety hazards. Therefore, Li-metal
batteries have lagged behind Li-ion batteries in the commerci-
alization process since the 1980s.[43b]

In Li-metal batteries, Li metal anode is highly reactive and
spontaneously react with organic electrolyte at the electrode/
electrolyte interface to form a solid electrolyte layer (SEI), which
can prevent further side reactions. However, the SEI layer
cannot accommodate Li volume change in repeated Li plating/
striping with constantly generated cracks.[59] Li ions accumulate
around these defects and deposit in a dendritic manner.[60]
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Eventually, uncontrollable dendrites will pierce the separator,
inducing short circuit and thermal runaway of batteries. There-
fore, stabilizing the interface between Li metal and electrolyte
is vital for the application of Li-metal batteries.

In situ GPEs can form intimate interfacial contact with Li
metal and homogenize Li+ flux on the anode surface.
Combining strong interface adhesion and elastic mechanical
property, in situ GPE can maintain intimate interface with Li
metal anode during the charge-discharge process (Fig-
ure 15a).[19a] As shown in scanning electron microscope (SEM)
images, the Li electrode showed a rough surface with dead Li
after cycling in the liquid electrolyte (Figure 15b). In contrast,
the Li electrode maintained a smooth and compact surface in
GPE (Figure 15c). Li/NCM622 showed a Coulombic efficiency
close to 100% and achieved 81% capacity retention under 2C
after 400 cycles. Increasing the mechanical strength of in situ
GPE also helps to suppress Li dendrites. Recently, a self-
enhancing GPE via hydrogen bond interaction between
polyDOL and polydopamine was designed (Figure 15d).[46c] The
overpotential of Li symmetric cells was less than 25 mV over
250 hours, showing excellent suppression of Li dendrites. The
GPE-based Li/LFP batteries showed extraordinary cyclic stability
over 800 cycles at a high current density of 2C (Figure 15e).
Strengthening the SEI layer could also suppress the dendrite
growth. By adding classical electrolyte additives in GPEs, like
fluoroethylene carbonate (FEC), a robust fluorinated SEI layer
was constructed to effectively reduce dendrite growth.[59]

Poly(ionic liquid)s[52] and dual-salt GPE[61] were also developed
to stabilize Li metal anode.

For Li-metal batteries under charging, rapid plating and
limited diffusion of Li+ ions accelerate Li+ depletion at the
anode surface. Meanwhile, excessive Li+ ions accumulate on
the cathode and a stronger electric field is built in the battery.
Under high electric field, Li+ is preferentially deposited on the
surface protrusions to form dendrites. Therefore, reducing Li+

concentration polarization on the Li anode surface can also
suppress dendrite growth.[62] By anchoring anions on the
polymer backbone, single-ion conducting polymer electrolytes
with a high Li+ transference number can effectively alleviate
concentration polarization.[63] For example, a Li-containing
boron-centered fluorinated single-ion conducting GPE achieved
an ionic conductivity of 2×10� 4 S/cm at 35 °C and high Li+

transference number of 0.93.[56] For GPE, only a slight variation
appeared after 120 s, while steep Li+ concentration gradients
were observed in liquid electrolytes (Figure 14f and 14g).
Integrating the GPE with electrodes in situ, Li/LFP cells showed
a promising average Coulombic efficiency of 99.95% over 200
cycles, indicating the long-term stability of Li-metal batteries
with the single-ion conducting GPE (Figure 14h).
Although many approaches have been studied to avoid Li

dendrites, nonflammable GPEs are also necessary for Li metal
batteries to eliminate high security risks.[64] Adding fire-
retardant additives to in situ GPE showed enhanced thermal
stability, enabling the as-prepared pouch cells with excellent
abusive resistance. Meanwhile, the fire-retardants showed good
compatibility with Li metal anode, and the Li/NCM811 cells yet
stably cycled over 200 times at 1C, with a capacity retention

Figure 14. a) Schematic illustration for the gelation and formation of PVA-CN based polymer LIBs with different formation. Reproduced with permission from
Ref. [54b]. Copyright (2014) Royal Society of Chemistry. b) Schematic illustration of Li-ion batteries with liquid electrolyte and in situ PETEA-GPE during cycling.
Reproduced with permission from Ref. [14b]. Copyright (2017) Royal Society of Chemistry. c) Schematic of suppressed Mn2+ dissolution by PAMM GPE.
d) Cycling performance of Li4Ti5O12/LiNi0.5Mn1.5O4 cell. Reproduced with permission from Ref. [27]. Copyright (2017) American Chemical Society.
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rate of 85.3%.[65] Besides, employing non-flammable poly(ionic
liquid)s can also improve battery safety.[53,66]

5.3. Li-sulfur battery

Li-sulfur batteries hold potential for next-generation battery
systems due to their high theoretical energy density (2600 Wh/
kg), over 10 times higher than traditional Li-ion batteries. Sulfur
cathode also takes advantage of natural abundance, non-
toxicity, low material cost, and environmental benignity.[47b]

However, Li-sulfur batteries face low sulfur utilization, poor rate
capability, and short cycle life, mainly attributed to the shuttle
effect of polysulfide. During the discharge process, sulfur is
reduced to polysulfide intermediate, which dissolves into a
liquid electrolyte, diffuses to the anode and further reacts with
Li metal, causing active materials loss.
Replacing liquid electrolytes with in situ GPEs can efficiently

alleviate the shuttle effect of polysulfides (Figure 16a).[14c,26] By
tailoring crosslinking structure[67] and polar functional groups,[25]

GPEs could barrier polysulfide diffusion and capture the polar
sulfur discharge products. Such Li-sulfur battery exhibited low
interfacial resistance, high rate capacity (601.2 mAh/g at 1C)
and improved capacity retention than those with liquid electro-

lytes (Figure 16b).[14a] Self-discharge of Li-sulfur batteries was
also inhibited by the use of crosslinked in situ GPE. Both
experimental results and first-principal calculations revealed
that acrylate-based hierarchical electrolytes (AHE) could effec-
tively reduce polysulfide diffusion. No apparent color change
was observed in the AHE cell during the 2 hour aging test.
(Figure 16c).[68]

5.4. Li-air battery

Li-air batteries, consisting of a Li metal anode, Li+ conducting
electrolyte, and porous air cathode, have an ultra-high
theoretical energy density of 3500 Wh/kg.[69] However, Li-air
batteries are limited by inherent semi-open structure. Liquid
electrolytes easily vaporize and release flammable gas to
ambient air.[70] Meanwhile, O2 and H2O in the air can penetrate
liquid electrolytes and corrode the Li metal anode.[71] By
encapsulating liquid electrolytes in polymer networks and
blocking air crossover, in situ GPEs can suppress volatilization
and leakage of liquid electrolytes and protect the Li anode
from corrosion. In situ formed gel enhanced the cycling
performance of Li-air batteries to 1175 hours (Figure 17a).[41b]

With crosslinked GPEs, a Li-air battery delivered a specific

Figure 15. a) Illustration of interfaces with liquid electrolyte, solid electrolyte, and in situ GPE, respectively. b, c) Surface morphology of Li anode after cycling in
liquid electrolyte and in situ GPE, respectively. Reproduced with permission from Ref. [19a]. Copyright (2020) Elsevier. d) Stress-strain curves of PVDF-HFP,
PDA/PVDF-HFP membranes, PDOL@PVDF-HFP and PDOL@PDA/PVDF-HFP GPEs, respectively. e) Cycling performance of PDOL@PDA/PVDF-HFP GPE.
Reproduced with permission from Ref. [46c]. Copyright (2021) The Authors. Published by Wiley-VCH. f,g) Simulation results of Li+ concentration distribution in
single-ion conducting GPE and liquid electrolyte, respectively. h) Coulombic efficiency of Li/LFP cell with GPE (orange) and liquid electrolyte (blue).
Reproduced with permission from Ref. [56]. Copyright (2020) American Chemical Society.
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capacity of 3898 mAh/g.[69] In situ GPE was also applied in Li-
CO2 batteries (Figure 17b). The voltage evolution of flexible Li-
CO2 battery was very stable at the current density from 100 to
500 mA/g (Figure 17c). The reported cell could steadily run for
104 cycles with a small overpotential, attributed to the
resistance of GPE to CO2 permeation.

[41c]

6. Conclusions and Perspectives

In situ synthesized GPEs have been intensively studied to
accelerate the industrial-scale production of safe, high energy,
and flexible lithium batteries, which simplify the preparation
and form integrated electrode/electrolyte interface. In this
perspective, the recent progress of in situ GPEs was summar-
ized, including synthesis, performance and applications. Based
on polymer host, the synthesis conditions and design strategies
of in situ GPEs have been systematically summarized. Besides,
the electrochemical and mechanical properties of in situ GPEs
were discussed. Finally, the applications of in situ GPEs in
different Li batteries have been summarized. Despite great
progresses of in situ GPEs in Li batteries, there are still some
challenges to be solved.
1) For in situ synthesis of GPEs, limited studies cover in situ
polymerization process and mechanism. The currently
reported polymerization methods generally require high
temperature and nonelectrolyte initiators, which may affect
battery performance. Besides, the polymerization degree
and uniformity are key to the electrochemical and mechan-
ical properties of in situ GPEs. The remaining monomers
may decompose at the electrode surface, increase interfacial
resistance and degrade battery performance. Therefore,
new polymerization methods with mild reaction conditions
and high conversion need to be investigated.

2) For the performance of in situ GPEs, they still cannot satisfy
the practical applications, such as insufficient transport
capacity at low temperature or high rate, poor oxidative
stability towards high-voltage cathode and compromised

Figure 16. a) Schematic of polysulfides immobilized by PETEA-based GPE. b) Electrochemical impedance spectroscopy plots of Li/GPE/S cell. Reproduced with
permission from Ref. [14a]. Copyright (2016) Elsevier. c) Durability test of commercial separator and acrylate-based hierarchical electrolytes (AHE) between
polysulfides and liquid electrolyte. Reproduced with permission from Ref. [68]. Copyright (2016) Elsevier.

Figure 17. a) The storage performance of coin type Li-air batteries by using
G4-based GPE (red) and liquid electrolyte (black) in ambient air, respectively.
Reproduced with permission from Ref. [41b]. Copyright (2018) Wiley-VCH.
b) Schematic of flexible fiber Li-O2 battery using tetraglyme-based polymer
electrolyte (TPE). c) Rate performance of the flexible Li-CO2 with TPE GPEs.
Reproduced with permission from Ref. [41c]. Copyright (2021) Elsevier.
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safety. Therefore, molecular-level (e.g., copolymerization,
blending, composite and crosslinking) and functional (e.g.,
flame-retardant, self-healing, or wide-temperature working
capabilities) design should also be developed to satisfy
different applications.

3) For the applications of in situ GPEs, the fundamental studies
of solid-state Li batteries using in situ GPEs is sufficient.
Because polymer precursor is injected to the cell before
battery assembly, it remains a challenge to monitor
electrode/electrolyte interface during in situ polymerization
and charge-discharge process. Therefore, advanced charac-
terization techniques and theoretical computations are
urgently needed to provide theoretical guidance in interface
modification and performance improvement for lithium
batteries with in situ GPEs.
Although in situ GPEs have demonstrated great potential in

achieving high-performance solid-state Li batteries, there are
still several challenges in basic research and practical applica-
tions, which require interdisciplinary cooperation from polymer
chemistry, electrochemistry, interface science and engineering.
We believe that in situ polymerization of solid-state Li batteries
GPEs will approach practical applications after extensive
scientific research.
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