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Abstract

Hydrogels have garnered significant attention as multifunctional materials in next generation
rechargeable batteries due to their high ionic conductivity, mechanical flexibility, and structural
tunability. This review presents a comprehensive overview of hydrogel types—including natural,
synthetic, composite, carbon-based, conductive polymer, and MOF hydrogels—and their synthesis
methods, such as chemical crosslinking, self-assembly, and irradiation-based techniques.
Characterization tools like SEM, XRD, and FTIR are discussed to evaluate their microstructure and
performance. In rechargeable batteries systems, hydrogels enhance ionic transport and mechanical
stability, particularly in lithium-ion, sodium-ion, zinc-ion, magnesium-ion, and aluminum-ion
batteries. Despite their advantages, hydrogels face challenges such as limited mechanical strength,
reduced stability under extreme conditions, and scalability issues. Current research focuses on
advanced formulations, self-healing mechanisms, and sustainable materials to overcome these
limitations. This review highlights the pivotal role of hydrogels in shaping the future of flexible, high-
performance, and environmentally friendly secondary batteries.

Keywords: hydrogels; synthesis methods; lithium-ion batteries; sodium ion batteries; zinc ion
batteries; aluminum ion batteries; magnesium ion batteries

1. Introduction

The global energy landscape is undergoing a transformative shift driven by the urgent need to
reduce carbon emissions, mitigate climate change, and transition toward sustainable energy systems.
This transition demands the development of advanced materials and technologies capable of
delivering high energy efficiency, long-term stability, and environmental compatibility. Energy
storage and conversion devices—such as Metal-ion batteries [1-7], supercapacitors [8-10], fuel cells
[11,12], and solar cells [13]—are at the forefront of this revolution, serving as critical enablers for
renewable energy integration, electric mobility, and smart grid systems [14,15].

The advancement of energy technology hinges on the development of innovative materials that
will significantly improve energy storage capacity for rechargeable batteries, enhance charge
transport efficiency, and extend the lifespan of devices. [16]. In this context, hydrogels have emerged
as a class of multifunctional materials with immense potential to address the limitations of
conventional components in batteries. Hydrogels are three-dimensional, hydrophilic polymer
networks capable of retaining large amounts of water while maintaining structural integrity. Their
unique combination of mechanical flexibility, high ionic conductivity, tunable porosity, and
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compatibility with diverse functional materials makes them ideal candidates for next-generation
energy systems [17,18].

Recent research has demonstrated the versatility of hydrogels in various roles across energy
devices. In batteries, hydrogels have been employed as solid-state electrolytes, separators, and
electrode binders, offering improved ion transport, enhanced interfacial contact, and mechanical
adaptability [19,20]. Hydrogel-based membranes have shown promise in facilitating proton
conduction while maintaining hydration under operational conditions [21]. Moreover, hydrogels are
being explored as electrolyte matrices in for energy storage material[22,23].The development of
multifunctional hydrogels—engineered to exhibit properties such as self-healing[24], stretchability
[25], thermo responsiveness [26], and shape memory[27] —has further expanded their applicability.
These advanced hydrogels can adapt to mechanical deformation, recover from damage, and respond
to environmental stimuli, thereby enhancing the durability and reliability of energy devices [28,29].
For instance, self-healing hydrogels can autonomously repair microcracks in electrodes or
electrolytes, extending device lifespan [30,31]. Similarly, stretchable hydrogels enable the fabrication
of flexible and wearable energy systems, aligning with the growing demand for portable and body-
integrated electronics [32].

Despite these promising attributes, several challenges hinder the widespread adoption of
hydrogel-based materials in commercial energy technologies[33]. Key issues include long-term
stability under fluctuating environmental conditions, scalability of synthesis, and integration with
existing device architectures [33-37]. Addressing these challenges requires interdisciplinary
approaches that combine polymer chemistry, nanotechnology, electrochemistry, and device
engineering. Strategies such as nanoparticle reinforcement, dual-network structuring, and
hybridization with conductive polymers or carbon-based materials are being actively explored to
enhance the mechanical and electrochemical performance of hydrogels [38—41]. Given the growing
interest in hydrogel-based materials for battery applications, a systematic and up-to-date review is
essential to consolidate recent findings and provide clarity on emerging trends. While many studies
have examined the electrochemical and mechanical properties of hydrogels, the rapid development
of multifunctional designs—such as self-healing, stretchable, and stimuli-responsive systems—
necessitates a thorough reassessment of their roles in energy storage and conversion.

This review aims to provide a comprehensive overview of recent advances in hydrogel materials
for battery materials. We discuss the fundamental properties that make hydrogels suitable for battery
applications, their synthesis and functionalization strategies, and their roles in various energy
systems. Furthermore, we highlight current limitations and outline future research directions,
emphasizing the potential of multifunctional hydrogels to contribute meaningfully to the
development of sustainable, high-performance energy technologies.

2. Hydrogels

2.1. Types of Hydrogels Used in Energy Applications

Hydrogels, with their three-dimensional polymeric networks and high water content, have
become indispensable materials in energy storage and conversion technologies. Their ability to
facilitate ion transport, maintain mechanical flexibility, and incorporate functional additives makes
them ideal for use in batteries, supercapacitors, fuel cells, solar cells, and metal-air batteries. Based
on their origin, composition, and functionalization, hydrogels used in energy applications can be
broadly categorized into six main types: natural, synthetic, composite, carbon-based, conductive
polymer, and metal-organic framework (MOF) hydrogels.

2.1.1. Natural Hydrogels

Natural hydrogels are derived from biopolymers such as alginate, chitosan, and cellulose. These
materials are biodegradable, biocompatible, and environmentally friendly, making them attractive
for sustainable energy technologies. Their applications include use as electrolytes and separators in
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batteries and supercapacitors, where their ionic conductivity and flexibility enhance device safety
and performance [42]. However, their relatively low mechanical strength and limited electrochemical
stability pose challenges for long-term use.

2.1.2. Synthetic Hydrogels

Synthetic hydrogels, such as those based on polyacrylamide (PAM), polyvinyl alcohol (PVA),
and polyethylene glycol (PEG), offer greater control over chemical structure and physical properties.
These hydrogels can be engineered to exhibit high ionic conductivity, mechanical robustness, and
thermal stability. Their tunability makes them suitable for a wide range of energy devices, including
lithium-ion and zinc-ion batteries, supercapacitors, and wearable electronics [42]. Despite their
versatility, concerns about environmental impact and synthesis complexity remain.

2.1.3. Composite Hydrogels

Composite hydrogels are formed by incorporating functional fillers —such as carbon nanotubes
(CNTs), graphene, MXenes, or metal oxides—into hydrogel matrices. These hybrids combine the
ionic transport and flexibility of hydrogels with the electrical conductivity and mechanical strength
of nanomaterials. Composite hydrogels have demonstrated enhanced electrochemical performance
and are used in high-performance batteries, supercapacitors, and sensors [43]. Key challenges include
achieving uniform dispersion of fillers and ensuring scalability.

2.1.4. Carbon-Based Hydrogels

Carbon-based hydrogels integrate carbon-rich materials like graphene, CNTs, activated carbon,
or biomass-derived carbon into hydrogel networks. These materials offer high surface area, excellent
electrical conductivity, and tunable porosity, making them ideal for energy storage applications.
They are particularly effective in supercapacitors and flexible energy devices, where rapid charge
transport and mechanical adaptability are essential [43]. However, issues such as filler aggregation
and long-term stability must be addressed.

2.1.5. Conductive Polymer Hydrogels

Conductive polymer hydrogels (CPHs) incorporate intrinsically conductive polymers such as
polyaniline (PANI), polypyrrole (PPy), and PEDOT into hydrogel matrices. These materials enable
simultaneous ionic and electronic conduction, making them suitable for use as electrodes and
electrolytes in supercapacitors, batteries, and flexible electronics. CPHs also exhibit self-healing,
stretchability, and anti-freezing properties, which are advantageous for wearable and bio-integrated
devices [43]. Their limitations include synthesis complexity and durability under repeated cycling.

2.1.6. MOF Hydrogels

Metal-organic framework (MOF) hydrogels combine the high surface area and tunable porosity
of MOFs with the water-retentive and flexible nature of hydrogels. These hybrid materials are used
in batteries, fuel cells, and catalytic systems, where they facilitate ion transport, enhance structural
integrity, and support multifunctional performance [44]. MOF hydrogels are still in the early stages
of development, with challenges related to MOF dispersion, scalability, and long-term stability.

Each type of hydrogel offers unique advantages and faces specific challenges (Table 1). The
choice of hydrogel depends on the target application, desired properties, and operational
environment. Continued innovation in hydrogel chemistry, nanomaterial integration, and device
engineering will be essential to fully realize the potential of hydrogels in next-generation energy
technologies.

Table 1. Types of Hydrogels Used in Energy Applications.
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Hydrogels are structured from polymer chains, and their characteristics are largely determined

by the nature of the polymers employed. A defining feature of hydrogels is their remarkable capacity
to absorb water; however, only specific polymers with suitable chemical functionalities can form
effective hydrogel networks. Hydrogels are typically synthesized via two principal approaches:
physical cross-linking and chemical cross-linking. Each method yields hydrogels with distinct
structural and functional properties due to differences like the cross-links (Scheme 1).
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Scheme 1. Overview of common Hydrogel Preparation Techniques.

Moreover, ionizing radiation—including X-rays, gamma rays, electron beams, ion beams, and
high-energy ultraviolet light—can be employed to initiate polymerization and cross-linking
processes. These radiations possess sufficient energy to cleave chemical bonds, thereby generating
reactive species that drive polymerization or cross-linking. In polymerization, ionizing radiation
facilitates the conversion of monomers into long polymer chains, a process known as radiation
polymerization or radiation curing, which is widely applied in industries such as coatings, adhesives,
and additive manufacturing.

2.2.1. Materials for Hydrogel Formation

Hydrogels can be synthesized from a wide range of materials, including synthetic polymers such
as polyethylene oxide (PEO), polyvinyl alcohol (PVA), poly(acrylic acid) (PAA), and copolymers like
poly(propylene fumarate-co-ethylene glycol) (P(PF-co-EG)). Additionally, polypeptides are
increasingly used due to their biocompatibility and tunable properties. Natural polymers also play a
significant role in hydrogel development, offering inherent bioactivity and biodegradability. These
include agarose, alginate, chitosan, collagen, fibrin, gelatin, and hyaluronic acid.

2.2.2. Physical Cross-Linking

Physically cross-linked hydrogels are formed through non-covalent interactions among polymer
chains, such as hydrogen bonding, van der Waals forces, hydrophobic interactions, and coordination
bonds. Unlike chemically cross-linked hydrogels, these interactions are reversible, allowing the
hydrogel to respond dynamically to environmental stimuli like temperature, pH, and ionic strength.
This reversibility imparts unique properties such as self-healing and thermal sensitivity [48].
Hydrogels formed via physical cross-linking are typically short-lived in physiological conditions,
with stability ranging from several days to about a month. Consequently, they are well-suited for
applications requiring transient functionality, such as short-term drug delivery. Importantly, the
absence of toxic cross-linking agents makes these hydrogels safer for clinical use.

Chitosan-based hydrogels, for example, can be physically cross-linked using small anionic
molecules such as sulfates, phosphates, and citrates of platinum (Pt), palladium (Pd), and
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molybdenum (Mo). The properties of the resulting hydrogels depend on factors such as the size and
charge of the anions and the degree of deacetylation of chitosan. Overall, physical cross-linking
methods offer advantages including high water sensitivity, thermal reversibility, and
biocompatibility.

2.2.3. Chemical Cross-Linking

Chemical cross-linking involves the formation of covalent bonds between polymer chains,
resulting in a stable and robust three-dimensional network. Unlike physical gels, chemically cross-
linked hydrogels exhibit greater mechanical strength and long-term stability, and their performance
is less influenced by environmental factors such as pH. This method allows for precise control over
the hydrogel’s structural and functional properties. Covalent cross-links are typically introduced
through polymerization reactions or by using cross-linking agents. For instance, Tan et al. [49]
developed injectable composite hydrogels by functionalizing hyaluronic acid with N-succinyl
chitosan via a Schiff base reaction. Their study demonstrated that increasing the concentration of N-
succinyl chitosan enhanced the compressive modulus, a key parameter for cartilage tissue
engineering.

Similarly, Ito et al. [50] reported hydrogel formation using cellulose and alginate through
analogous chemical mechanisms. Hydrogels can also be synthesized via Michael addition reactions,
where amino groups react with vinyl groups of other polymers, resulting in enhanced mucoadhesive
properties. Despite their advantages, chemically cross-linked hydrogels may require multistep
synthesis and purification, and functionalization with reactive groups can sometimes introduce
cytotoxicity.

2.2.4. Irradiation-Based Cross-Linking

Irradiation-based cross-linking has emerged as a promising strategy for hydrogel synthesis,
particularly in applications where rapid gelation and cost-effectiveness are essential. This method
utilizes light-sensitive functional groups in conjunction with ultraviolet (UV) or other forms of
irradiation to induce cross-linking reactions, enabling the formation of hydrogels within a short time
frame. Such an approach is especially advantageous in biomedical fields, including tissue
engineering, drug delivery, and regenerative medicine [51,52]. Compared to conventional chemical
cross-linking, irradiation-based methods offer several advantages in hydrogel synthesis. These
include rapid gelation enabled by photo-reactive groups that initiate swift hydrogel formation upon
UV exposure, significantly reducing processing time. Additionally, the elimination of costly chemical
cross-linkers or catalysts contributes to greater cost efficiency, making irradiation-based techniques
attractive for scalable and eco-friendly hydrogel production [53]. However, the effectiveness of this
method depends on the compatibility of the photo-reactive moieties with the intended application,
as well as the hydrogel’s sensitivity to environmental factors such as light and temperature. A notable
example is the work by Ono et al. [54], who developed UV-irradiated chitosan hydrogels using azide
and lactose as photo-sensitive groups. These moieties were grafted onto the chitosan backbone, and
upon UV exposure, the azide groups were converted into highly reactive nitrene intermediates. These
intermediates subsequently reacted with amino groups on the chitosan chains, forming covalent
bonds and establishing a stable three-dimensional network. Another approach, reported by Yoo et
al. [55], involved the pre-functionalization of chitosan and Pluronic acid with photo-sensitive acrylate
groups. Upon UV irradiation, these groups facilitated cross-linking and hydrogel formation. Despite
its advantages, this method has certain limitations, including the need for light sensitizers, potential
delays in irradiation, and localized heating effects, which may affect the uniformity and safety of the
final hydrogel product.

2.3. Structural and Morphological Characterization

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The structural and morphological properties of hydrogels are crucial in determining their
performance in energy applications. Techniques such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are widely used to analyze hydrogel porosity and
microstructure [56]. Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) help
in identifying chemical compositions and crystalline structures, respectively [57]. Additionally,
rheological measurements provide insights into the viscoelastic behavior of hydrogels, which is
critical for their mechanical performance [58].

2.3.1. Microstructural Performance

The microstructure of hydrogels is a critical factor influencing their mechanical properties,
degradation behavior, and molecular transport capabilities. Key parameters used to characterize
hydrogel microstructure include the polymer volume fraction in the swollen state, mesh size, and the
average molecular weight between cross-links. These structural features are influenced by the degree
of cross-linking, the chemical nature of the monomers, and environmental conditions such as pH,
temperature, and ionic strength [59]. Mesh size, in particular, governs the hydrogel’s mechanical
strength, permeability, and ability to release encapsulated molecules. By tuning these parameters,
hydrogels can be tailored for specific biomedical applications, including drug delivery, tissue
scaffolding, and wound healing.

Zhang et al. [60] used scanning electron microscopy (SEM) to examine hydrogels cross-linked
with microbial transglutaminase (MTG). The M7-crosslinked variant exhibited a smoother, denser
surface and a distinctive honeycomb-like internal structure, attributed to combined hydrogen
bonding, hydrophobic interactions, and covalent cross-linking (Figure 1a ).

CK WT

(A)

Surface

Cross-section

Enlarged
Cross-section

(B)
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Figure 1. (A) SEM micrographs showing surface morphology of hydrogels before and after enzymatic
modifications, reproduced with permission from ref. [60], (B) surface and cross-sectional views of hydrogel
beads: (a,d) SA; (b,e) B1; (¢,f) B2, reproduced with permission from ref. [61], Elsevier.

Camerco et al. [61] compared sodium alginate (SA) hydrogel beads with those modified by
thermosensitive materials (TSM). SEM images showed that SA beads had rougher surfaces and more
porous interiors, while SA-TSM beads exhibited smoother surfaces and more uniform internal
structures. The bead size increased with TSM due to higher viscosity, and the sphericity factor (SF)
was lower in SA-TSM beads, indicating improved cross-linking and shape uniformity (Figure 1b-g).

2.3.2. Morphology Study

Morphological characterization is essential for understanding the structural and functional
properties of hydrogels. Techniques such as Field Emission Scanning Electron Microscopy (FE-SEM),
Environmental Scanning Electron Microscopy (ESEM), and Transmission Electron Microscopy (TEM)
are commonly employed to analyze hydrogel surfaces and internal architectures.

FE-SEM provides high-resolution images of dehydrated hydrogel surfaces, revealing features
like porosity, roughness, and structural defects [62]. Polyaniline-polyvinyl alcohol (PANI-PVA)
hydrogel, synthesized via in situ polymerization of aniline in acidic PVA solution followed by freeze—
thaw gelation, was reported as a self-supported electrode for supercapacitors [63]. FESEM analysis
revealed that pure PVA hydrogel exhibits a nanoporous structure, while PANI-PVA retains this
morphology with uniformly distributed PANI nanoaggregates (nanorods, nanosheets,
nanoparticles). These aggregates enhance ion/electron transport, improving electrochemical
performance [63,64].

TEM offers nanoscale insights into the internal structure, including particle size, shape, and
distribution of embedded nanoparticles [65]. For instance, Huang et al. [64] developed a MnO:-
embedded 3D porous polyaniline (PANI) hydrogel electrode for supercapacitor applications. FE-
SEM revealed a robust coral-like surface structure, while TEM showed uniformly distributed MnO:
nanoparticles coated with a protective PANI layer (20-50 nm). This architecture facilitated efficient
electron transfer, resulting in a specific capacitance of 293 F/g at 1.5 mg/cm? loading, which decreased
to 258 F/g at 10.8 mg/cm? due to increased mass loading.

2.3.3. Mechanical Properties and Performance of Hydrogels

The mechanical behavior of hydrogels is a critical factor in determining their suitability for
biomedical and engineering applications. These properties are typically evaluated using standard
techniques such as tensile, compression, indentation, bulge, and cyclic testing. Tensile tests provide
insights into elasticity and strength, while compression tests assess deformation under load.
Indentation and bulge tests help characterize localized stiffness and membrane behavior,
respectively. Cyclic or fatigue testing evaluates durability under repeated stress, which is essential
for long-term applications.

Hou et al. [66] demonstrated that PVA-CMC hydrogels possess excellent mechanical
performance for soft strain sensors. Cyclic stress-strain tests showed consistent behavior across
multiple loading cycles, confirming their durability and elasticity (Figure 2 a-o0). PVA-based
hydrogels demonstrate remarkable mechanical resilience, especially when modified with additives
like DMSO and carboxymethyl cellulose (CMC). A hydrogel strip (3.5 mm thick, 4.5 mm wide) was
able to support 1 kg without damage and maintained its integrity under stretching, twisting,
knotting, and drilling (Figure 2a-d).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. (a) Mechanical flexibility of PVA/CMC hydrogel demonstrated through hanging, twisting, knotting,
and stretching. (b, c) Stretching and puncture resistance of PVA/CMC hydrogel film and block, respectively. (d)
Tensile stress—strain profiles of PVA-CMC (H:0/DMSO), pure PVA (H:O/DMSO), and pure PVA (H:0)
hydrogels. (e) Schematic of freeze-molded CMC and PVA chain arrangement. (f) Loading-unloading behavior
of PVA-CMC hydrogels under varying strain levels. (g-i) Cyclic loading-unloading, residual strain, and energy
dissipation of PVA-CMC and pure PVA hydrogels. (j) XRD patterns of PVA/CMC and Ag-CMC conductive
hydrogels. (k, 1) Cross-sectional morphology of Ag-CMC conductive hydrogels. (m) Shore hardness of PVA and
PVA-CMC hydrogels before and after silver reduction. (n, o) Tensile stress-strain curves of conductive
hydrogels with varying AgNOs and VC concentrations, reproduced with permission from ref. [66]), Elsevier.

The addition of DMSO reduced the fracture strain of pure PVA from 446.48% to 241.18%, while
increasing its fracture stress to 0.366 MPa. Incorporating CMC further enhanced both strength and
strain, reaching 0.453 MPa and 272.13%, respectively (Figure 3e). Cyclic testing revealed stable
hysteresis behavior, indicating excellent fatigue resistance and energy dissipation, particularly due
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to increased crosslinking density from DMSO (Figure 2f-i). Hardness tests showed that Ag-CMC
hydrogels had superior values compared to pure PVA, and the Ag(1.0)-CMC(0.08) formulation
achieved optimal mechanical strength and low electrical resistance (Figure fm-o).

2.3.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a powerful analytical technique used to identify the chemical structure and
bonding characteristics of hydrogel materials. It works by detecting the absorption of infrared light
at specific frequencies corresponding to the vibrational modes of chemical bonds. Each functional
group within a molecule absorbs IR radiation at characteristic frequencies, allowing researchers to
determine the presence and interactions of these groups within hydrogel systems [67].

Medha et al. [68] analyzed FTIR spectra of chitosan, starch, chitosan-starch hydrogel, and
cefixime-loaded hydrogel. Broad absorption bands between 3300 and 2850 cm™ were observed,
corresponding to -OH, -NHz, and —CH stretching vibrations. Chitosan exhibited peaks at 1645 cm™
(C=0 stretching), 1548 cm™* (-NH bending), and 1380 cm™ (-CH3s deformation), while starch showed
weaker signals at 1650 cm™ and deformation bands at 1436 and 1340 cm™. The chitosan-starch
hydrogel displayed a band at 1653 cm™, indicating successful grafting and crosslinking. Cefixime-
loaded hydrogels showed distinct peaks at 1768, 1669, 1588, 1537, and 1384 cm™, suggesting drug-
polymer interactions (Figure 3i (a-e).
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Figure 3. (i) FTIR spectra illustrating the characteristic peaks of (a) pure chitosan, (b) native starch, (c) chitosan—
starch composite hydrogel, (d) cefixime, and (e) cefixime-incorporated hydrogel, reproduced with permission
from ref. [68], Elsevier. (ii) FTIR profiles of chitosan/alginate hydrogel systems, reproduced with permission

from ref. [69], Elsevier.

Enoch et al. [69] further investigated chitosan/alginate hydrogels at varying concentrations. The
alginate hydrogel (COA) showed peaks at 3298 cm™ (O-H stretching), 2110 cm™ (C-H stretching),
2335 cm™ (CO2), and 1637 cm™ (COO- stretching). Chitosan/alginate composites (C1A to C5A)
exhibited overlapping O-H and N-H stretching bands around 3260 cm~, with additional peaks at
1019 and 1083 cm™ (C-O and C-H stretching), and 1404 and 1596 cm indicating amine-aldehyde
interactions and COO- stretching (Figure 3ii).
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2.3.5. Viscoelastic Properties

Viscoelasticity is a defining mechanical characteristic of hydrogels, reflecting their ability to
exhibit both elastic and viscous responses under deformation. These properties are typically assessed
through rheological methods such as compression testing and oscillatory shear analysis. The
viscoelastic behavior of hydrogels can be finely tuned by adjusting polymer and crosslinker
concentrations, which directly influence stiffness, elasticity, and energy dissipation [70].

Zhang et al. [71] demonstrated that S-Alg hydrogels exhibited low tensile modulus (2.7 + 0.7
kPa) but high elongation (224%), whereas D-Alg hydrogels showed significantly higher tensile (134.6
+ 6.2 kPa) and compression modulus (453.9 + 16.9 kPa), indicating enhanced stiffness. Viscoelastic
analysis revealed that both hydrogels maintained a wide linear viscoelastic range up to 10% strain,
with D-Alg displaying a higher storage modulus (G’) than loss modulus (G"), consistent with robust
network structures (Figure 4a-d)
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Figure 4. Mechanical and rheological characterization of S-Alg and D-Alg hydrogels (a) tensile, (b) compression,

(c) amplitude, and (d) frequency sweep tests, reproduced with permission from ref. [71], Elsevier.

For example, increasing the concentration of glutaraldehyde in gelatin hydrogels enhances
stiffness and shifts the material toward a more elastic regime. Similarly, modifying the viscosity of
the aqueous phase with dextran in agarose or polyacrylamide hydrogels allows for control over
viscoelasticity while maintaining a stable elastic modulus—an important consideration for
biomedical applications.

In physically or non-covalently crosslinked hydrogels, viscoelasticity arises from dynamic
molecular mechanisms. Crosslinkers may temporarily detach under stress, allowing the polymer
matrix to flow and then reattach, as observed in collagen, alginate, and PEG-based gels. Additional
contributions from polymer entanglement and protein unfolding further enhance energy dissipation
and reversible deformation [72]. Even in well-crosslinked systems, the high water content contributes
to a measurable loss modulus, enabling viscoelastic behavior without permanent deformation.

3. Hydrogel-Based Materials in Energy Storage Applications
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3.1. Hydrogels in Batteries

Rechargeable batteries are central to modern energy storage, typically composed of a cathode,
anode, and electrolyte. These components work together to store and transfer charge carriers—
commonly alkaline metal ions like Li*, Na*, Zn?*, Mg? and Al*—during charge and discharge cycles
(Figure 5). These ions are favored for their high reactivity, low reduction potential, and high specific

capacity, enabling efficient energy conversion and storage.
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Figure 5. Conceptual illustration of hydrogel-based materials integrated into advanced energy storage

technologies, adapted and redrawn from sources [73-78].

However, conventional lithium-ion batteries are nearing their performance limits, with energy
densities below 500 Wh kg, rising material costs, and persistent safety concerns [79]. To address
these issues, researchers have explored multivalent ions such as Mg?, Ca*, Zn*, and Al*, which offer
higher charge densities and lower cost. Yet, practical implementation remains limited due to
challenges in ion mobility and electrode compatibility [80].

Hydrogels have emerged as a promising solution to these limitations. Their unique
multifunctionality —including easy fabrication [81], tunable ionic and electronic conductivity [81,82],
ability to form stable solid-electrolyte interphases [83,84], and enhanced mechanical strength
[85,86] —makes them ideal candidates for improving battery performance. Hydrogels can be
engineered into electrodes, binders, and electrolytes, offering improved charge transport, mechanical
integrity, and interface stability.

In the following sections, we explore how hydrogel-based materials are being applied across
battery components, highlighting their role in hydrogel-based electrodes, binders, electrolytes, and
other hydrogel-derived multifunctional materials.

3.2. Hydrogels in Li-ion Batteries

3.2.1. Hydrogel-Derived Electrodes

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Electrodes are the heart of rechargeable batteries, where redox reactions occur to store and
release energy. For optimal performance, electrodes must support fast ion and electron transport
while maintaining mechanical integrity and strong connectivity between active materials and current
collectors. However, conventional electrodes fabricated via solid-state reactions and thermal
annealing often suffer from particle agglomeration and irregular morphologies, which hinder
conductivity and ion diffusion [87]. To address this, Tang et al. [88] developed a continuous LisTisO12
(LTO) framework by crosslinking LTO with reduced graphene oxide (rGO) colloids. The solution-
processable ink was coated onto a current collector, forming a highly conductive network (Figure 6i,
ii). The rGO nanosheets bridged LTO particles and the current collector, while the mesoporous
structure shortened Li-ion diffusion paths, enhancing overall performance.
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Figure 6. (a) Stepwise formation of conductive Li-TNT ink (i) ion exchange, (ii) spray coating on Cu foil, followed
by thermal conversion to LTO/rGO, adapted with permission from ref. [88], Wiley & Sons. (b) Schematic of
S/PPy-MnO: composite synthesis and its electrochemical benefits during cycling. (¢, d) SEM and TEM images
showing MnO: nanowires and PPy-MnO: nanotubes, respectively. (e¢) Comparison of sulfur electrodes
encapsulated with PPy-MnO: nanotubes versus pure PPy nanotubes, adapted with permission from ref. [89],

copyright© 2016 American Chemical Society.
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Hydrogel-template methods have also been applied to synthesize nanosized electrode materials
with high surface areas, such as MnO;, TiOz, LiFePOs, and Fe2Os [90-93]. These structures increase
reaction sites and facilitate charge transfer, which is especially beneficial for low-conductivity
materials like LiFePO+ Hasegawa et al. [94] demonstrated this by fabricating meso-/macroporous
LiFePO: wusing hydrogels derived from metal precursors and polymers (PEO and
polyvinylpyrrolidone). The carbon coating from polyvinylpyrrolidone improved electronic
conductivity, resulting in enhanced electrochemical performance.

Beyond geometric advantages, hydrogel-based composites offer solutions for more complex
systems like lithium-sulfur (Li-S) batteries, which promise high specific capacities (sulfur: 1675 mAh
g, Li metal: 3860 mAh g'). However, sulfur’s poor conductivity, polysulfide dissolution, and
volume-change degradation remain major challenges [95,96]. To mitigate these issues, Zhang et al.
[89] designed a composite hydrogel-derived electrode using MnO: nanowires as oxidants for
polypyrrole (PPy) polymerization (Figure 6a—c). After sulfur infiltration, the resulting S/PPy-MnO:
electrode exhibited excellent Coulombic efficiency, cycling stability, and rate capability (Figure 6d).
The MnO: nanowires effectively trapped polysulfides, while the conductive PPy hydrogel facilitated
rapid electron transport.

Silicon is a highly promising anode material for lithium-ion batteries due to its high theoretical
capacity. However, its practical application is hindered by severe volume expansion and poor cycling
stability. To address these challenges, a novel strategy was proposed using a fibrin biopolymer
hydrogel as a template to fabricate a three-dimensional (3D) interconnected Si@C framework (Figure
7a) [97].
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Figure 7. (a) Schematic of the fibrin/SiNPs assembly, (b) 3D Si@C electrodes, (c,d) SEM/TEM images before and
after pyrolysis, respectively, (e) rate performance comparison between 3D Si@C and conventional SiNPs

electrodes, reproduced with permission from ref. [97], Elsevier.

This binder- and additive-free architecture utilizes strong hydrogen bonding between fibrin
amide groups and hydroxyl-functionalized silicon nanoparticles (SiNPs), enabling uniform
dispersion of SiNPs within a nitrogen-doped amorphous carbon matrix. Pyrolysis of the hydrogel
preserves the porous 3D structure and introduces pyridinic and pyrrolic nitrogen species, which
enhance both electronic conductivity and lithium storage capability (Figure 7 b-d). The resulting 3D
Si@C electrode delivers a high specific capacity of 730 mAh g at 1000 mA g and retains 54% of its
capacity after 500 cycles at 500 mA g significantly outperforming conventional SiNP-based
composites (Figure 7e). This scalable and sustainable design offers a promising route for advanced
electrode architectures, with further optimization possible through control of fibrin mesh size, Si
loading, and carbon crystallinity.

3.2.2. Hydrogel-Derived Binders

The rising demand for high-energy-density batteries in electric vehicles, wearable electronics,
and grid storage has intensified the need for electrodes with high capacity, flexibility, and long-term
cycling stability [98-100]. However, silicon (Si) and sulfur-based electrodes suffer from severe
volume expansion during lithiation/delithiation, leading to mechanical degradation, poor
conductivity, and rapid capacity fading [101]. To address these challenges, various research groups
have developed hydrogel-based binders and carbon frameworks that offer mechanical flexibility,
strong adhesion, and the ability to accommodate volume changes. One notable example is the
hydrogel binder developed. A chitosan (CS)-based binder crosslinked with glutaraldehyde (GA),
shown in Figure 8a, forms a robust 3D network that enhances mechanical stability. This system
delivered 2,782 mAh g initially and maintained 1,969 mAh g after 100 cycles [102].
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Figure 8. Schematic representations of various hydrogel-based binder systems designed for silicon anodes,
highlighting in-situ polymerization approaches and structural strategies to mitigate volume expansion during
cycling. (a) Charge/discharge mechanism of Si/CS-GA anodes, adapted with permission from ref. [102],
copyright © 2016, American Chemical Society ; (b—f) diverse hydrogel architectures including CHSP and RCB
binders, demonstrating enhanced mechanical integrity and electrochemical performance. Adapted with

permission from ref. [103,104], Elsevier; ref. [105,106], American Chemical Society; and ref. [107], Wiley & Sons.

In another approach, Wu et al. [108] developed a hierarchical hydrogel framework (Figure 8b)
by incorporating a conducting polymer. This 3D network provided continuous electrical pathways
and space for Si expansion, achieving over 90% capacity retention after 5,000 cycles at 6.0 A g7

To further enhance flexibility and conductivity, Liu et al. [103] designed a stretchable binder, Li-
PAA@PEDOT:PSS which accommodated volume changes in SiP: anodes and supported self-healing.
A double-network hydrogel composed of polyvinyl alcohol (PVA) and sodium alginate (SA),
reinforced with hydroxypropyl cellulose (HPC), formed a porous structure (Figure 8c) that buffered
Si expansion and improved ion transport [104].

Beyond these, Chen et al. [107] introduced a hybrid hydrogel system combining carbon
nanotubes (CNTs) and a conductive polymer (Figure 8d). This design improved mechanical strength
and ion transport, demonstrating excellent performance in both TiO: and SiNP electrodes. A
copolymer binder made from acrylamide and acrylic acid (Figure 8e) formed a covalent-noncovalent
elastic network, significantly enhancing the capacity of SiOx anodes to 734 mAh g after 300 cycles.
Polyimine binders also showed promise, achieving 804.4 mAh g with 82.4% retention after 1,000
cycles, and 2,114 mAh g over 200 cycles in high-loading Si electrodes [105].

Inspired by spider webs, a tapioca-PAA (TA-PAA) binder was developed with high
viscoelasticity and self-healing properties. This binder enabled a SiO anode to deliver 901.2 mAh g~
over 1,200 cycles and 619.2 mAh g at a high rate of 5 A g [109]. Additionally, an alginate hydrogel
crosslinked with Ca?* ions improved the performance of 5i/C anodes [110]. For wearable electronics,
Wang et al. [111] created an ultrasoft, all-hydrogel coaxial fiber battery with a low Young’s modulus,
achieving 84.8 mAh g7 at 0.5 A g and maintaining stable performance under deformation.

In parallel, lithium-sulfur (Li-S) batteries face their own set of challenges, including sulfur’s
poor conductivity and up to 80% volume expansion during cycling [112]. To address this, Zhang et
al. [106] developed a responsive/confinement network blend (RCB) binder (Figure 8f) using
hyaluronic acid and a tetrazole-functionalized copolymer. This dual-network structure mimics
muscle tissue, coordinating mechanical stress and accommodating sulfur expansion. Even with just
5 wt% binder, the system showed excellent cycling and rate performance under high sulfur loading.

Hydrogels have also been explored as carbon sources. Upon pyrolysis, they form 3D porous
carbon frameworks ideal for embedding nanomaterials [94]. Liu et al. [113] fabricated a carbon-MOF
composite electrode with ZIF-67 and HKUST-1, achieving an areal capacity of over 16 mAh cm= and
82% retention after 300 cycles. Xu et al. [114] embedded Sn nanoparticles in hydrogel-derived carbon
(Sn@PHDC), which improved lithium-ion diffusion, reduced charge transfer resistance, and
enhanced cycling stability.

Together, these innovations highlight the versatility and effectiveness of hydrogel-based binders
and frameworks in addressing the mechanical and electrochemical limitations of both Si and sulfur
electrodes. They offer scalable, multifunctional solutions for the development of next-generation,
high-performance energy storage systems.

3.2.3. Hydrogel Electrolytes for Aqueous Lithium-Ion Batteries

Hydrogels have gained significant attention in lithium-ion battery (LIB) research due to their
tunable porous structures, which facilitate lithium-ion diffusion and reduce transport resistance
[115,116]. These properties enhance electrochemical performance by enabling rapid ion transport and
stable electrode-electrolyte interfaces. Hydrogels can also be engineered to exclude free water,
making them compatible with electrodes and current collectors, and are increasingly used as solid
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electrolytes and separators [117,118]. In aqueous LIBs, which use water-based electrolytes for
improved safety and environmental compatibility, hydrogels help mitigate the narrow
electrochemical stability window (~1.23 V) that limits energy density [119].

To address these limitations, researchers have developed functional hydrogels tailored for
specific challenges such as flame retardancy, thermal protection, mechanical flexibility, and
electrochemical stability. Yang et al. [120] created a flame-retardant separator using a boron nitride
(BN) aerogel synthesized from a melamine-boric acid (MBA) supramolecular hydrogel. Combined
with bacterial cellulose (BC), the BN/BC composite (Figure 9 a) exhibited excellent flame resistance,
electrolyte wettability, and mechanical strength. When used in LIBs, it delivered a high specific
discharge capacity of 146.5 mAh g~ and showed only 0.012% capacity degradation per cycle over 500
cycles .
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Figure 9. Schematics illustrating various hydrogel-based electrolyte systems developed for energy storage
applications, emphasizing their structural configurations and functional contributions to ionic transport and
mechanical stability. Panels (a—d) depict representative designs reported in recent literature. Adapted with
permission from ref. [120,122], Elsevier; and ref. [121,123], Wiley & Sons.

To improve high-temperature safety, thermos-responsive hydrogel separators were developed
by polymerizing hydrogel layers on hydrophilic membranes. These smart separators block lithium-
ion transport at elevated temperatures and reopen upon cooling. By adjusting lithium salt
concentration (e.g., 1 M LiNO:s), the shut-off temperature was tunable between 30-80 °C (Figure 9b).
A self-protecting LiMn:Os/carbon-coated LiTi2(POs)s battery using this separator demonstrated stable
operation in high-temperature environments [121].

Stretchable battery components have also been realized using crumpled-structured nanowires
(NWs) and crosslinked hydrogels. These materials form interconnected wrinkled NWs and robust
hydrogel interfaces that maintain electrochemical stability under strain. A fully stretchable LIB
(FSSLIB) using this design achieved 119 mAh g capacity and retained 91.6% of its capacity after 250
stretching cycles at 100% strain [124].

Incorporating self-healing into stretchable systems, freestanding hydrogel electrolyte films
(HEFs) were fabricated using hygroscopic lithium salts and dynamic polymer networks (PBA-Si,
CMC, F127, and LiTFSI). These HEFs (Figur 9c) absorbed ambient moisture to form ionic pathways,
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exhibited 1.15 mS cm™ conductivity, and stretched up to 300% of their original length. A full cell
using HEF with NTCDA and LiMn:O: retained 73.2% capacity after 1,000 cycles at 1 A g7,
demonstrating excellent mechanical and electrochemical performance for wearable applications
[122].

Beyond soft materials, hydrogels have been used as templates for solid-state frameworks. A 3D
nanostructured Lio.ssLao.ssTiOs (LLTO) framework derived from hydrogel precursors (Figure 9d)
significantly improved Li-ion conductivity (8.8x10° S cm™ at room temperature), serving as a
nanofiller in composite polymer electrolytes. Similarly, Bae et al. [123] used nanostructured
hydrogels to fabricate 3D interconnected garnet frameworks of Lis.zsLasZr2Ale.2«O12 (LLZO),
achieving high conductivity (~102 S cm™ at 60 °C) and excellent interfacial stability with lithium
metal.

These advancements highlight the versatility of hydrogel-based materials in addressing the
mechanical, thermal, and electrochemical challenges of next-generation lithium-ion batteries,
particularly for flexible, wearable, and high-safety applications.

3.2.4. Hydrogels Under Extreme Conditions

Hydrogels are increasingly used in battery systems due to their excellent ionic conductivity,
mechanical flexibility, and compatibility with aqueous environments. However, their performance
under extreme conditions—such as low temperatures, dehydration, and narrow electrochemical
stability windows—poses significant challenges that limit their broader application in high-
performance energy storage systems.

One of the primary limitations is the behavior of water within hydrogel matrices. At
temperatures below 0 °C, water in the electrolyte freezes, drastically reducing solvating ability and
ionic mobility. This leads to salt crystallization and loss of structural flexibility, severely impairing
battery performance. The freezing behavior is governed by the interaction energy between water
molecules (Eww) = -5.75 kcal mol). In conventional PVA hydrogels, the polymer—-water interaction
energy (Eqppw) = -6.11 kcal mol™) is only marginally stronger, which is insufficient to prevent freezing.
In contrast, PAA hydrogels, due to their highly polarized carboxylic groups (-COOH), exhibit a much
stronger interaction with water (Eqppw) = -12.92 kcal mol?), effectively disrupting ice formation. As a
result, PAA-based hydrogel electrolytes maintain high conductivity (20 x 102 S cm™) even at —20 °C
(Figure 10a-b) [125].
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Figure 10. Schematics and experimental data illustrating the design and performance of hydrogel-based
electrolytes under varying temperature conditions. (a, b) Structure and ionic conductivity of KOH-filled A-PAA
hydrogel, including its functionality at 20 °C, adapted with permission from ref. [125], Wiley & Sons. (c-e)
Synthesis and electrochemical behavior of ZL-PAAm hydrogel, highlighting rate capability and temperature-
dependent conductivity, adapted with permission from ref. [126], Wiley & Sons. (f, g) Electrochemical
characterization of LiTFSI-HFE gel-coated electrodes in hydrogel-WiBS systems, including cyclic voltammetry
and voltage profiles, adapted with permission from ref. [84], Elsevier. (h, i) Conversion-intercalation mechanism
and voltage profiles of LBC-G composite cathodes in WiBS-based full cells with different lithium salt hydrates,
adapted with permission from ref. [127], Springer Nature.

To further enhance low-temperature performance, Zhu et al. [126] developed a dual-salt
hydrogel system by incorporating 2 M ZnSO+ and 4 M LiCl into a PAAm matrix (ZL-PAAm). The
synergistic effect of strongly hydrated ions (Zn* and SO+*) and electrostatic stabilization from Li*
and CI- ions reduced water crystallization. This enabled Zn/LiFePOx batteries to perform reliably at
—-20 °C, with electrochemical characteristics comparable to those at room temperature (Figure 10c—e).

Another major challenge is dehydration, especially under ambient or elevated temperatures.
Water’s high vapor pressure (4.25 kPa at 30 °C) makes hydrogel electrolytes prone to drying out,
unlike organic solvents such as ethylene carbonate (7.8 Pa). Bai et al. [287] addressed this by
incorporating hygroscopic salts like 12 M LiCl into PAAm hydrogels, which formed a tightly bound
solvation sheath around water molecules, significantly reducing evaporation. Similarly, bisalt
aqueous electrolytes demonstrated improved dehydration resistance, with hydrate melts showing
vapor pressures as low as 0.5 kPa [128]. Additional strategies include coating hydrogels with
elastomeric layers to retain moisture [129-131].

Hydrogels also face limitations due to their narrow electrochemical stability window (~1.23 V),
which restricts their use in high-voltage lithium-ion batteries. While “water-in-salt” electrolytes (e.g.,
21 M LiTFSI) can extend this window to ~3.0 V [132], they remain incompatible with typical anode
materials like Li metal, graphite, and silicon due to cathodic instability. To overcome this, researchers
have developed protective strategies such as coating anodes with highly fluorinated ether (HFE) gels
to form stable solid electrolyte interphases (SEIs). This allows hydrogel electrolytes to operate with
conventional Li-ion electrodes. For instance, WiBS electrolytes gelled in PVA or PEO showed stable
redox behavior with graphite and LiVPO.F electrodes (Figure 10f-g) [84].

Yang et al. [127] further demonstrated a high-voltage aqueous battery using WiBS-PEO
hydrogel with a graphite anode and a (LiBr)o.s—(LiCl)o.s-graphite (LBC-G) cathode, achieving ~120
mAh g capacity and ~4 V operating voltage (Figure 10h-i).

These studies collectively demonstrate that through strategic material engineering —such as salt
selection, polymer backbone design, and interface protection —hydrogels can be adapted to function
effectively under extreme conditions. Understanding the molecular interactions between water, ions,
and polymer chains is essential for designing robust hydrogel electrolytes for next-generation energy
storage technologies.

3.3. Hydrogels for Sodium-Ilon Batteries

Sodium-ion batteries (NIBs) have gained attention as a promising alternative to lithium-ion
batteries due to sodium’s natural abundance, low cost, environmental sustainability, and suitable
redox potential (E° Na*/Na = -2.71 V) [209,210]. With a theoretical energy density of 1165 Wh kg,
NIBs are well-suited for large-scale energy storage and decarbonization efforts [133-135].

Despite these advantages, NIBs face several challenges that hinder their practical deployment.
These include low energy density, poor cycling stability, limited low-temperature tolerance, and
water-induced parasitic reactions. A major issue is the large ionic radius of Na*, which complicates
fast ion diffusion and leads to structural degradation and volume changes in electrode materials
during cycling. This results in poor reversibility and dissolution of active materials, especially in
anodes, reducing their electrochemical contribution [136].
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Hydrogels offer a versatile solution to these problems. Their crosslinked polymer networks
retain water and improve mechanical and electrochemical stability [137]. The porous structure of
hydrogels accommodates volume expansion and facilitates rapid Na* transport during
insertion/extraction [138]. Additionally, hydrogels exhibit excellent stretchability and ionic
conductivity, making them suitable for electrolyte modification and enhancing compatibility with
electrodes. Their responsiveness to stimuli also enables the design of self-adaptive structures for low-
temperature operation [139].

Hydrogels are non-toxic, low-cost, and easily modifiable, supporting the development of safer
and more sustainable NIBs. Recent designs have incorporated hydrogels to improve thermal stability,
mechanical flexibility, and interface contact, while also suppressing electrolyte leakage. In these
systems, hydrogels have been applied as electrolytes [137,139,140], anode materials [141], and
templates for cathodes [136,138], as illustrated in Figure 11(a-d).
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Figure 11. Representative schematics and performance data highlighting the application of hydrogel-based
electrolytes in sodium-ion batteries (NIBs). (a) Configuration of an NIB employing a polyacrylamide hydrogel
electrolyte with ALO/CMK-3 anode and NVP@C cathode, adapted with permission from ref. [137], copyright©
2018 American Chemical Society. (b) Comparison of freezing behavior between aqueous Na:50+ and NazSO4+—
SiO:z hydrogel electrolytes from 25 °C to -30 °C, adapted with permission from ref. [139], Elsevier. (c) Preparation
and long-term cycling performance of MoS2/MoO2/GO/H composite anode, adapted with permission from ref.
[141], Elsevier. (d) Synthesis schematic of Na3V2(PO4);:@C@CNT composite cathode, adapted with permission

from ref. [138], Elsevier.

3.3.1. Hydrogel Electrolytes for Sodium-Ion Batteries

To address the low-temperature limitations of sodium-ion batteries (NIBs), Cheng et al. [139]
developed a Na:SO:~SiO: hydrogel electrolyte using fumed silica, Na:SOs, and methyl alcohol
(Figure 11b). This design leverages the strong polarity of Na2:5O: and the anti-freezing properties of
methyl alcohol to suppress salt precipitation and maintain ionic conductivity at sub-zero
temperatures. The hydrogel forms stable Si-O-Si bridges and hydrogen bonds, enabling a
conductivity of 0.070 mS cm™ at —30 °C. The resulting NIB delivered reversible capacities of 78.9 mAh
g at —20 °C and 61.8 mAh g at -30 °C, demonstrating excellent low-temperature performance.
Zhong et al. [137] tackled the issue of anode dissolution by pairing an organic alloxazine (ALO) anode
with a conductive carbon material (CMK-3) and a polyacrylamide hydrogel electrolyte (Figure 11a).
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The hydrogel preserved water content and stabilized the interface, while CMK-3 enhanced
conductivity and reduced ALO dissolution. The optimized system achieved a high capacity of 160
mAh g7, an average discharge voltage of 1.03 V, and an energy density of 50 Wh kg, with 90%
capacity retention after 100 cycles at 2 C and 146 mAh g at 10 C.

3.3.2. Hydrogel Anodes for Sodium-Ion Batteries

To improve anode performance and cycling stability, Zhang et al. [141] developed a 3D
MoS:/MoQ:/graphene oxide/polyvinyl alcohol hydrogel composite using a cationic absorption
method, hydrothermal synthesis, and gelation (Figure 11c). MoS: offers high capacity and a layered
structure but suffers from poor conductivity and volume expansion. MoO: was introduced to form a
stable heterojunction, while graphene oxide provided mechanical strength and conductivity. The
resulting hydrogel composite formed a highly conductive, ultrathin carbon network with excellent
electrochemical kinetics. The anode delivered 350 mAh g after 100 cycles at 0.1 A g* and 273 mAh
g after 1000 cycles at 1 A g, demonstrating outstanding long-term cycling stability and minimal
capacity decay.

3.3.3. Hydrogel Cathodes for Sodium-Ion Batteries

To improve the performance and cycling stability of sodium-ion battery (NIB) cathodes,
researchers have explored hydrogel-based porous network designs and surface engineering
strategies. These approaches aim to address challenges such as limited ion transport, poor
conductivity, and structural degradation during cycling. Yan et al. [138] developed a hydrogel self-
templated method to fabricate a 2D porous NasV2(PO4)s@C@CNT (NVP) cathode structure (Figure
11d). The design integrates 0D carbon-coated NasV2(POs)s nanoparticles with 1D carbon nanotubes
(CNTs), forming a conductive and open network that facilitates rapid Na* diffusion and
accommodates volume changes. The carbon coating enhances electronic conductivity and
interparticle contact, while the porous architecture supports long-term structural integrity. As a
result, the NVP cathode exhibits exceptional cycling stability —retaining 94% of its capacity after 4500
cycles at 5 C—and delivers a high rate capability of 84 mAh g at 10 C. Complementing this, Cheng
et al. [136] synthesized a 3D porous NasV:(PO4)/C cathode using hydrogel and hydrothermal
methods. The resulting particles (100-200 nm) offer high surface area and conductivity. This cathode
achieved a specific capacity of 62.1 mAh g at 10 C, with 98% retention after 140 cycles at 1 C. Even
after 2000 cycles at 5 C, the capacity remained at 80.4 mAh g1, with 86% retention.

These studies demonstrate the effectiveness of hydrogel-based cathode designs in enhancing the
electrochemical performance, rate capability, and long-term durability of NIBs, paving the way for
more robust and scalable energy storage technologies.

3.4. Hydrogel Electrolytes for Zinc-Ion Battery

Hydrogel electrolytes have emerged as a promising solution to address key challenges in zinc-
ion batteries (ZIBs), which are increasingly favored for their safety, affordability, and environmental
compatibility [142,143]. Despite these advantages, ZIBs face significant limitations, including zinc
dendrite formation, side reactions, and a narrow electrochemical stability window due to water
decomposition. Dendrites, which form through uneven Zn?* deposition during cycling, can penetrate
the separator and cause internal short circuits, posing serious safety risks [144]. The probability of
such failures increases under high current densities and is exacerbated by surface defects and
polarization effects. Additionally, side reactions at the electrode—electrolyte interface consume active
materials and generate gases such as H: and O, leading to capacity loss and reduced Coulombic
efficiency [145,146]. As illustrated in Figure 12a, [144] dendrite nucleation and growth are governed
by epitaxial and spiral dislocation mechanisms, influenced by factors such as surface tension and
temperature gradients [147,148]. Hydrogel electrolytes mitigate these issues through their
interconnected porous networks that facilitate uniform ion transport [149], functional groups (-OH,
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—-COOH, -NH:) that coordinate with Zn? to suppress hydrogen evolution [30], and mechanical
robustness that restrains dendrite growth. Moreover, their self-healing properties and thermal
stability enhance long-term performance and enable operation under extreme conditions. By
stabilizing the electrode interface and extending the voltage window, hydrogels significantly
improve the safety, cycling life, and energy density of ZIBs, making them a critical component in the
advancement of next-generation aqueous battery technologies.
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Figure 12. Schematics and illustrations highlighting recent strategies to address zinc dendrite formation and
enhance electrolyte stability in zinc-based batteries. (a) Mechanistic depiction of zinc dendrite growth, redrawn
& reproduced with permission [144], Elsevier. (b) comparison of Zn deposition behavior on bare Zn and Zn-
SHn surfaces, redrawn & reproduced with permission [150], Wiley & Sons. (c) influence of stable electrolyte
formulations on dendrite suppression, reproduced with permission from ref. [151], Elsevier. (d) polymer chains
containing -SOs~ groups to regulate Zn?>* migration, reproduced with permission from ref. [152], Elsevier. (e)
design of single zinc-ion conducting hydrogel electrolytes, reproduced with permission [153], copyright© 2021
American Chemical Society.; (f) self-healing hydrogel electrolyte systems, reproduced with permission from ref.
[154], Elsevier; and (g) hydrogel networks incorporating polymeric anions for improved ion transport and
structural integrity, reproduced with permission from ref. [155], Elsevier.

). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202507.1432.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2025 d0i:10.20944/preprints202507.1432.v1

23 of 44

To overcome the electrochemical and mechanical limitations of zinc-ion batteries (ZIBs),
researchers have developed multifunctional hydrogel electrolytes with tailored properties that
enhance performance, safety, and longevity. Key design strategies include engineering compatible
electrode—electrolyte interfaces, incorporating additives such as plasticizers and metal ions, and
introducing anionic chains to regulate Zn?* transport [151,152,156-158]. These approaches have led
to the development of hydrogels with enhanced mechanical strength, thermal stability, and self-
healing capabilities, which effectively suppress dendrite growth and mitigate side reactions. For
instance, Yang et al. [150,151] designed a zincophilic polyanionic hydrogel chemically bonded to the
Zn anode via O-Zn linkages, improving interfacial adhesion and suppressing hydrogen evolution
(Figure 12b). Park et al. utilized a natural polysaccharide-based hydrogel to form a biocompatible
barrier that reduced corrosion and enabled long-term cycling (Figure 12c). Functional composites
such as PAM/phosphonated graphene oxide [156], Na-montmorillonite/PAM hybrids [157], and
dual-network PAMPS/PAM hydrogels [158] have demonstrated improved ionic conductivity and
mechanical integrity. Anion chain-directed strategies further enhnce Zn?* transport, as shown by
polyanionic hydrogels [158], polyzwitterionic systems [159], and single-ion electrolytes like P(ICZn-
Aam) [153]. Cong et al. [152] synthesized a polyanionic hydrogel via ion exchange and radical
polymerization, guiding Zn?* along confined pathways and reducing side reactions (Figure 12d).
Chan et al. [153] developed a single-ion Zn?* hydrogel electrolyte (P(ICZn-Aam)) using iota
carrageenan and acrylamide. The SOs?~ groups facilitate Zn?* migration along the polymer chain,
enhancing ion transport and interfacial stability, leading to improved Zn deposition and cycling
performance (Figure 12e). Fu et al. [154] achieved high ionic conductivity and Zn?* migration number
using a PVA—xanthan gum hydrogel (Figure 12f). Ling et al. [155] incorporated carboxymethyl
cellulose (CMC) into agarose and polyacrylamide (PAM) networks, forming a porous,
hydrophilic structure. This enhanced ionic conductivity, achieving 23.1 mS-cm™ at 25 °C (Figure
12g). Collectively, these innovations in hydrogel design offer a versatile platform for addressing
dendrite formation and side reactions, paving the way for high-performance, durable ZIBs.

3.4.1. High-Voltage Hydrogel-Based Zinc-Ion Batteries

Achieving high operating voltage in zinc-ion batteries (ZIBs) is crucial for enhancing energy
density and meeting the demands of advanced energy storage systems. However, aqueous ZIBs are
inherently limited by parasitic reactions such as hydrogen evolution (HER) and oxygen evolution
(OER), triggered by water decomposition beyond its electrochemical stability window (~1.23 V).
These side reactions reduce Coulombic efficiency, accelerate electrode degradation, and promote
dendrite formation. To address these challenges, researchers have employed strategies including
reducing free water content, introducing highly concentrated zinc salts, incorporating anion chains
for guided ion transport, and engineering stable electrode—electrolyte interfaces [160-163]. Hydrogel
electrolytes have proven effective in this context due to their ability to bind water molecules and
suppress side reactions, enabling stable high-voltage operation.

For example, Wang et al. [162] developed a water-poor polyzwitterionic hydrogel with —SOs?-
and —-C3N* groups, achieving a voltage window exceeding 2 V and ionic conductivity of 2.6 x 103 S
cm™ (Figure 13a). Xu et al. [161] developed a cellulose-based hydrogel electrolyte with a dense
structure and strong mechanical integrity (Figure 13b). This design suppresses dendrite growth and
minimizes free water content, reducing side reactions at high voltage. As a result, it enables stable,
high-power energy storage under elevated voltage and current conditions.
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Figure 13. Schematics illustrating advanced electrolyte strategies in zinc-ion batteries: (a) lean-water electrolyte
systems designed to minimize side reactions [162]; (b) bound-water electrolytes enhancing stability under low-
temperature conditions [161]; and (c) engineered interfaces promoting hydrogen bonding between the
electrolyte and electrode for improved compatibility and performance, adapted with permission from ref. [164],

Elsevier.

Interface engineering has also played a vital role, as demonstrated by Ma et al. [163] using sol-
gel modified hydrogels with Prussian Blue cathodes, and by Wu et al. [108] and Lv et al. [164]
employing freeze-thaw cycles to enhance hydrogen bonding and interfacial stability (Figure 13c).

Xu et al. [160] and Li et al. [165] fabricated cellulose-based hydrogels with bound water and
strong hydrogen bonding, achieving voltage windows up to 1.9 V and energy densities of 255.4 Wh
kg. Zhang et al. [166] and Lu et al. [167] introduced multi-crosslinked and biodegradable hydrogels,
respectively, both demonstrating stable cycling and voltage ranges up to 2.0 V. Additional
innovations include gelatin-based hydrogels [97], PV A-based systems doped with LiTFSI and ZnOTf:
[98,168] (Figure 14a—c), and PVA-gelatin hydrogels with high ZnCl: concentration [169] (Figure 14d—
e), all of which convert free water into bound water and suppress side reactions.
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Figure 14. Electrochemical performance and voltage behavior of zinc-ion batteries using gel polymer and
hydrogel-based electrolytes. (a) Cyclic voltammogram of Zn/V:0Os cells with gel polymer aqueous electrolyte; (b)
corresponding charge—discharge profiles; (c) specific energy across different voltage windows, adapted with
permission [168] copyright© 2020 American Chemical Society. (d) Comparative analysis of potential windows

for zinc-ion batteries with different electrolytes systems; (e) cycling stability of hydrogel water-in-salt electrolyte
versus 10 M ZnCl: electrolyte, adapted with permission from ref. [169], Elsevier.

3.4.2. Self-Healing Hydrogel-Based Zn-Ion Batteries

In the context of wearable and flexible electronics, zinc-ion batteries (ZIBs) are frequently
subjected to mechanical stress such as bending, twisting, and stretching, which can lead to electrolyte
leakage, structural fracture, and diminished ionic conductivity. These mechanical deformations
compromise electrochemical performance and pose safety risks, especially under repeated fatigue
that disrupts the conductive network and shortens battery lifespan. To address these challenges, self-
healing hydrogel electrolytes have been developed, leveraging dynamic and reversible interactions —
including covalent and non-covalent bonding, ionic crosslinking, hydrogen bonding, and host-guest
interactions—to autonomously restore mechanical integrity and electrochemical functionality
[170,171]. Huang et al. [172] demonstrated a PVA/Zn(TFSI): hydrogel fabricated via freeze—thaw

cycles, where -OH groups enabled hydrogen bonding and self-healing after multiple cuts (Figure
15a-b).
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Figure 15. Schematics and visual demonstrations of self-healing hydrogel electrolytes in zinc-ion batteries. (a, b)
Design and healing behavior of an integrated all-in-one self-healing ZIB system, redrawn and reproduced with
permission [172], Wiley & Sons; (c) synthesis pathway and (d) self-repairing capability of PAAm-O-B hydrogel
electrolyte, adapted with permission [173], Wiley & Sons.

Liu et al. [174] constructed a flexible ZIB using VS: nanosheets and Zn nanowires with a PVA-
based self-healing electrolyte, achieving high capacity and mechanical resilience. Li et al. [175]
introduced a COO—Fe-modified PVA hydrogel in a quasi-solid-state Zn/MnO: battery, which not
only self-healed but also suppressed dendrite growth and side reactions. Liu et al. [176] incorporated
Hbimcp into PPO chains, forming Zn?*-ligand complexes with reversible coordination bonds that
enabled dynamic repair and high ionic conductivity. Additional innovations include zinc alginate
hydrogels with carboxylate groups [177], double-crosslinked PAM hydrogels capable of enduring 50
fracture/healing cycles [173] (Figure 15c-d)., and PAM-based Zn/Mn-doped hydrogels fabricated via
photoinitiated polymerization [178]. Liu et al. [179] enhanced safety and reversibility using Zn?*-
induced supramolecular interactions in chitosan/PAM hydrogels. To further improve mechanical
strength, Shen et al. [180] embedded halloysite nanotubes (HNTs) into PAM networks, resulting in
superior dissipation and hydrogen bonding. These self-healing hydrogel systems collectively offer
robust mechanical adaptability and electrochemical stability, making them ideal for next-generation
flexible and wearable ZIB applications.

3.5. Hydrogels for Magnesium-Ion Batteries

Magnesium-ion batteries (MIBs) are gaining attention as sustainable alternatives to lithium-ion
batteries due to magnesium’s abundance, low cost, non-toxicity, high volumetric capacity (3833 mAh
cm), and dendrite-free cycling [181-183]. Magnesium is also lightweight (1.74 g cm™) and stable in
ambient conditions, making it suitable for use as a pure metal anode.

However, MIBs face several challenges that hinder their practical deployment. The primary
issue lies in the incompatibility between magnesium anodes and conventional electrolytes.
Magnesium readily forms a passivation layer in contact with common solvents (e.g., esters,
carbonates, nitriles) and contaminants (e.g., water, CO:), which blocks Mg?* transport and impairs
reversibility [184]. Additionally, MIBs suffer from limited oxidative stability, sluggish Mg?* diffusion
in cathodes due to strong electrostatic interactions, and insufficient energy density and cycle life
[184,185].
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To address these limitations, research has focused on optimizing MIB components—anodes,
cathodes, electrolytes, and interfacial materials [184-186]. Hydrogels have emerged as promising
candidates due to their tunable structure, low toxicity, and ability to support Mg? mobility. Their
porous networks and stimuli-responsive properties can enhance ionic conductivity and suppress
uneven Mg deposition, even under extreme conditions [187-189].

3.5.1. Hydrogels as Electrolyte for MIBs

Despite their potential, hydrogel applications in MIBs remain in early stages. Yang et al. [188]
pioneered the use of hydrogels as electrolytes for MIBs (Figure 16A), targeting performance
degradation at sub-zero temperatures. They introduced an unconventional deep eutectic solvent
(DES)-based hydrogel using polyacrylamide (PAAm) and MgClz. Unlike conventional DESs, which
suffer from high viscosity and low conductivity at low temperatures, the MgClz-based DES disrupts
hydrogen bonding among water molecules, lowering the freezing point and enhancing ionic
mobility. The resulting PAAmM/MgCl: hydrogel electrolyte demonstrated exceptional anti-freezing
properties (freezing point: =62 °C) and high ionic conductivity (2.77 mS cm™ at -50 °C). The assembled
quasi-solid-state MIB exhibited stable electrochemical performance across a wide temperature range
(+25 to =50 °C), with a discharge capacity of 97.9 mAh g7 at 0.1 A g and a high cycling stability of
1000 cycles. It retained 28% of its specific capacity at 3 A g, confirming its robustness under harsh
conditions.
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Figure 16. Multifunctional roles of hydrogels in magnesium-ion batteries (MIBs). (A) As electrolytes: (i)
photographs of PAAm/H20 and PAAm/MgClz hydrogel electrolytes at various temperatures (25 °C, —20 °C, -50
°C); (ii) mass change under 50% relative humidity at room temperature; (iii) ionic conductivity across a
temperature range from -50 °C to +25 °C; and (iv) specific capacity of quasi-solid-state MIBs at 25 °C. (B) As
anodes: (a) schematic of CNC-CA@Bi-NS fabrication process and (b) long-term cycling performance at 2.0 C over
5000 cycles. Adapted with permission from references [188,189], Elsevier.

3.5.2. Hydrogel-Derived Anodes for MIBs

To develop high-performance anodes for MIBs, Cheng et al. [189] proposed a strategy to mitigate
the mechanical and structural degradation typically caused by volume fluctuations during
magnesiation/demagnesiation. These fluctuations often lead to agglomeration and pulverization of
the anode material, compromising battery performance. To address this, the researchers
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encapsulated bismuth (Bi) nanoparticles within a cellulose nanocrystal (CNC) hydrogel-derived
carbon aerogel matrix. The carbon substrate acts as a mechanical buffer, accommodating volume
changes, while its 3D porous structure facilitates efficient electron and ion transport. Moreover, the
uniform dispersion of Bi nanoparticles within the carbon network prevents agglomeration and
enhances structural integrity.

For the first time, Cheng et al.[189] fabricated a Bi nanosphere/CNC hydrogel-derived carbon
aerogel hybrid anode, denoted as CNC-CA@Bi-NS (Figure 16B). The synthesis involved ion-induced
gelation and in-situ thermal reduction. Microcrystalline cellulose and bismuth nitrate pentahydrate
were used to form CNC/Bi(NO:s)s hydrogels, which were freeze-dried into aerogels and subsequently
pyrolyzed to yield the final CNC-CA@Bi-NS material. The resulting anode demonstrated a high
reversible capacity of 346 mAh g at 0.5 C after 100 cycles—approximately 90% of its theoretical
capacity. It also exhibited excellent long-term cycling stability, maintaining 73 mAh g at 2 C over
5000 cycles with nearly 100% coulombic efficiency. These outstanding electrochemical properties are
attributed to the homogeneous dispersion of Bi nanospheres, which mitigates agglomeration and
volume expansion, and the conductive aerogel matrix, which enhances electrolyte accessibility and
ion diffusion.

This design exemplifies how functional hydrogel-derived materials—such as anti-freezing
electrolytes and structurally stable anodes—can significantly advance the performance and
durability of MIBs and other next-generation energy storage systems.

3.6. Hydrogels for Aluminum-Ilon Batteries

Aluminum-ion batteries (AIBs) have emerged as a compelling alternative to lithium-ion
batteries due to aluminum’s natural abundance, low cost, and safety profile. Aluminum offers a
trivalent charge carrier (Al*), which contributes to a high theoretical gravimetric capacity of 2980
mAh g7 and an exceptional volumetric capacity of 8040 mAh cm=. AIBs typically consist of an Al-
based anode, a cathode capable of hosting Al* ions, an electrolyte, binder, and current collector.
During discharge, Al atoms at the anode oxidize to release electrons and form Al* ions, which
migrate through the electrolyte to the cathode. The reverse occurs during charging.

AlBs are generally categorized into aqueous and non-aqueous systems based on the electrolyte
solvent. Aqueous AIBs are environmentally friendly and cost-effective but face significant challenges:
hydrogen evolution occurs before effective Al* reduction, aluminum corrosion leads to passivating
oxide films, and electrolyte decomposition impedes ion transport. Consequently, research has shifted
toward non-aqueous AlIBs, which offer better electrochemical stability, higher safety (non-volatility
and non-flammability), and a broader electrochemical window.

Despite these advantages, AIBs still face fundamental limitations. The relatively high redox
potential of aluminum (-1.66 V) compared to lithium (-3.04 V) and sodium (-2.71 V) results in a lower
working voltage. Additionally, the trivalent nature of AI** leads to sluggish ion kinetics, high
overpotentials, and structural collapse of host materials during cycling [185,189,190]. Electrolyte
leakage, unstable interfaces due to mechanical deformation, and poor separator compatibility further
hinder performance. Moreover, many polymers effective in lithium-ion batteries fail in AIBs due to
their inability to transport Al or their incompatibility with Lewis acidic ionic liquids used in non-
aqueous systems.

Hydrogels have gained attention as potential electrolytes for AIBs due to their high ionic
conductivity, chemical and thermal stability, non-toxicity, and low cost [191]. Their abundant
functional groups can form strong interactions with Al*, enhancing mechanical strength and
crosslinking. However, hydrogel applications in AIBs are still in early development, and careful
materials selection is crucial to ensure compatibility with aluminum chemistry.

3.6.1. Hydrogels as Electrolytes for AIBs
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To address the need for stable and aluminum-compatible electrolytes, Wang et al. [192]
developed a thermoresponsive hydrogel electrolyte based on poly(N-isopropylacrylamide)
(PNIPAM) (Figure 17).
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Figure 17. Design and functional integration of hydrogel-based smart electrolytes in hybrid ion batteries (HIBs).
(a) Schematic of the synthesis route for PNIPAM hydrogel-based smart electrolyte; (b) configuration of a flexible
aqueous HIB comprising AIXVOPOs2H:0@carbon cloth cathode, PNIPAM hydrogel electrolyte, and
MoOs@carbon cloth anode; (c) working principle of the HIB system based on intercalation-type electrodes,
adapted with permission [192], Springer Nature.

Synthesized via free radical polymerization, PNIPAM features a balanced structure of
hydrophilic amide (-CONH) and hydrophobic isopropyl (-CH(CHs)2) groups. At ambient
temperature (24 °C), hydrogen bonding between water molecules and -CONH groups expands the
hydrogel network, creating micropores that facilitate AI** migration and enhance ionic conductivity
(1.8 S/m). As temperature rises, the hydrogel network contracts due to weakened hydrogen bonds
and strengthened hydrophobic interactions, reducing conductivity and preventing thermal runaway.
The assembled battery — AI\VOPO4+2H:0 cathode // PNIPAM hydrogel electrolyte // MoOs anode —
exhibited a high specific capacity of 125 mAh g at 0.1 A g and remarkable cycling stability over
10,000 cycles at 2 A g1, with no capacity fading.

In another study, Wang et al. [191] employed a gelatin—polyacrylamide hydrogel electrolyte to
fabricate a safe and flexible AIB (Figure 18).
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Figure 18. Electrochemical performance metrics of a rechargeable solid-state aqueous aluminum-ion battery
(AIB). (a) Structural schematic of the flexible AIB design; (b) cyclic voltammetry profiles at varying scan rates;
(c) charge-discharge curves under different current densities; (d) rate capability across multiple operating
conditions; (e) long-term cycling stability and coulombic efficiency at 1 A g*%; and (f) comparative performance
analysis of the presented AIB with other aqueous multivalent metal-ion battery systems, adapted with

permission [191], Elsevier.

The battery used MoOs and VOPO:x as intercalation electrodes. This design achieved a high rate
capability (6 A g™), discharge capacity of 88 mAh g, and long-term stability with 86.2% capacity
retention after 2800 cycles. Notably, the battery demonstrated practical Al storage capabilities by
powering electroluminescent panels of 1 m and 100 cm?, highlighting its potential for real-world
applications.

To suppress alumina passivation on the aluminum anode, Xiong et al. [193] developed a PVA-
based hydrogel electrolyte (PVA/AI(CFsSO:s)s) (Figure 19).
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Figure 19. Electrochemical and mechanical characterization of PVA/AI(CFsSOs)s hydrogel electrolyte for
aluminum-ion batteries. (A) Optical image of the hydrogel material; (B) AC impedance spectrum with inset
showing ionic conductivity; (C) stress—strain behavior indicating mechanical robustness; (D, E) rate capability
and cycling stability of the battery system; (F) long-term cycling performance of Al-ion cells using MnHCF
cathode and GO/MoO:s anode with hydrogel electrolyte [193].

PVA was selected for its excellent mechanical properties, high water absorbency, low cost, and
non-toxic thermoplastic nature. The team fabricated a stretchable fiber-shaped AIB using a Mn-
hexacyanoferrate cathode, a graphene oxide-decorated MoOs anode, and the PV A-based hydrogel.
The electrolyte exhibited high ionic conductivity (21.6 mS cm™), tensile modulus of 0.55 MPa, and
strain of 461%, enabling excellent flexibility. The battery delivered a specific capacity of 42 mAh cm™
at 0.5 A cm3, retained 91.6% capacity over 100 cycles, and achieved a specific energy of 30.6 mWh
cm™. When integrated into wearable textiles, it successfully powered an LED, demonstrating its
potential for flexible and wearable electronics [193].

4. Challenges and Future Perspectives

4.1. Current Limitations in Hydrogel Applications

Hydrogels, owing to their unique properties, have garnered significant attention for a range of
applications, including energy storage, sensors, and bioelectronics. However, there are several key
limitations that restrict their broader integration in energy-related devices.

1. Mechanical Strength and Durability: Despite their impressive flexibility, many hydrogels face
limitations in mechanical strength and durability, particularly when subjected to harsh
operating conditions such as temperature extremes, high humidity, or mechanical
deformation. This results in performance degradation, which limits their use in long-term
applications like wearable electronics or energy storage systems [258].

2. Ionic Conductivity: The ionic conductivity of hydrogels, while suitable for some applications
like supercapacitors, is often lower than that of traditional solid-state electrolytes or metal-
based conductors. The challenge lies in optimizing the hydrogel matrix to improve ion
transport without compromising other desirable properties such as biocompatibility and
environmental.
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3. Scalability and Manufacturing: The scalability of hydrogel-based devices, especially for large-
scale energy storage applications, remains a significant hurdle. Many hydrogel-based systems
are difficult to manufacture uniformly at a large scale while maintaining consistent
performance.

4. Environmental and Biodegradability Concerns: While hydrogels are often considered eco-
friendly, the degradation products of some synthetic hydrogels may raise concerns regarding
their long-term environmental impact. Research is ongoing to develop fully biodegradable
hydrogels that can break down harmlessly in natural environments.

4.2. Potential Solutions and Advancements

In addressing these limitations, several potential solutions and advancements are being
explored:

1. Composite Hydrogels: The incorporation of conductive materials such as carbon nanotubes,
graphene, and metallic nanoparticles into hydrogel matrices has shown promise in enhancing
mechanical strength and conductivity. These composite hydrogels can offer the dual benefits
of improved performance and flexibility, addressing the mechanical and conductivity issues
simultaneously.

2. 3D Printing and Smart Fabrication Techniques: Advances in 3D printing and other smart
fabrication methods are enabling the precise control of hydrogel structures, allowing for the
creation of hydrogels with tailored properties for specific energy applications. This includes
optimizing pore structures for ion transport or adjusting the polymer networks for improved
mechanical integrity.

3. Self-Healing Hydrogels: Self-healing hydrogels, which can repair damage autonomously,
offer an exciting avenue to overcome the durability challenges faced by hydrogels. By
integrating dynamic covalent bonds or reversible cross-linking strategies, hydrogels can
recover their function after being subjected to mechanical or environmental stress, which is
crucial for ensuring long-term device reliability.

4. Biodegradable and Sustainable Hydrogels: Research into biodegradable and bio-based
hydrogels, such as those derived from polysaccharides, is advancing rapidly. These hydrogels
not only mitigate environmental concerns but also possess excellent biocompatibility, which is
essential for energy devices that interact with the human body, such as wearable sensors and
bioelectronics.

4.3. Future Research Directions

The future of hydrogel applications in energy materials and devices is promising, but several
research directions need to be pursued:

1. Interdisciplinary Collaboration: There is a growing need for interdisciplinary research that
combines materials science, chemistry, and engineering to create hydrogels with optimized
properties for specific applications. Collaborations between researchers in fields such as
nanotechnology, organic electronics, and biomaterials are key to developing next-generation
hydrogels for energy storage and conversion systems.

2. High-Performance Batteries: Further research into the optimization of hydrogels for batteries,
particularly for hybrid systems that combine both, is an exciting prospect. Focus should be on
improving the energy density, stability, and cycling life of these devices through innovative
hydrogel formulations.

5. Conclusion

5.1. Summary of Key Points
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Hydrogels represent a versatile and promising class of materials for energy storage and
conversion applications. Their inherent properties—such as high water content, ionic conductivity,
and mechanical adaptability —make them suitable for integration into batteries. Despite current
challenges related to mechanical strength, scalability, and environmental impact, ongoing research
into composite hydrogels, advanced fabrication techniques, and self-healing systems is paving the
way for more robust and efficient devices. The future of hydrogel-based energy technologies lies in
interdisciplinary collaboration and innovation in material design. As these materials continue to
evolve, they are expected to play a critical role in shaping next-generation energy systems that are
both sustainable and high-performing.

5.2. Impact of Hydrogels on the Future of Energy Materials and Devices

The integration of hydrogels into energy devices has the potential to revolutionize the energy
sector. Hydrogels, particularly when optimized for high-performance applications, could lead to the
development of more sustainable, flexible, and environmentally friendly energy storage systems.
Their inherent properties, such as high-water content, ionic conductivity, and biocompatibility, make
them ideal candidates for next-generation energy devices, including wearable electronics, flexible
sensors, and efficient energy storage units.

5.3. Final Thoughts

As the field of hydrogel-based energy materials continues to evolve, the future holds great
promise. Advances in material design, fabrication techniques, and functionalization strategies are
expected to overcome current limitations, leading to new applications in a variety of fields, from
wearable devices to large-scale energy storage systems. By addressing the challenges and pushing
the boundaries of hydrogel research, these materials could play a crucial role in the development of
next-generation energy systems special rechargable batteries that are both efficient and sustainable.
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