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Abstract

The rapid transition toward renewable energy technologies requires the development of advanced materials capable of addressing the
challenges associated with energy storage, conversion efficiency, sustainability, and resource availability. Polymer-based materials have emerged
as promising candidates for next-generation energy systems due to their structural flexibility, tunable chemical functionality, lightweight
characteristics, and versatile processing capability. In particular, renewable polymers, conductive polymers, polymer electrolytes, and polymer-
derived carbon materials have demonstrated significant potential in lithium-ion batteries, sodium-ion batteries, supercapacitors, fuel cells, and
photovoltaic technologies. This mini review summarizes recent advances in polymer materials for sustainable energy applications, emphasizing
their roles as electrolytes, electrode components, functional matrices, and membrane materials. The relationship between polymer structure,
ionic/electronic transport properties, mechanical stability, and electrochemical performance is discussed. Furthermore, recent strategies
including polymer blending, nanocomposite formation, biomass-derived polymer conversion, and hybridization with carbonaceous or inorganic
materials are highlighted as effective approaches for improving energy-storage and conversion performance. Despite remarkable progress,
challenges related to long-term stability, scalability, environmental impact, and commercial implementation remain significant. Future research
directions toward recyclable, bio-derived, multifunctional polymer materials are also discussed to accelerate the development of sustainable
energy technologies.

Keywords: Renewable polymers; polymer electrolytes; conductive polymers; polymer-derived carbon; energy storage; sustainable materials;
batteries; supercapacitors

Introduction
availability, safety, cost, and environmental sustainability have

The increasing global demand for clean and sustainable encouraged the exploration of alternative materials and next-

energy has accelerated the development of renewable energy
technologies, including solar, wind, hydrogen, and advanced
electrochemical energy-storage systems [1]. Although renewable

generation storage technologies [3]. Similarly, renewable energy
conversion devices such as fuel cells, solar cells, and electrolyzers
require advanced functional materials that can provide high

energy sources provide environmentally friendly alternatives to
fossil fuels, their intermittent nature creates significant challenges
for reliable energy supply and grid integration. Therefore,
efficient energy-storage and energy-conversion technologies are
essential components of future sustainable energy infrastructures
[2]. Conventional energy-storage systems, particularly lithium-
ion batteries (LIBs), have revolutionized portable electronics
and electric vehicles because of their high energy density and
long cycle life. However, increasing concerns regarding resource

efficiency while reducing environmental impact [4].

Polymers have attracted increasing attention as key

materials in sustainable energy technologies because of
their unique combination of chemical versatility, mechanical
flexibility, low density, and processing advantages [5]. Unlike
traditional inorganic materials, polymer structures can be
precisely modified through molecular design, copolymerization,
crosslinking, and incorporation of functional additives [6].

These characteristics enable polymers to serve multiple roles,
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including solid electrolytes, electrode binders, ion-conducting
membranes, conductive components, and protective coatings. In
recent years, renewable and bio-derived polymers have gained
particular interest due to their potential to reduce dependence
on petroleum-based materials [7]. Natural polymers such as
cellulose, lignin, chitosan, starch, and other biomass-derived
macromolecules provide abundant, renewable resources for
producing functional materials. Through controlled carbonization,
chemical modification, and composite formation, these materials
can be converted into high-performance electrodes and functional
components for energy-storage devices [8]. Conductive polymers,
including polyaniline (PANI), polypyrrole (PPy), and poly(3,4-
ethylenedioxythiophene) (PEDOT), represent another important
class of polymer materials for energy applications. Their
reversible redox activity and intrinsic electrical conductivity
enable direct participation in charge-storage processes, making
them attractive candidates for flexible supercapacitors, batteries,
and hybrid energy devices [9]. Furthermore, polymer-based
electrolytes have become increasingly important for solid-state
batteries because they can improve safety by replacing flammable
liquid electrolytes while maintaining efficient ion transport.
Despite significant advances, several challenges limit the practical
implementation of polymer-based energy materials [10].

These include insufficient ionic conductivity, mechanical

degradation during long-term operation, limited thermal

stability, complex synthesis processes, and difficulties in
large-scale manufacturing. Therefore, the rational design of
multifunctional polymer systems with improved conductivity,
durability, sustainability, and recyclability remains an important
research direction [11]. This mini review discusses recent
progress in renewable polymer materials for sustainable energy
technologies, focusing on their applications in energy storage
and conversion systems. The structural advantages, functional
mechanisms, current challenges, and future opportunities of
polymer-based materials are highlighted to provide insights
into the development of environmentally responsible energy
technologies [12]. (Figure 1) provides a comprehensive overview
of the relationship between renewable polymer resources,
functional material engineering strategies, and their applications
in sustainable energy technologies [13-15]. Renewable polymers
derived from biomass and synthetic platforms can be transformed
into multifunctional materials, including conductive polymers,
polymer-derived carbon frameworks, electrolytes, and polymer-
based hybrid composites. Through structural modification,
carbonization, and integration with advanced nanomaterials,
these polymer systems can address key challenges in energy
storage and conversion devices by improving charge transport, ion
diffusion, mechanical stability, and environmental sustainability.
This integrated perspective highlights the potential of renewable
polymer materials as versatile platforms for developing next-
generation batteries, supercapacitors, fuel cells, solar cells, and
hydrogen-energy technologies.

Renewable Polymer Materials for Sustainable Energy
Storage Applications

Energy storage represents one of the most important areas
where polymer materials can contribute to sustainable energy
development. The increasing deployment of renewable electricity
sources such as solar and wind requires storage technologies
capable of delivering high energy density, long operational life,
safety, and environmental compatibility. Polymer-based materials
have become important components in advanced energy-storage
systems because their molecular structures can be tailored to
control ionic transport, mechanical properties, interfacial stability,
and electrochemical activity [16]. Unlike conventional inorganic
materials, polymers provide unique advantages including
flexibility, low density, chemical tunability, and facile processing.
These characteristics enable polymers to serve different functions
within energy-storage devices, including electrolytes, separators,
binders, conductive frameworks, protective coatings, and active
electrode materials [17].

Polymer Electrolytes for Next-Generation Batteries

Polymer electrolytes are among the most extensively
investigated polymer-based materials for advanced battery
technologies. Conventional lithium-ion batteries generally rely
on liquid electrolytes containing volatile organic solvents, which
create safety concerns associated with leakage, combustion,
and thermal instability [18]. Solid polymer electrolytes provide
an attractive alternative because they combine electrolyte
functionality with improved mechanical stability and reduced
flammability. Poly(ethylene oxide) (PEO) remains one of the
most widely studied polymer electrolyte materials due to its
ability to dissolve lithium salts and facilitate lithium-ion transport
through segmental motion of polymer chains [19]. However, the
relatively low ionic conductivity of PEO at room temperature
limits its practical application. Several strategies have therefore
been developed to overcome this limitation, including polymer
blending, crosslinking, incorporation of ceramic nanoparticles,
and introduction of ionic liquids [20]. For example, incorporating
inorganic fillers such as Al,0;, SiO,, LLZO, and TiO, into
polymer matrices can suppress polymer crystallinity and create
additional ion-transport pathways. Similarly, polymer-ceramic
hybrid electrolytes combine the flexibility of polymers with the
mechanical strength and electrochemical stability of inorganic
materials. Recent developments in solid-state lithium batteries
have further increased interest in polymer electrolytes because
they enable safer battery configurations and provide compatibility
with high-capacity lithium-metal anodes [21]. However, achieving
simultaneously high ionic conductivity, mechanical robustness,
and stable electrode-electrolyte interfaces remain a major
challenge.

Renewable and Bio-Based Polymer Electrolytes

The growing emphasis on sustainable materials has

stimulated research into bio-derived polymer electrolytes. Natural
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polymers such as cellulose, chitosan, starch, and lignin-based
derivatives have attracted attention because of their abundance,
biodegradability, and functional chemical groups [22]. Cellulose-
based polymer electrolytes are particularly promising because
cellulose possesses excellent mechanical strength and abundant
hydroxyl groups that allow chemical modification and electrolyte
incorporation. Chitosan, containing amino and hydroxyl functional
groups, can provide favorable ion-coordination sites and has been
explored for proton-conductingand metal-ion-conducting systems
[23]. These renewable polymer electrolytes provide opportunities
to reduce the environmental impact of battery manufacturing.
Nevertheless, challenges remain regarding moisture sensitivity,
long-term electrochemical stability, and achieving conductivity
comparable to synthetic polymer electrolytes.

Polymer-Based Materials in Supercapacitors

Supercapacitors require electrode materials capable of
rapid charge storage and excellent cycling durability. Conductive
polymers have emerged as important electrode materials because
they store charge through reversible oxidation-reduction
reactions [24]. Polyaniline (PANI), polypyrrole (PPy), and
PEDOT:PSS are among the most investigated conductive polymers
for supercapacitor applications. Their advantages
high electrical conductivity® adjustable chemical structure,
fast charge-transfer capability, and compatibility with flexible
substrates. However, repeated expansion and contraction during
redox cycling can lead to mechanical degradation and capacity
loss [25]. To overcome these limitations, conductive polymers
are frequently combined with carbon nanomaterials, graphene,

include

carbon nanotubes, or metal oxides. Hybrid polymer/carbon
architectures provide improved electron transport pathways
while maintaining the pseudocapacitive contribution of polymers
[26]. Such systems have enabled the development of flexible and
wearable energy-storage devices.

Renewable Polymer Materials: Fundamentals and
Structural Advantages for Sustainable Energy
Technologies

The rapid transition toward sustainable energy systems has
created an urgent demand for advanced materials that combine
high performance with environmental compatibility. Conventional
petroleum-derived polymers have been widely used in energy-
related applications because of their excellent processability,
mechanical stability, and chemical resistance [27]. However,
their dependence on fossil resources, limited recyclability, and
environmental persistence have encouraged the development
of renewable polymer-based alternatives. Renewable polymers
derived from biomass resources, including cellulose, lignin,
chitosan, starch, and other bio-derived macromolecules, provide
a sustainable platform for designing functional materials with
tunable chemical structures and multifunctional properties. The

unique characteristics of renewable polymers originate from
their abundant functional groups, hierarchical structures, and
natural molecular architectures. Cellulose, composed of 3-(1—-4)-
linked glucose units, provides high mechanical strength, chemical
stability, and excellent film-forming capability, making it suitable
for polymer electrolytes, separators, and carbon precursor
materials [28]. Lignin, an aromatic biopolymer containing
phenolic and oxygen-containing groups, offers inherent carbon-
rich structures that facilitate the preparation of porous carbon
materials for electrodes. Similarly, chitosan, containing amino
and hydroxyl functional groups, enables ion coordination,
surface modification, and the construction of functional polymer
networks [29].

Beyond their renewable origin, these polymers provide several
structural advantages for energy applications. Their molecular
structures can be chemically modified through crosslinking,
grafting, oxidation, carbonization, and heteroatom incorporation
to achieve desired electrical, ionic, and mechanical properties
[30]. For example, controlled carbonization of biomass-derived
polymers can generate hierarchical porous carbon frameworks
with large surface areas and abundant active sites, which are
beneficial for ion adsorption and charge storage in batteries and
supercapacitors. Meanwhile, polymer functionalization strategies
can improve electrolyte compatibility, ionic conductivity, and
interfacial stability [31]. In electrochemical energy storage
systems, renewable polymers serve not only as passive structural
components but also as active functional materials. Polymer
electrolytes based on renewable matrices can provide safer
alternatives to conventional liquid electrolytes by reducing
leakage risks and improving mechanical stability. Conductive
polymers and polymer-derived carbon materials contribute to
enhanced electron transport and reversible redox reactions [32].
Furthermore, integration with advanced nanomaterials, such as
metal oxides, graphene derivatives, MXenes, and metal-organic
frameworks (MOFs), enables the formation of hybrid architectures
with synergistic properties, including improved conductivity,
structural durability, and electrochemical activity [33].

Despite these advantages, several challenges remain
before renewable polymers can achieve large-scale industrial
implementation. Variations in biomass composition, complex
processing requirements, limited intrinsic conductivity, and
difficulties in controlling pore structures remain important
concerns [33]. Therefore, rational molecular design, scalable
synthesis strategies, and integration with advanced functional
materials are essential for transforming renewable polymers
into high-performance materials for next-generation energy
storage and conversion technologies. Overall,
polymers represent a promising bridge between sustainable
resource utilization and advanced energy technologies. Their

combination of environmental benefits, structural tunability, and

renewable
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compatibility with modern nanomaterial engineering provides
new opportunities for developing low-carbon, high-performance
energy systems. Renewable polymers obtained from natural and
synthetic sources provide versatile platforms for developing
sustainable energy materials.

Their unique chemical structures, functional groups, and
tunable properties enable their application in electrolytes,
separators, electrode materials, and carbon precursors [13].
(Figure 2) summarizes the transformation pathway of renewable
polymer resources into functional materials for sustainable
energy applications [34,35]. Natural polymers such as cellulose,
lignin, chitosan, and starch can be modified through different
engineering strategies, including chemical functionalization,

processing approaches. These strategies enable the development
of advanced polymer-based materials with improved
conductivity, porosity, mechanical stability, and environmental
compatibility. The resulting functional materials demonstrate
broad applicability in energy-storage systems, including lithium-,
sodium-, and potassium-ion batteries, supercapacitors, and
flexible devices, as well as energy-conversion technologies such
as fuel cells, solar cells, hydrogen production, and CO, reduction
systems. This figure highlights the importance of rational polymer
design in bridging renewable resources with high-performance
sustainable energy technologies. (Table 1) summarizes the
major renewable polymer materials, their origins, structural
characteristics, and contributions to different energy-storage and
conversion technologies.
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Figure 1: Schematic illustration of renewable polymer materials and their multifunctional roles in sustainable energy technologies.
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Table 1: Renewable Polymer Materials and Their Roles in Sustainable Energy Applications.
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Figure 2: |llustrates the relationship between renewable polymer resources, functional engineering strategies, and their applications in
sustainable energy storage and conversion technologies.
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Conductive Polymer-Based Materials for Advanced
Energy Storage Systems

Conductive polymers have emerged as an important class of
functional materials for sustainable energy-storage technologies
due to their intrinsic electrical conductivity, reversible redox
activity, structural flexibility, and low processing temperature
[36]. insulating polymers,
polymers contain conjugated m-electron systems that enable
charge transport through delocalized electronic structures.
These unique characteristics allow them to participate directly
in electrochemical charge-storage processes, making them

Unlike conventional conductive

attractive candidates for Dbatteries, supercapacitors, and
flexible energy-storage devices. The most widely investigated
conductive polymers include polyaniline (PANI), polypyrrole
(PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT) ([37].
Their electrochemical properties can be adjusted by controlling
polymerization conditions, molecular structure, doping level, and
composite formation with other functional materials. However,
the practical application of pure conductive polymers is often
limited by poor mechanical durability and structural instability
during repeated charge/discharge Continuous
oxidation-reduction reactions can cause polymer chain swelling,

contraction, and irreversible structural degradation, resulting in

processes.

reduced cycling stability. Therefore, current research increasingly
focuses on constructing conductive polymer-based hybrid
architectures to overcome these limitations [38].

Conductive Polymers for Supercapacitor Applications

Supercapacitors require electrode materials capable of
rapid charge storage, high power density, and long-term cycling
stability. Conductive polymers contribute to energy storage
through pseudocapacitive mechanisms, where reversible faradaic
reactions occur throughout the polymer structure [39]. Polyaniline
(PANI) is one of the most extensively studied conductive polymers

Table 2: Conductive Polymer Materials for Energy Storage Applications.

because of its high theoretical capacitance, facile synthesis,
and tunable electrical properties. The reversible transition
between different oxidation states, including leucoemeraldine,
emeraldine, and pernigraniline forms, enables efficient charge
storage through proton and electron exchange. However, the
large volume variation associated with repeated doping and
dedoping processes can accelerate electrode degradation [40].
Polypyrrole (PPy) provides excellent electrical conductivity and
environmental stability compared with many other conductive
polymers. Its nitrogen-containing heterocyclic structure provides
additional active sites for ion interaction, improving charge-
storage capability. Nevertheless, similar to PANI, PPy suffers
from mechanical instability during prolonged cycling due to
repeated structural expansion and contraction [41]. PEDOT and
its derivatives have attracted significant attention because of their
superior electrical conductivity, chemical stability, and flexibility.
PEDOT-based materials have been widely explored for flexible
supercapacitors and wearable energy-storage devices due to
their excellent compatibility with flexible substrates. To improve
the performance of conductive polymers, hybridization with
carbon-based materials has become an effective strategy. Carbon
nanotubes, graphene, reduced graphene oxide, and porous carbon
frameworks can provide conductive networks that facilitate
electron transport while restricting polymer deformation
[42]. These hybrid structures combine the pseudocapacitive
contribution of conductive polymers with the mechanical stability
and conductivity of carbon materials. Conductive polymers have
attracted significant attention due to their intrinsic electrical
conductivity, reversible redox activity, and structural flexibility.
Materials such as polyaniline, polypyrrole, and PEDOT-based
systems provide efficient charge-storage mechanisms and can be
further improved through composite formation with carbon and
nanostructured materials [43]. (Table 2) presents representative
conductive polymers, their electrochemical mechanisms, major
applications, and associated challenges.

Charge Storage Mecha-

Conductive Polymer .
nism

Main Energy Application

Key Advantages Major Challenges

Reversible oxidation/re-

High theoretical capacitance, easy | Structural degradation

Polyaniline (PANI)

duction reactions

Supercapacitors, batteries

synthesis, tunable conductivity

during cycling

Polypyrrole (PPy)

Redox-active nitrogen-con-
taining backbone

Supercapacitors, flexible
devices

Good conductivity, environmental
stability

Volume expansion
during cycling

PEDOT/PEDOT:PSS

m-electron conjugated
transport and redox
reactions

Flexible electronics, solar
cells, supercapacitors

High conductivity, excellent
flexibility

Cost and long-term
stability

Poly(thiophene) deriv-
atives

Charge delocalization
through conjugated back-
bone

Organic photovoltaics,
batteries

Tunable electronic properties

Complex synthesis

Conductive polymer/
carbon composites

Combined pseudoca-
pacitance and electrical
double-layer storage

Hybrid batteries and super-
capacitors

Improved conductivity and struc-
tural stability

Interface optimization
required
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Polymer-Carbon Hybrid Architectures for Enhanced
Electrochemical Performance

The
nanomaterials represents a promising approach for developing
high-performance energy-storage electrodes. Carbon materials
provide several advantages, including high electrical conductivity,
large specific surface area, chemical stability, and structural
reinforcement [44]. Graphene and reduced graphene oxide
(rGO) are commonly used as supporting materials for conductive

integration of conductive polymers with carbon

polymers because their two-dimensional structures enable
efficient electron pathways and prevent polymer aggregation.
The strong interaction between polymer chains and graphene
surfaces improves electrode integrity and enhances charge-
transfer kinetics [45]. Similarly, carbon nanotubes (CNTs) provide
one-dimensional conductive networks that improve mechanical
strength and facilitate rapid electron transport.

Conductive polymer/CNT composites have demonstrated
improved rate capability and cycling stability compared with
individual polymer electrodes. More recently, three-dimensional
carbon architectures, including porous carbon frameworks,
carbon aerogels, and hierarchical carbon networks, have been
developed to provide interconnected conductive pathways and
sufficient space for polymer expansion during electrochemical
operation. These architectures effectively address the major
limitation of conductive polymers by improving structural
stability during long-term cycling. The combination of renewable
polymer precursors and carbonization strategies has further
expanded the potential of polymer-derived carbon materials
[46]. Biomass-derived polymers containing oxygen, nitrogen, and
sulfur functional groups can generate heteroatom-doped carbon
structures after carbonization, providing additional active sites
for ion adsorption and improved electrochemical performance.

s N
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Figure 3: Schematic illustration of conductive polymer-based hybrid electrode architectures, showing integration of conductive polymers
with carbon materials, MXenes, metal oxides, and MOFs for enhanced charge storage.
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Polymer-Based Hybrid Materials with Emerging
Nanomaterials

Recent advances in nanomaterials have introduced new
opportunities for
systems. The incorporation of two-dimensional materials, metal
oxides, and metal-organic frameworks (MOFs) into polymer

improving polymer-based energy-storage

o7 |

matrices can create multifunctional hybrid electrodes with
enhanced electrical, mechanical, and electrochemical properties.
MXenes, particularly TizC,Ty,
attention because of their metallic conductivity, layered structure,
and surface functional groups. Integration of conductive polymers
with MXenes can improve interfacial charge transfer, prevent

have attracted considerable
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restacking of MXene layers, and provide additional electrochemical
active sites [47]. Such polymer-MXene composites are promising
for flexible supercapacitors and advanced battery electrodes.
Metal oxide/conductive polymer composites represent another
important category of hybrid materials. Metal oxides such as
MnO,, TiO,, Fe,03, and Co30, provide high theoretical capacities,
while conductive polymers improve electrical connectivity and
structural stability. The synergistic interaction between polymer
matrices and metal oxides can enhance ion diffusion pathways and
reduce mechanical degradation during cycling [48]. Furthermore,
polymer/MOF hybrid materials have recently gained attention
because MOFs offer highly ordered porous structures and tunable
chemical environments. Conductive polymers can improve the
electrical conductivity of MOFs, while MOFs provide abundant
adsorptionsitesand structural reinforcement. (Figure 3) illustrates
the design strategy of conductive polymer-based hybrid electrode

architectures through the integration of conductive polymers with
complementary functional materials, including carbon materials,
MXenes, metal oxides, and MOFs/COFs [49,50].
polymers provide redox-active sites, flexible structures, and

Conductive

improved electrical pathways, while carbon materials enhance
conductivity and mechanical reinforcement. MXenes contribute
high electrical conductivity and efficient ion-accessible interfaces,
whereas metal oxides introduce additional electrochemical active
sites and high theoretical capacity. MOFs/COFs provide porous
structures and controlled ion-diffusion pathways. The synergistic
combination of these components creates multifunctional hybrid
electrodes with improved charge-transfer kinetics, enhanced
structural stability, and superior charge-storage performance,
demonstrating the potential of polymer-based hybrid materials
for next-generation energy-storage systems.

Polymer-Derived Carbon Materials for Sustainable Energy Storage and Conversion Applications
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Figure 4: Schematic illustration of polymer-to-carbon conversion pathways and their applications in sustainable energy systems.
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Polymer-derived carbon materials have emerged as an
important class of functional materials for renewable energy
technologies due to their controllable structures, excellent
electrical conductivity, chemical stability, and tunable surface
chemistry. Unlike conventional carbon materials obtained from
fossil-based precursors, polymer-derived carbons provide a
unique opportunity to design carbon architectures through
molecular-level control of precursor chemistry and thermal
conversion processes [51]. By selecting appropriate polymer
precursors and controlling carbonization conditions, researchers
can construct carbon materials with adjustable pore structures,
heteroatom configurations, and defect distributions, which
are critical factors governing electrochemical performance.
The conversion of polymers into carbon materials generally
involves thermal decomposition under inert atmospheres, during
which polymer chains undergo dehydration, aromatization,
crosslinking, and graphitization processes [52]. The original
chemical structure of the polymer precursor strongly influences
the final carbon framework. For example, nitrogen-containing
polymers can generate nitrogen-doped carbon materials, while
oxygen-rich biomass polymers can produce porous carbon
structures with abundant oxygen functional groups. These

structural characteristics provide advantages for ion adsorption,
[53].
(Figure 4) presents a schematic overview of the polymer-to-

electrolyte interaction, and charge-transfer processes

carbon conversion pathway and the resulting applications of
polymer-derived carbon materials in sustainable energy systems
[54,55]. Renewable polymer precursors, including cellulose,
lignin, chitosan, and starch, undergo sequential processing
steps carbonization, and post-
treatment to generate carbon materials with tailored structures
and functionalities. Through controlled thermal conversion

involving preprocessing,

and surface engineering strategies, polymer-derived carbons
with porous, graphitic, hollow, and fibrous architectures can
be obtained, providing enhanced electrical conductivity, ion-
accessible pathways, and structural stability. These engineered
carbon materials have demonstrated broad potential in energy-
storage technologies, including lithium/
sodium/potassium-ion batteries, supercapacitors, fuel cells, and

and conversion
solar-energy devices. This conversion strategy highlights the
importance of renewable polymers as sustainable precursors for
designing advanced carbon materials toward next-generation
energy applications.

Biomass-Derived Polymer Carbon Materials for Battery Electrodes

Table 3: Polymer-Derived Carbon Materials for Energy Storage Applications.

Polymer Precur-
sor

Carbon Structure Ob-
tained

Important Properties

Energy Application

Performance Advantages

Cellulose-derived
carbon

Porous carbon framework

High surface area, hierarchi-
cal pores

Li-ion/sodium-ion batteries,
supercapacitors

Improved ion diffusion and
charge storage

Lignin-derived
carbon

Aromatic porous carbon

High carbon yield, de-
fect-rich structure

Battery electrodes, catalysts

Excellent conductivity and
stability

Chitosan-derived

Nitrogen-doped carbon

Pyridinic-N and graphitic-N

Batteries and supercapac-

Enhanced conductivity and

carbon sites itors active sites
PAN-derived Nitrogen-containing carbon . . i . -
carbon 8 fibers g High mechanical strength Lithium-ion battery anodes Excellent structural durability

Polymer-derived
graphene-like
carbon

Graphitic carbon networks

High electrical conductivity

Hybrid electrodes Improved electron transport

The increasing demand for sustainable battery materials
has stimulated extensive research into biomass-derived polymer
carbon materials. Renewable polymers, including cellulose,
lignin, chitosan, and starch, have attracted significant attention
as carbon precursors because of their abundance, low cost, and
environmentally friendly characteristics [56]. Cellulose-derived
carbon materials typically exhibit hierarchical porous structures
generated from the interconnected polymer networks of cellulose
fibers. These porous architectures provide efficient pathways
for electrolyte penetration and ion diffusion, making them
attractive for lithium-ion batteries (LIBs), sodium-ion batteries
(SIBs), and potassium-ion batteries (PIBs) [57]. Lignin-derived
carbon materials have received particular interest because lignin

contains aromatic structures that facilitate carbon formation
during pyrolysis. The naturally crosslinked structure of lignin
enables the generation of carbon frameworks with high carbon
yield, excellent mechanical stability, and tunable porosity.
Furthermore, the intrinsic oxygen-containing groups in lignin can
promote surface functionalization and improve interactions with
metal ions. Chitosan-based carbon materials provide additional
advantages due to their nitrogen-rich composition. During
carbonization, nitrogen atoms originating from amino groups
can be incorporated into the carbon framework, generating
pyridinic-N, pyrrolic-N, and graphitic-N configurations [58].
These nitrogen species can improve electrical conductivity,
increase active sites, and enhance ion-storage capability. The
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electrochemical performance of polymer-derived carbon
electrodes is strongly influenced by several structural parameters,
including specific surface area, pore-size distribution, defect
density, and heteroatom content. Micropores contribute to
ion adsorption and high-capacity storage, while mesopores
facilitate electrolyte transport and reduce diffusion limitations
[58]. Therefore, optimizing the balance between different pore
structures is essential for achieving high-rate capability and
long-term cycling stability. Polymer-derived carbon materials
represent an important class of sustainable carbon electrodes due
to their controllable porosity, heteroatom doping capability, and
excellent structural stability. Through controlled carbonization of
renewable and synthetic polymers, advanced carbon architectures
with improved ion transport and electrical conductivity can be
obtained. (Table 3) summarizes different polymer precursors,
resulting carbon structures, and their applications in modern
energy-storage systems.

Polymer-Derived Carbon Materials for Supercapacitors

Supercapacitors require electrode materials with high surface
accessibility, rapid charge transfer, and excellent structural
durability. Polymer-derived carbon materials are particularly
suitable for supercapacitor applications because their porous
structures can be engineered to maximize electrochemical surface
area [59]. Activated polymer-derived carbons prepared through
physical or chemical activation processes commonly exhibit highly
developed pore networks. Activation methods using agents such as
KOH, ZnCl,, and CO; can significantly increase microporosity and
generate additional defect sites. These structural modifications
improve electrical double-layer capacitance by increasing
electrolyte-ion adsorption. In addition to conventional porous
carbons, three-dimensional carbon architectures derived from
polymer templates have gained attention because they provide
interconnected conductive networks. Aerogel-derived carbons,
carbon foams, and carbon nanofibers can maintain structural
integrity while enablingrapidion transport[56]. Theincorporation
of heteroatoms such as nitrogen, sulfur, and phosphorus further
enhances the electrochemical properties of polymer-derived
carbons. Heteroatom doping modifies the electronic structure of
carbon frameworks, improves surface polarity, and introduces
additional faradaic reaction sites. Consequently, doped polymer-
derived carbons can provide combined electrical double-layer
capacitance and pseudocapacitive contributions.

Polymer-Derived Carbon Hybrid Materials

Although polymer-derived carbon materials possess excellent
conductivity and structural advantages, their electrochemical
performance can be further improved through integration with
advanced functional materials. Hybridization with metal oxides,
MXenes, graphene derivatives, and metal-organic frameworks
enables synergistic enhancement by combining complementary

properties. Carbon/metal oxide composites represent an
important category of hybrid electrodes [60]. Metal oxides such as
Fe,03, Co304, MnO,, and TiO, provide high theoretical capacities
through conversion or redox reactions, while carbon matrices
improve electrical conductivity and buffer structural stress during
cycling. The carbon framework prevents nanoparticle aggregation
and facilitates electron transport, resulting in improved rate
capability and cycling stability. The combination of polymer-
derived carbon with two-dimensional materials, particularly
MXenes, has recently attracted significant attention. MXenes
provide excellent electrical conductivity, hydrophilic surfaces, and
abundant functional groups, while carbon frameworks prevent
MXene restacking and improve structural stability [61]. These
hybrid systems demonstrate potential applications in lithium-
metal batteries, sodium-ion batteries, and flexible energy-storage
devices. Metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) have also been explored as templates or
functional components for polymer-derived carbon synthesis.

Their highly ordered porous structures enable precise control
over carbon morphology and provide opportunities for designing
advanced electrode architectures. Despite significant progress,
several challenges remain before polymer-derived carbon
materials can achieve widespread commercial application [62].
The relationship between precursor chemistry, carbonization
conditions, and final electrochemical performance requires deeper
understanding to enable predictable material design. In addition,
differences in biomass composition can introduce variability,
making large-scale production and quality control challenging.
Another important challenge is balancing high surface area
with practical electrode density. Although highly porous carbon
materials provide excellent laboratory performance, excessive
porosity may reduce volumetric energy density and limit
practical device applications. Future research should therefore
focus on optimizing hierarchical structures that simultaneously
provide high gravimetric capacity, sufficient packing density, and
fast ion transport [63]. The integration of renewable polymer-
derived carbons with advanced nanomaterials provides a
promising pathway toward next-generation sustainable energy
systems. Future developments should emphasize green synthesis
methods, scalable manufacturing strategies, and comprehensive
life-cycle assessments to ensure both technological performance
and environmental sustainability. The integration of polymers
with advanced nanomaterials provides an effective strategy to
overcome the intrinsic limitations of individual components.
Polymer hybrid systems combine the flexibility and structural
stability of polymers with the high conductivity, catalytic activity,
or porous characteristics of functional nanomaterials [64]. (Table
4) highlights representative polymer-based hybrid materials
and their roles in improving the performance of batteries,
supercapacitors, and energy-conversion devices.
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Table 4: Polymer-Based Hybrid Materials for Advanced Energy Technologies.

Polymer System

Integrated Material

Function of Polymer

Function of Secondary
Material

Application

Polymer/MXene com-
posite

TizC,Tx MXene

Flexible matrix; prevents
MXene restacking

High conductivity and surface
activity

Batteries, supercapacitors

Polymer/Graphene com-
posite

Graphene/reduced
graphene oxide (rGO)

Mechanical reinforcement

Electron transport network

Flexible energy storage

Polymer/Metal oxide
composite

MnO,, Co30,, TiO,, Fe,03

Improves electrode
integrity

Provides redox-active sites

Battery electrodes

Polymer/MOF composite

Metal-organic frameworks
(MOFs)

Conductive support and
structural flexibility

Porous framework for ion
storage and transport

Electrochemical energy
storage

Polymer/CNT composite

Carbon nanotubes (CNTs)

Improves dispersion and
flexibility

Provides conductive path-
ways

Supercapacitors

Polymer Materials for Renewable Energy Conversion
Technologies

Beyond  energy-storage applications, polymer-based
materials have become increasingly important in renewable
energy conversion technologies, including fuel cells, solar-energy
systems, hydrogen production, and electrochemical conversion
devices. The unique characteristics of polymers, including
chemical tunability, mechanical flexibility, lightweight structure,
and scalable processing capability, enable their application
as ion-conducting membranes, photoactive components,
protective layers, interfaces [65]. Unlike
traditional inorganic materials, polymers offer the advantage of
molecular-level structural modification, allowing researchers
to optimize conductivity, stability, optical properties,
interfacial interactions. These characteristics have promoted the
development of polymer-based materials capable of improving

and functional
and

energy conversion efficiency while reducing manufacturing
complexity and environmental impact [66].

Polymer Electrolyte Membranes for Fuel Cell

Technologies

Fuel cells represent an important pathway for converting
chemical energy into electricity with high efficiency and low
environmental impact. Among different fuel-cell technologies,
proton exchange membrane fuel cells (PEMFCs) have attracted
significant attention due to their high power density, rapid
response, and suitability for transportation applications [67]. The
polymer electrolyte membrane is a critical component of PEMFCs
because it controls proton transport while preventing direct
mixing of fuel and oxidant gases. Nafion, a perfluorosulfonic acid
polymer, remains the most widely used commercial membrane
because of its excellent proton conductivity and chemical
stability. However, its dependence on fluorinated structures,
high production cost, and reduced proton conductivity under
low humidity conditions have encouraged the development of

alternative polymer membranes. Hydrocarbon-based polymers,
including sulfonated poly(ether ether ketone) (SPEEK), sulfonated
polyimide, and polybenzimidazole (PBI), have been extensively
investigated as alternatives to Nafion [68].

These materials offer improved thermal stability, lower
cost, and tunable chemical structures. Through sulfonation,
crosslinking, and incorporation of inorganic fillers, polymer
membranes can achieve enhanced proton conductivity and
mechanical durability. The incorporation of nanomaterials
such as silica, graphene oxide, metal-organic frameworks, and
functionalized nanoparticles into polymer membranes has further
improved their performance. These hybrid polymer membranes
create additional proton transport pathways while enhancing
water retention and structural stability under fuel-cell operating
conditions [69].

Polymer Materials in Solar Energy Conversion

Polymer materials have also played an important role in the
development of flexible and lightweight solar-energy technologies.
Organic photovoltaic (OPV) systems utilize -conjugated polymers
as photoactive materials capable of absorbing sunlight and
transporting charge carriers. Conjugated polymers such as poly(3-
hexylthiophene) (P3HT), poly(thiophene)-based derivatives, and
donor-acceptor polymer systems have been widely investigated
because of their adjustable electronic structures and solution
processability [70]. By modifying polymer backbones and side
chains, researchers can control light absorption, energy levels,
charge mobility, and morphology. One major advantage of
polymer-based photovoltaic materials is their compatibility with
flexible substrates. Unlike conventional silicon-based solar cells,
polymer solar cells can be fabricated using low-temperature
printing techniques, enabling lightweight, wearable, and large-
area energy-generation devices. However, challenges remain
regarding long-term stability, environmental sensitivity, and
efficiency compared with inorganic photovoltaic technologies
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[71]. Exposure to oxygen, moisture, and ultraviolet radiation can
degrade polymer photoactive layers, reducing operational lifetime.
Therefore, encapsulation strategies, molecular engineering, and
development of more stable polymer structures remain essential
research directions.

Polymer Materials for Hydrogen Production and
Electrochemical Conversion

Hydrogen energy has emerged as a promising clean-energy
carrier because of its high energy density and potential for zero-
carbon utilization. Electrochemical water splitting, including
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), requires efficient catalysts and stable ion-
conducting systems [72]. Polymers contribute to hydrogen-
energy technologies by functioning as catalyst supports, proton-
conducting materials, binders, and membrane components.
Conductive polymers can improve catalyst dispersion and
electronic communication between active sites and current
collectors. In addition, polymer networks can provide mechanical
support and prevent catalyst aggregation during long-term
operation. Polymer-based membranes are also important in
proton exchange membrane electrolyzers, where they facilitate
proton transport and maintain separation between hydrogen and
oxygen products. Similar to fuel cells, improving conductivity,
chemical stability, and cost-effectiveness remains a major
challenge [73]. Recent developments in polymer-nanomaterial
hybrid systems have created new opportunities for hydrogen
production. Combining polymers with carbon materials, metal
nanoparticles, transition-metal compounds, and two-dimensional
materials can enhance catalytic activity, charge transfer, and
structural durability.

Emerging Polymer-Based Hybrid for

Renewable Energy Conversion

Systems

The future of polymer materials in renewable energy
conversion is increasingly associated with multifunctional hybrid
systems. Combining polymers with advanced nanomaterials
enables the integration of multiple properties, including
electrical conductivity, catalytic activity, mechanical flexibility,
and environmental stability [74]. For example, polymer-carbon
composites can improve electron transport in electrocatalytic
systems, while polymer-metal oxide hybrids can enhance catalytic
performance through improved interfacial interactions. Polymer-
MXene systems have recently attracted attention due to their
excellent electrical conductivity and tunable surface chemistry,
offering opportunities for flexible electrodes, electrocatalysts,
and energy-conversion devices. Furthermore, biodegradable
and recyclable polymer systems are becoming increasingly
important as sustainability requirements expand. Future
polymer-based renewable energy technologies should consider
not only performance improvement but also material sourcing,

environmental impact, and end-of-life recyclability. Polymer

materials are expected to play an increasingly important role in
renewable energy conversion technologies by providing flexible,
lightweight, and multifunctional solutions [75]. Future research
should focus on designing polymers with controlled molecular
architectures, improved environmental stability, and compatibility
with scalable manufacturing processes. The combination of
renewable polymer chemistry with advanced nanotechnology,
computational modeling, and green processing strategies will
provide new opportunities for developing sustainable energy
conversion platforms. Achieving this goal requires balancing
energy-conversion efficiency, durability, cost, and environmental
responsibility.

Challenges and Future Perspectives of Renewable
Polymer-Based Energy Technologies

Although renewable polymer materials have demonstrated
significant potential in energy-storage and energy-conversion
systems, several scientific and technological challenges remain
before their widespread commercial implementation. The
future development of polymer-based energy technologies
requires not only improvement in electrochemical performance
but also consideration of material sustainability, large-scale
manufacturing, operational stability, and environmental impact
throughout the material life cycle [76].

Performance-Stability Trade-Off

One of the major challenges associated with polymer-based
energy materials is achieving a balance between high performance
and long-term stability. Conductive polymers generally provide
excellent charge-storage capability because of their reversible
redox reactions; however, repeated electrochemical cycling
can induce polymer chain deformation, swelling, and structural
degradation [77]. These processes gradually reduce electrical
connectivity and active-site accessibility, resulting in capacity
fading. Similarly, polymer electrolytes offer improved safety
compared with conventional liquid electrolytes, but their practical
application remains limited by relatively low ionic conductivity,
especially at ambient temperature. Increasing polymer segmental
mobility can improve ion transport but may reduce mechanical
strength and dimensional stability. Therefore, future polymer
electrolyte design must achieve a balanced combination of
high ionic conductivity, mechanical robustness, and interfacial
compatibility with electrodes [78]. Advanced strategies, including
polymer crosslinking, block copolymer design, incorporation of
inorganic nanoparticles, and construction of interpenetrating
polymer networks, provide promising approaches for overcoming
these limitations.

Scalability and Manufacturing Challenges

Although many renewable polymer materials demonstrate
excellent performance at laboratory scale, their transition toward
industrial applications remains challenging. Laboratory synthesis
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methods often involve complex processing steps, controlled
environments, or expensive additives, which may limit large-
scale production. For biomass-derived polymers, variations in
precursor composition represent an additional challenge [79].
Natural resources such as cellulose, lignin, and chitosan exhibit
differences depending on their origin, extraction process, and
purification conditions. These variations can influence polymer
structure, carbonization behavior, and final material performance.
Future research should focus on developing standardized
processing methods, scalable synthesis routes, and low-cost
manufacturing strategies. Green processing approaches, including
solvent-free synthesis, aqueous processing, and energy-efficient
carbonization methods, will be important for reducing production
costs and environmental impacts [80].

Sustainability and Life-Cycle Considerations

Although renewable polymers provide advantages through the
utilization of sustainable resources, their overall environmental
benefits must be evaluated through comprehensive life-cycle
analysis. Factors including raw-material extraction, chemical
modification, energy consumption during processing, device
fabrication, and end-of-life disposal
sustainability of polymer-based energy technologies. Future
developments should prioritize recyclable and biodegradable
polymer systems while maintaining high electrochemical
performance [81]. Designing polymers that can be recovered,
reused, or safely degraded after device operation will become
increasingly important for establishing circular energy-material
systems. Furthermore, replacing hazardous chemicals and energy-
intensive synthesis procedures with environmentally friendly
alternatives will be essential for achieving genuinely sustainable

determine the actual

polymer-based technologies [82].
Integration with Advanced Functional Materials

The future development of renewable polymer materials will
increasingly rely on hybrid architectures that combine polymers
with advanced nanomaterials. The integration of polymers with
graphene derivatives, carbon nanotubes, MXenes, metal oxides,
metal-organic frameworks, and other functional materials
enables the combination of complementary properties. For
example, carbon materials can improve electrical conductivity
and structural reinforcement, while MXenes provide high
conductivity and surface functionality. Metal oxides contribute
additional redox-active sites, whereas porous frameworks offer
controlled ion-accessible environments [83]. Polymer matrices
can act as flexible supports that maintain structural integrity
and improve interfacial contact. Such multifunctional hybrid
systems provide opportunities to develop next-generation
batteries, supercapacitors, fuel cells, and flexible energy devices

with improved performance and durability. Future research on
renewable polymer-based energy technologies should move
beyond individual material optimization toward integrated device-
level design. Molecular-level polymer engineering combined
with advanced characterization techniques and computational
modelling will enable better understanding of structure-property
relationships [84].

Artificial intelligence and machine-learning approaches
may further accelerate polymer discovery by predicting
molecular structures, processing conditions, and electrochemical
behavior. In addition, combining experimental approaches
with theoretical simulations can improve the rational design
of polymers with optimized conductivity, stability,
sustainability. The development of multifunctional renewable
polymers that simultaneously provide mechanical support,
ionic/electronic conductivity, and environmental compatibility
represents a promising direction. Such materials could enable
future energy technologies that are not only efficient and

and

durable but also environmentally responsible [85]. Overall,
renewable polymer materials have the potential to contribute
significantly to sustainable energy systems. However, successful
commercialization requires coordinated progress in material
design, scalable manufacturing, recycling strategies,
comprehensive sustainability assessment. Despite significant
progress, several challenges remain regarding the practical
implementation of renewable polymer-based energy technologies,
including stability, scalability, cost,
sustainability. Addressing these limitations requires advanced
material design, green synthesis approaches, and improved
manufacturing strategies [86]. (Figure 5) summarizes the key

and

and environmental

challenges limiting the practical implementation of renewable
polymer-based energy materials and highlights possible strategies
for overcoming these barriers [84,87]. Despite their advantages
in sustainability, structural tunability, and multifunctional
applications, polymer-based energy materials still
limitations related to electrical conductivity, long-term stability,
scalability, environmental impact, reproducibility, and end-of-life
management. Approaches including chemical functionalization,
hybridization with nanomaterials,
reinforcement, green scalable processing, standardized synthesis
protocols, recyclable polymer design, and comprehensive life-

face

conductive structural

cycle evaluation provide promising pathways toward improving
their practical performance and sustainability. Addressing these
challenges through integrated material design and manufacturing
strategies will be essential for the transition of renewable polymer
technologies from laboratory-scale research to real-world energy
applications. (Table 5) summarizes the major challenges and
potential solutions for future development of polymer-based
energy systems.
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Table 5: Current Challenges and Future Strategies for Renewable Polymer Energy Materials.

Challenge Scientific Issue

Possible Solution

Low electrical/ionic conductivity

Limited charge transport

Polymer functionalization and nanomaterial
integration

Mechanical degradation

Structural damage during cycling

Crosslinking and hybrid architectures

Poor scalability production

Laboratory synthesis is not suitable for industrial

Green synthesis and continuous processing

Biomass variability

Differences in precursor composition affect performance

Standardized biomass processing

Recycling limitations

Difficult material recovery

Designing recyclable polymer systems

Environmental assessment

Unknown or incomplete life-cycle impact

Life-cycle analysis and sustainable manufacturing

Conclusion

The development of renewable materials
represents an important step toward achieving sustainable

energy technologies by combining high functional performance

polymer

with environmental responsibility. This mini-review highlights
the significant progress achieved in designing polymer-based
materials for energy storage and conversion applications,
including batteries, supercapacitors, fuel cells, solar-energy
systems, and hydrogen-generation technologies. Due to their
unique structural flexibility, chemical tunability, lightweight
nature, and compatibility with various functional materials,

polymers have evolved from conventional

components into active materials capable of directly influencing

supporting

electrochemical and energy-conversion processes. Renewable
polymers derived from natural resources, such as cellulose, lignin,
chitosan, and starch, provide promising alternatives to petroleum-
derived materials because of their abundance, biodegradability,
and potential for carbon-neutral material development. These
polymers offer versatile platforms for producing functional
electrolytes, separators, binders, and carbon precursors. Through
chemical modification, crosslinking, heteroatom incorporation,
and controlled carbonization, renewable polymers can be
transformed into advanced materials with improved ionic
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conductivity, electrical transport, surface activity, and structural
stability. In particular, biomass-derived polymer carbon materials
have demonstrated significant potential as electrode materials
due to their hierarchical porous structures, tunable defect
chemistry, and excellent compatibility with electrochemical
systems. Conductive polymers, including polyaniline, polypyrrole,
and PEDOT-based materials, have contributed significantly to the
advancement of flexible and high-performance energy-storage
devices. Their intrinsic redox activity and electronic conductivity
enable efficient charge-storage mechanisms; however, structural
instability during repeated electrochemical cycling remains a
major limitation.

The development of conductive polymer hybrid systems
through integration with graphene, carbon nanotubes, MXenes,
metal oxides, and porous framework materials has provided
effective solutions by improving electrical pathways, mechanical
durability, stability. Polymer-based
electrolytes and membranes have also demonstrated considerable
importance in next-generation energy systems. Solid polymer
electrolytes offer improved safety compared with conventional
liquid electrolytes, while polymer electrolyte membranes

and electrochemical

remain essential components in fuel cells and hydrogen-energy
technologies. Future improvements in polymer molecular
design, ion-transport regulation, and polymer-nanomaterial
interfaces will be critical for achieving higher conductivity,
improved durability, and practical device-level performance.
Despite substantial advances, several challenges remain before
renewable polymer materials can achieve widespread commercial
implementation. The optimization of conductivity, mechanical
strength, chemical stability, and sustainability remains a
complex challenge because improvements in one property often
compromise another. Furthermore, differences in renewable
feedstock composition, processing conditions, and material
reproducibility create difficulties in large-scale manufacturing.
Future research should therefore focus on standardized
processing methods, environmentally friendly synthesis routes,
scalable fabrication strategies, and comprehensive life-cycle
assessments to ensure that polymer-based energy technologies

provide genuine environmental benefits.

The integration of renewable polymers with emerging
nanomaterials represents one of the most promising directions
for future development. Hybrid systems combining polymers
with MXenes, graphene derivatives, metal oxides, metal-organic
frameworks, and covalent organic frameworks can provide
multifunctional architectures with enhanced conductivity, catalytic
activity, ion transport, and structural stability. Such approaches
offer opportunities for designing advanced energy devices with
improved efficiency, flexibility, and durability. Furthermore, future
progress will increasingly depend on interdisciplinary approaches
involving polymer chemistry, materials science, electrochemistry,
computational modeling, intelligence-assisted
material discovery. Molecular-level design strategies combined

and artificial

with advanced characterization techniques can provide
deeper understanding of structure-property relationships and
accelerate the development of optimized polymer systems.
In parallel, greater attention should be given to recyclability,
biodegradability, and end-of-life management to establish circular
and sustainable energy-material platforms. Overall, renewable
polymer materials provide a versatile and sustainable foundation
for future energy technologies. Continued innovation in polymer
design, hybrid material engineering, and green manufacturing
will enable the development of next-generation energy-storage
and conversion systems that not only deliver high performance
but also contribute to global efforts toward carbon reduction and
sustainable energy development. The future of renewable energy
technologies will increasingly rely on materials that achieve a
balance between technological advancement, economic feasibility,
and environmental sustainability, and renewable polymers are

expected to play a central role in this transition.
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