Volume 3
Number 3
May 2025

R S C Pages 491-734
Applied Polymers

rsc.li/RSCApplPolym

ISSN 2755-371X

ROYAL SOCIETY REVIEW ARTICLE

Achalkumar et al.

OF CHEMISTRY Polymer electrolytes: evolution, challenges, and future

directions for lithium-ion batteries




Open Access Article. Published on 26 December 2024. Downloaded on 1/19/2026 12:35:14 PM.

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

(cc)

RSC ™ LOYAL SOCIETY
Applied Polymers e OF CHEMISTRY

View Article Online

R EVI EW View Journal | View Issue

) Check for updates. Polymer electrolytes: evolution, challenges, and
future directions for lithium-ion batteries

Cite this: RSC Appl. Polym., 2025, 3,

499 ab

Ram Prasanth S., (2@ Varatharajan Prasannavenkadesan, (=@ Vimal Katiyar and

Ammathnadu Sudhakar Achalkumar (2 *2-<

Electrolytes are indispensable in the field of energy storage and generation. Many types of electrolytes
are currently available for various purposes. This review paper explains the various existing polymer
electrolytes and the methodologies involved in their preparation. The evolution, history, classification
and applications of polymer electrolytes in different fields are reviewed. The properties, like ionic con-
ductivity, electrochemical stability, thermal stability and mechanical strength, needed for an ideal
polymer electrolyte are critically explored. Also, the influence of the dielectric constant and tempera-
ture over the ionic conductivity of the polymer electrolytes and the necessary properties for an ideal
polymer electrolyte are elucidated. In addition, the Arrhenius and Vogel-Tammann-Fulcher ion trans-
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electrolytes. Moreover, characterization techniques like electron impedance spectroscopy, transference
number measurement and voltammetry for investigating the essential properties of the polymer elec-
rsc.li/rscapplpolym trolytes are discussed.

1. Introduction betterment of technology. Along with the limited energy
density, conventional LIBs also have demerits like commercia-

Batteries are anticipated to be pivotal and inevitable in energy lization concerns, volume expansion, particle surface recon-
storage applications such as electric vehicles (EVs) and porta-  struction, electrolyte resolution, solid electrolyte interface for-
ble electronic devices in the emerging technological world."
Batteries are generally grouped as primary and secondary.
Batteries that are not capable of recharging are said to be
primary, and those that could be rechargeable are secondary. Charge
Lithium-ion batteries are categorized as secondary batteries,
and exhibit multiple benefits like low self-discharge rate, long
cycle life, high working voltage, and high energy density.>?
Conventional lithium-ion batteries (LIB) depend on the Li
intercalation mechanism®” as shown in Fig. 1, with low charge
capacity, which is problematic for applications requiring high
charge capacities like aerospace applications, electric and
hybrid electric vehicles and so on."*® Conventional lithium-
ion batteries have attained an energy density value of around
260 W h kg™ and are limited, as reported in ref. 2.

Therefore, it is necessary to address some crucial drawbacks
associated with these traditional lithium-ion batteries for the
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mation, and phase transition.*® Studies suggest that the next
generation of lithium-ion batteries with high energy density
could be a potential candidate for employment in various
applications. Low costs, higher payloads, and lower toxicity
will be some of the benefits of these batteries.*

As a matter of an alternative for intercalation anodes, the
utilization of graphite to form lithium-metal anodes could
avoid energy density problems. However, this would undoubt-
edly pose a serious safety issue when operated with the con-
ventional liquid electrolyte.® Moreover, the plating/stripping
test confirms the non-uniform distribution of Li" ions, leading
to dendrite formation. Lithium-ion conductive polymer elec-
trolytes (PEs) could be a potential candidate for better energy
density and improved safety too.>*'° Solid polymer electrolytes
can efficiently hamper the development and growth of den-
drites. Unlike conventional liquid electrolytes, these polymer
electrolytes are not inflammable.*

The polyethene-oxide (PEO)-based system was the primary
solid polymer electrolyte (SPE) classification proposed by
Armand et al.’* The conductivity of the SPEs generally relies
on the crystalline and amorphous phase proportion, where the
ion transport occurs at the viscoelastic (amorphous)
region.”>'* In the amorphous portion of the polymer, ionic
mobility is associated with the polymer motion. Fortunately,
the first polymer (PEO) utilized to make PEs was found to be
semicrystalline, which contains amorphous and crystalline
regions.'>'® The segmental motion of the PE plays a critical
role in the ion transport process and helps in obtaining
higher conductivity at room temperature, which is a complex
phenomenon.”” The selection of polymers relies upon the
polar groups with sufficient electron donors, which can coor-
dinate with the cations. Also, polymers should possess low
hindrance to bond rotation.'® Some natural polymers that
could be used as PEs are chitosan, rice starch, and corn
starch.'® Based on modelling and simulation, chitosan based
electrolytes possess high proton conductivity. These PEs are
less expensive than Nafion (per-fluorinated sulphonic acid
membrane), which has been employed for years as a proton
exchange membrane in fuel cell technology.”>*' Some of the
polymers which may be used as PEs exhibiting high room
temperature conductivity are polyethylene oxide (PEO), polyvi-
nyl alcohol (PVA), polyvinyl chloride (PVC), polypropylene
glycol (PPG), poly-vinylidene chloride (PVdC).>* The poly-
mer’s molecular weight influences the conductivity of the PE,
and the conductivity seems to vary with respect to the
different salt concentrations. Initially, high molecular weight
polymers were used for the SPE system rather than the lower
ones.”

Researchers®® reported that single ion-type PEs and polya-
nionic lithium salts resulted in higher values of lithium trans-
ference number. In the field of polymer electrolytes, research
has been done to attenuate the crystallinity and glass tran-
sition temperature by adding fillers and plasticizers to improve
conductivity. These plasticizers contributed to the enhance-
ment of ion transport and DC electrical conductivity by giving
up their mechanical properties.>>*® Moreover, adding nanofil-

500 | RSC Appl. Polym., 2025, 3, 499-53I

View Article Online

RSC Applied Polymers

lers to the polymer matrix can improve the properties,'®> and
the effect of these fillers on properties still has to be explored.
Consequently, some inert fillers were identified as prominent
substances to boost these properties.'”*” Also, the addition of
clay composites forms composite solid polymer electrolytes
(CSPE), which exhibit better properties.?® In PEs, the ion trans-
port mechanism has not yet been fully explored and reported.
It depends on various factors like salt concentration, aggrega-
tion of ions, dielectric constant of the host polymer matrix,
degree of salt dissociation and polymer chain mobility.>"®
Ion transport behaviour and ion/molecular interaction in SPEs
can be analysed by dielectric analysis.'®>°

To summarize, lithium polymer (Li-pol) batteries are
another evolution from lithium-ion batteries. Li-pol batteries
use PEs rather than liquid electrolytes, which have a huge
impact and many advantages and few disadvantages over
lithium-ion batteries, which shall be discussed in the next
section. To date, rechargeable batteries with less toxicity and
more economic benefits have been found. These batteries are
composed of sodium, magnesium and aluminium, which may
act as an alternative to lithium-ion batteries (LIBs). These
elements are abundant on Earth, and replacement of LIBs by
these batteries must be seriously considered.?**! This review
paper explains the types and applications of polymer electro-
lytes and their significance with respect to lithium-ion bat-
teries. The different types of techniques that are utilized to
prepare the PEs are discussed. The necessary properties like
ionic conductivity, electrochemical stability window, mechani-
cal properties, etc. are also discussed to understand the pro-
perties required for an ideal electrolyte. In particular, the
mechanisms to illustrate the ion transport within the PEs are
described and analysed using suitable models. In addition,
future research directions are also emphasized towards devel-
oping high-performance polymer-based electrolytes for the
advancement of battery technology.

2. Polymer electrolytes

The field of polymer electrolytes is approximately four decades
old. The use of polymers in many applications has recently
intensified.*> For safety purposes, PEs have been used to
replace conventional liquid electrolytes in energy storage appli-
cations,®® and three types of classification are discussed in the
later sections. Safety issues like fire, explosion, and electrolyte
leakage could occur in liquid electrolytes, which are the
crucial drawbacks of Li-ion batteries.***> Polymer electrolytes
could help to overcome these problems efficiently.**** Various
benefits of PEs are added resistance to the alterations in the
volume of the electrodes during charging/discharging, excep-
tional flexibility, processability, and improved safety over
liquid and inorganic solid electrolytes.” This section explains
the history and evolution of PEs, as well as the classification
and various methodologies that are being used to produce
PEs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 History and evolution of polymer electrolytes. Reprinted with permission from ref. 33. Copyright Elsevier 2019 (license number:

5673190287905).

2.1 History and evolution of polymer electrolytes

The PE concept was first introduced in 1973 by Fenton et al.*®

They reported that polyethylene oxide (PEO) when mixed or
dissolved with alkali metal salts resulted in conductive
complexes.”*” In 1978, Armand et al'®> introduced a
PEO-Li-based solid PE operating at 40 to 50 °C for lithium bat-
teries. It exhibited an ionic conductivity of about 10™* S em™.
This SPE was formed by dissolving Li* salt in PEO, where a
coordination bond was established between lithium and ether
oxygen in the PEO matrix.” This PEO-based SPE exhibited high
energy density but poor ionic conductivity when compared
with lithium batteries made of liquid electrolytes.>® In recent
research, high molecular weight PEO has been utilized in PEs,
and a particular metal salt was found to control the solubility
parameter of the polymer.*> The authors also discovered that
the PEO-salt complex was helical, and Chatani et al.** demon-
strated the spatial arrangement of the same using powder
X-ray diffraction.

In 1975, gel polymer electrolytes (GPEs) were reported by
Feuillade et al.,** in which the authors added organic plastici-
zers into the polymer matrix. These GPEs exhibited ionic con-
ductivity of about 107> to 107 S cm™. Consequently, this
system has limitations like liquid leakage upon squeezing,
specific power loss, and specific energy loss due to an inert
polymer matrix. The ionic conductivity of GPEs is slightly
higher than that of solid PEs, but the mechanical properties
are compromised.” Other than organic plasticizers, incorporat-
ing inorganic fillers has contributed to the advancement in
mechanical, electrochemical, and transport properties.
Skaarup et al.*' used the PEO-LiCF;SO; as matrix and added
the fast ionic conductor particles LizN as a filler, accomplish-
ing a breakthrough that yielded an electrolyte with higher
room temperature ionic conductivity of about 107> S em™.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Wieczorek et al.*® discovered that adding inorganic filler
Al,O; improved the ionic conductivity because of the increased
amorphous region, which resulted in higher mobility of ions
in PEO-based electrolytes. Weston and Steele'” also found that
adding Al,0; enhanced the conduction, thermal, electro-
chemical and mechanical properties. The inorganic
fillers used are mostly ceramics and hence termed ceramic
solid PEs.

The evolution and history of polymer electrolytes from
liquid electrolytes in lithium-ion batteries are shown in Fig. 2.
For high ionic conductivities, PEs with more amorphous
regions are chosen, which are obtained by either disturbing
the crystallinity of the polymer or by synthesizing as amor-
phous electrolytes.** Sony was the first company to commercia-
lize lithium-ion batteries in 1991. This breakthrough came to
the market through the work of Asahi Kasei. In the
Goodenough laboratory, scientists discovered that the group of
transition metal oxides of NaFeO, structure along with the
lithium salts, at relatively high potentials exhibited deinterca-
lation and intercalation of cations (lithium ions). LiCoO, was
used as the positive electrode of the battery, which was
patented in 1979.°*** As mentioned earlier, due to various pro-
blems and research progress, PEs replaced liquid electrolytes
eventually. In comparison with liquid electrolytes, PEs have
definite advantages like low flammability, easy processability,
resistance to dendrite formation, good electrode/electrolyte
interfacial contact and compatibility, and endurance to
vibration, mechanical deformation and shock.”** The stipula-
tions for a polymer to be an electrolyte are high ionic conduc-
tivity (close to 10™* S ecm™" at room temperature), higher elec-
tronic resistance, optimum Li-ion transference number, good
mechanical strength, good thermal stability, low interfacial re-
sistance, high electrochemical stability, low cost and ease of
synthesis.***%*”

RSC Appl. Polym., 2025, 3, 499-531 | 501
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Fig. 3 Classification of polymer electrolytes and their properties.

2.2 Classification of polymer electrolytes

Polymer electrolytes are alternatives to liquid electrolytes with
significant advantages, which contributed to the discovery of
Li-pol batteries and are used in many electrochromic
devices.*® There are various predecessors like ionic plastic
crystal electrolytes, nanostructured liquid crystal electrolytes,
inorganic solid electrolytes, etc. In liquid crystal (LC) PEs,
thermotropic LCs, which are carbonate-based LCs, are gener-
ally used.”® Liquid crystal PEs exhibit low conductivity of about
107° to 107® S cm™', and a few other similar electrolytes with
good conductivities have also been reported.>®

Through continuous research and diligent efforts, PEs with
enhanced properties have been produced. These PEs are
categorized into dry solid PEs, gel/plasticized PEs and com-
posite PEs, as shown in Fig. 3."° This classification explains
the evolution and application of several PEs in energy
storage applications; we will discuss them with regards to
battery applications in particular. These PEs are made with
enhanced/necessary properties by utilizing various methods/
techniques like cross-linking, adding fillers/plasticizers, copo-
lymerization, blending, etc., which make them suitable as
electrolytes. Nowadays, various categories of PEs are avail-
able, but this review paper establishes a strong foundation
on fundamental classifications to understand the concepts
of PEs clearly. As well as the classification of polymer elec-
trolytes, some of the critical ways to improve the properties
(especially conductivity) are also discussed in the following
sections accordingly.

Dry solid polymer electrolytes. Dry solid polymer electrolytes
(DSPEs) are also known as solvent-free or polymer-salt com-
plexes in which organic liquid is not used.'® Thus, a polar
(functional) polymer mixed with inorganic salts enhances the
polymer’s ionic conductivity, and is called the dry solid
polymer electrolyte. Here, the synergism between the polymer
and metal ions results from electrostatic forces and coordi-
nation bonds.*® The PEO-based electrolyte was the first solid

502 | RSC Appl. Polym., 2025, 3, 499-531

chemical properties

chemical properties

PE reported, but this SPE system still needs to be improved
due to its poor conductivity at room temperature.'® The behav-
iour of the functional groups embedded in the polymer
matrix, molecular weight, degree of branching, crystallinity,
the space between functional groups, nature and charge of
metal cation, and nature and charge of anions are the
elements affecting the interaction between the polymer and
metal cation.*®

Some of the conditions® required for a polymer matrix to
be a solid PE are:

(a) Good cation solvation nature for dissociation of cations
in host polymer.

(b) High dielectric constant for high concentration of
charge carriers.

(c) High backbone flexibility to reduce the bond rotation
energy barrier, enhancing the polymer chains’ segmental
mobility.

(d) High molecular weight to get good mechanical strength.

PEO-based SPEs were found to exhibit a room temperature
conductivity of around 107 S em™'.>" Nanofillers like TiO,
improved the conductivity to 107> S em™" at 30 °C and 10" at
50 °C. Wang et al.>> demonstrated that by maintaining a temp-
erature of about 40 to 60 °C, the SPE system PEO-LiClO4-TiO,
exhibited enough ionic conductivity (10™* S em™"). However,
the complete dissociation of salts in the PEO matrix is unat-
tainable due to ion aggregation. Since carbonates are generally
used in liquid electrolytes to improve the dielectric constant,
researchers thought of using carbonate-functionalized poly-
mers, which could lead to high ionically conductive and elec-
trochemically stable SPEs.>* Cellulose-supported polypropylene
carbonate-based SPE was prepared by Zhang et al.>® which was
found to possess high ionic conductivity of about 3 x 107™* S
em™" at 20 °C for lithium-ion batteries. Polyester-based SPEs
are believed to possess low T, and high dielectric constant.
Even though they showed high electrochemical stability, the
conductivity seems to be lower than the conventional PEO-
based SPEs.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Blending of polymer electrolytes and their impacts. Reused with permission from ref. 56. Copyright 2021 American Chemical Society.

Therefore, blending is generally done in PEs because blending
is the most feasible technique as it helps in improving the electri-
cal and physical properties of the PEs.”” Fig. 4 shows the sche-
matic representation of polymer blend electrolytes made by poly
solvent and polyanion. Solvent casting is the most preferred tech-
nique for this blending method. XRD studies have proved that the
enhanced conductivity of this blended PE is because of its inferior
crystalline portion.'>”® These blended PEs were used in appli-
cations like electrochromic devices and lithium polymer bat-
teries.>® For example: PMMA-PVC blends were developed in which
70% PMMA was blended with 30% PVC. This blend was made as
a thin film and exhibited an ion-hopping mechanism explained
by the Arrhenius model.”” In other research, attempts were made
to blend the linear PEO and a hyperbranched polymer (i.e., poly-
[bis(triethylene glycol)benzoate]) mixed with LiN(CF3SO,),, which
seemed to improve the conductivity of ions and interfacial resis-
tance of lithium/electrolyte when compared with PEO-based PEs."°

Sometimes, co-polymerization has been utilized in DSPEs
to get wide range of properties. Here, co-polymerization disturbs
the order/crystalline phase of the homopolymer, which in turn
enhances the conductivity.®® Panday et al.®** prepared PS-PEO
co-polymer in which PEO acted as a conductive channel and PS
provided mechanical strength. Here, the conductivity of the co-
polymer electrolyte depended on the molecular weight of PEO.
As the degree of salt dissociation is high in PEO rather than the
interface of the co-polymers, the increase in molecular weight of
PEO enhanced the ionic conductivity. Gomez et al.®® also found
that the molecular weight increase of PEO boosted the ionic
conductivity, as there are more ether oxygens available for ion
transport. Nevertheless, crosslinking of polymer is employed to
enhance the conductivity and mechanical properties of polymer
electrolytes in some cases.

Therefore, DSPEs are nothing but a combination of a func-
tional polymer matrix and a conductive inorganic salt mixture.
Dry solid PEs were also found to work as a separator between
electrodes. This application requires properties like sufficient
mechanical properties, elasticity and thermal resistance. Some
of the lithium salts widely used are LiClO,, LiPFs, LiBF,, LiAsFs,
and LiCF3;S0;. The mobility of these ions is as follows: LiBF, >

© 2025 The Author(s). Published by the Royal Society of Chemistry

LiClO, > LiPF, > LiAsF, > LiCF;S0;.” However, DSPEs are solvent-
free, leakproof, low volatile, have good mechanical and electro-
chemical properties, high energy density, high process auto-
mation, flexibility, easy fabrication, and so on.'® Due to low ionic
conductivities shown by solid PEs (significantly below 65 °C or at
room temperature), many methods have been adopted for enhan-
cing conductivity. Organic plasticizers/ionic liquids have been
added to SPEs, leading to the development of GPEs.*?

Plasticized/gel polymer electrolytes. GPEs can be considered
as a transition/intermediate state, which lies between SPEs
and liquid electrolytes, where plasticizers are added to the
polymers. Plasticizers are low molecular weight compounds
that lower the T, of the polymer by settling between the
polymer chains and increasing the interchain distance of the
polymer, through which the amorphous portion increases."®
The regularly used organic plasticizers are carbonates of ethyl-
ene and propylene, diethyl carbonate, and so on.®* This also
contributes to ionic cluster dissociation, increase in charge
carriers for ion transport, dielectric permittivity, and increased
ionic conductivity.*® The T, mitigation as a result of plasticizer
addition results in local chain flexibility and coupling of chain
flexibility and ionic mobility,*> as shown in Fig. 5.

As stated in the literature,>® when there is a larger amor-
phous region, ion charge carrier transportation will be good,
enhancing ionic conductivity. Therefore, the solvents/plastici-
zers/ionic liquids included in the host SPE matrix will be in
the liquid phase, leading to better ionic mobility. This kind of
plasticized PE is also known as gel PE, which possesses the
diffusive property of liquids as well as the cohesive property of
solids.*>*® When more charge carriers are dissolved, the
addition of plasticizers enhances the ionic mobility of GPEs.
Liquid plasticizers like dioctyl adipate, dimethyl carbonate,
diethyl carbonate, dibutyl phthalate, and propylene carbonate
have been commonly incorporated into the polymer matrix to
fabricate electrolytes with better properties.'® The “lubricity
theory” emphasizes that plasticizers are employed as lubri-
cants, which improve the motion of charge carriers, and the
“free volume theory” says that the plasticizers influence the
free volume of the polymer, leading to an increase in the

RSC Appl. Polym., 2025, 3, 499-531 | 503
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Fig. 5 Schematic diagram illustrating the function of plasticizer in polymer matrix. Reused with permission from ref. 68. Copyright IJERT 2020

(open access CC-BY license 4.0).

amorphous region.®® A plasticizer’s chemical structure, its mis-
cibility and compatibility with polymers, its amount and mole-
cular weight are the factors that determine the degree of plas-
ticity in polymers.®” Some demerits are narrow electrochemical
stability window (ESW), high vapour pressure, low flash point,
narrow range of working voltage and reactivity of polar plastici-
zers with lithium electrodes.™

PEO is semicrystalline in nature, and adding a plasticizer
reduces its crystallinity. The plasticizer used (in PEO) contrib-
utes to a decrease in surface roughness, leading to a smooth
surface, which is evident in the increment of the amorphous
region.®® Polyethylene glycol (PEG) is commonly used as a plas-
ticizer in PEO-based SPE. With the increase in PEG plasticizer
accompanied by a decrease in the molecular weight of the
polymer, the ionic conductivity is enhanced.®” For example:
PMMA-based Gel PEs exhibited conductivity around 10~ S
ecm™".”° PAN-based GPEs have shown high ionic conductivity
of around 2 x 107 S ecm™, but the transference number
remains the same as that of SPE.”" PAN/PVC blend-based
microporous GPE had high ambient conductivity of about 5.01
x 107 S em™" when mixed with plasticizers, LiClO4, and it
exhibited excellent electrochemical stability.”” Lithium super-
ionic conductor (LISICON)-type SPEs were made, but they have
limitations like a hygroscopic nature and low chemical stabi-
lity. Kuo et al”® developed LISICON-based GPEs using
PVAF-HFP. These LISICON-based GPEs exhibited conductivity
of about 10™* S em™ and a high discharge capacity of about
134.6 mA h g~'. Gambe et al.”* prepared a UV-curable GPE,
which was 3D printed, supporting the easy processing of ther-
mally unstable materials. This 3D-printed GPE consisted of
monomers, ionic gels, ionic liquids and silica nanoparticles
for mechanical stability.

Ionic liquids have gained a considerable amount of atten-
tion in the case of GPEs, and are used to improve properties.
These ionic liquids are simply room-temperature molten salts
that consist of bulky cations (organic) and a highly delocalized
anion (inorganic).” Kim et al.”®> proposed the room-tempera-
ture inclusion of ionic liquids into the dry SPEs to boost the
electrolytic property. A sequence of ionic liquids was explored,

504 | RSC Appl. Polym., 2025, 3, 499-531

which contained pyrrolidinium-based cations and TFSI-based
anions, which were found to improve the conductivity of the
electrolyte.”>”® Yin et al.”” synthesized a novel polymeric ionic
liquid which exhibited good conductivity, electrochemical
stability, and high thermal stability. However, the mechanical
property was not up to the mark. In the case of blending GPEs,
the purpose of one polymer is to absorb the electroactive
species, and another one improves the mechanical integrity of
the electrolyte.””*® Therefore, blending is commonly done
when a single polymer does not have a significant property
needed for a particular application. PMMA is one of the ideal
polymers used for Gel PE systems. The conduction and
mechanical properties of lithium batteries were increased with
the addition of PMMA/PVAF blend-based polymer as an elec-
trolyte. This blend in a GPE system has been proved to
enhance conduction properties.”®

In summary, GPEs consist of a solid polymer matrix encom-
passing liquid electrolytes. Due to this design, they can act as
both an electrolyte and a separator.>® To be used in commer-
cial applications, GPEs should possess better ionic conduc-
tivity, good mechanical properties, the ability to hold liquid
electrolytes and good electrochemical stability.” The signifi-
cant drawback of GPEs is poor mechanical strength. Block
copolymer could be utilized to overcome this problem in
GPEs”® in which one polymer exhibits good conductivity and
the other helps to attain good mechanical stability. Other than
mechanical properties, wide electrochemical resistance, high
vapour pressure, low flash point, narrow working voltage and
the reaction of plasticizers with electrodes also must be
considered."

Composite polymer electrolytes. Researchers found that
ion-ion association (either pairs or triplets) is the prime
reason for the limited ionic conductivity of the PEs due to the
weak dielectric constant.”®’® So, inorganic fillers with high
dielectric constants are considered for solving this issue in the
polymer matrix. The dielectric permittivity is controlled signifi-
cantly by the type and quantity of the filler added. Ceramic
materials are dispersed in PEs to enhance conductivity.*®*°
The characteristics of particles to be considered are particle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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size, porosity, surface area, concentration and synergism
between filler particles and polymer matrices, as they influ-
ence the electronic and ionic conductivity in the
composite solid PE." By using these PEs, the properties of
both polymer and ceramics can be attained. Whenever nano-
sized composite fillers are utilized, the compounded PE is
called a nanocomposite polymer electrolyte (NCPE). Dielectric
constant and ionic conductivity are critical in determining the
electrical properties of CSPE. Ceramic fillers enhance the ionic
mobility of SPEs without compromising the mechanical
properties.®!

Inorganic fillers are of two types: inert and active, as shown
in Fig. 6. In active fillers, nanoparticles are directly involved in
ionic mobility by enhancing the free lithium-ion concen-
tration, surface conduction of lithium-ions, or anion inter-
action. LiAl, 03, LizN, and LiN,Oj; are examples of active fillers.
In the case of inert fillers, the dispersed nanoparticle fillers
indirectly influence the ion transport mechanism, by increas-
ing free volume and plasticization effects and by retarding

)

Polymer chain hopping

Passive inorganic nano-filler
Lewis acid-base interaction
for Li* transportation

0D inorganic nano-filler
Remodel crystallinity of polymer chains
Alter Li* distribution

N
1D inorganic nano-filler
Extension in a certain direction
Increase Li* effective migration concentration

View Article Online

Review

polymer crystallization.” Passive/inert fillers like Al,O; and
TiO, nanoparticles indirectly enhance the ionic conductivity of
SPEs. Ferroelectric fillers like BaTiO; and PbTiO; have also
been used to improve transport properties by facilitating the
dielectric constant of the system, reducing the crystallinity.
Due to permanent dipoles, these fillers inhibit the interfacial
stability between the electrode and electrolyte.®’ These in-
organic fillers also reduce crystallinity and glass transition
temperature, resulting in superior interfacial stability, and this
helps to stabilize the highly conductive amorphous phase."’
The ionic conductivity relies on the concentration and defect
distribution. The diffusion of cations is based on vacancy
mechanisms like Frenkel and Schottky point defects. When
added, layered nano-clays provide a high interfacial contact
area and dielectric properties, enhancing the solvation of
cations.”® CSPEs can also be used as separators and possess
good mechanical strength. The merits of CSPEs are good flexi-
bility, high ionic conductivity, excellent thermal stability, good
interfacial contact, etc.'*®3

~UL

Active inorganic nano-filler
Transportation of Li*
in crystal structure

Surface functionalization of
inorganic nano-filler
Create novel interfacial ion transport channels

/ \
\ 3D inorganic nano-filler

Network structure
Continuous path for Li* conduction

2D inorganic nano-filler
Larger effective interface for Li* transport

Fig. 6 Schematic representation of various types of inorganic fillers and their function in ion transport. Reused with permission from ref. 82.

Copyright Carbon Energy 2021 (open access CC-BY license 4.0).
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Fig. 7 Classification of various nanomaterials which could be used as fillers in PEs. Reused with permission from ref. 86. Copyright Elsevier 2018

(license number: 5677260445174).

Micro/nanoparticles, Al,O;, SiO,, TiO,, ZrO,, magnetic
sieves, and ferroelectric materials are used as inert ceramic
fillers.> The literature shows that nano Al,O;, SiO, and TiO,
have been proved to augment the ionic conductivity of PEs by
enhancing the interactions between the cations and the 0*7/
OH™ present on the surface of the filler.>”** With these nano-
sized ceramics, nanocomposite polymer electrolytes (NCPE)
are made. The interaction between nanofillers and polymer
host matrix within a broad span of temperature (30 to 100 °C)
boosts ionic conductivity and mechanical properties.*”’*>
Beyond the rise in conductivity and mechanical properties,
inert filler addition leads to widening the ESW up to 5.5 V.*’
Borgohain et al® found that hydrotalcite-doped nano-
composite PEs showed good mechanical strength. The concen-
tration, structure, and size of nanofillers influence the conduc-
tivity, flexibility, and workability of the NCPEs. There are
different types of nanofillers, such as nano-clays, metallic
nanoparticles, nanofibers, and so on, as illustrated in Fig. 7.
Nano-clays enhance the solubility of Li* ions and provide a
high interfacial contact area.”> High cation exchange, high
aspect ratio, specific surface area, suitable charge within the
interlayer and the length scale are the various essential signifi-
cant properties of inorganic clays.®' Fumed silica (SiO,) nano-
filler was incorporated into PEO-LiClO,, prepared as a nano-
composite PE, and exhibited broader electrochemical stabi-
lity."® PEO4-LiN(CF3S0,), with 5 wt% SiO, PE system calcined
at 900 °C was found to exhibit the highest conductivity of
about 1.4 x 10~* mho em™.%’

We can use the same blending technique here in CSPE too.
A CSPE system was made by blending PEO, a branched
polymer, a lithium salt, and a ceramic filler (BaTiOs). The
conductivity of the blend system improved with respect to
filler content and maximum conductivity at 10 wt% of the
filler (BaTiO,).®® Therefore, blending of polymers contributed

506 | RSC Appl. Polym., 2025, 3, 499-531

to the decrease of crystalline regions, leading to an increase in
the amorphous portion and thus resulting in enhanced ionic
conductivity. Li et al.®® worked on the in situ polymerization of
TiO, in PVdF-co-HFP. They reported that the interconnected
pores on the sample surface made improving ionic conduc-
tivity and mobility difficult. The ionic conductivity of CSPE
reached 107® S em™" at 30 °C when the polymer was com-

pounded with  Montmorillonite. ~ Here, the MMT
composite intercalated with the PEO and inhibited the crystal-
lization, which enhanced the cationic mobility.”°

Montmorillonite has distinct features like high cation
exchange capacity, high aspect ratio, appropriate interlayer
charge, large specific surface area and length scale.’” Studies
have shown that polyvinyl alcohol doped with ammonium
iodide possesses an ionic conductivity of 5.7 x 107* S em™'.*?
Sometimes, inorganic compounds/nanoparticles can be
surface modified to enhance their dispersibility and inter-
action with the organic polymer molecules. Walkowiak et al.®®
developed different surface-modified forms of SiO,, which led
to a two-fold increase in the specific conductivity of a gel
(about 107> S em™" at 20 °C) compared with the gel consisting
of unmodified SiO,.

2.3. Methodologies for polymer electrolyte preparation

Polymer electrolytes are processed into films, membranes,
fibres, and slurries and are used as electrolytes. These electro-
Iytes are categorized into dry solid, gel/plasticized and compo-
site PEs. These classifications have been discussed in detail in
the previous section. Some of the methodologies utilized to
prepare PEs are the solvent casting method, hot pressing,
extraction-activation method, phase separation method,
foaming, electrospinning, in situ polymerization and dip
coating.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Preparation of polymer membranes through solvent casting process. Reprinted with permission from ref. 95. Copyright MDPI 2017 (open

access under CC-BY 4.0).

Solvent casting method. Solvent casting is a method well
known for its simplicity. A suitable polymer is dissolved in a
low boiling solvent acetonitrile or tetra hydro furan, along
with a non-aqueous lithium salt electrolyte. The mixture is
cast into a substrate, and the solvent evaporates to give a film
(Fig. 8).”*°*% The solvent must have a boiling point of less
than or equal to 65 °C and should be moisture-free. Usually,
GPEs are mainly prepared by this method.” The GPEs pro-
duced can have a variety of film thicknesses from 50-300 pum,
and the solvent must be free of moisture because lithium is
sensitive to moisture.”®!

The major limitations of the GPEs are stickiness, low
mechanical strength, and the difficulty in evaporation of the
solvent completely. Even though it ameliorates the ionic con-
ductivity, it impacts the ESW of electrolytes; i.e., the residual
amount of solvent will degrade under a certain voltage, and
the voltage resistance will be disrupted.”** Because of the low
mechanical strength, hardening is done either by physical or
chemical crosslinking to enhance it.® Another critical criterion
is that the solubility parameter of the polymer and the salt
must be equal so that they will be dissolved in the same
solvent. In particular, the solvent can be eliminated by directly
adding the salt species into the polymer matrix for solvent-free
electrolytes. If the polymer is solid, it must be heated and
melted, and salt must be added to obtain the required film.
However, this will be time-consuming as the heating and
cooling should be done repeatedly. Thus, we could use a low
molecular weight polymer which exists in a liquid state to save
time and energy.®'

Hot-pressing. The hot-pressing technique is widely con-
sidered for preparing polymer films as solid PEs are intro-
duced. Initially, a suitable amount of polymer (usually pellets)
along with the salts and fillers are added and mixed well in a
mortar.”® The slurry is obtained by slowly heating the mixture
near the polymer’s melting point in a heating chamber.?"¢

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mixture:
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Hot press platen [—>

J Conductionplate

Top/bottom
mold plate
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Fig. 9 Schematic representation of hot-pressing technique to produce
polymer films. Reprinted with permission from ref. 97. Copyright IOP
SCIENCE 2016 (open access under CC-BY 3.0).

The mixture is then placed between steel blocks, as shown in
Fig. 9, with a controlled pressure provided by a weighing cylin-
der. Finally, the required shape of the PE is obtained.®!

An alternative method is placing the mixture obtained
between two heated mylar sheets/metal plates, where the
temperature is enough to melt the polymer (i.e., the tempera-
ture should be below its decomposition temperature).
Generally, the temperature range maintained inside a hot
press is approximately 70 °C to 100 °C.°* For instance, the
temperature applied to PEO is about 80 °C. The temperature
and pressure to be applied depend on the type of polymer
used. This technique leaves no solvent residue behind. The
major advantage of this technique is that it can also be
implemented for dense materials, requiring low cost and less
time.®"°® Hot-pressed PEO electrolytes showed higher conduc-
tivity and more homogeneity when combined with freeze-
drying than solvent-cast PEO electrolytes.”*
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Fig. 10 Schematic illustration of producing polymer-based nanofibers through the electrospinning process. Reprinted with permission from ref.

103. Copyright Elsevier 2016 (license number: 5673190990510).

Electrospinning process. Electrospinning is one of the pro-
cesses to produce fibrous polymer membranes of the required
diameter (in nano meters) from polymer solution. The porosity
range for the polymer membranes is 30-90%, and the pores
contribute to the ion conduction of lithium ions inside the
electrolyte.” Polymer electrolyte membranes made by electro-
spinning will possess a huge porosity, higher surface-to-
volume ratio, and suitable flexibility.*” Initially, a polymer
solution is prepared and sprayed over the collector (either a
plate or a cylinder). An electric field is created to induce
charges within the solution droplets by the application of a
suitable voltage between the nozzle and collector® (see
Fig. 10). When the charges within the solution reach a particu-
lar amount, the solution can overcome the surface tension
forces. Then, it is ejected as a jet from the needle tip, forming
a Taylor cone. The jet travels from the spinneret to a lower
potential region, where a grounded collector as a sheet or
drum is placed. The jet solidifies into nanofibers or nanowires
of desired dimensions.”® The distance between the cylinder
collector and the needle (nozzle) must be kept constant, and

the feed rate is generally controlled by using an infusion
100

pump.

Several parameters like applied voltage, solution concen-
tration and polymer composition must be optimized to
achieve good ionic conductivity, which is evident from elec-
trospun poly(vinylidene fluoride) PVAF. However, PVdF-
PMMA (poly vinylidene fluoride-poly methyl methacrylate)
membranes were found to be solvent-dependent.” The
average fibre diameter is directly related to the polymer con-
centration, which depends on the viscosity of the solu-
tion.'”" Obviously, the membrane/film fabricated through
electrospinning has good mechanical properties because it
produces nanofibers.”* Therefore, we can produce high-per-
formance membranes through this technique. For example:

508 | RSC Appl. Polym., 2025, 3, 499-531

PAN-PVAF (polyacrylonitrile-polyvinylidene fluoride)
branes yielded a maximum ionic conductivity of around 7.89
x 107 S em™'. Huang et al'®® developed a cellulose poly
(vinylidene propylene) P(VAF-HFP)
nanofiber in which the cellulose was the core and
P(VAF-HFP) was the shell, prepared by co-axial electro-
spinning. The coaxial fibrous membrane showed high poro-
sity (66%), high thermal stability (until 200 °C), high tensile
strength (34.1 MPa), and high electrolyte compatibility
(355% electrolyte uptake).”

Extraction activation method. Bell Core” introduced the
production.
Because of the high sensitivity of Li salts towards water, GPEs
should be prepared in a moisture-free environment, which is
not possible with techniques like solvent casting. Also, the
mechanical properties of GPEs are generally poor and they
need to be hardened by physical or chemical curing for better
mechanical properties. To overcome these issues, the extrac-
tion-activation method’> with four stages for processing is
recommended.

a. In the first stage, polymer, acetone, anode, cathode and
plasticizer (dibutyl phthalate) are mixed and cast on substrates
(Mold or Petri dish) to form a film.

b. The second stage involves the formation of cells laminat-
ing the obtained polymer films with Al and Cu collectors.

c. Then, the plasticizer DBP is extracted from the cells
using a suitable solvent in the third step.

d. In the last stage, a liquid electrolyte is used to activate
the battery after drying and packaging. This method is rarely
used because it involves handling volatile solvents.”

To achieve high conductivity, polymer chains with low
entanglements should take up more electrolytes.”” For
example, synthesized PVAF gel PEs exhibited good electro-
chemical and mechanical stability."®* PAN-PVC-based micro-

mem-

fluoride-co-hexafluoro

extraction activation method for industrial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Copyright Elsevier 2019 (license number: 5673191268709).

porous GPEs prepared in a 1:1 ratio by the extraction
method exhibited ionic conductivity of about 5.01 x 107°
S em %72

In situ polymerization. In situ polymerization is the process
in which the polymerization reaction occurs directly by using a
non-woven membrane as a scaffold.’* A network is formed
under the required conditions to cure the electrolyte using a
curable monomer (precursor), a liquid electrolyte, and an
initiator, which are loaded into the lithium-ion battery (see
Fig. 11). Simultaneously, the liquid electrolytes are evenly soli-
dified in the gaps. The initiators commonly used are organic
peroxides like benzoyl peroxide, peroxy-di-carbonate, ¢-amyl
peroxy-pivalate and azo compounds like 2,2-azobisisobutyroni-
trile (AIBN).” The precursor monomer must have a low vis-
cosity, so the electrodes and separator will get wet easily,
leading to good electrode-electrolyte contact and affinity.
Therefore, the monomer for in situ polymerization should
possess:

a. Low molecular weight.

b. Double bonds at their end.

c. Oxide groups for good compatibility with the electrolyte.

d. Good mechanical properties in gel PEs.

In situ polymerization promises good electrode/electrolyte
interfacial contact and inhibition of dendrite formation. The
excellent affinity of in situ polymerized PEs towards electrodes
was first reported by Sun et al.'® This in situ polymerization is
very much trusted for producing high-performance PEs, which
could be utilized in flexible thin-film batteries and next-gene-
ration electronics.'®®

Acrylate groups and oligomeric polyethers were commonly
used monomers for this technique.” This method can easily
synthesize PAN and PMMA-based gel PEs.'°® However, this

© 2025 The Author(s). Published by the Royal Society of Chemistry

process has limitations like deterioration of cycle performance
due to unreacted residual monomers and bubble formation
because of the gas produced in the polymerization. These
bubbles could affect the ESW, ionic conductivity and polariz-
ation of the PE.*

3 Property requirements of polymer
electrolytes
3.1 Ionic conductivity

Ionic conductivity and resistivity are inverse operations, which
result in a similar concept. Ionic conductivity measures the
conduction/transport of ions through the electrolyte. One of
the most critical parameters for electrolytes is ionic conduc-
tivity, which can be correlated to resistivity®* as follows:

k=1/p;

where £ is the ionic conductivity and p is the resistivity of the
given material. Ionic conductivity is a function of temperature,
and it is inversely proportional to the segmental relaxation
time of polymers, which can be determined through quasi-
elastic neutron scattering.”’ As explained earlier, amorphous
polymers are anticipated to show more ionic conductivity,
because at room temperature, the crystalline and amorphous
polymer chains are rigid and immobile. Crystalline polymers
melt on heating, whereas amorphous polymers undergo tran-
sition above their Ty, and conductivity is gradually enhanced
with an increase in temperature. Two models (Arrhenius
model and VTF model), which are discussed in later sections,
could help us to understand this conduction mechanism of
PEs. Conductivity studies of PEs analysed by the Arrhenius

RSC Appl. Polym., 2025, 3, 499-531 | 509
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model (Arrhenius plots) are mostly exponential.*®** The PE
must possess good ion conductivity and electron insulation
capacity to improve ion transport. This conductivity informs
about internal impedance and electrochemical behaviour. For
a rapid charge/discharge, the ionic conductivity of a PE should
be at least 10™* S ecm ™" at ambient temperature.”

Ionic conductivities of various types of electrolyte systems
are represented in Fig. 12. The first ever reported PE was PEO-
based SPE that exhibited low ionic conductivity below 60 °C
and low transference number. To overcome this, researchers
found other classes of electrolytes, like GPEs and CPEs, with
low crystallinity and increased ionic conductivity. Most SPEs
showed about 107° to 107> S cm™!, which is 3 to 4 times less in
magnitude when compared with the conductivity of liquid
electrolytes.**** GPEs and CPEs were prepared by employing
(PEO) polymer matrix with added plasticizer/inorganic fillers,
and the electrolytes were subjected to methods like blending,
co-polymerization, crosslinking, and the addition of plasticizer
and nanofiller etc., to improve the conductivity. PEO-PMMA
blends exhibited poor mechanical properties due to more flexi-
bility and amorphous portions in the polymer blend."®
Interestingly, PEO compounded with 0.05% graphene resulted
in 10 times more conductivity than virgin PEO.'*® High con-
ductivity was achieved in a PAN-based microporous gel electro-
lyte of about 5.01 x 107> S cm™" at room temperature, which
was obtained by removing PVC from the PAN/PVC blend.*”
The increased porosity of the polymers might contribute to
good conductivity.”® These conductivity measurements for
SPEs were done by using the two-probe method and impe-
dance spectroscopy.®®*®

Inorganic fillers dispersed in SPE help to enhance conduc-
tivity. Even though this approach can help to a certain extent,
it also has some drawbacks like high cost and low processabil-
ity.”> GPEs were made using polymer P(VdF-HFP) co-polymer in

510 | RSC Appl. Polym., 2025, 3, 499-531

Table 1 Conductivities of different polymer electrolyte systems with
respect to the temperature

Electrolyte system Conductivity Temperature
(polymer/Li salt) (Sem™) (°C) Ref.
P(EO),0/LiBF, 6.32x1077 27 59
P(EO),,/LiClO, 2.78 x 1077 27 59
PEO/5 wt%-LiPF, 120 x107° 25 88
PEO/11.1 wt%-LiAsF, 1.43 x107* 25 87
P(EO),0/LiCF;3S0; 1.88x107° 27 59
PEO/15 wt%-LiCF3S0; 1.00 x 107° RT 85
P(EO),4/LiN(CF;S0,) 3.84x107* 50 110
P(PO)/10 mol%-LiClO, >107* 4 111
MEEP/10 wt%-LiCF3S05 1.00 x 10™° 25 78
MEEP/25 wt%-LiCF3S05 2.70x107° 30 112
P(Si)3,/LiN(CF;S0,), 4.50x107* 25 113

which 80% of the polymer was found to be amorphous, which
seemed to possess an ionic conductivity of 0.5-1.5 mS cm™".
Furthermore, the ionic conductivity of GPEs was enhanced by
gelling ionic liquids or ionogels along with the polymer
matrix.>* Some of the techniques employed to ameliorate the
conductivity of PEs were discussed in earlier sections. Some of
the PE systems and their conductivity with their respective

temperatures are listed below (Table 1).

3.2 Electrochemical stability

The electrochemical stability window (ESW) contributes to
selecting a PE. A PE must possess a broad ESW (i.e., the energy
gap between conduction and valence bands should be greater
than the energy difference between the potentials of two elec-
trodes)."'* The operating voltage of the battery plays a crucial
role in determining the electrochemical resistance of the elec-
trolyte used. ESW is also influenced by other factors like the
molecular structure of the polymer, salt used and gelling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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liquid.”* The ESWs of the electrolytes are influenced by oxi-
dation and reduction potentials, which are in turn controlled
by the conduction band maximum and valence band
minimum. When this requirement is not fulfilled, it can result
in the development of a passivation layer at the electrode-elec-
trolyte interface. Consequently, the lithium-ion transference
number decreases, reducing the cycling life of the battery.'*?
The voltage resistance (ESW) of a polymer to be electrolyte
should be in the range of 4-5 V versus Li*.” Linear sweep vol-
tammetry, cyclic voltammetry, and optical absorption spectra
measurements are generally used to determine the polymer’s
electrochemical stability window. A schematic illustration of
the ESW of Li" solid electrolyte materials is shown in Fig. 13
and 14.

A method called density functional theory is widely used to
investigate the ESW, as the other methods mentioned earlier
are time-consuming. The ESW is tested/validated by determin-
ing the oxidation and degradation of the electrolyte system at a
particular potential.''>"'® The ESW of a PE relies on the salt
used and its concentration."'® A passivating layer is formed
due to the reaction between the electrode and electrolyte in Li-
ion batteries. This passivating layer formed on the graphite
(electrode) surface results in a limited battery life due to its
limited stability.”* Microporous gel polymer membrane seems
to exhibit a broad ESW. From the obtained voltammogram, the
decomposition voltage was identified to be 5 V versus Li*.”>
High electrochemical stability was obtained for composite PEs
when Al,O; was incorporated at 160 °C.'™® For solid PEs, the
anodic stability was improved by end-capping of PEO chains
with methoxy chains to about 4.3 V. Reactivity and SEI form-
ability influenced the electrochemical resistance of the PE in
liquid plasticizer in GPEs.**

3.3 Thermal stability

Thermal stability is one of the essential properties for a PE to
withstand the voltage generated when ionic transport takes
place. So thermal analysis must be done, which is significant
in terms of PE characterization. Thermogravimetric analysis
and differential scanning calorimetry are helpful in the
thermal analysis of polymers by which the thermal stability of
the PEs can be found. Internal heat is produced in the bat-
teries during battery operation which may result in short-cir-
cuiting and sometimes explosion. To get rid of these troubles,
the thermal stability of the polymer plays a crucial role.*®
Initially, PEO-based SPEs and Li-pol batteries were proposed,
and they were proved to have good thermal stability up to
300 °C, as is evident from Fig. 15.'"7

When PEO was incorporated with vermiculite sheets, it
enhanced properties like the thermal stability and mechanical
modulus of the electrolyte in good numbers.''® PAN-based
microporous gel PEs exhibited thermal resistance up to
253 °C, as proved by DSC characterization.”” Polymer electro-
lytes must have enough thermal stability when used with
battery components like electrodes, cell separators, current col-
lectors, etc; this thermal stability assures us about battery
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Fig. 15 DSC curves of PEO-based SPE and Li-ion PB to determine the
thermal stability. Reprinted with permission from ref. 117. Copyright
Elsevier 2003 (license number: 5673210696723).

safety in the case of electrical shorting, overcharge, flame, or
any other issues.”

3.4 Mechanical property

Polymer electrolytes must exhibit desirable mechanical pro-
perties such that they can be stable and robust towards the
electrode materials, enhancing the cell performances.®”
Polymer electrolytes should not be too brittle but be able to
relax the stress generated during cell manufacture, storage or
assembly.”'*® The incorporation of liquid electrolytes or ionic
liquids in polymer electrolytes (GPEs) exhibits poor mechani-
cal strength,"® such that the electrolyte needs more strength
to bear the stress between the electrodes."”" Unlike GPEs, dry
solid polymer electrolytes possess superior mechanical
strength at the cost of low ionic conductivity."

CPEs are made using ceramic fillers or composite fillers,
which boosts the conductivity without giving up the mechani-
cal integrity of the polymers. Using 2D fillers like graphene
oxides resulted in increased mechanical modulus along with
the conductivity."'® Also, the addition of inorganic fillers like
oxides of alumina, silica and titanium was found to improve
the mechanical properties of the polymer electrolyte.'**'*?
Dynamic networks can be exploited to simultaneously achieve
the conductivity and shear modulus of the polymer electrolytes
without compromising ion transport.’** As explained in earlier
sections, blending, copolymerization, cross-linking, addition
of fillers, etc., can be utilized to enhance the mechanical
strength of the polymer electrolytes.”

3.5 Dielectric constant and temperature effects

The dielectric constant is another essential electrical property
of polymers. It can be represented as the ratio between the
material’s capacitance and capacitance of the empty cell,
which correlates directly with the ionic conductivity. When the
dielectric constant is high, the salt’s lattice energy decreases
and the charge carrier concentration will be increased, which
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provides higher ionic conductivity to the PE system.*® When
the dielectric constant is high, the number of anions co-
ordinated with Li* ions is found to drop. Barteau et al'?*
found that the rise in the dielectric constant of the host PE
matrix contributed to conductivity enhancement. Ionic con-
ductivity is the multiplication of concentration of charge
carrier, electron charge and mobility of ions.*® Therefore, the
dielectric constant relies on the charge carrier’s concentration
and density. In GPEs, the dielectric constant of the considered
plasticizer must be greater than the polymer, which leads to
the dissociation of the ionic clusters.'*®

The relative permittivity helps us to understand the ion
transport of the plasticized and non-plasticized
PVC-PMMA-LiCF;S0; system which was reported by Ramesh
et al.”” An increase in the relative permittivity of this plasti-
cized PE system resulted in the enhanced density of the charge
carriers. The plasticized PE systems (ethylene carbonate as
plasticizer) have shown high dielectric constant due to
increase in charge storage with respect to the ion dis-
sociation.*® DC conductivity is strongly influenced by the rela-
tive permittivity of the polymers at different temperatures as
reported in ref. 126. Transport of ions is always influenced by
the relative permittivity and ion dissociation energy. In con-
trast, relative permittivity plays a significant role in the dc con-
ductivity of the SPEs and NCPEs.*12¢

At high temperatures, a rise in relative permittivity results
in enhancement/improvement in the ion transport of the PE.
As the temperature rises in polar polymers, it leads to an incre-
ment in dielectric constant due to the enhancement of dipole
orientation, which is evident from the chitosan-AgTf SPE
system shown in Fig. 16."*” High temperature contributes to
improved ion transport and good vibration dynamics in PEs
with a liquid-like mechanism, i.e., ionic mobility is defined in
terms of the rate of segmental relaxation.”® Therefore, an
increase in temperature increases dielectric properties,
decreasing the hopping length of the ions and potential
barrier needed for hopping of ions and increasing the flexi-
bility of the PE."*® Most of the polymers exhibit low conduc-
tivity below their T, because it ensures the amorphous behav-
iour of the polymer and facilitates the operating range of the
SPEs.”

4 lon transport models and
mechanism of conduction in PEs

The ion conduction mechanism is very critical for PEs. Polar
polymers dissolved with low lattice energy salts contribute to
conducting PEs. From this, it is evident that the cations are
the reason for the DC conductivity. It has been proposed that
cations move by dissociation through the neighbouring coordi-
nating site.'* Especially in polymers, when donor atoms like
oxygen are added to the matrix, the polymer is suitable for
electrolyte application since these O, atoms help in the coordi-
nation of cations to promote salt dissociation.*® It is assumed
that non-labile bonds are established between cations and
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from ref. 127. Copyright Elsevier 2014 (license number:
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polar polymers. However, this will not improve DC conduc-
tivity, whereas there should be labile bond formation between
cations and polymer. As discussed earlier, conductivity princi-
pally occurs in the amorphous region."**'*! Many studies have
reported that the conduction mechanism of PEs is still not
clear. However, it could be observed that the cations are inter-
connected with neighbouring functional groups through
which ion transport occurs.*® The most prevalent Li* ion trans-
port mechanism in polymer electrolytes that has been created
thus far is segmental motion. Another mechanism rarely
observed in SPEs is the Grotthuss mechanism/ion hopping.'*
Two types of model are proposed through which the ion con-
duction mechanism in PEs could be studied.

4.1 Arrhenius model

The DC conductivity of the SPEs is the critical characteristic
utilized in specific applications. For most of the polymers, the
conductivity versus temperature plot will be linear, which
comes under the Arrhenius model. The ion hopping mecha-
nism has been used to analyse the polymeric electrolytes with
regular crystal structures."** Therefore, the Arrhenius model
explains the correlation between the temperature and DC con-
ductivity. The conductivity for the PEs following the ion
hopping mechanism is defined through Arrhenius theory,
which is expressed as:

o(T) = 6o exp[—Ea/KzT);

where o(T) - conductivity, 6, — conductivity pre-exponential
factor, E, - activation energy, K — Boltzmann constant, and 7 -
temperature.'*® This Arrhenius equation describes the discrete
jumps of the ion motion which are independent/decoupled
from the segmental motion of the polymer."*°

The magnitude of conductivity is influenced by the amount
of filler added, and most of the materials exhibited similar
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Intrachain hopping via ion cluster

Fig. 17 Cartoon illustrating the ion transport in PEO SPE. Reprinted from ref. 133 with permission from the Royal Society of Chemistry.

characteristics."”” The literature review revealed that the mole-
cular motion of the polymer is not the reason for the move-
ment of cations. When the temperature-reliant DC conduc-
tivity complies with the Arrhenius relation, the cations move
through the neighbour vacant sites, contributing to high DC
conductivity."*” The ion transport mechanism of PEO polymer
through interchain and intrachain hopping is represented in
Fig. 17. In the case of amorphous PEs above Ty, the tempera-
ture-dependent conductivity was found to be non-Arrhenius,
which is said to be curved."®® Ravi et al."*® initially found this
Arrhenius relationship between temperature and DC conduc-
tivity for poly(vinylpyrrolidone)-KClO, complexed SPE, which
is evident from Fig. 18. The temperature increment leads to
enhanced conductivity as a consequence of the development
of free volume around polymeric chains, facilitating ion trans-
port. Polymer chain motions like breathing, relaxation or seg-
mental mobility are observed along with the ion hopping
mechanism."*® Most of the polymers used as PEs are semicrys-
talline in nature. Below the melting point, there will be no seg-
mental motion/internal Brownian motion (IBM) of the poly-
meric chains, and hence, this IBM of the chains could be
observed above the melting point (which aids in high DC con-
ductivity).*® The plot DC conductivity versus 1000/temperature
shown in Fig. 18 is made using the Arrhenius equation. The
following are the observations made for the SPE-based system.

Two regions are observed, where region 1 is below T}, and
region 2 is above Ty, of the polymer (see Fig. 19). In region 1
(below Ty,), the DC conductivity increases gradually until
70 °C."*" In region 2 (above Ty,), the DC conductivity increased
instantaneously compared with region 1. This is because, at
high temperatures, segmental motion is observed where free
volume will be comparatively higher. This will help the ions to
move from one place to another. In region 2 (amorphous
region), the bond rotation creates segmental mobility at elev-
ated temperatures."*> Consequently, this segmental mobility
contributes to the conductivity of the PE and ion hopping
motion, which is interchain or intrachain. Researchers
reported that the transport of ions is due to the segmental
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mobility of the polymer and the hopping/transitional mobility
of the ion.*® Amorphous regions begin to swell at high temp-
eratures where the polymer segments exhibit IBM because of
the bond rotation. Consequently, this helps in the inter and
intra-chain ion hopping mechanism of ion motion, which con-
sequently increases conductivity.'**

The decoupling of segmental relaxation and conductivity
has been observed for polymer electrolytes following Arrhenius
behaviour. With the help of rheology, a direct comparison
between segmental relaxation times and conductivity relax-
ation times has shown a notable difference.'*’> However, only a
very few works combine conductivity with the segmental relax-
ation of polymer electrolytes, which prevents us from under-
standing the decoupling mechanism. For molten salts and
ionic liquids, an easier approach has been proposed for under-
standing the decoupling.'****® Many polymers exhibit strong
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decoupling of conductivity and segmental mobility, which
shows the solid-like mechanism of ion transport in certain
cases (decoupling).”® Therefore, polymer electrolytes seem to
follow a decoupling solid-like mechanism below the T,. A
solid-like mechanism is sometimes found above the T, when
the rate of ion rearrangement is greater than the segmental
relaxation.

4.2 Vogel-Tammann-Fulcher model

The Vogel-Tammann-Fulcher model is abbreviated as the VTIF
model, and is used to explain the ion transport mechanism in
polymers. The VIF model relates the ionic conductivity and seg-
mental relaxation in the host PEs.*® Here, the curvy behaviour of
Arrhenius plots has been observed for the relationship between
conductivity and segmental mobility. Therefore, the correlation
between ionic mobility and the temperature can be represented as:

6 = 06oT /2 exp[—B/kg(T — To)];

where ¢, is the pre-exponential factor related to the number of
charge carriers, B is the pseudo activation number and Ty = Ty —
50 K.”'*” Therefore, the segmental mobility and the ion concen-
tration affects the ionic conductivity of the amorphous polymers
following the VIF model."*® The free volume model was con-
sidered by the researchers to comprehend the relationship between
ion transport and IBM, leading to a massive increase in conduc-

© 2025 The Author(s). Published by the Royal Society of Chemistry

tivity at high temperatures. From free volume theory, we infer that
the polymers can expand and produce free volume at high temp-
eratures. This free volume is a major concern for ion transport
here.*® A non-linear curve is obtained for the plots of the VIF con-
duction mechanism of SPEs and is generally observed above the
T,.”"*° Also, this VIF behaviour was found above the T, of the
solid polymer electrolytes, ionic liquids, and GPEs."*’

The diffusion coefficient of the ions was studied, and the
VTF model predicted the temperature variation at various con-
centrations of PMEO-based PEs. This temperature dependence
can be explained using configurational entropy or free volume
theories."* For ion-conducting solid electrolytes, the tempera-
ture dependency of conductivity was explained well by the VTF
1."°° Beyond the polymer motion, the
Arrhenius conductivity exhibits a linear curve (straight line) at
high temperatures. At high temperatures, conductivity
enhancement leads to the vibrational dynamics of the polymer

mode segmental

chains and backbone. Through these vibrations, coordination
sites come close together, resulting in ion hopping or transla-
tional motion that leads to ion transport. So, the graph will be
linear for DC conductivity versus the 1000/T plot for the
Arrhenius model, like ionic crystals.”> We could observe dual
ion conductivity (both cations and anions), which would affect
the ion transference number of the system, influencing the
performance of the SPEs.”>" Uncoordinated cation mobility is
anticipated when the transference number value is low. This
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difference in concentration inside the electrolyte and between
the electrodes can pose serious problems, i.e., ionic resistance
may develop/enhance due to salt precipitation/depletion at the
electrode surface.’”*'** As a result, this difference in concen-
tration hampers the charging/discharging process and could
also lead to dendritic growth, which reduces the performance
of the battery.>* Moreover, studies suggest that solvent mole-
cule selection is pivotal because the solvent is helpful in solvat-
ing the Li' ions, and these ions migrate within the electrolyte.
Therefore, the solvent molecules affect the ion transport of the
system. 55156

In summary, the coupling and decoupling mechanisms
between the ionic and segmental motions contribute to the
linear and curved behaviour of DC conductivity.*® However,
the plots between conductivity and 1000/T show a non-linear
connection, which supports the conductivity mechanism
through ion hopping motion coupled with relaxation of chains
for PEs modelled using the VTF model, which is evident from
Fig. 18.”'*! Polythiophene composites were studied/analysed
with the help of the VIF model, and their temperature-depen-
dent conductivity was identified. Here, the composite followed
the VTF model until a critical temperature, after which a cross-
over from VTF to Arrhenius behaviour was found.'*® The
works of Petrowsky and Frech enabled us to understand that
DC conductivity is influenced by temperature. Nevertheless, it
is also a function of relative permittivity.'"® Summing up all,
DC conductivity seems to be a function of both temperature
and dielectric constant. Conductivity also relies on the dielec-
tric constant and energy of ion dissociation of the PE.
Therefore, these ionic and molecular interactions in ion-con-
ducting PEs could be studied using dielectric relaxation
studies.*®

5 Characterization of polymer
electrolytes

Characterization is a necessary element to identify the physical
and chemical properties of polymers, which helps in the
testing or validation essential for a material. The characteriz-
ation techniques can acquire information like conductivity,
crystallinity, electrochemical resistance, surface topology, com-
position, thermal resistance, and other properties of the
sample. This section discusses some of the principal electro-
chemical characterization techniques like electrical impedance
spectroscopy, transference number measurement and voltam-
metry, which are critical for PEs.

5.1 Electrical impedance spectroscopy

Electrical impedance spectroscopy is a transfer function
measurement type generally used to analyse linear time-invar-
iant systems.'®” This method is also known as dielectric spec-
troscopy or AC impedance spectroscopy. The electrical pro-
perties of the polymer mass or its interfaces for various fre-
quencies and temperatures can be identified using this
method. This method is also used in studying dielectric relax-
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ation and ion conduction mechanisms in PEs.*®* Thus,
complex impedance spectroscopy could be used to study the
AC ionic conductivity of the PEs."*® The impedance graph can
be achieved by analysing the sample in the frequency range
between 100 Hz and 1 MHz, and for resins, suitable lower fre-
quencies are employed for the experiment.'*® Hence, the
dielectric properties of the PEs like dielectric loss, dielectric
constant, ac conductivity, modulus and tangent loss, can be
determined from the impedance spectra.'?®

Electrical impedance spectroscopy theory. Electrical displa-
cements in a material are attributed to two significant physical
phenomena:

1. When electrical charges are diffused for long distances,
diffusion takes place, and DC conductivity occurs.

2. When electrical charges are restricted to a localized
matter, polarization will occur.*>®

Therefore, AC conductivity analysis is done using complex
impedance spectroscopy to eliminate the interfacial polariz-
ation at the electrode/electrolyte interface. Complex impedance
spectroscopy (CIS) is used to predict the ac conductivity of PEs
by means of applying an electric field, as said earlier.'®® This
electric field will cause polarization in polymers. The four
types of polarization for polymeric materials are electronic,
atomic, dipolar, and migrating charge polarization.'®" In raw
materials, ions frequently emerge as impurities. The dipoles
begin to form when there is unequal electronegativity of atoms
attached to the polymer backbone.*® Therefore, the dielectric
responses of the polymers are due to the electronic and orien-
tational polarization, which can be analysed over the frequency
range of less than 10° Hz."®" The inversion of the electric field
leads to the reorientation of dipoles with respect to the direc-
tion of the field, and migration of ions from one electrode to
another is seen. Also, the reactive sites of huge sizes would be
difficult to reorient along the direction of the field.*® EIS can
be done with a frequency response analyser and a potentiostat
governed by a computer with a suitable application. The
response of the system results in an electrochemical impe-
dance shown as,

Z(w) = Z: +jz; = V(o) [I(@);

where Z is the impedance, w is the angular frequency, and vV
and I are phasors, which are complex time-invariant
numbers."” For impedance data to be considered valid, three
basic requirements must be satisfied before doing EIS tech-
niques: 1. linearity, 2. causality, 3. stability.

Linearity: the system must behave linearly with respect to
the measuring conditions; ie., the input and the output
signals should pertain to the same frequency. Most of the
systems exhibit non-linear relationships, so we apply a small
AC signal to make it linear. This linearity condition for a
chosen AC signal can be pragmatically tested by changing the
magnitude of the applied AC signal. If the impedance remains
the same, then the linearity condition is satisfied, or vice versa.
Theoretically speaking, the Kronig-Kramers transformation
relation is used to check this linearity.*>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Causality: causality suggests an exclusive cause-and-effect
connection between the input signal and the output of the
system. Therefore, there shouldn’t be any external interference
to the system, which means that the applied perturbation
must be the only factor influencing the output of the
system.'®?

Stability: the system under study must be stable over a wide
range of frequencies and measurement conditions. This
means that the system must be capable of returning to its
initial state if the perturbation stops.'®*

For mixed and amorphous systems, CIS evaluates the con-
ductivity and permittivity which are dependent on frequency at
various temperatures.’® The complex impedance plots are very
useful in obtaining the ionic conductivity of the polymer elec-
trolyte.'>> Using complex impedance spectroscopy, the real
and imaginary parts of impedance for broad values of frequen-
cies are obtained through the Nyquist plot. This method
depends on the response of the system to AC sinusoidal input
waves where impedance is calculated. Complex impedance
spectroscopy can also calculate frequency at relaxation, elec-
trode separation, and bulk effects. It is also used to measure
the DC conductivity, AC conductivity, dielectric loss, dielectric
constant and energy of activation required for the charge car-
riers.*® Here the polymer electrolyte samples are sandwiched
between two blocking electrodes made of stainless steel or
aluminium.'®?

Experiment and analysis. A sinusoidal voltage of 5 to 20 mV
with a wide span of frequencies was applied to the sample PE,
and the current measured.®’ This EIS was carried out using
VMP potentiostat and EC lab software. As mentioned earlier,
the two-electrode setup is where the electrode/electrolyte/elec-
trode is built as a coin cell using stainless steel or alu-
minium.'® As mentioned earlier, the ratio of voltage versus
current gives the complex impedance. We shall get the impe-
dance plot from this measurement, which is Z"(omega) vs. Z'
(omega). By fitting the impedance plot using the EQ
program, we can get the bulk resistance of the PE
sample.'®>'%® By using the relation between resistance and
resistivity, the resistivity of the sample is obtained, from
which conductivity is obtained; i.e., we know that conduc-
tivity is the inverse value of the resistivity."®* From Fig. 21,
we can see the impedance plot of PVA:AgNt (75:25) at
303 K. Here, the solid polymer electrolyte seems to possess
bulk resistance of about 160578 ohms, which is the value
taken from the end of the semicircle in the IS plot.'®” From
this value, we can obtain the resistivity and conductivity of
the PE through the respective relations and formulas as
mentioned earlier.

Chang-Yu Hsu et al.'® reported that the maximum proton
conductivity for this PE system was 10™" S cm™" above 60 °C,
which was greater than the conductivity of Nafion-117, evident
from Fig. 20. Subramania et al”> reported on PAN/PVC
blended microporous gel electrolytes, which were found to
exhibit ionic conductivity of about 5.01 x 10~ S em™ at RT
mixed at the ratio of 50:50 (w/w). Ionic conductivity of such
value was achieved owing to the elevated electrolyte uptake of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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membranes at 100% RH. Reprinted with permission from ref. 168.
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Fig. 21 Impedance plots for PVA:AgNt (75:25) at 303 K. Reprinted
with permission from ref. 167. Copyright MDPI 2017 (open access
CC-BY license 4).

this microporous gel electrolyte. PEG-DA samples have been
produced in different salt concentrations, and the highest con-
ductivity was found to be obtained with 20 wt% of LiCl0,."*°
The Nyquist plots yielded a semicircle or linear relation for gel-
type electrolytes."”® Generally, the impedance plots of electro-
Iytes were found to be complicated, where a deviated semi-
circle or slanted/curved spikes were found, as shown in Fig. 21
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for PVA-AgNt. These distortions in the semicircle can be influ-
enced by the behaviour at the interface of electrode and elec-
trolyte and the homogeneous distribution of properties.'®*

5.2 Transference number measurements (TNM)

Theory. One of the crucial parameters for a PE is transfer-
ence number measurement, which represents the proportion
of electric current transported by the cation (e.g., lithium or
sodium).**
polymer electrolyte is highly recommended; ie., the anion
mobility should be low while the battery is performing
because it may indicate wasted energy and lead to decompo-
sition, causing detrimental effects for the cell.'’® A TNM of
lithium-ions that is close to unity (theoretical value) is desir-
able. This high TN value lowers the transport overpotential

Having a high transference number (TN) for a

during the charge cycle process, contributing to enhanced
specific energy.” A transference number equivalent to unity
was observed for a subsection of GPEs called single-ion con-
ducting polymers, which shrinks the adverse effects of anionic
polarization.”®

The transference number was measured/determined for
pure polymers above 110 °C temperature to allow the
diffusion of molecules to pass through at a low frequency.
For filled polymers, the temperature limit will be
extended.'”” Generally, TNM can be determined by using
electrical polarization, nuclear magnetic resonance and elec-
tromotive force method.'”*'”® However, the electrical polar-
ization method is the most popular approach because it is
straightforward and simple to use.'””® TNM generally
depends on both blocking and non-blocking electrodes.
TNM for a solid PE is generally determined by Wagner’s
DC polarization method and potentiometric polarization of
Bruce and Vincent method."”

Experiment and analysis

Ion transference number. This technique predicts the func-
tion/input of ions and electrons to the total charge transport
of the PEs.'”” In total charge transport, Wagner’s polarization
is adopted to isolate various contributions of electrons and
ions. The PE sample is placed between two blocking electrodes
(using stainless steel). The experiment is carried out by apply-
ing a small DC voltage and obtaining the response of the
current with respect to time. Because of the polarization of
mobile ions at working/blocking electrodes, the current
diminishes as time increases.'’® The ion transference number
is given by,

tion = [(1 716)/It];

where I, is the total initial current because of the ions and
electrons, and I, is the constant residual current because of
electrons.®!

Cation transference number. This method is well known for
its simple and fast procedure. Here, symmetrical metal/
polymer/metal disks are polarized by a small voltage of about
10 mV. Then, the initial and equilibrium state current values
are obtained.”® The initial current value decreases until a
steady-state value is attained when a small constant voltage is
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applied to an electrolyte between non-blocking lithium electro-
des. The anion current will disappear in the steady state,
and the cations will be responsible for the whole current if
there is no redox interaction with the anions."”” In this
instance, it is simple to calculate the cation transference
number by dividing the cationic steady-state current by the
initial current immediately following the polarizing activation
voltage. An extra contact resistance is typically imposed by
passivating layers at the electrodes. Deducing the matching
extra voltage drop from the applied potential difference is
necessary. Therefore, the correction needs to account for this
change since the resistances of the lithium electrode surfaces
change with time.'”® Before and after the process of poten-
tiometric polarization, the contact resistance of electrodes is
predicted by using impedance measurements. A DC voltage
is applied for polarizing the cell, and the cation transport
number is given as,

Leation = Is(V - IORO)/IO(V - IsRs);

where V represents the applied DC voltage, I, is the current
before polarization, I; represents the current after polariz-
ation, R, is the initial resistance, and R; is the steady-state re-
sistance of passivating layers.®®*® The abovementioned
equation is referred to as the Bruce-Vincent method for
transference number measurement.

PEO-based PE was investigated using Macdonald’s analysis,
which shows that the transference number improved by
adding Al,O; at a volume percentage of about 10% and
showed the temperature independence of the transference
number."” Baskaran et al. investigated the transport numbers
of PVAc-PVAF-LiClO, using Wagner’s polarization method.
Measurement was carried out using aluminium electrodes and
applying 1.0 V DC bias voltage at 333 K as shown in Fig. 22.
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Fig. 22 Current vs. time plot of 71.25PVAc:23.75PVdF:5LiClO4
polymer electrolyte at 333 K. Reused with permission from ref. 140.
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The t,n, was found to be 0.96-0.98, which suggested that
the ion transport or ionic conductivity was mostly because
of the Li* ions."® For NCPEs, Wagner’s polarization test
was done. The transference number was obtained as 0.97,
revealing that the characteristic of conductivity was ionic,”
as the anion mobility is inversely proportional to the
lithium transference number. So to enhance the transfer-
ence number, we can (a) anchor the anions to the polymer
architecture and (b) introduce anion receptors into the
polymer-salt complex.”

5.3 Voltammetry

Voltammetric studies are commonly used to calculate the
ESW of the PEs in which lithium is employed as a counter
electrode (Li-ion batteries), whereas for working electrodes,
inert materials like carbon and stainless steel can be uti-
lised. Through the voltammetric peaks, the potentials at
which the PE sample undergoes redox reactions can be
obtained.'”®

Theory. To learn about the theoretical background of this
technique, we should look over the Nernst or Butler-Volmer
equation.'”® According to the equation, the applied potential
and reaction rate controls the concentration of the redox
species at the electrode species. Consider a reversible electro-
chemical reaction:

O+ne & R

Here, the applied potential (E) is responsible for pushing
the concentration of O and R (Cy and CJ) at the surface of the
electrode to a ratio which can be defined by the Nernst
equation:

- RT o,
E=E — -In(Ce/Co);

where E° is the standard reduction potential of the redox
couple, R is the gas constant, T is the absolute temperature
(K), F is the Faraday constant, and n is the number of elec-
trons. From this equation, we can see that the potential
applied is directly proportional to the concentration ratio
(Cr/Cp))-'* The Butler-Volmer equation relates concen-
tration, current and potential, which is given as:

i o o o
=k {Co exp[—ad] — Cy exp|(1 — a)d]};

(E-E)

where 0 = nF , A is the area of the electrode, k° is the

heterogeneous rate constant, and « is the transfer coefficient.
The electrode surface and the flux of the material directly
affect the current flow. Fick’s law defines the mass movement,
and difference in concentration due to the destruction of O
and R and the formation of new O and R. Fick’s law is given
by:

@ = 7AD0(8CO/8JC),

where Dg is the diffusion coefficient of O, and x is the distance
from the surface of the electrode. Therefore, the faradaic
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current in the cell and the rate of the reaction are controlled
by the flux of O and R.*®*

Experiment and analysis. Voltammetric measurement is
done by using a Li|Ni or Li|stainless steel cell.** Linear sweep
voltammetry and cyclic voltammetry are the two types of tech-
niques to determine the voltage limit of the PE, where we
apply the anodic voltage to the cell holding the PE film/mem-
brane.'* The difference is in cycling the potential range. In
linear sweep voltammetry, we sweep the potential from low to
high value and plot the voltammogram, whereas in the cyclic
one, we sweep the potential from low to high value and vice
versa. The anodic potential limit of the PE sample can be
obtained from the inflection point of the voltammogram, and
the cathodic potential limit is also determined in the same
way.'®? Here, the onset of the current shows that the electrolyte
begins to decompose and loses its stability."*® Cyclic voltam-
metry (CV) offers two key benefits: (i) results can be easily
interpreted and (ii) vast potential ranges can be quickly ana-
lysed. CV also provides us with information on the formal
reduction potential, reversibility of the reaction, energy levels
of the semiconducting polymers, and electron transfer
kinetics.'®

Therefore, the decomposition voltage is determined from
the voltammogram where the curve hikes to a positive value
from zero, where the degradation of electrolyte starts, which is
evident in Fig. 23, where the PVdF and PVdF-MMT samples
were subjected for characterization. From Fig. 23, we can find
the voltage of PVdF is 4.3 V. We can also observe that the
increase in MMT filler clay loading enhances the degradation
voltage value.”! Park et al. reported the LSV measurements of
CSPE at 16 °C, as shown in Fig. 24. Higher electrochemical
stability was observed for the CPE made of acidic activated
Al, O3 or neutral activated Al,O5 than for CPE made of activated
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Fig. 23 LSV graph of gel PVdF and PVdF-MMT NCPE with different
concentrations of clay. Reprinted with permission from ref. 91.
Copyright Elsevier 2011 (license number: 5677800468827).
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Fig. 24 LSV of the PEO-based CPE at 60 °C. Salt content is [LIClO,4]/
[EQ] = 0.1 and inorganic filler is 10 wt%. (a) AlO3z activated acid; (b)
Al,O3z activated neutral; (c) Al,O3z activated basic. Reprinted with per-
mission from ref. 113. Copyright Elsevier 2003 (license number:
5677800798772).

basic Al,Os;. These differences are due to the intermolecular
interactions (H-bonding) leading to high electrochemical stabi-
lities."** However, the working potential of the electrolytes
goes beyond the voltage limit because of the development of
SEI, which is pivotal regarding lithium-ion batteries.®

6 Applications of polymer
electrolytes in various fields

The crucial utilization of PEs can be seen in the field of
battery technology. Polymer electrolytes are the latest devel-
opment in lithium batteries.*® Solid PEs revolutionized the
field of batteries due to their safety (no leakage of electro-
lyte), light weight, high energy density, good compatibility
between electrode and electrolytes, and good thermal and
mechanical properties compared with liquid electrolytes.'
The ionic conductivity of solid PEs was poor, but the
addition of filler and plasticizer was shown to improve the
properties. Also, PEs are pivotal in various electronic appli-
cations like dye-sensitized cells, electrical double-layer capaci-
tors, fuel cells, lithium batteries, etc., as shown in Fig. 25.
Previous to this section, polymer electrolytes in terms of Li-
ion batteries were discussed. Therefore, some of the appli-
cations other than batteries are comprehensively explained in
this section.

6.1 Dye-sensitized solar cells

Solar energy is one of the renewable energies that has become
significant and exploited in some applications due to the limit-
ations of fossil fuels. Some solar energy applications are solar
thermal collectors, photovoltaics, and dye-sensitized solar cells
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Fig. 25 Applications of polymer electrolytes in various fields. Reprinted
with permission from ref. 46. Copyright Elsevier 2019 (license number:
5683790706860).

(DSSCs)." The prime principle of the DSSC is converting light
(natural or artificial) energy into electrical energy. Polymer
electrolytes are used in DSSCs to improve their performance
and properties. Liquid electrolytes in the DSSC cause signifi-
cant problems like leakage, corrosion, evaporation and poor
stability."®* Solid PEs help to overcome these drawbacks by
replacing the liquid electrolytes.'®*"®> To increase the con-
ductivity, we can add some nanofiller or plasticizers, or gel
PEs can be synthesized with better conductivity than SPEs,
or ionic liquids can be polymerized along with the polymer
matrix to produce ionic liquid polyelectrolytes.'®** A photo-
electrode, a counter electrode and an electrolyte make up the
DSSC. The photoelectrode possesses a nanocrystalline meso-
porous semiconductor (TiO,) with a wide band gap, generally
dipped/soaked in a sensitizing dye to form a monolayer. The
counter electrode usually comprises platinum or carbon on a
conducting substrate. The electrolyte involves a redox system
that connects and transposes charge between two
electrodes.'® ™ The dyes play a crucial role in converting
light into electrical energy.'® Solid-state electrolytes (SSEs)
have recently become very significant in this DSSC appli-
cation. The SSE is constructed by a p-type hole conveying
semiconductor and yet another solid-state redox couple. This
enhances the electrochemical stability and non-corrosive
properties.'®®

There are two types of DSSC based on the type of polymer
electrolyte employed: solid-state DSSCs, which utilize SPEs,
and quasi-solid DSSCs, which make use of GPEs.'®” The
process of casting the PE solution directly over a dye-adsorbed
TiO, photoelectrode typically helps create SPEs that lead to

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00325j

Open Access Article. Published on 26 December 2024. Downloaded on 1/19/2026 12:35:14 PM.

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

(cc)

RSC Applied Polymers

solid-state DSSCs. PEO-based polymer electrolytes became
standard SPE systems of analysis after the work of Wright.*®
Low molecular weight poly(ethylene oxide dimethyl ether)
(PEODME. M,, = 500)/MPII/12/fume SiO, SPE was used by Kim
et al.'® to replace potassium iodide with 1-methyl-3-propylimi-
dazolium iodide, which increased the solar efficiency by up to
4.5%. An overall conversion efficiency of about 0.01% was
achieved for high molecular weight PEO by incorporating the
polypropylene glycol oligomer.'®® Consequently, a lot of work
was done with GPEs to make quasi-solid DSSCs. Researchers
from Malaysia and Sweden have reported on GPE based on
polyacrylonitrile which exhibits enhanced ion transport pro-
perties in DSSCs."*° Cetin et al. proposed a GPE of poly(2-acryl-
amide-2-methylpropane sulfonic acid/itaconic acid/N,N'-
methylene bis acrylamide) hydrogel and its variants doped
with halogens (F, CI, Br) and aniline."" Lan et al.’®* developed
a PAN-based GPE that showed a maximum conductivity of 2.37
x107* S em™" at RT and an overall energy efficiency of 2.46%
for light to electricity. PMMA-based GPE has been synthesized
and used in a quasi-solid state DSSC, which offered light to
electricity conversion of 4.78%, good long-term stability and
desirable ionic conductivity of about 6.89 x 107> S cm™'.'%*
Also, work has been done to prepare GPEs through the swell-
ing technique, and a new class of PEs based on ionic liquids
have been employed in DSSCs."®” These PEs exhibit a wide
range of properties and various advantages; however, they are
not considered in this review.

6.2 Fuel cells

The fuel cell is considered as a replacement for non-renewable
energy sources, leading to a sustainable energy source. It is a
type of energy-storing device that converts chemical energy to
electrical energy. Like batteries and DSSCs, fuel cells are also
made of an anode, an electrolyte and a cathode.'® A hydrogen
fuel cell necessarily takes in hydrogen and oxygen. When these
elements are continuously supplied to the fuel cell, the waste
product is removed, and electricity is generated efficiently
without any combustion.'® The electrolytes play a vital role in
carrying/transporting the electrically charged ions from one
end of the electrode to the other end, and the other way
around. Membranes like Nafion and Aquivion can be used as
electrolytes. There are two types of polymer electrolyte mem-
brane (PEMFC) for fuel cell technology, namely: (i) low temp-
erature (LT-PEMFC) and (ii) high temperature (HT-PEMFC).
LT-PEMFC operates at 60-80 °C, whereas HT-PEMFC operates
at 120-200 °C."** In many of the fuel cells, the operating temp-
erature is stringent to about 120 °C. For instance, Nafion can
degrade at 80 °C (LT-PEMFC), allowing methanol and water
crossover. These drawbacks are rectified by a new class of
material, namely hydrocarbon membranes, in which the oper-
ating temperature is extended up to 150 °C (HT-PEMFC).
Relatively high membrane cost, catalyst poisoning, expensive
catalysts, and water management problems were observed
from the conventional perfluoro sulfonic acid-based
LT-PEMFC.'” Therefore, operating PEMFCs at high tempera-
tures gives us various advantages. By operating PEMFC at high
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temperatures, we can observe quicker reaction kinetics, better
waste heat generation, simpler thermal management, and
high tolerance of Pt catalysts to fuel impurities.'®**®

Initially, LT-PEMFCs utilized perfluoro sulfonic acid (PFSA)
membranes where the main chains are hydrophobic, and the
end chain sulfonic groups are hydrophilic. Therefore, good
hydration properties must be achieved.'*”*°® Due to the limit-
ations of LT-PEMFC and the advantages offered by HT-PEMFC
(mentioned above), researchers started to work with
HT-PEMFCs. So, PFSA membranes were modified to operate at
high temperatures, but water was still employed for proton
conductivity. Inorganic fillers were also added to these modi-
fied PFSA membranes to improve their performance and
properties.’®!  Sulphonated hydrocarbon polymers were
employed as HT-PEMFC because they offered several advan-
tages in terms of properties like increased water uptake,
increased mechanical strength, and enhanced thermal stabi-
lity. But, both the PFSA and sulfonated hydrocarbon mem-
branes needed liquid H,O and humidification.?**> Phosphoric
acid (PA) doped poly benzimidazole is a commonly used mem-
brane for HT-PEMFC. Phosphoric acid exhibits high proton
conductivity, increasing the polymer’s conductivity, and some
of the merits of PA are good chemical stability, low gas per-
meability, good thermal stability, etc.?*® Yang et al.>** found
that methanol crossover is nil in multilayer sulphonated poly
(ether ether ketone) (SPEEK) thin film. Membranes are made
through the solution casting technique by blending PVA and
different concentrations of chitosan. When this PVA-blended
chitosan is crosslinked, the thermal and chemical properties
are enhanced, and the swelling ratio decreases.'® The PEs
were proved to overcome some of the significant disadvantages
like low current density and low-pressure and partial load
plaguing the alkaline electrolyser.

6.3 Electrical double layer capacitor (EDLC)

An electrical double-layer capacitor is a rechargeable and clean
energy storage system with significant advantages like large
capacitance, higher power density, extended cycle life relative
to the secondary batteries, low maintenance requirements and
good safety."'" It is made of two carbon electrodes (porous
activated) with a large surface area inserted in an electrolytic
solution.?®® The electrical double layer between two electrodes
is responsible for storing the energy in the EDLC. The surface
structure of the electrode, the potential between the interface
charges, and the electrolyte composition are the factors that
influence the electrical double layer.'®*°® Electrode resistance
and conductivity of electrolytes influence the internal resis-
tance and capacitance of EDLCs. The significant point here is
that the working voltage of EDLC is directly proportional to
the breakdown voltage of the electrolyte used. The charge-dis-
charge characteristics are crucial in determining the perform-
ance of EDLCs.”® Polymer electrolytes have replaced liquid
ones in the EDLC because of their flexibility, long-term safety,
high power density, low risk of leakage, and low cost."®
Organic electrolytes are used in industry mainly because
they produce a voltage of 2.7 to 2.8 V, which is used for high
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electrical energy production.'® PEO was the first PE found,
and it was introduced into the EDLC by Lewandowski.*°® Due
to their low ionic conductivity, SPEs were ruled out, and a new
class of polymer electrolytes (GPEs) was prepared.
Methylcellulose (GPE) is an example that exhibited conduc-
tivity of 2.1 x 107° S cm™" when plasticized with NH,NO;.""*
The addition of LiCF;S0; in poly(ethyl methacrylate) (PEMA)-
based polymer electrolytes resulted in ionic conductivity of
about 7.20 x 107° S ecm™" at room temperature.>*® However, the
addition of ammonium to the PEMA PE led to enhanced ionic
conductivity from 8.6 x 107" Sem ™" t0 1.02 x 107> S em ™ *.**°

Many works have been done to utilize chitosan-based elec-
trolytes for their abundance and affordability. Chitosan-based
biopolymer PEs plasticized wusing glycerol and
ammonium salts, which resulted in enhanced ionic conduc-
tivity of about 1.34 x 10™* S cm™". GPEs, along with the incor-
poration of nano SiO, developed for EDLC by Ortega et al.,
showed a high capacitance of about 71.7 Fg~', whereas
unfilled GPE showed 41.6 Fg~*.>'! Song et al.>"* utilized TiO,
nanofiller and synthesized PVDF-HFP/PMMA-based polymer
electrolytes, which possessed enhanced ionic conductivity,
thermal stability, electrochemical stability and reduced shrink-
age of the polymer electrolyte. Zheng et al.>'® enhanced the
ionic conductivity and mechanical strength by incorporating
benzophenone into the ionic liquid.

were

7. Conclusion and future
perspectives

This review article comprehensively addresses the history and
evolution of polymer electrolytes in energy storage applications
and their contribution to real-world applications like DSSCs,
fuel cells, and electrical double-layer capacitors. The advan-
tages of polymer electrolytes over inorganic liquid electrolytes
have been presented, justifying the use of solid polymer elec-
trolytes. Important considerations about selecting the polymer
as an electrolyte have been discussed. The different classifi-
cations of polymer electrolytes, such as dry solid polymer elec-
trolytes, gel polymer electrolytes, and composite-based solid
polymer electrolytes, are explained in detail for clear under-
standing of the different types of PEs. Generally, GPEs may be
useful for achieving good ionic conductivities at the cost of
mechanical properties, which can be retained using different
ideas like the utilization of fillers or block copolymers/blends.
In contrast, CSPEs and NCPEs exhibit high conductivities and
good mechanical properties because of the action/interaction
of fillers added to the polymer matrix. In GPEs, NCPEs and
CSPEs the conductivity is better than in SPEs through disrupt-
ing the crystalline regions/improving the amorphous regions.
This is because the ion transport in amorphous regions is
better than in the crystalline region, which has been high-
lighted. Therefore, researchers are recommended to work
towards improving the amorphous content of PEs to have
better properties.
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Methodologies like solvent casting, hot pressing, electro-
spinning, the extraction-activation method, and in situ
polymerization in the preparation of PE films were critically
reviewed. Out of these, solvent casting and spin-coating tech-
niques are widely used to prepare polymer electrolyte films at
the lab scale. Some attention has been paid to the basic prop-
erty requirements of polymer electrolytes like ionic conduc-
tivity, electrochemical stability, thermal stability, and mechani-
cal stability. The dependence of conductivity on dielectric con-
stant, temperature and ion dissociation energy was explored
thoroughly. The existing ion transport models, like the
Arrhenius model and VIF model, have been explained in
detail, from which we have pointed out the influence of the
amorphous region over the DC ionic conductivity. However,
the ion conduction mechanism is not fully understood yet.
Also, the coupling and decoupling mechanism of segmental
mobility and ionic conductivity have been emphasized appro-
priately through the Arrhenius and VTF models. The different
qualities and advantages of polymer electrolytes have been
reviewed, and deep insight has been provided into the essen-
tial properties of PEs. Electrical impedance spectroscopy and
impedance plots are discussed in detail. Experimental and
theoretical aspects of EIS have been elucidated, and the deter-
mination of conductivity through the impedance plot has been
revealed. Moreover, the Bruce-Vincent method and Wagner’s
polarization method are discussed in order to obtain the trans-
ference number of the polymer electrolyte which seems to be
crucial. The significance of voltammetry techniques has been
reviewed and analyzed in detail.

Lithium-polymer batteries are a currently emerging techno-
logy with limitations that need certain improvements and
developments. The ionic conductivity of contemporary
polymer electrolytes is not sufficient to employ them in high-
energy applications. We know that the amorphous nature of
the polymer plays a significant role in ionic conductivity.
Therefore, we could use novel materials like elastomers or
rubbers as electrolytic membranes for Li-pol batteries, which
could be effective enough to obtain the necessary properties.
Researchers have found that liquid crystal polymer intercon-
nected with elastomer could be helpful as a PE.>'* However,
the use of elastomers or rubber as PE is currently being
researched. This elastomeric electrolyte could be the future
hope for taking lithium polymer batteries to another dimen-
sion. Rubbers have lower T, and higher amorphous portions
than ordinary polymers used as PEs. Consequently, these
novel PEs based on rubbers/elastomers in the future could
help Li-pol batteries to be used in e-vehicles and many other
advanced applications requiring high ionic conductivity.
Therefore, we could think about replacing PEs with rubber
electrolytes, which would be the future. Also, the sustainability
of PEs is critically considered, and research is ongoing. The
use of natural, biodegradable and chemically recyclable poly-
mers and sustainable fillers to reduce the environmental
impacts of lithium batteries has been critically reviewed.*'*
This sustainable polymer/filler utilization in polymer electro-
Iytes acts as an environmentally friendly approach and causes
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less harm to nature. Achieving ionic conductivity and mechan-
ical strength is not easy; researchers can work to decouple the
relationship between conductivity and mechanical stability, or
they can try to achieve both properties without deterioration of
one property. If we try to develop SPE, which possesses high
ionic conductivity, it will definitely show lower mechanical
strength, and vice versa. For this issue, we have several tech-
niques like blending, co-polymerization, cross-linking, compo-
sites, nanofillers, etc., to improve both properties. Nowadays,
researchers are working in vitrimeric polymer electrolytes
which will possess good mechanical stability along with high
ionic conductivity, which has to be optimized. Vitrimer chem-
istry utilizes dynamic bonds forming associative covalent
adaptable networks, which helps in recycling of the polymers
and upcycles the mechanical strength of the post-consumer
recyclate polymer. The trade-off between conductivity and
mechanical stability depends on the dynamic crosslinker, its
molecular weight and so on. These vitrimeric electrolytes are
anticipated to exhibit self-healing, recyclability, and shape
memory characteristics. Therefore, this could be a viable solu-
tion for improving mechanical stability.”

With respect to SPEs, LiTFSI is the commonly used salt
because of its electrochemical stability and as the TFSI anion
possesses delocalized electrons, which results in high trans-
port/coordination of cations. Novel salts which could replace
LiTFSI with more ESW and highly delocalized electrons could
be explored. Nowadays, ionic liquids are becoming commer-
cially viable. These ionic liquids contribute to the liquid state
of the GPEs, in which we could see higher ionic conductivity
and mobility. These ionic liquids can be utilized, or novel
ionic liquids can be synthesized to get commercially viable
and useful PEs. Speaking of commercialization, cost is the
major concern when developing electrolytes for pragmatic
applications. However, most of the novel ideas remain in the
lab. Therefore, researchers should not only focus on the
novelty but also on the commercial concerns of the polymer
electrolytes. Concerning the thickness of the polymer electro-
lyte films, we can try to use ultrathin polymer films, which
could enhance ion transport and reduce the system’s impe-
dance. But at the same time, we should ensure the optimum
mechanical properties, as said earlier. This ultrathin film
concept seems to drastically improve energy density. However,
mechanical strength is lacking. Therefore, researchers have
proposed a thin, strong matrix film to get rid of this lower
mechanical and electrochemical stability. However, the inter-
facial stability and electrode portion must be improved.
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