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Conductive polymer (CP) hybrids combine the electronic properties of polymers with the mechanical
strength, thermal stability, and catalytic features of secondary materials. This review presents four
major structural categories: core—shell assemblies, interpenetrating networks, layered composites, and
dispersed nanocomposites. Each class is linked to fabrication routes such as in situ polymerization,
electrochemical deposition, solution blending, and sol—gel techniques. We evaluated the influence of
these structural forms on performance metrics, including electrical conductivity, flexibility, and long-
term durability. Representative applications in sensing, energy storage, corrosion protection, and

environmental remediation are examined to highlight their functional advantages and practical
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Accepted 23rd July 2025 imitations. allenges in synthesis, precision, material stability, an evice integration are also

discussed. A final roadmap connecting structural design choices to specific application outcomes and

DOI: 10.1035/d5ra04634c outlining priorities for the future development of scalable and multifunctional CP hybrid systems is

rsc.li/rsc-advances presented.

promising candidates for many applications, including elec-

1. Introduction
1.1.

trochemical energy storage, supercapacitors, ion sensing, and
Background on conducting polymers thermal transport.?
CPs are a class of materials with electrical conductivity, which is
an unusual property not observed in the polymer family."*
Interest in this field has been considerable because of its
potential applications in several domains, including elec-
tronics, optoelectronics, energy storage, and biomedical engi-
neering. CPs have several important advantages over traditional
inorganic materials: their electrical properties can be easily
tailored, their synthesis process is simple, and they exhibit high
environmental stability. CPs have recently been found to be

1.2. Importance of hybrid materials

Although conducting polymers exhibit promising properties,
their application is often limited to their pristine forms. This
has led to the hybridization of conducting polymers with other
materials to achieve improved performance. These materials
include carbonaceous materials, metal oxides, transition
metals, and transition metal dichalcogenides."* Hybrid mate-
rials exhibit improvements in properties that have a synergistic
effect on their electrical, optical, mechanical, and electro-
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with other materials has expanded their potential applications.®
Despite significant progress, no recent review has integrated the
synthesis-structure-application continuum of CP hybrid
materials with critical insights into their performance trade-
offs, degradation mechanisms, and fabrication scalability.
Most prior studies have focused on pure CPs or narrow appli-
cation domains, leaving a fragmented understanding of how
material structure impacts real-world deployment. This review
addresses this gap by synthesizing recent findings, comparing
fabrication approaches, and critically evaluating the functional
performance across environmental and energy-related
domains.
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1.3. Scope and objectives of the review

This review aims to provide an update on the synthesis, prop-
erties, and applications of conducting polymers and their
hybrids. Transport models explaining the conduction mecha-
nism and the most relevant synthesis approaches related to the
electrical, optical, and mechanical properties have been pre-
sented in previous reviews.®® This review focuses on the new
developments in the applications of conductive polymers and
their hybrid materials for energy storage, photocatalysis, anti-
corrosion coatings, biomedical applications, and sensing. A
schematic overview of these structural classes, along with
representative synthesis routes and hybridization strategies, is
presented in Fig. 1. As the field of CP hybrid materials continues
to evolve, several critical challenges must be addressed. These
include ensuring long-term material stability under real-world
conditions, improving interfacial charge transport across
dissimilar phases, and achieving scalable, cost-effective
synthesis.'*** Future research should prioritize the integration
of CP hybrids into flexible, wearable, and multifunctional
platforms, the development of bioinspired or self-healing
systems, and the refinement of doping strategies for the
tuning of adaptive properties. This review aims to highlight
these evolving frontiers and critically examine the current
knowledge, thereby providing a comprehensive foundation for
future innovations.

CP Hybrid Materials
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Fig. 1 Structural classification and synthesis routes of CP hybrid
materials. This schematic illustrates the four main classes of CP hybrid
architectures: core—shell structures, interpenetrating polymer
networks (IPNs), layered composites, and dispersed nanocomposites.
For each category, commonly used components (e.g., carbon nano-
tubes, metal oxides, and silica particles) and fabrication strategies (in
situ polymerization, electrochemical deposition, solution blending,
and self-assembly) are discussed. The arrows represent the synthetic
pathways connecting the polymer type, hybridization strategy, and
resulting morphology. This classification aids in selecting tailored
material designs for specific applications, such as supercapacitors,
sensors, and corrosion-resistant coatings.
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1.4. Historical context and key milestones

Conducting polymers were discovered nearly three decades ago,
in the late 1970s, by Alan J. Heeger, Alan G. MacDiarmid, and
Hideki Shirakawa, who subsequently won the Nobel Prize in
Chemistry for their examination of polyacetylene.*>™® Since
then, interest in conducting polymers has grown considerably,
with new types being created from polypyrrole, polyaniline, and,
more recently, poly(3,4-ethylenedioxythiophene) (PEDOT) poly-
mers. The hybridization of conducting polymers with other
materials has largely expanded the horizons of their potential
applications and opened avenues for the development of
advanced materials with improved properties.*

Sumdani et al. (2021)® reviewed recent developments in the
synthesis and properties of conductive polymers, including
their applications in electrochemical energy storage devices.
Available research suggests that nanotechnology is an essential
tool for enhancing the performance of supercapacitors and
boosting the performance of conductive polymer composites.
This agrees with the observations of Tadesse 2024,*> who noted
considerable progress in the development of conductive poly-
mer composites for supercapacitor applications.

The more recent effort of Sethumadhavan et al. in 2019 (ref.
20) was toward the progress of the ion-sensing process using
conducting polymer-based sensing materials, thus exploring
their capabilities for enhancing ion-sensing applications.
Masood's 2024 contribution® highlights the increased interest
in conducting polymers for energy storage. The unique features
of these materials make them attractive for various applica-
tions. These studies demonstrate the potential and diversity of
conducting polymers in addressing energy storage issues.

Xu et al. (2019)* provided insights into the thermal transport
properties of conductive polymer-based materials, emphasizing
the importance of regulating their thermal conductivity. This
review summarizes the basic principles and recent advances in
thermal transport for the design of conducting polymers with
targeted applications that require specific thermal management
levels.

In recent years, considerable effort has been directed toward
the synthesis, properties, and applications of conducting poly-
mers to enhance their performance in diverse applications. The
reviewed studies further elaborate on the development of con-
ducting polymers for energy storage, supercapacitor applica-
tions, ion sensing, thermal transport, and a diverse range of
applications in which these materials can make a difference.
Owing to their unique properties and capacities, researchers are
working to correlate conducting polymers with disruptive
technologies such as energy storage, sensing, and thermal
management.>*

2. Synthesis methods and properties
of CP hybrid materials

2.1. Conventional synthesis techniques

Conventional CP synthesis methods include chemical poly-
merization, electrochemical polymerization, electrospinning,
and in situ polymerization.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.1.1. Chemical polymerization. This process involves the
oxidative polymerization of monomers using agents such as
ammonium persulfate or ferric chloride.*® For example, poly-
aniline can be synthesized using ammonium persulfate as an
oxidant. This route is easy and enables the production of high-
yield CPs or CP hybrids with controlled molecular weights and
degrees of polymerization.*

2.1.2. Electrochemical polymerization. This technique
describes the oxidizing polymerization of deposited monolayers
of monomers on the surface of an electrode that occurs along
with the applied potential. Therefore, it is convenient to control
the film thickness and morphology to produce CP coatings and
thin films with desirable properties for use in sensors and
devices.?>%

2.1.3. Electrospinning. This process involves the use of
intense high-voltage electric fields to produce nanofibers from
CPs using a polymer solution. The high surface area and
porosity of the resultant fibers render them useful for energy
storage and sensor applications.**** An overview of the principal
synthesis strategies for CP-hybrid materials is shown in Fig. 2.

2.1.4. In situ polymerization. In this approach, CP is
formed directly within or around the hybrid component. This

Conductive Polymer

Polyaniline
Polypyrrole, Poly (3.4-etylenedoxhop)
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Fig. 2 Schematic illustration of the key synthesis routes for con-
ducting polymer (CP) hybrid materials. This figure summarizes four
major fabrication approaches for CP hybrid structures: in situ poly-
merization, ex situ blending, electrochemical deposition, and sol—gel
processes. In situ polymerization enables the direct formation of CP on
functionalized substrates, ensuring strong interfacial bonding and
conformal coverage of the substrate. Ex situ blending allows the
incorporation of preformed fillers into polymer matrices via solution
casting or melt mixing. Electrochemical deposition enables precise
control over the thickness and doping levels by voltage tuning. The
sol-gel approach facilitates the integration of metal oxides and
ceramics, offering porosity control and thermal stability. Each method
is associated with distinct advantages and structural outcomes,
allowing researchers to tailor CP hybrids for specific energy, sensing,
and electronic applications.
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method often results in better integration between the CP and
hybrid material, leading to improved interfacial properties.***”
In studies dealing with CP hybrid materials, various synthesis
methodologies have advantages and limitations, depending on
the intended application and required properties. Table 1
summarizes the most important synthesis methods, including
their characteristics, advantages, and limitations, with exam-
ples and the improvements they can bring to CP hybrid
materials.

2.2. Novel fabrication approaches

In the field of CP hybrid research, innovative fabrication tech-
niques are emerging that depart from conventional synthesis
methods and emphasize precision, multifunctionality, and
integration into advanced devices. These techniques include
layer-by-layer assembly, 3D printing, plasma polymerization,
and electrospinning, each designed to address challenges
related to scalability, structural complexity, and customization
for specific applications. By incorporating principles from
nanofabrication, surface engineering, and smart material pro-
cessing, these approaches offer significant potential for
controlling hierarchical architectures, enhancing interface
engineering, and ensuring compatibility with Industry 4.0
technologies.**~

2.2.1. 3D printing. Complex structures can be designed
using conductive polymers. Tailored geometries, such as those
of sensors and actuators, can significantly improve devices.*
However, the integration of CP hybrids into 3D printing tech-
nology presents several challenges. Material compatibility
remains a critical issue because the rheological behavior of CP
inks often hinders smooth extrusion and layer adhesion.**
Furthermore, resolution limitations owing to the nozzle diam-
eter and polymer viscosity constrain the minimum feature size
achievable, which can impact device miniaturization.*® The
layer-by-layer nature of 3D printing can also introduce anisot-
ropy in the electrical conductivity, potentially compromising
the performance of electronic applications.>®

2.2.2. Sol-gel process. This method involves allowing
a solution to progress toward a solid gel phase.”” This is
particularly helpful for incorporating conducting polymers into
inorganic materials and often results in hybrid materials with
improved mechanical and electrical properties.”® For example,
polyaniline-silica hybrid films prepared via sol-gel processing
have shown a 3-fold increase in tensile strength and approxi-
mately 40% improvement in electrical conductivity compared to
their pristine CP counterparts.®® However, the sol-gel process
presents significant challenges. Long processing times during
gelation may lead to shrinkage, cracking, or pore collapse,
particularly under uncontrolled drying conditions.®® These
effects can compromise the homogeneity and mechanical
integrity of the resulting hybrid, thus requiring careful optimi-
zation of the precursor composition, catalyst concentration,
and aging time.®* Layer-by-layer assembly: this method involves
alternating the deposition of CPs with other materials to enable
multilayer construction. This method can improve the
conductivity and stability of hybrid materials.®
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2.2.3. Template-assisted synthesis. The method uses
sacrificial templates that direct the formation of CP hybrids
with morphologies such as nanotubes or hollow spheres. Thus,
it is possible to develop materials with pre-designed features at
the nanostructure level.®**

2.2.4. Interfacial polymerization. This process involves the
formation of CP hybrid films via the reaction of monomers at
the liquid/liquid interface between two immiscible liquids. The
thin and flexible polymer films formed can be easily transferred
onto various substrates.®® Vapor-phase polymerization: this
method involves exposing oxidant-coated substrates to mono-
mer vapors, leading to homogeneous CP hybrid films. It is
particularly suitable for coating complex three-dimensional
(3D) structures.®®

2.3. Structural classification of CP hybrid materials

The structure of CP-hybrid materials directly influence their
performance. The resulting architecture can vary significantly
depending on the interaction between the polymer and the
secondary material, whether it is a metal oxide, carbon-based
nanomaterial, or another polymer. These structural forms
were not interchangeable in this study. They define the path-
ways for charge transport, determine the mechanical integrity,
and influence the response of the material under stress or
during cycling. One common configuration is the core-shell
structure, in which a conducting polymer layer coats the
central filler. For example, carbon nanotube@polyaniline
(CNT@PANTI) hybrids are designed to combine the mechanical
strength and aspect ratio of nanotubes with the redox activity
of polymers. This structure improves electron mobility while
maintaining the accessibility of the material
accessible.”

Another form involves IPNs, where the conducting polymer
and secondary matrix form overlapping and intertwined
domains. These are typically used to boost elasticity and
toughness while maintaining conductivity. IPNs can also reduce
phase separation, making them useful for flexible electronics
and soft sensors.®® In layered composites, the materials are
arranged in alternating stacks with different properties. Each
layer contributes a distinct function: one may promote ion
transport, another may provide mechanical stability, and the
third may support electronic conductivity. These structures are
often assembled via layer-by-layer techniques or self-assembly
processes and are especially useful in applications such as
supercapacitors or sensors, where the separation of ionic and
electronic channels is required.*

The most widely used configuration is the dispersed nano-
composite, which is structurally less controlled than the other
configurations. In this case, the nanoparticles were randomly
embedded in the CP matrix. Although easy to fabricate, this
structure can suffer from uneven filler distribution and the
presence of interfacial defects. However, well-optimized
dispersed systems show notable improvements in thermal
stability, charge transport, and mechanical strength.® Each of
these architectures has its tradeoffs. Understanding how the
structure affects performance is not only helpful but also

active
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essential. The choice between the two depends on the applica-
tion. A supercapacitor electrode requires a high surface area
and high conductivity. A sensor may require fast electron
transfer and good mechanical compliance. A corrosion barrier
benefits from tight polymer-filler interfaces. Therefore, this
classification is not cosmetic; it defines the function of CP
hybrid materials in the real world. These structural categories
have been widely reported in the literature. Core-shell hybrids,
such as CNT@PANI and Ag@PPy, are valued for their enhanced
charge transport and strong interfacial bonding.>* Inter-
penetrating polymer networks, such as PANI-PVA blends,
provide improved elasticity and phase stability.”® Layered
composites, including PEDOT/graphene oxide assemblies,
support the effective separation of ionic and electronic path-
ways, thereby optimizing the device efficiency.”® Dispersed
nanocomposites, such as PPy/silica and PANI/carbon black, are
often used in environmental remediation, where surface func-
tionalization and ease of synthesis are essential.” Table 2
summarizes the key structural types of CP hybrid materials,
outlining their defining features, functional advantages,
commonly used compositions, and representative application
areas of these materials.

2.4. Structural characterization methods

Characterization is indispensable for understanding the prop-
erties and performance of hybrid CP materials. Among these,
the following techniques are commonly used:">7

2.4.1. Scanning electron microscopy (SEM). This technique
provides detailed images of the surface morphologies of CPs
and their composites. This aids in understanding the distri-
bution and alignment of the components within the hybrid
materials.”*”> However, each characterization method has
intrinsic limitations. For instance, SEM typically resolves
features down to ~1-10 nm but cannot provide internal struc-
tural details and may induce beam damage in softer polymer
matrices.”® TEM offers superior resolution (<1 nm); however,
sample preparation requires ultrathin slicing, which can
introduce artifacts and exclude bulk behavior.”” XRD cannot
resolve amorphous domains and offers only average structural
information, whereas FTIR and Raman spectroscopy may suffer
from overlapping peaks, reducing their specificity in complex
hybrid systems.”® Understanding these limitations is crucial for
selecting complementary techniques to fully elucidate the CP
hybrid structures.

TEM was used to obtain information on the internal struc-
ture at the nanoscale, which is required to describe the
dispersion of the nanoparticles in the hosting matrix of the
conducting polymer. High-resolution transmission electron
microscopy may provide detailed information regarding the
interfacial regions between the CP and hybrid components.”*°

2.4.2. X-ray diffraction. This method was used to analyze
the crystalline and phase composition of CPs. The diffraction
data shows the ordering of the polymer chains and crystalline or
amorphous regions.®*"*

Fourier-transform infrared spectroscopy (FTIR) was used to
identify the functional groups and confirm the chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Structural classification of CP hybrid materials. Summary of common CP hybrid architectures, their structural characteristics, functional
advantages, representative materials, and target applications

Architecture type

Structural features

Advantages

Common materials

Typical applications

Core-shell structures

IPNs

Layered composites

Dispersed
nanocomposites

Conducting polymer coats
an inorganic or carbon-
based core

Overlapping polymer
domains form intertwined
networks

Alternating stacked layers of
CPs and secondary materials

Nanoparticles randomly
distributed in a CP matrix

Enhanced charge mobility,
strong interface bonding

Improved elasticity and
mechanical integrity,
reduced phase separation
Optimized ionic/electronic
transport, functional
layering

Ease of fabrication,
enhanced thermal and

CNT@PANI, Ag@PPy
PANI-PVA blends, PEDOT-
based IPNs

PANI/graphene, PEDOT/
metal oxides

PPy/silica, PANI/carbon
black

Supercapacitors, sensors,
and EMI shielding

Flexible electronics,
bioelectronics

Energy storage, membrane
devices

Thermal management,
environmental remediation

electrical properties

structures of the synthesized conducting polymers and their
hybrids.?***

Raman spectroscopy represents one of the important spec-
troscopic techniques for the identification of chemical bonds
and functional groups.*® This confirmed that the CP hybrids
were successfully formed while simultaneously detecting the
unwanted byproducts of the reaction. X-ray photoelectron
spectroscopy (XPS) was used to study the surface composition
and different elemental chemical states of the CP hybrids,
revealing the nature of the interfacial interactions.*>*¢

2.5. Electrical, thermal, and mechanical properties

The compositions and structures of CPs are at the heart of the
properties exhibited by CP hybrid materials.

2.5.1. Electrical properties. Hybridization of conductive
fillers, such as carbon nanotubes or metal nanoparticles,
significantly improves the electrical conductivity of CPs. Several
factors affect the development of efficient hybrid material. The
percolation threshold is one of the most important factors. This
refers to the minimum concentration of the filler required to
attain conductivity.?”*

The electrical properties of a material are generally described
by conductivity measurements using the four-point probe
technique, and Hall effect measurements are used to determine
the charge carrier mobility and concentration. Electrochemical
impedance spectroscopy (EIS) was used to obtain information
regarding the charge transfer process in the material.***°

2.5.2. Thermal properties. In some cases, hybrid materials
exhibit improved thermal stability compared with pure con-
ducting polymers. The inorganic material content can improve
the degradation temperature while decreasing susceptibility to
thermal fluctuations.” Thermogravimetric analysis (TGA) was
employed to determine the thermal stability, differential scan-
ning calorimetry (DSC) for phase transitions, and heat capacity
and thermal conductivity, which are particularly relevant for
applications involving thermoelectric devices or thermal
management.”®> Mechanical properties: the mechanical
strength of conducting polymers can be enhanced by intro-
ducing reinforcing agents. For instance, the addition of

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

nanofillers can significantly enhance the tensile strength and
flexibility of the formed composites, allowing their application
in flexible electronic devices. The mechanical properties were
evaluated using nanoindentation, tensile testing, and dynamic
mechanical analysis.”* These techniques provide elasticity,
hardness, tensile strength, and viscoelastic behavior, which are
the basic parameters required for flexible electronic and struc-
tural material applications.

2.6. Standardization efforts in characterization and testing

As research on CP hybrid materials has developed into
a growing field, the call for standardization of methods in
material characterization and testing has increased to ensure
that conclusions and recommendations can be compared
among different research groups.®*

Protocols are also being developed to provide general
standards for sample preparation, the conditions under which
measurements are performed, and data reporting. For organic
and printed electronics, standard organizations, such as the
IEC, ASTM, and ISO, among others, have work items on the
characterization of the materials involved, including many of
the key CP hybrid materials. These protocols allow researchers

to be more logistically consistent with their
measurements.®*®
Interlaboratory studies were conducted to validate

measurement techniques and establish the criteria for repro-
ducibility. It is now time to divert attention to pinpointing and
limiting the sources of variability in measurements originating
from environmental conditions, instrument calibration, and
sample handling. These collaborative studies will be conducted
in various laboratories to validate the testing methods and
ensure that the general results are compatible with one another
to contribute to field-fostering innovation.*”*®

Reference materials should also be developed in the form of
CP hybrids, as they can serve as benchmarks when calibrating
or validating measurement methods using popular instru-
ments. This is often a vital case with highly complex hybrids,
where slightly different compositions and/or structural prop-
erties are important.®®®
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Fig. 3 Structural taxonomy and synthesis-application inter-
connectivity of conductive polymer hybrid materials. The diagram
maps key synthesis methods (e.g., in situ polymerization, electro-
chemical polymerization, and template-assisted methods) against
representative structural configurations (e.g., core—shell, inter-
penetrated networks, and layered architectures) and links them to their
dominant application domains, including energy storage, biomedical
engineering, environmental remediation, and intelligent electronics.
This multidimensional schematic underscores the influence of fabri-
cation strategies on morphology and functional deployment across
diverse fields.

It focuses on the future of CP hybrid materials: the stan-
dardization of terminology to arrive at a common language
regarding their descriptions and properties. This is critical for
communication among basic scientists and for gaining trans-
lational applications from bench to industry.'*

The synthesis and characterization were performed using
conventional and novel methods. A complete understanding of
these properties is important for tuning the corresponding
materials for various applications. This will increase the reli-
ability of the research outcomes in the field, with this material
being available for use in various applications.''> To illustrate
the integrative landscape of synthesis strategies, structural
architectures, and end-use applications, a conceptual schematic
is presented in Fig. 3, outlining the interconnectivity between
the fabrication methods of CP hybrids, morphological design
and functional domains.

3. Factors affecting properties of CP
hybrid materials

3.1. Composition and morphology

The periodic variation in the composition and morphology of
CP hybrid materials results in diversified properties. More
precisely, the electrical, thermal, and mechanical characteris-
tics of hybrid materials are altered in type and quantity by
inorganic fillers such as carbon nanotubes, graphene, metal
oxides, and transition metal dichalcogenides.'*

27500 | RSC Adv, 2025, 15, 27493-27523
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For example, the introduction of fillers with large aspect
ratios, such as carbon nanotubes, may provide efficient path-
ways for charge transport and hence improve electrical
conductivity. The ratio between the CP and the hybrid compo-
nent is important; normally, a higher CP ratio will improve the
electrical conductivity at the cost of reduced mechanical
Strength‘70,104,105

Performance can be driven by material morphology at the
nano-, micro-, and macro-scales, respectively. In many cases,
CP-nanostructured hybrids exhibit enhanced characteristics
owing to their increased surface area and quantum effects.
Typical morphologies include nanofibers, nanotubes, and core-
shell structures, which provide different benefits in some
applications.*

The distribution of the components within the hybrid
material was also significant in this study. Homogeneous
dispersions generally have more consistent properties, whereas
controlled heterogeneity can further drive localized function-
ality or gradient property. The alignment of fillers in a CP matrix
can give rise to anisotropic properties, such as directional
charge transport.'”

The tailoring of the properties of CP hybrid materials for
targeted applications depends on two major factors: their
composition and morphology. By carefully choosing and
controlling the type, amount, and distribution of the fillers,
along with the overall morphology, it is possible to design CP
hybrids with optimized electrical, thermal, and mechanical
properties.*%”

3.2. Doping levels and types

Doping is one of the most important factors that determine the
electrical properties of conductive polymers and their hybrid
materials. Hence, doping accumulated at an increased
concentration can significantly influence conductivity, charge
carrier concentration, and mobility.'*%'*

The dopants typically used are small ions, such as chlorides
or sulfates, and large polymeric dopants, such as poly(styrene
sulfonic acid) (PSS). During synthesis, the doping levels, that is,
the ratio of dopant to monomer units, can be controlled.
Elevated doping levels normally enhance conductivity but also
influence other characteristics related to mechanical flexibility,
optical features, and the structural integrity. At very high doping
levels, structural changes can occur in polymers, leading to
degradation.”>"™ However, the relationship between the
doping level and electrical performance is often non-linear. At
low doping concentrations, the conductivity increases slowly
owing to isolated conductive domains, whereas a sharp increase
occurs near the percolation threshold."” Beyond this, excessive
doping can cause structural distortions or phase separation,
which reduce the charge mobility."*®* Theoretical models such as
variable-range hopping (VRH) and percolation theory have been
used to describe these trends in CP systems, particularly in
polyaniline and PEDOT:PSS composites.'**

The nature of the dopant can affect all other properties.
Inorganic dopants, typically metal ions, increase the stability
and conductivity of materials, whereas organic dopants provide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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specific functionalities. However, depending on their size and
charge, the dopant ions influence the conformation, that is, the
chain form and packing, which affects the structure of the
resulting material. ">

Redox doping, which involves oxidation or reduction of CP,
is particularly important. Long-term performance requires this
process to be reversible and stable for applications such as
energy storage and electrochromic applications.'*

Specific optimization of the electrical and electrochemical
properties of CP hybrids for certain applications through proper
selection and control of the type and level of doping is

necessary.'*

3.3. Environmental conditions

The properties of CP hybrid materials can be effectively affected
by environmental conditions such as temperature, humidity,
light, and chemical exposure.*"’

3.3.1. Temperature. The conductivity of CPs
increases with increasing temperature because of increased
charge carrier mobility. However, high temperatures usually
degrade or cause irreversible changes in the material structure.
Therefore, inorganic fillers can enhance the thermal stability of
hybrid materials and reduce some of these effects.”>**

Humidity is a highly relevant parameter, particularly for CPs
that consume water. Water intake can change the volume of
a material, affecting its mechanical properties and altering its
doping state. Some CP hybrids demonstrate improved ionic
conductivity in humid environments, which may be either
useful or unfavorable depending on the nature of the sensing
application.>'**

3.3.2. Light and chemical exposure. Bare exposure to light,
particularly UV radiation, is sufficient to provoke photo-
degradation in some CP hybrids, which in turn affects their
optical and electrical properties. Chemical exposure can affect
the electrical properties and stability of CPs, particularly in
sensing applications.>"*

Therefore, it is critical to design protective layers or encap-
sulations to ensure the long-term reliability of CP-based devices
in various environments. These protective measures help
maintain the stability and performance of materials under
different environmental conditions.*

Understanding the environmental properties of CP hybrid
materials will facilitate the development of robust and reliable
materials for real-world applications. In this regard, enhanced
thermal stability is important because careful management of
humidity effects is considered when offering protection from
light or chemicals."*

often

3.4. Interfacial interactions

The properties of CP hybrid materials are affected by their
composition, morphology, doping, environmental conditions,
and interfacial interactions.'*®

3.4.1. Composition and morphology. The properties of
hybrid CP materials are highly dependent on their composi-
tions. In such materials, the ratio of CP to the hybrid compo-
nent modulates the overall characteristics. For instance,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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although a higher CP fraction is expected to increase electrical
conductivity, it may also diminish the mechanical strength. The
morphology of materials at the nano-to-macro scale also affects
their performance.**

This usually results in better properties of nanostructured
CP hybrids, such as nanofibers, nanotubes, and core-shell
structures, owing to their larger surface area and unique
nanoeffects. Component distribution becomes extremely
important; homogeneous dispersion in the matrix, on the one
hand, ensures uniform properties; on the other hand,
controlled heterogeneity can also introduce localized function-
alities or gradient properties.”>***

3.5. Doping levels and types

Doping is necessary to tailor the electrical and electrochemical
properties of CP-hybrid materials. The doping level determines
the charge carrier concentration and mobility, which establish
the conductivity. Although a higher temperature usually
increases the conductivity, it may decrease the mechanical
flexibility or alter the optical properties of the materials.'*
Other factors that modulate the dopant type further enhance
the diversity of property modification, whereby inorganic
dopants contain metal ions to improve properties such as
stability and conductivity, and organic dopants may add addi-
tional functionalities to the polymer. Oxidation or reduction
under redox doping is a key process in energy storage and
electrochromic devices. It considers long-term performance
based on stability and reversibility.***

CP hybrid materials are sensitive to environmental factors.
Influence of temperature: conductivity varies with temperature,
and many CPs are conductive at sufficiently high temperatures.
However, low or high temperatures can lead to degradation or
even structural modifications.” The second most critical envi-
ronmental factor was humidity. Absorbed water causes volume
and morphological changes, disrupts the mechanical properties
and may also influence the original doping state. In some CP
hybrids, the ionic conductivity is highly enhanced in the pres-
ence of humidity; hence, it can be utilized in some applications,
whereas in others, it can be dangerous.™® Exposure to UV
radiation causes photodegradation, and its relevance and
periodic changes affect the optical and electrical properties of
materials. The impact developed is realized in practice and can
be applied to highly stable materials.®

3.5.1. Interfacial interactions. All these interactions occur
at the interface between the CP and inorganic filler and deter-
mine the properties of the hybrid material."*® Conversely, good
interfaces result in improved mechanical properties owing to
enhanced load transfer. Poorly developed interactions, such as
van der Waals bonds, may lead to poor dispersion of fillers and
hence limit the property enhancement. Modification of the filler
surface or the use of compatibilizers can enhance these inter-
actions and optimize the performance of hybrid materials.'*”
The nature of this interface also affects the charge transport
relevant to various electronic and energy storage applications.
Tailored interfacial chemistry can provide specific electronic
properties because of charge trapping or facilitation.™®
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Fig.4 Structural taxonomy and synthesis-application interconnectivity of conductive polymer hybrid materials. This schematic visually maps the
interlinked relationships among the synthesis strategies (e.g., in situ polymerization, electrochemical polymerization, and template-assisted self-
assembly), structural forms (e.g., core—shell, layered, interpenetrated networks, and mixed architectures), and key application domains, including
energy systems, environmental remediation, biomedical devices, and flexible electronics.

3.6. Reproducibility and reliability considerations

The properties of CP hybrid materials are influenced by many
factors, including composition, morphology, doping, and
environmental conditions (e.g., humidity, temperature, inter-
facial interactions, and reproducibility).'***2¢

3.6.1. Composition and morphology. The two most
important factors in determining the final properties of CP
hybrid materials are their composition and morphology.” A
change in the ratio of CP to the hybridization component
changes the overall characteristics; with a higher CP content,
the electrical conductivity is usually improved at the expense of
mechanical strength.** Morphology, on all scales ranging from
nanostructured forms, such as nanofibers or nanotubes, to
core-shell structures and larger ones, can affect performance
owing to the increased surface area or special effects."*

This provides a homogeneous dispersion of components
with relatively consistent properties, and a controlled level of
heterogeneity can confer specific functionalities or gradient
properties. To better visualize the interconnectivity between the
synthesis strategies, structural forms, and application areas of
CP hybrids, a schematic overview is presented in Fig. 4.

4. Types and levels of doping

The doping of CP hybrid materials significantly influences their
electrical and electrochemical properties. Chemically induced
changes in the charge carrier concentration and mobility shift
the conductivity. An increase in the doping level usually
improves conductivity, but at the cost of mechanical flexibility
or optical characteristics in most cases."® The choice of dopants
is equally important, where inorganic dopants, such as metal
ions, mostly show improvements in stability and conductivity,
whereas some organic dopants may add certain functions to the
material. Redox doping is essential for energy storage and
electrochromic applications. Because these devices must be

27502 | RSC Adv, 2025, 15, 27493-27523

used for long-term measurements, their performance is often
critically linked to their stability and reversibility.**?

4.1. Environmental conditions

Environmental factors influence the properties and perfor-
mance of CP-hybrid materials. Temperature changes may result
in changes in conductivity, and many CPs conduct electricity
much better at high temperatures owing to the enhancement of
charge carrier mobility.”*® Extreme temperatures can lead to
material degradation. Humidity may affect water absorption,
followed by volume change, and subsequently modify the
mechanical properties and doping state.’** Some CP hybrids
exhibit improved ionic conductivity under humid conditions,
which could be useful for some applications or deleterious to
others. Light can lead to photodegradation, and the optical and
electrical properties tend to change over time.**

4.2. Interfacial interactions

The interfacial interactions between the CP and inorganic filler
interface are crucial to the properties of the material.’** In
contrast, strong interfacial interactions, such as covalent or
hydrogen bonding, can enhance mechanical properties and
charge transfer. Without strong interfacial interactions, only
weak interactions, such as van der Waals forces, occur, which
may result in poor filler dispersion and limited property
enhancements. These interactions can be improved by surface
modification or the addition of compatibilizers.**’

The nature of the interface also affects the charge transport
mechanisms in the context of applications, which is most
significant for electronic and energy-storage devices. Interfacial
chemistry can be used to tailor charge trapping or facilitation.**®
Reproducibility and reliability considerations: the practical
applicability of CP hybrid materials requires high reproduc-
ibility and reliability. High-purity starting materials, tight
control of synthesis conditions, and the application of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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standardized characterization methods are some of the factors
that aid reproducibility. Reliability is concerned with the
stability of a material under operating conditions such as
electrical stress, thermal cycling, or mechanical loading.
Knowledge of long-term performance and possible failure
modes can be obtained through accelerated aging tests, coupled
with failure analysis techniques. All these factors are relevant to
the construction of high-performance CP hybrid materials for
different applications.**’

5. Structural-property correlations in
CP hybrid materials

CPs are a newly discovered class of materials that fill the gap
between metals, owing to their electrical conductivity, and
polymers, owing to their flexibility and processability. These
materials have attracted significant interest in electronics,
energy storage, and sensor applications.'*® Nanostructured CPs
and hybrid materials have demonstrated improved perfor-
mance in many ways. Thus, the relationships between the
structural properties are essential for optimizing hybrid mate-
rials for specific applications."’

5.1. Nanostructure conductivity effects

Thus, nanoscale organization is of prime importance for CP
conductivity applications. Nanostructures, such as carbon
nanotubes, graphene, and polypyrrole nanowires, introduced
within a polymer matrix, create conducting pathways that allow
efficient charge transport.** This effect is more prominent in
PPy nanowires embedded in a poly(vinyl alcohol) matrix, where
the high aspect ratio of the nanowires results in a significant
increase in the conductivity compared to that of bulk PPy
nanowires. This is due to the enhanced electrical properties
resulting from the formation of interconnected networks in the
nanostructures.'*

Moreover, nanostructure morphology influences conduc-
tivity. In one-dimensional nanostructures, such as nanowires
and nanotubes, this ensures straight pathways for electron
transport, whereas two-dimensional structures increase surface
interactions. As has been shown, CPs functionalized with
nanowire architectures exhibit conductivities orders of magni-
tude higher than their bulk analogs.'*

5.2. Influence of the polymer backbone on properties

Another intrinsic factor that determines the inherent properties
of CPs is the chemical structure of their backbones. Generally,
CPs with conjugated backbones, such as polyaniline and
poly(3,4-ethylenedioxythiophene), are important for electrical
conductivity. The extent of conjugation and the substituents on
the backbone increase the bandgap and, hence, the conduc-
tivity of the polymer."*®

For instance, the conductivity of PANI can differ consider-
ably depending on its oxidation degree. This characteristic is
directly related to the structure of the polymer backbone. The
oxidation state of PANI can be precisely controlled during
synthesis by selecting the oxidant, its concentration, reaction
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time, and pH. For example, increasing the ammonium
persulfate-to-aniline molar ratio shifts PANI toward its emer-
aldine or pernigraniline forms, which dramatically alters its
electrical and electrochemical properties.** Electrochemical
polymerization offers even finer control by adjusting the
applied potential or current density during growth.*> These
changes also affect the stability, color, and capacitance. A
higher oxidation state generally leads to increased conductivity
but can reduce mechanical flexibility and long-term electro-
chemical cycling stability."*® Such functionalization of the
backbone can be achieved by chemical modifications that alter
various properties. The introduction of electron-donating
groups increased conductivity, whereas electron-withdrawing
groups improved stability. In PEDOT, the choice of conduct-
ing backbone further affects the mechanical flexibility and
electrochemical performance, which are relevant for applica-
tions in flexible electronics.'®”*'*

5.3. Role of functional groups in hybrid performance

The properties and performance of hybrid materials are
primarily governed by the functional groups attached to the
CPs. They can enhance interactions with other materials,
improve solubility, and modify electronic properties. For
example, incorporating amine groups into PPy-based hybrid
materials can promote hydrogen-bond formation with a silica
matrix, leading to improved mechanical properties.'****?

The introduction of sulfonic acid groups into PANI, which
increases the degree of protonation, enhances the conductivity
and charge transport.***'*® The functional groups introduced
into hybrid materials are typically responsible for enhancing
their stability and reactivity. The incorporation of functional-
ized graphene into polymer CPs can enhance the mechanical
and thermal properties of the resulting composites.”™ Gra-
phene functional groups form strong interactions with the
polymer matrix, resulting in improved performance in appli-
cations such as sensors and energy storage devices. Function-
alization can also tune the optical property application scope of
CP hybrids, enabling them to function as sensors and
actuators.**

5.4. Emerging analytical methods for structure-property
relationships

Advanced analytical techniques are required to determine the
structur