Mathematical Modeling and Algorithm Application
ISSN: 3006-0842 | Vol. 6, No. 1, 2025

Research on Zinc-Ion Hybrid Supercapacitor Based on
Hydrogel Electrolyte Technology

Lin Gong®, Tong Yang, Jianjun Ye, Ren Liu, Jiali Huang

School of Intelligent Manufacturing and Construction, Jiangxi University of Engineering, Xinyu 338000, China
* Corresponding author: Lin Gong (Email: gonglinjiangxi@163.com)

Abstract: This study focuses on the field of zinc-ion hybrid supercapacitors and systematically explores the research status,
performance influencing factors and optimization strategies of hydrogel electrolytes. Against the backdrop of increasing energy
demand and rising environmental protection requirements, zinc-ion hybrid supercapacitors have attracted much attention due to
their advantages such as high energy density and long cycle life, and hydrogel electrolytes are the key to their performance
improvement. The current hydrogel electrolyte material system covers natural polymers (chitosan, sodium alginate), synthetic
polymers (polyacrylamide, polyvinyl alcohol) and composite materials (containing silica, graphene nanoparticles), and has broad
application prospects in portable electronic devices, electric vehicles, new energy power generation and other fields. Its
performance is significantly influenced by the material composition (polymer matrix, ionic liquid, nanomaterials, crosslinking
agent) and the preparation process (temperature, stirring speed, reaction time, solvent selection, preparation method). Through
material modification (chemical doping, surface modification, nanoscale treatment, blending) and structural design (three-
dimensional interconnected pores, layered, nano, gradient structure) strategies, the ionic conductivity, mechanical strength and
interfacial compatibility can be effectively enhanced. The research results provide theoretical support for the development of
high-performance hydrogel electrolytes, which is expected to promote the wide application of zinc-ion hybrid supercapacitors
in the field of energy storage and help solve energy storage problems.

Keywords: Zinc-ion Hybrid Supercapacitor, Hydrogel Electrolyte, Material System, Performance Influencing Factors,
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characteristics, influencing factors and optimization

1. Introduction strategies of the hydrogel electrolyte of zinc-ion hybrid

Zinc-ion hybrid supercapacitors, as an emerging energy supercapacitors is of great theoretical and practical
storage device, have attracted extensive attention in the field significance for promoting its Wld? application in th-e field of
of energy storage due to their advantages such as high energy energy  storage. Through continuous exploration and
density, high power density, and long cycle life. Hydrogel Innovation, 1t 1s expected to develop h.y(.irogel elec'.crol.y.tes
electrolytes play a crucial role in zinc-ion hybrid Wl'th more ech:llt?nt 'performance, stability apd Fellablht'y,
supercapacitors, and their performance directly affects the injecting new vitality into 'th'e development of zinc-ion hybrid
energy storage effect and stability of the entire device. supercapacitors and providing strong technical support for

Against the backdrop of the continuous growth in energy solving energy storage problems.

demand and the increasing emphasis on environmental
protection nowadays, the development of high-performance 2. Research Status Of Hydrogel .
zinc-ion hybrid supercapacitors is of great significance. On Electrolyte for Zinc-ion Hybrid

the one hand, with the rapid development of portable Supercapacitors

electronic devices, electric vehicles and other fields, higher

requirements have been put forward for efficient and reliable 2.1. Material System of Hydrogel electrolyte

energy storage devices. Zinc-ion hybrid supercapacitors, with Zinc-ion hybrid supercapacitors, as an emerging energy
their unique advantages, are expected to be widely applied in storage device[3], have advantages such as high energy
these fields. On the other hand, traditional energy storage density, high power density and long cycle life, and hydrogel
devices often have problems such as environmental pollution electrolytes play a crucial role in them. The material systems
and resource consumption during use. However, zinc-ion of hydrogel electrolytes are rich and diverse, providing a
hybrid supercapacitors, with their relatively environmentally broad research space for the performance improvement of
friendly and sustainable features, meet the modern society's zinc-ion hybrid supercapacitors.
pursuit of green energy[1]. At present, the common hydrogel electrolyte materials
However, the current development of zinc-ion hybrid mainly include natural polymer materials and synthetic
supercapacitors still faces many challenges. Among them, the polymer materials. Natural polymer materials such as
performance optimization of hydrogel electrolytes is a key chitosan and sodium alginate have good biocompatibility and
issue. Although certain research results have been achieved, degradability. The chitosan molecular chain is rich in
in practical applications, there are still problems such as low functional groups such as amino and hydroxyl groups, which
ionic conductivity, poor stability, and insufficient mechanical can form a stable coordination structure with zinc ions,
strength, which limit the performance and large-scale thereby improving the ion transport performance. Sodium
application of zinc-ion hybrid supercapacitors[1]. alginate effectively binds water molecules and ions through
Therefore, in-depth research on the performance its unique three-dimensional network structure, enhancing the
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stability of the electrolyte.

Synthetic polymer materials such as polyacrylamide and
polyvinyl alcohol have also been widely applied in hydrogel
electrolytes. Polyacrylamide has excellent water solubility
and mechanical properties, and can form a tough hydrogel
network, providing a smooth channel for ion transport.
Polyvinyl alcohol, with its excellent film-forming property
and chemical stability, shows unique advantages in the
preparation of hydrogel electrolytes.

In addition, some composite materials are also used to
construct the material system of hydrogel electrolytes. For
instance, introducing nanoparticles such as silicon dioxide
and graphene into polymer matrices can significantly enhance
the ionic conductivity and mechanical strength of electrolytes.
Silica nanoparticles can increase the porosity of hydrogels[4]
and enhance the ion diffusion rate; Graphene, with its
excellent electrical conductivity, provides a fast channel for
ion transport.

Different material systems have their own characteristics in
performance. Researchers need to select the appropriate
material system to prepare hydrogel electrolytes based on
specific application requirements and performance indicators.
For instance, in application scenarios that pursue high ionic
conductivity, materials with abundant ion transport channels
can be given priority. In cases where higher mechanical
strength is required, emphasis should be placed on material
systems with good mechanical properties.

In conclusion, the material systems of hydrogel electrolytes
are rich and diverse, and each material has its unique
performance advantages and application scope. In-depth
research and optimization of these material systems are of
great significance for improving the performance of zinc-ion
hybrid supercapacitors.

2.2. Application Fields of Current research

The research on hydrogel electrolytes for zinc-ion hybrid
supercapacitors  has  continuously  achieved  new
breakthroughs, and it has shown broad application prospects
in many fields. In the field of energy storage, the application
of hydrogel electrolytes provides strong support for the
development of high-performance zinc-ion hybrid
supercapacitors. For instance, in portable electronic devices
such as smart phones, tablets and wearable devices, their
compact, lightweight and efficient features can meet the high
requirements of these devices for energy storage, providing
users with longer battery life. In the field of electric vehicles,
the application of hydrogel electrolytes helps to enhance the
power performance and driving range of vehicles. Compared
with traditional electrolytes, it has better stability and safety,
can adapt to complex working environments, and provides the
possibility for the large-scale promotion of electric vehicles.
In the field of new energy power generation, such as in solar
and wind power generation, hydrogel electrolytes can be used
in energy storage systems[5], achieving efficient energy
storage and release, solving the intermittent and unstable
problems of new energy power generation, and improving
energy utilization efficiency. In the field of smart grids, zinc-
ion hybrid supercapacitors with hydrogel electrolytes can be
used for peak shaving and frequency regulation in the power
grid, enhancing its stability and reliability and ensuring a
stable power supply.

In addition, in the aerospace field, the high performance
and lightweight characteristics of hydrogel electrolytes make
them have potential application value in equipment such as
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satellites and spacecraft, which can help reduce the weight of
the equipment and improve energy utilization efficiency.

In conclusion, the current research on zinc-ion hybrid
supercapacitor hydrogel electrolytes has demonstrated great
application potential in multiple fields. With the continuous
deepening of research and further development of technology,
its application fields will continue to expand and deepen,
playing an important role in promoting the development and
progress of related industries.

3. Factors influencing the Performance
of hydrogel electrolytes

3.1. The Influence of material composition on
Performance

As an energy storage device with broad application
prospects, the performance of zinc-ion hybrid supercapacitors
largely depends on the characteristics of hydrogel electrolytes.
The material composition, as one of the key factors affecting
the performance of hydrogel electrolytes, is worthy of in-
depth exploration.

Firstly, the selection of the polymer matrix has a significant
impact on the performance of the hydrogel electrolyte.
Different polymers have different molecular structures and
chemical properties, which directly determine the mechanical
strength, ionic conductivity and stability of the hydrogel
electrolytes they form. For example, polyacrylamide-based
polymers have good hydrophilicity and flexibility, and can
provide relatively high ion transport channels, but their
mechanical strength is relatively weak. Polyvinyl alcohol
polymers, on the other hand, have relatively high mechanical
strength and chemical stability, but their ionic conductivity
may be relatively low.

The addition of ionic liquids is also an important
component that affects performance. An appropriate amount
of ionic liquid can significantly enhance the ionic
conductivity of hydrogel electrolytes, thereby improving the
charge and discharge performance and rate performance of
supercapacitors. However, excessive ionic liquid may lead to
the destruction of the polymer network structure, reducing the
mechanical strength and stability of the hydrogel electrolyte.

In addition, the introduction of nanomaterials can also have
a positive effect on performance. Nanoparticles such as silica
and carbon nanotubes can increase the specific surface area
of hydrogel electrolytes, providing more ion adsorption and
transport sites, thereby enhancing ionic conductivity and
capacitive performance[6]. However, the dispersion and
compatibility issues of nanomaterials need to be properly
addressed; otherwise, it may lead to agglomeration and
instead reduce performance.

Furthermore, the type and dosage of the crosslinking agent
will also affect the performance of the hydrogel electrolyte.
The appropriate crosslinking agent can enhance the structural
stability of the polymer network, improve mechanical
strength and tensile performance, while maintaining good ion
transport performance.

In conclusion, the rational selection and optimization of
material composition are crucial for enhancing the
performance of the hydrogel electrolyte in zinc-ion hybrid
supercapacitors. In practical research and application, it is
necessary to comprehensively consider the characteristics and
interactions of various material components to optimize the
performance of hydrogel electrolytes, thereby promoting the
wide application and development of zinc-ion hybrid



supercapacitors in the field of energy storage.

3.2. The influence of preparation process on
Performance

The performance of the hydrogel electrolyte for zinc-ion
hybrid supercapacitors is largely influenced by the
preparation process. The differences in the preparation
process will directly lead to significant changes in the
physicochemical properties of the hydrogel electrolyte[7],
thereby having an important impact on its performance in
supercapacitors.

First of all, temperature control during the preparation
process is of vital importance. Both excessively high and low
temperatures can lead to an uneven structure of the material,
affecting the formation and stability of ion transport channels.
At lower temperatures, the reaction rate may be too slow to
fully form the ideal structure. However, at excessively high
temperatures, it may trigger thermal decomposition or phase
transformation of the material, thereby destroying its original
properties.

Secondly, the stirring speed and time will also have an
impact on performance. Moderate stirring can promote the

uniform mixing of reactants and help form a uniform structure.

Too slow stirring speed may lead to local concentration
differences, thereby causing structural defects. If the stirring
speed is too fast, it may introduce too many bubbles, affecting
the compactness of the material.

In addition, the length of the reaction time should not be
ignored either. If the time is too short, the reaction may not be
complete and the ideal product cannot be obtained. If the time
is too long, it may lead to an overreaction and deteriorate the
performance of the material.

In the preparation process, the selection of solvents is
equally crucial. Different solvents have different polarities
and solubilities, which can affect the dissolution of reactants
and the reaction process. Selecting the appropriate solvent can
enhance the reaction efficiency and improve the crystallinity
and pore structure of the material[8].

In addition, the selection of the preparation method will
also have a significant impact on the performance of the
hydrogel electrolyte. For example, different methods such as
sol-gel method and in-situ polymerization method have their
own characteristics in forming the microstructure and
properties of materials. The sol-gel method can prepare
materials with high uniformity and small pores, but the
process is relatively complex. The in-situ polymerization
method is relatively simple to operate, but there may be
certain challenges in structural control.

In conclusion, all the links in the preparation process,
including temperature, stirring speed, reaction time, solvent
selection and preparation method, are interrelated and
influence each other. Only by precisely regulating and
optimizing these factors can high-performance zinc-ion
hybrid supercapacitor hydrogel electrolytes be prepared,
promoting their wide application and development in the field
of energy storage.

4. Performance optimization strategies
for hydrogel electrolytes

4.1. Material Modification and Optimization
Strategies

In the research of hydrogel electrolytes for zinc-ion hybrid
supercapacitors, the material modification and optimization

strategy is of crucial significance. By making reasonable
modifications to the materials, the performance of hydrogel
electrolytes can be significantly improved, thereby promoting
the application of zinc-ion hybrid supercapacitors in more
fields.

There are various methods for material modification.
Firstly, by introducing specific elements or functional groups
through chemical doping, the electronic structure and
chemical properties of materials can be altered[9]. For
instance, the incorporation of an appropriate amount of
heteroatoms can enhance the electrical conductivity and ion
transport rate of the material, thereby improving the ionic
conductivity of the hydrogel electrolyte.

Secondly, surface modification is also an effective
modification method. Specific treatments on the material
surface, such as grafting polymer chains or applying
functional coatings, can improve the compatibility of the
material with the electrolyte, reduce interfacial resistance, and
enhance the transport efficiency of ions at the interface.

Furthermore, nanoscale treatment is also an important
approach to material modification. Preparing materials into
nanoscale structures, such as nanoparticles, nanowires or
nanosheets, can increase the specific surface area of the
materials, provide more ion transport channels, thereby
enhancing the ion diffusion rate and electrochemical reaction
activity.

In addition, the material can also be modified by blending.
Blending materials with different properties can integrate the
advantages of each component, achieve a synergistic effect,
and optimize the overall performance of hydrogel electrolytes.

In practical applications, it is necessary to select the
appropriate modification method based on specific
requirements and material properties. At the same time,
factors such as process conditions and costs during the
modification process also need to be taken into consideration.
For complex systems, the combined application of multiple
modification methods may be required to achieve the best
optimization effect.

In conclusion, the material modification and optimization
strategy offers abundant possibilities for enhancing the
performance of the hydrogel electrolyte of zinc-ion hybrid
supercapacitors. Through continuous exploration and
innovation of modification methods, it is expected to further
break through the performance bottleneck of hydrogel
electrolytes and open up broader prospects for the
development of zinc-ion hybrid supercapacitors.

4.2. Structural Design Optimization Strategies

In the performance optimization of hydrogel electrolytes
for zinc-ion hybrid supercapacitors, the structural design
optimization strategy plays a crucial role. Through reasonable
structural design, the performance of hydrogel electrolytes
can be significantly improved to meet the growing application
demands.

First of all, the optimization of the microstructure is one of
the keys. For example, constructing a hydrogel electrolyte
with a three-dimensional interconnected pore structure can
increase ion transport channels and enhance the ion diffusion
rate[10]. This pore structure can provide shorter and more
unobstructed migration paths for ions, reduce ion transport
resistance, and thereby enhance the charging and discharging
performance and rate performance of capacitors.

Secondly, the design of the layered structure also has
unique advantages. The layered structure can effectively



restrict the diffusion direction of ions and enhance the
directionality and orderliness of ion transport. This helps to
enhance the efficiency of ion migration, reduce the scattering
and loss of ions during the transmission process, and thereby
improve the electrochemical performance of the capacitor.

Furthermore, the introduction of nanostructures is also an
effective  structural design strategy. The structural
characteristics at the nanoscale can increase the contact area
between the electrolyte and the electrode material and
improve the interfacial compatibility. This not only helps to
reduce the interface resistance, but also enhances the charge
transfer efficiency, thereby significantly improving the
overall performance of the capacitor.

Furthermore, the design of gradient structures has
gradually attracted attention. Precise regulation of ion
transport and distribution can be achieved by constructing
gradient changes in composition or structure in hydrogel
electrolytes[11]. For instance, from the contact interface
between the electrolyte and the electrode to the interior, the
pore size or material composition can be gradually adjusted
to optimize the transport and storage of ions in different
regions.

In practical applications, multiple structural design
strategies can also be combined. For instance, combining
three-dimensional pore structures with nanostructures, or
integrating layered structures with gradient structures, can
fully leverage the advantages of various structures to achieve
more outstanding performance improvements.

In conclusion, the structural design optimization strategy
provides rich possibilities and broad development space for
the performance improvement of the hydrogel electrolyte of
zinc-ion hybrid supercapacitors. Through continuous
exploration and innovation of structural design methods, it is
expected to further promote the wide application and rapid
development of zinc-ion hybrid supercapacitors in the field of
energy storage.

5. Conclusions

This study systematically reviews the research progress of
hydrogel electrolytes for zinc-ion hybrid supercapacitors,
clarifying their material systems, influencing factors of
performance and optimization paths. The material system of
hydrogel electrolytes includes natural polymers (such as
chitosan, sodium alginate), synthetic polymers (such as
polyacrylamide, polyvinyl alcohol), and nanocomposites
(such as silica, graphene). Different materials enhance the
performance of electrolytes through the synergy of molecular
structure and functional group characteristics. Among the
material components, the chemical properties of the polymer
matrix, the types and dosages of crosslinking agents, and the
addition ratios of ionic conductive agents all significantly
affect the ion transport capacity and mechanical stability of
the electrolyte. The temperature control, stirring rate, solvent
selection and methods (such as sol-gel method, in-situ
polymerization method) in the preparation process determine
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its macroscopic performance by regulating the microstructure
(such as porosity, crosslinking density).

In terms of performance optimization strategies, material
modification (such as introducing conductive networks and
adjusting crosslinking degrees) and structural design (such as
constructing porous polymer networks and adopting
nanocomposite structures) can effectively improve ionic
conductivity, interfacial compatibility and cycling stability.
Although certain progress has been made in current research,
there are still problems such as the balance between ionic
conductivity and mechanical strength, insufficient long-term
stability under complex working conditions, and large-scale
preparation processes.
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