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Abstract

Aqueous zinc-ion batteries (ZIBs) have attracted growing interest as promising candi-
dates for large-scale and flexible energy storage due to their intrinsic safety, low cost,
and environmental sustainability. However, several persistent issues—such as uncon-
trolled Zn dendrite growth, hydrogen evolution-induced anode corrosion, and cathode
dissolution—continue to hinder their commercial deployment. To address these challenges,
hydrogel polymer electrolytes (HPEs) have emerged as an effective strategy. Their unique
three-dimensional polymer networks not only retain water and confine ion transport, but
also provide a solid-liquid hybrid environment that enhances ionic conductivity and inter-
facial compatibility. These features enable HPEs to suppress side reactions and improve
both electrochemical stability and mechanical adaptability, which are especially valuable for
flexible ZIB devices. This review first summarizes fundamental energy storage mechanisms
in aqueous ZIBs, including reversible Zn?* insertion/extraction, proton co-insertion, and
cathode phase evolution. It then highlights recent progress in HPE design, with emphasis
on polyacrylamide (PAM), polyvinyl alcohol (PVA), and polyacrylic acid (PAA)-based
systems, with strategies for dendrite suppression, interfacial regulation, and mechanical
robustness. Finally, current challenges and future directions are discussed, with a forward-
looking perspective on scalable fabrication methods, advanced electrolyte design, and
deeper mechanistic understanding necessary to fully realize the potential of HPE-enabled
aqueous ZIBs.

Keywords: hydrogel polymer electrolytes; zinc-ion batteries; energy storage mechanisms;
zinc dendrite suppression; electrochemical stability; polyacrylamide; polyvinyl alcohol

1. Introduction

Amid continuous global economic growth, rapid industrialization, and population
expansion, the global demand for energy continues to rise steadily. However, the supply
of conventional fossil fuels—including coal, petroleum, and natural gas, all of which are
non-renewable—is becoming increasingly constrained. Moreover, the carbon emissions
generated by their combustion exert severe impacts on the environment [1,2]. This has cre-
ated an urgent need to develop sustainable, eco-friendly, and efficient energy alternatives.
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Among them, electrochemical energy storage technologies—particularly batteries—play a
pivotal role in enabling the transition to renewable energy, offering both practical applica-
bility and considerable market potential [3,4].

Lithium-ion batteries (LIBs) have emerged as the cornerstone of modern energy stor-
age systems, effectively regulating power output and facilitating the grid integration of
renewable energy. Nevertheless, their application in large-scale energy storage systems is
limited by escalating raw material costs and inherent safety risks [5-7]. In contrast, aqueous
zinc-ion batteries (ZIBs) have attracted significant attention due to their lower cost, intrinsic
safety, and the abundance of zinc resources (approximately 300 times more abundant than
lithium) [8]. By employing aqueous electrolytes, ZIBs exhibit markedly higher ionic con-
ductivity (10100 mS cm ') compared to the 1-10 mS cm ™! typically observed in LIBs with
organic electrolytes. In addition, ZIBs provide a high theoretical capacity (5851 mAh cm 3
or 820 mAh g~!), environmental compatibility, and a low standard redox potential for
Zn**/Zn (—0.76 V vs. standard hydrogen electrode, SHE), making them a highly promising
candidate for next-generation low-cost aqueous energy storage systems [9-11].

Despite these notable advantages, ZIBs still face several technical challenges. In
particular, systems utilizing aqueous electrolytes encounter issues such as the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) [12-14], which can cause
electrolyte depletion, electrode corrosion and overall performance degradation [15,16].
These parasitic reactions primarily arise from the presence of free or highly active water
molecules in the electrolyte. Consequently, reducing water content or suppressing water
activity has become an effective strategy to mitigate these problems [17-19].

Hydrogel polymer electrolytes (HPEs) have been identified as a critical technology
to address these challenges, as they can effectively suppress cathode/anode dissolution,
zinc dendrite growth, and interfacial corrosion in aqueous ZIBs [20,21]. HPEs form a
three-dimensional (3D) interpenetrating network structure with continuous pores through
cross-linking reactions of polymer chains, in which the water molecules are physically
confined. This confined environment maintains the moisture required for ion transport
while enhancing both mechanical flexibility and ion transport kinetics [22-24]. Unlike
traditional liquid electrolytes, HPEs leverage the synergistic effects of chemical bonding
and physical adsorption to immobilize water molecules within the polymer matrix. Such
confinement preserves the high ionic conductivity characteristic of aqueous electrolytes
while mitigating the interface instability problems inherent in liquid systems, thereby
achieving a balance between electrochemical performance and structural stability [25]. The
hydrophilic functional groups commonly present in HPEs, such as hydroxyl (-OH), carboxyl
(-COOH), and amide (-CONH,) groups, exhibit strong affinity for Zn?* ions. Serving as
active sites, these groups facilitate ion migration, improve ionic conductivity, mitigate
voltage loss caused by concentration polarization, and reduce morphological changes
during charge/discharge cycles [26,27]. More importantly, the well-defined ion-conducting
network within HPEs effectively guides the directional migration of Zn?*, promoting the
formation of highly ordered ion transport pathways and ensuring uniform ion distribution.
This, in turn, strongly suppresses the nucleation and growth of zinc dendrites.

In HPEs, water molecules can be broadly classified into free-state or bound-state forms.
The ratio between these two forms directly influences the ionic transport properties and elec-
trochemical stability of the electrolyte [28]. In conventional liquid electrolytes, most water
exists in the free state, exhibiting high mobility and electrochemical reactivity, which readily
trigger HER and lead to interfacial pH fluctuations and byproduct formation. In contrast,
the strong interactions between hydrophilic functional groups and water molecules in HPEs
enable the transformation of approximately 60-80% of free water into bound water [29,30].
This transition significantly: (1) reduces water activity and increases HER overpotential;
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(2) promotes Zn%* desolvation; (3) constructs continuous ion transport channels to enhance
ionic conductivity; and (4) suppresses side reactions, thereby improving Coulombic effi-
ciency. In addition, HPEs possess considerable mechanical strength, enabling the formation
of a compressive stress barrier at the electrode interface to block dendrite growth. Their
lightweight nature, compact volume, and inherent deformability also make them attractive
candidates for next-generation flexible and wearable electronics [31-33]. In summary, HPEs
provide a highly promising platform for high-performance, long-lifespan and safe aqueous
ZIBs. This potential arises from a combination of their “solid-liquid synergistic mecha-
nism” (which integrates the mechanical robustness of solid electrolytes with the high ionic
conductivity of liquids), the water confinement effect (which reduces water activity and
suppressed undesirable side reactions), and the presence of abundant functional groups
(which promote uniform Zn deposition and inhibit dendrite growth) [34,35].

This review provides a comprehensive summary of recent advances in HPEs, in-
cluding their material composition, structural evolution, ion transport mechanisms, and
electrochemical performance. It also discusses the fundamental energy storage mechanisms
of ZIBs and the commonly used electrode/electrolyte materials to offer a holistic under-
standing of the HPE-ZIB interface. The goal is to provide insight into the current status,
unresolved challenges, and future prospects of HPE-integrated aqueous ZIBs.

2. Overview of ZIBs

ZIBs, as an important class of electrochemical energy storage devices, typically com-
prise a cathode, an anode, and an electrolyte that bridges the two electrodes. In ZIB systems,
metallic zinc (Zn) is commonly employed as the anode, while HPEs have become the focal
point of recent research. The electrolyte plays a pivotal role in battery operation, serving
three primary functions: (1) constructing ion transport channels to enable the efficient
migration of charge carriers (e.g., Zn?*) between the cathode and anode; (2) maintaining
charge balance within the system; and (3) regulating the interfacial reaction kinetics at
the electrode surfaces. Together, these functions are essential for ensuring efficient charge
transfer and the smooth operation of energy storage and release processes.

2.1. Energy Storage Mechanisms of Aqueous ZIBs

ZIBs exhibit a wide variety of charge storage mechanisms. The main mechanisms
proposed to date include: (1) Zn?* insertion/extraction; (2) proton (H*)-Zn?* co-insertion;
(3) chemical phase transformation pathway; (4) coordination-driven conversion reactions;
(5) hybrid-ion migration; and (6) anion intercalation/deintercalation processes [36]. The
following section elaborates on the first three representative mechanisms.

Zn?* insertion/extraction. This process, analogous to that in LIBs, involves the re-
versible insertion and extraction of Zn?* within the cathode host lattice [37,38]. During
discharge, Zn?" migrates from the anode to the cathode and inserts into its lattice, accom-
panied by the reduction in the cathode material (electron acceptance). During charging,
the reverse occurs: Zn2* is extracted from the cathode, redeposited onto the anode, and
the cathode material undergoes oxidation. To maintain charge balance, the metallic Zn
anode simultaneous experiences dissolution (stripping) and deposition during cycles. Tak-
ing the aqueous Zn/5-MnO, battery as an example, although it has attracted significant
attention for its cost-effectiveness, safety, and environmental compatibility, its precise
charge storage mechanism remains under debate [39]. While Zn?* insertion/extraction is
widely accepted, recent studies suggest possible H* co-insertion or phase transformation
during cycling, complicating the understanding of capacity decay [40]. Cui et al. [41]
revealed for the first time that Zn?* irreversibly embeds into the 5-MnOj structure mainly
through an ion-exchange process prior to electrochemical cycling (Figure 1a), rather than
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through electrochemical insertion itself. This ion-exchange-mediated pre-intercalation
contributes minimally to the electrode’s capacity during cycling. Their work further
demonstrated that the charge storage process of the 5-MnO, electrode is primarily gov-
erned by electrochemical H* insertion/extraction, electrochemical dissolution of 5-MnO,,
and the electro-dissolution/electrodeposition behavior of vermiculite. This finding pro-
vides new fundamental insights into the reaction mechanisms of 5-MnO, electrodes in
aqueous batteries.

H*-Zn?* co-insertion behavior. In aqueous environments, the divalent nature and large
hydrated radius of Zn?", typically present as [Zn(H,O)s]**, impose significant constraints
on its transport within electrode materials. These constraints manifest in two primary
ways: (1) the high charge density of Zn?* induces strong Coulombic repulsion, causing
substantial lattice strain during ion insertion; and (2) the extensive hydration shell increases
the effective ionic radius, thereby elevating the activation energy for migration through
the host lattice. These factors severely impede electrode reaction kinetics and compromise
structural stability, ultimately leading to rapid capacity degradation and electrode corrosion,
particularly under high-rate charge/discharge conditions [42,43]. To mitigate these issues,
incorporating small, low-valence auxiliary ions such as H" has emerged as an effective
strategy to enhance electrochemical performance [44,45]. Protons exhibit high mobility
and readily participate in electrochemical reactions. Their lower charge density minimizes
electrostatic repulsion and facilitates rapid diffusion and distribution through the host
matrix. Crucially, the fast diffusion and uniform distribution of H* ions enable more
efficient access to active sites within the electrode structure, thereby improving energy
density, power density, and cycling stability. For instance, Sun et al. [46] first elucidated the
electrochemical mechanism of H* /Zn?* co-insertion in a Zn/MnO, aqueous battery system
(Figure 1b). Using the galvanostatic intermittent titration technique (GITT), they identified
two distinct kinetic regions (Region I and Region II) during discharge, characterized by
markedly different polarization behavior. In Region I, a polarization voltage of only 0.08 V
was observed, significantly lower than the 0.6 V in Region II. This indicated lower ohmic
and charge-transfer resistances in Region I, where H* insertion dominates. Moreover, the
diffusion coefficient of H* was found to be two orders of magnitude higher than that of
Zn?* in Region II. These results strongly support a dual-stage energy storage mechanism:
preferential H* insertion in the early stage (Region I), followed by Zn?*-dominated insertion
in the latter stage (Region II). This dual-ion transport model provides critical insights into
the complex energy storage mechanisms of aqueous ZIBs.

Chemical phase transformation Pathway. For certain cathode materials, the energy
storage mechanism is governed not by classical ion intercalation but by reversible chemical
conversion reactions. Zhang et al. [47] developed a novel SnS,@C composite via a facile
hydrothermal process and employed it as a cathode material in ZIBs (Figure 1c—e). The
incorporation of conductive carbon nanosheets significantly improved the microstructure
of SnS,, increasing the exposure of electrochemically active sites and accelerating both ion
and electron transport kinetics. As a result, the optimized SnS,@C-1.6 cathode delivered a
specific capacity of 136.2 mAh g~ ! at a current density of 5 A g1, with negligible capacity
decay over 2300 cycles, even at an ultra-high current density of 20 A g~!. Comprehensive
ex situ characterizations demonstrated that the Zn?* storage mechanism in the SnS,@C-1.6
cathode was dominated by the reversible adsorption of Zn?* on the (101) crystalline facet
of SnS,, along with a chemical phase transformation in which SnS; was converted into
ZnS and metallic Sn during discharge, with the reverse reaction occurring during charge.
This work not only provides a valuable design strategy for cathode developing in ZIBs
but also broadens the current understanding of alternative electrochemical energy storage
pathways beyond intercalation chemistry.
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Figure 1. Charge storage mechanisms of ZIBs. (a) Illustration of the reaction process of 5-MnO,
electrode in aqueous ZIBs [41]. (b) GITT profiles of the Zn/MnO,@CFP cell [46]. (c) SEM images
of SnS,@C—1.6 [47]. (d) Ex situ XRD patterns of SnS,@C—1.6 [47]. (e) Schematic diagram of the
competition-cooperation mechanism of the SnS,@C—1.6 cathode during cycling (The dashed arrow

illustrates the dynamic process of structural evolution in SnS, nanosheets across various electro-
chemical cycling stages.) [47].

2.2. Anode Materials for Aqueous ZIBs

Metallic zinc (Zn) is one of the most widely used anode materials in aqueous ZIBs and
other Zn-based energy storage systems, such as zinc-air and zinc-nickel batteries [48,49].
Compared to alkali metals like lithium, sodium, and potassium, Zn offers superior ther-
modynamic stability in aqueous environments. It is less prone to severe side reactions
and presents no risk of combustion or explosion, making it an intrinsically safer and more
stable anode choice for ZIBs. Despite these advantages, practical implementation of Zn
anodes is hindered by several critical challenges, primarily uncontrollable dendrite growth,
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which results in poor reversibility and low Coulombic efficiency, ultimately compromising
large-scale deployment [50,51].

In alkaline electrolytes, Zn anodes suffer from pronounced dissolution coupled with
the hydrogen evolution reaction (HER), leading to the formation of supersaturated zincate
ions ([Zn(OH)4]?~). When the local concentration of [Zn(OH)4]?>~ exceeds the solubility
limit, insoluble byproducts such as ZnO or Zn(OH), precipitate and accumulate on the
electrode surface, causing anode passivation [52]. These deposits not only reduce the
reversibility and utilization rate of Zn, but also accelerate capacity fading and Coulombic
efficiency degradation during long-term cycling. Moreover, the passivated surface fails to
prevent Zn dendrite growth; its inherent structural inhomogeneity can even exacerbate
dendrite formation, increasing the risk of internal short circuits.

In neutral or mildly acidic electrolytes such as Zn(CF3503); and ZnSO,4 aqueous
solutions, side reactions are somewhat mitigated, but dendrite formation remains a per-
sistent issue, especially under high current densities or with high cathode mass loading.
Furthermore, HER and corrosion reactions still occur in these environments, leading to
continuous consumption of Zn metal and electrolyte, deterioration in Coulombic efficiency,
and poor long-term cycling stability [53].

Therefore, the development of advanced electrolyte systems, particularly HPEs, has
become imperative. Bu suppressing Zn dendrite growth and mitigating interfacial side
reactions (e.g., HER and corrosion), HPEs offer a promising strategy to enhance Zn anode
stability and extend the overall cycle life of aqueous ZIBs.

2.3. Cathode Materials for Aqueous ZIBs

Cathode materials for aqueous ZIBs can be broadly classified into five primary cate-
gories: manganese oxides and their derivatives, transition metal ferricyanides (Prussian
blue analogs, PBAs), vanadium-based compounds, organic electrode materials, and lithium-
doped or composite materials.

Manganese oxides and derivatives. Manganese-based compounds have attracted ex-
tensive attention in ZIB cathode due to their relatively high redox potential (enabling higher
operating voltage plateaus), abundant raw material reserves, low cost, and well-established
synthesis techniques [54]. Recent advancements have significantly improved their specific
capacity and cycling stability, highlighting their potential for large-scale application. The
rich valence states of manganese (Mn%*, Mn3*, Mn**, Mn”*) endows its oxides with unique
electrochemical properties [55]. These materials adopt diverse crystallographic structures
(as illustrated in Figure 2a), including tunnel types («, 3, v), layered types (8), and spinel
types (A) frameworks [56-60], some of which are highly conducive to reversible Zn?* inser-
tion/extraction [57-60]. However, manganese dissolution during repeated cycling remains
a critical issue, leading to active material loss and shortened battery lifespan [61].

Vanadium-based compounds. Vanadium-based oxides such as V,0s5, VO, and V¢O13,
feature diverse vanadium—oxygen coordination geometries (e.g., tetrahedral, square pyra-
midal, trigonal bipyramidal, octahedral) and variable oxidation states (V3+, V4 yoT),
conferring versatile electrochemical behavior. These materials typically form chain-like
or layered frameworks via edge- or corner-sharing of VO polyhedra (Figure 2b), with
intercalated anions (e.g., C17, S0,4%7) to balance charges and stabilize the structure [62-64].
For instance, Dai et al. [65] designed a freestanding reduced graphene oxide (RGO)/VO,
composite film cathode, which exhibited excellent cycling stability, with a high reversible
specific capacity of 240 mAh g~! and remarkable retention after 1000 cycles at 4 A g~ 1.
The assembled cell delivered an energy density of 65 Wh kg~! at a power density of
7.8 kW kg 1. The composite film provided effective channels for electron and ion trans-
port and mitigated volume expansion induced by Zn?* insertion. Furthermore, doping
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strategies have been shown to effectively tailor the electronic structure of VO,(B), thereby
enhancing reaction kinetics.

Transition metal ferricyanides (PBAs). PBAs, as a class of open-framework transition
metal cyanides, have emerged as promising ZIB cathodes due to their unique crystal
structure and favorable electrochemical characteristics [66—68]. Their cubic lattice (Figure 2c)
comprises alternating [FeCg] and [MNg] octahedra, where Fe?* and transition metals (e.g.,
Zn2*, Cu?*, Mn?*, Fe?*) coordinate with carbon and nitrogen atoms, respectively, creating
3D channels ideal for the reversible insertion of hydrated Zn?* ions. ()Since the first report
of a zinc hexacyanoferrate (ZnHCF) cathode in 2014, PBAs have achieved high operating
voltage plateau (~1.7 V), although early versions exhibited limited specific capacities
(<100 mAh g~1) [69]. Recent research has focused on optimizing transition-metal sites,
engineering vacancy defects, and forming composite structures, significantly enhancing
specific capacity (up to 160 mAh g~!) and cycling stability (> 90% capacity retention after
2000 cycles), providing a new direction for developing high-voltage, long-life ZIBs.

Organic electrode materials. Since the 1970s, organic compounds with quinone-based
redox groups have been explored for rechargeable batteries [70]. Quinone derivatives,
such as benzoquinone, anthraquinone, and naphthoquinone, are valued for their redox
properties [71]. Their molecular skeletons, rich in multi-carbonyl functional groups (redox-
active centers) and extended m-conjugated electron systems, enable theoretical specific
capacities of up to 300 mAh g~!. Importantly, they exhibit exceptional chemical inertness
and structural robustness in aqueous electrolytes [72], showing minimal dissolution under
acidic or neutral condition. This high electrochemical stability mitigates active material
loss during cycling, thereby enhancing the long-term performance and electrode lifes-
pan. Collectively, these features make organic electrode materials highly promising for
aqueous metal-ion batteries, particularly ZIBs, where interfacial stability and electrolyte
compatibility are critical.

Lithium-doped /composite materials. Some well-established LIB cathode materials,
after appropriate modified, have been repurposed for aqueous ZIBs. Among these, spinel-
type LiMn,Oy has attracted attention due to its 3D lithium-ion diffusion channels, offering
advantages of low cost, good rate performance, and high thermal stability. However,
its relatively low specific energy density and capacity fading during prolonged cycling
remain limitations. To address these issues, strategies such as lattice doping to stabilize
the crystal structure, surface coating to inhibit interfacial side reactions, and constructing
composites to enhance electrical conductivity and structural integrity have been employed.
For example, Wu et al. [73] synthesized an octahedral LiMn,;O4 composite with oxygen
vacancies, donated as TiO,@(LMO-AQ.5), which retained 91.22% of its initial capacity after
200 cycles at 0.1 A g~ !, with a reversible capacity of 85 mAh g~!. Similarly, olivine-type
lithium iron phosphate (LiFePOy), noted for its robust crystal structure, environmental
friendliness, and cost-effectiveness, has been investigated for ZIBs. Its rigid framework
tolerates the lattice stress caused by Zn2* intercalation. Ye et al. [74] reported an aqueous ZIB
using a LiFePO, cathode, achieving high Coulombic efficiency (~100%), excellent cycling
stability (92 mAh g~! after 400 cycles at 6C rate) and strong rate capability (72 mAh g1
at 3C; 45 mAh g~! at 6C), with an average working voltage of 1.2 V. Carbon-coated
LiFePOy cathodes further enhance electrochemical stability, typically exhibiting a discharge
plateau of ~1.2 V and a reversible capacity of ~120 mAh g~!, with <10% capacity loss after
500 cycles. These results highlight the potential of lithium-based composite cathodes as
low-cost, high-safety alternatives for future zinc-based energy storage systems.
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Figure 2. Crystal structures of common cathode materials for ZIBs. (a) MnO; [56]. (b) Vanadium-
Based Compounds [64]. (¢) ZnHCF (A denotes the cavities in the crystal structure) [68].

2.4. Electrolytes for Aqueous ZIBs

Electrolytes play a critical role in determining the performance, stability, and safety
of aqueous ZIBs. Among various options, aqueous electrolytes have attracted sustained
attention owing to their inherent advantages, including environmental friendliness, low
cost, and high ionic conductivity. Historically, early ZIB systems primarily employed
strongly alkaline electrolytes, such as LiOH, NaOH, or KOH solutions, reflecting their
successful use in conventional Zn-based energy storage devices like Zn/MnO, primary
batteries, Zn/Ni secondary batteries, and Zn/Ag batteries [75]. Among them, KOH-
based electrolyte were particularly favored due to their highly alkaline environment,
which enhances Zn salt solubility and enables rapid ion transport, resulting in low ohmic
resistance and fast interfacial reaction kinetics [76]. However, alkaline systems suffer from
several inherent limitations in rechargeable ZIBs: (1) low Zn anode deposition/stripping
efficiencies (typically < 85%); (2) uncontrollable Zn dendrite growth during cycling; and
(3) persistent byproduct formation (e.g., ZnO or Zn(OH),), leading to electrode passivation,
increased interfacial impedance, capacity degradation, and Coulombic efficiency below
90%. These shortcomings have driven the transition towards neutral to mildly acidic
electrolytes, such as ZnSO, and Zn(CF3503),, which offer improved interface compatibility
and electrochemical reversibility.

In ZIBs, the interfacial stability between the Zn electrode and electrolyte is crucial to
long-term cycling performance [77]. In alkaline electrolytes, the abundance of OH™ ions
induce intense Zn corrosion and rapid formation of ZnO/Zn(OH),, greatly compromising
the anode surface and reducing battery life [78]. In contrast, mildly acidic electrolytes,
which contain trace amount of H*, can suppress interfacial side reactions while retaining
adequate ionic conductivity, thereby improving anode stability [79].

Despite these improvement, aqueous ZIBs continue to face critical challenges, such as
persistent corrosion, dendrite growth and capacity fade, particularly from the dissolution
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of cathode active materials (e.g., Mn- and V-based compounds) in mildly acidic media [80].
Electrolyte composition engineering, especially via functional additives, has emerged as an
effective approach to regulate interfacial chemistry and enhance electrochemical perfor-
mance [81,82]. For example, in Mn-based cathodes, adding a moderate concentration of
MnSQy establishes a dynamic dissolution-deposition equilibrium [83]. This equilibrium
maintains the Mn?* concentration at an optimal level, promoting the formation of a protec-
tive deposition layer (e.g., MnO, or Mn3Oy) on the cathode. The layer acts as a selective
Mn?* capture interface, effectively suppressing continuous dissolution of active material
and significantly enhancing structural integrity and cycling stability [84]. This approach
has been extended to other systems, including V-based and Co-based ZIBs, demonstrating
broad applicability [85]. Furthermore, introducing Na* ions into ZnSOj electrolytes yields
synergistic benefits. Besides stabilizing the cathode through competitive equilibrium, Na*
ions preferentially adsorb on the electrode surface during Zn plating, forming a positive
electrostatic shield that modulates local electric fields and inhibits dendritic nucleation
and growth [86]. These multi-scale synergistic effects represent a forward-looking design
paradigm for next-generation, high-performance aqueous ZIB electrolytes.

Beyond the conventional aqueous electrolytes (including alkaline, neutral, and mildly
acidic) discussed above, several advanced strategies have been developed to enhance the
performance of ZIBs, among which water-in-salt electrolytes (WISEs) and ionic liquid
(IL)-based electrolytes have attracted considerable attention. WISEs are formed by dis-
solving extremely high concentrations of salts (e.g., Zn(TFSI);, ZnCl,) in water, which
markedly reduces the number of free water molecules and reconstructs the Zn?* solvation
structure [87,88]. This effectively suppresses side reactions such as hydrogen evolution
and electrode dissolution, while also inhibiting dendrite formation. Furthermore, WISEs
significantly broaden the electrochemical stability window, enabling the integration of
high energy density with intrinsic safety. However, their ultrahigh salt concentration in-
evitably leads to substantially increased cost and elevated viscosity, leading to lower ionic
conductivity and compromised rate capacity [89]. Similarly, IL-based electrolytes offer
advantages such as non-flammability, low volatility, and a wide electrochemical window.
Nevertheless, the high synthesis cost, inherent high viscosity, limited ionic conductivity
and unsatisfactory interfacial compatibility with electrodes pose significant challenges for
their practical application [90,91]. Therefore, despite their promise for constructing safer
and higher-energy-density ZIBs, the inherent limitations of WISEs and IL-based electrolytes
hinder their widespread adoption.

In this context, HPEs have emerged as a highly promising alternative by offering a
unique balance of favorable properties. HPEs retain the high ionic conductivity and cost-
effectiveness of traditional aqueous electrolytes, while incorporating a three-dimensional
cross-linked polymer network that confines free water molecules and reduces water ac-
tivity, thereby effectively suppressing water-related side reactions such as HER and corro-
sion [92,93]. Moreover, the functional groups within the polymer matrix can regulate Zn?*
solvation/desolvation behavior through ion-polymer coordination, promoting uniform Zn
deposition. The mechanical robustness and elasticity of HPEs additionally provide physi-
cal resistance against dendrite growth and maintain structural integrity under repeated
deformation, making them particularly attractive for flexible and wearable ZIBs [19,93,94].
Collectively, these features highlight HPEs as a versatile and scalable electrolyte strat-
egy to address the intrinsic challenges of liquid electrolytes, thereby paving the way for
developing safe, durable, and high-performance aqueous ZIBs.
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3. Research Progress on HPEs in Aqueous ZIBs

HPEs, a class of solid or semi-solid electrolytes formed through physical or chemical
cross-linking, possess a 3D network architecture that combines solid-liquid hybrid charac-
teristics. HPEs feature a porous framework constructed by a polymer matrix, which serves
a dual function. On one hand, the polymer skeleton confines both free and bound water
molecules via intermolecular interactions, such as hydrogen bonding and van der Waals
forces, thereby preserving the mechanical integrity of the hydrogel even under humid or
aqueous conditions. On the other hand, the water retained within the network pores forms
a dynamic hydration layer, enabling self-regulated swelling behavior. This structure design
allows HPEs to simultaneously exhibit the high ionic conductivity of liquid electrolytes
(typically 1072 to 107! S cm~!) and the mechanical resilience of solid-state systems. Im-
portantly, the degree of swelling, and thus ionic mobility, can be tuned by adjusting the
cross-linking density, providing aqueous ZIBs with a safe and electrochemically active
electrolyte system characteristic of quasi-solid-state electrolytes [95]. Additionally, HPEs
generally possess a high Zn?* transference number, which mitigates concentration polar-
ization and improves electrochemical performance. Beyond electrochemical advantages,
HPE:s offer favorable mechanical and interfacial properties. Their flexibility, light weight,
and mechanical robustness enable excellent conformability at the electrode—electrolyte
interface. At the microscopic level, the nanoscale porosity of the 3D network provides a
well-dispersed medium for electrolyte salts, facilitating continuous ion transport through
dynamic coordination with functional groups on the polymer chains and via polymer
segmental relaxation.

Despite these multifunctional attributes, several critical challenges hinder the practical
deployment of HPEs in real-world ZIBs. Key issues include long-term operational stability
in flexible devices, interfacial compatibility with various electrode materials, and scalability
and reproducibility of fabrication processes. To date, the most widely studied HPE systems
in aqueous ZIB research are based on polyacrylamide (PAM) [96,97], polyvinyl alcohol
(PVA) [98], polyacrylic acid (PAA) [99], and biomass-based hydrogels [100]. In the following
sections, we provide a critical review of recent advancements in the first three major
categories of synthetic HPE materials.

3.1. PAM-Based Hydrogel Electrolytes

PAM, with molecular chains rich in hydrophilic amide groups (-CONH;) and side-
chain structures amenable to chemical functionalization, serves as a key polymer matrix
for hydrogel electrolytes in flexible ZIBs. Its 3D network can be formed via hydrogen
bonding and covalent cross-linking, endowing PAM hydrogels with high water absorption
and retention (water content > 90%), environmental friendliness, and excellent interfa-
cial adhesion to Zn electrodes (adhesion strength exceeding 30 kPa). The advantages of
PAM-based hydrogels in flexible ZIBs primarily lie in mechanical adaptability and inter-
facial stability. The hydrophilic -CONH, groups facilitate strong hydrogen bonding at
the electrode—electrolyte interface, effectively reducing interfacial slippage during cycling.
Meanwhile, the flexible PAM backbone provides excellent stretchability, with tensile strains
exceeding 500% in some cases [101]. Additionally, polar functional groups (e.g., C=O) on
the polymer chains can guide uniform Zn deposition along the (002) crystal plane, enabling
Zn| | Zn symmetric cells to achieve a lifespan exceeding 1800 h [102]. Beyond mechanical
robustness, PAM-based hydrogels can regulate the Zn?* solvation structure via coordi-
nating with polar functional groups, reducing the activity of free water. This suppresses
parasitic HER and corrosion while promoting uniform zinc deposition [102]. These features
collectively enhance both electrochemical performance and interface stability.



Batteries 2025, 11, 380

11 of 26

Despite these advantages, PAM hydrogels still face limitations that constrain their
practical applications. Their intrinsic mechanical strength is typically below 200 kPa,
making them prone to structural collapse under compressive stress. Additionally, their ionic
conductivity (typically 3.5-33.8 mS cm~!) can decrease significantly at low temperatures
due to restricted chain segment mobility. Furthermore, covalently cross-linked PAM
networks are difficult to dissociate, limiting environmental compatibility and self-healing
capabilities [103]. These deficiencies lead to two critical issues: a sharp decline in ion
transport efficiency under high current densities or extreme conditions, and performance
degradation caused by electrode—electrolyte contact failure after mechanical damage.

To address these challenges, recent studies have developed innovative design strate-
gies based on multiscale structural engineering and synergistic functional integration. For
example, Shen et al. designed a highly entangled HE-PAM hydrogel (Figure 3a) [104]. By
extending polymer chains to form a dense interpenetrating network, the elastic modulus
increased nearly 10-fold while simultaneously lowering the ion migration energy barrier.
For full-cell validation, the Zn | | MnO, pouch cell employing HE-PAM as the electrolyte
was systematically evaluated. The areal loading of the cathode was determined to be over
5 mg cm ™2, satisfying the practical applications requirement. Electrochemically, the cell
exhibited outstanding fast-charging capability and cycling stability, remaining operational
even at a high current density of 35 A g~!, indicative of superior rate performance. After
2000 cycles at 10 A g~ !, the capacity retention remained as high as 80.05%, demonstrating
excellent long-term cycling durability.

Inspired by plant stems, Wen's team developed a “chain-gear” topological network
(Figure 3b), in which polymer micelles acted as “gears” supporting polyanion chains
to form hierarchical porous channels [105]. This architecture simultaneously enhanced
multiple properties, achieving an ionic conductivity of 60.6 mS cm~! (measured by electro-
chemical impedance spectroscopy (EIS) at room temperature using a hydrogel electrolyte
soaked in 2 M ZnSOy + 0.2 M MnSQy solution), a Zn?* transference number of 0.88 (deter-
mined by the Bruce-Vincent method under a 10 mV DC bias in a Zn| | Zn symmetric cell at
room temperature), and a remarkable compressive strength of 11.3 MPa. Similarly, Zeng
et al. constructed a self-healing double-network hydrogel (PAM-PAAS-QCS) incorporat-
ing Schiff base linkages, achieving room-temperature self-healing, ultrahigh stretchability
(>5100%), and high ionic conductivity (33.61 mS cm™1) [106]. Biomimetic strategies em-
ployed trehalose as a network repair agent (Figure 3c) strengthened hydrogen bonds,
elevating tensile strength to 100 kPa and extending fracture elongation to 5338% [101].
In dynamic cross-linking, reversible borate ester bonds and hydrogen bonds endowed
double-network hydrogels with self-healing capabilities, enabling damaged batteries to
maintain capacities >103 mAh g~! [107]. These advances demonstrate that reducing free
water activity (water content ~ 60%) via water-lean designs, combined with interfacial
chemical stability, can synergistically improve mechanical robustness, ion transport, and
environmental adaptability. Such strategies pave the way for practical application of
flexible ZIBs.



Batteries 2025, 11, 380

12 of 26

B C-PAM
B HE-PAM

—
ch
<

™
<

®
S

&
S

Covalent bond

i -
Dissolution

"Chain-gear” Network

. F127DA polymeric micelles

P G- / ] PAMe15% T
Trehalose o | SRR TR =
/ — PAM+45% Tre s
- o « Zn?* interaction 100 | —— PAM+60% Tre —
@ ol ® " ) ’/,/‘
- s Hydrogen bonding § 2 | ~1-
> gt/ I-| /0T
v x Covalent crosslinking /
‘ e L V4 w /A ‘
© Trehalose —

Before shock After shock
T " PM-HE
I3 PEGDA-HE
%w B0.6 MBAAHE
" W
g
T
'E -
(A B
K
12
— PM-HE
10] — PEGDAHE
—— MBAAHE
£
R . . !
Multiple interactions i 6 /
" lonic bond o Hydrogen bond 2.4 /
"
24
\1\/\‘ sﬁom\ } H HNB! ‘ - //"‘

Zn-0O coordination

AM ‘f“AMPs @ Zn* O

Figure 3. Representative structural and functional enhancements of PAM-based hydrogels. (a) Inter-
nal microstructure and elastic modulus of HE-PAM hydrogel electrolyte (Red arrows represent the
migration pathway of Zn?* ions through the hydrogel network) [104]. (b) Schematic illustration of
the synthesis of the “chain-gear” hydrogel electrolyte and its mechanical property [105]. (c) Schematic
illustration of the fabrication process for thehalose-modified PAM hydrogel and its SEM image and

tensile stress—strain curves [101].

3.2. Polyvinyl Alcohol (PVA)

PVA, with a high density of hydroxyl groups along its molecular chains, readily
forms a 3D network structure via hydrogen bonding. This structural feature endows
PVA-based hydrogels with excellent water retention capacity (typically > 80 wt%) and
notable mechanical strength, with modulus values reaching the megapascal level. The
interplay between the crystalline and amorphous regions provides a favorable balance
between flexibility and structural integrity, while ensuring long-term dimensional stability
in aqueous environments. These combined properties make PVA an attractive matrix for
hydrogel electrolytes in flexible aqueous ZIBs [103]. However, conventional PVA hydrogels
still suffer from several inherent limitations, including relatively low ionic conductivity
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(usually < 20 mS cm 1), poor recyclability, and susceptibility to freezing under sub-zero
conditions, all of which hinder their practical applications.

To overcome these challenges, researchers have explored strategies focusing on cross-
linking optimization, structural engineering design, and functional composite incorpora-
tion. For instance, dynamic borate cross-linking was employed by Cao et al. to develop
the P3B2Zx hydrogel (Figure 4a) [108]. Borate ester bond recombination and dehydration-
induced chain entanglement formed continuous ion channels, enabling Zn | | Zn batteries
to operate stably for over 1500 h at —20 °C while offering excellent recyclability. Simi-
larly, Chen’s group introduced a synergistic borax/glycerol cross-linking system, reducing
the freezing point to —60 °C and maintaining ionic conductivity of 10.1 mS cm~! at
—35 °C [109]. A flexible quasi-solid-state ZIB was fabricated by coupling this electrolyte
with an rGO/MnOj cathode (active mass loading ~4 mg cm~2) and a zinc foil anode. The
device delivered a high energy density of 46.8 mW h cm—3 (1330 uW h cm~2) and a power
density of 96 mW cm~2 (2.7 mW cm~2) at 25 °C. Remarkably, even under an extreme
low temperature of -35 °C, the battery retained an energy density of 25.8 mW h cm 3
(approximately 55% of the room-temperature value) and exhibited outstanding cycling
stability, maintaining about 90% capacity retention after 2000 cycles.

Beyond chemical modifications, structural engineering has proven effective for perfor-
mance enhancement. Wang et al. constructed a gradient-networked hydrogel electrolyte
(PCG20-PC5) inspired by the layered structure of articular cartilage. The cathode-facing
layer was composed of low-network-density PVA /cellulose nanofiber (PVA /CNE, PC)
hydrogel, featuring large pores (15-40 pm) and high water content, which significantly
promoted ion transport. Conversely, the anode-facing layer was a high-network-density
PVA /CNF/graphene oxide (PCG) hydrogel with smaller pores (3—6 um) and abundant
carboxyl and hydroxyl groups, which facilitated Zn?* desolvation, reduced water activity,
and homogenized ion flux (Figure 4b). The introduction of graphene oxide (GO) further
augments the dielectric properties and electronegativity of the electrolyte, resulting in an
increased Zn?* transference number (0.45) and high ionic conductivity (16.18 mS cm™1!).
This gradient structure not only optimizes interfacial chemistry but also synergistically
enhances the uniformity of zinc deposition and reaction kinetics. As a result, the Zn| | Zn
symmetric cell based on this electrolyte exhibits exceptional cycling stability for over 2200 h
at 1 mA cm~2. The corresponding Zn-MnOj full cell demonstrates superior rate capa-
bility over 0.15-3 A g~! and an ultralow capacity decay rate of 0.013% per cycle after
800 cycles, indicating outstanding cycling stability and interfacial compatibility [110]. Wu
et al. designed a hierarchical porous structure within a pullulan-reinforced double-network
hydrogel (PPZ), using interchain hydrogen bonding to stabilize the network. This system
supported symmetric cells cycling for 400 h without performance degradation at a depth of
discharge (DOD) of 17.08% [111]. Du et al. introduced PVA-borax hydrogel as an interfacial
layer at zinc anode, homogenizing the local electric field but also reducing the corrosion
current density to 0.029 mA cm 2, thereby improving surface uniformity and interfacial
stability [112].

Incorporating functional composites into the PVA matrix has also shown promise. Zhu
et al. [113] incorporated conductive polyaniline (PANI) and nano-5iO, into PVA hydrogels.
The amine groups of PANI homogenized charge distribution, while the hydroxyl groups of
SiO, formed hydrogen bonds with PVA chains. This design yielded a Zn?* transference
number of 0.56 and an electrochemical window of 2.56 V, effectively suppressing zinc
dendrites and enabling stable Zn | | Zn cycling for over 1200 h with minimal polarization
(0.182 V). Similarly, Long et al. combined a Prussian blue analog cathode with a PVA/PAM
gel electrolyte, exploiting Co/Fe dual redox reactions to expand the working voltage
window to 1.85 V, with capacity retention exceeding 83% after 3000 mechanical bending
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cycles [107]. Yu et al. developed a polyanion-functionalized hydrogel (PMZA) based
on 2-2-acrylamide-2-methylpropanesulfonic acid and PVA [114]. This PMZA electrolyte
demonstrated an exceptional ionic conductivity of 71.17 mS cm ™!, as measured by EIS using
a stainless steel (SS) | electrolyte | SS cell. Moreover, the electrolyte achieved an ultra-high
7n2* transference number of 0.912, calculated via the Bruce-Vincent under potentiostatic
polarization with a 10 mV DC bias applied to a Zn | | Zn symmetric cell. Both properties
were characterized at room temperature with 2M ZnSOy as the supporting electrolyte.
This efficient ion transport enabled Zn-NVO full cells to operate without capacity decay
after 7000 cycles at 5 A g~! (Figure 4c). Furthermore, the NVO cathode possessed an area
loading of 4.5 mg cm~2, underscoring the high reliability and practical applicability of the
PMZA electrolyte.

Despite the significant progress in dendrite suppression, wide-temperature adaptabil-
ity, and interfacial stability, the ionic conductivity of modified PVA hydrogels generally
remains lower than that of liquid electrolytes. Future efforts should explore synergistic
mechanisms that balance mechanical robustness with efficient ion transport. Additionally,
sustainable and efficient green recycling processes, such as the “one-pot recycling method”
proposed by Cao et al., [108] will be essential to advancing the commercial viability of
flexible and eco-friendly zinc-ion energy storage devices.
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Figure 4. Representative structural and functional enhancements to PVA-based hydrogels. (a) Schematic
illustration of the synthesis of P3B2Zx hydrogels and the Zn plating/stripping performance of a sym-
metric cell with the P3B2Z2 electrolyte at 2 mA em~2 at —20 °C [108]. (b) Schematic illustration of
the cartilage-inspired gradient-networked hydrogel electrolyte designed to stabilize the Zn anode, a
photograph and SEM image of the as-prepared PCG20-PC5 hydrogel, and the long-term cycling per-
formance of coin-type Zn-ion batteries employing various hydrogel electrolytes [110]. (c) Schematic of
PMZA synthesis, hydrogel electrolyte mechanism, and Zn | PMZA |NVO full-cell cycling performance
at5 A g l[114].
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3.3. Polyacrylic Acid (PAA)

PAA-based hydrogel electrolytes possess unique hydrophilicity and ion-regulation
capabilities, primarily due to the regular arrangement of high-density carboxyl groups
(-COOHR) along their backbone. Upon ionization, these carboxyl groups form high-density
negatively charged sites (-COO™), contributing to construction of an extended hydration
layer within the electrolyte. This structural feature enhances compatibility between the
polymer network and the aqueous electrolyte. Within the 3D ion transport channels
formed by PAA-based HPEs, the carboxyl groups can coordinate with Zn?* ions via
electrostatic interactions, effectively anchoring the charge carriers. Simultaneously, the
dynamic relaxation behavior of polymer chain segments synergistically promotes ion
migration, establishing an “anchoring-diffusion” dual transport mechanism. This enhances
the Zn?* transference number and effectively suppresses dendrite growth.

To address the inherent limitations of conventional PAA hydrogels, such as low me-
chanical strength (typically < 0.1 MPa) and susceptibility to freezing at low temperatures,
researchers have developed multi-scale collaborative modification strategies, including
chemical cross-linking reinforcement, nanocomposite enhancement, and topological struc-
ture design. For example, Chen et al. synthesized a self-healing PAA-based hydrogel by
copolymerizing (3-acrylamidopropyl)trimethylammonium chloride (ATAC) in ethylene
glycol (EG) [115]. The resulting dynamic hydrogen-bond network between the polycationic
PATAC and the PAA /EG matrix endowed the hydrogel with intrinsic self-healing capability.
When applied in zinc-air battery, the system maintained stable cycling performance even at
50 °C. Lin et al. developed a reinforced network by introducing dynamic metal-ligand coor-
dination between Fe3* ions and the carboxyl groups of a PAA/cellulose nanofibers (CNF)
composite (Figure 5a) [116]. This design increased tensile strength to 44.8 kPa, provided
room-temperature self-healing, and imparted strong adhesion. The modified hydrogel
effectively suppressed dendrite growth, enabling Zn | | Zn symmetric cells to achieve ultra-
long cycling stability exceeding 4600 h at —20 °C. Song et al. introduced 20 wt% Al,O3
nanofillers into PAA matrix. The interfacial interaction between the nanofillers and the
polymer network significantly enhanced mechanical strength, increasing the tensile mod-
ulus to 104.5 kPa, which is more than that of pristine PAA hydrogel [117]. Meanwhile,
the electrolyte maintained a high ionic conductivity of 186 mS cm~!, as determined by
EIS at room temperature. For conductivity testing, the hydrogel electrolyte was soaked
in 6 M KOH + 0.2 M Zn(AC), solution for 48 h, after which the electrolyte-saturated HPE
was sandwiched between two symmetrical SS blocking electrodes) (Figure 5b). Further-
more, Xu et al. designed a double polyrotaxane (DPR) sliding-ring topological struc-
ture (Figure 5¢) [118]. Stress dissipation occurs through the dynamic dissociation of re-
versible bonds, enabling the hydrogel to retain over 90% of its initial mechanical stress after
1000 cycles. The structure also endowed the material with room-temperature self-healing
capability (63.3% efficiency after 48 h), significantly enhancing fatigue resistance.

These advancements demonstrate that rationally designed PAA-based HPEs achieve
exceptional mechanical flexibility, robust interfacial compatibility, and enhanced electro-
chemical stability. Their synergistic capabilities in dendrite suppression, broad operating
temperature window, and deformation-tolerant resilience position them as promising
platforms for next-generation flexible and wearable aqueous ZIBs.
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Figure 5. Representative structural and functional enhancements to PAA-based hydrogel electrolytes.
(a) Tensile property of the Fe3*-PAA/CNF hydrogel after self-healing and voltage profiles of Zn| | Zn
symmetrical cells at various cycling protocols (0.5 mA cm~2/0.25 mAh cm~2) at —30 °C. [116]
(b) Schematic illustration of the fabrication process for the PAA-Al,O3 HPE and its application in
the flexible zinc-air batteries [117]. (c) Fabrication scheme of a DPR/PAA hydrogel and its stress
retention performance over 1000 continuous cyclic stretching at a fixed strain of 30% [118].

3.4. Low-Temperature Performance of HPEs

At low temperatures (—20 to —35 °C), HPEs can maintain high ionic conductivity
and stable cycling performance through optimized compositional and structural design.
For instance, Wei et al. developed a bond-tuned hydrogel that sustained stable cycling for
over 3000 h at —20 °C with a Coulombic efficiency of 99.5%, while preserving high ionic
conductivity and voltage stability in flexible pouch cells under bending conditions [119].
Ji et al. achieved 3000 h cycling of Zn | | Zn symmetric cells and 600-cycle stability of full
cells at —20 °C by regulating gelation behavior via compositional fluctuation, effectively
balancing water activity suppression with favorable ion transport kinetics [120]. Gao et al.
designed a dual-salt (ZnCl, /LiCl) synergistic hydrogel electrolyte that exhibited an ionic
conductivity of 7.18 mS cm ! even at —70 °C [121]. Correspondingly, the Zn| | PANI
battery cycled 12,000 times at —70 °C and 0.5 A g~! with nearly 100% capacity retention,
demonstrating enhanced anti-freezing capability due to the polymer—salt eutectic effect.
Additionally, Liu et al. developed a low-water-content (20%) gel electrolyte that retained a
conductivity of 0.36 mS cm ™! at —70 °C, with symmetric cell showing stably cycling for
700 h at —40 °C, which was attributed to fast ion channels formed via proton-triggered
weakly solvating polymerization [122]. These results collectively indicate that HPEs,
through strategies such as high salt concentration, incorporation of zwitterionic groups,
reduced water content, and multi-component synergistic design, can achieve both high
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ionic conductivity and long-term cycling stability at subzero temperatures, providing a
robust foundation for energy storage applications across wide temperature ranges.
Although PAM-, PVA-, and PAA-based HPEs have each achieved notable progress,
they exhibit distinct structural and electrochemical characteristics that define their perfor-
mance in aqueous ZIBs. PAM hydrogels offer superior stretchability and controlled Zn
deposition, facilitated by abundant amide functional groups, but are susceptible to reduced
ionic conductivity at low temperatures. PVA hydrogels provide notable anti-freezing ca-
pability and intrinsic self-healing due to robust hydroxyl-mediated hydrogen-bonding
networks, yet ionic conductivity often remains below that of liquid electrolytes. PAA-based
electrolytes feature dynamic Zn* coordination and high ionic conductivity through tailored
carboxyl-group interactions, though mechanical strength can be limited in conventional de-
signs. To provide a comparative overview, Table 1 consolidates representative mechanical
properties, electrochemical performance metrics, and full-cell configurations reported in
recent studies. This summary highlights the trade-offs among flexibility, conductivity, and
interfacial stability, offering guidance for future design of multifunctional HPEs.

Table 1. Representative hydrogel polymer electrolytes for aqueous ZIBs reported in the literature.

Full Cell Performance

Tensile Fracture Ionic Zn? Zn| | Zn Symmetric Cell (Cathode | | Anode, Cycles,
Electrolyte Strength Strain Conductivity Transference (Cycle Time, Current T oy s yees, Refs.
o 1 . . est Condition, Capacity
(MPa) (%) (mS cm—1) Number Density/Capacity) .
Retention)
-2
PM-HE 0.23 790 60.6 0.88 >1500h, 1 mA em™/ 7|\ 00, 1000,5C,91.6%  [105]
1 mAh cm
>2400 h, 1 mA cm~2/ Zn| IMnO,, 3000, 10 A g1,
PAM/trehalose 0.1 5338 - - 1 mAh cm-2 2.7 [101]
PAM—PAAS 1400 h, 0.5 mA cm~2/ Zn| IPANI, 1500, 1 A g1,
~0Cs 0.077 5100 33.61 0.72 05 mAR em2 8249 [106]
500 h, 1 mA cm~2/ Zn| | Coz[Fe(CN)s], 300,
PAM/PVA 0.08 1490 6.7 - 1 AR cm-2 1Ag,79.5% [107]
>1500 h, 2 mA cm~2/ Zn| IKVOH, 1500,5 A g7,
P3B272 1.1 1455.6 19.4 0.53 > mAh em-2 77 59 [108]
PVA /borax/ ) >1400 h, 2 mA cm 2/ Zn| 1rGO/MnO,, 2000,
glycerol 0.1 490 2.6 2 mAh cm 2 1A g1, ~90% [109]
>2200 h, 1 mA cm~2/ Zn! | MnO,, 800,1A g™ ",
PCG20-PC5 0.43 320 16.18 0.45 L mAh cm-2 S0 6% [110]
1800 h, 0.5 mA cm~2/ Zn| | PANI@TOC, 100,
PPZ - - 30.1 0.84 05 mAR em_2 2mA cm-2, — [112]
1800 h, 0.5 mA cm~2/ Zn| INVO, 7000,5 A g, )
PMZA - - 71.17 0.912 05 mAh cm-2 100% [114]
ATAC/EG/ Zn| 1CC/Pt/C/Ru02, 127 h,
PAA/Zn(OTF), 08 570 75 - - 0.1 mA cm 2, — [115]
4600 h, 0.5 mA cm~2/ 1
PAA/CNF 0.04 ~220 32 - 0.25 mAh cm~2, ZnlIFeHCE 3000 h, 4 Ag™, 14
o 84.1%
at —20°C
Zn | 1Co304/C/Ni, 384 h,
PAA/ AL O3 0.1 ~800 186 - - TmA em-2, - [117]
>1700 h, 5 mA cm 2/ Zn!| IMnO,, 1000 h,3 A g~1,
DPR/PAA 0.38 1450 23.24 - 5 mAh em-2 3% [118]
4. Outlook

HPEs, characterized by their hybrid solid-liquid synergistic behavior, tunable func-
tional groups, and excellent interfacial adaptability, represent a highly promising approach
to addressing key challenges in aqueous ZIBs. By confining water molecules and enabling
directional ion transport through tailored polymer networks, HPEs not only suppress side
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reactions such as dendrite formation and hydrogen evolution but also enhance interfa-
cial stability and mechanical resilience. Although certain progress has been made, the
technological maturity of HPEs remains insufficient for large-scale commercial applica-
tions. Bridging this gap requires concerted efforts to optimize material design, interface
engineering, and fabrication strategies, as outlined in the following key directions for
future research.

4.1. Rational Design of High-Performance Multifunctional HPEs

HPEs, which combine the structural stability of solid-state electrolytes with the favor-
able interfacial contact of liquid electrolytes, show significant potential for enhancing the
cycle life of aqueous ZIBs. Nevertheless, their long-term electrochemical stability is still
hindered by several intrinsic challenges. (i) Water retention and structural stability. Water
evaporation—especially at elevated temperatures—causes HPE dehydration, leading to
a sharp drop in ionic conductivity, loss of elasticity, and increased interfacial resistance.
To alleviate this issue, humectants such as glycerol and ionic liquids, or water-retentive
double-network architectures rich in hydrophilic or hydrogen-bonding groups, have been
introduced to maintain hydration and structural integrity [101,110]. (ii) Dendrite suppres-
sion and mechanical reinforcement. Although HPEs exhibit good mechanical strength,
insufficient modulus or uneven ion flux can still allow Zn dendrites to penetrate the elec-
trolyte, resulting in short circuits. Strategies to address this include enhancing the modulus
via nanocomposite or structural design [110,117], introducing zincophilic interfacial layers
on the Zn anode [123], and incorporating functional groups (e.g., -SO3 ~) to regulate Zn>*
flux and deposition morphology [124]. Furthermore, in situ polymerization to construct an
integrated Zn/HPE interface effectively eliminates interfacial gaps and promotes uniform
Zn plating /stripping [125]. (iii) Suppression of parasitic reactions and polymer degrada-
tion. The presence of free water molecules can trigger parasitic hydrogen evolution and
corrosion, consuming active materials and increasing impedance. Introducing strongly
polar additives (e.g., glycerol, formamide, proline) can weaken the hydrogen-bond net-
work among water molecules, converting free water into electrochemically inactive bound
water [126,127]. Additionally, oxidation-resistant polymer backbones are required to miti-
gate electrochemical and radical-induced degradation under high-voltage operation [128].
(iv) Interfacial adaptability and mechanical compliance. Substantial electrode volume
changes during cycling—such as Zn dissolution/deposition and cathode phase transi-
tions (e.g., in vanadium- or manganese-based oxides)—can lead to interfacial mismatch.
Developing HPEs with strong adhesiveness and self-healing capability is thus critical to
maintaining interfacial integrity and long-term performance [107,115]. Future research
should focus on synergistically combining these strategies to develop multifunctional HPE
systems that simultaneously offer high water retention, mechanical robustness, adaptive
interfacial contact, and electrochemical stability.

Future research should focus on synergistic material design to realize multifunctional
HPEs with high water retention, mechanical robustness, interfacial adaptability, and electro-
chemical stability. Next-generation HPEs are expected to emerge from the rational design
of novel polymer monomers, advanced crosslinking strategies, and composite architectures
incorporating nanomaterials such as MOFs, COFs, MXenes, and biomacromolecules. Ideal
HPEs should deliver ultrahigh ionic conductivity (even under low temperatures or high
current densities), high mechanical strength (up to the MPa level), wide electrochemical
stability windows, low Zn?* deposition overpotentials, and self-healing, adhesive inter-
faces. In addition, elucidating structure—property relationships—including the effects of
functional group type/density (e.g., sulfonic or phosphoric acid groups, heteroatoms)
and network topology (e.g., gradient, biomimetic, or heterogeneous architectures)—will
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be essential for guiding rational HPE design. Finally, the development of intelligent,
stimuli-responsive HPEs (e.g., pH-, stress-, or temperature-responsive systems) could en-
able adaptive self-regulation and protection under complex operation conditions such as
mechanical deformation, thermal fluctuations, or local overpotential.

4.2. In-Depth Understanding of Ion Transport and Interfacial Mechanisms

Comprehensive elucidation of ion transport, interfacial dynamics, and dendrite sup-
pression mechanisms is essential for the rational design of HPEs. In situ and operando
characterization techniques play a pivotal role in uncovering these fundamental processes.
For instance, synchrotron radiation X-ray diffraction enables real-time tracking of phase
evolution in cathode materials (e.g., V205 or MnO;) during Zn?* insertion/extraction,
thereby revealing structural reversibility and phase transition mechanisms [129]; X-ray
absorption spectroscopy further probes valence state changes and local coordination en-
vironments, elucidating the electronic structure evolution and oxidation-state regulation
during cycling [129]. In situ Fourier transform infrared spectroscopy and Raman spec-
troscopy provide molecular-level insights into interfacial chemical species (such as wa-
ter molecules and sulfate ions) and solvation structures, clarifying Zn?* coordination,
solvation—desolvation behavior, and interfacial reaction kinetics [130,131]. Moreover, in
situ optical microscopy directly visualizes zinc deposition and dendrite growth processes,
supplying real-time evidence for deposition uniformity and dendrite inhibition [132].
Electrochemical quartz crystal microbalance quantitatively measures mass changes at the
interface, enabling evaluation of Zn deposition/dissolution reversibility and Coulombic
efficiency [133]. High-resolution in situ scanning/transmission electron microscopy reveals
microstructural evolution and zinc morphology at the nanoscale, supporting mechanistic
understanding of dendrite initiation and growth [132]. Collectively, these advanced tech-
niques provide multi-scale insights into zinc deposition behavior, SEI formation, solvation
structure modulation, and parasitic reaction suppression—laying a strong foundation for
performance optimization and durability enhancement of aqueous Zn-ion batteries. Be-
yond experimental characterization, coupling these methods with molecular dynamics
(MD) simulations and first-principles calculations is critical for exploring the dynamic
behavior of confined water molecules and solvated ions within polymer networks. Such
approaches can elucidate ion transport pathways, diffusion coefficients, and desolvation
activation barriers for Zn?* and counterions (e.g., S042~, C17). Moreover, atomistic-level
understanding of interfacial processes—such as Zn?* nucleation, deposition/dissolution,
interfacial charge transfer, and H* participation—will clarify the origins of parasitic reac-
tions (e.g., hydrogen evolution, corrosion, gas formation) and guide the design of more
stable interfaces. Ultimately, integrating in situ characterization with multi-scale theoretical
modeling will enable quantitative correlation between structure, transport, and electro-
chemical performance. Such predictive frameworks are indispensable for accelerating
the rational optimization of next-generation HPEs with superior ion transport, interfacial
stability, and dendrite-free operation.

4.3. Interface Engineering and Stability Enhancement

To mitigate interfacial degradation caused by byproducts accumulation during long-
term cycling, increased contact resistance, and HPE swelling/drying, novel interfacial mod-
ification layers should be developed. These layers can be formed in situ via electrochemical
polymerization, self-assembly, or photo/thermal-initiated curing. Integrated electrode—
electrolyte structures fabricated through pre-gelation, 3D printing or other monolithic
methods may offer improved mechanical and electrochemical compatibility. Concurrently,
degradation mechanisms under extreme conditions (e.g., high temperature, humidity, or
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deep cycling) should be systematically, and countermeasures developed to extend the
operational lifespan and environmental adaptability of HPE-based ZIBs.

4.4. Scalable Fabrication and Sustainability

Transitioning HPEs for ZIBs from laboratory-scale research to practical deployment
requires scalable, cost-effective, and environmentally friendly manufacturing techniques.
Although continuous fabrication techniques such as roll-to-roll coating and 3D printing
show promise, significant bottlenecks persist. Achieving uniform thickness in large-area
HPE films remains challenging, as minor variations can induce heterogeneous ion flux and
accelerate localized dendrite growth. While roll-to-roll coating theoretically supports line

speeds up to 5 m min~!

, maintaining high-precision thickness control often necessitates
nano-patterned molds or in situ monitoring systems, increasing equipment costs by more
than 30% [92]. Furthermore, the typical crosslinking time (>30 min per batch) must be
shortened to <5 min to achieve industrially viable throughput, while material utilization
efficiency for low-viscosity precursors—often below 60%—must also be improved to reduce
production waste [134]. From a sustainability perspective, establishing closed-loop recy-
cling systems is essential to enhance the life-cycle performance of ZIBs employing HPEs.
However, several technical and economic obstacles remain. De-crosslinking strategies
such as enzymatic catalysis can achieve high depolymerization efficiencies (>90%) but
suffer from long processing times (4872 h) and high enzyme costs, which can account
for up to 30% of the recycled material’s value. Efficient component recovery is another
major challenge—purifying high-purity Zn salts (>70%) from spent HPEs typically requires
energy-intensive separation steps [135]. Additionally, regenerated HPEs generally exhibit a
15-30% reduction in ionic conductivity and a 20% decrease in mechanical strength after
the first recycling cycle [134]. Although life-cycle assessments suggest that recycling can
reduce overall carbon emissions by up to 50% compared with virgin material use, the
recycling process itself contributes approximately 35% of the total carbon footprint of the
regenerated electrolyte. Therefore, future efforts should prioritize process intensification
and energy-efficient recycling protocols to simultaneously reduce manufacturing costs,
improve material utilization, and minimize environmental impact. Integrating scalable
fabrication, rapid crosslinking chemistry, high-yield material recovery, and circular recy-
cling frameworks will be critical to realizing sustainable, large-scale implementation of
HPE-based aqueous ZIBs.

4.5. Advanced Battery Configurations and Expanded Application

Integration high-performance HPEs with high-capacity cathode materials (e.g., high-
voltage Mn-based compounds, organic electrodes) and optimized anode architectures (e.g.,
3D structured Zn) will enable ZIBs with high energy and power densities and long cycle
life. The intrinsic flexibility of HPEs supports the development of next-generation batteries
that are flexible, stretchable, wearable, and even self-healing, expanding their potential
applications to wearable electronics, implantable medical devices, and smart textiles.

5. Conclusions

HPEs represent a promising approach to overcoming the intrinsic challenges of aque-
ous ZIBs. By combining solid-liquid hybrid characteristics, tunable functional groups,
and robust interfacial adaptability, HPEs effectively suppress Zn dendrite formation, mini-
mize hydrogen evolution and corrosion, and enhance ionic conductivity and mechanical
resilience. PAM-, PVA-, and PAA-based HPEs each demonstrate unique advantages, such
as stretchability, anti-freezing capability, self-healing, and dynamic Zn?* coordination.
Low-temperature strategies further expand HPE applicability, ensuring stable cycling and
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high conductivity down to 70 °C. Despite these advances, challenges remain in long-term
electrochemical stability, scalable fabrication, and sustainable recycling. Overall, HPEs
provide a versatile platform for safe, durable, and high-performance aqueous ZIBs, laying
the foundation for future flexible and wearable energy storage technologies.
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