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ABSTRACT

Ion-conducting polymer composites (ICPCs) have emerged as an
important class of solid-state materials designed for modern energy
storage and conversion systems. By combining polymer hosts with ionic
salts and various functional fillers, these composites achieve a balance of
high ionic conductivity, mechanical flexibility and improved thermal and
electrochemical stability. In contrast to conventional liquid electrolytes,
ICPCs provide greater safety, structural integrity, and long-term reliability,
making them attractive for advanced solid-state batteries, fuel cells,
supercapacitors, sensors and biomedical technologies. Ion transport within
these materials primarily depends on the movement of polymer chains
and the dissociation of the incorporated salts, processes that are further
boosted by nano-fillers that reduce crystallinity and introduce efficient
interfacial pathways for ionic migration. This paper examines the essential
building blocks of ICPCs, explores the underlying ion-transport
mechanisms, and presents their key physicochemical characteristics. It also
reviews recent progress in composite design and highlights major
application domains where ICPCs have shown notable impact. With
thoughtful material engineering and structural optimization, ICPCs offer a
highly adaptable platform for developing safe, high-performance and
flexible electrochemical devices. As the need for sustainable, compact, and
reliable energy systems continues to rise, these composites are poised to
play a central role in shaping future technologies.
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1. INTRODUCTION

In recent years, the rising need for flexible, safe
and high-performance electrochemical systems
has accelerated research into Ion Conducting
Polymer Composites (ICPCs). These hybrid
materials merge the ionic transport capabilities
of conventional electrolytes with the lightweight
and adaptable nature of polymers, positioning
them as strong alternatives to liquid electrolytes
for modern energy storage and conversion
applications [1-3]. ICPC development has
helped overcome the well-known drawbacks of
traditional solid polymer electrolytes (SPEs)
including low ionic conductivity at ambient
temperatures and limited mechanical robustness
while enabling the fabrication of compact,
bendable and wearable devices suitable for
electronics, biomedical applications and
environmental  sensing  [4].  Systematic
investigation of ion transport in polymer hosts
began with Wright's seminal work in 1975,
which showed that poly(ethylene oxide) (PEO)
complexed with alkali salts could facilitate ion
motion through the segmental flexibility of
polymer chains [5]. However, the crystalline
nature of PEO restricted ionic mobility,
especially at lower temperatures. To address this
limitation, researchers incorporated diverse
inorganic and organic fillers into polymer
matrices, forming polymer nanocomposites with
greater amorphous content, enhanced free
volume and improved pathways for ion
conduction [6-9]. Fillers such as ceramic oxides
(Si0,, TiO,, ALQO;) and emerging 2D materials
(graphene, MXenes) operate not only as
structural supports but also as active
participants in Lewis acid-base interactions with
polymer chains and ions, thereby promoting salt
dissociation and suppressing ion pairing [10].
This cooperative behavior results in substantial
improvements in ionic conductivity, mechanical
durability and electrochemical stability. Another
key factor driving the advancement of ICPCs is
safety: conventional lithium-ion batteries rely on
flammable organic solvents, which pose risks of
fire and thermal runaway. In contrast, ICPCs are
non-volatile and thermally resilient, making
them ideal for solid-state batteries that are

expected to play a central role in future energy
technologies [9].

Beyond batteries, ICPCs are gaining prominence
in other energy and sensing platforms. They
function as proton-conducting membranes in
fuel cells, solid electrolytes and separators in
supercapacitors, and soft, biocompatible
interfaces in biosensors and bioelectronic
devices, enabling wearable and implantable
applications in healthcare [11,12]. Overall,
progress in ICPC research from early polymer
salt complexes to advanced multifunctional
composites has laid the foundation for next-
generation  devices.  Their  customizable
properties, intrinsic safety and exceptional
versatility establish ICPCs as a transformative
class of functional materials driving innovation
in sustainable energy, biomedical engineering,
robotics and allied fields.

2. FUNDAMENTALS OF ION CONDUCTING
POLYMER COMPOSITES

Ion-conducting polymer composites (ICPCs)
represent a versatile class of hybrid materials
created by  combining  polymer-based
electrolytes with ionic salts and, in many cases,
performance-enhancing functional fillers. Their
defining feature is the ability to facilitate ion
transport through a solid polymer framework,
offering a safer and more stable alternative to
liquid electrolytes in demanding electrochemical
environments [4,13]. The emergence of ICPCs
has been driven by the need to overcome the
inherent drawbacks of traditional solid polymer
electrolytes (SPEs), which typically suffer from
low ionic conductivity at ambient temperatures
and inadequate mechanical strength. Through
the strategic incorporation of complementary
components, these composites achieve an
optimal blend of ionic conductivity, structural
flexibility, —and thermal as well as
electrochemical robustness. As a result, ICPCs
are rapidly becoming a key material platform for
next-generation  solid-state  electrochemical
technologies.
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21 Components of Ion-Conducting Polymer

Composites

An ICPC is generally composed of three

essential components:

(a) Polymer Matrix

The polymer matrix forms the structural

backbone of the composite, offering mechanical

flexibility and a medium through which ions can
migrate. Several polymers are commonly
employed in ICPCs, including:

e Poly(ethylene oxide) (PEO): Known for its
ability to exhibit substantial ionic
conductivity in the amorphous phase,
primarily due to the ether oxygen atoms that
coordinate with cations [5].

e Poly(vinylidene fluoride) (PVDF): Valued
for its high dielectric constant and robust
mechanical strength.

¢ Poly(methyl methacrylate) (PMMA) and
poly(acrylonitrile) (PAN): Selected for their
excellent film-forming capability —and
enhanced thermal stability.

(b) Salt Dopants

Salt dopants supply the mobile ions required for

conduction. Common choices include:

e Lithium salts such as LiClO,, LiBF,, LiPFs,
and LiTFSI for lithium-ion applications.

*  Sodium and proton-conducting salts, for
example NaClO, and H;PO,, for sodium-ion
and proton-exchange systems.

The extent of salt dissociation and its
coordination with polymer chains largely
determines the concentration of free charge
carriers.
(c) Fillers
The incorporation of nano-sized fillers has
dramatically improved the performance of
polymer electrolytes. These fillers help decrease
crystallinity, enhance conductivity, strengthen
mechanical properties, and create additional
pathways for ion migration. Common fillers
include:

+ Inorganic oxides: SiO,, TiO,, AL,O;etc.

* Layered silicates: Montmorillonite clay,
halloysite nanotubes

+ Carbon-based materials: Graphene, carbon
nanotubes (CNTs)

* Advanced materials: Metal-organic
frameworks (MOFs) and MXenes [7]

These fillers can function as Lewis acids or

bases, interacting with either the ions or the

polymer chains to promote salt dissociation and
enhance ion mobility [14].

2.2 Ionic Transport Mechanism
Ionic conduction in polymer electrolytes occurs
primarily through the hopping of cations across
the polymer matrix. Several factors influence
this transport behaviour:
(a) Polymer Segmental Motion
In amorphous polymer systems such as PEO,
ion mobility is closely linked to the segmental
relaxation of the polymer chains. As the chains
undergo thermal motion, transient free volume
is generated, allowing ions to jump between
coordination  sites.  Consequently,  ionic
conductivity increases with temperature because
enhanced thermal energy accelerates polymer
chain dynamics and facilitates ion transport.
(b) Salt Dissociation and Ion Availability
Efficient ion conduction requires adequate
dissociation of the incorporated salt into free
ionic species (e.g., Li*, ClO4). The polymer’s
dielectric constant and its ability to complex
with the salt determine how effectively the ions
separate. Polymers containing polar functional
groups such as ether or nitrile moieties promote
greater ion dissociation and, in turn, improve
the number of available charge carriers.

(c) Role of Fillers in Ion Transport

Fillers support ion transport through multiple

mechanisms:

*  Reduction of Crystallinity: In semi-
crystalline polymers like PEO, fillers disrupt
ordered regions, increasing the amorphous
phase where ions move more freely.

+ Interfacial Conduction: The polymer-filler
interface often develops a space-charge layer
that exhibits enhanced ionic mobility due to
altered coordination environments [13].

* Lewis Acid-Base Interactions: Acidic or
basic filler surfaces such as ALO; can
interact with anions, reducing ion pairing
and increasing the number of mobile
cations.

Through these combined effects, fillers can

elevate ionic conductivity by several orders of

magnitude, enabling ICPCs to rival certain
liquid electrolytes under optimized conditions.

2.3 Thermal and Mechanical Properties
Ion-conducting polymer composites display
markedly improved thermal and mechanical
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characteristics compared to unfilled polymer
electrolytes. These enhancements originate from
the incorporation of inorganic or organic fillers
into the polymer framework.

Thermally, fillers such as SiO,, TiO,, AL,O; and
nanoclays raise the decomposition onset
temperature and improve resistance to thermal
degradation [15,16]. This increased thermal
stability helps maintain the electrolyte’s
structural  integrity and  electrochemical
performance at elevated temperatures an
essential requirement for advanced batteries
used in electric vehicles (EVs) and large-scale
energy storage systems.

Mechanically, fillers act as reinforcing agents
within the polymer matrix. They limit polymer
chain mobility, thereby enhancing tensile
strength, stiffness and dimensional stability [17].
This reinforcement improves longevity and
safety by reducing the likelihood of mechanical
deformation or failure, including the
suppression of lithium dendrite penetration in
solid-state batteries.

The simultaneous improvement in ionic
conductivity, thermal durability and mechanical
strength without sacrificing polymer flexibility
makes ICPCs well suited for high-demand
energy systems such as EV batteries, grid-level
storage technologies and portable electronics
[1,4].

2.4 Morphological Characteristics

The morphology of ICPCs plays a critical role in
determining  both  their  electrochemical
behaviour and mechanical properties. Advanced
characterization methods, particularly X-ray
diffraction (XRD) and scanning electron
microscopy (SEM), are routinely used to analyze
structural features and phase distribution.

XRD reveals the degree of crystallinity within
the polymer composite, providing insight into
the relative amounts of crystalline and
amorphous regions. Since ion mobility is
significantly higher in amorphous domains, a
reduction in crystallinity typically enhances
ionic conductivity by promoting polymer
segmental motion.

SEM provides detailed images of surface
morphology, enabling assessment of filler
dispersion, interfacial contacts and phase

uniformity. Uniform distribution of nanoscale
fillers such as metal oxides, clays and ionic-
liquid-modified particles is essential for forming
continuous ion-transport networks. Conversely,
filler agglomeration or micro-phase separation
can impede conductivity and weaken the
mechanical structure [15].

An ideal ICPC morphology features well-
dispersed  fillers embedded  within a
predominantly amorphous polymer matrix.
Such  structural = organization  supports
mechanical flexibility, stable electrochemical
performance and efficient ionic migration
through interconnected pathways. Moreover,
controlled morphological design can improve
thermal resistance, enhance electrode-electrolyte
compatibility and limit dendrite formation in
battery applications. Thus, precise
morphological engineering is vital for achieving
high-performance ICPC materials.

3. MATERIALS DESIGN AND
FABRICATION TECHNIQUES

The performance of lon-Conducting Polymer
Composites (ICPCs) is strongly influenced by
the fabrication route chosen for their
preparation. Different synthesis and processing
methods not only modify ionic conductivity but
also shape key properties such as morphology,
crystallinity, =~ mechanical  strength  and
electrochemical ~ stability.  Selecting  an
appropriate technique depends on the intended
application and the required balance among
performance, processability and scalability. Fig.
1 shows the schematic illustration of various
materials design and fabrication techniques used
for ion-conducting polymer composites,
including  solution  casting, in  situ
polymerization, melt intercalation, hot-press
technique, and sol-gel processing, along with
their preparation steps and resulting composite
properties.

3.1 Solution Casting Technique

Solution casting is the most commonly
employed laboratory-scale method owing to its
simplicity, flexibility and suitability for a wide
range of materials systems.

In this approach, the polymer host, ionic salt and
optional nanofillers (e.g., ceramic nanoparticles
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or 2D nanomaterials) are dissolved in a volatile
solvent such as acetonitrile, THF or DMF.

The mixture is stirred until a homogeneous
solution is achieved, then cast onto a flat
substrate such as glass or Teflon.

The solvent is removed through controlled
evaporation, often followed by vacuum drying
or thermal annealing to ensure complete

Straightforward, low-cost and 1ideal for
compositional optimization.

Film thickness and composition can be easily
tuned.

Limitations:

Residual solvents may affect ionic conductivity
and stability.

Environmental and scalability challenges due to

elimination of solvent traces.

Advantages:

solvent use.

MATERIALS DESIGN AND FABRICATION TECHNIQUES
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Figure 1: Schematic illustration of various materials design and fabrication techniques used for ion-

conducting polymer composites.

3.2 In Situ Polymerization

In situ polymerization involves synthesizing the
polymer directly in the presence of dissolved
salts and dispersed fillers. The polymer grows
around these components, promoting strong
interfacial integration.

Monomers such as ethylene oxide, methyl
methacrylate or epoxy derivatives are mixed
with salts (e.g., LiTFSI) and fillers (e.g., SiO,,
ALOs).
Polymerization is
thermally using
initiators.

The process yields a highly uniform composite
with well-integrated filler-matrix interfaces.

initiated
appropriate

or
or

chemically
catalysts

Advantages:

Superior interfacial bonding between polymer
chains, salts and fillers.

Enhanced thermal stability and mechanical
robustness.

Capability to create crosslinked or 3D network
structures.

Limitations:

Requires precise control over reaction rate,
temperature and initiator concentration.
Applicable primarily to materials that can
undergo controlled polymerization.

As highlighted by Scrosati and Garche, this
method produces mechanically strong and
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electrochemically stable ICPCs suitable for
advanced energy storage devices [4].

3.3 Melt Intercalation

Melt intercalation is a solvent-free, thermally
driven technique well suited for industrial and
large-scale processing.

Thermoplastic polymers such as PEO, PVDF or
PLA are heated above their melting point and
combined with inorganic or 2D fillers.
High-shear mixing facilitates uniform filler
dispersion within the molten polymer.

The composite solidifies upon cooling, forming a
uniform electrolyte film or bulk material.
Advantages:

Environmentally friendly since no solvents are
involved.

Compatible with large-scale manufacturing
processes such as extrusion and injection
moulding.

Efficient for industrial production of solid
polymer electrolytes.

Limitations:

Filler agglomeration may occur due to high
processing temperatures.

Only suitable for polymers capable of
withstanding ~ melt  processing  without
degradation.

3.4 Hot-Press Technique

Hot-press processing involves the simultaneous
application of heat and pressure to create dense,
mechanically robust electrolyte films.

The polymer, salt and fillers are pre-mixed (dry
or solvent-assisted), pelletized or formed into
pre-cast films.

The material is placed between heated plates of
a hydraulic press and processed at temperatures
typically ranging from 60-150 °C, depending on
the polymer.

A controlled pressure of ~ 1-10 MPa is applied
for a defined duration to produce compact,
uniform membranes.

Advantages:

Produces highly dense films with minimal
porosity, improving both mechanical strength
and ionic transport.

Enhanced interfacial contact among components
due to pressure-induced compaction.

Avoids issues associated with solvent retention.

Limitations:

Requires careful optimization of pressure and
temperature conditions.

Limited to polymers stable under simultaneous
heat and pressure.

Hot-pressing is particularly advantageous for
solid polymer electrolytes used in solid-state
batteries, where dense membranes and intimate
electrode-electrolyte contact are essential for
efficient operation [18-20].

Table 1: Impact of Fabrication Methods on ICPC Properties.

Technique Morphology Mechanical Ionic Scalability
Control Strength Conductivity

Solution Casting Moderate Moderate High Low

In Situ | High High High Medium

Polymerization

Melt Intercalation Moderate High Moderate High

Hot Pressing High Very High High Medium-
High

4. APPLICATIONS OF ION-CONDUCTING
POLYMER COMPOSITES

Ion-conducting polymer composites (ICPCs)
have gained significant attention in advanced
technologies due to their superior ionic
conductivity, mechanical flexibility, thermal
robustness, and customizable physicochemical
properties. Their dual ability to transport ions

while maintaining structural stability makes
them ideal for a wide range of electrochemical
and optoelectronic applications. Figure 2 shows
the schematic representation of applications of
ion-conducting polymer composites.

Key areas of ICPC application include:
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4.1 SOLID-STATE BATTERIES
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Figure 2: Schematic representation of applications of ion-conducting polymer composites.

4.1 Solid-State Batteries

ICPCs are extensively employed as solid
polymer electrolytes (SPEs) in lithium-ion and
sodium-ion solid-state batteries. Compared to
traditional liquid electrolytes, these polymer
composites enhance safety by eliminating risks
of leakage and flammability. The addition of
ceramic fillers like SiO, or TiO, improves ionic
transport and mechanical strength by reducing
polymer crystallinity and promoting segmental
chain mobility. Such composites enable the
development of flexible, compact energy storage

devices suitable for wearable electronics,
medical implants and electric vehicles.
4.2 Fuel Cells

In polymer electrolyte membrane fuel cells
(PEMEFCs), ICPCs function as proton exchange
membranes (PEMs). Nafion-based membranes,
when combined with inorganic oxides or
sulfonated polymers, show improved proton
conductivity, water retention, and thermal
stability. These membranes efficiently conduct
protons while preventing gas crossover, which
is crucial for clean energy applications. ICPCs
are also being designed for direct methanol fuel

cells (DMEFCs) to reduce methanol crossover and
thermal degradation, enhancing performance

and durability.
4.3 Electrochromic Devices
ICPCs serve as ion-conducting layers in

electrochromic devices (ECDs), such as smart
windows and displays, enabling reversible color
changes through controlled redox reactions.
Polymers doped with lithium salts and
plasticizers are commonly used, offering energy-
efficient modulation of light transmission in
response to applied voltage.

4.4 Supercapacitors

ICPCs act as solid electrolytes and separators in
electrochemical double-layer capacitors (EDLCs)

and pseudocapacitors. Their high ionic
conductivity and electrochemical stability
enhance  charge storage and  cycling

performance. Eco-friendly alternatives using
biodegradable polymers like PVA, combined
with ionic liquids or salt fillers, are being
explored for sustainable supercapacitor designs.
4.5 Sensors and Actuators

Thanks to their responsiveness and flexibility,
ICPCs are widely used in ion-selective sensors,
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biosensors, and artificial muscles. They respond
to chemical, mechanical, or electrical stimuli,
enabling precise detection of humidity, gases, or
biomolecules. In actuators, ion migration within
the polymer layers induces mechanical
deformation under an electric field, mimicking
natural motion, which is particularly valuable in
soft robotics and biomedical devices.

4.6 Electrochemical Devices and Capacitive
Deionization

ICPCs find application in  capacitive
deionization (CDI) and  electrochemical
separation  systems, where ion-exchange
membranes selectively transport ions across
electrodes. This property is harnessed for water
desalination and pollutant removal, providing
an energy-efficient and reusable solution for
environmental remediation.

4.7 Solar Cells and Photovoltaic Devices

In dye-sensitized solar cells (DSSCs), ICPCs act
as quasi-solid-state electrolytes, transporting
iodide/triiodide = redox couples between
electrodes. Replacing liquid electrolytes with
these composites enhances thermal and
mechanical stability while maintaining high
ionic mobility, improving device safety and
longevity.

4.8 Medical Devices and Drug Delivery

ICPCs are being investigated for controlled drug
delivery systems, where ionic conductivity and
polymer flexibility facilitate stimuli-responsive
release. Biocompatible polymers combined with
conductive fillers enable materials to react to
pH, temperature, or electrical signals, making
them suitable for targeted therapies and
implantable bioelectronics, such as pacemakers
and neural interfaces.

4.9 Electrochemical Machining and Coatings

In electrochemical machining (ECM) and
protective  coatings, ICPCs act as solid
electrolytes to control ion transport during
precision metal processing and corrosion
protection. Additionally, ICPC-based composite
coatings provide electromagnetic shielding and
anti-static properties in electronic devices.

5. CHALLENGES AND FUTURE OUTLOOK

Ion-Conducting Polymer Composites (ICPCs)
hold great promise for next-generation energy
storage systems and flexible electronics.
However, several obstacles currently hinder

their ~widespread commercialization and
optimization for practical applications.

5.1 Present Challenges

Ionic Conductivity at Ambient Conditions
Although significant advancements have been
made in enhancing the ionic conductivity of
ICPCs, their performance at room temperature is
still lower than that of conventional liquid
electrolytes. This limitation affects their
applicability in portable and wearable devices
under normal environmental conditions.
Improving conductivity while maintaining
mechanical strength and thermal stability
remains a critical challenge [26, 27].

Filler Dispersion and Agglomeration

The use of inorganic fillers such as ceramic
nanoparticles or metal oxides is common to
strengthen the polymer matrix and facilitate ion
transport. Nevertheless, these fillers often tend
to agglomerate, resulting in uneven distribution,
phase  separation, and reduced ionic
conductivity [28]. Achieving uniform nanoscale
dispersion of fillers is essential for forming
stable and high-performance composites.
Interfacial Compatibility Issues

Interfaces between polymer electrolytes and
electrode materials are prone to chemical
degradation and poor adhesion over time,
forming resistive layers that impede ion transfer
[29]. Developing chemically stable interfaces
with improved adhesion is vital to enhance cycle
life and maintain consistent performance in
electrochemical devices.

5.2 Future Perspectives and Research
Opportunities

Nano-structuring through Block Copolymers
Block copolymers can be tailored to self-
assemble into nanostructures containing distinct
ionic and non-ionic domains. These structures
create continuous pathways for ion transport
while  preserving  mechanical integrity.
Controlling microphase separation allows fine-
tuning of ion conduction properties and overall
conductivity [30].

Incorporation of Nanofillers and 2D Materials
Recent efforts focus on integrating advanced
nanomaterials such as MXenes, graphene oxide,
layered double hydroxides, and Metal-Organic
Frameworks (MOFs). These materials provide
high surface area, adjustable functional groups,
and improved ion mobility via percolation
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pathways [31,32]. Their combination with
polymer matrices can enhance both ionic
conductivity and mechanical performance.
Artificial Intelligence and Machine Learning
Approaches

Al- and ML-based data-driven modelling offers
powerful tools for accelerating the design of
ICPCs. These methods can predict optimal
polymer-filler combinations, evaluate
mechanical and electrochemical stability, and
reduce experimental workload. For example,
Janani et al. demonstrated that ML models can
accurately forecast ionic conductivity based on
molecular  descriptors,  streamlining  the
development of high-performance composites
[14].

6. CONCLUSION

Ion-Conducting Polymer Composites (ICPCs)
have emerged as revolutionary materials within
functional materials science due to their unique
combination of high ionic conductivity and
superior thermal, mechanical and
electrochemical stability. This combination
makes them ideal for a broad spectrum of
applications, ranging from solid-state batteries
to advanced biosensors. By carefully integrating
polymer matrices, ionic salts, and specialized
fillers, ICPCs address many of the limitations
associated with conventional electrolytes, such
as flammability, leakage, and limited mechanical
robustness. This chapter has offered an in-depth
examination of the core principles governing
ICPC operation, their structural composition,
and their diverse applications in modern
technologies. The performance of these
composites is largely dictated by ionic transport
mechanisms, which are strongly influenced by
polymer segmental dynamics and interactions
with incorporated fillers. Beyond energy
storage, ICPCs are increasingly being explored
for wearable electronics, flexible actuators, and
biocompatible devices. As the demand for safer,
high-performance, and eco-friendly technologies
grows, ICPCs present a promising avenue for
future innovation. Research efforts should
prioritize improving room-temperature
conductivity, long-term durability, and scalable
manufacturing processes. With sustained
development, ion-conducting polymer
composites are poised to become a cornerstone

in the creation of smart, multifunctional and
sustainable technological solutions.
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