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Abstract. The rapid evolution of electronic devices towards increased portability and versatility has 
necessitated the development of new materials and technologies that surpass the capabilities of 
traditional inorganic materials. Conductive polymers and organic materials have emerged as pivotal 
components in this transformation, offering unique advantages such as lightweight, flexibility, and 
cost-effectiveness, thereby addressing the growing demand for innovative energy storage solutions. 
This paper examines the application of conductive polymers in energy storage, focusing on their 
electrical conductivity mechanisms, advantages over inorganic materials, and their role in developing 
flexible batteries and supercapacitors. It discusses strategies to enhance their electrochemical 
performance and addresses challenges such as energy density, stability, and scalability. The 
integration with renewable energy sources for sustainable development is also explored. The study 
underscores the potential of conductive polymers to transform energy storage technologies, 
contributing to environmental sustainability and technological innovation. Through this analysis, the 
paper aims to provide insights into overcoming current limitations and future research directions, 
highlighting the importance of conductive polymers in achieving a sustainable energy future. 
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1. Introduction 

In contemporary society, electronic devices have increasingly become integral to daily human 

activities, spanning from industrial production to leisure and entertainment. This ubiquity has spurred 

a demand for devices that are not only more portable but also boast a greater degree of versatility. 

Consequently, there is a growing interest in developing electronic devices that are lighter, capable of 

being folded and bent, simpler to synthesize, and environmentally sustainable. Traditionally, the 

fabrication of electronic devices has predominantly relied on inorganic materials, including metals 

and silicon-based substances. Despite the significant advancements and breakthroughs achieved with 

these materials, it is evident that they fall short of fully addressing the evolving demands of humanity 

[1]. To address these challenges and foster the development of electronic devices that enhance human 

comfort and convenience, researchers are relentlessly pursuing innovation and exploration. The initial 

strategy involves the development of novel materials to supplant traditional inorganic constituents. 

The inherent flexibility and transparency of organic materials, along with carbon-based nanomaterials, 

empower the fabrication of electronic devices suited for an array of portable applications. This 

includes wearable electronics, effectively mitigating the limitations inherent in conventional 

electronic apparatus. 

A second pivotal innovation lies in the enhancement of manufacturing technologies. The adoption 

of additive manufacturing, commonly referred to as 3D printing, facilitates the swift and tailored 

creation of electronic devices boasting intricate structures. The integration of 3D printing in the 

production and preparation of cutting-edge electronic devices has significantly advanced the 

proliferation of portable electronic solutions, distinguished by their superior energy storage 

capabilities [2]. The third notable innovation encompasses the synergistic integration of electronics 

with nanotechnology. By leveraging nanotechnological advances, materials are miniaturized, and 

their electronic properties are significantly altered, facilitating the creation of nano-electronic devices 

endowed with unique functionalities. Such devices find applications across a diverse spectrum of 
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fields, including medicine and quantum computing. These advancements have catalyzed the further 

evolution of electronic devices, substantially broadening their application scope and utility [3]. 

Plastic electronics, predominantly fabricated from conductive polymers, represent significant 

material innovations and enhancements over conventional electronic devices. Historically, polymers 

were regarded as insulators within the realm of human knowledge. However, this perception was 

fundamentally altered in 1977 with the discovery of the first conductive polymer, challenging prior 

assumptions. Currently, research into conductive polymers is burgeoning, with these materials 

finding extensive applications across various domains, including sensors, and light-emitting diodes 

(LEDs), among others. Their integration into electronic devices constitutes a focal area of 

contemporary research, underscoring the transformative potential of conductive polymers in the field 

of electronics [4]. In comparison to inorganic materials, conductive polymers boast a tunable structure, 

superior flexibility, and cost-effectiveness, positioning them as highly promising materials for energy 

storage applications. The advancement of plastic electronics heralds the advent of novel energy 

storage solutions, poised to enhance the utilization and efficiency of renewable energy sources. 

Furthermore, this development facilitates the fabrication of electronic devices with a greater diversity 

of forms and features, thereby contributing significantly to the realization of a sustainable energy 

future. 

2. Plastic Electronics in Energy Storage 

2.1. Fundamentals of Plastic Electronics in Energy Storage 

The electrical conductivity of conductive polymers is intrinsically linked to their distinctive 

conjugated structures. These polymers are characterized by π-conjugated systems that feature 

alternating single and double bonds, with the π bonds playing a crucial role in the conduction of 

electricity. Unlike σ bonds, the electrons constituting π bonds are not bound to maintain the structural 

integrity of the bond. Instead, they can overlap their orbitals through carbon or nitrogen atoms within 

the molecular chain, facilitating delocalization to create pathways for electron transport. 

Consequently, upon the application of an electric field to conductive polymers, these π electrons—

akin to the free electrons found in metals—can traverse freely along the molecular chain. This 

movement enables them to act as charge carriers, thereby generating an electric current [5]. The 

structure of alternating single and double bonds facilitates the conduction of electrons, making 

conductive polymers widely used in energy storage. 

Compared with conventional inorganic conductive materials, conductive polymers have several 

distinct advantages. First, inorganic materials are typically heavy and opaque, while conductive 

polymers and organic materials are light and translucent, which makes them better and more widely 

used in greenhouses in agriculture, construction, and many other fields. Second, conductive polymers 

and organic materials generally have good flexibility and can be used to manufacture a variety of 

flexible electronic devices that can be folded. In contrast, traditional inorganic materials, such as 

metals, and inorganic semiconductors such as silicon, etc., are brittle and hard and are not easy to 

bend or deform. Third, conductive polymers and organic materials are easier to regulate properties. 

By using different synthetic methods or chemical modification methods, the chemical structure of 

organic materials can be effectively adjusted to change their electrical conductivity, light absorption, 

and other characteristics. This allows electronic devices made of conductive polymers and organic 

materials to meet the needs of a wider range of applications [6]. Finally, the preparation of conductive 

polymers and organic materials usually has a lower cost. 

2.2. Conductive Polymers in Energy Storage 

Numerous conductive polymers are employed in energy storage applications, with polyacetylene, 

polyaniline, and polypyrrole being among the most commonly utilized. Polyacetylene consists of the 

repeating structural unit (CH=CH) n, wherein hydrogen atoms are amenable to substitution by various 

groups. Its conjugated structure endows polyacetylene with notable electrical and photoelectric 
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properties. Beyond the inherent capacity for π electron transport to facilitate electrical conduction, 

polyacetylene's performance can be further augmented through doping or modification with other 

materials. Such enhancements aim to improve ion transport capabilities, thereby significantly 

elevating its conductivity [7]. 

The molecule of polyaniline is a polymer composed of benzene rings connected by nitrogen atoms 

in double or single bonds. It has good stability, adjustable conductivity, and photoelectric properties, 

and has broad prospects for development. There are three main forms of it, namely leucoemeraldine, 

emeraldine, and pernigraniline. The redox states of polyaniline are different in these three forms. 

Polyaniline is electrically conductive only in a medium oxidation state. At this time, polyaniline has 

reversible redox properties, which can occur in the process of charge and discharge, so as to complete 

the storage and release of charge [7]. 

Polypyrrole is the conductive polymer formed by polymerization of pyrrole monomer. There are 

many ways to synthesize polypyrrole, among which electrochemical synthesis is often used to obtain 

polypyrrole with high conductivity, whose conductivity still mainly depends on its conjugated 

structure. In addition, polypyrrole can also be doped with halogen electron acceptors by chemical 

doping methods, which can have a certain ionic conductivity after doping [7]. 

3. Flexible Energy Storage Devices 

3.1. Flexible Batteries 

Batteries are indispensable in modern life, and enhancing their electrochemical performance is a 

dynamic area of research. In light of the significant advancements in electronic devices, particularly 

the exploration of foldable and stretchable electronics, the development of corresponding flexible 

batteries has emerged as a pivotal research focus. Several strategies are prevalent in the fabrication 

of flexible batteries. The primary approach involves substituting traditional rigid and brittle materials 

with flexible, stretchable, and highly elastic alternatives for key battery components such as 

electrodes, electrolytes, separators, and supporting substrates. This substitution endows batteries with 

enhanced bending properties, enabling them to withstand various deformations encountered in 

practical applications, thereby augmenting their stability. A secondary strategy aims to refine the 

battery manufacturing process to facilitate the production of thin-film batteries or micro batteries. 

Through advancements in manufacturing techniques, it is possible to engineer thin electrode 

structures. This not only substantially reduces the overall thickness and footprint of the batteries but 

also imparts superior flexibility and bendability. The third strategy focuses on the innovation of new 

flexible battery configurations and the continuous optimization of battery architecture. By revising 

and enhancing the conventional battery design to eliminate certain components, the rigidity and 

brittleness of batteries can be significantly reduced, thereby improving their flexibility. Lastly, a 

common method involves the processing and modification of traditionally rigid materials to achieve 

a flexible structure. This approach allows the fabrication of batteries that possess flexibility, 

bendability, and foldability, marking a significant advancement in battery technology [8, 9]. 

Due to good conductivity and excellent flexibility, conductive polymers have become one of the 

excellent choices for manufacturing flexible battery materials. Polyaniline, polypyrrole, and so on are 

commonly used in the preparation of flexible batteries. In addition to conductive polymers, some 

carbon-based materials and nanomaterials are also available. 

3.2. Flexible Supercapacitors 

In addition to batteries, the development of portable and flexible electronic devices has also put 

forward requirements for the improvement of the flexibility of supercapacitors. The study of flexible 

supercapacitors has become the key to current research. 

Traditional capacitor electrodes usually use some micron-scale particle materials, which are 

relatively poor in toughness and prone to brittle fracture when subjected to mechanical deformation. 

The discovery and use of conductive polymers have effectively improved this problem. The use of 
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conductive polymers to manufacture the electrodes of supercapacitors can not only improve the 

capacitance and energy density of supercapacitors but also make them able to withstand mechanical 

deformation and improve stability. At present, scientists have developed a variety of conductive 

polymer flexible electrodes such as conductive polymer functional fibers, hydrogels, films, and so on, 

and have been widely used in practical production. There are two commonly used preparation 

methods for conducting polymer flexible electrodes, namely substrate-supported deposition and 

substrate-free strategies. Substrate-supported deposition is the in-situ deposition of conductive 

polymers on the flexible substrate, while substrate-free strategies are the addition of corresponding 

reagents to the conductive polymers, and then electrospinning and other processes. In addition, in 

order to further improve the performance of electrodes, conductive polymers can also be combined 

with other materials, such as metal materials [10, 11]. 

4. Future Development of Organic-based Energy Storage Systems 

4.1. Enhancing Efficiency and Performance 

In recent years, with the continuous increase in population and the rapid development of industry, 

human society's demand for energy is also increasing. Based on this situation, it is urgent to 

continuously improve the energy density and efficiency of materials.  

For conductive polymers, the current innovation is focused on several aspects. The first is to adjust 

the performance of electrodes by changing the morphological structure of these polymers, so as to 

effectively improve the energy density and efficiency. For example, the conductive efficiency of 

materials can be improved by changing the surface area and porosity of conductive polymers, or by 

substituting and attaching functional groups. The second is to compound conductive polymers with 

new electrode materials such as carbon nanotubes on the basis of pure materials to improve electrical 

conductivity, thereby enhancing energy density and efficiency. In addition to the electrodes, the third 

is to focus on the electrolyte. Optimizing the electrolyte formulation, such as the use of gel conductive 

polymer electrolytes, or the construction of hydrogen bonds, can improve the ionic conductivity and 

stability, improve the electrolyte performance, and further improve the energy density and efficiency 

[12]. The fourth is the interface engineering of electrodes and electrolytes. By using some specific 

nanomaterials to modify the electrode surface, it can improve the interaction between the electrode 

and the electrolyte, improve the stability, and thus improve the efficiency [13]. 

All in all, at present, a lot of research has been done and some progress has been made to further 

improve the energy density and efficiency of conductive polymers. These innovations improve the 

performance indicators of electronic devices and provide a broader prospect for their application. 

4.2. Integration with Renewable Energy Sources 

Conductive polymers have unique structures, excellent conductivity, flexibility, and other 

advantages, which makes the plastic electronics manufactured with them can be combined with other 

systems, applied in the field of energy, and can benefit human society. 

The integration of plastic electronics and photovoltaic systems is a new research hotspot. It 

combines lightweight, flexible and low-cost plastic electronics with photovoltaic devices to convert 

clean, abundant, and renewable solar energy into electricity and achieve energy collection and storage. 

Photovoltaic devices as well as electrode and electrolyte materials are prepared by deposition on the 

flexible substrate, and the two are integrated to meet energy requirements [14, 15]. This provides a 

new idea and method for the construction of energy systems. 

In addition, plastic electronics made of conductive polymers can also be coupled with wearable 

technology and portable electronic devices for further development and application. For wearable 

electronic products commonly used in medical and clinical applications, traditional hard and brittle 

electronic products cannot be used to solve the problem. In order to make electronic products suitable 

and compatible with the human skin interface, soft, stretchable electronic products should be used. 

The flexibility and lightweight of plastic electronics allow them to be widely used in wearable 



Highlights in Science, Engineering and Technology MSMEE 2024 

Volume 96 (2024)  

 

283 

technology. In addition, plastic electronics can also be combined with other materials to sense various 

physical and chemical signals in the human body, which is very useful for monitoring human health 

and provides the possibility for the development of medical treatment [16]. Finally, the manufacturing 

cost of plastic electronics is low, the process is simple, and their structures and shapes can be flexibly 

adjusted and changed to achieve personalized customization to meet the special needs of individuals. 

5. Challenges and Future Perspectives 

The important role and unique advantages of conductive polymers and organic materials in energy 

storage have led more and more researchers to focus on this area. Conductive polymers have great 

potential to open up new ideas for energy storage and provide a new direction for mankind to improve 

and even solve energy problems. However, at the same time, the current development of conductive 

polymers and organic materials is still limited, and there are still many challenges to be solved.  

First, the conductivity of conductive polymers and organic materials is still low compared to 

traditional inorganic materials such as metals, so the performance and properties of electronic devices 

and energy storage devices can be limited when using them. Second, the stability of some conductive 

polymers is not enough. When cyclic charging and discharging of plastic electrons, the performance 

of conductive polymers will decrease, affecting subsequent use, reducing the durability of plastic 

electronics and energy storage devices, and limiting their service life. The third is that although 

conductive polymers themselves are low in cost, some conductive polymers may use expensive 

catalysts when preparing. The conductivity and energy density of conductive polymers are low, but 

the cost performance is high, which makes the application of many conductive polymers limited to 

the laboratory, and it is difficult to achieve large-scale commercial production and application [5]. 

Addressing the aforementioned challenges, researchers are diligently pursuing various avenues of 

investigation. Future research endeavors will concentrate on several key areas. Firstly, efforts will be 

directed towards enhancing the conductivity of conductive polymers by manipulating the polymer 

structure, altering polymer morphologies, and incorporating doping or compositing with novel 

materials, thereby addressing the issue of inadequate energy supply. Secondly, the focus will be on 

augmenting the stability of conductive polymers in practical applications. This objective will be 

pursued through the exploration of innovative polymer synthesis techniques or the refinement of 

existing manufacturing processes, with the aim of extending the lifespan of plastic electronics. Lastly, 

the search for alternative low-cost raw materials for the fabrication of conductive polymers will be 

prioritized. This approach is intended to facilitate the large-scale production of conductive polymers, 

making them more accessible for widespread use. 

6. Conclusion 

This paper provides a comprehensive analysis of the application of conductive polymers and 

organic materials in energy storage, highlighting their significant advantages over traditional 

inorganic materials, such as light weight, flexibility, and cost-effectiveness. It delves into the energy 

storage mechanisms of several prevalent conductive polymers, with a particular emphasis on the 

utility of their flexibility. Furthermore, the paper discusses current innovations in conductive 

polymers and their synergistic integration with other technologies, broadening the spectrum of energy 

storage applications and laying a foundation for the advancement of energy storage technologies. 

Despite the unique structure and potential of conductive polymers, challenges in energy density, 

stability, durability, and scalability to practical production persist. This paper analyzes these 

limitations and proposes future research directions, offering theoretical insights for ongoing 

investigations. 

The pursuit of conductive polymers for energy storage is pivotal to sustainable energy 

development, addressing the dual challenges of environmental pollution and resource scarcity 

exacerbated by industrial advancement. Sustainable energy solutions, leveraging renewable and non-
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polluting sources such as solar, wind, and biomass energy, are crucial for transitioning away from 

fossil fuels. The implications of sustainable energy development are profound, encompassing the 

reduction of greenhouse gas emissions, mitigation of global warming and climate change, prevention 

of natural disasters, and ecosystem preservation. Moreover, it fosters scientific innovation, job 

creation, and green economic growth. Importantly, the shift towards inexhaustible energy sources 

like solar and wind energy can enhance international cooperation and mitigate energy-related 

conflicts, thereby contributing to global peace and security. In summary, sustainable energy 

development is instrumental in alleviating energy challenges, minimizing environmental impact, and 

driving scientific, economic, and diplomatic progress. 
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