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Lithium-based batteries have revolutionized the electrochemical energy storage field, where liquid
electrolytes are most used. Despite having high energy density and ionic conductivity, unwanted Li
dendrite formation, leakage, and safety issues are ongoing challenges. In addition, the continuous
lithiation/delithiation during charging/discharging processes affects both electrodes and electrolytes in
terms of crack formation in the electrode, solid electrolyte interphase (SEl), cyclic compression/
elongation of the electrolyte, and detachment of the interface especially in the solid electrolyte, which
all can be addressed by using appropriate gel polymer electrolytes (GPEs). Therefore, this perspective
starts with the definition of gels from a rheological perspective, categorizing GPEs, and finally discussing
rheological considerations in electrolyte design and interfacial phenomena at electrode—electrolyte
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Introduction

Since the discovery of fire, energy has been the driving force
behind development and evolution in societies. Also, finding a
way to store energy has been of interest. For example, the first
speculated electrochemical cell, called the Parthian galvanic
cell dating back to ~200 BC, was likely used for electroplating
or as a primitive power source, highlighting early human
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interest in utilizing electrical energy.'™ In the 21st century,
energy is powering everything from homes to industries.
As demand grows, efficient energy storage devices become
essential for ensuring a stable and sustainable energy supply.
For instance, energy storage systems balance energy supply and
demand, enable renewable energy integration, and power por-
table devices and electric vehicles.>® Fig. 1 presents the chron-
ological advancements in electrochemical storage devices from
200 BC to the present day.

Batteries, as the main energy storage devices, are composed
of an anode, a cathode and an electrolyte, in which the
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Fig. 1 History of electrochemical storage devices.

electrolyte plays a critical role alongside the electrodes by
enabling charge carrier movements between the anode and
cathode.”® Liquid electrolytes have been the most common
electrolytes used in batteries for decades due to their high ionic
conductivities (10 7°-10"> S ecm ') and good contacts with
electrodes (i.e., good wetting).”'® Although the liquid electro-
lytes exhibit good electrochemical properties, they have some
drawbacks, such as leakage, Li dendrite formation, poor
mechanical properties, flammability, and toxicity."*"°

To address the above-mentioned challenges in liquid elec-
trolytes, solid electrolytes were introduced into the electro-
chemical system. Solid electrolytes with a matrix of inorganic
ceramics or polymers can provide some advantages such as
high mechanical strength, simple packaging processes, and
preventing dendrite formation as well as leakage.'””® The
conductivity of a solid electrolyte (silver sulfide) was first
observed by Faraday back in 1836, while B-alumina was the
first commerecially available solid electrolyte introduced in 1960.>°
Inorganic solid electrolytes, like oxides and sulfides, are known for
their thermal stability and high ionic conductivity at elevated
temperatures.””**> Beyond the inorganic solid electrolytes, solid
polymer electrolytes (SPEs) gained attention due to their wide
electrochemical window, non-brittleness, and good thermal stabi-
lity. The first SPE was introduced in 1979.>%>%7¢

SPEs have been synthesized by using a polymeric host and a
salt as the source of ions and in some cases mobile species for
charge transport.>” Despite having good electrochemical and
mechanical properties, SPEs encounter issues such as low ionic
conductivity and weak electrolyte-electrode interfaces.>®
Poly(ethylene oxide), PEO, is one of the most common polymers
studied for electrolyte applications. However, PEO has a low
ionic conductivity of 107® S cm™" due to its semi-crystalline
nature, resulting in poor battery performance.'®*® High crystal-
linity in polymers hinders ion movements and reduces ion
conduction.'®**?%3% The basic criteria for choosing a polymer
host are high thermal and electrochemical stability, sufficient

This journal is © The Royal Society of Chemistry 2026
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molecular weight to ensure good mechanical properties, low
glass transition to accelerate the local chain movement and ion
transport through the matrix, and functional groups that
interact with ions, enhance salt dissolution inside the polymer
and prevent dendrite formation.’® However, all these features
are not usually found at the same time in these polymers.

GPEs are developed to address low ionic conductivity and
weak electrolyte-electrode interface issues in SPEs. Typically, to
synthesize GPEs, a polymeric matrix is mixed with a liquid
component (which will be discussed in the “Gel polymer
electrolytes” section). While the polymer maintains strong
mechanical integrity, the liquid component enhances diffusion
of ions, providing high ionic conduction.’*** GPEs have low
modulus and can be formulated to remain elastic under high
deformations, which make them ideal candidates to be used
instead of liquid electrolytes for addressing the leakage and
dendrite formation issues.** While the lithiation/delithiation
process has been extensively studied in the context of electrode
behavior,*>3” much less is known about its influence on
electrolytes. In fact, this process is the primary source of
deformation in electrolytes, which occurs repeatedly during
battery charging and discharging throughout its lifetime.
Therefore, this perspective highlights how lithiation/delithia-
tion affects the electrolyte and electrolyte-electrode interface in
the context of the overall stability and efficiency of batteries. We
provide a deeper insight into how GPEs integrate mechanical
resilience with electrochemical functionality by connecting the
network structure and rheological response with interfacial
stability.

The outline of this perspective is as follows. First, it is
essential to restate a precise and consistent definition of
gels from a physical viewpoint, because the term “gel polymer
electrolytes” is often applied to systems that are not inherently
gels. Many studies, for instance, have broadly classified liquid-
supported membranes as GPEs.**™*° However, such general-
ization does not always align with the physical definition of a
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gel. In other words, we consider GPEs as only those electrolytes
that exhibit the fundamental features of gels, rather than all
liquid-containing membranes. This distinction is important
because it ensures consistency in terminology and avoids
conflating materials with fundamentally different structural
and functional behaviors. After revisiting the gel definition,
we review the literature on GPEs that truly meet the gel criteria,
providing a revised classification for comparing electrolyte
design strategies across different studies.

Revisiting gel definitions

“

In the Merriam-Webster dictionary, a gel is defined as “a
colloid in a more solid form than a sol”. In a more scientific
way, Jones defines gels as materials composed of connected
subunits that form networks of macroscopic dimensions, in
which bonding of subunits induces a liquid’s (sol) transition to
a gel with solid-like mechanical properties.*" Based on the
continuous structure of gels, Flory classified them into four
categories: (i) gel mesophases (well-ordered systems); (ii) dis-
ordered covalent polymeric networks; (iii) disordered physically
aggregated polymer networks with a local ordered structure;
and (iv) particulate, disordered structures.*” The main focus of
this perspective is GPEs, thus, category (ii) and (iii) are mainly
of interest.

Gels are prepared as two- or multi-component coherent
systems, constituted by a solid (a gelator) and solvent(s), where
the solid component creates a 3D network expanding throughout
the liquid phase.***** It is proposed that the solid network in gels
traps and immobilizes the liquid phase of at least ~1 time and up
to 1000 times of network mass, while having the ability to
reversibly swell or deswell.”> We believe the definition of a gel is
independent of the amount of immobilized liquid and should be
treated from a physical property viewpoint.

(A)

Log G' , G"

Log w
Fig. 2
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The gelation process is a thermodynamic phase separation
(e.g., temperature or solvent changes) that forms heterogeneous
structures when full separation is prevented. The sol-gel transi-
tion point is crucial for characterizing the gelation process.
The sol-gel transition can be induced by different stimuli,
e.g., temperature,’® stress,” concentration or
fraction,*® time,* pH,>® and light.”* The most common ones
are the temperature- and shear-induced gelation.

The first rheological criterion for identifying the gelation
point was proposed by Winter and Chambon in the 1980s. They
stated that, at the gel point, the storage modulus (G’) and loss
modulus (G") should have the same scaling behavior with
frequency, following the relationship G'(w) ~ G"(w) ~ ", in
which 7 is a constant.”>”* Therefore, tan(5) becomes indepen-
dent of frequency at the gelation point and ¢ = nn/2 with 0 <
n < 1.If nreaches 1, the gel is viscous, while for 7 close to 0, the
gel is elastic.>® This behavior is schematically shown in Fig. 2A
before, after and during the gelation. Before and after the
gelation, G'(w) and G’(w) do not simultaneously correlate
with ">

The sol-gel transition point may be shifted by the introduc-
tion of salts into the system. Depending on the ionic state of the
polymer, the presence of salts can increase or decrease the
gelation temperature. For charged polymers, the higher the salt
concentration, the greater the gelation temperature.”” Compar-
ing the effect of ions on the gelation of polymers shows that the
cation-polymer interactions play a critical role in triggering and
modulating gelation. The gelation of k-carrageenan offers a
well-understood case of cation influence on the physical prop-
erties of polymer gels.>® For example, divalent cations have a
stronger effect on both gelation temperature and G’ of the «-
carrageenan gel due to their ability to bind the carrageenan
helices together.’>®° For neutral polymer gels, increasing salt

volume
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(A) Schematic of viscoelastic properties before, after, and during gelation. During gelation, G'(w) and G"(w) scale with o" at all frequencies.

Adapted with permission from H. H. Winter and M. Mours, Neutron Spin Echo Spectroscopy Viscoelasticity Rheology, 1997, 165-234. Copyright 1997
Elsevier. (B) A rheological model of gelation, representing the evolution in viscosity and stress during sol-gel transition.>® Adapted with permission from
A. Ya. Malkin and S. R. Derkach, Curr. Opin. Colloid Interface Sci., 2024, 73, 101844. Copyright 2024 Elsevier.
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concentration deceases the gelation temperature, while leading
to higher G'.5*7%

Fig. 2B shows that the viscosity increases during gelation
due to molecular interactions/reactions, leading to the formation
of an elastoviscoplastic material characterized by a yield stress
(oy), which is the minimum stress needed to initiate flow. More
comprehensively, oy is defined as the material property that
marks the shift from solid-like (recoverable deformation) to
liquid-like (unrecoverable deformation) behavior.** Although the-
oretical criteria suggest that the gel is formed when a continuous
network spans the entire system, in practice, the gel point is often
determined by the loss of flow and/or appearance of yield
stress.®>”®” More accurately, the material transitions from a fluid
to an elastoviscoplastic state, existing in either gel-like (below av)
or liquid-like (above oy) behavior depending on the applied
stress.®®®® In this context, gel-to-sol transition can happen by
increasing stress above yield stress, in which the 3D network can
be reversibly or partially irreversibly disrupted by applying suffi-
cient stress. The mechanically induced gel-to-sol transition is
more probable in physical gels and chemical gels with very low
crosslink density, while chemical gels with high crosslink density
mechanically fracture before yielding. The linear viscoelastic
properties of gels are well understood with their ideal behavior
typically featuring a broad rubber-like plateau of G'(w) accompa-
nied by relatively low values of G”(w), which confirms the semi-
solid state of the gels.”*”*

Gel polymer electrolytes

GPEs serve as both electrolytes and separators with flexibility,
shape adjustability, and resilience for electrode volume changes.””*
GPEs support effective ion transport by providing interconnected
ion pathways and enhance the performance, safety, and flexibility of
advanced energy storage devices, which are visualized in Fig. 3.”

/ .. Leakage free
dendrlte
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/ ‘\ \ ‘ -
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Some studies have referred to supported liquid membranes
as GPEs.***° However, these membranes do not always align
with the fundamental definition of a gel. Maintaining a dis-
tinction is essential for consistent terminology and for prevent-
ing the misclassification of electrolytes with differing structural
and functional properties. In the subsequent section, we briefly
review the body of literature on polymer electrolytes that fulfill the
gel criteria and organize them into categories based on their
components, thereby providing an improved framework for com-
paring electrolyte design strategies across different studies.

Classification of GPEs

In GPEs, a polymeric scaffold is commonly employed as the
primary matrix, providing substantial structural integrity and
mechanical strength. To choose an effective polymer matrix,
specific characteristics are required: (i) a high molecular weight
(10*-10° g mol™") for mechanical stability, (ii) a low glass
transition temperature (T, < —30 °C) enabling rapid segmental
motion of polymer chains, (iii) functional groups or atoms that
facilitate salt dissolution for improved ionic conductivity, (iv) a
high thermal degradation threshold (>200 °C), and (v) a wide
electrochemical stability range.>® Therefore, the most commonly
used polymers in GPEs are PEO,*"’® poly(vinylidene fluoride)
PVDF and poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-co-HFP),””” poly(acrylonitrile) (PAN),*® and poly(methyl
methacrylate) (PMMA).®"®> As illustrated in Fig. 4, GPEs are
classified based on their fundamental components: the solvent
or plasticizer system, the polymer host matrix, and the nature of
the charge carriers.

Classification of GPEs based on solvent. Alongside the
polymer host, the solvent plays a crucial role in GPEs. Selecting
an appropriate solvent for dissolving the polymer and salt is
essential as it remains trapped in the final gel. The solvent
influences ionic conductivity and the stability as well as the

Fig. 3 Common properties of GPEs, which make them strong candidates for replacing conventional electrolytes.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 GPE classification based on solvent, polymer network, and ion type.

mechanical and chemical properties of the GPEs.®*%> Another
important aspect is the ion-solvent interactions in GPEs that can
hinder ion desolvation and slow down ion transport kinetics. This
phenomenon also promotes solvent co-intercalation into electrode
materials, which can degrade battery performance and stability.*®
Solvents are typically chosen among the cyclic carbonates,**
glymes (i.e., glycol ethers),**™ or ionic liquids (ILs).

Cyclic carbonates. An ideal solvent should have a high
dielectric constant (¢ > 15), a high donor number (>20) to
promote ion dissociation,’® and both chemical and electroche-
mical stability. The higher donor number enhances ion dis-
sociation. Common organic solvents include EC, PC, DEC,
DMC, EMC, dimethyl formamide (DMF), dimethyl sulfoxide
(DMSO), and tetrahydrofuran (THF), for which the viscosity and
dielectric constant are listed in Table 1. The donor number for
cyclic carbonates is around 15 to 16, which is considered a low
donor number, compared to the value of ~30 for DMSQ.”**

Comparing dimethyl carbonate (DMC) with linear carbo-
nates like ethyl methyl carbonate (EMC) and diethyl carbonate
(DEC) in liquid lithium-ion electrolytes shows that despite
similar viscosity and static permittivity, DMC exhibits 2-3 times
higher ionic conductivity due to greater salt dissociation,
enabled by polar cis-trans conformers. While viscosity impacts
diffusivity, the higher ionic conductivity in DMC arises from
more charge carriers due to improved salt dissociation even at

Table 1 Dielectric constant and viscosity of common liquid electrolytes
and solvents in GPEs

Dielectric ~ Viscosity (mPa s)
Solvent constant (25 °C)
Ethylene carbonate (EC) 89.8%% 1.9 (40 °C)
Propylene carbonate (PC) 66.1% 2.5%
Diethyl carbonate (DEC) 2.8% 0.749°°
Dimethyl carbonate (DMC) 3.1% 0.59%%
Fluorinated ethylene carbonate (FEC)  78.4° 4.4%
Ethyl methyl carbonate (FMC) 3.2% 0.65%°
Dimethyl sulfoxide (DMSO) 47'%° 1.99'
Tetrahydrofuran (THF) 7.58'%% 0.46'%

842 | Soft Matter, 2026, 22, 838-859

low salt concentrations. This highlights that optimizing solvent
conformational isomerism, alongside understanding viscosity
and salt diffusion, is crucial for designing efficient battery
electrolytes."® It should be noted that there are fluorinated
solvents such as fluorinated ethylene carbonate (FEC)'*>'°® and
fluorinated dimethyl carbonate (FDMC) that offer high flame
retardancy to reduce the flammability risks of carbonated
solvents.'®” While these fluorinated compounds have gained
interest as electrolytes, the growing concerns over the environ-
mental impact of per- and polyfluoroalkyl substances (PFAS)'®
may eventually reduce their applicability at an industrial scale.

Ionic liquids. ILs offer significant advantages for GPEs due to
their outstanding thermal and electrochemical stability, high
ionic conductivity, non-volatility, non-flammability, and com-
patibility with various polymer matrices. IL-based GPEs are
highly suitable for advanced energy storage and conversion
applications.’® ! Polymeric networks can immobilize ILs and
form ionogels that are promising candidates for energy storage.''?
IL-based GPEs combine the beneficial properties of both aqueous
and organic gelled electrolytes, including high ionic conductivity
and a wide operating potential range of up to 3.5 V."**1¢

Fig. 5 depicts the chemical structure of cationic and anionic
parts of common ILs. ILs are widely studied in the literature due
to their excellent electrochemical and thermal stability."”"'° The
thermal stability of ILs is influenced by both cation and anion
types, typically decreasing in the order of imidazolium > pyridi-
nium > pyrrolidinium > ammonium for cations and [Tf,N]™ >
[CFsSO;]” > [BF,] > [PFs]” > [Br]™ for anions."° Also, anion
size significantly affects ion dissociation, meaning larger anions
show weaker cation-anion coordination, which facilitates disso-
ciation. Recent studies show that IL electrolytes containing
bis(fluorosulfonyl imide) (FSI") anions have higher ionic conduc-
tivity and lower viscosity than those with TFSI anions, attributed
to the smaller size of FSI_.'**"*!

Classification of GPEs based on polymer networks

Physical networks. Typical physical networks are formed by
non-covalent interactions, such as hydrogen bonding, ionic

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Chemical structure of cations and anions in common ILs for application in electrolytes.

interactions, and coordination bonding. GPEs with a hydrogen
bonded physical network enhance ionic conductivity, mechan-
ical strength, and safety while enabling unique functions such
as flexibility and self-healing. Systems like agarose/poly(vinyl
alcohol),"®*  2-ureido-4[1H]-pyrimidinone (UPy)-based PEO
networks,"*® and polyacrylamide/x-carrageenan double net-
works demonstrate how reversible hydrogen bonds disrupt
crystallinity, provide Li" transport channels, and create recover-
able structures. These designs make GPEs attractive for high-
performance, safe, and durable batteries and supercapacitors.

In coordination polymer gels, the metal ions coordinate with
the polymer and create a 3D physical network. These gels are
mainly studied in drug delivery, gas storage, and optoelectronic
systems.'®*'2” One of the major challenges of coordination
polymer gels for electrolyte applications is the competition
between electrolyte ions and coordination ions (i.e., nodes/
crosslinkers) for interaction with the ligand/linker of the net-
work. This interaction can release the coordination ions, which
may interfere with Li* (or target ion) transport, disrupt the gel
network, and/or deteriorate the electrode surface.

GPEs with a physical network can also be formed by self-
assembly, e.g., from block copolymers in selective solvent(s)."*®
In fact, block copolymers are of significant interest for creating
ionogels due to their ability to self-assemble,"****! potentially
leading to easily processable and mechanically robust materi-
als. Lodge and coworkers have investigated the preparation,
structure, rheology, and applications of ionogels formed from
block copolymers and ILs."**""** Imaizumi et al. synthesized
ABA-triblock copolymers, polystyrene-block-poly(methyl metha-
crylate)-block-polystyrene (SMS), and prepared ionogels by
blending SMS with [C,mim][TFSI] ionic liquid. The gels had
phase-separated polystyrene domains as physical crosslinks
and a PMMA-rich phase for ion conduction, achieving relatively
high ionic conductivity (>10"> S em™" at room temperature).
These gels, used as electrolytes in ionic polymer actuators,

This journal is © The Royal Society of Chemistry 2026

enabled soft bending under low voltage (< 3.0 V), with tunable
properties controlled by the polystyrene fraction and IL
content."”*> He et al. demonstrated the self-assembly of
poly(styrene-block-ethylene oxide-block-styrene) (SOS) triblock
copolymers in the ionic liquid [BMIM][PF;], forming transpar-
ent ionogels with as little as 5 wt% SOS. These gels maintain
high ionic conductivity, exhibit thermal stability up to 100 °C,
and possess notable mechanical strength, showcasing their
potential for versatile processing and applications.'**

As another approach for producing non-covalent networks,
the dipole-dipole and ion-polymer interactions can be used in
systems composed of ionic polymers, e.g., zwitterionic (ZI)
polymers. These interactions provide both mechanical strength
and conductivity. As an example in this case, the cation group
on the ZI polymer backbone can interact with the anion of the
electrolyte, thus, reducing Li*-anion pairing and enhancing ion
mobility with the resulting conductivity near 1 mS cm™"."*>"3¢

Chemically crosslinked network. In many studies, chemically
cross-linked GPEs are ex situ prepared as films, which are then
placed between the electrodes.”””**° Ex situ GPEs cannot
penetrate deep layers of the electrode and partially fill the
internal pores of the cathode, making them less effective for
reducing battery resistance. In other words, a fraction of the
electrode surface interacts with the GPE, leaving a significant
portion of the active material unused. "'

In situ preparation of GPEs, which has attracted attention, is
done by injecting a liquid precursor into the electrode before
polymerization. In this method, the liquid precursor readily
penetrates the internal pores of the electrode, enhancing the
contact of active materials. This process can address the
challenges of ex situ GPEs. Polymerization or crosslinking is
typically initiated thermally using molecules like
compounds***™*¢ or peroxides'*>'*”™® or can be initiated via
photo-curing.**>**° 1t should be noted that in situ preparation

azo
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methods offer significant advantages, including the creation of
efficient pathways for metal cation transport within electrodes
and a substantial reduction in interfacial resistance due to
excellent interfacial contact.'”**>!

To increase the ionic conductivity in GPEs, different methods
have been used, e.g., introducing zwitterionic compounds.'**">?
Copolymerizing the polymer with zwitterionic monomers in
ionogels helps optimize Li" coordination and improves Li* trans-
port kinetics. For example, zwitterionic groups introduced by
(co)polymerization of 2-methacryloyloxyethyl-phosphorylcholine
(MPC) can interact with TFSI” and form a TFSI /MPC shell,
which coordinates with Li*. This competitive interaction of TFSI~
and zwitterions with Li" decreases the desolvation energy of Li',
leading to an ionic conductivity of 4.4 x 10~* S em ™. Addition-
ally, the coulombic interaction between TFSI  and zwitterions
significantly decreases the reduction stability of TFSI", promoting
in situ formation of an LiF-enriched solid electrolyte interphase
(SEI) layer on the lithium metal surface."

Classification of GPEs based on ion type. In 1913, Lewis and
Keyes revealed that Li is the most electromotive metal.'>*
The oxidation of a unit weight of Li releases a large num-
ber of coulombs, which means a high gravimetric capacity
(3860 mAh g~ ")."** Thus, lithium was commercialized in the
battery application by Sony Co. in 1991 for the first time."®
Since then, Li has been the most important metal in electro-
lytes production. However, due to the rising demand, limited
availability, and uneven distribution of lithium, interest in
batteries beyond lithium-ion batteries (LIBs), such as sodium-
ion (NIBs) and potassium-ion batteries (KIBs) has grown
significantly.’®® Given the abundance of sodium in the Earth’s
crust and oceans, NIBs are being extensively researched as cost-
effective alternatives to LIBs.">” Some companies have already
begun commercializing NIBs, particularly for stationary energy
storage applications, such as capturing energy from intermit-
tent renewable sources like solar and wind."**'>°

KIBs are attracting growing interest due to their low cost
compared to lithium, and a reduction potential close to that of
lithium, —2.94 V vs. standard hydrogen electrode (SHE) for K'/K
compared to —3.04 V vs. SHE for Li'/Li. The magnitude of
reduction potential for Na‘/Na is lower, being —2.71 V vs. SHE.
Like sodium, potassium does not form an alloy with aluminum,
allowing the use of an Al current collector for both the anode
and cathode. Additionally, K-ion organic electrolytes offer high
ionic conductivity and efficient K-ion diffusion, supported by
potassium’s weaker Lewis acidity and low desolvation energy
due to a smaller Stokes radius (3.6 A) than Li* (4.8 A) and Na*
(4.6 A) in propylene carbonate.'®**¢

Multivalent ions such as Mg>*, Ca®>", and AI’" have emerged
as promising charge carriers in battery systems, thanks to their
small ionic radii, abundance in the Earth’s crust, and stable
valence states. These ions are seen as key components in the
next generation of batteries.'®> Magnesium-ion batteries (MIBs)
have recently gained attention for their potential performance,
which is expected to be comparable to that of LIBs.'®>'®*
Magnesium is an ideal material for practical battery anodes
due to its low electrochemical equivalence (~12.15 g eq™ '),
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relatively negative electrode potential (—2.3 V vs. SHE), low cost,
and enhanced safety compared to lithium. The low mobility of
Mg>" cations can be mitigated by GPEs since they facilitate ion
transport through polymer segmental motion and solvating
domains."®®

Calcium-ion batteries (CIBs) are a cost-effective, high-power,
and environmentally friendly alternative to LIBs. Calcium has a
2+ oxidation state, providing a higher energy density and a
higher cell potential. Also, its standard reduction potential is
170 mV above that of lithium. However, CIBs face challenges
with low transference numbers for Ca*>*, meaning conductivity
is mainly due to anion transport. This challenge can be
improved by modifying electrolytes, for example by adding
Lewis acids to enhance cation mobility, which can be achieved
by composition modification."®®**® Therefore, GPEs can play a
critical role in further development of CIBs.

Aluminum, as the third most common element on Earth, is
an increasingly promising material for next-generation energy
storage devices due to its unique properties. It features a high
gravimetric capacity of 2980 mAh g~ ', approximately 77% that
of lithium, and a high volumetric capacity of 8046 mAh cm 3,
nearly four times that of lithium. Aluminum can be repeatedly
stripped and deposited without dendrite formation, making it
ideal as a metal anode. Moreover, aluminum’s intrinsic safety
characteristics and favorable electrolyte properties further
enhance its appeal. Therefore, aluminum-ion batteries (AIBs)
are emerging as a safe, low-cost, and environmentally friendly
energy storage option for post-lithium battery technologies."”® ">
Recent advances in room-temperature IL electrolytes have enabled
efficient aluminum cycling, supporting the rapid progress of
durable AIB technologies.'”® However, AIBs still suffer from issues
like moisture sensitivity and corrosivity. Alternatives like deep
eutectic solvents and GPEs may address these limitations, aiming
to enhance stability for practical applications.”

Comparing the conductivity of several GPEs with SPEs in
Fig. 6A reveals higher average conductivity in the GPEs (~3.9 X
10*Sem ') compared to SPEs (~1.1 x 10™* S em ™) for a wide
range of transference numbers of 0.2 to 1. The conductivity
against tensile strength behavior in Fig. 6B demonstrates a
decreasing trend in the conductivity of polymer electrolytes
with increasing tensile strength. The straight line suggests the
limiting trade-off for GPEs. The data points for a common
liquid electrolyte (mixture of EC and DMC) are also provided in
this figure, where its tensile strength is considered zero.

Rheological considerations

In LIBs, the continuous cycling of lithiation/delithiation of the
electrodes induces cyclic volume change in the electrode, which
poses a cyclic strain on the electrolyte sandwiched between
the electrodes. Fig. 7 schematically shows the volume change in
the electrodes during the charging/discharging process. In the
charging process, the Li' ions accumulate in the anode and
cause volume expansion, while in the discharging process the
cathode is expanded. In addition, the lithiation/delithiation
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Fig. 7 Schematic illustration of cyclic expansion and contraction of the electrolyte in response to volume changes of the electrodes during charge—
discharge cycling. During charging, ion insertion into the anode causes its expansion, while the cathode expands during discharging. Consequently, a net

change in electrolyte volume is present during cycling.

process involves heating and cooling of the battery, and thus,
electrolyte. This phenomenon is also present in other mono-
valent- and multivalent-ion batteries. The ability of the electro-
lyte to keep up with the volume and temperature changes
determines the lifetime of the battery.

Table 2 provides some typical values for volume change of
electrodes. The volume change in the anode can vary between
0.2% and 270%. For electrodes with a thickness of around
50-100 pum,**®*%° the dilatation of the anode is approximately
in the range of 0.1 to 270 pm. Considering the electrolyte with

Table 2 Some common cathodes and anodes with corresponding
volume expansion percentages during charging/discharging cycles

Material Volume change (%)
Cathode LiCoO, 2203

LiMn,0, 3.1204

LiNiO, 9205
Anode Graphite 10%%¢

Si 270%%¢

LTO (Li;Ti5015) 0.2%%¢

This journal is © The Royal Society of Chemistry 2026

~100 pm thickness,** electrodes can typically impose strain
between 0.1% and 270%. The liquid electrolytes accommodate
the applied strain by viscous flow, whereas solid-like electro-
Iytes are required to exhibit elastic behavior to respond to
electrode volume fluctuations during charge/discharge cycles.
Therefore, one of the most important properties of solid
electrolytes is a yield strain significantly higher than the
imposed electrodes’ strain to guarantee elastic behavior and
minimum debonding from the plastic deformation of electro-
lytes. For GPEs and SPEs, the yield strain is around 9-25%2"*
and 1.9-14%,"° respectively. The inorganic electrolytes are
brittle with a much lower failure strain, on the order of
0.75%.%°* Therefore, inorganic and SPEs are more prone to
mechanical failure and have a shorter cycle life than GPEs.
To minimize cyclic deformation of the electrolyte due to
electrode volume change, anodes with zero-strain intercalation
are a potential solution. For example, only a slight (0.2%)
change in volume caused by lithiation/delithiation is observed
in lithium titanium oxide (Li4TisO;,, LTO).>°® However, the
reported volume changes appear to be in ideal studies rather
than practical cases. In addition, LTO suffers from destructive
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gas generation due to surface reactions.*®” In practical situa-
tions, the cyclic strain on an electrolyte is currently inevitable
during a battery’s lifetime.

For strains below the yield strain of GPEs and SPEs, the
cyclic compression/expansion posed on the electrolyte during
the charging/discharging process can be simulated by small
amplitude oscillatory shear or elongation (SAOS and SAOE,
respectively) experiments. SAOE induces change in flow direc-
tion and involves aspects of both uniaxial and biaxial elonga-
tion. Considering experimental challenges associated with
performing elongation flows, SOAE tests are neither straight-
forward nor common. Since SAOS and SAOE material functions
in the linear viscoelastic regime are proportional, SAOS results
can be used to simulate the performance of GPEs and SPEs.

In a linear viscoelastic regime, the applied strain is below
the yield strain of electrolyte. However, the compression/exten-
sion process may still create fatigue failure or aging, which can
be categorized as low-cycle fatigue (LCF) or high-cycle fatigue
(HCF). LCF occurs under high stress levels, close or beyond
yield strain, leading to failure after a relatively small number of
cycles. Because the stress exceeds the material’s elastic limit,
plastic deformation happens during each cycle. In contrast,
HCF involves stress levels much lower than yield strain and can
endure many more cycles. In this case, the material undergoes
mainly elastic deformation, staying below the yield point
throughout the cycling.>®® The evolution of dynamic moduli
under time sweep tests at constant frequency and strain can be
used to study the fatigue and aging of GPEs.

If the volume change in the electrodes imposes strains larger
than the yield strain of GPEs and SPEs, the deformation in the
electrolyte becomes unrecoverable. Consequently, upon elec-
trode contraction, the electrolyte will not recover back to the
original thickness by itself. To investigate such scenarios, large
amplitude oscillatory shear (LAOS) studies on the electrolyte
are beneficial. Fig. 8 shows typical Lissajous curves for SAOS
and LAOS behaviors. In the SAOS, shear and applied strain have
linear correlation (Fig. 8A), while for LAOS the correlation
is nonlinear (Fig. 8B). Considering the possibility of plastic
deformation of electrolytes, a strong adhesion can suppress

(A) (B)

Stress
Stress
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debonding of electrode and electrolyte, which will be discussed
in the next section.

During the charging/discharging process, the volume expan-
sion/contraction of electrodes induce stress in the electrolyte
with the mechanical resistance determined by the modulus,
which can be approximated by storage modulus and relaxation
modulus obtained from rheological experiments. Since the
total strain is fixed in this process, the lower the modulus
is, the lower the generated stress will be. The associated
stored energy (Gsiorea) Per Unit volume is the area under the
stress—strain curve. Based on Fig. 8C, the stored energy in either
the charging or discharging stage (i.e., half cycle) can be
approximated as:

1 AR
Gslored = E Vaode (1)
J =&y

In which, ¢ is the stress, ¢ is the strain, and V is the
electrolyte volume with contact area of A with the electrode
and thickness &. Therefore, the stored energy in an electrolyte
can be estimated from the electrolyte viscoelastic modulus:

0 = &[E'(w)sin(wt) + E"(w)cos(wt)] @

where ¢, is the maximum strain amplitude; E’ and E” are the
storage and loss components of complex modulus E* = E’ + (E”
in elongation mode, respectively; w is the frequency; and ¢ is
the time. The dynamic shear modulus, G* = G’ + iG", from
standard rheological measurements can be used to get the
measure of E' and E” by using complex Poisson’s ratio, 9%, as
follows:

E* =2G*1 + §%) (3)

In many practical cases, Poisson’s ratio is approximately
constant, often assumed to be around 0.3-0.5 for soft materials
and 0.5 for incompressible materials including gels.

Another phenomenon to be considered at high charge/
discharge rates is the generation of significant Joule heating
due to the internal resistance (also known as resistive or ohmic
heating). This heat raises the temperature of the battery

—1= \!/ >Strain
O

> ot
y ° &

PN

Fig. 8 3D Lissajous curves with projections on the stress—shear rate, stress—strain, and strain—shear rate planes for typical (A) SAOS and (B) LAOS
experiments.?°° Reproduced from T. B. Goudoulas, A. Didonaki, S. Pan, E. Fattahi and T. Becker, Polymers 2023, 15(6), 1558, under the terms of the
Creative Commons Attribution (CC BY) license. (C) A schematic of the maximum stored energy (hatched area) and dissipated energy (the area inside the

curve) in a typical Lissajous curve.
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components, causing thermal expansion of internal materials
such as the electrodes, electrolyte, and separator. The accumu-
lated expansion of these components leads to a noticeable
swelling of the battery cell, which can compromise the mechan-
ical integrity, increase internal pressure, and potentially lead
to safety issues such as leakage, debonding of the electrode
and electrolyte, or even thermal runaway if not properly
managed.”'® The Joule heating has a wide effect on the electro-
lyte. First, the yield strain in the polymer gels usually decreases
by increasing temperature; therefore, their tolerance range for
being in the linear region decreases. However, for physical gels,
temperature change can cause structure changes and/or sol-gel
transition, providing possibilities for rejuvenation if properly
exploited. It should be noted that different thermal expansion
coefficients for electrodes and electrolyte can induce additional
bulk strains on electrolytes upon temperature change.

Another rheological consideration for GPEs and SPEs is
stress relaxation behavior. In other words, keeping the volume
change for a long time (i.e., battery at rest or disconnected from
circuit) induces a force at almost fixed strain on the electrolyte,
which may lead to a nonrecoverable deformation in it. There-
fore, performing stress relaxation experiments above and below
yield strain are beneficial. Alternatively, linear viscoelastic
results obtained from SAOS can be converted to stress relaxa-
tion behavior using established mathematical methods, such
as the Krieger-Kocsis approximation.

Interfacial phenomena at
electrode—electrolyte junctions

Interfacial phenomena, such as instability and poor contact,
significantly hinder the practical use of lithium metal anodes.
Lithium’s high reactivity leads to side reactions with organic
electrolytes, forming an SEI that acts as a barrier between the
electrolyte and the electrode, improving the system’s dynamic
stability.>'’ However, this interphase is typically weak and
brittle, which influences the battery’s cycling stability.”*>>'?
For instance, the large volume fluctuations during lithium
plating can induce cracking in the SEI, which promotes uneven
Li deposition and the growth of dendrites. The repeated break-
ing and reforming of the SEI layer continuously deteriorates
both lithium metal and electrolyte, reducing Coulombic effi-
ciency and eventually leading to battery failure.*'* Therefore,
interfacial instability is the primary obstacle to the real-world
implementation of lithium metal anodes.>'**'*> This is the
reason why in conventional LIBs, graphite and LiMO, com-
pounds (with M being mainly a mixture of Ni, Co, Mn, and/or
Al) are used as the anode and cathode, respectively.>*®>*°
Interfacial instability in LIBs arises from several factors on
both anode and cathode sides. In liquid electrolytes, recent
studies of composite graphite electrodes showed that in
response to periodic volume changes in the graphite particles,
their morphology and the surface films that cover them are very
stable in carbonate-based electrolytes, such as EC and cosol-
vents of DMC, DEC, or EMC and salts of LiAsFs or LiPFg.

This journal is © The Royal Society of Chemistry 2026
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However, the surface films may not be able to fully accommo-
date the volume changes of the graphite particles due to
intercalation with lithium. Over time, small-scale reactions
occur between the solution and lithiated graphite as solu-
tion species pass through the surface films. These reactions
create insoluble compounds that thicken the surface films,
gradually increasing the electrode’s impedance during repeated
cycling.”"”

For SPEs, the significant volume change of the anode during
charging and discharging can easily lead to detachment at
the interface, increased resistance, hindered ion/electron trans-
port, and even dendrite formation.”'® These issues can be
hindered by using GPEs instead of SPEs. On the cathode side,
SPE decomposition also contributes to high interfacial resis-
tance and cell degradation.”’® Additionally, uneven lithium
transport can cause localized reactions, stress accumulation,
and microcracks in active materials, while metal ion diffusion
from the cathode into the electrolyte can further degrade
performance.*?° These issues can be hindered by using GPEs
instead of SPEs.

GPEs can be used to address the issue of reactivity of lithium
metal anodes with electrolyte without deteriorating conduc-
tivity.>*' GPEs also provide polymer elasticity to endure the
volume expansion of the electrode and the liquid-level wett-
ability to decrease the interface resistance.””' The adhesion
between electrolyte and the electrode plays an important role in
the stability and resistance of the interfacial layer. There is a
strong correlation between interfacial resistance (Ry,) and
adhesion strength (g,qp): lower R;y, values correspond to higher
adhesion strengths. Therefore, increasing the wettability
enhances the interfacial adhesion and interfacial strength,
decreasing Rin..”** There are reports showing that by moving
from solid electrolytes towards GPEs, the wetting property
improves, R;, decreases, and Li ion migration across this
interface will become easier.”*

Adhesion can be theoretically characterized by calculating
the work of separation for different atomistically represented
molecular models of the surfaces in contact. The work of
separation (Wi.,) has been defined by Finnis®** as the rever-
sible work required to separate an interface into two ideal free
surfaces while suppressing plastic and diffusional degrees
of freedom. It can be defined unambiguously and can there-
fore be calculated by theoretical models. The work of separa-
tion per unit area can be related to the interfacial tension
between phases 1 and 2 (y;,) and the surface free energies per
unit area of the individual surfaces (y; and y,) by the Dupré
equation:**®

Wsep =M + Y2 — Y12 (4)

For specific electrodes, therefore, we need to increase the
surface energy of the electrolyte and/or decrease the interfacial
tension to increase the W.,. Enhancing interactions between
the electrode surface and the solvent can reduce interfacial
tension,**® for example by increasing adsorption and binding
energies,”>’ *>° matching polarities based on the similar
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stability of the electrode—electrolyte interface.

polarity compatibility,** and promoting hydrogen bonding®*'
and electrostatic interaction.”*”

The interfacial tension and the Flory-Huggins interaction
parameter (%) are related:**

1
712 = kT (pox)? (5)

2 6

=

where f8; = p;b;, in which p, is the number average monomer
density and b; is the Kuhn statistical segment length; k is
Boltzmann’s constant; and T is the temperature.”*® This rela-
tionship indicates that systems with higher affinity (lower y)
have lower interfacial tension, meaning higher work of adhe-
sion and more stable interface.

To minimize the electrode-electrolyte separation in electro-
lytes, especially during the discharging cycle that the electrolyte
undergoes extensional deformation, strong molecular inter-
actions are required between the electrode and electrolyte.
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The presence of functional groups that make GPE more elec-
tronegative and can form a solvated structure of lithium ions
suppress Li dendrite formation and lead to more stable SEI,
diminishing electrode-electrolyte separation.'®

The adhesion energy between the electrode and electrolyte
resists against the separation:

Gadh = Wsep X A (6)
Since the anode and cathode have different chemistries,
their adhesion energy is not the same. Thus, as shown in Fig. 9,
interfacial stability is governed by the competition between the
strain-induced energy per unit volume stored in the electrolyte
and the energy cost of breaking adhesive bonds at each inter-
face. Comparing these quantities can provide a predictive
criterion for when electrode-electrolyte separation will occur
under repetitive volume changes. As the electrolyte is under
tension from two sides, half of the stored energy, which can be

Structure collapse

Electrode cracking

(A) Conventional SiO electrodes undergo severe structural degradation during lithiation and delithiation due to substantial volume fluctuations

of SiO particles, resulting in particle-level and electrode-level cracking. The blue lines indicate the binder network within the electrode. (B) In contrast, the
incorporation of a highly elastic GPE provides an integrated electrode structure during cycling. Acting as an intra-electrode cushion (orange), the GPE
mitigates thickness expansion and mechanical failure during lithiation and facilitates structural recovery during delithiation.?** Reproduced from Q.
Huang, J. Song, Y. Gao, D. Wang, S. Liu, S. Peng, C. Usher, A. Goliaszewski and D. Wang, Nat. Commun. 2019, 10(1), 5586, under the terms of the Creative

Commons Attribution (CC BY) license.
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calculated from eqn (1), affects each electrode interface. There-
fore, separation takes place when:

1 .
~Gistored > Min (Gadh,Am Gadh,Ca) (7)

2
where Gaanan is the adhesion energy between the electrolyte
and anode and G,gnca is the adhesion energy between the
electrolyte and cathode.

It should be noted that the interfacial adhesion is mainly
critical for the two-phase reaction front in the SEL>** In addition,
the electrode cracking can happen due to several lithiation and
delithiation and volumetric changes (Fig. 10A). GPEs can mini-
mize the cracking, consequently improving structural integrity
during cycling (Fig. 10B).>**

Despite the growing interest in multivalent ion batteries, the
expansion behavior of electrodes in the presence of divalent
ions and their interfacial properties remain underexplored. For
MIBs as an example, few materials can reversibly store Mg>*
ions, with Mg,Mo;S, being the most studied.?®*>**® The main
challenge is Mg”>"’s high charge density, which causes strong
electrostatic interactions and hinders ion mobility. To address
this issue, there are studies on nanostructured and integration-
type electrodes for better performance and cycling stability.”*”>**

Conclusions and future outlooks

In this perspective, gels are defined as biphasic systems com-
prising a 3D network structure and a liquid phase, which
together exhibit solid-like rheological behavior while retaining
fluid transport properties. Gels are typically categorized as
either physical or chemical. Physical gels are formed through
reversible, non-covalent interactions, whereas irreversible,
covalent cross-linking is dominant in chemical gels. We further
classify GPEs based on their key components and compare the
resulting physicochemical and electrochemical properties.
A significant challenge in LIBs is electrode expansion during
charge/discharge cycles, which imposes cyclic mechanical
strain and stress on the electrolyte, potentially leading to
structural deterioration. The durability of GPEs under such
conditions can be predicted in terms of rheological behavior
and in relation to critical interfacial properties, including
interfacial tension, wettability, and adhesion strength. Compar-
ing the mechanical energy storage of non-liquid electrolytes
with the adhesion energy between the electrolyte and electrode
provides insight into the durability of GPEs in charging-
discharging cycles.

A key research gap in this field is the lack of systematic
studies on how deformation and temperature affect the struc-
ture and conductivity of GPEs, implying the need for simulta-
neous rheological and electrochemical testing. In addition,
further studies are required to show how gel networks reorga-
nize during ion transport and cycling. Therefore, we present the
following potential future work in this field:

e Perform rheological experiments in SAOS and LAOS
regimes while measuring the electrochemical properties to

This journal is © The Royal Society of Chemistry 2026
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study the effect of cyclic strain and deformation on the electro-
chemical properties of GPEs.

e Analyze the thermal fatigue within operational tempera-
tures of charging/discharging cycles under cyclic strain and
track changes in elastoviscoplastic behavior, gel morphology,
mechanical stability, and conductivity.

In addition, there are some remaining research questions
that may be addressed in future work:

e What are the differences in ion transport between ordered
and disordered structures in GPEs? How can the changes in the
internal structure of the interconnected conductive domains
affect the ion diffusion?

e How do the non-equilibrium processes (such as repeated
cycling deformation and thermal gradients) restructure the
physical networks of GPEs or impact network relaxation in
chemically crosslinked GPEs?

e Beyond bulk rheology and conductivity, how do different
physical and chemical structures change the surface adhesion
in GPEs and prevent the Li dendrite formation or affect
electrolyte—electrode debonding?

e How does the electrode-electrolyte adhesion affect the
interfacial ion transport? What parameters should be consid-
ered to produce a GPE with optimal interfacial modulus that
enhances facile charge transfer?

Author contributions

F. N. S.: conceptualization, writing - original draft, writing -
review & editing. R. F.: conceptualization, writing - review &
editing, supervision, funding acquisition.

Conflicts of interest

There are no conflicts to declare.

Data availability

No primary research results, software or code have been
included and no new data were generated or analyzed as part
of this review.

Acknowledgements

This material is based upon work supported by the Air Force
Office of Scientific Research under award number FA9550-23-1-
0484. Any opinions, findings, and conclusions or recommenda-
tions expressed in this material are those of the author(s) and
do not necessarily reflect the views of the United States
Air Force.

References

1 J. Li, T. Zhang, X. Hui, R. Zhu, Q. Sun, X. Li and L. Yin,
Competitive Li" Coordination in Ionogel Electrolytes for

Soft Matter, 2026, 22, 838-859 | 849


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

4

10

11

12

13

14

Enhanced Li-Ion Transport Kinetics, Adv. Sci., 2023, 10(23),
2300226, DOIL: 10.1002/advs.202300226.

B. Scrosati, History of Lithium Batteries, J. Solid State
Electrochem., 2011, 15(7-8), 1623-1630, DOI: 10.1007/
$10008-011-1386-8.

X. Guan, Q. Wu, X. Zhang, X. Guo, C. Li and J. Xu, In-Situ
Crosslinked Single Ion Gel Polymer Electrolyte with Super-
ior Performances for Lithium Metal Batteries, Chem. Eng.
J., 2020, 382, 122935, DOIL: 10.1016/j.cej.2019.122935.

Y. Chen, S. Hsu, Y. Tseng, T. Yeh, S. Hou, J. Jan, Y. Lee and
H. Teng, Minimization of Ion-Solvent Clusters in Gel
Electrolytes Containing Graphene Oxide Quantum Dots
for Lithium-lon Batteries, Small, 2018, 14(12), 1703571,
DOI: 10.1002/smll.201703571.

L. Yu, L. Yu, Q. Liu, T. Meng, S. Wang and X. Hu, Mono-
lithic Task-Specific Ionogel Electrolyte Membrane Enables
High-Performance Solid-State Lithium-Metal Batteries in
Wide Temperature Range, Adv. Funct. Mater., 2022,
32(14), 2110653, DOI: 10.1002/adfm.202110653.

Q. Sun, S. Wang, Y. Ma, D. Song, H. Zhang, X. Shi, N.
Zhang and L. Zhang, Li-lon Transfer Mechanism of Gel
Polymer Electrolyte with Sole Fluoroethylene Carbonate
Solvent, Adv. Mater., 2023, 35(28), 2300998, DOI: 10.1002/
adma.202300998.

M. Li, R. P. Hicks, Z. Chen, C. Luo, J. Guo, C. Wang and
Y. Xu, Electrolytes in Organic Batteries, Chem. Rev., 2023,
123(4), 1712-1773, DOI: 10.1021/acs.chemrev.2c00374.

C. Yan, R. Xu, Y. Xiao, J. Ding, L. Xu, B. Li and ]J. Huang,
Toward Critical Electrode/Electrolyte Interfaces in
Rechargeable Batteries, Adv. Funct. Mater., 2020, 30(23),
1909887, DOI: 10.1002/adfm.201909887.

K. Aruchamy, S. Ramasundaram, S. Divya, M. Chandran,
K. Yun and T. H. Oh, Gel Polymer Electrolytes: Advancing
Solid-State Batteries for High-Performance Applications,
Gels, 2023, 9(7), 585, DOI: 10.3390/gels9070585.

Z. Xue, D. He and X. Xie, Poly(Ethylene Oxide)-Based
Electrolytes for Lithium-Ion Batteries, /. Mater. Chem. A,
2015, 3(38), 19218-19253, DOI: 10.1039/C5TA03471]J.

G. G. Eshetu, J.-P. Bertrand, A. Lecocq, S. Grugeon,
S. Laruelle, M. Armand and G. Marlair, Fire Behavior of
Carbonates-Based Electrolytes Used in Li-Ion Rechargeable
Batteries with a Focus on the Role of the LiPF6 and LiFSI
Salts, J. Power Sources, 2014, 269, 804-811, DOI: 10.1016/
j-jpowsour.2014.07.065.

F. Gebert, M. Longhini, F. Conti and A. J. Naylor, An
Electrochemical Evaluation of State-of-the-Art Non-
Flammable Liquid Electrolytes for High-Voltage Lithium-
Ion Batteries, J. Power Sources, 2023, 556, 232412, DOI:
10.1016/j.jpowsour.2022.232412.

I. Osada, H. de Vries, B. Scrosati and S. Passerini, Ionic-
Liquid-Based Polymer Electrolytes for Battery Applications,
Angew. Chem., Int. Ed., 2016, 55(2), 500-513, DOI: 10.1002/
anie.201504971.

P. Jaumaux, J. Wu, D. Shanmukaraj, Y. Wang, D. Zhou,
B. Sun, F. Kang, B. Li, M. Armand and G. Wang, Non-
Flammable Liquid and Quasi-Solid Electrolytes toward

850 | Soft Matter, 2026, 22, 838-859

15

16

17

18

19

20

21

22

23

24

25

26

27

28

View Article Online

Perspective

Highly-Safe Alkali Metal-Based Batteries, Adv. Funct.
Mater., 2021, 31(10), 2008644, DOI: 10.1002/adfm.2020
08644.

W. Liu, M. Song, B. Kong and Y. Cui, Flexible and Stretch-
able Energy Storage: Recent Advances and Future Perspec-
tives, Adv. Mater., 2017, 29(1), 1603436, DOIL: 10.1002/
adma.201603436.

T. N. Phan, S. Issa and D. Gigmes, Poly(Ethylene Oxide)-
Based Block Copolymer Electrolytes for Lithium Metal
Batteries, Polym. Int., 2019, 68(1), 7-13, DOL 10.1002/
pi.5677.

Y. Liu, P. He and H. Zhou, Rechargeable Solid-State Li-Air
and Li-S Batteries: Materials, Construction, and Chal-
lenges, Adv. Energy Mater., 2018, 8(4), 1701602, DOI:
10.1002/aenm.201701602.

L. Fan, S. Wei, S. Li, Q. Li and Y. Lu, Recent Progress of the
Solid-State Electrolytes for High-Energy Metal-Based Bat-
teries, Adv. Energy Mater., 2018, 8(11), 1702657, DOIL:
10.1002/aenm.201702657.

Z. Wang, H. Li, Z. Tang, Z. Liu, Z. Ruan, L. Ma, Q. Yang,
D. Wang and C. Zhi, Hydrogel Electrolytes for Flexible
Aqueous Energy Storage Devices, Adv. Funct. Mater., 2018,
28(48), 1804560, DOI: 10.1002/adfm.201804560.

C. H.]. V. D. Brekel and P. J. Severin, Control of the Deposition
of Silicon Nitride Layers by 2537A Radiation, J. Electrochem.
Soc., 1972, 119(3), 372, DOL: 10.1149/1.2404205.

A. Manthiram, X. Yu and S. Wang, Lithium Battery Chemis-
tries Enabled by Solid-State Electrolytes, Nat. Rev. Mater.,
2017, 2(4), 1-16, DOIL: 10.1038/natrevmats.2016.103.

C. Cao, Z.-B. Li, X.-L. Wang, X.-B. Zhao and W.-Q. Han,
Recent Advances in Inorganic Solid Electrolytes for
Lithium Batteries, Front. Energy Res., 2014, 2, 25, DOLI:
10.3389/fenrg.2014.00025.

Y. Wang and W. Zhong, Development of Electrolytes
towards Achieving Safe and High-Performance Energy-
Storage Devices: A Review, ChemkElectroChem, 2015, 2(1),
22-36, DOIL: 10.1002/celc.201402277.

X.-B. Cheng, C.-Z. Zhao, Y.-X. Yao, H. Liu and Q. Zhang,
Recent Advances in Energy Chemistry between Solid-State
Electrolyte and Safe Lithium-Metal Anodes, Chem, 2019,
5(1), 74-96, DOI: 10.1016/j.chempr.2018.12.002.

L. Long, S. Wang, M. Xiao and Y. Meng, Polymer Electro-
lytes for Lithium Polymer Batteries, J. Mater. Chem. A, 2016,
4(26), 10038-10069, DOI: 10.1039/C6TA02621D.

X. Zhao, C. Wang, H. Liu, Y. Liang and L. Fan, A Review of
Polymer-based Solid-State Electrolytes for Lithium-Metal
Batteries: Structure, Kinetic, Interface Stability, and Appli-
cation, Batteries Supercaps, 2023, 6(4), €202200502, DOIL:
10.1002/batt.202200502.

Y. Zhao, L. Wang, Y. Zhou, Z. Liang, N. Tavajohi, B. Li and
T. Li, Solid Polymer Electrolytes with High Conductivity
and Transference Number of Li Ions for Li-Based
Rechargeable Batteries, Adv. Sci., 2021, 8(7), 2003675,
DOI: 10.1002/advs.202003675.

V. Bocharova and A. P. Sokolov, Perspectives for Polymer
Electrolytes: A View from Fundamentals of Ionic Conductivity,

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1002/advs.202300226
https://doi.org/10.1007/s10008-011-1386-8
https://doi.org/10.1007/s10008-011-1386-8
https://doi.org/10.1016/j.cej.2019.122935
https://doi.org/10.1002/smll.201703571
https://doi.org/10.1002/adfm.202110653
https://doi.org/10.1002/adma.202300998
https://doi.org/10.1002/adma.202300998
https://doi.org/10.1021/acs.chemrev.2c00374
https://doi.org/10.1002/adfm.201909887
https://doi.org/10.3390/gels9070585
https://doi.org/10.1039/C5TA03471J
https://doi.org/10.1016/j.jpowsour.2014.07.065
https://doi.org/10.1016/j.jpowsour.2014.07.065
https://doi.org/10.1016/j.jpowsour.2022.232412
https://doi.org/10.1002/anie.201504971
https://doi.org/10.1002/anie.201504971
https://doi.org/10.1002/adfm.2020&QJ;08644
https://doi.org/10.1002/adfm.2020&QJ;08644
https://doi.org/10.1002/adma.201603436
https://doi.org/10.1002/adma.201603436
https://doi.org/10.1002/pi.5677
https://doi.org/10.1002/pi.5677
https://doi.org/10.1002/aenm.201701602
https://doi.org/10.1002/aenm.201702657
https://doi.org/10.1002/adfm.201804560
https://doi.org/10.1149/1.2404205
https://doi.org/10.1038/natrevmats.2016.103
https://doi.org/10.3389/fenrg.2014.00025
https://doi.org/10.1002/celc.201402277
https://doi.org/10.1016/j.chempr.2018.12.002
https://doi.org/10.1039/C6TA02621D
https://doi.org/10.1002/batt.202200502
https://doi.org/10.1002/advs.202003675
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

29

30

31

32

33

34

35

36

37

38

39

40

Macromolecules, 2020, 53(11), 4141-4157, DOL 10.1021/acs.
macromol.9b02742.

Y. Su, F. Xu, X. Zhang, Y. Qiu and H. Wang, Rational
Design of High-Performance PEO/Ceramic Composite
Solid Electrolytes for Lithium Metal Batteries, Nano-Micro
Lett., 2023, 15(1), 82, DOI: 10.1007/s40820-023-01055-z.

S. Huo, L. Sheng, W. Xue, L. Wang, H. Xu, H. Zhang and X. He,
Challenges of Polymer Electrolyte with Wide Electrochemical
Window for High Energy Solid-state Lithium Batteries,
InfoMat, 2023, 5(3), €12394, DOIL: 10.1002/inf2.12394.

X. Cheng, J. Pan, Y. Zhao, M. Liao and H. Peng, Gel
Polymer Electrolytes for Electrochemical Energy Storage,
Adv. Energy Mater., 2018, 8(7), 1702184, DOI: 10.1002/
aenm.201702184.

C. Li, K. Zhang, X. Cheng, J. Li, Y. Jiang, P. Li, B. Wang and
H. Peng, Polymers for Flexible Energy Storage Devices,
Prog. Polym. Sci., 2023, 143, 101714, DOI: 10.1016/j.prog
polymsci.2023.101714.

J. Pan, N. Wang and H. ]J. Fan, Gel Polymer Electrolytes
Design for Na-Ion Batteries, Small Methods, 2022,
6(11), 2201032, DOI: 10.1002/smtd.202201032.

M. S. Ahmed, M. Islam, B. Raut, S. Yun, H. Y. Kim and
K.-W. Nam, A Comprehensive Review of Functional Gel
Polymer Electrolytes and Applications in Lithium-Ion Bat-
tery, Gels, 2024, 10(9), 563, DOI: 10.3390/gels10090563.

K. Tian, X. Li, Q. Zhou, Z. Song, C. Guan, S. Zhuang,
M. Zhang and M. Lu, Effective Encapsulated Strategy
throughout Lithiation/Delithiation: Enabling a Stable
Interface and Fast Kinetics of Silicon Anode for High-
Performance Lithium-Ion Half/Full Batteries, ACS Sustain-
able Chem. Eng., 2024, 12(2), 959-969, DOI: 10.1021/acssus
chemeng.3c06135.

Q. Liu, T. Ericson, R. Temperton, I. Kéllquist, F. Lindgren,
L. King, A. Krizan, K. L. Browning, E. J. Crumlin, G. M.
Veith and M. Hahlin, Operando APXPS for Direct Probing
of Li Ion Battery LCO Electrode/Electrolyte Interface Chem-
istry during Lithiation/Delithiation, J. Mater. Chem. A,
2025, 13(26), 20568-20577, DOI: 10.1039/D5TA01654A.

M. Kim, Z. Yang and I. Bloom, Review—The Lithiation/
Delithiation Behavior of Si-Based Electrodes: A Connection
between Electrochemistry and Mechanics, J. Electrochem.
Soc., 2021, 168(1), 010523, DOI: 10.1149/1945-7111/abd56f.
M. Rao, X. Geng, Y. Liao, S. Hu and W. Li, Preparation and
Performance of Gel Polymer Electrolyte Based on Electro-
spun Polymer Membrane and Ionic Liquid for Lithium Ion
Battery, J. Membr. Sci., 2012, 399-400, 37-42, DOI: 10.1016/
j-memsci.2012.01.021.

J. Zhang, B. Sun, X. Huang, S. Chen and G. Wang, Honey-
comb-like Porous Gel Polymer Electrolyte Membrane for
Lithium Ion Batteries with Enhanced Safety, Sci. Rep.,
2014, 4(1), 6007, DOI: 10.1038/srep06007.

N. Kassenova, S. Kalybekkyzy, M. V. Kahraman,
A. Mentbayeva and Z. Bakenov, Photo and Thermal Cross-
linked Poly(Vinyl Alcohol)-Based Nanofiber Membrane for
Flexible Gel Polymer Electrolyte, J. Power Sources, 2022,
520, 230896, DOI: 10.1016/j.jpowsour.2021.230896.

This journal is © The Royal Society of Chemistry 2026

41
42

43

44

45

46

47

48

49

50

51

52

53

54

55

View Article Online

Soft Matter

R. A. L. Jones, Soft Condensed Matter, OUP, Oxford, 2002.

M. Djabouro, in NMR and MRI of Gels, ed. Y. De Deene,
The Royal Society of Chemistry, Cambridge, 2020, ch. 1,
pp. 1-44.

H. B. De Jong and H. R. Kruyt, in Colloid Science, ed.
R. Kruyt, Elsevier, Amsterdam, 1949, pp. 232-258.

R. G. Weiss, Preface to the Molecular and Polymer Gels;
Materials with Self-Assembled Fibrillar Networks Special
Issue, Langmuir, 2009, 25(15), 8369, DOIL 10.1021/
1a901621x.

F. Qiu, Y. Huang, X. Hu, B. Li, X. Zhang, C. Luo, X. Li,
M. Wang, Y. Wu and H. Cao, An Ecofriendly Gel Polymer
Electrolyte Based on Natural Lignocellulose with Ultrahigh
Electrolyte Uptake and Excellent Ionic Conductivity for
Alkaline Supercapacitors, ACS Appl. Energy Mater., 2019,
2(8), 6031-6042, DOI: 10.1021/acsaem.9b01150.

B. Han, S. Fujii, A. J. van der Vlies, M. Ghasemi, J. T. Del
Mundo, S. N. Kiemle, E. W. Gomez, E. D. Gomez, R. H.
Colby and U. Hasegawa, Thermally Induced Gelling Sys-
tems Based on Patchy Polymeric Micelles, Adv. Funct. Mater.,
2025, 35(12), 2417544, DOIL: 10.1002/adfm.202417544.

Z. Toprakcioglu and T. P. J. Knowles, Shear-Mediated Sol-
Gel Transition of Regenerated Silk Allows the Formation of
Janus-like Microgels, Sci. Rep., 2021, 11(1), 6673, DOI:
10.1038/s41598-021-85199-1.

N. Ichinose and H. Ura, Concentration Dependence of the
Sol-Gel Phase Behavior of Agarose-Water System Observed
by the Optical Bubble Pressure Tensiometry, Sci. Rep.,
2020, 10(1), 2620, DOI: 10.1038/541598-020-58905-8.

K. Aoki, A. Sugawara-Narutaki and R. Takahashi, Polymeric
Sol-Gel Transition with the Diverging Correlation Length
Verified by Small-Angle X-Ray Scattering, J. Phys. Chem.
Lett., 2023, 14(46), 10396-10401, DOI: 10.1021/acs.jpclett.
3¢02631.

C. Moitzi, A. Menzel, P. Schurtenberger and A. Stradner,
The pH Induced Sol-Gel Transition in Skim Milk Revis-
ited. A Detailed Study Using Time-Resolved Light and X-
Ray Scattering Experiments, Langmuir, 2011, 27(6),
2195-2203, DOI: 10.1021/1a102488g.

R.-J. Li, C. Pezzato, C. Berton and K. Severin, Light-Induced
Assembly and Disassembly of Polymers with PdnL2n-Type
Network Junctions, Chem. Sci., 2021, 12(13), 4981-4984,
DOI: 10.1039/D1SC00127B.

H. H. Winter and M. Mours, Rheology of Polymers Near
Liquid-Solid Transitions, Neutron Spin Echo Spectroscopy
Viscoelasticity Rheology, Springer, Berlin, Heidelberg, 1997,
pp- 165-234, DOI: 10.1007/3-540-68449-2_3.

F. Chambon and H. H. Winter, Stopping of Crosslinking
Reaction in a PDMS Polymer at the Gel Point, Polym. Bull.,
1985, 13(6), 499-503, DOI: 10.1007/BF00263470.

Y. Zhao, Y. Cao, Y. Yang and C. Wu, Rheological Study of
the Sol-Gel Transition of Hybrid Gels, Macromolecules,
2003, 36(3), 855-859, DOI: 10.1021/ma020919y.

D. J. Yarusso, Effect of Rheology on PSA Performance. Adhe-
sion Science and Engineering, Elsevier, 2002, pp. 499-533,
DOI: 10.1016/B978-0-444-51140-9.50040-8.

Soft Matter, 2026, 22, 838-859 | 851


https://doi.org/10.1021/acs.&QJ;macromol.9b02742
https://doi.org/10.1021/acs.&QJ;macromol.9b02742
https://doi.org/10.1007/s40820-023-01055-z
https://doi.org/10.1002/inf2.12394
https://doi.org/10.1002/aenm.201702184
https://doi.org/10.1002/aenm.201702184
https://doi.org/10.1016/j.prog&QJ;polymsci.2023.101714
https://doi.org/10.1016/j.prog&QJ;polymsci.2023.101714
https://doi.org/10.1002/smtd.202201032
https://doi.org/10.3390/gels10090563
https://doi.org/10.1021/acssus&QJ;chemeng.3c06135
https://doi.org/10.1021/acssus&QJ;chemeng.3c06135
https://doi.org/10.1039/D5TA01654A
https://doi.org/10.1149/1945-7111/abd56f
https://doi.org/10.1016/j.memsci.2012.01.021
https://doi.org/10.1016/j.memsci.2012.01.021
https://doi.org/10.1038/srep06007
https://doi.org/10.1016/j.jpowsour.2021.230896
https://doi.org/10.1021/la901621x
https://doi.org/10.1021/la901621x
https://doi.org/10.1021/acsaem.9b01150
https://doi.org/10.1002/adfm.202417544
https://doi.org/10.1038/s41598-021-85199-1
https://doi.org/10.1038/s41598-020-58905-8
https://doi.org/10.1021/acs.jpclett.&QJ;3c02631
https://doi.org/10.1021/acs.jpclett.&QJ;3c02631
https://doi.org/10.1021/la102488g
https://doi.org/10.1039/D1SC00127B
https://doi.org/10.1007/3-540-68449-2_3
https://doi.org/10.1007/BF00263470
https://doi.org/10.1021/ma020919y
https://doi.org/10.1016/B978-0-444-51140-9.50040-8
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

852

A. Ya Malkin and S. R. Derkach, Gelation of Polymer
Solutions as a Rheological Phenomenon (Mechanisms
and Kinetics), Curr. Opin. Colloid Interface Sci., 2024,
73, 101844, DOI: 10.1016/j.cocis.2024.101844.

E. R. Morris, K. Nishinari and M. Rinaudo, Gelation of
Gellan - A Review, Food Hydrocolloids, 2012, 28(2),
373-411, DOI: 10.1016/j.foodhyd.2012.01.004.

V. M. F. Lai, P. A.-L. Wong and C.-Y. Lii, Effects of Cation
Properties on Sol-Gel Transition and Gel Properties of -
Carrageenan, J. Food Sci., 2000, 65(8), 1332-1337, DOIL:
10.1111/§.1365-2621.2000.tb10607.x.

E. Flores-Huicochea, A. I. Rodriguez-Hernandez, T. Espinosa-
Solares and A. Tecante, Sol-Gel Transition Temperatures of
High Acyl Gellan with Monovalent and Divalent Cations from
Rheological Measurements, Food Hydrocolloids, 2013, 31(2),
299-305, DOI: 10.1016/j.foodhyd.2012.11.007.

Y. Wang, C. Yuan, B. Cui and Y. Liu, Influence of Cations
on Texture, Compressive Elastic Modulus, Sol-Gel Transi-
tion and Freeze-Thaw Properties of Kappa-Carrageenan
Gel, Carbohydr. Polym., 2018, 202, 530-535, DOI: 10.1016/
j-carbpol.2018.08.146.

E. B. Jorgensen, S. Hvidt, W. Brown and K. Schillén, Effects
of Salts on the Micellization and Gelation of a Triblock
Copolymer Studied by Rheology and Light Scattering,
Macromolecules, 1997, 30(8), 2355-2364, DOL: 10.1021/
ma9616322.

H. Yuan and G. Liu, Ionic Effects on Synthetic Polymers:
From Solutions to Brushes and Gels, Soft Matter, 2020,
16(17), 4087-4104, DOI: 10.1039/D0OSMO00199F.

Z. Ge, Y. Zhou, Z. Tong and S. Liu, Thermogelling of
Double Hydrophilic Multiblock and Triblock Copolymers
of N,N-Dimethylacrylamide and N-Isopropylacrylamide:
Chain Architectural and Hofmeister Effects, Langmuir,
2011, 27(3), 1143-1151, DOIL: 10.1021/1a1048166.

V. Mechtcherine, F. P. Bos, A. Perrot, W. R. L. Da Silva,
V. N. Nerella, S. Fataei, R. J. M. Wolfs, M. Sonebi and
N. Roussel, Extrusion-Based Additive Manufacturing with
Cement-Based Materials - Production Steps, Processes,
and Their Underlying Physics: A Review, Cem. Concr.
Res., 2020, 132, 106037, DOI: 10.1016/j.cemconres.2020.
106037.

M. Grisel and G. Muller, Rheological Properties of the
Schizophyllan-Borax  System, Macromolecules, 1998,
31(13), 4277-4281, DOI: 10.1021/ma970485k.

F. Tanaka, Polymer-Surfactant Interaction in Thermore-
versible Gels, Macromolecules, 1998, 31(2), 384-393, DOI:
10.1021/ma971154a.

M. Daoud, Viscoelasticity near the Sol-Gel Transition,
Macromolecules, 2000, 33(8), 3019-3022, DOIL 10.1021/
ma991947s.

A. Ya Malkin, S. R. Derkach and V. G. Kulichikhin, Rheol-
ogy of Gels and Yielding Liquids, Gels, 2023, 9(9), 715.

S. B. Ross-Murphy, Physical Techniques for the Study of Food
Biopolymers, Springer Science & Business Media, 1994.

M. Wu, X. Chen, J. Xu and H. Zhang, Freeze-Thaw and
Solvent-Exchange Strategy to Generate Physically Cross-

| Soft Matter, 2026, 22, 838-859

71

72

73

74

75

76

77

78

79

80

81

View Article Online

Perspective

Linked Organogels and Hydrogels of Curdlan with Tunable
Mechanical Properties, Carbohydr. Polym., 2022, 278,
119003, DOI: 10.1016/j.carbpol.2021.119003.

Y. Guo, M. Wu, R. Li, Z. Cai and H. Zhang, Thermostable
Physically Crosslinked Cryogel from Carboxymethylated
Konjac Glucomannan Fabricated by Freeze-Thawing, Food
Hydrocolloids, 2022, 122, 107103, DOI: 10.1016/j.food
hyd.2021.107103.

S. Mahmood, N. R. Khan, G. Razaque, S. U. Shah, M. G.
Shahid, H. A. Albarqi, A. A. Algahtani, A. Alasiri and
H. M. Basit, Microwave-Treated Physically Cross-Linked
Sodium Alginate and Sodium Carboxymethyl Cellulose
Blend Polymer Film for Open Incision Wound Healing in
Diabetic Animals—A Novel Perspective for Skin Tissue
Regeneration Application, Pharmaceutics, 2023, 15(2), 418,
DOI: 10.3390/pharmaceutics15020418.

J. Zhang, B. Sun, X. Huang, S. Chen and G. Wang, Honey-
comb-like Porous Gel Polymer Electrolyte Membrane for
Lithium Ion Batteries with Enhanced Safety, Sci. Rep.,
2014, 4(1), 6007, DOL: 10.1038/srep06007.

A. Arya and A. L. Sharma, Polymer Electrolytes for Lithium
Ion Batteries: A Critical Study, Ionics, 2017, 23(3), 497-540,
DOI: 10.1007/s11581-016-1908-6.

M. Zhu, J. Wu, Y. Wang, M. Song, L. Long, S. H. Siyal,
X. Yang and G. Sui, Recent Advances in Gel Polymer Elec-
trolyte for High-Performance Lithium Batteries, J. Energy
Chem., 2019, 37, 126-142, DOIL: 10.1016/j.jechem.2018.
12.013.

W. Li, Y. Pang, J. Liu, G. Liu, Y. Wang and Y. Xia, A PEO-
Based Gel Polymer Electrolyte for Lithium Ion Batteries,
RSC Adv., 2017, 7(38), 23494-23501, DOI: 10.1039/
C7RA02603].

S. Janakiraman, A. Agrawal, R. Biswal and A. Venimadhav,
An Amorphous Polyvinylidene Fluoride-Co-Hexafluoro-
propylene Based Gel Polymer Electrolyte for Sodium-Ion
Cells, Appl. Surf. Sci. Adv., 2021, 6, 100139, DOI: 10.1016/
j-apsadv.2021.100139.

W. Liu, X. K. Zhang, F. Wu and Y. Xiang, A Study on PVDF-
HFP Gel Polymer Electrolyte for Lithium-Ion Batteries. Iop
conference series: Materials science and engineering, IOP
Publishing, 2017, vol. 213, p. 012036.

D. Mouraliraman, N. Shaji, S. Praveen, M. Nanthagopal,
C. W. Ho, M. Varun Karthik, T. Kim and C. W. Lee,
Thermally Stable PVDF-HFP-Based Gel Polymer Electro-
lytes for High-Performance Lithium-Ion Batteries,
Nanomaterials, 2022, 12(7), 1056, DOI: 10.3390/nano1207
1056.

Z. Shen, J. Zhong, S. Jiang, W. Xie, S. Zhan, K. Lin, L. Zeng,
H. Hu, G. Lin, Y. Lin, S. Sun and Z. Shi, Polyacrylonitrile
Porous Membrane-Based Gel Polymer Electrolyte by In Situ
Free-Radical Polymerization for Stable Li Metal Batteries,
ACS Appl. Mater. Interfaces, 2022, 14(36), 41022-41036,
DOI: 10.1021/acsami.2¢c11397.

S. Qin, M. Wu, H. Zhao, J. Li, M. Yan, Y. Ren and Y. Qi, An
In-Situ Cross-Linked Network PMMA-Based Gel Polymer
Electrolyte with Excellent Lithium Storage Performance,

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1016/j.cocis.2024.101844
https://doi.org/10.1016/j.foodhyd.2012.01.004
https://doi.org/10.1111/j.1365-2621.2000.tb10607.x
https://doi.org/10.1016/j.foodhyd.2012.11.007
https://doi.org/10.1016/j.carbpol.2018.08.146
https://doi.org/10.1016/j.carbpol.2018.08.146
https://doi.org/10.1021/ma9616322
https://doi.org/10.1021/ma9616322
https://doi.org/10.1039/D0SM00199F
https://doi.org/10.1021/la1048166
https://doi.org/10.1016/j.cemconres.2020.&QJ;106037
https://doi.org/10.1016/j.cemconres.2020.&QJ;106037
https://doi.org/10.1021/ma970485k
https://doi.org/10.1021/ma971154a
https://doi.org/10.1021/ma991947s
https://doi.org/10.1021/ma991947s
https://doi.org/10.1016/j.carbpol.2021.119003
https://doi.org/10.1016/j.food&QJ;hyd.2021.107103
https://doi.org/10.1016/j.food&QJ;hyd.2021.107103
https://doi.org/10.3390/pharmaceutics15020418
https://doi.org/10.1038/srep06007
https://doi.org/10.1007/s11581-016-1908-6
https://doi.org/10.1016/j.jechem.2018.&QJ;12.013
https://doi.org/10.1016/j.jechem.2018.&QJ;12.013
https://doi.org/10.1039/C7RA02603J
https://doi.org/10.1039/C7RA02603J
https://doi.org/10.1016/j.apsadv.2021.100139
https://doi.org/10.1016/j.apsadv.2021.100139
https://doi.org/10.3390/nano1207&QJ;1056
https://doi.org/10.3390/nano1207&QJ;1056
https://doi.org/10.1021/acsami.2c11397
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

82

83

84

85

86

87

88

89

90

91

92

93

J. Mater. Sci. Technol., 2024, 199, 197-205, DOI: 10.1016/
j.jmst.2024.01.084.

L.Yi, C. Zou, X. Chen, J. Liu, S. Cao, X. Tao, Z. Zang, L. Liu,
B. Chang, Y. Shen and X. Wang, One-Step Synthesis of
PVDF-HFP/PMMA-ZrO, Gel Polymer Electrolyte to Boost
the Performance of a Lithium Metal Battery, ACS Appl.
Energy Mater., 2022, 5(6), 7317-7327, DOI: 10.1021/acsaem.
2¢00831.

F. Baskoro, H. Q. Wong and H.-J. Yen, Strategic Structural
Design of a Gel Polymer Electrolyte toward a High Effi-
ciency Lithium-Ion Battery, ACS Appl. Energy Mater., 2019,
2(6), 3937-3971, DOIL: 10.1021/acsaem.9b00295.

J. Tafur, F. Santos and A. Romero, Influence of the Ionic
Liquid Type on the Gel Polymer Electrolytes Properties,
Membranes, 2015, 5(4), 752-771, DOI: 10.3390/membranes
5040752.

R. Jamil and D. S. Silvester, Ionic Liquid Gel Polymer
Electrolytes for Flexible Supercapacitors: Challenges and
Prospects, Curr. Opin. Electrochem., 2022, 35, 101046, DOI:
10.1016/j.coelec.2022.101046.

S. Liu, H. Cheng, R. Mao, W. Jiang, L. Wang, Z. Song,
M. Pei, T. Zhang and F. Hu, Designing Zwitterionic Gel
Polymer Electrolytes with Dual-Ion Solvation Regulation
Enabling Stable Sodium Ion Capacitor, Adv. Energy Mater.,
2023, 13(18), 2300068, DOI: 10.1002/aenm.202300068.

X. Huang, S. Zeng, J. Liu, T. He, L. Sun, D. Xu, X. Yu,
Y. Luo, W. Zhou and J. Wu, High-Performance Electrospun
Poly(Vinylidene Fluoride)/Poly(Propylene Carbonate) Gel
Polymer Electrolyte for Lithium-lon Batteries, J. Phys.
Chem. C, 2015, 119(50), 27882-27891, DOIL: 10.1021/acs.
jpee.5b09130.

S. Parveen, A. Kumar and S. A. Hashmi, A Promising Gel
Polymer Electrolyte Composition Comprising a Green-
Glyme Di(Propylene Glycol) Dimethyl Ether for Application
in Sodium-Ion Batteries, ACS Appl. Energy Mater., 2024,
7(22), 10441-10453, DOI: 10.1021/acsaem.4c01984.

D. Di Lecce, V. Marangon, H.-G. Jung, Y. Tominaga, S.
Greenbaum and J. Hassoun, Glyme-Based Electrolytes:
Suitable Solutions for next-Generation Lithium Batteries, Green
Chem., 2022, 24(3), 1021-1048, DOI: 10.1039/D1GC03996B.

H. Shin, M. Baek, A. Gupta, K. Char, A. Manthiram and
J. W. Choi, Recent Progress in High Donor Electrolytes for
Lithium-Sulfur Batteries, Adv. Energy Mater., 2020, 10(27),
2001456, DOI: 10.1002/aenm.202001456.

C. S. Kim and S. M. Oh, Importance of Donor Number in
Determining Solvating Ability of Polymers and Transport
Properties in Gel-Type Polymer Electrolytes, Electrochim.
Acta, 2000, 45(13), 2101-2109, DOI: 10.1016/S0013-4686
(99)00426-0.

X. You, M. Chaudhari, S. Rempe and L. R. Pratt, Dielectric
Properties of Ethylene Carbonate and Propylene Carbonate
Using Molecular Dynamics Simulations, ECS Trans., 2015,
69(1), 107-111, DOI: 10.1149/06901.0107ecst.

L. Simeral and R. L. Amey, Dielectric Properties of Liquid Pro-
pylene Carbonate, J. Phys. Chem., 1970, 74(7), 1443-1446,
DOI: 10.1021/j100702a008.

This journal is © The Royal Society of Chemistry 2026

94

95

96

97

98

99

100

101

102

103

104

105

View Article Online

Soft Matter

R. Casalini and S. Bair, The Inflection Point in the Pressure
Dependence of Viscosity under High Pressure: A Compre-
hensive Study of the Temperature and Pressure Depen-
dence of the Viscosity of Propylene Carbonate, J. Chem.
Phys., 2008, 128(8), 084511, DOIL: 10.1063/1.2834203.

C. Zheng, J. Wu, L. Zhang and H. Wang, Vital Roles of
Fluoroethylene Carbonate in Electrochemical Energy Sto-
rage Devices: A Review, J. Mater. Chem. C, 2023, 11(2),
344-363, DOI: 10.1039/D2TC04220G.

A. Rodriguez, J. Canosa, A. Dominguez and J. Tojo, Visc-
osities of Dimethyl Carbonate or Diethyl Carbonate with
Alkanes at Four Temperatures. New UNIFAC-VISCO Para-
meters, J. Chem. Eng. Data, 2003, 48(1), 146-151, DOL
10.1021/je020131a.

Q.-K. Zhang, X.-Q. Zhang, H. Yuan and J.-Q. Huang, Ther-
mally Stable and Nonflammable Electrolytes for Lithium
Metal Batteries: Progress and Perspectives, Small Sci.,
2021, 1(10), 2100058, DOI: 10.1002/smsc.202100058.

E. R. Logan, E. M. Tonita, K. L. Gering, L. Ma, M. K. G.
Bauer, J. Li, L. Y. Beaulieu and J. R. Dahn, A Study of
the Transport Properties of Ethylene Carbonate-Free Li
Electrolytes, J. Electrochem. Soc., 2018, 165(3), A705, DOIL:
10.1149/2.0981803jes.

M. Bolloli, F. Alloin, J. Kalhoff, D. Bresser, S. Passerini,
P. Judeinstein, J.-C. Leprétre and J.-Y. Sanchez, Effect of
Carbonates Fluorination on the Properties of LiTFSI-Based
Electrolytes for Li-Ion Batteries, Electrochim. Acta, 2015,
161, 159-170, DOI: 10.1016/j.electacta.2015.02.042.

M. Amaro, F. Reina, M. Hof, C. Eggeling and E. Sezgin,
Laurdan and Di-4-ANEPPDHQ Probe Different Properties
of the Membrane, J. Phys. D: Appl. Phys., 2017, 50(13),
134004, DOI: 10.1088/1361-6463/aa5dbc.

T. Zhao, J. Zhang, B. Guo, F. Zhang, F. Sha, X. Xie and
X. Wei, Density, Viscosity and Spectroscopic Studies of the
Binary System of Ethylene Glycol + dimethyl Sulfoxide at T
=(298.15 to 323.15) K, J. Mol. Lig., 2015, 207, 315-322, DOI:
10.1016/j.molliq.2015.04.001.

H. J. M. Al-Agealy, S. S. Al-Obaidi and S. R. Abbas, Theore-
tical Investigation of Electronic Transfer Rate for Au Metal
Contact with Bathocuproine BCP Dye, Mater. Sci. Forum,
2021, 1039, 363-372, DOI: 10.4028/www.scientific.net/MSF.
1039.363.

M. N. Roy, T. Ray, M. Chandra Roy and B. Datta, Study of
Ion-Pair and Triple-Ion Origination of an Ionic Liquid
((Bmmim][BF,]) Predominant in Solvent Systems, RSC
Adv., 2014, 4(107), 62244-62254, DOIL: 10.1039/CARA09506E.
H. Lee, S. Hwang, M. Kim, K. Kwak, J. Lee, Y.-K. Han and
H. Lee, Why Does Dimethyl Carbonate Dissociate Li Salt
Better Than Other Linear Carbonates? Critical Role of
Polar Conformers, J. Phys. Chem. Lett., 2020, 11(24),
10382-10387, DOI: 10.1021/acs.jpclett.0c03235.

F. Wang, J. Zhong, Y. Guo, Q. Han, H. Liu, J. Du, J. Tian,
S. Tang and Y. Cao, Fluorinated Nonflammable In Situ
Gel Polymer Electrolyte for High-Voltage Lithium Metal
Batteries, ACS Appl. Mater. Interfaces, 2023, 15(33),
39265-39275, DOIL: 10.1021/acsami.3c05840.

Soft Matter, 2026, 22, 838-859 | 853


https://doi.org/10.1016/j.jmst.2024.01.084
https://doi.org/10.1016/j.jmst.2024.01.084
https://doi.org/10.1021/acsaem.&QJ;2c00831
https://doi.org/10.1021/acsaem.&QJ;2c00831
https://doi.org/10.1021/acsaem.9b00295
https://doi.org/10.3390/membranes&QJ;5040752
https://doi.org/10.3390/membranes&QJ;5040752
https://doi.org/10.1016/j.coelec.2022.101046
https://doi.org/10.1002/aenm.202300068
https://doi.org/10.1021/acs.&QJ;jpcc.5b09130
https://doi.org/10.1021/acs.&QJ;jpcc.5b09130
https://doi.org/10.1021/acsaem.4c01984
https://doi.org/10.1039/D1GC03996B
https://doi.org/10.1002/aenm.202001456
https://doi.org/10.1016/S0013-4686&QJ;(99)00426-0
https://doi.org/10.1016/S0013-4686&QJ;(99)00426-0
https://doi.org/10.1149/06901.0107ecst
https://doi.org/10.1021/j100702a008
https://doi.org/10.1063/1.2834203
https://doi.org/10.1039/D2TC04220G
https://doi.org/10.1021/je020131a
https://doi.org/10.1002/smsc.202100058
https://doi.org/10.1149/2.0981803jes
https://doi.org/10.1016/j.electacta.2015.02.042
https://doi.org/10.1088/1361-6463/aa5dbc
https://doi.org/10.1016/j.molliq.2015.04.001
https://doi.org/10.4028/www.scientific.net/MSF.&QJ;1039.363
https://doi.org/10.4028/www.scientific.net/MSF.&QJ;1039.363
https://doi.org/10.1039/C4RA09506E
https://doi.org/10.1021/acs.jpclett.0c03235
https://doi.org/10.1021/acsami.3c05840
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

106

107

108

109

110

111

112

113

114

115

116

117

Q. Sun, S. Wang, Y. Ma, D. Song, H. Zhang, X. Shi,
N. Zhang and L. Zhang, Li-Ion Transfer Mechanism of
Gel Polymer Electrolyte with Sole Fluoroethylene Carbo-
nate Solvent, Adv. Mater., 2023, 35(28), 2300998, DOI:
10.1002/adma.202300998.

D. Ouyang, K. Wang, Y. Pang and Z. Wang, Optimal Blend
between Carbonate Solvents and Fluoroethylene Carbonate
for High-Voltage and High-Safety Li(Ni0.8Mn0.1C00.1)02
Lithium-lTon Cells, ACS Appl Energy Mater., 2023, 6(3),
2063-2071, DOL: 10.1021/acsaem.2¢c04081.

Z. Abbasian Chaleshtari and R. Foudazi, A Review on Per-
and Polyfluoroalkyl Substances (PFAS) Remediation:
Separation Mechanisms and Molecular Interactions, ACS
ES&T Water, 2022, 2(12), 2258-2272, DOL 10.1021/acs
estwater.2c00271.

P. F. R. Ortega, J. P. C. Trigueiro, G. G. Silva and R. L.
Lavall, Improving Supercapacitor Capacitance by Using a
Novel Gel Nanocomposite Polymer Electrolyte Based on
Nanostructured SiO2, PVDF and Imidazolium Ionic Liquid,
Electrochim. Acta, 2016, 188, 809-817, DOI: 10.1016/
j-electacta.2015.12.056.

W. Lu, K. Henry, C. Turchi and J. Pellegrino, Incorporating
Ionic Liquid Electrolytes into Polymer Gels for Solid-State
Ultracapacitors, J. Electrochem. Soc., 2008, 155(5), A361,
DOI: 10.1149/1.2869202.

Y. Kumar, G. P. Pandey and S. A. Hashmi, Gel Polymer
Electrolyte Based Electrical Double Layer Capacitors: Com-
parative Study with Multiwalled Carbon Nanotubes and
Activated Carbon Electrodes, J. Phys. Chem. C, 2012,
116(50), 26118-26127, DOI: 10.1021/jp305128z.

S. Sultana, K. Ahmed, P. K. Jiwanti, B. Y. Wardhana and
M. N. L. Shiblee, Ionic Liquid-Based Gels for Applications
in Electrochemical Energy Storage and Conversion
Devices: A Review of Recent Progress and Future Prospects,
Gels, 2021, 8(1), 2, DOI: 10.3390/gels8010002.

S. Siyahjani, S. Oner, H. Diker, B. Gultekin and C. Varlikli,
Enhanced Capacitive Behaviour of Graphene Based Elec-
trochemical Double Layer Capacitors by Etheric Substitu-
tion on Ionic Liquids, J. Power Sources, 2020, 467, 228353,
DOI: 10.1016/j.jpowsour.2020.228353.

Z. Song, H. Duan, L. Li, D. Zhu, T. Cao, Y. Lv, W. Xiong,
Z. Wang, M. Liu and L. Gan, High-Energy Flexible Solid-
State Supercapacitors Based on O, N, S-Tridoped Carbon
Electrodes and a 3.5 V Gel-Type Electrolyte, Chem. Eng. J.,
2019, 372, 1216-1225, DOL: 10.1016/j.cej.2019.05.019.

D. Kim, P. K. Kannan and C. Chung, High-Performance
Flexible Supercapacitors Based on Ionogel Electrolyte with
an Enhanced Ionic Conductivity, ChemistrySelect, 2018,
3(7), 2190-2195, DOI: 10.1002/slct.201702711.

L. Rebollar and M. ]J. Panzer, Zwitterionic Copolymer-
Supported Ionogel Electrolytes: Impacts of Varying the
Zwitterionic Group and Ionic Liquid Identities, ChemElec-
troChem, 2019, 6(9), 2482-2488, DOI: 10.1002/celc.2019
00378.

S. Theivaprakasam, D. R. MacFarlane and S. Mitra, Elec-
trochemical Studies of N-Methyl N-Propyl Pyrrolidinium

854 | Soft Matter, 2026, 22, 838-859

118

119

120

121

122

123

124

125

126

127

128

View Article Online

Perspective

Bis(Trifluoromethanesulfonyl) Imide Ionic Liquid Mix-
tures with Conventional Electrolytes in LiFePO4/Li Cells,
Electrochim. Acta, 2015, 180, 737-745, DOI: 10.1016/
j-electacta.2015.08.137.

M. Kirchhofer, J. Von Zamory, E. Paillard and S. Passerini,
Separators for Li-Ion and Li-Metal Battery Including Ionic
Liquid Based Electrolytes Based on the TFSI- and FSI-
Anions, Int. J. Mater. Sci., 2014, 15(8), 14868-14890, DOI:
10.3390/ijms150814868.

C. Gerbaldi, J. R. Nair, S. Ferrari, A. Chiappone, G. Meligrana,
S. Zanarini, P. Mustarelli, N. Penazzi and R. Bongiovanni,
New Electrolyte Membranes for Li-Based Cells: Methacrylic
Polymers Encompassing Pyrrolidinium-Based Ionic Liquid
by Single Step Photo-Polymerisation, J. Membr. Sci., 2012,
423-424, 459-467, DOI: 10.1016/j.memsci.2012.08.057.

S. Sen, S. E. Goodwin, P. V. Barbara, G. A. Rance, D. Wales,
J. M. Cameron, V. Sans, M. Mamlouk, K. Scott and D. A.
Walsh, Gel-Polymer Electrolytes Based on Poly(Ionic
Liquid)/Ionic Liquid Networks, ACS Appl. Polym. Mater.,
2021, 3(1), 200-208, DOI: 10.1021/acsapm.0c01042.

M. Kerner, N. Plylahan, J. Scheers and P. Johansson, Ionic
Liquid Based Lithium Battery Electrolytes: Fundamental
Benefits of Utilising Both TFSI and FSI Anions?, Phys.
Chem. Chem. Phys., 2015, 17(29), 19569-19581, DOI:
10.1039/C5CP01891A.

T. Yan, Y. Zou, X. Zhang, D. Li, X. Guo and D. Yang,
Hydrogen Bond Interpenetrated Agarose/PVA Network: A
Highly Ionic Conductive and Flame-Retardant Gel Polymer
Electrolyte, ACS Appl. Mater. Interfaces, 2021, 13(8),
9856-9864, DOI: 10.1021/acsami.0c20702.

B. Zhou, D. He, J. Hu, Y. Ye, H. Peng, X. Zhou, X. Xie and
Z. Xue, A Flexible, Self-Healing and Highly Stretchable
Polymer Electrolyte via Quadruple Hydrogen Bonding for
Lithium-Ton Batteries, J. Mater. Chem. A, 2018, 6(25),
11725-11733, DOI: 10.1039/C8TA01907].

J. H. Jung, J. H. Lee, J. R. Silverman and G. John, Coordina-
tion Polymer Gels with Important Environmental and
Biological Applications, Chem. Soc. Rev., 2013, 42(3),
924-936, DOI: 10.1039/C2CS35407A.

P. Sutar and T. K. Maji, Coordination Polymer Gels: Soft
Metal-Organic Supramolecular Materials and Versatile
Applications, Chem. Commun., 2016, 52(52), 8055-8074,
DOI: 10.1039/C6CC01955B.

J. Zhang and C.-Y. Su, Metal-Organic Gels: From Discrete
Metallogelators to Coordination Polymers, Coord. Chem.
Rev., 2013, 257(7-8), 1373-1408, DOIL: 10.1016/j.ccr.2013.
01.005.

B. Cong, Y. Xie, Y. Wu, H. Zhou, C. Chen, X. Zhao and
D. Chao, Metal-Organic Coordination Polymer Bearing
Dual-Redox Centra Enables High-Performance Electro-
chromic Supercapacitor, Chem. Eng. J., 2023, 474, 145528,
DOI: 10.1016/j.cej.2023.145528.

A. Bandegi, M. Marquez Garcia, J. L. Baiuelos, M. A.
Firestone and R. Foudazi, Soft Nanoconfinement of Ionic
Liquids in Lyotropic Liquid Crystals, Soft Matter, 2021,
17(35), 8118-8129, DOI: 10.1039/D1SM00796C.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1002/adma.202300998
https://doi.org/10.1021/acsaem.2c04081
https://doi.org/10.1021/acs&QJ;estwater.2c00271
https://doi.org/10.1021/acs&QJ;estwater.2c00271
https://doi.org/10.1016/&QJ;j.electacta.2015.12.056
https://doi.org/10.1016/&QJ;j.electacta.2015.12.056
https://doi.org/10.1149/1.2869202
https://doi.org/10.1021/jp305128z
https://doi.org/10.3390/gels8010002
https://doi.org/10.1016/j.jpowsour.2020.228353
https://doi.org/10.1016/j.cej.2019.05.019
https://doi.org/10.1002/slct.201702711
https://doi.org/10.1002/celc.2019&QJ;00378
https://doi.org/10.1002/celc.2019&QJ;00378
https://doi.org/10.1016/j.electacta.2015.08.137
https://doi.org/10.1016/j.electacta.2015.08.137
https://doi.org/10.3390/ijms150814868
https://doi.org/10.1016/j.memsci.2012.08.057
https://doi.org/10.1021/acsapm.0c01042
https://doi.org/10.1039/C5CP01891A
https://doi.org/10.1021/acsami.0c20702
https://doi.org/10.1039/C8TA01907J
https://doi.org/10.1039/C2CS35407A
https://doi.org/10.1039/C6CC01955B
https://doi.org/10.1016/j.ccr.2013.&QJ;01.005
https://doi.org/10.1016/j.ccr.2013.&QJ;01.005
https://doi.org/10.1016/j.cej.2023.145528
https://doi.org/10.1039/D1SM00796C
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

129

130

131

132

133

134

135

136

137

138

139

140

141

A. Bandegi, M. Marquez Garcia, J. L. Bafiuelos, M. A.
Firestone and R. Foudazi, Soft Nanoconfinement of Ionic
Liquids in Lyotropic Liquid Crystals, Soft Matter, 2021,
17(35), 8118-8129, DOI: 10.1039/D1SM00796C.

A. Bandegi, J. L. Bafiuelos and R. Foudazi, Formation of
Ion Gels by Polymerization of Block Copolymer/Ionic
Liquid/Oil Mesophases, Soft Matter, 2020, 16(26),
6102-6114, DOI: 10.1039/DOSM00850H.

A. Bandegi, K. Kim and R. Foudazi, Ion Transport in
Polymerized Lyotropic Liquid Crystals Containing Ionic
Liquid, J. Polym. Sci., 2021, 59(20), 2334-2344, DOI:
10.1002/pol.20210440.

Y. He and T. P. Lodge, A Thermoreversible Ion Gel by
Triblock Copolymer Self-Assembly in an Ionic Liquid,
Chem. Commun., 2007, (26), 2732-2734, DOIL: 10.1039/
B704490A.

S. Zhang, K. H. Lee, C. D. Frisbie and T. P. Lodge, Ionic
Conductivity, Capacitance, and Viscoelastic Properties of
Block Copolymer-Based Ion Gels, Macromolecules, 2011,
44(4), 940-949, DOI: 10.1021/ma102435a.

Y. He, P. G. Boswell, P. Bithlmann and T. P. Lodge, Ion Gels
by Self-Assembly of a Triblock Copolymer in an Ionic
Liquid, J. Phys. Chem. B, 2007, 111(18), 4645-4652, DOI:
10.1021/jp064574n.

T. C. Lourenco, M. Ebadi, M. J. Panzer, D. Brandell and
L. T. Costa, A Molecular Dynamics Study of a Fully Zwitter-
ionic Copolymer/Tonic Liquid-based Electrolyte: Li" Trans-
port Mechanisms and Ionic Interactions, J. Comput. Chem.,
2021, 42(23), 1689-1703, DOI: 10.1002/jcc.26706.

T. C. Lourenco, M. Ebadi, M. J. Panzer, D. Brandell and
L. T. Costa, A Molecular Dynamics Study of a Fully Zwitter-
ionic Copolymer/Tonic Liquid-based Electrolyte: Li" Trans-
port Mechanisms and Ionic Interactions, J. Comput. Chem.,
2021, 42(23), 1689-1703, DOI: 10.1002/jcc.26706.

J.-H. Shin, W. A. Henderson, S. Scaccia, P. P. Prosini and
S. Passerini, Solid-State Li/LiFePO4 Polymer Electrolyte
Batteries Incorporating an Ionic Liquid Cycled at 40 °C,
J. Power Sources, 2006, 156(2), 560-566, DOIL: 10.1016/
j-jpowsour.2005.06.026.

Q. Wang, B. Zhang, J. Zhang, Y. Yu, P. Hu, C. Zhang,
G. Ding, Z. Liu, C. Zong and G. Cui, Heat-Resistant and
Rigid-Flexible Coupling Glass-Fiber Nonwoven Supported
Polymer Electrolyte for High-Performance Lithium Ion
Batteries, Electrochim. Acta, 2015, 157, 191-198, DOI:
10.1016/j.electacta.2015.01.083.

K. Choi, S. Cho, S. Kim, Y. H. Kwon, J. Y. Kim and S. Lee,
Thin, Deformable, and Safety-Reinforced Plastic Crystal
Polymer Electrolytes for High-Performance Flexible
Lithium-Ion Batteries, Adv. Funct. Mater., 2014, 24(1), 44-52,
DOI: 10.1002/adfm.201301345.

J. I. Kim, Y. Choi, K. Y. Chung and J. H. Park, A Structur-
able Gel-Polymer Electrolyte for Sodium Ion Batteries, Adv.
Funct. Mater., 2017, 27(34), 1701768, DOIL 10.1002/
adfm.201701768.

Z. Bi, W. Huang, S. Mu, W. Sun, N. Zhao and X. Guo, Dual-
Interface Reinforced Flexible Solid Garnet Batteries

This journal is © The Royal Society of Chemistry 2026

142

143

144

145

146

147

148

149

150

151

152

View Article Online

Soft Matter

Enabled by in-Situ Solidified Gel Polymer Electrolytes,
Nano Energy, 2021, 90, 106498, DOIL 10.1016/j.nanoen.
2021.106498.

P. Xu, Z.-Y. Shuang, C.-Z. Zhao, X. Li, L.-Z. Fan, A. Chen,
H. Chen, E. Kuzmina, E. Karaseva, V. Kolosnitsyn, X. Zeng,
P. Dong, Y. Zhang, M. Wang and Q. Zhang, A Review of
Solid-State Lithium Metal Batteries through in-Situ Solidi-
fication, Sci. China: Chem., 2024, 67(1), 67-86, DOI:
10.1007/s11426-023-1866-y.

M. Liu, D. Zhou, Y.-B. He, Y. Fu, X. Qin, C. Miao, H. Du,
B. Li, Q.-H. Yang, Z. Lin, T. S. Zhao and F. Kang, Novel Gel
Polymer Electrolyte for High-Performance Lithium-Sulfur
Batteries, Nano Energy, 2016, 22, 278-289, DOI: 10.1016/
j-nanoen.2016.02.008.

X. Liu, G. Ding, X. Zhou, S. Li, W. He, J. Chai, C. Pang,
Z. Liu and G. Cui, An Interpenetrating Network Poly-
(Diethylene Glycol Carbonate)-Based Polymer Electrolyte
for Solid State Lithium Batteries, J. Mater. Chem. A, 2017,
5[22), 11124-11130, DOI: 10.1039/C7TA02423A.

D. Zhou, R. Liu, J. Zhang, X. Qi, Y.-B. He, B. Li, Q.-H. Yang,
Y.-S. Hu and F. Kang, In Situ Synthesis of Hierarchical
Poly(Ionic Liquid)-Based Solid Electrolytes for High-Safety
Lithium-Ion and Sodium-Ion Batteries, Nano Energy, 2017,
33, 45-54, DOI: 10.1016/j.nanoen.2017.01.027.

D. Lei, K. Shi, H. Ye, Z. Wan, Y. Wang, L. Shen, B. Li,
Q. Yang, F. Kang and Y. He, Progress and Perspective of
Solid-State Lithium-Sulfur Batteries, Adv. Funct. Mater.,
2018, 28(38), 1707570, DOI: 10.1002/adfm.201707570.

M. A. B. H. Susan, T. Kaneko, A. Noda and M. Watanabe,
Ion Gels Prepared by in Situ Radical Polymerization of
Vinyl Monomers in an Ionic Liquid and Their Character-
ization as Polymer Electrolytes, J. Am. Chem. Soc., 2005,
127(13), 4976-4983, DOI: 10.1021/ja045155b.

T. Bok, S.-]. Cho, S. Choi, K.-H. Choi, H. Park, S.-Y. Lee and
S. Park, An Effective Coupling of Nanostructured Si and
Gel Polymer Electrolytes for High-Performance Lithium-
Ion Battery Anodes, RSC Adv., 2016, 6(9), 6960-6966, DOI:
10.1039/C5RA24256H.

Y. Cho, C. Hwang, D. S. Cheong, Y. Kim and H. Song, Gel/
Solid Polymer Electrolytes Characterized by In Situ Gela-
tion or Polymerization for Electrochemical Energy Sys-
tems, Adv. Mater., 2019, 31(20), 1804909, DOI: 10.1002/
adma.201804909.

Z. Li, H.-X. Xie, X.-Y. Zhang and X. Guo, In Situ Thermally
Polymerized Solid Composite Electrolytes with a Broad
Electrochemical Window for All-Solid-State Lithium Metal
Batteries, J. Mater. Chem. A, 2020, 8(7), 3892-3900, DOI:
10.1039/C9TA09969G.

Y. Cui, J. Chai, H. Du, Y. Duan, G. Xie, Z. Liu and G. Cui,
Facile and Reliable in Situ Polymerization of Poly(Ethyl
Cyanoacrylate)-Based Polymer Electrolytes toward Flexible
Lithium Batteries, ACS Appl. Mater. Interfaces, 2017, 9(10),
8737-8741, DOI: 10.1021/acsami.6b16218.

H.-S. Woo, H. Son, J.-Y. Min, J. Rhee, H.-T. Lee and
D.-W. Kim, Ionic Liquid-Based Gel Polymer Electrolyte
Containing Zwitterion for Lithium-Oxygen Batteries,

Soft Matter, 2026, 22, 838-859 | 855


https://doi.org/10.1039/D1SM00796C
https://doi.org/10.1039/D0SM00850H
https://doi.org/10.1002/pol.20210440
https://doi.org/10.1039/B704490A
https://doi.org/10.1039/B704490A
https://doi.org/10.1021/ma102435a
https://doi.org/10.1021/jp064574n
https://doi.org/10.1002/jcc.26706
https://doi.org/10.1002/jcc.26706
https://doi.org/10.1016/j.jpowsour.2005.06.026
https://doi.org/10.1016/j.jpowsour.2005.06.026
https://doi.org/10.1016/j.electacta.2015.01.083
https://doi.org/10.1002/adfm.201301345
https://doi.org/10.1002/adfm.201701768
https://doi.org/10.1002/adfm.201701768
https://doi.org/10.1016/j.nanoen.&QJ;2021.106498
https://doi.org/10.1016/j.nanoen.&QJ;2021.106498
https://doi.org/10.1007/s11426-023-1866-y
https://doi.org/10.1016/j.nanoen.2016.02.008
https://doi.org/10.1016/j.nanoen.2016.02.008
https://doi.org/10.1039/C7TA02423A
https://doi.org/10.1016/j.nanoen.2017.01.027
https://doi.org/10.1002/adfm.201707570
https://doi.org/10.1021/ja045155b
https://doi.org/10.1039/C5RA24256H
https://doi.org/10.1002/adma.201804909
https://doi.org/10.1002/adma.201804909
https://doi.org/10.1039/C9TA09969G
https://doi.org/10.1021/acsami.6b16218
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

153

154

155

156

157

158

159

160

161

162

163

Electrochim. Acta, 2020, 345, 10.1016/
j-electacta.2020.136248.

L. Chai, Z. Zou, Z. Yang and G. Yang, The Role of Zwitterionic
Crosslinks in Facilitating Ion Conduction, Lithium Deposi-
tion, and Stable Interface Formation for Polymer Electrolyte-
Based Lithium Metal Batteries, J. Mater. Chem. A, 2024,
12(31), 20288-20299, DOI: 10.1039/D4TA02898H.

G. N. Lewis and F. G. Keyes, The potential of the lithium
electrode, J. Am. Chem. Soc., 1913, 35(4), 340-344, DOL:
10.1021/ja02193a004.

Y. Tian, G. Zeng, A. Rutt, T. Shi, H. Kim, ]J. Wang,
J. Koettgen, Y. Sun, B. Ouyang, T. Chen, Z. Lun, Z. Rong,
K. Persson and G. Ceder, Promises and Challenges of Next-
Generation ‘“Beyond Li-Ion” Batteries for Electric Vehicles
and Grid Decarbonization, Chem. Rev., 2021, 121(3),
1623-1669, DOI: 10.1021/acs.chemrev.0c00767.

M. Li, J. Lu, Z. Chen and K. Amine, 30 Years of Lithium-Ion
Batteries, Adv. Mater., 2018, 30(33), 1800561, DOI: 10.1002/
adma.201800561.

L. Du, G. Xu, C. Sun, Y.-H. Zhang, H. Zhang, T. Dong,
L. Huang, J. Ma, F. Sun, C. Li, X. Zhuang, S. Zhang, J. Li,
B. Xie, J. Wang, J. Zhao, J. Ju, Z. Hu, F.-H. Chang, C.-Y. Kuo,
C.-T. Chen, A. Hilger, 1. Manke, S. Dong and G. Cui, Smart
Gel Polymer Electrolytes Enlightening High Safety and
Long Life Sodium Ion Batteries, Nat. Commun., 2025,
16(1), 2979, DOI: 10.1038/s41467-025-57964-7.

L. Zhao, T. Zhang, W. Li, T. Li, L. Zhang, X. Zhang and
Z. Wang, Engineering of Sodium-Ion Batteries: Opportu-
nities and Challenges, Engineering, 2023, 24, 172-183, DOI:
10.1016/j.eng.2021.08.032.

M. Mamoor, Y. Li, L. Wang, Z. Jing, B. Wang, G. Qu,
L. Kong, Y. Li, Z. Guo and L. Xu, Recent Progress on
Advanced High Energy Electrode Materials for Sodium
Ion Batteries, Green Energy Resour., 2023, 1(3), 100033,
DOI: 10.1016/j.gerr.2023.100033.

K.-T. Chen, Y.-C. Yang, L.-M. Lyu, M.-Y. Lu and H.-Y. Tuan,
In Situ Formed Robust Submicron-Sized Nanocrystalline
Aggregates Enable Highly-Reversible Potassium Ion Storage,
Nano Energy, 2021, 88, 106233, DOIL: 10.1016/j.nanoen.
2021.106233.

V. Madhani, M. S. Rathore and D. Kumar, The Effects of
Solvents on the Physical and Electrochemical Properties of
Potassium-Ion Conducting Polymer Gel Electrolytes, High
Perform. Polym., 2023, 35(1), 28-35, DOIL 10.1177/0954
0083221112310.

M. Wang, C. Jiang, S. Zhang, X. Song, Y. Tang and H.-M.
Cheng, Reversible Calcium Alloying Enables a Practical
Room-Temperature Rechargeable Calcium-Ion Battery
with a High Discharge Voltage, Nat. Chem., 2018, 10(6),
667-672, DOI: 10.1038/s41557-018-0045-4.

D. Aurbach, Y. Gofer, Z. Lu, A. Schechter, O. Chusid,
H. Gizbar, Y. Cohen, V. Ashkenazi, M. Moshkovich,
R. Turgeman and E. Levi, A Short Review on the Compar-
ison between Li Battery Systems and Rechargeable Magne-
sium Battery Technology, J. Power Sources, 2001, 97-98,
28-32, DOI: 10.1016/S0378-7753(01)00585-7.

136248, DOI:

856 | Soft Matter, 2026, 22, 838-859

164

165

166

167

168

169

170

171

172

173

174

175

176

View Article Online

Perspective

P. Novak, R. Imhof and O. Haas, Magnesium Insertion
Electrodes for Rechargeable Nonaqueous Batteries—a
Competitive Alternative to Lithium?, Electrochim. Acta,
1999, 45(1-2), 351-367, DOIL 10.1016/S0013-4686(99)
00216-9.

L. Wang, Z. Li, Z. Meng, Y. Xiu, B. Dasari, Z. Zhao-Karger
and M. Fichtner, Designing Gel Polymer Electrolyte with
Synergetic Properties for Rechargeable Magnesium Bat-
teries, Energy Storage Mater., 2022, 48, 155-163, DOI:
10.1016/j.ensm.2022.03.006.

A. Ponrouch, C. Frontera, F. Bardé and M. R. Palacin,
Towards a Calcium-Based Rechargeable Battery, Nat.
Mater., 2016, 15(2), 169-172, DOI: 10.1038/nmat4462.

R. J. Gummow, G. Vamvounis, M. B. Kannan and Y. He,
Calcium-Ion Batteries: Current State-of-the-Art and Future
Perspectives, Adv. Mater., 2018, 30(39), 1801702, DOL:
10.1002/adma.201801702.

J. Muldoon, C. B. Bucur and T. Gregory, Quest for Non-
aqueous Multivalent Secondary Batteries: Magnesium and
Beyond, Chem. Rev., 2014, 114(23), 11683-11720, DOL:
10.1021/cr500049y.

N. S. Schauser, R. Seshadri and R. A. Segalman, Multi-
valent Ion Conduction in Solid Polymer Systems, Mol. Syst.
Des. Eng., 2019, 4(2), 263-279, DOI: 10.1039/C8ME00096D.
G. Antonio Elia, I. Hasa, G. Greco, T. Diemant, K.
Marquardt, K. Hoeppner, R. Jirgen Behm, A. Hoell,
S. Passerini and R. Hahn, Insights into the Reversibility
of Aluminum Graphite Batteries, J. Mater. Chem. A, 2017,
5(20), 9682-9690, DOI: 10.1039/C7TA01018D.

Y. Zhang, S. Liu, Y. Ji, J. Ma and H. Yu, Emerging
Nonaqueous Aluminum-Ion Batteries: Challenges, Status,
and Perspectives, Adv. Mater., 2018, 30(38), 1706310, DOI:
10.1002/adma.201706310.

F. Wu, H. Yang, Y. Bai and C. Wu, Paving the Path toward
Reliable Cathode Materials for Aluminum-Ion Batteries,
Adv. Mater., 2019, 31(16), 1806510, DOI: 10.1002/adma.
201806510.

D. Ma, D. Yuan, C. Ponce de Leén, Z. Jiang, X. Xia and
J. Pan, Current Progress and Future Perspectives of Electro-
lytes for Rechargeable Aluminum-lon Batteries, Energy
Environ. Mater., 2023, 6(1), €12301, DOI: 10.1002/eem2.12301.
Z. Liu, X. Wang, Z. Liu, S. Zhang, Z. Lv, Y. Cui, L. Du, K. Li,
G. Zhang, M.-C. Lin and H. Du, Low-Cost Gel Polymer
Electrolyte for High-Performance Aluminum-Ion Batteries,
ACS Appl. Mater. Interfaces, 2021, 13(24), 28164-28170,
DOI: 10.1021/acsami.1c05476.

H. Cheng, C. Zhu, B. Huang, M. Lu and Y. Yang, Synthesis
and Electrochemical Characterization of PEO-Based Poly-
mer Electrolytes with Room Temperature Ionic Liquids,
Electrochim. Acta, 2007, 52(19), 5789-5794, DOI: 10.1016/
j-electacta.2007.02.062.

S. H. Siyal, M. Li, H. Li, J.-L. Lan, Y. Yu and X. Yang,
Ultraviolet Irradiated PEO/LATP Composite Gel Polymer
Electrolytes for Lithium-Metallic Batteries (LMBs), Appl.
Surf. Sci., 2019, 494, 1119-1126, DOI: 10.1016/j.apsusc.
2019.07.179.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1016/j.electacta.2020.136248
https://doi.org/10.1016/j.electacta.2020.136248
https://doi.org/10.1039/D4TA02898H
https://doi.org/10.1021/ja02193a004
https://doi.org/10.1021/acs.chemrev.0c00767
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1038/s41467-025-57964-7
https://doi.org/10.1016/j.eng.2021.08.032
https://doi.org/10.1016/j.gerr.2023.100033
https://doi.org/10.1016/j.nanoen.&QJ;2021.106233
https://doi.org/10.1016/j.nanoen.&QJ;2021.106233
https://doi.org/10.1177/0954&QJ;0083221112310
https://doi.org/10.1177/0954&QJ;0083221112310
https://doi.org/10.1038/s41557-018-0045-4
https://doi.org/10.1016/S0378-7753(01)00585-7
https://doi.org/10.1016/S0013-4686(99)&QJ;00216-9
https://doi.org/10.1016/S0013-4686(99)&QJ;00216-9
https://doi.org/10.1016/j.ensm.2022.03.006
https://doi.org/10.1038/nmat4462
https://doi.org/10.1002/adma.201801702
https://doi.org/10.1021/cr500049y
https://doi.org/10.1039/C8ME00096D
https://doi.org/10.1039/C7TA01018D
https://doi.org/10.1002/adma.201706310
https://doi.org/10.1002/adma.&QJ;201806510
https://doi.org/10.1002/adma.&QJ;201806510
https://doi.org/10.1002/eem2.12301
https://doi.org/10.1021/acsami.1c05476
https://doi.org/10.1016/j.electacta.2007.02.062
https://doi.org/10.1016/j.electacta.2007.02.062
https://doi.org/10.1016/j.apsusc.&QJ;2019.07.179
https://doi.org/10.1016/j.apsusc.&QJ;2019.07.179
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

177

178

179

180

181

182

183

184

185

186

187

188

J. shi, Y. Yang and H. Shao, Co-Polymerization and Blend-
ing Based PEO/PMMA/P(VDF-HFP) Gel Polymer Electrolyte
for Rechargeable Lithium Metal Batteries, J. Membr. Sci.,
2018, 547, 1-10, DOI: 10.1016/j.memsci.2017.10.033.

M. Y. Zhang, M. X. Li, Z. Chang, Y. F. Wang, J. Gao,
Y. S. Zhu, Y. P. Wu and W. Huang, A Sandwich PVDF/
HEC/PVDF Gel Polymer Electrolyte for Lithium Ion Battery,
Electrochim. Acta, 2017, 245, 752-759, DOI: 10.1016/j.elec
tacta.2017.05.154.

J. Jie, Y. Liu, L. Cong, B. Zhang, W. Lu, X. Zhang, ]J. Liu,
H. Xie and L. Sun, High-Performance PVDF-HFP Based Gel
Polymer Electrolyte with a Safe Solvent in Li Metal Polymer
Battery, J. Energy Chem., 2020, 49, 80-88, DOIL: 10.1016/
j-jechem.2020.01.019.

R. Subadevi, M. Sivakumar, S. Rajendran, H.-C. Wu and
N.-L. Wu, Development and Characterizations of PVdF-PEMA
Gel Polymer Electrolytes, Ionics, 2012, 18(3), 283-289, DOL:
10.1007/s11581-011-0629-0.

Y.-Q. Shen, F.-L. Zeng, X.-Y. Zhou, A. Wang, W. Wang,
N.-Y. Yuan and J.-N. Ding, A Novel Permselective Organo-
Polysulfides/PVDF Gel Polymer Electrolyte Enables Stable
Lithium Anode for Lithium-Sulfur Batteries, J. Energy Chem.,
2020, 48, 267-276, DOL: 10.1016/j.jechem.2020.01.016.

P. Xu, H. Chen, X. Zhou and H. Xiang, Gel Polymer
Electrolyte Based on PVDF-HFP Matrix Composited with
rGO-PEG-NH2 for High-Performance Lithium Ion Battery,
J. Membr. Sci., 2021, 617, 118660, DOIL: 10.1016/j.memsci.
2020.118660.

K. Luo, L. Yi, X. Chen, L. Yang, C. Zou, X. Tao, H. Li, T. Wu
and X. Wang, PVDF-HFP-Modified Gel Polymer Electrolyte
for the Stable Cycling Lithium Metal Batteries, J. Electroanal.
Chem., 2021, 895, 115462, DOIL 10.1016/j.jelechem.2021.
115462.

X. Hao, H. Wenren, X. Wang, X. Xia and J. Tu, A Gel
Polymer Electrolyte Based on PVDF-HFP Modified Double
Polymer Matrices via Ultraviolet Polymerization for
Lithium-Sulfur Batteries, J. Colloid Interface Sci., 2020,
558, 145-154, DOI: 10.1016/j.jcis.2019.09.116.

H. Chen, P. Xu, L. Chen, X. Li and Y. Ding, Enhanced Ion
Transport in PVDF-HFP Gel Polymer Electrolyte Contain-
ing PDA@BN for Lithium Ion Batteries, Mater. Lett., 2020,
277, 128391, DOI: 10.1016/j.matlet.2020.128391.

J. Castillo, A. Santiago, X. Judez, 1. Garbayo, J. A. Coca
Clemente, M. C. Morant-Mifiana, A. Villaverde, ]J. A.
Gonzalez-Marcos, H. Zhang, M. Armand and C. Li, Safe,
Flexible, and High-Performing Gel-Polymer Electrolyte for
Rechargeable Lithium Metal Batteries, Chem. Mater., 2021,
33(22), 8812-8821, DOI: 10.1021/acs.chemmater.1c02952.

X. Li, Z. Zheng, W. Guo, G. Fu and Y. Zhu, Flexible and
Compact PVDF/PMMA-Based Gel Polymer Electrolytes for
High-Performance Sodium Metal Batteries, Macromol.
Rapid Commun., 2025, 46(3), 2400689, DOI: 10.1002/
marc.202400689.

S. Janakiraman, A. Agrawal, R. Biswal and A. Venimadhav, An
Amorphous Polyvinylidene Fluoride-Co-Hexafluoropropylene
Based Gel Polymer Electrolyte for Sodium-Ion Cells, Appl

This journal is © The Royal Society of Chemistry 2026

189

190

191

192

193

194

195

196

197

198

199

200

View Article Online

Soft Matter

Surf. Sci. Adv., 2021, 6, 100139, DOIL: 10.1016/j.apsadv.2021.
100139.

H. Lai, Y. Lu, W. Zha, Y. Hu, Y. Zhang, X. Wu and Z. Wen,
In Situ Generated Composite Gel Polymer Electrolyte with
Crosslinking Structure for Dendrite-Free and High-
Performance Sodium Metal Batteries, Energy Storage
Mater., 2023, 54, 478-487, DOIL: 10.1016/j.ensm.2022.
10.032.

N. Mittal, S. Tien, E. Lizundia and M. Niederberger, Hier-
archical Nanocellulose-Based Gel Polymer Electrolytes for
Stable Na Electrodeposition in Sodium Ion Batteries, Small,
2022, 18(43), 2107183, DOI: 10.1002/smll.202107183.

J. Wang, G. Chen and S. Song, Na-Ion Conducting Gel
Polymer Membrane for Flexible Supercapacitor Applica-
tion, Electrochim. Acta, 2020, 330, 135322, DOI: 10.1016/
j-electacta.2019.135322.

Y. Q. Yang, Z. Chang, M. X. Li, X. W. Wang and Y. P. Wu, A
Sodium Ion Conducting Gel Polymer Electrolyte, Solid
State Ionics, 2015, 269, 1-7, DOI: 10.1016/j.s5i.2014.11.015.
R. Mishra, S. K. Singh, H. Gupta, R. K. Tiwari, D.
Meghnani, A. Patel, A. Tiwari, V. K. Tiwari and R. K.
Singh, Polar B-Phase PVdF-HFP-Based Freestanding and
Flexible Gel Polymer Electrolyte for Better Cycling Stability
in a Na Battery, Energy Fuels, 2021, 35(18), 15153-15165,
DOI: 10.1021/acs.energyfuels.1c02114.

H. Verma, K. Mishra and D. K. Rai, Microporous PVDF-
PMMA Blend-Based Gel Polymer Electrolyte for Electro-
chemical Applications: Effect of PMMA on Electrochemical
and Structural Properties, J. Electron. Mater., 2022, 51(2),
635-651, DOI: 10.1007/s11664-021-09314-8.

P. Zhang, R. Li, J. Huang, B. Liu, M. Zhou, B. Wen, Y. Xia
and S. Okada, Flexible Poly(Vinylidene Fluoride- Co
-Hexafluoropropylene)-Based Gel Polymer Electrolyte for
High-Performance Lithium-Ion Batteries, RSC Adv., 2021,
11(20), 11943-11951, DOI: 10.1039/D1RA01250A.

J. I. Kim, K. Y. Chung and J. H. Park, Design of a Porous
Gel Polymer Electrolyte for Sodium Ion Batteries, J. Membr.
Sci., 2018, 566, 122-128, DOI: 10.1016/j.memsci.2018.
08.066.

Z. Liu, X. Wang, J. Chen, Y. Tang, Z. Mao and D. Wang, Gel
Polymer Electrolyte Membranes Boosted with Sodium-
Conductive B-Alumina Nanoparticles: Application for Na-
Ion Batteries, ACS Appl. Energy Mater., 2021, 4(1), 623-632,
DOI: 10.1021/acsaem.0c02513.

M. Singh, J. Kaiser and H. Hahn, Thick Electrodes for High
Energy Lithium Ion Batteries, J. Electrochem. Soc., 2015,
162(7), A1196, DOI: 10.1149/2.0401507jes.

M. Cronau, A. Paulus, L. P. Pescara, M. Kroll, D. Renz,
J. A. Mekontso, A. Marx and B. Roling, What Limits the
Rate Capability of Ultrathick Composite Electrodes in
Lithium-Ton Batteries? A Case Study on the Thickness-
Dependent Impedance of LiCoO2 Cathodes, Batteries
Supercaps, 2022, 5(9), 202200194, DOI: 10.1002/batt.2022
00194.

J. Wu, L. Yuan, W. Zhang, Z. Li, X. Xie and Y. Huang,
Reducing the Thickness of Solid-State Electrolyte

Soft Matter, 2026, 22, 838-859 | 857


https://doi.org/10.1016/j.memsci.2017.10.033
https://doi.org/10.1016/j.elec&QJ;tacta.2017.05.154
https://doi.org/10.1016/j.elec&QJ;tacta.2017.05.154
https://doi.org/10.1016/j.jechem.2020.01.019
https://doi.org/10.1016/j.jechem.2020.01.019
https://doi.org/10.1007/s11581-011-0629-0
https://doi.org/10.1016/j.jechem.2020.&!QJ;01.016
https://doi.org/10.1016/j.memsci.&QJ;2020.118660
https://doi.org/10.1016/j.memsci.&QJ;2020.118660
https://doi.org/10.1016/j.jelechem.2021.&QJ;115462
https://doi.org/10.1016/j.jelechem.2021.&QJ;115462
https://doi.org/10.1016/j.jcis.2019.09.116
https://doi.org/10.1016/j.matlet.2020.128391
https://doi.org/10.1021/acs.chemmater.1c02952
https://doi.org/10.1002/marc.202400689
https://doi.org/10.1002/marc.202400689
https://doi.org/10.1016/j.apsadv.2021.&QJ;100139
https://doi.org/10.1016/j.apsadv.2021.&QJ;100139
https://doi.org/10.1016/j.ensm.2022.&QJ;10.032
https://doi.org/10.1016/j.ensm.2022.&QJ;10.032
https://doi.org/10.1002/smll.202107183
https://doi.org/10.1016/j.electacta.2019.135322
https://doi.org/10.1016/j.electacta.2019.135322
https://doi.org/10.1016/j.ssi.2014.11.015
https://doi.org/10.1021/acs.energyfuels.1c02114
https://doi.org/10.1007/s11664-021-09314-8
https://doi.org/10.1039/D1RA01250A
https://doi.org/10.1016/j.memsci.2018.&QJ;08.066
https://doi.org/10.1016/j.memsci.2018.&QJ;08.066
https://doi.org/10.1021/acsaem.0c02513
https://doi.org/10.1149/2.0401507jes
https://doi.org/10.1002/batt.2022&QJ;00194
https://doi.org/10.1002/batt.2022&QJ;00194
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

201

202

203

204

205

206

207

208

209

210

211

Membranes for High-Energy Lithium Batteries, Energy
Environ. Sci., 2021, 14(1), 12-36, DOI: 10.1039/DOEE02241A.
A. ]J. D’Angelo and M. J. Panzer, Design of Stretchable and
Self-Healing Gel Electrolytes via Fully Zwitterionic Polymer
Networks in Solvate Ionic Liquids for Li-Based Batteries,
Chem. Mater., 2019, 31(8), 2913-2922, DOI: 10.1021/acs.
chemmater.9b00172.

L. He, J. A. S. Oh, K. Watarai, M. Morita, Y. Zhao, Q. Sun,
T. Sakamoto, L. Lu and S. Adams, Electromechanical Fail-
ure of NASICON-Type Solid-State Electrolyte-Based All-
Solid-State Li-lon Batteries, Chem. Mater., 2021, 33(17),
6841-6852, DOIL: 10.1021/acs.chemmater.1c01564.

F. Strauss, L. de Biasi, A.-Y. Kim, J. Hertle, S. Schweidler,
J. Janek, P. Hartmann and T. Brezesinski, Rational Design
of Quasi-Zero-Strain NCM Cathode Materials for Minimizing
Volume Change Effects in All-Solid-State Batteries, ACS
Mater. Lett., 2020, 2(1), 84-88, DOI: 10.1021/acsmaterialslett.
9b00441.

Z. Zhang, Z. Chen, G. Wang, H. Ren, M. Pan, L. Xiao,
K. Wu, L. Zhao, J. Yang, Q. Wu, J. Shu, D. Wang, H. Zhang,
N. Huo and J. Li, Dual-Doping to Suppress Cracking in
Spinel LiMn 2 O 4: A Joint Theoretical and Experimental
Study, Phys. Chem. Chem. Phys., 2016, 18(9), 6893-6900,
DOI: 10.1039/C5CP07182H.

L. de Biasi, A. Schiele, M. Roca-Ayats, G. Garcia, T.
Brezesinski, P. Hartmann and J. Janek, Phase Transforma-
tion Behavior and Stability of LiNiO2 Cathode Material for
Li-Ion Batteries Obtained from In Situ Gas Analysis and
Operando X-Ray Diffraction, ChemSusChem, 2019, 12(10),
2240-2250, DOI: 10.1002/cssc.201900032.

N. Nitta, F. Wu, J. T. Lee and G. Yushin, Li-Ion Battery
Materials: Present and Future, Mater. Today, 2015, 18(5),
252-264, DOI: 10.1016/j.mattod.2014.10.040.

Y.-B. He, B. Li, M. Liu, C. Zhang, W. Lv, C. Yang, J. Li,
H. Du, B. Zhang, Q.-H. Yang, J.-K. Kim and F. Kang,
Gassing in Li4Ti5012-Based Batteries and Its Remedy,
Sci. Rep., 2012, 2(1), 913, DOI: 10.1038/srep00913.

H. Farhat, Typical Service-Induced Damages, in Operation,
Maintenance, and Repair of Land-Based Gas Turbines, ed.
H. Farhat, Elsevier, 2021, ch. 5, pp. 107-130, DOI: 10.1016/
B978-0-12-821834-1.00006-X.

T. B. Goudoulas, A. Didonaki, S. Pan, E. Fattahi and T.
Becker, Comparative Large Amplitude Oscillatory Shear
(LAOS) Study of Ionically and Physically Crosslinked
Hydrogels, Polymers, 2023, 15(6), 1558, DOI: 10.3390/
polym15061558.

K.-Y. Oh, J. B. Siegel, L. Secondo, S. U. Kim, N. A. Samad,
J. Qin, D. Anderson, K. Garikipati, A. Knobloch, B. I
Epureanu, C. W. Monroe and A. Stefanopoulou, Rate
Dependence of Swelling in Lithium-Ion Cells, J. Power
Sources, 2014, 267, 197-202, DOI: 10.1016/j.jpowsour.
2014.05.039.

J.-F. Ding, R. Xu, C. Yan, B.-Q. Li, H. Yuan and J.-Q. Huang,
A Review on the Failure and Regulation of Solid Electrolyte
Interphase in Lithium Batteries, J. Energy Chem., 2021, 59,
306-319, DOI: 10.1016/j.jechem.2020.11.016.

858 | Soft Matter, 2026, 22, 838-859

212

213

214

215

216

217

218

219

220

221

222

223

224

View Article Online

Perspective

0. B. Chae and B. L. Lucht, Interfacial Issues and Mod-
ification of Solid Electrolyte Interphase for Li Metal Anode
in Liquid and Solid Electrolytes, Adv. Energy Mater., 2023,
13(14), 2203791, DOI: 10.1002/aenm.202203791.

K. Dai, C. Ma, Y. Feng, L. Zhou, G. Kuang, Y. Zhang, Y. Lai,
X. Cui and W. Wei, A Borate-Rich, Cross-Linked Gel Poly-
mer Electrolyte with near-Single Ion Conduction for
Lithium Metal Batteries, J. Mater. Chem. A, 2019, 7(31),
18547-18557, DOI: 10.1039/C9TA05938E.

T.-T. Zuo, Y. Shi, X.-W. Wu, P.-F. Wang, S.-H. Wang, Y.-X.
Yin, W.-P. Wang, Q. Ma, X.-X. Zeng, H. Ye, R. Wen and
Y.-G. Guo, Constructing a Stable Lithium Metal-Gel Elec-
trolyte Interface for Quasi-Solid-State Lithium Batteries,
ACS Appl. Mater. Interfaces, 2018, 10(36), 30065-30070,
DOI: 10.1021/acsami.8b12986.

J. B. Goodenough and Y. Kim, Challenges for Rechargeable
Li Batteries, Chem. Mater., 2010, 22(3), 587-603, DOL:
10.1021/cm901452z.

S. Schweidler, L. de Biasi, A. Schiele, P. Hartmann,
T. Brezesinski and J. Janek, Volume Changes of Graphite
Anodes Revisited: A Combined Operando X-Ray Diffraction
and In Situ Pressure Analysis Study, J. Phys. Chem. C, 2018,
122(16), 8829-8835, DOI: 10.1021/acs.jpcc.8b01873.

D. Aurbach, E. Zinigrad, Y. Cohen and H. Teller, A Short
Review of Failure Mechanisms of Lithium Metal and
Lithiated Graphite Anodes in Liquid Electrolyte Solutions,
Solid State Ionics, 2002, 148(3), 405-416, DOIL: 10.1016/
$0167-2738(02)00080-2.

L. Kong, C. Tang, H.-J. Peng, J.-Q. Huang and Q. Zhang,
Advanced Energy Materials for Flexible Batteries in Energy
Storage: A Review, SmartMat, 2020, 1(1), e1007, DOL: 10.1002/
smm2.1007.

K. Pan, L. Zhang, W. Qian, X. Wu, K. Dong, H. Zhang and
S. Zhang, A Flexible Ceramic/Polymer Hybrid Solid Elec-
trolyte for Solid-State Lithium Metal Batteries, Adv. Mater.,
2020, 32(17), 2000399, DOI: 10.1002/adma.202000399.

T. Zheng, X. Cui, Y. Chu, H. Li and Q. Pan, Ultrahigh
Elastic Polymer Electrolytes for Solid-State Lithium Bat-
teries with Robust Interfaces, ACS Appl. Mater. Interfaces,
2022, 14(4), 5932-5939, DOI: 10.1021/acsami.1c20243.

X. Yu, Z. Jiang, R. Yuan and H. Song, A Review of the
Relationship between Gel Polymer Electrolytes and Solid
Electrolyte Interfaces in Lithium Metal Batteries, Nanoma-
terials, 2023, 13(11), 1789, DOI: 10.3390/nano13111789.
M. Wang and ]. Sakamoto, Correlating the Interface Resis-
tance and Surface Adhesion of the Li Metal-Solid Electro-
Iyte Interface, J. Power Sources, 2018, 377, 7-11, DOI:
10.1016/j.jpowsour.2017.11.078.

H. Li, X.-T. Ma, J.-L. Shi, Z.-K. Yao, B.-K. Zhu and L.-P. Zhu,
Preparation and Properties of Poly(Ethylene Oxide) Gel Filled
Polypropylene Separators and Their Corresponding Gel Poly-
mer Electrolytes for Li-Ion Batteries, Electrochim. Acta, 2011,
56(6), 2641-2647, DOIL: 10.1016/j.electacta.2010.12.010.

M. W. Finnis, The Theory of Metal - Ceramic Interfaces,
J. Phys.: Condens. Matter, 1996, 8(32), 5811, DOI: 10.1088/
0953-8984/8/32/003.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/D0EE02241A
https://doi.org/10.1021/acs.&QJ;chemmater.9b00172
https://doi.org/10.1021/acs.&QJ;chemmater.9b00172
https://doi.org/10.1021/acs.chemmater.1c01564
https://doi.org/10.1021/acsmaterialslett.&QJ;9b00441
https://doi.org/10.1021/acsmaterialslett.&QJ;9b00441
https://doi.org/10.1039/C5CP07182H
https://doi.org/10.1002/cssc.201900032
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1038/srep00913
https://doi.org/10.1016/B978-0-12-821834-1.00006-X
https://doi.org/10.1016/B978-0-12-821834-1.00006-X
https://doi.org/10.3390/polym15061558
https://doi.org/10.3390/polym15061558
https://doi.org/10.1016/j.jpowsour.&QJ;2014.05.039
https://doi.org/10.1016/j.jpowsour.&QJ;2014.05.039
https://doi.org/10.1016/j.jechem.2020.11.016
https://doi.org/10.1002/aenm.202203791
https://doi.org/10.1039/C9TA05938E
https://doi.org/10.1021/acsami.8b12986
https://doi.org/10.1021/cm901452z
https://doi.org/10.1021/acs.jpcc.8b01873
https://doi.org/10.1016/S0167-2738(02)00080-2
https://doi.org/10.1016/S0167-2738(02)00080-2
https://doi.org/10.1002/&QJ;smm2.1007
https://doi.org/10.1002/&QJ;smm2.1007
https://doi.org/10.1002/adma.202000399
https://doi.org/10.1021/acsami.1c20243
https://doi.org/10.3390/nano13111789
https://doi.org/10.1016/j.jpowsour.2017.11.078
https://doi.org/10.1016/j.electacta.2010.12.010
https://doi.org/10.1088/0953-8984/8/32/003
https://doi.org/10.1088/0953-8984/8/32/003
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b

Open Access Article. Published on 30 ottobre 2025. Downloaded on 06/02/2026 17:40:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

225

226

227

228

229

230

231

D. J. Henry, G. Yiapanis, E. Evans and I. Yarovsky, Adhe-
sion between Graphite and Modified Polyester Surfaces:
A Theoretical Study, J. Phys. Chem. B, 2005, 109(36),
17224-17231, DOI: 10.1021/jp0523524.

L. Zhao, Y. Li, M. Yu, Y. Peng and F. Ran, Electrolyte-
Wettability Issues and Challenges of Electrode Materials in
Electrochemical Energy Storage, Energy Conversion, and
Beyond, Adv. Sci., 2023, 10(17), 2300283, DOIL: 10.1002/
advs.202300283.

M. Gao, Z.Y. Guo, X.-Y. Wang and W.-W. Li, Self-
Supported, Sulfate-Functionalized Nickel Hydroxide Nano-
plates with Enhanced Wettability and Conductivity for Use
in High-Performance Supercapacitors, ChemSusChem,
2019, 12(24), 5291-5299, DOIL: 10.1002/cssc.201902397.
M. Yang, Z. Yan, ]J. Xiao, W. Xin, L. Zhang, H. Peng,
Y. Geng, J. Li, Y. Wang, L. Liu and Z. Zhu, Boosting
Cathode Activity and Anode Stability of Zn-S Batteries in
Aqueous Media Through Cosolvent-Catalyst Synergy,
Angew. Chem., Int. Ed., 2022, 61(42), €202212666, DOI:
10.1002/anie.202212666.

W. Shin, J. Lu and X. Ji, ZnS Coating of Cathode Facilitates
Lean-Electrolyte Li-S Batteries, Carbon Energy, 2019, 1(2),
165-172, DOI: 10.1002/cey2.10.

J. Zhao, H. Lai, Z. Lyu, Y. Jiang, K. Xie, X. Wang, Q. Wu,
L. Yang, Z. Jin and Y. Ma, Hydrophilic Hierarchical
Nitrogen-Doped Carbon Nanocages for Ultrahigh Super-
capacitive Performance, Adv. Mater., 2015, 27(23), 3541-3545,
DOI: 10.1002/adma.201500945.

K. Xu, Y. Sun, X. Li, Z. Zhao, Y. Zhang, C. Li and H. J. Fan,
Fluorine-Induced Dual Defects in Cobalt Phosphide
Nanosheets Enhance Hydrogen Evolution Reaction Activity,
ACS Mater. Lett., 2020, 2(7), 736-743, DOIL 10.1021/
acsmaterialslett.0c00209.

This journal is © The Royal Society of Chemistry 2026

232

233

234

235

236

237

238

View Article Online

Soft Matter

X. Xie, S. Liang, J. Gao, S. Guo, J. Guo, C. Wang, G. Xu,
X. Wu, G. Chen and J. Zhou, Manipulating the Ion-Transfer
Kinetics and Interface Stability for High-Performance Zinc
Metal Anodes, Energy Environ. Sci., 2020, 13(2), 503-510,
DOI: 10.1039/C9EE03545A.

S. H. Anastasiadis, I. Gancarz and J. T. Koberstein, Inter-
facial Tension of Immiscible Polymer Blends: Temperature
and Molecular Weight Dependence, Macromolecules, 1988,
21(10), 2980-2987, DOI: 10.1021/ma00188a015.

Q. Huang, J. Song, Y. Gao, D. Wang, S. Liu, S. Peng,
C. Usher, A. Goliaszewski and D. Wang, Supremely Elastic
Gel Polymer Electrolyte Enables a Reliable Electrode Struc-
ture for Silicon-Based Anodes, Nat. Commun., 2019,
10(1), 5586, DOI: 10.1038/s41467-019-13434-5.

R. Zhang, C. Ling and F. Mizuno, A Conceptual Magne-
sium Battery with Ultrahigh Rate Capability, Chem. Com-
mun., 2015, 51(8), 1487-1490, DOIL: 10.1039/C4CC08690B.
T. Gao, M. Noked, A. J. Pearse, E. Gillette, X. Fan, Y. Zhu,
C. Luo, L. Suo, M. A. Schroeder, K. Xu, S. B. Lee,
G. W. Rubloff and C. Wang, Enhancing the Reversibility
of Mg/S Battery Chemistry through Li" Mediation, J. Am.
Chem. Soc., 2015, 137(38), 12388-12393, DOIL: 10.1021/
jacs.5b07820.

I. A. Rodriguez-Pérez, Y. Yuan, C. Bommier, X. Wang,
L. Ma, D. P. Leonard, M. M. Lerner, R. G. Carter, T. Wu,
P. A. Greaney, J. Lu and X. Ji, Mg-Ion Battery Electrode: An
Organic Solid’s Herringbone Structure Squeezed upon Mg-
Ion Insertion, J. Am. Chem. Soc., 2017, 139(37), 13031-13037,
DOI: 10.1021/jacs.7b06313.

H. D. Yoo, I. Shterenberg, Y. Gofer, R. E. Doe, C. C. Fischer,
G. Ceder and D. Aurbach, A Magnesium-Activated Carbon
Hybrid Capacitor, J. Electrochem. Soc., 2014, 161(3), A410,
DOI: 10.1149/2.082403jes.

Soft Matter, 2026, 22, 838-859 | 859


https://doi.org/10.1021/jp0523524
https://doi.org/10.1002/advs.202300283
https://doi.org/10.1002/advs.202300283
https://doi.org/10.1002/cssc.201902397
https://doi.org/10.1002/anie.202212666
https://doi.org/10.1002/cey2.10
https://doi.org/10.1002/adma.201500945
https://doi.org/10.1021/acsmaterialslett.0c00209
https://doi.org/10.1021/acsmaterialslett.0c00209
https://doi.org/10.1039/C9EE03545A
https://doi.org/10.1021/ma00188a015
https://doi.org/10.1038/s41467-019-13434-5
https://doi.org/10.1039/C4CC08690B
https://doi.org/10.1021/jacs.5b07820
https://doi.org/10.1021/jacs.5b07820
https://doi.org/10.1021/jacs.7b06313
https://doi.org/10.1149/2.082403jes
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00673b



