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Abstract

The pursuit of efficient energy storage technologies is critical for advancing renewable energy systems
and improving the performance of electric vehicles. This review emphasizes the synergistic
contributions of polymers and composite materials in phase change materials (PCMs), zinc-based
batteries (ZnBs), lithium-ion batteries (LIBs), and graphene-based systems. PCMs, particularly
polymer-encapsulated and polymer-stabilized composites, demonstrate a remarkable ability to store
and release thermal energy, enabling improved thermal management and operational stability. In
parallel, polymer electrolytes and binders play a vital role in ZnBs and LIBs, enhancing ionic
conductivity, safety, and structural integrity. The integration of graphene within polymer matrices
further advances electrode design, offering exceptional electrical conductivity, mechanical robustness,
and multifunctionality for next-generation batteries. Special attention is given to polymer—graphene
hybrid composites, which not only improve charge transport but also extend cycle life and mitigate
degradation. By synthesizing recent findings, this review elucidates the interplay of polymers and
composite-based strategies with PCMs, ZnBs, and LIBs, proposing a holistic framework for the
development of high-performance, sustainable energy storage systems. The integration of polymeric
materials with graphene-based composites represents a promising frontier, paving the way toward safer,
cost-effective, and environmentally responsible energy solutions.

Keywords: Phase change materials (PCMs), zinc-based batteries (ZnBs), lithium-ion batteries (LIBs),
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INTRODUCTION
This manuscript addresses key knowledge gaps by presenting a unified framework integrating phase
change materials (PCMs), zinc-based batteries
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(ZnBs), and lithium-ion batteries (LIBs). Unlike
conventional reviews that focus on isolated
systems, this work emphasizes the multifunctional
role of polymers and composite materials in
thermal and electrochemical energy storage.
Special focus is given to nanostructuring, defect
engineering, and composite design, along with
sustainability and recyclability considerations.

Sustainable and renewable energy sources are
becoming worlds largest requirement energy
landscape of the global transformative issues. [1].
Primarily, this transition urgently needed for
reducing greenhouse gas emissions, mitigate
climate change, and ensure long-term energy
security [2]. As nations strive to meet their rising
energy demands through solar, wind, and
hydroelectric power, the inherent intermittency and
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variability of these sources pose major challenges [3]. Energy storage technologies have therefore
become indispensable for stabilizing energy supply [4], ensuring grid resilience, and enabling the large-
scale deployment of renewables. According to projections by the International Energy Agency (IEA),
global energy demand [5] is expected to increase by nearly 30% by 2040, with renewable energy playing
a leading role. However, the fluctuating nature of renewable power generation [6]—such as diurnal
variations in solar output and weather-dependent [7] wind generation—underscores the necessity of
robust storage systems that can balance supply and demand effectively.

Traditionally, storage systems such as pumped hydro storage and lead-acid batteries dominated the
landscape. Yet, the growing demand for efficient, safe, and environmentally benign technologies has
driven significant innovation in advanced materials and device architectures. Among these, polymer-
and composite-based materials have emerged as a pivotal research focus due to their tunable physical,
chemical, and electrochemical properties. Polymers, including both natural and synthetic types, play
critical roles as solid polymer electrolytes, binders, and encapsulation matrices, enhancing the safety,
flexibility, and durability of energy storage systems. In addition, composites—particularly those
combining polymers with carbon nanomaterials (graphene, CNTs, fullerenes), metal oxides, and phase
change materials—are enabling breakthroughs in energy density, mechanical stability, and cycle life.

Lithium-ion batteries (LIBs) remain the most widely used storage technology, especially in portable
electronics and electric vehicles, due to their high energy density and cycle stability [8, 9]. However,
challenges such as resource scarcity and safety concerns linked to liquid electrolytes require the
development of polymer-based solid-state electrolytes and polymer—graphene hybrid composites. These
materials not only prevent leakage and thermal runaway issues but also enhance ionic conductivity and
electrode—electrolyte interfacial stability. Similarly, zinc-based batteries (ZnBs), often seen as safer and
more cost-effective alternatives to LIBs, benefit greatly from polymeric hydrogels and composite
electrolytes that suppress dendrite formation, boost conductivity, and improve cycling efficiency [10].

Beyond conventional batteries, phase change materials (PCMs) integrated into polymeric or
composite matrices are gaining attention for thermal energy storage, offering stable encapsulation,
improved thermal conductivity, and shape stability [11]. Polymers serve as ideal encapsulating shells or
supporting matrices, preventing leakage and enhancing the durability of PCMs under repeated thermal
cycling. Moreover, in advanced storage systems such as supercapacitors, polymer electrolytes and
conducting polymer composites play a critical role in delivering fast charge—discharge performance
alongside structural stability [12].

Furthermore, the integration of polymer- and composite-based storage systems with smart grid
infrastructures presents opportunities for real-time energy management, grid balancing, and efficient
use of distributed energy resources [13]. The multifunctional role of polymers—as electrolytes,
separators, encapsulants, and composite matrices—positions them at the centre of next-generation
sustainable storage technologies [14].

As the world transitions toward a renewable energy-driven future, advancing polymer and composite
studies in conjunction with storage technologies such as LIBs, ZnBs, and PCMs will be essential to
achieving high-performance, safe, and environmentally responsible energy infrastructures [15, 16]. A
comprehensive overview of their applications and potential pathways for innovation is illustrated in
Figure 1.

PHASE CHANGE ENERGY STORAGE (PCMS)

The phase change materials (PCMs) are compounds capable of absorbing and releasing thermal
energy during phase transitions like melting and solidification [17]. During the transition from solid to
liquid, a PCM takes in a large amount of heat with only a minor change in temperature, and during
solidification, it releases the stored energy.
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Figure 1. Schematic drawing of some applications of energy storage materials.

This behavior makes PCMs extremely useful for thermal energy storage (TES), as they can uphold a
nearly constant temperature throughout the phase change process [18]. The are especially important in
systems where surplus heat can be captured and reused later, including solar power setups, industrial
operations, and building climate control. PCMs are grouped into three major types; organic, inorganic
and eutectic materials, each offering distinct thermal characteristics, benefits, and drawbacks [19].
Organic PCMs are usually non-toxic and possese low thermal conductivity, while inorganic ones
generally offer higher energy storage capacity but may encounter challenges such as supercooling or
corrosion [20]. The performance of PCMs in storage applications depends heavily on their thermal
conductivity, which determines how quickly heat can be absorbed or released during phase transitions.
Heat transfer in PCMs is mainly driven by phonon thermal conduction, where vibrational energy moves
through the materials crystal lattice [21]. Phonons, the quantized vibration modes, carry thermal energy
by interacting with the lattice structure. In PCMs, the effectiveness of this heat transfer is affected by
factors including the materials purity, temperature, and structural characteristics.

Understanding these mechanisms is essential for optimizing PCM performance in energy storage
systems [22]. To enhance thermal conductivity, researchers focus on manipulating the material
properties at the molecular level, aiming to maximize phonon transport while minimizing thermal
resistance. This understanding is critical for improving the overall efficiency of PCMs in various
applications, as it directly impacts how quickly thermal energy can be stored or released. Phase Change
Materials (PCMs) are classified into three main categories: organic (e.g., paraffin, fatty acids), inorganic
(e.g., salt hydrates, metallics), and eutectic (a combination of organic and inorganic compounds), each
differing in thermal properties and applications shown in Figure 2.

One of the most effective strategies to enhance the thermal conductivity of PCMs is the incorporation
of composite additives [23]. Materials like Metal-Organic Frameworks (MOFs), graphene, and carbon
nanotubes have shown great promise in this regard. MOFs, with their high surface area and tunable pore
structures, can significantly enhance thermal transport within PCMs while maintaining their latent heat
storage capabilities [24]. Similarly, graphene's exceptional thermal conductivity and lightweight
properties make it an ideal candidate for composite PCM formulations [25]. When graphene is
integrated into a PCM, it can create conductive pathways that facilitate more efficient heat transfer,
leading to faster melting and solidification cycles.
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Figure 2. Schematic diagram of classification-of-Phase-change-Materials-PCMs.

Other additives, such as expanded graphite and carbon fibers, also play a crucial role in improving
the thermal performance of PCMs [26]. These composite materials not only enhance thermal
conductivity but can also improve mechanical strength and stability, enabling more reliable and
effective energy storage solutions. The development and optimization of these composite PCMs are
critical for advancing the practical application of thermal energy storage technologies. The real-world
applications of PCMs are diverse, with significant potential in harnessing industrial waste heat and
enhancing solar energy storage systems [27]. In industrial settings, excess heat generated during
processes such as manufacturing and power generation can be captured and stored using PCMs. This
stored energy can then be utilized during periods of high energy demand, thereby improving overall
energy efficiency and reducing operational costs. For instance, PCMs can be integrated into heat
exchangers to recover waste heat and deliver it for use in other processes, contributing to energy savings
and sustainability. Similarly, in solar energy applications, PCMs can be employed in solar thermal
systems to store energy generated during the day for use during nighttime or cloudy periods [28]. The
efficiency gains from using PCMs in these applications have been promising, with studies
demonstrating enhanced performance metrics such as increased energy density and reduced heat loss.
By enabling more effective thermal energy management, PCMs can significantly contribute to the
overall efficiency and reliability of renewable energy systems, paving the way for a more sustainable
energy future.

AQUEOUS ZINC-BASED RECHARGEABLE BATTERIES

Aqueous zinc-based rechargeable batteries have emerged as a compelling alternative to conventional
lithium-ion batteries, offering several key advantages, including cost-effectiveness, safety, and
environmental benefits [29]. Zinc is abundant, inexpensive, and widely available, making it a more
sustainable choice compared to the critical metals used in lithium-ion batteries, such as cobalt and
nickel. This accessibility translates into lower material costs and reduced dependency on mining, which
often involves environmentally harmful practices. Moreover, zinc batteries operate in an aqueous
electrolyte environment, significantly enhancing their safety profile by minimizing flammability risks
associated with organic electrolytes commonly found in lithium-ion systems [30]. This feature is
particularly relevant in applications ranging from consumer electronics to large-scale energy storage
systems, where safety is paramount. Furthermore, the environmental impact of zinc batteries is
generally lower, as zinc is less toxic than many of the materials used in traditional batteries, contributing
to more sustainable end-of-life management options through easier recycling processes. Despite their
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many advantages, zinc-based batteries face several challenges, particularly concerning anode behavior
[31]. One of the primary issues is dendrite formation during cycling, which occurs when zinc ions
deposit unevenly on the anode surface, leading to the growth of needle-like structures [32]. These
dendrites can penetrate the separator and cause internal short circuits, leading to battery failure and
safety hazards. The phenomenon of dendrite growth is particularly pronounced in aqueous electrolytes
due to the high ion mobility and the nature of zinc deposition. Cycle life is also affected by this issue,
as repeated dendrite formation and dissolution can lead to reduced capacity and efficiency over time.
To address these challenges, researchers are exploring several strategies, including optimizing the
electrolyte composition to suppress dendrite growth and modifying the anode surface to promote more
uniform zinc deposition [33]. Innovations such as the use of additives to control the electrochemical
environment and the development of advanced anode architectures, including nanostructured materials,
are being investigated to enhance performance and mitigate dendrite-related issues.

The choice of cathode materials in zinc-based batteries significantly influences their performance and
efficiency [34]. Common cathode materials include manganese dioxide (MnQO:), nickel oxide (NiO),
and various carbon-based composites. Manganese dioxide, for instance, has been widely studied for its
good electrochemical properties and cost-effectiveness, making it a popular choice for zinc battery
applications [35]. However, challenges such as poor cycle stability and capacity fading over time
necessitate continuous improvement in cathode materials. Recent advancements focus on the
development of hybrid or composite materials that combine the benefits of multiple constituents to
enhance overall performance. Additionally, improvements in electrolyte formulations are crucial for
stabilizing performance and mitigating issues such as zinc dissolution and corrosion of cathode
materials [36]. Researchers are exploring various aqueous electrolytes, including those enhanced with
additives or modified with polymers, to improve conductivity, reduce side reactions, and enhance the
electrochemical stability of the battery system. These advancements are vital for ensuring the long-term
viability of zinc-based batteries in practical applications. To maximize the potential of aqueous zinc-
based rechargeable batteries, several innovative strategies are being explored to enhance battery lifespan
and energy density [37]. One critical approach involves optimizing the battery design and architecture
to improve the overall electrochemical performance. This includes fine-tuning the spacing and
arrangement of electrodes, enhancing the separator design to mitigate dendrite growth, and improving
electrolyte flow dynamics. Advanced manufacturing techniques, such as 3D printing and
nanostructuring, can enable the development of battery components that enhance ionic conductivity and
reduce resistance, thus contributing to improved energy density [38]. Furthermore, integrating new
materials such as graphene or conductive polymers within the battery architecture can significantly
improve electrical conductivity and charge-discharge rates. Recent research has also focused on the
development of advanced cycling protocols that optimize charge and discharge rates, minimizing stress
on the anode and extending cycle life [39]. By combining these various strategies, researchers aim to
overcome existing limitations and position aqueous zinc-based batteries as a competitive and reliable
energy storage solution for a wide range of applications, from portable electronics to grid-scale energy
storage systems.

LITHIUM-ION BATTERIES (LIBS)
Global Importance of LIBs in Consumer Electronics and Electric Vehicles

Lithium-ion batteries (LIBs) have become an indispensable technology in modern society, primarily
due to their widespread use in consumer electronics and electric vehicles (EVs) [40]. As the primary
power source for devices such as smartphones, laptops, and tablets, LIBs enable the convenience and
functionality that users expect from their electronics. In recent years, the growing demand for electric
vehicles has propelled LIBs into the spotlight, as they are the most common energy storage solution for
EVs. The global push for sustainable transportation and the reduction of greenhouse gas emissions has
driven significant investments in battery technology, further enhancing the demand for high-
performance LIBs [41].
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Figure 3. The schematic diagram for the mechanism of Lithium-ion Batteries (LIBs).

According to the International Energy Agency (IEA), the number of electric cars on the road
surpassed 10 million in 2020, and this figure is projected to rise dramatically as more manufacturers
commit to electrifying their fleets [42]. The demand for LIBs is thus poised to increase substantially in
the coming years, making advancements in battery technology crucial for supporting this shift toward
a greener future. The schematic diagram of Lithium-ion Batteries (LIBs) illustrates lithium ions moving
between the anode and cathode through an electrolyte during charge and discharge, enabling energy
storage and release for device operation (Figure 3).

Key Materials: Cobalt, Nickel, and Lithium

While LIBs offer numerous advantages, their production relies on the extraction of key materials—
cobalt, nickel, and lithium—that present significant environmental and economic challenges [43].
Cobalt, primarily sourced from the Democratic Republic of Congo, is often associated with ethical and
environmental concerns, including human rights abuses and poor mining practices [44]. The extraction
of cobalt not only contributes to ecological degradation but also raises questions about supply chain
sustainability and security. Similarly, nickel mining can result in deforestation and habitat loss, as well
as significant greenhouse gas emissions [45]. Lithium, although more abundant, is often extracted
through water-intensive processes that can strain local water resources, particularly in regions like the
Lithium Triangle in South America [46]. Additionally, the fluctuating prices of these materials pose
economic challenges for manufacturers and consumers alike, as rising costs can lead to higher prices
for electronic devices and EVs. Consequently, there is an urgent need for alternative materials and more
sustainable extraction practices to mitigate the environmental impact of LIB production and ensure
long-term availability.

Recycling of LIBs

Recycling lithium-ion batteries presents a viable solution to the challenges associated with material
extraction and environmental impact [47]. The recycling process generally involves several key steps,
including collection, disassembly, and the recovery of valuable materials. Current recycling methods
include hydrometallurgical and pyrometallurgical processes, both of which aim to recover lithium,
cobalt, nickel, and other critical metals from used batteries [48]. Hydrometallurgical processes typically

© STM Journals 2026. All Rights Reserved S709



Journal of Polymer & Composites
Volume 14, Special Issue 3
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

employ chemical leaching to extract metals, while pyrometallurgical methods involve high-temperature
smelting to separate materials. These processes not only reduce the demand for virgin materials but also
minimize waste and environmental pollution associated with mining activities. The advantages of
recycling LIBs extend beyond material recovery; they also contribute to the reduction of greenhouse
gas emissions and the conservation of resources [49]. Moreover, innovations in recycling technologies
are improving the efficiency and effectiveness of these processes, making them increasingly viable as
a means of sustaining the supply chain for battery materials. However, the recycling rates for LIBs
remain relatively low, necessitating increased awareness and investment in recycling infrastructure to
maximize recovery and promote a circular economy.

Challenges in LIB Performance

Despite their widespread use and advantages, lithium-ion batteries face several performance
challenges that can impact safety and reliability [50]. One of the most critical issues is thermal runaway,
a phenomenon in which excessive heat generation leads to uncontrollable temperature rises within the
battery, potentially resulting in fires or explosions [51]. This risk is heightened by factors such as poor
battery management systems, defects in manufacturing, or external damage to the battery. Safety
concerns related to thermal runaway have prompted significant research into improving battery
management systems and developing safer chemistries. Additionally, material degradation over time
can lead to performance limitations in LIBs, resulting in capacity fade and reduced efficiency [52]. This
degradation is often attributed to repeated charge and discharge cycles, which can cause structural
changes in the active materials and electrolyte. Innovations aimed at enhancing the stability and
longevity of LIBs are crucial for addressing these challenges and ensuring the long-term viability of
lithium-ion technology in an increasingly electrified world.

Emerging Innovations in LIBs

In response to the challenges facing lithium-ion batteries, researchers and manufacturers are
exploring several innovative approaches to enhance performance and sustainability [53]. One of the
most promising advancements is the development of solid-state batteries, which replace the liquid
electrolyte with a solid electrolyte, potentially increasing energy density and safety by eliminating
flammability risks [54]. Solid-state batteries also offer the possibility of using alternative materials that
can enhance cycle life and performance. Furthermore, the search for alternatives to cobalt in battery
chemistry has gained momentum, with researchers investigating materials such as manganese, iron, and
various nickel-rich formulations. These alternatives aim to reduce reliance on cobalt and address the
ethical concerns associated with its extraction. Additionally, silicon-based anodes are emerging as a
viable option for enhancing energy density, as silicon has a much higher theoretical capacity for lithium-
ion storage compared to conventional graphite anodes [55]. However, the expansion of silicon during
charge cycles poses challenges that researchers are actively addressing through innovations in material
design and engineering. By pursuing these emerging technologies, the next generation of lithium-ion
batteries promises to overcome existing limitations while fostering a more sustainable and efficient
energy storage landscape.

Ni-RICH LAYERED OXIDES AS CATHODES FOR LIBs
NCM and NCA Cathode Materials

Nickel-rich layered oxides, specifically, Nickel Cobalt Manganese (NCM) and Nickel Cobalt
Aluminum (NCA), have garnered significant attention as promising cathode materials for high-
performance lithium-ion batteries (LIBs) [56]. Both materials feature a layered crystal structure where
lithium ions can intercalate and deintercalate during the charging and discharging processes. The high
nickel content in these formulations contributes to their elevated specific capacity and energy density,
making them suitable for applications in electric vehicles and high-performance electronics [57].
Additionally, the layered structure allows for improved lithium ion mobility, enabling fast
charge/discharge rates. This combination of high capacity, energy density, and good cycling stability
positions NCM and NCA as leading contenders in the pursuit of next-generation LIBs.
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Performance Degradation Mechanisms

Despite their advantages, nickel-rich layered oxides are not without challenges, as performance
degradation mechanisms can significantly impact their cycling stability and efficiency [58]. One major
issue is oxygen loss, which occurs during high-temperature operation or over-discharge conditions,
leading to a decrease in structural integrity and capacity fade. The elevated nickel content exacerbates
this problem since nickel ions are more prone to oxidation, releasing oxygen from the lattice. Structural
degradation also arises from repeated charge-discharge cycles, which can induce changes in the crystal
structure, resulting in a loss of capacity and increased resistance [59]. Additionally, thermal instability
is a concern, particularly when the battery operates at elevated temperatures or undergoes abusive
conditions. The combination of these degradation mechanisms can lead to a cumulative effect, severely
affecting the lifespan and reliability of the batteries [60]. Addressing these issues requires ongoing
research into alternative compositions and structural modifications to improve stability and
performance.

Safety Concerns

Safety is another critical consideration when using nickel-rich layered oxides as cathode materials in
lithium-ion batteries [61]. One of the foremost concerns is thermal runaway, a condition where
excessive heat generation leads to an uncontrollable increase in temperature, potentially resulting in
fires or explosions. The risk of thermal runaway is heightened in NCM and NCA materials due to their
inherent instability at elevated temperatures, which can trigger exothermic reactions within the battery.
To mitigate these risks, several strategies have been proposed. First, improving the thermal stability of
the cathode material itself through the use of coatings or modifications to the crystal structure can
enhance resistance to degradation [62]. Additionally, incorporating thermal management systems within
battery packs, such as heat sinks or phase change materials, can help dissipate heat effectively.
Furthermore, implementing advanced battery management systems that monitor temperature and
control charging conditions can prevent situations that lead to thermal runaway. By addressing safety
concerns through these strategies, the use of nickel-rich layered oxides in lithium-ion batteries can be
made more viable for widespread adoption in various applications.

GRAPHITE AS AN ANODE MATERIAL FOR LIBS
Crystal and Electronic Structures of Graphite

Graphite has long been established as the predominant anode material for lithium-ion batteries (LIBs)
due to its favorable electrochemical properties and inherent structural characteristics [63]. Graphite is
composed of stacked layers of carbon atoms arranged in a hexagonal lattice, resulting in a two-
dimensional structure. Each carbon atom in a layer is bonded to three neighboring carbon atoms,
forming strong covalent bonds while maintaining weak van der Waals forces between adjacent layers
[64]. This layered architecture is crucial for lithium-ion intercalation, as it allows lithium ions to easily
penetrate and reside within the interlayer spaces. Furthermore, graphite possesses excellent electrical
conductivity due to the delocalized & electrons in its structure, facilitating efficient charge transport
during battery operation [65]. The combination of these structural and electronic properties enables
graphite to achieve high specific capacities, making it a well-suited anode material for achieving the
energy density required in modern LIB applications.

Li-ion Intercalation Kinetics

The intercalation kinetics of lithium ions within the graphite lattice is fundamental to the performance
of lithium-ion batteries [66]. During the charging process, lithium ions are extracted from the cathode
and migrate through the electrolyte to the anode, where they intercalate into the graphite layers. This
process involves the formation of lithium intercalation compounds, primarily LiCs, where lithium
occupies specific sites between the carbon layers [67]. The diffusion of lithium ions into the graphite
lattice is governed by several factors, including temperature, the concentration of lithium ions, and the
structural integrity of the graphite [68]. The kinetics of this intercalation process are crucial for
determining the charge and discharge rates of the battery. Generally, the intercalation process is rapid,
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allowing for high rate capabilities; however, factors such as incomplete lithiation or side reactions can
hinder ion movement and reduce overall efficiency. Understanding and optimizing these intercalation
kinetics are vital for enhancing the performance and efficiency of graphite anodes in LIBs.

Performance Enhancement Strategies

To further improve the performance of graphite as an anode material in lithium-ion batteries, several
modification strategies have been explored. One of the most prominent approaches is doping, where
different elements such as nitrogen, phosphorus, or boron are introduced into the graphite structure to
enhance electrochemical properties [69]. Doping can increase the active sites for lithium ion
intercalation, improve electronic conductivity, and enhance thermal stability. Another strategy involves
surface treatments, such as coating graphite with conductive polymers or metallic nanoparticles, which
can improve the interface between the electrode and electrolyte, reduce resistance, and enhance overall
cycling stability [70]. Moreover, the development of nanostructured graphite materials, such as
graphene or nanosheets, has demonstrated significant potential for improving specific surface area and
facilitating faster lithium ion transport [71]. These enhancements contribute to extended cycle life,
improved energy density, and overall better performance of graphite anodes in lithium-ion batteries,
paving the way for more efficient energy storage solutions.

GRAPHENE-BASED COMPOSITES FOR ELECTROCHEMICAL ENERGY STORAGE
Graphene Discovery and Electrochemical Potential

Since its discovery in 2004 by Andre Geim and Konstantin Novoselov, graphene has captured the
attention of researchers and industries alike due to its remarkable properties, including exceptional
electrical conductivity, high surface area, and outstanding mechanical strength [72]. This single layer
of carbon atoms arranged in a two-dimensional lattice exhibits a unique combination of attributes that
make it an ideal candidate for electrochemical applications. Graphene's high electrical conductivity
facilitates rapid charge transport, while its large surface area allows for a greater density of electroactive
materials, leading to enhanced energy storage capabilities [73].

Over the years, various methods have been developed for the synthesis and functionalization of
graphene, enabling the creation of graphene-based composites that incorporate other materials to
harness synergistic effects [74]. These composites have shown great promise in improving the
performance of electrochemical energy storage devices, making them a focal point of research in the
field of energy storage. For example, Graphene/Si composites offer enhanced energy storage
capabilities by combining graphene's high conductivity with silicon's high capacity for lithium-ion
storage (Figure 4). The composite addresses silicon's volume expansion issues during cycling,
improving structural stability, cycling life, and energy density, making it ideal for next-generation
lithium-ion batteries.

Structural and Interfacial Engineering

The incorporation of graphene into composite materials plays a crucial role in enhancing the charge
and discharge rates of electrochemical devices [75]. Structural engineering involves the careful design
of graphene architectures, such as graphene oxide, reduced graphene oxide, or graphene-based acrogels,
to optimize their interactions with other materials. These designs can improve the conductivity of the
entire composite, leading to higher energy density and power output. Additionally, interfacial
engineering focuses on improving the interactions between graphene and electroactive materials, which
is critical for efficient ion transport and electrode stability [76]. For example, the introduction of
functional groups onto the surface of graphene can enhance its compatibility with polymers or metal
oxides, promoting better adhesion and electron transfer [77]. These advancements allow for faster
charge/discharge rates, greater cycling stability, and improved overall energy storage performance,
demonstrating the importance of both structural and interfacial engineering in the development of
graphene-based composites.
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Figure 4. Schematic drawing graphene/Si composite Energy storage system.

Applications in Capacitors and Batteries

Graphene-based materials have found diverse applications in various electrochemical energy storage
systems, including supercapacitors, lithium-ion batteries, and emerging technologies like metal-air and
sulfur batteries [78]. In supercapacitors, graphene's high surface area and conductivity enable rapid
charge storage, resulting in devices that can deliver high power density with long cycle life. In lithium-
ion batteries, graphene composites have been utilized to enhance the performance of both anodes and
cathodes, leading to higher energy densities and improved cycling stability [79]. Emerging battery
technologies, such as metal-air and sulfur batteries, also benefit from the integration of graphene. For
instance, graphene can serve as a conductive scaffold in sulfur cathodes, addressing the inherent low
conductivity of sulfur and enhancing its utilization [80]. While the current applications of graphene-
based composites are promising, unresolved challenges remain, such as optimizing the scalability of
production methods and improving long-term stability. As research continues, the potential for
graphene-based materials to revolutionize the field of electrochemical energy storage remains
significant, with exciting future directions anticipated in next-generation energy storage solutions.

ENVIRONMENTAL AND SUSTAINABILITY CONCERNS
Life Cycle Assessment of Energy Storage Materials

The environmental footprint of energy storage materials, particularly those used in lithium-ion
batteries, is a growing concern as demand for energy storage solutions rises [81]. Key materials such as
lithium, cobalt, and nickel undergo extensive extraction processes that can lead to significant ecological
disruption and resource depletion. The life cycle assessment (LCA) of these materials includes various
phases, from mining and processing to transportation, usage, and eventual disposal or recycling. Mining
operations, especially for cobalt and nickel, often occur in regions with limited environmental
regulations, resulting in habitat destruction, water pollution, and adverse effects on local communities
[82]. Additionally, the extraction of lithium, primarily from salt flats or hard rock, requires substantial
amounts of water, leading to resource competition in arid regions [83]. Understanding the full
environmental impact of these materials is crucial for developing strategies that mitigate their negative
effects and promote more sustainable practices in the energy storage sector.

Recycling and Resource Recovery
Innovations in recycling technologies have emerged as essential solutions to address the
environmental impact of energy storage materials [84]. Traditional recycling methods for lithium-ion

© STM Journals 2026. All Rights Reserved S713



Journal of Polymer & Composites
Volume 14, Special Issue 3
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

batteries often focus on recovering lithium and cobalt, but recent advancements have improved the
recovery rates and efficiency of these processes. Techniques such as hydrometallurgical and
pyrometallurgical methods are being optimized to extract valuable materials from spent batteries while
minimizing waste [85]. Furthermore, closed-loop recycling systems are being developed to ensure that
the materials can be reused in new battery production, significantly reducing the need for virgin
resources. These innovations not only mitigate environmental impacts but also enhance the economic
viability of battery production by creating a circular economy around energy storage materials. The
integration of recycling technologies into the overall life cycle of batteries represents a critical step
towards sustainable energy storage solutions.

Sustainable Alternatives

As the demand for energy storage technologies grows, the exploration of sustainable alternatives to
traditional materials is gaining attraction [86]. Research into abundant and eco-friendly materials
presents a promising avenue for the future of energy storage. For example, sodium-ion batteries have
emerged as a viable alternative to lithium-ion technology, utilizing sodium, which is more abundant and
less environmentally damaging to extract [87]. Additionally, the potential of organic materials, such as
lignin and biomass-derived compounds, as electrode materials is being investigated for their renewable
nature and minimal environmental impact. Another area of interest is the development of solid-state
batteries, which could replace harmful liquid electrolytes with safer, more sustainable alternatives [88].
These innovations not only aim to reduce the environmental footprint associated with energy storage
but also seek to create systems that are economically viable and widely deployable. As the field
progresses, the integration of sustainable materials into energy storage technologies will be vital for
achieving a more environmentally responsible and resilient energy future.

Table 1. offers a concise overview of the recent studies, demonstrating how these materials and
technologies work in synergy to address the critical challenges of energy storage systems. Each
combination aims to improve key metrics like energy density, thermal management, safety, and cost-
effectiveness.

ROLE OF POLYMERS AND COMPOSITES IN ENERGY STORAGE

Polymers and polymer-based composites have emerged as indispensable materials in the design of
next-generation energy storage systems due to their tunable structural, mechanical, and electrochemical
properties. Unlike conventional inorganic materials, polymers provide lightweight, flexible, and easily
processable platforms that can be engineered for diverse applications in batteries, supercapacitors, and
phase change materials (PCMs). In particular, solid polymer electrolytes (SPEs) and gel polymer
electrolytes (GPEs) are increasingly replacing conventional liquid electrolytes in lithium-ion batteries
(LIBs) and zinc-based batteries (ZnBs), significantly improving safety by eliminating leakage and
reducing the risk of thermal runaway. Their high ionic conductivity, wide electrochemical stability
window, and ability to form stable electrode—electrolyte interfaces make them highly suitable for long-
cycle and high-energy-density applications. Additionally, polymer binders and separators contribute to
enhanced electrode cohesion, regulated ion diffusion, and improved mechanical stability during
repeated charge—discharge cycles [105, 106].

The incorporation of polymers with nanostructured and bio-derived fillers has further expanded their
functional potential. Polymer—nanocomposites integrating materials such as graphene, carbon
nanotubes (CNTs), metal oxides, and natural fibers combine the intrinsic flexibility of polymers with
superior electrical conductivity, mechanical strength, and surface activity. For example, hybrid polymer
composites reinforced with agricultural waste and natural fibers have shown significant improvements
in mechanical performance and sustainability, making them promising for advanced material
applications [107, 108]. In LIBs, polymer—graphene composites enhance both ionic and electronic
transport, leading to improved capacity retention and rate performance. In ZnBs, polymer hydrogels
and polymer—ceramic composites act as advanced electrolytes that effectively suppress zinc dendrite
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Table 1. Recent studies of synergistic role of PCMs, ZnBs, LIBs, and graphene-based composites in

addressing ener,

y storage challenges.

Technology Key Findings Synergistic Benefits to Energy References
Focus Storage

Phase Change|Investigated the integration of PCMs in|PCM + LIBs |Enhanced thermal [89, 90]
Materials (PCMs) |thermal management systems for LIBs, stability, extended battery

improving thermal regulation during life, and improved safety

high charge/discharge rates. under high loads.
Zinc-Based Developed a new Zn-air battery design|ZnBs Reduced cost, improved [91,92]
Batteries (ZnBs) |using a hybrid electrolyte to minimize cycle life, safer alternative

dendrite  formation and improve to LIBs.

charge/discharge efficiency.
Lithium-ion Explored high-nickel cathode materials|LIBs Higher energy density, [93, 94]
batteries (LIBs)  |to enhance the energy density of LIBs extended cycle life, and

for EV applications, improving energy increased performance for

storage capacity and reducing weight. electric vehicles.
Graphene-Based |Synthesized graphene-polymer|Graphene -+|Improved conductivity, [95, 96]
Composites composites for use as anodes in LIBs,|LIBs enhanced cycle life,

achieving better conductivity, superior mechanical

mechanical strength, and cycle stability. properties.
PCMs + LIBs Examined the integration of phase|PCMs +|Enhanced heat [97, 98]

change materials with graphene-coated|Graphene +|dissipation, reduced risk

separators in LIBs to simultaneously|LIBs of  overheating, and

enhance thermal management and improved electrochemical

electrical performance. performance.
Zinc-Based Developed a zinc-graphene composite|ZnBs +|Increased  cycle life, [99, 100]
Batteries (ZnBs) +|anode for ZnBs, enhancing conductivity, |Graphene enhanced safety, and
Graphene reducing  dendrite  growth, and improved charge-

improving charge retention. discharge efficiency.
LIBs + Graphene|Utilized graphene-based|LIBs +|Increased energy density,| [101, 102]
Composites nanocomposites in LIB cathodes to|Graphene enhanced rate capability,

improve ion transport and overall cell and longer cycle life.

performance.
ZnBs + PCMs Investigated the use of PCMs to regulate|ZnBs +|Improved thermal| [103, 104]

the operating temperature of ZnBs,|PCMs management,  extended

resulting in more stable performance in battery life, and stable

fluctuating environmental conditions. charge/discharge cycles in

extreme conditions.

formation while maintaining high ionic conductivity. Similarly, in thermal energy storage systems,
polymers function as encapsulating matrices for PCMs, preventing leakage, enhancing thermal
conductivity, and ensuring durability over repeated phase transitions [109].

ROLE OF POLYMERS AND COMPOSITES IN ENERGY STORAGE

Polymers and polymer-based composites have emerged as indispensable materials in the design of
next-generation energy storage systems due to their tunable structural, mechanical, and electrochemical
properties. Unlike conventional inorganic materials, polymers provide lightweight, flexible, and easily
processable platforms that can be engineered for diverse applications in batteries, supercapacitors, and
phase change materials (PCMs). In particular, solid polymer electrolytes (SPEs) and gel polymer
electrolytes (GPEs) are increasingly replacing conventional liquid electrolytes in lithium-ion batteries
(LIBs) and zinc-based batteries (ZnBs), significantly improving safety by eliminating leakage and
reducing the risk of thermal runaway. Their high ionic conductivity, wide electrochemical stability
window, and ability to form stable electrode—electrolyte interfaces make them highly suitable for long-
cycle and high-energy-density applications. Additionally, polymer binders and separators contribute to
enhanced electrode cohesion, regulated ion diffusion, and improved mechanical stability during
repeated charge—discharge cycles [105, 106].
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The incorporation of polymers with nanostructured and bio-derived fillers has further expanded their
functional potential. Polymer—nanocomposites integrating materials such as graphene, carbon
nanotubes (CNTs), metal oxides, and natural fibers combine the intrinsic flexibility of polymers with
superior electrical conductivity, mechanical strength, and surface activity. For example, hybrid polymer
composites reinforced with agricultural waste and natural fibers have shown significant improvements
in mechanical performance and sustainability, making them promising for advanced material
applications [107, 108]. In LIBs, polymer—graphene composites enhance both ionic and electronic
transport, leading to improved capacity retention and rate performance. In ZnBs, polymer hydrogels
and polymer—ceramic composites act as advanced electrolytes that effectively suppress zinc dendrite
formation while maintaining high ionic conductivity. Similarly, in thermal energy storage systems,
polymers function as encapsulating matrices for PCMs, preventing leakage, enhancing thermal
conductivity, and ensuring durability over repeated phase transitions [109].

Looking ahead, the development of sustainable polymer systems, including bio-based polymers,
biodegradable composites, and recyclable polymer materials, presents a promising strategy to address
environmental concerns and material scarcity. Advances in natural fiber extraction and characterization
further support the integration of renewable resources into high-performance composite systems [110].
By combining structural versatility with multifunctional performance, polymers and polymer-based
composites are positioned at the forefront of innovations that will define the future of safe, efficient,
and sustainable energy storage technologies.

CHALLENGES AND FUTURE DIRECTIONS

The rapid growth of energy storage technologies has exposed significant challenges, particularly
concerning material scarcity and economic constraints. Key materials such as lithium, cobalt, and nickel
are limited in availability and often concentrated in specific geographic regions, making them
vulnerable to supply chain disruptions and geopolitical tensions. The rising demand for electric vehicles
and renewable energy storage is further exacerbating the scarcity of these materials, driving up prices
and straining production capabilities. This situation necessitates the exploration of alternative materials
that are not only abundant but also cost-effective to extract and process. Additionally, the economic
viability of energy storage solutions is closely tied to the cost of raw materials, which influences the
overall market dynamics. Addressing material scarcity and cost is crucial for ensuring that energy
storage technologies remain accessible and competitive in the rapidly evolving energy landscape.

Technological bottlenecks also pose significant limitations to the advancement of energy storage
systems. Current technologies face challenges in achieving higher energy densities, longer cycle life,
and improved safety standards. For instance, lithium-ion batteries, while widely used, are limited by
their energy density and can be prone to thermal runaway under certain conditions. As a result, there is
a growing interest in innovative materials that could potentially overcome these limitations. Future
research directions may focus on the development of nanomaterials, which can enhance performance
through improved charge transport and structural stability. The exploration of solid electrolytes is also
gaining momentum, as they could provide safer alternatives to traditional liquid electrolytes, reducing
the risk of leakage and enhancing overall battery safety. Moreover, hybrid systems that combine the
strengths of different technologies may emerge as promising solutions for maximizing efficiency and
energy density. Alongside these technological advancements, government policies and market trends
will play a crucial role in shaping the future of energy storage materials, as regulatory frameworks and
incentives can drive innovation and investment in sustainable and scalable energy storage solutions.

CONCLUSION

The evolution of energy storage materials has been marked by rapid progress over recent decades,
driven by the urgent global need for sustainable, efficient, and environmentally responsible energy
solutions. Among the many developments, advances in polymer science and composite materials have
significantly shaped the design of next-generation storage systems, offering enhancements in
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performance, durability, and eco-compatibility. Polymers, with their tunable flexibility, lightweight
nature, and ability to deliver high ionic conductivity, have emerged as indispensable components across
batteries, supercapacitors, and phase change materials (PCMs). Their roles as electrolytes, binders,
separators, and encapsulants have addressed persistent challenges associated with safety, thermal
management, and structural integrity. In parallel, the integration of polymers into composite systems
with advanced nanomaterials such as graphene, carbon nanotubes, and metal oxides has been equally
transformative. These hybrids combine the versatility of polymers with the exceptional conductivity,
strength, and stability of nanostructures, enabling significant gains in energy density, cycle life, and
charge—discharge efficiency. For instance, polymer—graphene composites have advanced lithium-ion
battery (LIB) performance, while polymer hydrogels and polymer—ceramic composites have enhanced
the safety and stability of zinc-based batteries (ZnBs). Likewise, polymer-supported PCMs offer
improved thermal conductivity and shape stability, making them promising for reusable and reliable
thermal energy storage. Looking to the future, the development of sustainable polymeric materials,
recyclable polymer electrolytes, and bio-based or organic—polymer hybrids will be crucial to
overcoming challenges related to resource scarcity and environmental impact. Moreover, polymer-
enabled solid-state batteries and hybrid electrochemical-thermal systems hold immense potential to
redefine energy storage by delivering safer, more efficient, and scalable technologies. Prioritizing
polymer and composite innovations will therefore be pivotal to achieving the balance between
performance, cost-effectiveness, and sustainability, ensuring energy resilience and a greener global
economy.
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