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ABSTRACT
Aqueous Zn‑ion batteries (ZIBs) are attractive for their safety and cost‑effectiveness, but Zn anode instability and side reactions
hinder their practical development. In this context, constructing polyacrylamide (PAM)‑based hydrogel electrolytes has emerged
as a compelling strategy to address these issues. Nonetheless, pristine PAM hydrogels are often constrained by limited ionic
conductivity, inadequatemechanical strength, and suboptimal interfacial stability,motivating the exploration of diverse functional
modification strategies. Herein, this review presents the first systematic overview of recent advances in the functionalmodification
of PAM‑based hydrogel electrolytes for ZIBs. We systematically elucidate the scientific mechanisms underlying key design
approaches, including hydrogen‑bond network modulation, multifunctional network construction, functional additive/filler
incorporation, and functional group modification. These mechanisms are driven centrally by hydrogen bond competition,
electrostatic repulsion, and coordination effects. The impact of these strategies on critical battery performancemetrics, such as ion
transport behavior, mechanical flexibility, and wide‑temperature adaptability, is then comprehensively assessed. Subsequently, we
offer a forward‑looking perspective on remaining challenges and future directions. Collectively, this review consolidates advances
in PAM‑based hydrogel electrolytes, establishing a solid theoretical foundation and providing innovative insights for the rational
design and fabrication of next‑generation flexible ZIBs that synergistically integrate high performance, enhanced safety, and
prolonged cycle life.
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Introduction

he relentless rise in global energy consumption, coupled with
he escalating environmental concerns associated with fossil
uel depletion, has propelled sustainable and efficient energy
torage technologies to the leading edge of scientific research
1–4]. Although clean energy sources like wind and solar hold
reat promise, their inherent intermittency calls for reliable
nergy storage systems to ensure grid stability [5–8]. Among
ll rights reserved, including rights for text and data mining and training of artificial inte
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diverse energy storage methods, Li-ion batteries (LIBs) have been
extensively studied, yet their widespread adoption faces barriers
from limited resources, safety issues, and ecological concerns
[9–11]. Conventional organic electrolytes used in LIBs typically
undergo exothermic decomposition and thermal runaway at
temperatures as low as 120◦C–150◦C [12]. By contrast, aqueous
electrolytes are inherently nonflammable and can operate safely
at temperatures well above 200◦Cwithout any risk of combustion
[13]. This intrinsic safety advantage originates from their water
lligence technologies or similar technologies.
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based composition, which completely eliminates the fire and
xplosion hazards associated with volatile organic solvents [14].
n this respect, aqueous Zn-ion batteries (ZIBs) have garnered
onsiderable interest owing to the plentiful availability of Zn,
ntrinsic safety, and the environmentally benign nature of aque-
us electrolytes, positioning them as promising candidates for
mart grid systems and flexible electronic devices [15–18]. The
rustal abundance of Zn, at approximately 70 ppm, exceeds that
f Li (approximately 20 ppm) by more than threefold, rendering
n a more sustainable and economically viable candidate for
rid-scale energy storage applications [19]. Nevertheless, the
pplication of ZIBs remains hindered by enduring technical
bstacles, namely Zn dendrite formation [20, 21], parasitic side
eactions [22, 23], and electrolyte leakage [24, 25]. These issues
ollectively compromise long-term cycling stability and impede
eal-world applicability [26, 27]. This challenge becomes particu-
arly critical in flexible device configurations, where conventional
eparators such as glass fiber (GF) membranes show insuf-
icient mechanical robustness and weak interfacial adhesion
28–30]. Under dynamic mechanical stresses, including repeated
ending, folding, or stretching, these separators progressively
ndergo microscopic displacement and structural deteriora-
ion [31, 32]. GF membranes consist of rigid, non‑entangled
ibers that cannot accommodate dynamic strain [33]. Thus,
ven minor bending or shear induces relative sliding between
he separator and electrodes. This microscopic displacement
isrupts uniform interfacial contact, creating localized regions
ith reduced inter‑electrode distance. These regions experience
harply increased local current density, intensifying the tip effect,
here protruding Zn nuclei encounter amplified electric fields
hat accelerate dendrite growth [34]. As cycling continues, the
isplacedGF separator progressively degrades and loses its ability
o block dendrite penetration. Such damage inevitably elevates
he probability of internal short circuits, thereby severely under-
ining battery reliability and curtailing operational lifespan
35, 36].

o overcome these bottlenecks, replacing conventional separators
nd liquid electrolytes with hydrogel electrolytes has become
n effective approach to the long‑term cycling stability of ZIBs
37–39]. Hydrogel electrolytes contain an interconnected porous
etwork that enables homogeneous ion migration, promotes
omogeneous Zn deposition, and suppresses dendrite growth,
hereby reducing the likelihood of internal short circuits and
xtending battery cycle life [40, 41]. In contrast to liquid elec-
rolytes, hydrogels exhibit superior leakage resistance, mitigating
ssociated safety hazards [42–44]. Moreover, the strong water–
olymer interactionswithinhydrogels decrease freewater activity
45], suppress hydrogen evolution reactions (HER) [46], and
iden the electrochemical stability window [47]. The HER is
hermodynamically favored on Zn anodes due to the low reduc-
ion potential of Zn2+/Zn (−0.76 V vs. SHE) [48]. Under high
verpotentials during charging, the cathodic polarization can
rive proton reduction, generating H2 gas and locally increasing
he pH at the electrode surface [49]. The resulting pH rise
romotes the formation of insulating by-products, such as Zn
ydroxide sulfate (Zn4(OH)6SO4⋅xH2O), which passivate the
node surface, increase interfacial resistance, and exacerbate
onuniform Zn deposition. These parasitic reactions not only
educe Coulombic efficiency and consume active materials but
lso accelerate electrolyte decomposition and ultimately lead to
of 42
premature cell failure [50]. Among various hydrogel matrices,
polyacrylamide (PAM) is widely regarded as an ideal platform
for constructing high-performance Zn battery electrolytes, owing
to its abundant amide groups (─CONH2) capable of forming
hydrogen bonds, its straightforward synthesis, low cost, and
its highly tunable three-dimensional (3D) network structure,
which provides a versatile platform for subsequent functional-
ization and performance optimization [51, 52]. For comparison,
other commonly used hydrogel matrices present distinct trade-
offs. Poly(vinyl alcohol) (PVA)-based hydrogels offer good film-
forming ability and mechanical strength but suffer from poor
ionic conductivity due to their semicrystalline nature and limited
functional group diversity [53]. Alginate-based hydrogels, derived
from natural polysaccharides, exhibit excellent biocompatibility
and abundant carboxyl groups for Zn2+ coordination. However,
their mechanical robustness and long-term stability in aqueous
electrolytes are often inadequate [54]. Cellulose-based hydrogels
provide outstanding hydrophilicity and biodegradability but typ-
ically require chemical modification to achieve satisfactory ion
transport properties and crosslinking density [39]. In contrast,
PAM strikes a favorable balance: its amide groups enable strong
hydrogen bonding with water molecules for water activity sup-
pression, while its synthetic versatility allows precise control over
crosslinking density, functionalization, and network architecture
[55]. Moreover, PAM can be readily copolymerized with various
functional monomers or combined with fillers and additives,
offering a modular platform that other matrices often lack. These
unique attributes collectively position PAM as a superior and
versatile matrix for functional modification in advanced ZIBs
[56].

Despite the progress already made, PAM-based hydrogel elec-
trolytes still face several inherent limitations [57]. Mechanically,
their strength is often insufficient to effectively resist Zn dendrite
penetration [58]. From an ion transport perspective, the channels
lack selectivity toward Zn2+ ions, leading to low Zn2+ transport
efficiency and a high susceptibility to concentration polarization
[59]. Moreover, the abundant free water within the network acts
as active nucleation sites for HER and corrosion [60]. Finally,
at sub-zero temperatures, this free water readily freezes, causing
a drastic drop in ionic conductivity that can ultimately lead to
battery failure [61]. It is precisely these challenges that underscore
the unique value of PAM as an electrolyte matrix, as its highly
tunable chemical structure and physical framework endow it
with immense potential for modification [62]. This modifiabil-
ity is not merely a matter of adding functional components;
rather, it stems from its dual designability at both the molecular
and network architecture levels [63]. At the molecular scale,
the reactive functional groups on the PAM chains not only
participate in constructing the crosslinked network but also
serve as reactive sites [64, 65]. By tuning intermolecular forces,
including hydrogen bonds and electrostatic interactions, they
enable precise control over the state of water molecules [66, 67].
This implies that through chemical modification of the polymer
chains, the internal microenvironment of the electrolyte can be
fundamentally reshaped [68, 69]. At the network architecture
level, the 3D network of PAM is not a rigid skeleton but a tun-
able confined space [70]. Its topological structure, crosslinking
density, and pore size can all be adjusted through synthesis pro-
tocols, thereby altering the ion transport pathways and migration
behavior [71].
Advanced Functional Materials, 2026
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n recent years, significant research has been directed toward
he development of PAM‑based hydrogel electrolytes for ZIBs
72]. Early studies focused on basic material development,
emonstrating the feasibility of cross‑linked PAM as a flexible
nd waterproof electrolyte [73, 74]. Subsequently, the introduc-
ion of multi‑network architectures (e.g., double‑network) and
ano‑reinforcing fillers markedly improved mechanical strength
nd fatigue resistance, effectively resisting dendrite puncture [75,
6]. To suppress HER and low‑temperature failure, strategies
uch as introducing cryoprotective additives (e.g., glycerol and
ther small organic molecules) and strengthening polymer–
ater hydrogen bonding were developed [77]. These strategies
ransform free water into bound water and lower the freez-
ng point, thereby enabling wide‑temperature operation from
ub‑zero to elevated temperatures. To address poor ion selectivity,
he chemical microenvironment of PAM networks was tailored
y developing single-ion-conducting hydrogels or constructing
pecific ion channels, which significantly increased Zn2+ transfer-
nce numbers (often exceeding 0.85) andmitigated concentration
olarization [78–80]. More recently, advances havemoved toward
ulti‑parameter synergistic engineering and scenario‑oriented
pplication, aiming to balance ionic conductivity, mechanical
obustness, electrochemical stability, and environmental adapt-
bility, thereby extending the practical deployment of PAM‑based
ydrogels across diverse operating conditions [81, 82]. Figure 1
llustrates the evolutionary trajectory of PAM hydrogels in the
ield of ZIBs, charting their progression from initial material
evelopment through performance enhancement via multifunc-
ional integration, exploration of microscopic mechanisms, and
inally to multi‑parameter synergistic design and all‑scenario
pplication.

hen delving into its working mechanisms, one finds that
he ability of PAM to address the aforementioned challenges
hrough modification primarily lies in its capacity to system-
tically reconstruct the physicochemical environment within
he electrolyte [83]. First, to counter dendrite penetration and
nsufficient mechanical strength, a reinforced design of the
etwork structure can introduce energy dissipation mechanisms
84, 85]. This allows the hydrogel to effectively buffer stress con-
entrations under external forces, thereby enhancing its physical
arrier against dendrite growth [86, 87]. Second, to address poor
on selectivity, tailoring the chemical environment within the
etwork enables the introduction of specific interaction sites [88].
hese sites can selectively coordinate or electrostatically interact
ith ions, thereby optimizing the desolvation process of hydrated
n2+ ions and inhibiting the disordered migration of anions [89].
his fundamentally increases the Zn2+ transference number and
itigates concentration polarization [90]. Third, to tackle HER
nd low-temperature failure, the key lies in confining water
olecules and modulating their activation energy [91]. Strength-
ning the polymer‑water interactions enables the conversion of a
arge fraction of free water into bound water [92]. Due to its tight
ssociation with the polymer chains, bound water loses its ability
o participate in side reactions [93]. Simultaneously, its altered
hysical statewithin the confined space results in a lower freezing
oint, enabling the battery system to maintain favorable kinetic
erformance even under low-temperature environments [94].

n this review, we systematically outline recent advances in
unctional modification strategies for PAM-based hydrogel elec-
dvanced Functional Materials, 2026
trolytes in ZIBs (Scheme 1). The article first elucidates the
scientific mechanisms behind various design strategies, such as
hydrogen bond network modulation, multifunctional network
construction, functional additive introduction, and functional
group modification. These strategies are driven by mechanisms
including hydrogen bond competition, electrostatic repulsion,
and coordination effects. Following this, we comprehensively
assess how these strategies enhance key battery performance
metrics, including ion transference number, ionic conductivity,
mechanical flexibility, and environmental adaptability. Finally,
the review presents a forward-looking perspective on future
challenges and development directions in the field. This aims to
provide a robust theoretical basis and offer innovative insights
for the design and fabrication of next-generation flexible ZIBs
with high performance, improved safety, and extended cycle life,
thereby supporting the rational design of next-generation energy
storage devices with inherent safety and mechanical robustness.

2 Key Kinetic andMechanical Parameters and
Their Regulation Mechanisms in Hydrogel Systems

2.1 Ionic Conductivity

Electrolytes can generally be classified into three types: liquid,
quasi-solid, and solid [95]. Liquid and solid electrolytes each
form single‑phase systems: the former consist of aqueous solu-
tions, whereas the latter encompass materials like polymers and
ceramics [96]. Quasi‑solid electrolytes, in contrast, consist of a
biphasic structure resulting from the combination of an aqueous
solution and a solid framework [97]. Liquid electrolytes generally
exhibit the highest ionic conductivity, yet their vulnerability to
leakage and weak interfacial stability make them less suitable for
flexible device applications [98]. Solid electrolytes, while offering
outstanding mechanical strength and the ability to suppress
dendrite growth, often struggle to achieve high ionic conduc-
tivity [99]. Representing a typical quasi-solid system, hydrogel
electrolytes successfully bridge the strengths of liquid and solid
electrolytes [100]. Their hydrophilic polymer networks tether
free water molecules via hydrogen bonding, effectively curbing
water activity and mitigating parasitic reactions such as HER
[101]. Concurrently, the liquid phase encapsulated within the 3D
network sustains continuous ion conduction pathways, thereby
maintaining high ionic conductivity. This architectural synergy
allows hydrogel electrolytes to strike an essential balance between
safety and ionic transport, positioning them as a highly promising
platform for advanced ZIBs [102].

As a critical parameter for evaluating ion migration capability
in hydrogel electrolytes, ionic conductivity (σ) directly governs
the rate capability and power density of batteries. For hydrogel
electrolytes, which fall between liquid and solid states, the ion
conduction mechanism is considerably more intricate than that
of purely liquid or purely solid phases [103]. The corresponding
formula is given as follows:

𝜎 = d

R × S (1)

where d denotes the thickness of the hydrogel electrolyte between
the two electrodes, S is the contact area between the electrolyte
3 of 42
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FIGURE 1 Evolutionary trajectory of PAM-based hydrogel electrolytes in ZIBs. Reproduced with permission [73]. Copyright 2018, American
Chemical Society. Reproduced with permission [74]. Copyright 2019, Royal Society of sChemistry. Reproduced with permission [75]. Copyright
2020, American Chemical Society. Reproduced with permission [76]. Copyright 2021, Wiley-VCH. Reproduced with permission [77]. Copyright 2022,
Elsevier. Reproduced with permission [78]. Copyright 2023, Wiley-VCH. Reproduced with permission [79]. Copyright 2024, Wiley-VCH. Reproduced
with permission [80]. Copyright 2025, Wiley-VCH. Reproduced with permission [81]. Copyright 2026, Wiley-VCH. Reproduced with permission [82].
Copyright 2026, Wiley-VCH.
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nd the electrodes, and R represents the bulk resistance of the
ydrogel electrolyte. Within hydrogel electrolytes, ion migration
redominantly takes place through the continuous liquid-phase
athways formed by free water confined in the polymer network
104]. Therefore, ionic conductivity is strongly dependent on
actors such as water content, pore architecture, Zn salt concen-
ration, and temperature [105]. For PAM-based hydrogels, the
ydrophilic amide groups effectively immobilize a large quan-
ity of water molecules, constructing continuous and abundant
of 42

 C
rea
ion transport channels, which intrinsically endow them with
relatively high ionic conductivity.

2.2 Zn2+ Transference Number

Building on the discussion of ionic conductivity, another critical
parameter governing ion transport in hydrogel electrolytes is the
Zn2+ transference number (𝑡𝑍𝑛2+ ), which reflects the proportion
Advanced Functional Materials, 2026
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SCHEME 1 Schematic illustration of functional modification
strategies for PAM-based hydrogel electrolytes applied in ZIBs.
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f total current carried by cations and serves as a key indicator
f selective Zn2+ transport capability [106]. In ZIBs, uncontrolled
nion migration exacerbates concentration polarization at the
lectrode interface, which can induce dendrite growth [107].
herefore, increasing Zn2+ transference number is critical for
ttaining uniform Zn deposition and extending cycle life. This
alue is typically calculated using the Bruce-Vincent method:

𝑡𝑍𝑛2+ =
𝐼𝑠(Δ𝑉 − 𝐼0𝑅0)

𝐼0(Δ𝑉 − 𝐼𝑠𝑅𝑠)
(2)

here I0 and Is are the initial and steady-state currents, R0
nd Rs are the initial and steady-state interfacial resistances,
nd ∆V is the applied polarization voltage. Enhancing Zn2+
ransference number primarily relies on two strategies: con-
tructing polyanionic networks or introducing anion receptors to
onstrain the free migration of anions such as SO4

2− and OTf−
108]. A high Zn2+ transference number signifies that Zn2+ ions
ominate ionic conduction, effectively mitigating concentration
olarization and establishing kinetic conditions conducive to
endrite-free Zn deposition [109]. The realization of a high
n2+ transference number is intimately tied to the chemical
haracteristics of functional groups in polymer-based hydrogels,
hich mediate distinct interactions with Zn2+ ions and their
ccompanying anions. In the case of PAM hydrogels, the polar
CONH2 groups along the polymer chains function as key
egulators [76]. The carbonyl oxygen serves as a hydrogen bond
cceptor, anchoring anions such as ClO4

−, whereas the amino
roup engages in Zn2+ coordination and solvation sheath modu-
ation [110]. Through preferential binding with ClO4

−, ─CONH2
roups generate localized anion-rich domains that weaken Zn2+-
nion electrostatic interactions. This promotes the dissociation
f [Zn(H2O)6]2+ ions and reduces the desolvation energy bar-
ier. Consequently, Zn2+ transport is enhanced, concentration
olarization is suppressed, and the transference number is
levated, thereby providing molecular-scale kinetic assurance
or uniform Zn deposition. Recent non-PAM electrolyte systems
dvanced Functional Materials, 2026
provide valuable benchmarks for PAM-based hydrogels. A dual-
modulation electrolyte disrupts interfacial hydrogen bonding and
promotes an inorganic-rich solid electrolyte interphase (SEI)
[111]. Meanwhile, a polyacrylonitrile-based electrolyte achieves
a high Zn2+ transference number of 0.9 through differential
adsorption on cyanide groups [112]. Additionally, a trace liquid
crystal molecule self-assembles into an ordered interfacial layer,
raising the transference number from 0.29 to 0.71 [113]. PAM-
based hydrogels offer synthetic simplicity, low cost, and versatile
functionalization, yet the ultrahigh transference numbers of
non-PAM systems serve as future benchmarks. Three universal
design principles, including hydrogen bond disruption, anion
immobilization, and interfacial ordering, are fully applicable to
PAM optimization.

2.3 Activation Energy

Reaction activation energy serves as a critical kinetic parameter
that dictates the electrochemical performance of ZIBs under
different temperatures, as it directly reflects the temperature
sensitivity of the electrode reaction rate and the energy barrier
of the interfacial charge transfer process [114]. The Arrhenius
equation commonly describes the quantitative dependence of
activation energy on temperature, as shown in Equation (3),
which reveals the fundamental principle that the rate constant
varies exponentially with temperature:

𝑘 = 𝐴𝑒
− 𝐸𝑎
𝑅𝑇 (3)

where k is the rate constant, A is the pre-exponential factor, Ea
represents the activation energy, R is the universal gas constant,
and T is the absolute temperature. This equation elucidates the
influence of temperature on the electrochemical reaction rate:
as temperature decreases, the reaction rate constant decreases
exponentially, leading to significant sluggishness in electrode
reaction kinetics. Specifically, under low-temperature conditions,
the viscosity of the electrolyte increases, the ion migration rate
decreases, and the desolvation energy barriers of hydrated Zn2+
ions rise, collectively hindering the interfacial charge transfer
process. At elevated temperatures, rapid water evaporation leads
to a detrimental increase in Zn2+ concentration (inducing a
salting-out effect) and disrupts the hydrogen-bond equilibrium
within the hydrogel. This combined effect ultimately causes the
collapse of its network and pore structure [24]. This not only
blocks ion transport channels and increases migration resis-
tance but may also induce microcracks, thereby compromising
mechanical strength and structural integrity. The superposition
of these physical structural damages and interfacial kinetic
retardation exacerbates battery polarization and degrades rate
performance, ultimately limiting the practical application of ZIBs
over a wide temperature range [115]. Therefore, activation energy
serves not only as a quantitative indicator for evaluating the
difficulty of Zn2+ desolvation but also as a critical criterion for
assessing the synergistic optimization of interfacial compatibility
and reaction kinetics in hydrogel electrolytes.

At elevated temperatures, rapidwater evaporation leads to a detri-
mental increase in Zn2+ concentration and disrupts the hydrogen-
bond equilibrium within the hydrogel. Critically, during elec-
5 of 42
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rochemical impedance spectroscopy (EIS) measurements at
levated temperatures, free water evaporation causes progressive
etwork shrinkage and salt concentration fluctuations [24].
herefore, the apparent Ea value derived from conventional
rrhenius fitting is invariably convoluted with the variable of
ater loss. This combined effect not only blocks ion transport
hannels and increases migration resistance but may also induce
icrocracks, thereby compromising mechanical strength and
tructural integrity. To address this issue, modification strategies
uch as introducing hydrophilic, high-boiling-point polyols (e.g.,
lycerol, 1,2-propanediol) or hygroscopic fillers have been shown
o enhance water retention capability, ensuring both the accuracy
f Ea evaluation and high-temperature kinetic stability [116]. The
uperposition of these physical structural damages and interfacial
inetic retardation exacerbates battery polarization and degrades
ate performance, ultimately limiting the practical application of
IBs over a wide temperature range.

.4 Mechanical Properties

or ZIBs intended for flexible electronic devices, the mechanical
roperties of PAM hydrogel electrolytes are critical in determin-
ng their ability to maintain structural integrity and interfacial
tability under dynamic deformation [117]. These properties are
rimarily evaluated through the following parameters.

ensile strength and elongation at break reflect a hydrogel’s
bility to withstand tensile failure [118]. While pristine PAM
ydrogels generally exhibit modest mechanical performance,
hese parameters can be markedly enhanced by strategies includ-
ng dual-network construction, nanofiller incorporation, and the
ntroduction of additional physical crosslinking points [75]. Inter-
acial adhesion, often assessed by lap shear tests, serves as a key
ink between mechanical integrity and electrochemical function-
lity [119]. Robust adhesion ensures close electrolyte/electrode
ontact, minimizes interfacial resistance, and prevents delamina-
ion or slippage under mechanical deformation.

lexibility characterizes amaterial or device’s ability to withstand
ending-induced failure. In layered flexible batteries, bending
s the dominant form of mechanical deformation [120]. The
aximum stress (F) generated during bending can be expressed
s Equation (4):

𝐹 = 𝐸 × 0.5 × 𝑑
𝑟 + 0.5 × 𝑑 (4)

here E is the Young’s modulus of the material, d is the total
hickness of the device, and r is the bending radius. This equation
undamentally reveals two primary strategies for enhancing
lexibility: selecting materials with a low Young’s modulus (e.g.,
oft hydrogels) and reducing the device thickness d. It also funda-
entally explains why ultrathin, integrated hydrogel electrolytes
ave become a research focus in the field of flexible energy storage
evices.

atigue resistance is a key indicator of the structural integrity and
unctional stability of hydrogel electrolytes under cyclic loading.
tudies reveal that during battery assembly and cycling, hydrogel
lectrolytes experience two primary forms of deformation [121].
of 42
The first is irreversible compression from external pressure
during assembly, where under a pressure of 50 kg⋅cm−2, a
glass fiber separator can be compressed from 1 mm to roughly
200 µm. The second is periodic reversible deformation arising
from repeated Zn plating and stripping during charge/discharge
cycles. Theoretical analysis indicates that each 1 mAh⋅cm−2 of
Zn deposition adds approximately 5 µm to the thickness of the
Zn anode. Consequently, under high-capacity cycling conditions
(e.g., 10 mAh⋅cm−2), the compressive strain on the hydrogel
electrolyte can exceed 50%, presenting a substantial challenge to
its fatigue resistance.

To quantify the damage accumulation process of hydrogels under
cyclic compression, a bilinear damage rule (DLDR) derived from
Miner’s rule is introduced [122]. This model divides fatigue
damage into two stages: crack initiation and crack propagation,
which are described by the following equations:

∑
𝑛𝑖∕(𝑎𝑖𝑁𝑖) = 1 (5)

∑ 𝑚𝑖

(1 − 𝑎𝑖)𝑁i

= 1 (6)

where ni and mi represent the number of cycles in the fatigue
crack formation and propagation stages, respectively. Ni is the
number of cycles to failure, and ai denotes the proportion of
cycles corresponding to the crack initiation stage relative to the
total cycles. For PAM hydrogels, cracks form rapidly during the
initial loading stage, and damage accumulation is dominated
by crack propagation, with both n and a approaching zero. By
contrast, dual-network hydrogels effectively dissipatemechanical
energy via slippage of physical entanglement points and network
conformation rearrangement, leading to marked increases in
n and m. This delays crack initiation and suppresses propaga-
tion, while a exhibits a finite positive value, thus significantly
extending fatigue life. In summary, fatigue resistance, together
with deposition uniformity, represents a critical design parameter
for hydrogel electrolytes that governs the cycling stability of
high-capacity Zn anodes [123].

3 Functional Modification Strategies for
PAM-Based Hydrogels

The rational design of functionalized PAM-based hydrogel elec-
trolytes, achieved through diverse modification strategies, can
establish a 3D porous network with tailored chemical microen-
vironments. This network modulates Zn2+ solvation structures,
restricts free water activity, and promotes uniform ion flux at
the interface between the electrode and the electrolyte. These
intrinsic characteristics of the hydrogel matrix provide a viable
route to enhance interfacial stability and extend electrode cycling
longevity [124]. The primary objective of such functional hydrogel
engineering is to control Zn deposition kinetics, concurrently
inhibiting dendrite formation andunwanted side reactions. Func-
tional modification offers the benefits of multifunctional synergy,
yet certain fundamental and universal mechanisms remain
unchanged. This chapter outlines four strategies for the opti-
mization of functionally modified hydrogels. The working mech-
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SCHEME 2 Schematic illustration of the four functional modification strategies for PAM-based hydrogels.
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reat
nisms and corresponding electrochemical performance metrics
f selected representative functionalized hydrogel electrolytes
re summarized in Table 1. A schematic that systematically
ummarizes the four major functional modification strategies for
AM-based hydrogel electrolytes is presented in Scheme 2. These
trategies include: (i) the introduction of functional fillers; (ii) the
onstruction ofmultifunctional networks (e.g., dual-network and
emi-interpenetrating structures); (iii) the utilization of organic
dditives; and (iv) polymerizationwithmonomers bearing special
unctional groups. Collectively, these strategies operate through
hree core mechanisms: hydrogen bond competition, which
econstructs the water–polymer hydrogen-bond network to con-
ert free water into bound water and lower the freezing point;
lectrostatic repulsion, which accelerates cation migration while
mmobilizing anions to enhance Zn2+ transport; and coordination
ffects, which modulate the Zn2+ solvation sheath to reduce
esolvation energy barriers and guide uniform (002)-textured
eposition. The interplay among these mechanisms determines
he ultimate electrochemical and mechanical performance of the
ydrogel electrolyte. In the following sections, each strategy is
escribed in detail, with particular emphasis on the mechanistic
rigins of performance enhancement.

.1 Introduction of Functional Filler

onventionally, hydrogel electrolytes face the dual bottlenecks
f insufficient ionic conductivity and poor mechanical strength
hen applied in ZIBs, severely limiting their practical viability
nder high-rate and long-cycle operation [125]. Recent studies
ave demonstrated that introducing functional nanofillers is an
dvanced Functional Materials, 2026
effective strategy to alleviate these limitations [126]. These fillers
not only serve as a reinforcing phase to form composite struc-
tures with the hydrogel matrix, thereby enhancing mechanical
stability, but also synergistically optimize ion transport behavior
through their inherent physicochemical properties. Specifically,
functional fillers generally contain abundant polar moieties such
as hydroxyl and carboxyl moieties. These active sites can coordi-
nate or electrostatically interact with Zn2+ ions, thus reducing ion
aggregation, increasing the concentration of freely mobile ions,
and modulating the ion migration pathways within the gel [127].
In the context of PAM hydrogel electrolytes, the incorporation
of functional fillers has emerged as a core modification strategy
aimed at synergistically optimizing their mechanical proper-
ties, ion transport kinetics, and electrode/electrolyte interfacial
stability. The multifunctionality of these fillers stems not only
from their own physicochemical attributes, including ordered
pore structures, large specific surface area, plentiful surface
functional groups, and specific charge characteristics, but more
critically, from their capacity for complex interactions with PAM,
Zn salts, and water molecules [128]. These interactions remodel
the internal microenvironment and interfacial behavior of the
gel, facilitating rapid and uniform Zn2+ transport as well as
dendrite-free deposition.

Inorganic layered silicate materials, such as montmorillonite
(MMT), have also been employed as ideal fillers to reinforce PAM
hydrogels, owing to their unique two-dimensional rigid layered
architecture, plentiful surface hydroxyl groups, and excellent
cation exchange capacity. For instance, Ji et al. utilized the
rigid skeleton and hydrophilic groups of Na-MMT to prepare
an MMT-PAM composite hydrogel electrolyte (Figure 2a) [128].
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FIGURE 2 (a) Schematic depicting the synthesis pathway of the MMT-PAM hydrogel via a controllable accelerated polymerization process. (b)
Stress–strain tests of MMT-PAM. Reproduced with permission [128]. Copyright 2023, Elsevier. (c) Schematic depicting rapid ion migration via SWCNT
channels in CPAM versus the convoluted ion pathway in conventional PAM. (d) Instantaneous depiction of Zn2+ migration pathways within the
molecular framework of CPAM, the corresponding 3D plots, and schematic illustrations of the three transport mechanisms. (e) Raman contour plots
of aligned SWCNTs and random SWCNTs in CPAM. (f) Polar plots of IG/I–CH2 versus sample rotation angle for random SWCNTs and aligned SWCNTs
integrated CPAM. Reproduced with permission [129]. Copyright 2025, American Association for the Advancement of Science (AAAS). (g) Scanning
electron microscopy (SEM) images of PAM/CBZn. (h) Simulation of Zn2+ transport pathway and (i) the corresponding changes of binding energy.
Reproduced with permission [130]. Copyright 2025, Wiley-VCH. (j) Adsorption energies of H2O, AM, and ZIF-8 on Zn (002) plane. (k) Charge density
difference of Zn slab with the adsorbed H2O, AM, and ZIF-8. Reproduced with permission [131]. Copyright 2026, Elsevier.
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dding MMT greatly improves the mechanical performance of
he hydrogel, yielding a tensile strength of 0.25 MPa (Figure 2b)
nd an elongation at break of 1075%. This improved mechanical
obustness provides a physical barrier against Zndendrite growth.
oncurrently, the hydrogen-bond network formed betweenMMT
nd PAM chains optimizes ion transport pathways and further
mmobilizes free water molecules, lowering the freezing point
f the electrolyte and thereby enhancing the low-temperature
daptability and interfacial stability of the battery. The overall per-
ormance of hydrogels is mainly enhanced by two-dimensional
ayered materials, which optimize the bulk ion-transport envi-
onment and boost mechanical properties. In contrast, one-
imensional nanomaterials offer an alternative strategy for con-
tructing novel, ultrafast ion transport channels based on their
nique geometric confinement effects and structural characteris-
ics. Carbon nanotubes (CNTs), in particular, have opened new
venues for creating rapid ion transport pathways due to their
istinctive one-dimensional hollow structure and ultrasmooth
nner walls. For example, Lin et al. embedded single-walled
arbon nanotubes (SWCNTs) into a PAM matrix via photoiniti-
ted polymerization, constructing a CPAM hydrogel electrolyte
129]. The SWCNT inner cavities form low-friction nanofluidic
hannels that act as “ion highways” for Zn2+ ions (Figure 2c).
olecular dynamics (MD) simulations reveal three distinct ion
ransport modes (Figure 2d), namely a slow polymer winding
ath, a faster surface slip path along the nanotube exterior, and
he fastest tunneling path through the nanotube interior, with the
atter being nearly 15 times faster than transport in the bulk phase.
urthermore, through in situ dielectrophoresis, vertically aligned
WCNTs were incorporated into PAM to form ACPAM. Angle-
esolved Raman spectroscopy shows that the G-band intensity
ariation is < 9% for random CPAM but reaches 40% for ACPAM
Figure 2e). Using the ─CH2 peak as an internal reference,
olar plots reveal an anisotropic “gourd-shaped” distribution for
CPAM,with 56% of SWCNTs alignedwithin± 30◦ of the vertical
irection (Figure 2f). This architecture boosts the ionic conduc-
ivity to 36 mS cm−1. Notably, randomly distributed CPAM still
etains 85% of the conductivity of ACPAM, suggesting that it is the
ntroduction of SWCNTs, not their precise alignment, that plays
he dominant role in enhancing ion transport. With hydrophobic
nner walls, the design of such physical nanochannels not only
mproves ionic conductivity but also induces partial desolvation
f Zn2+ ions, widens the electrochemical stability window, and
rotects the polymer matrix from ion impact damage under high
urrent densities.

rystalline porous materials with intrinsic ordered pore struc-
ures, such as covalent organic frameworks (COFs) and metal–
rganic frameworks (MOFs), provide an ideal platform for
onstructing well-defined ion transport channels. For instance,
sulfonate-modified COF, denoted as COF-BSO3Zn, was devel-
ped to improve the performance of PAM-based hydrogel elec-
rolytes [130]. The addition of zincophilic ─SO3

− groups into the
ydrophobic COF skeleton markedly improves the dispersibility
f the filler within the PAM matrix. The ordered micropores
f COF-BSO3Zn provide directional pathways for rapid Zn2+
ransport, while the ─SO3

− groups on its surface direct Zn2+
igration along specific channels through strong electrostatic
nteractions (Figure 2g). Simulations of the migration pathway
eveal periodic and uniform fluctuations in binding energy
Figure 2h,i), a feature conducive to fast ion transport. In addition,
dvanced Functional Materials, 2026
the π-electrons of the benzene rings and the sulfonate ions within
the framework effectively adsorb Zn2+ ions and modulate their
solvation structure, yielding a high ionic conductivity of 64.43
mS⋅cm−1 and a Zn2+ transference number of 0.84. Analogous
to COFs, MOFs have also been extensively investigated. For
instance, ZIF-8 was introduced into a PAM matrix by leveraging
the Lewis acid–base interactions between the Zn nodes of ZIF-
8 and the carbonyl groups of PAM [131]. This approach not only
enhances interfacial compatibility but also optimizes the binding
energy for Zn2+ ions, enabling the framework to function as a
hopping site for ion migration. Furthermore, the C═N groups
within the ZIF-8 skeleton exhibit stronger adsorption affinity
toward SO4

2− anions and water molecules. This anchoring effect
suppresses the disordered migration of anions and restricts the
activity of free water, thereby stabilizing mass transport at the
electrode/electrolyte interface. Density functional theory (DFT)
calculations in Figure 2j reveal that the adsorption energy of
ZIF-8 on the Zn (002) crystal plane (−10.11 eV) is substantially
stronger than that of H2O (−0.48 eV) and AM (−0.89 eV). Charge
density difference analysis further confirms more pronounced
electron accumulation at the ZIF-8/Zn interface (Figure 2k). The
selective adsorption of ZIF-8 regulates the deposition kinetics of
Zn2+ ions on the (002) plane, retarding its growth rate and thereby
inducing a preferentially oriented (002) deposition morphology,
which effectively suppresses dendrite growth.

Functional fillers synergistically enhance the overall perfor-
mance of PAM-based hydrogel electrolytes through diverse
mechanisms. Their common features are primarily reflected in
two aspects. First, all types of fillers are dedicated to constructing
ordered or rapid ion transport channels. Whether it is the
optimized interlayer structure of MMT, the one-dimensional
confined channels of SWCNTs, or the intrinsically ordered pores
of COFs and MOFs, the core objective is to reduce the transport
energy barrier for Zn2+ ions. Second, the incorporation of rigid
fillers effectively strengthens the mechanical stability of the
system, suppressing dendrite growth through stress dissipation
or network protection mechanisms. The working mechanisms
of different fillers exhibit distinct emphases in terms of spatial
scale and mode of action. One category focuses on constructing
static, well-defined ion conduction networks within the gel bulk
phase, while the other leverages physical confinement effects
to create novel ultrafast transport modes. These differentiated
design concepts collectively enrich the landscape of functional-
ized PAM-based hydrogel electrolytes, enabling them to achieve
a precise balance among ionic conductivity, interfacial stability,
andmechanical strength according to the requirements of various
application scenarios. This offers a diverse range of solutions for
the development of high-performance and long-life ZIBs.

3.2 Construction of Multifunctional Networks

In hydrogel electrolytes, 3D crosslinked networks work in con-
junction with electrolyte salts to deliver mobile ions [132].
Currently, PAM is widely employed as the physical backbone
for hydrogel electrolytes in ZIBs. Yet its performance, espe-
cially in terms of mechanical durability and electrochemical
characteristics, continues to be less than ideal. Under complex
stress conditions such as bending and stretching, the interfacial
contact between the gel electrolyte and electrodes tends to
11 of 42
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egrade, leading to a sharp increase in interfacial impedance,
neven distribution of ion flow, and ultimately, uncontrolled Zn
endrite growth and rapid battery performance degradation [133].
multifunctional integrated network construction strategy has
een proposed to overcome these bottlenecks.Moving beyond the
ursuit of individual performance enhancements, this approach
eeks to combine high mechanical strength, excellent interfacial
dhesion, efficient and selective ion transport, and directed
egulation of Zn deposition behavior into a single system via
olecular and structural design. At the heart of this integrated
etwork is the use of synergistic effects among different com-
onents, such as covalent and noncovalent crosslinking and
lectrostatic interactions, to build a stable and functionally rich
D architecture. As a result, this integrated network strategy
imultaneously addresses multiple challenges associated with Zn
nodes, including dendrite growth, side reactions, and interfacial
ontact failure in flexible devices, thereby establishing a material
oundation for high-performance and highly reliable ZIBs.

nspired by the protectivemechanisms of biomolecules in nature,
ntroducing small molecules as network repair agents offers
n innovative route for constructing multifunctional networks
134]. For example, trehalose, a natural disaccharide, has been
ncorporated into a PAM hydrogel to form a composite network
135]. The abundant hydroxyl groups of trehalose form strong
ydrogen bonds with the ─CONH2 groups on PAM chains,
ffectively repairing defects within the PAM network, such as
angling chains and cyclic defects, while acting as molecular
ridges to enhance network integrity. This noncovalent crosslink-
ng mechanism not only strengthens network completeness but
lso introduces dynamic and reversible physical crosslinking
oints, endowing the hydrogel with superior self-healing and
atigue resistance. Furthermore, finite element simulation anal-
sis reveals that the PAM/trehalose electrolyte, through selective
dsorption of its polar functional groups onto the Zn surface,
ffectively equalizes the electric field distribution at the inter-
ace, promotes a uniform distribution of Zn2+ flux, and guides
he initial nucleation and 3D diffusion of Zn nuclei toward a
niform morphology (Figure 3a). In contrast, a conventional
M ZnSO4/PAM electrolyte is highly susceptible to dendrite

nitiation due to the tip effect. Additional simulations of the HER
nd Zn corrosion processes demonstrate that the PAM/trehalose
lectrolyte effectively suppresses both HER and corrosion during
eposition (Figure 3b), confirming its excellent interfacial sta-
ility and capability to inhibit side reactions. Likewise, Cheng
t al. proposed a network repair strategy using fish gelatin (FG)-
odified PAM, which utilizes the rich hydroxyl groups and
iopolymer structure of FG to improve themechanical robustness
nd interfacial properties of the PAM hydrogel electrolyte [136].
he addition of FG promotes strong adsorption interactions with
n atoms (Figure 3c), lowers the activity of water molecules,
nd enables directional ion transport along with uniform Zn
eposition at the anode/electrolyte interface.

dual‑network architecture featuring energy dissipation has
een created to concurrently improve the mechanical robust-
ess of hydrogel electrolytes and inhibit the growth of Zn
endrites. This design reinforces structural integrity, mechanical
ndurance, and flexibility, all of which are essential to accommo-
ate volume changes and stress variations induced by repeated Zn
lating and stripping. Dual-network hydrogels typically consist of
2 of 42
two interpenetrating polymer networks with distinct mechanical
roles [137]. For instance, a dual-network hydrogel electrolyte has
been designed using physically crosslinked sodium alginate (SA)
and chemically crosslinked PAM to form a PAM/SA composite
[138]. Through in situ ultraviolet (UV) polymerization, this
system creates a tightly integrated interface on the surface of
Zn fibers. Synergistic interactions among covalent crosslinking,
hydrogen bonds, and ionic bonds, where Zn2+ ions serve as ionic
crosslinkers, occur between the zincophilic groups (─COO−) on
SA chains and the PAM network. These interactions signifi-
cantly enhance the toughness and energy dissipation capacity
of the hydrogel. The PAM/SA hydrogel exhibits a hierarchical
porous structure with uniform and interconnected pores, which
outperforms the isolated pores of a single SA network, thereby
providing efficient channels for ion migration. Furthermore,
binding energy calculations indicate that the interaction energy
between Zn2+ and PAM/SA (−76.2 kJ⋅mol−1) is significantly
lower than that between individual components (SA or PAM)
and water molecules, suggesting that Zn2+ is more prefer-
entially and strongly adsorbed onto the PAM/SA composite
(Figure 3d). Molecular orbital analysis reveals that PAM/SA
possesses a narrower HOMO–LUMO gap compared to H2O
and SA alone, indicating enhanced electron transfer capability,
which further promotes the effective adsorption of PAM/SA
onto the Zn electrode surface (Figure 3e). Beyond enhancing
mechanical properties through multiple crosslinking, the design
potential of dual-network structures also lies in the specific
molecular engineering of their components to endow hydro-
gel electrolytes with superior ion transport properties. Zhang
et al. developed an amphoteric cellulose-based dual-network
hydrogel electrolyte (PCZ-gel) (Figure 3f), consisting of PAM,
carboxyethyl-quaternized cellulose (CEQC), and ZnSO4 [139].
TheCEQCchains contain both anionic carboxyl groups (─COO−)
and cationic quaternary ammonium groups (─N+(CH3)3), with
the amphoteric groups providing separated migration channels
that facilitate and regulate ion transport. The anionic groups
guide Zn2+migration through electrostatic interactions, while the
cationic groups immobilize SO4

2−, significantly improving ion
transport performance.

Semi-interpenetrating network structures offer comparable
advantages. In one approach, a hydrogel was synthesized by
thermally initiating the polymerization of AM with ammonium
persulfate (APS) in the presence of poly(ethylene glycol)
diacrylate (PEGDA) and carboxymethyl cellulose (CMC),
forming a semi-interpenetrating network denoted as PMC
(Figure 3g) [140]. Fourier transform infrared (FTIR) spectroscopy
confirms complete monomer polymerization and the formation
of a free radical-initiated covalently crosslinked network.
Additionally, the successful incorporation of Zn salts into the
hydrogel system was beneficial for regulating Zn deposition
behavior. Tensile tests verify that the semi-interpenetration
of CMC enhances mechanical strength and reinforces the
overall structure. A similar strategy led to the development of a
semi-interpenetrating network hydrogel electrolyte (s-PPMHE)
based on P(PEGMEA-AM)/PAM [141]. In this architecture, the
linear polymer P(PEGMEA-AM) contains abundant C─O─C
groups that coordinate with Zn2+ and reduce its electrostatic
potential (ESP). This creates an efficient transport pathway,
reminiscent of a highway, that substantially accelerates Zn2+
migration. Concurrently, hydrogen bonding between the
Advanced Functional Materials, 2026
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FIGURE 3 COMSOL simulations of (a) electric field distributions and Zn2+ concentration field distributions, (b) Zn corrosion and HER during
the Zn plating/stripping process in different electrolytes. Reproduced with permission [135]. Copyright 2024, Wiley-VCH. (c) Molecular interactions in
the FG-modified PAM hydrogel electrolytes. Reproduced with permission [136]. Copyright 2025, Elsevier. (d) Binding energy of pairs of PAM/SA-Zn2+,
SA-Zn2+, PAM-Zn2+, H2O-Zn2+. (e) Molecular orbital energies of H2O, PAAm/SA, and SA. Reproduced with permission [138]. Copyright 2025, Wiley-
VCH. (f) Schematic depicting the fabrication process of PCZ-gel and the various internal interactions. Reproduced with permission [139]. Copyright
2023, Wiley-VCH. (g) Synthetic schematic diagram of PMC hydrogel electrolyte. Reproduced with permission [140]. Copyright 2022, Elsevier. (h) ESEM
images of the top and bottom surfaces. Reproduced with permission [142]. Copyright 2024, Royal Society of Chemistry.
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inear chains and the PAM network enhances the mechanical
erformance. Analyses of the radial distribution function
nd coordination number confirm that the ether oxygen
toms from the polymer chains enter the Zn2+ solvation shell,
artially displace coordinated water molecules, and establish
stable Zn─O coordination environment with a bond length
f approximately 2.65 Å. More intuitively, within s-PPMHE,
n2+ is continuously shuttled along the oxygen atoms of the
olymer chains, enabling efficient migration through dynamic
egmental motion, thereby substantially improving ion transport
erformance.

n addition to semi-interpenetrating network architectures, hier-
rchical structuring of hydrogel networks offers an effective
eans to satisfy the contrasting water content demands at the
node and cathode in liquid electrolytes while enabling selective
on transport. A notable implementation involves an integrated
anus hydrogel with distinct hydrophilic properties on its two sur-
aces and a gradient pore structure within the bulkmaterial [142].
nvironmental scanning electron microscopy (ESEM) presents
lear differences in surfacemorphology, with pore size increasing
arkedly from the top to the bottom (Figure 3h). The top surface
hows a greater density of pores, though smaller in size than those
n the bottom surface, resulting from entanglement of dense
olymer chains with hydrophobic segments. When employed as
n electrolyte, this Janus hydrogel endows ZIBs with superior
apacity and excellent cycling stability.

he essence of multifunctional network strategies resides in the
oordinated improvement of mechanical properties, interfacial
tability, and ion transport efficiency. By combining structural
oncepts such as interpenetrating networks, energy-dissipating
rameworks, and hierarchical architectures, these designs tran-
cend the conventional trade-offs between strength, toughness,
nd electrochemical performance. In addition, bioinspired intelli-
ent engineering introduces functionalities like dynamic interfa-
ial regulation and spatially controlled ion conduction, enabling
more refinedmanagement of Zn deposition behavior. The result
s a multi-pronged approach to inhibiting dendrite formation
nd unwanted side reactions, which translates into markedly
nhanced cycle life and safety characteristics for ZIBs.

.3 Utilization of Organic Additives

espite the ability of PAM-based hydrogel electrolytes to leverage
heir 3D network for guiding Zn2+ migration and promoting
niform Zn deposition, their capacity to regulate the solvation
tructure of hydrated Zn2+ ions remains inherently constrained
59]. The amide groups on PAM chains exhibit relatively weak
oordination interactions with Zn2+ ions, insufficient to per-
urb the stable [Zn(H2O)6]2+ solvation sheath. Consequently,
substantial number of water molecules remain coordinated
ith Zn2+ ions and participate in interfacial reactions, leading
o HER, Zn corrosion, and eventual cell failure. These issues
ignificantly limit the viability of pure PAM-based hydrogels for
igh-performance ZIBs. The introduction of electrolyte additives
rovides a targeted approach to address this limitation by mod-
lating the solvation structure of hydrated Zn2+ ions. By intro-
ucing molecules bearing functional groups with high binding
ffinity toward Zn2+ ions, such as carbonyl, hydroxyl, or sulfonic
4 of 42
moieties, the original solvation sheath can be reconfigured.
These additive molecules competitively coordinate with Zn2+
ions, displacing water molecules and reducing the population
of free water in the solvation environment. This reconfiguration
not only mitigates side reactions but also alters the energetics
of Zn2+ desolvation, influencing nucleation overpotential and
deposition uniformity [143]. As such, solvation structure regu-
lation via additive incorporation has become an indispensable
strategy for elevating the electrochemical performance of PAM-
based hydrogel electrolytes, working in concert with structural
innovations to deliver robust and long-lasting ZIBs.

Electrolyte additives can be categorized into sacrificial and
non-sacrificial types based on their reaction mechanisms. Non-
sacrificial additives typically exist in molecular form within the
solution and do not undergo any chemical changes during battery
cycling. In contrast, sacrificial additives continuously decompose
during Zn plating/stripping processes, leading to the forma-
tion of an excessive protective layer on the Zn anode surface,
which is detrimental to long-term cycling stability. Among non-
sacrificial additives, sugars constitute a representative category,
with sucrose (SUC) standing out due to its highmolecular polarity
and strong solvation capability. A typical approach involves
incorporating SUC into a PAM hydrogel, where its abundant
hydroxyl groups coordinate strongly with Zn2+ ions, enabling
effective regulation of the solvation structure [143]. ESP analysis
in Figure 4a displays that SUC contains highly electronegative
regions capable of acting as binding sites for Zn2+. Upon replacing
water molecules, SUC markedly reduces the ESP surrounding
Zn2+, thereby diminishing electrostatic repulsion and promoting
ion transport. Binding energy calculations further show that the
interaction energy between SUC and Zn2+ exceeds that between
water and Zn2+ (Figure 4b), indicating a greater tendency for
SUC to enter the solvation sheath and displace coordinatedwater.
As a result, free water activity is significantly reduced, HER and
corrosion-related side reactions are suppressed, and the cycling
stability along with interfacial compatibility of the Zn anode is
substantially improved. Additionally, other sugar molecules may
similarly regulate interfacial chemistry via coordination inter-
actions and could impart extra functional properties. Trehalose
has also been utilized as an additive in PAM-based hydrogels
(PAM/T), leveraging its high electronegativity to preferentially
coordinate with Zn2+ and partially replace coordinated water
molecules [144]. Molecular orbital analysis reveals that the
higher HOMO energy level and lower LUMO energy level of
trehalose enhance its electron-donating capacity, promoting the
formation of a protective adsorption layer on the Zn surface and
enabling uniform Zn deposition. Beyond interfacial regulation,
trehalose reinforces the mechanical properties and water reten-
tion capability of the hydrogel, ensuring reliable performance
in flexible battery configurations. Finite element simulations
further confirm that trehalose incorporation facilitates a more
uniform interfacial electric field, regulates Zn2+ transport, and
prevents tip effect-induced nonuniform deposition (Figure 4c).

In addition to small organic molecules, biomacromolecules have
attracted attention as natural composite additive precursors due
to their abundant functional groups and unique conformational
transition capabilities. For instance, Shen et al. introduced silk
fibroin into a PAM hydrogel after inducing its conformational
transition from random coil/α-helix to β-sheet via ethanol
Advanced Functional Materials, 2026
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FIGURE 4 (a) ESP of an H2O molecule and a SUC molecule. (b) ESP of the original Zn2+-6H2O and SUC-Zn2+-5H2O solvation structures.
Reproduced with permission [143]. Copyright 2025, American Chemical Society. (c) Numerical simulations of electric field distribution and equilibrium
Zn2+ concentration profiles. Reproduced with permission [144]. Copyright 2025, American Chemical Society. AFM plan views of Zn anodes cycled in
(d) PAM and (e) β-SF/PAM electrolytes, respectively. Reproduced with permission [145]. Copyright 2025, Elsevier. (f) Synchronous two-dimensional
correlation FTIR spectrum of the OR-PUU molecule. Reproduced with permission [147]. Copyright 2024, Wiley-VCH. (g) Normalized Zn K-edge x-ray
absorption near-edge structure (XANES) spectra and enlarged Zn K-edge XANES spectra of metal Zn, PAM, and PAM-1,2-PG hydrogel electrolytes. (h)
k3-weighted Fourier transform of Zn K-edge extended x-ray absorption fine structure (EXAFS) spectra in the k-space of the Zn foil, PAM, and PAM-
1,2-PG hydrogel electrolytes. (i) The fitting of EXAFS spectra in R-space for PAM and PAM-1,2-PG hydrogel electrolytes. Reproduced with permission
[148]. Copyright 2025, Royal Society of Chemistry. (j) The schematic illustration of the PAM-Hbimcp-Zn hydrogel. Reproduced with permission [149].
Copyright 2024, Wiley-VCH.
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reatment [145]. The resulting β-sheet structures can self-
ssemble into a dense, polar-group-rich bio-inspired interfacial
ayer on the Zn anode surface. This layer effectively reconstructs
he Zn2+ solvation structure and accelerates the desolvation
rocess, achieving a high ionic conductivity of 32.4 mS cm−1 and
Zn2+ transference number of 0.80. Atomic force microscopy
AFM) measurements show that the Zn deposited in the β-
F/PAM system exhibits significantly lower surface roughness
ompared to that in pure PAM, confirming its superior dendrite-
uppressing capability (Figure 4d,e). DFT calculations further
eveal a strong adsorption energy of −2.069 eV for β-SF on the
n (002) crystal plane, indicating preferential adsorption and
avorable uniform Zn deposition. Beyond constructing ordered
nterfaces through conformational transitions, the inherent abun-
ance of functional groups in biomacromolecules also provides a
atural advantage for building robust interfaces and modulating
he electrolyte microenvironment. Another illustrative system
nvolves the use of gum arabic (Ga) as a biomass additive in PAM
o form ahydrogel electrolyte (PAGa)with pronounced interfacial
nteractions [146]. Owing to its natural polysaccharide structure,
a provides abundant hydroxyl and carbonyl groups that engage
n extensive intermolecular hydrogen bonding, effectively con-
erting free water into bound water and thereby reducing HER.
ccording to DFT calculations, PAGa exhibits a lower binding
nergy with water and a more negative adsorption energy on
he Zn (002) plane, signifying stronger interfacial affinity that
irects uniform Zn deposition and enhances long-term cycling
eversibility.

olymer-based additives, leveraging their long-chain architecture
nd abundant polar functional groups, can form dynamic cross-
inked structures with the PAM matrix, thereby enabling the
onstruction of ion transport pathways and the modulation
f solvation structures. For instance, Zhu et al. designed an
xygen-rich poly(urea-urethane) (OR-PUU) long-chain polymer
nd incorporated it into a PAM hydrogel to fabricate an OR-
UU/PAM composite electrolyte [147]. The OR-PUU molecular
hains are abundant in functional groups such as carbonyl
C═O), thiocarbonyl (C═S), and amino (─NH2) moieties, which
an form multiple types of hydrogen bonds with PAM segments
nd among themselves. Two-dimensional correlation FTIR spec-
roscopy in Figure 4f confirms the synchronous correlation
mong six types of hydrogen-bond vibrational modes, demon-
trating the excellent synergistic reconstruction capability of
hese bonds. This dynamic hydrogen‑bond network significantly
nhances the mechanical strength and toughness of the hydrogel
hile imparting outstanding self‑healing properties, enabling
apid recovery after damage. Simultaneously, through synergistic
nterplay with ion migration pathways, it optimizes mass trans-
ort, facilitating uniform ion deposition. Charge density analysis
urther reveals that OR-PUU induces charge redistribution at
he Zn interface, generating a built-in electric field that effec-
ively promotes interfacial Zn2+ migration and stable deposition.
imple organic molecules have also proven effective in tuning
he internal hydrogen-bonding and solvation environment of
ydrogels. Small-molecule alcohols featuring hydroxyl groups
unction as effective co-solvents by forming alternative hydrogen
onds with water molecules, thereby restructuring solvation
nvironments and promoting stable electrode–electrolyte inter-
aces. A representative system utilizes 1,2-propylene glycol as
co-solvent within a PAM hydrogel [148]. The presence of
6 of 42
hydroxyl and terminal methyl groups in this co-solvent enables
modulation of the hydrogen-bond network, suppressing water
activity and preventing the formation of continuous water chain
structures. Quantitative Raman spectroscopy analysis of theO─H
stretching region (3000–3800 cm−1) shows that the intensity
ratio of strong hydrogen bonds (tetrahedral DDAA-OH at ∼3225
cm−1) to weak hydrogen bonds (incomplete tetrahedral DA-
OH at ∼3420 cm−1), denoted as I3225/I3420, increases from 0.13
for pristine PAM to 0.33 for PAM-1,2-PG. This spectral shift
indicates that the original weak water–water hydrogen bonds
are disrupted and replaced by more stable tetrahedral structures.
MD simulations further confirm that the introduction of 1,2-PG
effectively reduces the average number of water–water hydro-
gen bonds, directly correlating with suppressed water activity
and enhanced anti-freezing properties. Differential scanning
calorimetry (DSC) demonstrates the disappearance of the ice
crystallization exotherm (originally at −6◦C for PAM) upon
1,2-PG incorporation. X-ray absorption fine structure (XAFS)
analysis indicates that upon introduction of the co-solvent, the
Zn K-edge absorption edge shifts to higher energy (Figure 4g).
Corresponding k-space data further show a weakened inten-
sity of the k3-weighted peak under the influence of 1,2-PG
(Figure 4h), implying a decrease in the Zn─O coordination
number within the inner solvation shell. Fourier-transform anal-
ysis of the Zn K-edge in R-space reveals a slight contraction
in the Zn─O bond distance and a reduction in the coordi-
nation number from 5.81 to 5.78 (Figure 4i), confirming the
effective regulation of the Zn2+ solvation structure. Further-
more, constructing dynamic bonding networks using functional
organic ligands represents another effective strategy. Functional
organic ligands can form unique coordination structures with
Zn2+ ions, enhancing the overall performance of the hydrogel
electrolyte. As depicted in Figure 4j, Chen et al. constructed
a multifunctional hydrogel electrolyte through dynamic coor-
dination bonds between Zn2+ and the alternating ligand 2,6-
bis((E)-(allylimino)methyl)−4-chlorophenol (Al-Hbimcp) [149].
This dynamic exchange mechanism enhances the mechanical
and fatigue resistance of the hydrogel, regulates Zn2+ solvation,
guides uniform (002) Zn deposition, and suppresses dendrites.
MD simulations further reveal that Al-Hbimcp breaks the
hydrogen-bond network among water molecules, reducing the
number of hydrogen bonds and thereby inhibiting side reactions.
Leveraging these advantages, the Zn//Zn symmetric cell achieves
steady cycling for over 500 h with an ionic conductivity of
38.2 mS cm−1.

Collectively, through judicious component design, electrolyte
additives achieve a synergistic convergence of mechanical rein-
forcement, deposition modulation, and interface stabilization.
This integrated approach transcends the conventional limitations
of single-function strategies, enabling concurrent improvements
in structural integrity, electrochemical reversibility, and interfa-
cial compatibility. By holistically addressing the interdependent
challenges of Zn dendrite formation, water-induced side reac-
tions, and mechanical fatigue in flexible configurations, additive
engineering establishes a solid foundation for the development
of high-performance ZIBs with extended cycling lifespans and
enhanced operational safety. Moreover, this design philoso-
phy offers valuable insights for the broader pursuit of multi-
functional material systems in next-generation energy storage
devices.
Advanced Functional Materials, 2026
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.4 PolymerizationWith Monomers Bearing
pecial Functional Groups

unctional group modification constitutes a versatile molecu-
ar engineering approach to improve the overall performance
f PAM-based hydrogel electrolytes. By chemically introduc-
ng functional groups endowed with specific electronic and
tructural attributes into the 3D PAM network, this strategy
chieves precise modulation of ion transport pathways, water
olecule dynamics, and interfacial chemical properties [150].
epending on their chemical identity, functional groups like
ydroxyl, carbonyl, carboxyl, amino, or sulfonate engage in
arious non‑covalent interactions, such as hydrogen bonding,
lectrostatic forces, and coordination with Zn2+. These interac-
ions collectively shape amicroenvironment that accelerates Zn2+
igration, facilitates uniform deposition, and mitigates water-
nduced side reactions. Furthermore, this molecular-level design
nhances the mechanical robustness and long-term stability of
he hydrogel, addressing multiple challenges simultaneously.
ombined with other design strategies, functional group mod-
fication offers a synergistic pathway toward next-generation
lexible ZIBs featuring enhanced durability and electrochemical
erformance.

olar functional groups are crucial for tuning the local dielectric
roperties and intermolecular interaction networks in hydrogels.
y forming dense hydrogen bond networks, these groups effec-
ively immobilizewatermolecules, converting highly reactive free
ater into stable bound water [151]. This transformation signifi-
antly mitigates inherent side reactions in aqueous electrolytes.
n addition, ion–dipole interactions enabled by these polar groups
egulate the solvation structure and transport pathways of Zn2+
ons. A representative example in Figure 5a involves grafting
ong-chain quaternary ammonium cations (N+R3) onto a PAM
etwork via the monomer 3-acrylamidopropyl trimethylammo-
ium chloride (APTMA) [152]. These positively charged moieties
acilitate rapid Zn2+ migration with reduced energy barriers
hrough electrostatic repulsion, while also immobilizing SO4

2−

nions on the polymer chains. This cationic channel design
ndows the hydrogel with both a high ionic conductivity of
8.7 mS cm−1 and a high Zn2+ transference number of 0.79. In
ddition, this system effectively suppresses HER, as evidenced
y an H2 concentration of only 72 ppm after 5 h, compared with
21 ppm for conventional PAM (Figure 5b). Differential scanning
alorimetry (DSC) measurements further reveal a high content
f unfreezable water and a low proportion of free water within
he structure (Figure 5c), resulting from strengthened polymer–
ater interactions that help regulate interfacial water activity and
ontribute synergistically to Zn anode stability. Anionic func-
ional group copolymerization has been employed to introduce
trongly electronegative ─BF3− terminal groups into the PAM
ydrogel, resulting in a PAME electrolyte [153]. These groups act
s potent hydrogen bond acceptors, effectively trapping water
olecules and converting highly active free water into stable
ound water. Simultaneously, its electrostatic attraction with
n2+ guides uniform ion flux distribution, promoting preferential
n deposition on the (002) crystal plane and suppressing dendrite
rowth. MD simulations show that PAME chains can enter the
n2+ solvation shell, partially displacing coordinated water (on
verage 0.23 chain segments per Zn2+) and forming a stable
n─F coordination environment (Figure 5d,e). DFT calculations
dvanced Functional Materials, 2026
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further confirm that the binding energies of PAMEwith bothZn2+
and H2O are lower than those of PAM, indicating that ─BF3−
can preferentially capture Zn2+ and enhance water confinement,
synergistically regulating deposition behavior and interfacial
stability. Integrating the advantages of both anionic and cationic
groups within a single molecular unit can create internally
separated dual-ion transport channels. Building on the strategies
of cationic and anionic functional group modification, a zwitteri-
onic approachhas been employed to combine both functionalities
synergistically. Specifically, a poly(AM-co-SBMA) hydrogel elec-
trolyte (PASHE) was developed, in which the ─SO3

− groups
serve as strong coordination sites for Zn2+ ions via electrostatic
interactions, whereas the ─N+(CH3)2 groups promote efficient
transport of OTf− anions [154]. This separated ion channel pro-
motes efficient Zn2+ migration, resulting in an ionic conductivity
of 32.9 mS cm−1. DFT calculations reveal that the binding energy
between the sulfobetaine anion in PASHE and Zn2+ (−11.69 eV) is
much lower than that of Zn2+─H2O (−4.52 eV), indicating a pref-
erential adsorption for Zn2+ (Figure 5f).Moreover, the desolvation
energy of PASHE–[Zn(H2O)5]2+ (−18.81 eV) is higher than that of
[Zn(H2O)6]2+ (−15.30 eV) (Figure 5g), confirming its effectiveness
in promoting Zn2+ desolvation, accelerating deposition/stripping
kinetics, and homogenizing the interfacial electric field and
ion flux.

Incorporating functional molecules via copolymerization has
emerged as an effective strategy to enhance the physicochem-
ical and electrochemical properties of PAM-based hydrogels.
Introducing custom-designed functional groups into the polymer
network yields marked enhancements in mechanical strength,
ionic conductivity, and interfacial compatibility. In particular,
leveraging the π systems of functional molecules to interact with
ions offers an efficientmeans of regulating ion transport behavior.
In one example, 2-phenoxyethyl acrylate (PHEA), which contains
a benzene ring, was copolymerized with AM to form a P(AM-
co-PHEA) (PAP) hydrogel [155]. The benzene ring in PHEA
anchors OTf− anions through π-anion interactions, resulting
in an increased Zn2+ transference number of 0.70 (Figure 5h).
Concurrently, the introduction of the aromatic ring optimizes
ion transport pathways. MD simulations demonstrate that Zn2+
forms more ordered and faster conduction channels in the PAP
gel, leading to an enhanced diffusion coefficient (Figure 5i).

Within the strategy of functional group modification for PAM
hydrogels, the incorporation of natural macromolecules offers
a novel design paradigm for constructing dynamic crosslinked
networks and achieving synergistic regulation through multiple
functional groups. In this context, Xu et al. introduced chon-
droitin sulfate (CS), rich in ─OH, ─SO3

−, and ─COO− groups,
into a PAM matrix [80]. Leveraging the dynamic hydrogen-
bonding interactions between CS and PAM chains, they suc-
cessfully constructed a PAM-CS composite hydrogel electrolyte
featuring a “dynamic coordination network.” FTIR spectroscopy
confirms the successful incorporation of CS, and the hydrogen-
bonding interactions with PAM cause the characteristic C═O
peak to red-shift to 1657 cm−1, verifying the formation of a
dynamic coordination network. Thismulti-hydrogen-bond archi-
tecture significantly enhances the crosslinking density of the
system, increasing the tensile strength of the hydrogel from
12.5 kPa (pure PAM) to 60 kPa, with an elongation at break of
760%. Regarding ion transport, the ─SO3

− and ─COO− groups
17 of 42
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FIGURE 5 (a) Schematic diagrams illustrating ion migration in PAM and PAPTMA hydrogels. (b) Time-dependent H2 generation using various
hydrogels. (c) DSC curves of PAPTMA and PAM hydrogel recorded at 5◦C min−1. Reproduced with permission [152]. Copyright 2025, Springer Nature.
(d) Snapshot from MD simulations showing the representative solvation structure of Zn2+ in the PAME electrolyte. (e) RDF for Zn2+─O (H2O),
Zn2+─O (SO4

2−), Zn2+─O (PAME), and Zn2+─F (PAME) pairs from theMD simulation, and the corresponding coordination numbers. Reproducedwith
permission [153]. Copyright 2024, Wiley-VCH. (f) Calculated binding energies of Zn2+─H2O and Zn2+–PASHE. (g) Calculated desolvation energies of
PASHE–[Zn(H2O)5]2+ and [Zn(H2O)6]2+. Reproducedwith permission [154]. Copyright 2022,Wiley-VCH. (h) Comparison of Zn2+ transference number.
(i) The function of mean-squared displacement vs time in PAP and PAM. Reproduced with permission [155]. Copyright 2025, Wiley-VCH. (j) SAXS
curves of polymeric micelles. (k) The average rate of Zn2+ transport of various hydrogel electrolytes. Reproduced with permission [79]. Copyright 2024,
Wiley-VCH.
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TABLE 2 Comparison of the reported ionic conductivity and Zn2+ transference number of ZIBs employing different PAM-based hydrogel systems.

Nos. Hydrogel system Modifying strategy
Ionic conductivity

(mS cm−1)
Zn2+ transference

number Refs.

1 CD-PEO/PAM Construction of multifunctional
networks

22.4 0.923 [78]

2 TCOF-S-Gel Functional filler 27.2 0.89 [161]
3 HTHEs Functional filler 3.5 0.9 [162]
4 6m-PAM Functional group

copolymerization
52 0.51 [163]

5 APHE Construction of multifunctional
networks

17.8 0.71 [164]
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stablish fast migration channels for Zn2+ ions via strong elec-
rostatic interactions, achieving a high ionic conductivity of 38.3
S cm−1 and elevating the Zn2+ transference number from 0.26
o 0.52. MD simulations and RDF reveal that ─SO3

− and ─COO−

an enter the solvation sheath of Zn2+ through strong electrostatic
nteractions, forming a stable Zn2+─O (PAM-CS) coordination
tructure that provides a structural basis for rapid Zn2+ migra-
ion and uniform deposition. Beyond endowing the network
ith multiple functional groups through the introduction of
unctionalizedmacromolecular segments, another effective route
or achieving integrated functional network design lies in con-
tructing functional sites directly within the crosslinking nodes
hemselves, thereby enabling the crosslinker to play a dual role in
oth structural support and ion regulation. A hydrogel electrolyte
ith a sprocket-like competitive transport mechanism was devel-
ped using amphiphilic F127DA micelles as macro crosslinkers
79]. The ether oxygen-rich poly(ethylene oxide) (PEO) segments
ithin the micelles compete with the immobilized ─SO3

− groups
or Zn2+ coordination. Such competition suppresses tight ion
air formation, decouples ion association, and thereby creates
fficient pathways for rapid cation transport. This design allows
he electrolyte to achieve a high ionic conductivity of 60.6 mS
m−1 and a Zn2+ transference number of 0.88. Small-angle x-ray
cattering (SAXS) analysis confirms a random distribution of the
icelles with an average spacing of 35.89 nm (Figure 5j). Con-
urrently, the micelles enhance mechanical properties through
hysical entanglement and energy dissipation, resulting in a
ensile strength of 0.23 MPa and a toughness of 0.86 MJ m−3. MD
imulations further reveal the fastest Zn2+ migration rate within
his system (Figure 5k), corroborating the promoting effect of its
opological structure on ion transport.

unctional group modification represents a versatile molecular
ngineering paradigm that enables precise regulation of ion trans-
ort, interfacial chemistry, and mechanical properties in PAM-
ased hydrogel electrolytes through the strategic incorporation of
hemically diverse functional moieties. This approach systemati-
ally addresses the intrinsic trade-offs among ionic conductivity,
n2+ transference number, electrochemical stability window,
nd mechanical robustness that have historically hindered the
pplication of hydrogel electrolytes in ZIBs. The specific choice of
unctional groups dictates the dominant regulatory mechanism:
uaternary ammonium groups establish electrostatic repulsion-
ased cation highways while immobilizing anions; sulfonate
nd carboxylate groups coordinate with Zn2+ ions to restructure
dvanced Functional Materials, 2026

t

solvation sheaths and suppress free water activity; zwitteri-
onic systems integrate complementary functionalities to achieve
decoupled ion transport; and aromatic π systems engage in π-
anion interactions to refine ion selectivity and transport kinetics.
Beyond ion transport modulation, these functional groups collec-
tively enhance interfacial stability by promoting the formation
of stable adsorption layers, regulating water activity, and miti-
gating parasitic reactions. Looking forward, further exploration
of synergistic multi-component functional systems, bioinspired
functional motifs, and advanced characterization techniques will
be crucial for unlocking the full potential of this molecular
engineering approach.

4 Enhancement of Battery Performance via
Modification of PAM-Based Hydrogel Electrolytes

4.1 Promoted Ion Transport Behavior

Ion transport efficiency in the electrolyte is considered a key
parameter that essentially governs rate capability, cycling sta-
bility, and the overall device electrochemical performance [156].
Conventional PAM hydrogels typically suffer from inherent
drawbacks, including slow interfacial charge-transfer kinetics
and inadequate suppression of side reactions [157]. To address
these key shortcomings, a variety of rational design strategies
have been recently proposed and explored to engineer the
microenvironment of hydrogel electrolytes. These approaches
include constructing interconnected porous networks, introduc-
ing functional groups to stabilize Zn2+ solvation structures,
optimizing polymer chain mobility, regulating water molecular
state, and building continuous ion-conducting pathways. With
these sophisticated modifications, the migration barrier for Zn2+
is substantially lowered, the desolvation process is accelerated,
and the overall ion transport kinetics are greatly improved. As
a result, PAM-based hydrogel electrolytes exhibit significantly
enhanced ionic conductivity, interfacial compatibility, and elec-
trochemical stability, thereby offering an efficient pathway to
superior rate capability and extended cycle life in advanced
aqueous ZIBs. As a quantitative reference, the representative
ion transport properties of selected modified PAM hydrogels are
summarized in Table 2.

The interconnected polymer chains in PAM hydrogels are
incapable of transporting ions [158]. Instead, the migration of
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ons is mainly controlled by the confined liquid electrolyte
resent inside the network. When water content decreases, the
on transfer process becomes impeded [159]. When the water
ontent is low, raising the Zn2+ concentration within the hydro-
el electrolyte represents the most direct means of improving
ts ionic conductivity. Nevertheless, typical Zn salts like Zn
ulfate (ZnSO4) and Zn trifluoromethanesulfonate (Zn(OTf)2)
ave poor solubility in hydrogel media [160]. A promising
trategy to enhance the Zn2+ transference number under low
ater-content conditions involves functional modification of the
ydrogel network to restrict anion migration and increase the
umber of free Zn2+ ions. This significantly increases the cation
ransference number, transforming the system into a single-
on conducting electrolyte (SICE) with a transference number
pproaching 1. For example, Xia et al. developed a single Zn2+-
onducting hydrogel electrolyte (SIHE) by combining a PAM
etwork with a pseudopolyrotaxane (PPR) structure, based on a
olecular spatial confinement strategy [78]. The PPR structure
onsists of linear polymers (PEOs) and cyclic molecules (α-
yclodextrins, CDs). Diffusion-ordered spectroscopy (DOSY) and
MR analyses confirm that the cyclodextrins are threaded onto
he PEO chains, forming a mechanically interlocked architecture
Figure 6a). In this design, α-cyclodextrins act as anion traps,
onfining OTf− anions between two rings via steric hindrance,
hile Zn2+ ions migrate directionally along the hydroxyl sites
n the exterior of the rings. This SIHE exhibits a high Zn2+
ransference number of 0.923 and an ionic conductivity of 22.4
S cm−1. Furthermore, MD simulations and radial distribution
unction analysis indicate that Zn2+ forms a stable hexa-aqua
oordination cluster [Zn(H2O)6]2+ in water, with the nearest
eighbor distance to oxygen atoms being approximately 0.2 nm
Figure 6b). When an electric field of 0.6 V nm−1 is applied
long the PEO chain direction, this hydrated species migrates
irectionally along the chain. The migration trajectory clearly
hows that Zn2+ preferentially adsorbs at the hydroxyl sites on
he cyclodextrins and is transported along the chain driven by the
lectric field, achieving ordered migration (Figure 6c). Similarly,
single-ion conducting gel electrolyte (denoted as TCOF-S-Gel)
as been constructed by incorporating a sulfonic acid group
─SO3

−) functionalized covalent organic framework (TCOF-S)
nto a PAM matrix [161]. The introduced ─SO3

− moieties act
s anchored anion-accepting sites, which synergistically interact
ith the PAM polymer chains to construct a continuous Zn2+
ransport “ladder” structure. This unique architecture facilitates
ast and selective Zn2+ migration while effectively restricting
he movement of free anions. Benefiting from this structural
esign, the Zn2+ transference number is notably elevated to 0.89,
ccompanied by a substantial enhancement in ionic conductivity
Figure 6d). Work function analysis based on DFT calculations
eveals that the TCOF-S skeleton possesses high conjugation, and
ts delocalized electrons can form an electron-shielding buffer
ayer on theZn anode surface, slowing down the cation deposition
ate (Figure 6e). Concurrently, the uniformly distributed ─SO3

−

roups on the framework act as zincophilic sites, effectively
romoting homogeneous Zn deposition, significantly reducing
he nucleation overpotential, and thereby inhibiting Zn den-
rite formation. Bioinspired multifunctional network designs
an also be employed to construct continuous Zn2+ transport
hannels. Inspired by the structure of the American lobster’s
lexible membrane, Zhu et al. developed a hierarchically twisted
ydrogel electrolyte (HTHEs) (Figure 6f) [162]. This electrolyte
0 of 42
utilizes layer-by-layer twisted stacks of cellulose nanofiber (CNF)
membranes, with each layer twisted by 36◦, forming a well-
defined hierarchically twisted structure conducive to creating
ordered, twisted channels. This architecture effectively traps
ClO4

− anions, reduces the anion concentration around Zn2+,
lowers the desolvation energy barrier for Zn2+, and facilitates
its rapid transport, achieving a transference number as high
as 0.9. X-ray diffraction (XRD) pole figure analysis reveals that
the Zn (002) orientation peak intensity in the HTHE system
reaches as high as 7.2, which is significantly stronger than that
in random composite hydrogel electrolyte (RCHE) and liquid
electrolyte (LE) systems. This indicates that HTHE effectively
guides preferential Zn deposition along the (002) crystal plane,
serving as a key contributing factor to its superior cycling stability.

Inside the hydrogel network, hydrophilic polymer side chains
tightly bind water molecules, greatly restricting both the amount
and movement of free water. Zn2+ ions are tightly confined
within their solvation shells, severely hindering their migration
through the electrolyte and resulting in an ionic conductivity
approximately one order of magnitude lower than that of conven-
tional aqueous electrolytes. Fortunately, introducing specifically
designed functional groups enables effective modulation of the
Zn2+ solvation environment and ion‑transport routes via var-
ious noncovalent interactions. As a representative example, a
morpholine-crosslinked PAM hydrogel electrolyte (marked as
6m-PAM) has been developed and verified [163]. In this system,
nitrogen and oxygen atoms in morpholine groups can form
strong coordination bonds with Zn2+ ions, thereby reconstructing
the original Zn2+ solvation sheath and reducing the number of
coordinated water molecules attached to Zn2+ ions. As presented
in Figure 6g, this modified hydrogel electrolyte delivers a high
ionic conductivity of 52 mS cm−1, a relatively low activation
energy of 28.2 kJ mol−1, as well as an elevated Zn2+ transference
number of 0.51. Reduced density gradient (RDG) isosurface
analysis indicates that the 6m-PAM system is stabilized by O─O
hydrogen bonds and van der Waals interactions (Figure 6h,i).
By introducing polymer backbones with weak cation adsorption
capability but strong anion affinity, the ion transport behavior of
the electrolyte can be precisely regulated. Zhu et al. developed
an anion-philic polymer hydrogel electrolyte (APHE) based on
PAM and aramid nanofibers (ANF) [164]. The polymer backbone
in this electrolyte possesses both electrophilic and nucleophilic
characteristics, enabling the formation of “strong anion-polymer”
and “weak Zn2+-polymer” interactions. This design restricts
anion migration while promoting the dynamic transport of
Zn2+. ESP analysis further elucidates the charge distribution and
interactions among the polymer, solvent, and salt (Figure 6j).
NMR reveals that the ─CONH2 interacts with OTf− anions,
thereby reducing the free water content. The APHE demonstrates
an ionic conductivity of 17.8 mS cm−1 and a Zn2+ transference
number of 0.71, highlighting its effectiveness in guiding selective
ion transport.

Functional modification strategies for PAM hydrogel electrolytes
focus on reconstructing and optimizing the ion transport system,
with the core objective of overcoming the inherent coupling
between anion and cation migration. This persistent limita-
tion severely restricts the electrochemical behavior of ZIBs. In
traditional hydrogel electrolytes, free anions and Zn2+ migrate
in a coupled manner, which not only hinders the overall ion
Advanced Functional Materials, 2026
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FIGURE 6 (a) DOSY spectra of the PPR. (b) PPR MD model. (c) Zn2+ transport within PPR under an applied electric field. Reproduced
with permission [78]. Copyright 2023, Wiley-VCH. (d) Ion conductivity of TCOF-S-Gel, PAM-Gel, and 2 M ZnSO4 as a function of temperature. (e)
Plane‑averaged electrostatic potential profile from the Zn surface to the TCOF‑S interface. Reproduced with permission [161]. Copyright 2023, Wiley-
VCH. (f) Schematic of the multi-stage synergistic design in hierarchical twisted hydrogel electrolytes. Reproduced with permission [162]. Copyright
2025, Royal Society of Chemistry. (g) Arrhenius plots of different electrolytes. RDG-sign(l2)r scatter plot of (h) 6m-PAM-6m-PAM and (i) 6m-PAM-H2O.
Reproduced with permission [163]. Copyright 2025, Elsevier. (j) Cation–dipole interactions and binding energies of Zn2+ with carbonyl moieties in ANF
and PAM, along with the strong anchoring of OTf− anions by amine groups. Reproduced with permission [164]. Copyright 2026, Wiley-VCH.

Advanced Functional Materials, 2026 21 of 42

 16163028, 2026, 66, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.77159 by Z
hejiang N

orm
al U

niversity, W
iley O

nline L
ibrary on [18/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TABLE 3 Comparison of the reported mechanical properties of different PAM-based hydrogel systems for ZIBs.

Nos. Hydrogel system Modifying strategy Tensile strength (kPa) Elongation (%) Refs.

1 PAM-ZnK4Ac Organic molecular additives 37.5 250 [166]
2 PAM-PAMPS-10PD Organic molecular additives 7.1 520 [116]
3 PZD Organic molecular additives 82 690 [117]
4 PCZ-gel Construction of multifunctional

networks
200 990 [139]

5 PAAm/SA Construction of multifunctional
networks

757.5 1000 [138]

6 CT-PAM Functional filler 60.3 1328 [167]
7 P-MC Functional filler 489 3500 [168]
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ransport speed but also triggers severe side reactions and
lectrode degradation. By breaking this restrictive migration
attern, it is possible to build continuous, selective, and highly
fficient ion transport channels that prioritize fast and stable
n2+ conduction, minimizing the interference of inactive anion
ovement. Adopting synergistic modification strategies cover-
ng molecular-scale chemical functionalization, intermolecular
nteraction regulation, microscopic pore structure tuning, and
olymer network optimization, the core performance metrics of
ydrogel electrolytes can be elevated in an all-round way. These
ey indicators include room-temperature ionic conductivity, ion
igration kinetics, interfacial charge transfer efficiency, and
ong-term operational stability. Such a targeted and systematic
ptimization scheme effectively solves the inherent defects of
ure PAM hydrogel electrolytes, supplying a high-performance,
table, and practical electrolyte platform. In turn, this lays a
olid foundation for the fabrication and large-scale application
f advanced aqueous ZIBs with outstanding high-rate discharge
apability, ultralong cycling stability, and excellent mechanical
daptability for flexible energy storage devices.

.2 Targeted Enhancement of Mechanical
roperties

echanical strength stands as one of the most indispensable
erformance indicators for hydrogel electrolytes, exerting a
ivotal influence on both the practical application of flexible
nd wearable electronic devices and the long-term durability
nd electrochemical stability of aqueous ZIBs [45]. Pure PAM
ydrogels normally suffer from inferior mechanical robustness,
nsufficient tensile strength, and poor structural toughness,
aking them prone to fracture, deformation, and mechanical
ailure under repeated bending, stretching, or external pressure
uring cycling [165]. In contrast, a hydrogel electrolyte with
utstanding mechanical robustness can effectively withstand
xternal mechanical stress and maintain structural integrity,
hich is vital for stable long-term operation. More importantly,
tough and rigid hydrogel matrix can physically impede the
neven Zn deposition and efficiently restrain the uncontrolled
rowth and penetration of Zn dendrites, a major threat that
auses internal short circuits and sudden battery failure. By
locking dendrite propagation and maintaining a stable elec-
rode/electrolyte interface, this mechanically strengthened elec-
2 of 42
trolyte establishes a safer, more uniform, and controllable ion
transport microenvironment. As a quantitative summary, the
representative mechanical properties of selected modified PAM
hydrogel systems are compiled in Table 3.

By introducing strong hydrogen bond donors or acceptors, dense
hydrogen bond networks can be formed, thereby enhancing the
rigidity and toughness of hydrogels. For example, Lin et al.
developed a PAM-Zn(Ac)2-4KAc (PAM-ZnK4Ac) hydrogel elec-
trolyte [166]. In this system, acetate (Ac−) anions synergize
with the ─CONH2 on the PAM chains to disrupt the inherent
hydrogen bond network of water molecules through the for-
mation of N─H∙∙∙O hydrogen bonds. This reduces free water
content while strengthening intermolecular interactions between
polymer chains. However, the resulting mechanical strength
varies with the concentration of Ac−. Tensile strength initially
increases with KAc concentration to a maximum value and
subsequently decreases. This trend is attributed to the influence
of KAc concentration on both the water content and the poly-
mer network structure of the hydrogel electrolyte. At low KAc
concentrations, higher water content leads to a weaker network
structure, reducing tensile strength. An optimal balance between
water content and network stiffness is achieved at a Zn(Ac)2/KAc
mass ratio of 1:3, yielding a peak tensile strength of approximately
30 kPa (Figure 7a). Exceeding this ratio disrupts the polymer
network due to excessive salt screening of intermolecular inter-
actions, ultimately lowering tensile strength. Furthermore, this
regulation mechanism endows the hydrogel with excellent adhe-
sive properties (shear strength reaching 10–15 kPa) (Figure 7b).
The densified hydrogen bond network enables effective stress
distribution during deformation, preventing local fracture and
enhancing overall mechanical stability. Besides employing salt
anions to regulate intermolecular interactions, directly incorpo-
rating hydroxyl-rich small organic molecules represents another
feasible and effective strategy. This approach is widely adopted
to fabricate dense and stable hydrogen bond networks inside the
hydrogel matrix, thereby significantly boosting the mechanical
strength, toughness, and structural stability of the electrolyte. As
a typical example, a hydrogel electrolyte has been successfully
fabricated using AM, 2-acrylamido-2-methylpropane sulfonic
acid (AMPS), and 1,5-pentanediol (PD) as raw materials, which
is coded as PAM-PAMPS-10PD for concise description [116]. PD,
rich in hydroxyl groups, not only forms multiple hydrogen-bond
cross-links with the PAM chains but also constructs a more
Advanced Functional Materials, 2026

ive C
om

m
ons L

icense



FIGURE 7 (a) Stress–strain curves of PAM-ZnKnAc. (b) Shear strength of PAM-ZnK4Ac on Zn and CC@PANI substrates. Reproduced with
permission [166]. Copyright 2025, Wiley-VCH. (c) Tensile stress–strain curves at room temperature and 100◦C. (d) Compressive curves under 100◦C.
Reproduced with permission [116]. Copyright 2024, Wiley-VCH. (e) Schematic diagram of hydrogel synthesis. Reproduced with permission [117].
Copyright 2024, Wiley-VCH. (f) Schematic depicting the role of CT-PAM HE in achieving uniform Zn deposition. (g) Adhesive force–displacement
curves of CT-PAM and PAM HEs. Reproduced with permission [167]. Copyright 2025, Wiley-VCH. (h) Optical images of the P-MC during mechanical
property testing. Reproduced with permission [168]. Copyright 2024, Royal Society of Chemistry.
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table hydrogen-bond network with water molecules through
ts strong hydration capability. Simultaneously, the PAM-PAMPS
etwork provides abundant anionic groups (─SO3

−), while PD
urther optimizes the network structure, significantly enhancing
oth mechanical properties and high-temperature stability. At
oom temperature, the hydrogel displays a fracture elongation
f approximately 520% and a tensile strength of 7.07 kPa. Even
t 100◦C, it retains an elongation of 390% and a strength of
.96 kPa (Figure 7c), alongside remarkable compressive recovery
apability and exceptional fatigue resistance (Figure 7d). This
ydrogen-bond modulation strategy demonstrates broad tem-
erature adaptability and can be extended to low-temperature
pplications by selecting appropriate polar solvent molecules.
or instance, Zhang et al. introduced the polar aprotic solvent
, N-dimethylformamide (DMF) (Figure 7e) [117]. The carbonyl
roup inDMFserves as a stronghydrogen-bond acceptor, creating
ydrogen bonds with both water molecules and the ─CONH2
n PAM chains, thereby reinforcing the polymer network. This
ydrogel remains transparent, stretchable (with a fracture elonga-
ion of 690%), and exhibits good shape-recovery capability even at
20◦C. SEM reveals a uniform 3D porous structure, which facil-
tates Zn2+ transport. Furthermore, the hydrogel demonstrates
xcellent moldability, twistability, and stretchability, highlighting
ts outstanding mechanical performance.

he construction of multifunctional dual‑network structures has
ecome an effective design strategy for concurrently improv-
ng mechanical strength and inhibiting Zn dendrite growth
n hydrogel electrolytes. Its key lies in achieving synergistic
einforcement by combining different crosslinking mechanisms,
uch as covalent, physical, and ionic crosslinking. In the afore-
entioned dual-network PCZ-gel, polar groups generate physical
rosslinking sites through hydrogen bonding interactions [139].
his unique crosslinking structure endows the hydrogel with
utstandingmechanical performance, including a tensile stress of
00 kPa, a fracture elongation of 990%, a toughness of 1111 kJ m−3

nd an elastic modulus of 31.0 kPa. These values are significantly
igher than those of PAM gel (toughness: 184.4 kJ m−3, modulus:
8.7 kPa). The gel can be elongated to ten times its initial length
nd endure high compression without fracturing. Similarly,
ang et al. constructed a PAM/SA dual-network hydrogel [138].
ithin this architecture, Zn2+ ions penetrate the zigzag G-block
egions of the SA chains and become trapped in the chelation
ockets formed between two neighboring alginate chains. This
rchitecture increases the fracture strength significantly to 757.5
Pa, achieves an interfacial adhesion strength of approximately
64.47 kPa, and enables complete recovery after being subjected
o a 1 kg load.

he introduction of functional nanofillers enables the creation
f reinforced composite structures within the hydrogel matrix,
arkedly improving both the mechanical strength and frac-
ure toughness of the bulk material. Meanwhile, the plentiful
ctive functional groups, such as hydroxyl and carboxyl moi-
ties, are capable of forming stable interactions with Zn2+ ions.
hese interactions effectively suppress ion aggregation and boost
he concentration of freely mobile ions, making it possible
o optimize the mechanical properties of the electrolyte. As
typical illustration, two-dimensional porphyrin-based metal–
rganic framework nanosheets, namely Cu-TCPP, were adopted
s versatile multifunctional fillers and incorporated into a PAM
4 of 42
matrix to prepare a CT-PAM composite hydrogel electrolyte, as
presented in Figure 7f [167]. The Cu-TCPP nanosheets exhibit
a planar two‑dimensional lamellar structure and an abundance
of surface functional groups. Their porous framework and high
specific surface area provide numerous physical crosslinking
sites, significantly enhancing the interfacial interaction between
the filler and polymer chains. Tensile tests demonstrate that
the CT-PAM hydrogel achieves a tensile strength of 60.3 kPa
and an elongation at break of up to 1328%, far exceeding that
of pure PAM hydrogel. This enhancement is attributed to the
composite structure formed by the rigid MOF nanosheets and
flexible PAM chains, as well as the abundant hydrogen-bonding
interactions at their interface, enabling effective stress dispersion
and energy dissipation during deformation. Moreover, the strong
interfacial bonding between filler and matrix also improves the
adhesive properties of the hydrogel (Figure 7g), with its shear
strength significantly higher than that of pure PAM, which is
beneficial for reducing electrode/electrolyte interfacial resistance
and promoting ion transport. In contrast to two-dimensional
MOF fillers, one-dimensional carbon nanotubes exhibit unique
advantages in enhancing the mechanical performance of hydro-
gels due to their distinctive tubular structure and excellent
mechanical properties. Luo et al. introduced carboxylated multi-
walled carbon nanotubes (MWCNTs) into a PAM network to
construct a P-MC composite hydrogel electrolyte [168]. The
abundant carboxyl groups on the MWCNT surface form strong
hydrogen-bonding interactions with the amide groups of PAM
chains, while the rigid tubular structure of MWCNTs provides
physical entanglement points for the polymer chains. These
synergistic effects collectively construct multiple energy dissipa-
tion structures. Thus, as demonstrated in Figure 7h, the P-MC
hydrogel possesses remarkable mechanical flexibility, enduring
twisting, stretching, rolling, and knotting without fracture. Even
after puncture or cutting, its structure remains intact, and
a thin sheet can suspend a 500 g weight without breaking,
demonstrating excellent tensile strength. Mechanical tests reveal
that with increasing MWCNT content, the tensile strength of
the hydrogel increased from 91 to 489 kPa, elongation at break
rose from 1130% to 3500%, and fracture toughness is signifi-
cantly enhanced. This enhancement stems from the formation
of multiple energy‑dissipating networks via hydrogen bonding
and physical entanglement between MWCNTs and PAM chains,
which imparts both high strength and high toughness to the
hydrogel.

Through various rational and targeted functional modification
strategies, the comprehensive mechanical properties of PAM-
based hydrogel electrolytes can be significantly enhanced across
multiple dimensions, including mechanical strength, fracture
toughness, elastic recovery capability, and interfacial adhesion
with electrode materials. These multidimensional improvements
in mechanical performance are not only essential for ensuring
the structural integrity and dimensional stability of hydrogel
electrolytes under complex mechanical stresses, such as repeated
bending, stretching, compression, and torsion encountered in
flexible device applications, but also serve a critical function in
maintaining a stable and intimate electrode/electrolyte interface
during long-term battery cycling. By effectively reducing interfa-
cial detachment, minimizing contact resistance, and suppressing
the formation of interfacial defects caused by mechanical defor-
mation, themodified hydrogels can sustain efficient ion transport
Advanced Functional Materials, 2026
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t the electrode/electrolyte interface. This thus offers a solid and
eliable foundation for advancing and practically implementing
igh‑performance, long‑lasting FZIBs that can meet the rigorous
equirements of flexible, wearable, and portable energy storage
evices.

hile the preceding discussion has highlighted individual
nhancements in mechanical strength and ionic conductivity, it
s critical to acknowledge that these two performance metrics
re often inherently conflicting in hydrogel electrolyte design.
igh ionic conductivity requires continuous liquid-phase
athways with low tortuosity and high polymer chain mobility,
ypically achieved through low crosslinking density and high
ater content. Conversely, high mechanical strength demands
dense, highly crosslinked network with strong inter-chain

nteractions, which inevitably restricts chain segmental motion,
educes pore connectivity, and increases the tortuosity of ion
ransport pathways, all of which lower ionic conductivity [47].
hree key parameters govern this trade-off. First is crosslinking
ensity, where higher density enhances mechanical strength at
he expense of free volume and chain mobility, leading to an
ncreased activation energy for ion hopping. Second is water
ontent, as higher water content promotes ionic conductivity by
roviding continuous liquid-phase channels but simultaneously
oftens the polymer network and compromises its puncture
esistance. Third is functional group density, where polar groups
an improve both ion selectivity and mechanical interactions,
et excessive functionalization risks over-crosslinking
r electrostatic screening and ultimately degrades both
roperties [69].

.3 Modulation of Interfacial Desolvation and
eposition Behaviors

he stability of the electrode/electrolyte interface is a critical
eterminant of long-term battery cyclability, operational safety,
nd overall electrochemical performance [169]. For PAM-based
ydrogel electrolytes paired with Zn anodes, the interface poses
ultiple inherent challenges that severely restrict battery perfor-
ance. On the one hand, the intrinsic structural characteristics of
AMhydrogels often lead to incomplete physical contact between
he electrolyte and the Zn anode surface, which tends to cause
levated interfacial resistance, nonuniform current distribution,
nd hindered ion transport [170]. This nonuniformity further
ggravates the uneven deposition on the anode surface, laying
he foundation for Zn dendrite formation. On the other hand, the
luggish desolvation of Zn2+ ions occurs at the hydrogel/anode
nterface, where Zn2+ ions fail to completely shed their solvation
hells, primarily composed of coordinated water molecules, prior
o their deposition onto the Zn anode surface [76]. This disordered
eposition not only reduces the Coulombic efficiency but also
romotes the growth of Zn dendrites [171]. Meanwhile, the
ide reaction-derived by-products further block the ion transport
hannels at the interface, impairing the charge transfer effi-
iency and exacerbating the instability of the electrode/electrolyte
nterface [172]. Collectively, these interfacial issues significantly
ompromise key battery performance metrics, including cycling
ife, Coulombic efficiency, and rate capability, becoming a major
ottleneck for the practical deployment of PAM hydrogel-based
IBs.
dvanced Functional Materials, 2026

t

The strength and density of hydrogen bonds between polymer
chains and water molecules determine the fraction of free water
versus boundwater. Ahigher proportion of boundwater increases
the viscosity of the confined liquid phase and raises the energy
barrier for ion hopping, while an optimized hydrogen bond
network (e.g., through cryoprotective additives or functional
groups) lowers the desolvation energy barrier by providing
alternative low-energy pathways for ion migration [173]. Water
molecules in the primary solvation sheath of Zn2+ are in dynamic
exchange with the surrounding hydrogen bond network. When
strong hydrogen bond acceptors (e.g., carbonyl, sulfonate, or
ether groups) are introduced into the PAMnetwork, they compete
with water molecules for hydrogen bonding, effectively weak-
ening the water–water hydrogen bond network and reducing
the residence time of water molecules in the Zn2+ solvation
sheath. This accelerates the desolvation kinetics and enhances
the Zn2+ diffusion coefficient. In addition, the 3D hydrogen
bond network within the hydrogel creates a percolation pathway
for ion transport [22]. A well-designed network with optimal
crosslinking density and functional group distributionminimizes
tortuosity and maximizes continuous liquid-phase channels.
Conversely, excessive hydrogen bonding restricts polymer chain
mobility and reduces pore connectivity, leading to decreased ionic
conductivity.

Polar molecules can effectively reconstruct the hydrogen-bond
network within the PAM hydrogel structure, thereby reducing
the activity of freewatermolecules, suppressing their evaporation
and electrolysis, and simultaneously enhancing the hydrogel’s
water retention capability. Based on this hydrogen-bond recon-
struction strategy, a PAM-based organohydrogel electrolyte has
been developed using a dimethyl sulfoxide (DMSO)/water binary
solvent system (Figure 8a) [174]. DMSO, as a polar aprotic solvent
with strong hydrogen-bond-accepting capability, directionally
reconstructs the hydrogen-bond network by forming competitive
DMSO─H2O hydrogen bonds. FTIR spectroscopy of the O─H
stretching region (2800–4000 cm−1) reveals that the introduction
of DMSO leads to a noticeable increase in medium and weak
hydrogen bonds at higher wavenumbers, accompanied by a
reduction in the proportion of strong hydrogen bonds at lower
wavenumbers (Figure 8b). Quantitative analysis through MD
simulations further confirms that the total number of hydrogen
bonds increases from approximately 8.2 × 103 in the pure PAM
hydrogel to 10.5 × 103 in the DMSO-containing organohydrogel.
This seemingly paradoxical increase reflects the immobilization
of free water molecules through DMSO─H2O hydrogen bonding,
which reduces free water activity and effectively suppresses water
evaporation and decomposition. DFT calculations reveal that
DMSO exhibits a stronger binding affinity with Zn2+ (−1.2 eV)
compared to H2O (−0.6 eV), enabling DMSO to preferentially
participate in the Zn2+ solvation sheath and replace coordinated
water molecules. Consequently, this modified organohydrogel
electrolyte achieves significant enhancements in water retention
capability and the stability of both cathode and anode interfaces,
enabling the Zn//Zn symmetric cell to achieve ultralong cycling
stability exceeding 5000 h. HER frequently raises the interfacial
pH, resulting in the generation of by‑products such as Zn hydrox-
ide sulfate. The electronically insulating and electrochemically
inactive nature of these by-products further exacerbates the
inhomogeneity of the electric field distribution on the anode
surface. Constructing a macroscopically spatially heterogeneous
25 of 42
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FIGURE 8 (a) Synthesis diagram of the dual-network organohydrogel. (b) FTIR spectra of organohydrogel electrolytes. Reproduced with
permission [174]. Copyright 2024, Elsevier. Schematic depicting the electrochemical behavior of (c) water‑rich and (d) water‑lean hydrogels. Reproduced
with permission [175]. Copyright 2025, Wiley-VCH. (e) Overcharge cycling tests of Zn symmetric cells employing various gel electrolytes at a current
density of 5.0 mA cm−2. Reproduced with permission [176]. Copyright 2025, Wiley-VCH. Spatial distribution of local current density at the Zn anode
interface for (f) ZSO and (g) PAM@ZIF-8. Reproduced with permission [131]. Copyright 2026, Elsevier. In situ synchrotron tomography (ST) was
employed to examine the morphology of Zn dendrites formed in Zn symmetric cells after galvanostatic plating at 6 mA cm−2 with (h) liquid and (i)
hydrogel electrolytes. Reproduced with permission [178]. Copyright 2023, Wiley-VCH.
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tructurewithin the hydrogelmatrix to regulate the local aqueous
nvironment and suppress interfacial side reactions represents a
romising and effective approach. As a typical implementation, a
patially heterogeneous functional network has been successfully
onstructed by integrating water-rich PAM hydrogel regions with
ater-deficient poly(sulfobetaine methacrylate) (PSBMA) hydro-
el zones [175]. This heterogeneous structure enables precise
egulation of the local water content and distribution across
he hydrogel, creating distinct microenvironments that work
ynergistically to inhibit side reactions and optimize ion transport
ehavior. XRDpatterns analysis further confirms that high-water-
ontent PSBMAhydrogel electrolytes generateminor by-products
hat alter Zn deposition behavior, while the water-deficient
witterionic hydrogel not only optimizes the Zn deposition
rocess through enhanced desolvation but also guides a uniform
eposition morphology via its anchoring effect on the Zn surface.
herefore, underwater‑deficient conditions, the lowerwater con-
entmore efficiently inhibits proton corrosion and theHER,while
lso decreasing the overpotential for Zn deposition (Figure 8c,d).
ased on this design, a Zn//Zn symmetric cell employing this
lectrolyte achieves stable cycling for up to 1200 h under an
0% depth of discharge. To prevent disordered nucleation and
rowth of passivation layers, one effective approach is to mitigate
ocal pH elevation, a key factor governing interfacial chemistry.
ecent advances have demonstrated effective strategies in this
irection. Chen et al. incorporated sodium citrate (SC) into
PAM/sodium carboxymethyl cellulose (CMC) dual network
ydrogel (denoted as PAM/SC/CMC-Na) [37], where the three
arboxylate groups of each citrate ion establish reversible proto-
ation and deprotonation equilibria that stabilize interfacial pH.
itrate species capture excess H+ during acidification and release
rotons when OH− accumulates, acting as a multisite buffering
eservoir. This buffering action suppresses the formation of
asic Zn sulfates by preventing local OH− from reaching the
recipitation threshold, while also mitigating HER kinetics by
educing the driving force for proton reduction. Consequently, the
ombined suppression of passivation layers and HER promotes
niform Zn deposition, as evidenced by the ultralong cycling
tability (over 11430 h) achieved with the PAM/SC/CMC-Na
ystem.

OFs, featuring highly ordered porous networks, tunable pore
izes, and programmable ion-sieving capabilities, offer a promis-
ng route to overcoming the intrinsic challenges of gel elec-
rolytes in ZIBs. As a typical illustration, a phytic acid (PA)-
hosphorylatedMIL-88AMOFhas been incorporated into a PAM
el electrolyte, constructing a synergistic ion rectification and
harge redistribution strategy that enables the achievement of
highly reversible Zn anode [176]. This integration leverages

he unique structural and functional advantages of MOFs to
ptimize ion transport, suppress side reactions, and boost the
verall electrochemical stability of the gel electrolyte system.
n this strategy, the phosphate groups of PA act as zincophilic
ites to promote rapid ion migration, while the porous MIL-
8A framework dissipates local charge accumulation, thereby
ynergistically suppressing dendrite growth. In an over-charge
est at 5.0 mA cm−2 (Figure 8e), the Zn//Zn symmetric cell
sing this electrolyte delivers a cumulative deposition capacity
f up to 47.5 mAh cm−2 without short-circuiting, significantly
utperforming pure PAM (25.5 mAh cm−2) and PAM/MIL-88A
ystems (37.5 mAh cm−2). Confocal laser scanning microscopy
dvanced Functional Materials, 2026
(CLSM) analysis presents a dense and flat Zn deposition layer
with a surface roughness of only 1.05 µm, representing a 76.9%
improvement in smoothness compared to PAM. SEM images also
manifest effective suppression of dendrite growth. Leveraging
these advantages, the battery exhibits long-term cycling stability
exceeding 3600 h and a high Zn utilization rate of 56.9%. Beyond
regulating interfacial charge through ion rectification, MOFs
can also reconstruct the solvation environment of Zn2+ ions
and guide preferential crystal growth via their unique pore
chemistry and surface functional groups. ZIF-8 nanoparticles
have been incorporated into a PAM hydrogel matrix to fabricate
a PAM@ZIF-8 composite electrolyte [131]. The C═N functional
groups within the ZIF-8 framework can confine SO4

2− anions
and water molecules, which not only suppresses interfacial
side reactions but also accelerates the Zn2+ desolvation process.
Meanwhile, its selective adsorption stabilizes the Zn (002) crys-
tal plane, modulates crystal growth kinetics, and encourages
oriented Zn growth on the (002) plane. XRD analysis further
confirms that no by-product peaks are detected on the cycled Zn
anode, and the Zn (002)/Zn (101) peak intensity ratio reaches
1.40, significantly higher than that of the PAM hydrogel (0.41)
and the liquid ZnSO4 (ZSO) system (0.33). Electrochemical tests
show that the Zn//Cu cell maintains an average Coulombic
efficiency of 99.6% over 1800 cycles at 5 mA cm−2 and 1 mAh
cm−2, while the Zn//Zn symmetric cell achieves an ultralong
cycle life of 6500 h at 1 mA cm−2 and 1 mAh cm−2. Finite ele-
ment simulations further present that PAM@ZIF-8 homogenizes
Zn2+ flux and electric field distribution (Figure 8f,g), avoiding
the dendrite growth caused by ion gradients in conventional
electrolytes.

Functional groups can be introduced onto the polymer backbone
of hydrogels through chemical modification. These introduced
groups can optimize ion transport pathways and lower the desol-
vation barrier of Zn2+ ions through non-covalent interactions. For
instance, a bifunctional zwitterionic hydrogel electrolyte (BZHE)
has been designed, which ingeniously separates anionic (─BF3−)
and cationic (─C─N+) groups [177]. The cationic moieties help
regulate Zn2+ transport and enable uniform Zn deposition.
Meanwhile, the ─BF3− groups reconfigure the Zn2+ solvation
sheath through water coordination to inhibit side reactions. The
Zn deposition process at 10 mA cm−2 was monitored by in situ
optical microscopy, which revealed markedly different behaviors
between the two electrolytes. In the PAMelectrolyte system, loose
deposits appear within 10 min, and after 60 min these evolve
into pronounced Zn dendrites accompanied by significant surface
roughening. In comparison, BZHE forms a uniform Zn deposit
devoid of dendrites after 60 min, demonstrating its enhanced
capacity to inhibit side reactions and regulate nucleation kinetics.
Consequently, BZHE allows Zn//Zn symmetric cells to achieve
ultralong cycling stability exceeding 6300 h at a current density of
1 mA cm−2/0.25 mAh cm−2. Aside from designs that enhance sol-
vation structures via group separation, creating oriented internal
ionmigration pathways offers another proven route to control ion
migration and curb dendrite growth. Consider an in situ prepared
glass-fiber-reinforced dual-ion zwitterionic hydrogel electrolyte,
as it takes advantage of the electrostatic interactions inherent to
zwitterionic segments [178]. This electrolyte generates oriented
ion transport channels within the gel, enabling efficient cation
movement while immobilizing anions. This strategy optimizes
ionmigration behavior while preserving a high ionic conductivity
27 of 42
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TABLE 4 Comparison of wide-temperature full-cell cycling performance for different PAM-based hydrogel systems in ZIBs.

Nos. Hydrogel system Modifying strategy Test conditions
Wide-temperature cycling

performance Refs.

1 PAM-T-S Functional group
copolymerization

Zn//VO2
1 C/0.5 C

5000 cycles at −20◦C
1000 cycles at 60◦C

[184]

2 GE Organic molecular
additives

Zn//Zn0.58V2O5⋅H2O
0.1 A g−1

100 cycles at −40◦C [185]

3 CSAM-C Construction of
multifunctional

networks

Zn//PANI
5 A g−1

2500 cycles at −30◦C [186]

4 Glu/ZC/PAM Organic molecular
additives

Zn//NH4V4O10
0.5 A g−1

300 cycles at −30◦C
50 cycles at 70◦C

[110]

5 PAP Functional group
copolymerization

Zn//Zn2V2O7
2 A g−1

400 cycles at −20◦C
400 cycles at 50◦C

[155]
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f 24.32 mS cm−1. The deposition process was examined using in
itu scanning transmission electron microscopy (STEM). Given
he susceptibility of the hydrogel to electron-beam degradation,
tatic imaging was conducted at four time points (fresh state,
, 5, and 9 h) following galvanostatic discharge at 6 mA cm−2.
lectrochemical measurements indicate that the hydrogel elec-
rolyte achieves a stable voltage plateau within just 1 h, whereas
he liquid electrolyte suffers from repeated voltage fluctuations
nd inferior stability. STEM imaging results further reveal that
n the liquid electrolyte, extensive Zn dendrite growth occurs
fter 5 h, causing a sharp voltage drop, and by 9 h, the dendritic
tructure extends over half the distance to the counter electrode
Figure 8h). By contrast, in the hydrogel electrolyte, even after 9
of deposition, no appreciable dendrite formation is observed on
he electrode surface, and the deposited layer remains uniform
nd compact (Figure 8i). Collectively, these electrochemical and
orphological findings confirm that this zwitterionic hydrogel
romotes uniform Zn deposition, markedly suppresses dendrite
ormation, and consequently improves the cycling durability of
he battery.

he electrode/electrolyte interface in ZIBs faces a set of inter-
elated issues, such as severe free‑water‑induced side reac-
ions, dendrite formation, parasitic byproduct generation, and
restricted electrochemical stability window. To confront these
ssues, a series of effective interfacial regulation strategies has
een developed by integrating molecular engineering and struc-
ural design into hydrogel electrolytes. At the molecular level,
unctional groups such as hydroxyl, carboxyl, sulfonate, and
witterionic moieties are introduced to modulate water activity,
estrict free water mobility via hydrogen bonding or electrostatic
nteractions, and facilitate desolvation of Zn2+ ions. Through
ynergistic effects between chemical functionalities and archi-
ectural features, a stable, efficient, and deformation-tolerant
olid–liquid interface is constructed. This engineered interface
ot only withstands repeated volume changes during cycling but
lso maintains ionic conductivity under mechanical stress. As a
esult, it provides a critical material foundation for significantly
xtending the cycling life (e.g., over thousands of hours), improv-
ng Coulombic efficiency (often above 99.5%), and enhancing the
verall safety of ZIBs by minimizing gas evolution and thermal
unaway risks.
8 of 42
4.4 BoostingWide-Temperature Adaptability

In conventional PAM hydrogel electrolytes, free water molecules
tend to form ice crystals at sub-zero temperatures, while at
elevated temperatures, accelerated water activity exacerbates
parasitic side reactions and interfacial degradation [179]. These
issues drastically reduce ionic conductivity, increase interfacial
charge-transfer resistance, and trigger uncontrolled dendritic Zn
growth alongside parasitic side reactions [180]. To address these
drawbacks, recent studies have concentrated on designing vari-
ous functional modification strategies that regulate the internal
hydrogen-bond network and the state of water molecules within
hydrogels. These strategies include introducing cryoprotective
additives (e.g., glycerol, ethylene glycol, or DMSO), incorporating
functional groups that strongly bind water (such as hydroxyl
or zwitterionic moieties), and constructing partially crosslinked
or anti-freezing polymer matrices [77, 181]. These approaches
not only suppress ice crystallization at low temperatures but
also mitigate water-induced side reactions at high temperatures,
thereby maintaining efficient ion transport pathways and pre-
serving electrode/electrolyte interfacial stability across a broad
thermal range. Consequently, the wide-temperature tolerance of
hydrogel electrolytes has been significantly enhanced. Neverthe-
less, achieving stable operation of ZIBs across a wide temperature
window, especially under both freezing and high-temperature
conditions, remains a key challenge for practical applications
[182]. Addressing this challenge requires simultaneous optimiza-
tion of ionic conductivity, interfacial kinetics, and mechanical
flexibility under extreme thermal conditions. For quantitative
comparison, the wide-temperature full-cell cycling performance
of representative functionalized PAM hydrogel systems is listed
in Table 4.

The freezing of water involves the transformation of ran-
domly arranged water molecules into an ordered ice lattice
through intermolecular hydrogen bonds. Thus, reducing the
freezing point of hydrogel electrolytes hinges on breaking
the hydrogen bonds among water molecules [183]. At high
temperatures, the same disrupted network and reduced free-
water activity suppress water evaporation and inhibit side
reactions such as HER and anode corrosion. Guan et al.
copolymerized AM with [2-(methacryloyloxy)ethyl]dimethyl(3-
Advanced Functional Materials, 2026
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ulfopropyl)ammoniumbetaine (SPE) and thymine (Thy) to form
ternary copolymer gel electrolyte (PAM-T-S) [184]. In this gel
lectrolyte, Thy establishes hydrogen bonds with free water,
herebymarkedly loweringwater activity through the entrapment
f water molecules inside the hydrogel network. This strong
ydrogen-bonding not only suppresses water crystallization (no
ce-crystal peak observed in DSC curves) but also modulates the
olvation structure of Zn2+, transforming it from [Zn(H2O)6]2+
o [Zn(H2O)4(Thy)(SPE)]2+ (Figure 9a). This change lowers the
esolvation energy barrier of Zn2+ from 14.66 to 10.56 kJ⋅mol−1,
hereby maintaining a relatively high ionic conductivity of 23.5
S cm−1 even at low temperatures. Thus, the synergistic effects of
hy and SPE enable outstanding wide-temperature performance,
ith symmetric cells lasting >3000 h at −20◦C and >820 h
t 60◦C (Figure 9b). Beyond immobilizing water molecules via
trong hydrogen bonds to suppress ice formation, an alternative
ffective approach involves directly lowering the water content
ithin the system, thus fundamentally reducing the population
f freezable water molecules. One demonstration of this strat-
gy is the construction of a water-in-polymer system achieved
hrough in situ polymerization of weakly solvating 1,3-dioxolane
DOL), initiated by natural proton sources in the electrolyte,
hich produces a water-deficient gel electrolyte [185]. In contrast
o conventional gels with 80% water content, this electrolyte
ontains only 20% water. This substantial decrease in hydro-
en‑bond networks (Figure 9c) broadens the electrochemical
indow to 2.59 V. Moreover, under low-temperature conditions
−20◦C), the Zn anode surface in a liquid electrolyte (LE)
isplays rough and disordered depositionmorphology, indicating
oor low-temperature adaptability. In contrast, at an even lower
emperature of −40◦C, the Zn anode using the gel electrolyte
GE) maintains a smooth surface. White-light interferometry
haracterization of the 3D topography of cycled electrodes further
orroborates these findings (Figure 9d). Collectively, these find-
ngs confirm that GE markedly improves the deposition stability
nd cycling reversibility of Zn anodes at both ambient and low
emperatures.

s a typical chaotropic agent, the perchlorate ion (ClO4
−) demon-

trates unique advantages in regulating the wide-temperature
erformance of hydrogels. Its key mechanism lies in the ability
f ClO4

− to effectively disrupt the inherent strong hydrogen-bond
etwork among water molecules, thereby significantly lowering
he electrolyte freezing point while also reducing water activity
t high temperatures. For instance, a hydrogen-bond hydrogel
enoted as CSAM, consisting of modified polysaccharide car-
oxymethyl chitosan (CMCS) and PAM, has been designed based
n the Hofmeister effect [186]. By selecting Zn(ClO4)2 as the
lectrolyte salt, ClO4

− can markedly disrupt the hydrogen bonds
etweenwatermolecules, resulting in an aqueous electrolytewith
low freezing point. Simultaneously, ClO4

− can establish weak
ydrogen bondswith the hydrogel andwatermolecules, reducing
he free-water content. This gel retains a high ionic conductivity
f 7.8 mS cm−1 at −30◦C (Figure 9e) and enables a flexible
n//PANI battery to cycle steadily for 2500 cycles at −30◦C and
A g−1 (Figure 9f). Building on the disruption of the hydrogen-
ond network by ClO4

−, the introduction of additional functional
olecules can further synergistically optimize electrolyte per-
ormance, achieving multiple goals such as freeze resistance,
igh ionic conductivity, and interfacial stability across a wide
emperature range. For example, Wang et al. incorporated ClO4

−

dvanced Functional Materials, 2026
and glucose (Glu) into a PAM matrix to form a Glu/ZC/PAM
hydrogel electrolyte [110]. The ─NH2 groups of PAM immobilize
water molecules, thereby regulating the hydrogen-bond network
among them and reducing the proportion of strong hydrogen
bonds. The contact ion pairs between ClO4

− anions and water
molecules further suppress water activity. To further investigate
the interfacial water activity in Glu/ZC/PAM, the Gibbs free
energy for H+ adsorption (ΔGH) was calculated (Figure 9g). In
the Glu/ZC/PAM gel, influenced by the PAM chains and Glu
molecules, the decomposition of water on the Zn anode becomes
more difficult, reducing proton supply and thereby hindering
H2 evolution. Moreover, the O atoms on Glu molecules can
substitute for active water molecules within the Zn2+ solvation
sheath, decreasing desolvation-water-induced parasitic reactions
at the anode/electrolyte interface. Radial distribution function
analysis confirms that in the Glu/ZC/PAM system, the hydration
number of Zn2+ decreased from 5.60 in pure ZC to 5.24, with
Glu molecules partially displacing coordinated water to assemble
a [Zn(Glu)(H2O)5]2+ coordination complex. Concurrently, the
introduction of Glu reduced the coordination number of Zn2+
around ClO4

− anions from 0.40 to 0.35. Glu restructures the
Zn2+ solvation sheath via competitive coordination and frees
additional ClO4

− to immobilize water. Owing to these effects,
the Glu/ZC/PAM gel possesses a superior ionic conductivity of
36.21 mS cm−1 and good water-retention capability. The fabri-
cated Zn//NVO cell retains a substantial capacity of 254 mAh
g−1 after 300 cycles at −30◦C and delivers a high specific
capacity of 488 mAh g−1 at 70◦C, exhibiting stable cycling and
thus demonstrating remarkable wide-temperature performance
(Figure 9h,i).

Copolymerization of hydrogels with functional molecules
enables precise tuning of the water hydrogen-bond network
through the synergistic action of integrated chain segments and
functional groups, thereby suppressing water activity over a
broad thermal range [187]. The aforementioned ether- and ester-
enriched PAP hydrogel contains abundant oxygen-containing
functional groups, which can act as competitive hydrogen-bond
acceptors [155]. These groups form sufficiently strong interactions
with water molecules, thereby disrupting the inherent hydrogen-
bond network of water. Raman spectroscopy analysis reveals
that the proportion of “bound water” decreases in the PAP
hydrogel (Figure 9j), while the fractions of “intermediate water”
and “free water” increase, indicating that water molecules are
more effectively anchored to the polymer backbone, resulting in
reduced mobility and a significantly delayed freezing point. The
absence of a distinct crystallization peak in the DSC curve further
confirms its excellent anti-freezing performance. At −20◦C, this
system allows Zn//Zn symmetric cells to cycle stably for 1200 h.
Importantly, the same hydrogen-bond reconfiguration also curbs
water reactivity at elevated temperatures; the PAP electrolyte
enables symmetric cells to operate for 2400 h at 50◦C (Figure 9k)
and full cells to retain 95.6% of initial capacity after 400 cycles
at 50◦C (Figure 9l), underscoring its genuine wide-temperature
adaptability.

Regulating the hydrogen-bond network within hydrogel elec-
trolytes via molecular design has become an effective approach to
overcome the critical challenge of low‑temperature operation in
ZIBs. By incorporating functional monomers such as those bear-
ing hydroxyl, ether, ester, or zwitterionic groups into the polymer,
29 of 42
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FIGURE 9 (a) DSC tests from −80◦C to 70◦C. (b) Cycling performance at −20◦C under 1 mA cm−2 and 1 mAh cm−2. Reproduced with permission
[184]. Copyright 2025, Wiley-VCH. (c) MD simulation of the hydrogen bond number in the different electrolytes. (d) White-light interferometer
photographs of Zn anode after cycling using LE and GE, respectively, at −20◦C. Reproduced with permission [185]. Copyright 2025, Wiley-VCH. (e)
The ionic conductivities of the CSAM-C and CSAM-S-2 M hydrogel from −35◦C to 30◦C. (f) Cycling performance of the flexible battery with CSAM-C
at 5 A g−1 under −30◦C. Reproduced with permission [186]. Copyright 2022, Wiley-VCH. (g) The ΔGH values of bare Zn, Glu/Zn, and PAM/Zn. (h) Rate
capability of the Zn//NVO pouch battery with Glu/ZC/PAM electrolyte measured at various temperatures:−40◦C,−30◦C, room temperature, and 70◦C,
under a current density of 500 mA g−1. (i) Long-term cycling performance of Zn//NVO pouch batteries at 70◦C. Reproduced with permission [110].
Copyright 2024, Wiley-VCH. (j) Proportions of water in different states derived from Raman spectroscopy. (k) Cycling performances of Zn//Zn cells at
50◦C. (l) Cycling performance of Zn//ZVO at 50◦C. Reproduced with permission [155]. Copyright 2025, Wiley-VCH.

30 of 42 Advanced Functional Materials, 2026

 16163028, 2026, 66, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.77159 by Z
hejiang N

orm
al U

niversity, W
iley O

nline L
ibrary on [18/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



i
i
i
n
f
t
t
n
f
h
e
f
t
t
t
s
b
e
s
a
i
a
s
f
t
C
f
s
B
f
r
o
i
d

4
F

S
r
i
p
f
a
e
l
n
W
s
g
r
o
w
d
[
r
d
d
h

A

 16163028, 2026, 66, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.77159 by Z
hejiang N

orm
al U

niversity, W
iley O

nline L
ibrary on [18/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
t is possible to introduce competitive hydrogen-bonding sites that
nteract with water molecules more strongly than water–water
nteractions. This effectively breaks the inherent hydrogen-bond
etwork, suppresses free water activity, and inhibits ice crystal
ormation even at sub-zero temperatures. Beyond cryoprotection,
hese molecular engineering strategies concurrently modulate
he solvation structure of Zn2+ ions by altering the local coordi-
ation environment, reducing the desolvation energy barrier, and
acilitating faster ion transport kinetics. As a result, the optimized
ydrogel electrolytes maintain high ionic conductivity (often
xceeding 10 mS cm−1 at −20◦C), ensure uniform and dendrite-
ree Zn deposition, and enable stable cycling for hundreds to
housands of hours under low-temperature conditions.Moreover,
he same hydrogen-bond regulation strategy also addresses high-
emperature challenges. By anchoring water molecules through
trong hydrogen-bonding interactions and incorporating high-
oiling-point co-solvents or molecular crowding agents, water
vaporation is effectively suppressed, the 3D network remains
tructurally intact, and side reactions such as hydrogen evolution
remitigated. This ensures sustained ionic conductivity, mechan-
cal integrity, and interfacial stability even at elevated temper-
tures. The integration of such molecular-level regulation with
tructural design, including crosslinked networks, reinforced
rameworks, or porous architectures, yields hydrogel electrolytes
hat combine thermal robustness with mechanical flexibility.
ollectively, these advances provide a criticalmaterial foundation
or the development of flexible, all-climate Zn-based energy
torage devices capable of meeting stringent safety requirements.
y enabling reliable operation across a wide temperature range,
rom sub-zero to elevated temperatures, these hydrogel systems
epresent a significant step forward in the practical deployment
f safe and durable energy storage technologies for applications
n cold climates, outdoor electronics, and emerging wearable
evices.

.5 Expanding the Flexible andWearable
unctionality of Batteries

erving as a vital power source for wearable electronics, ZIBs
equire electrolyte materials that seamlessly integrate mechan-
cal flexibility, interfacial stability, and robust electrochemical
erformance [188]. The conventional PAM network, typically
ormed by free-radical polymerization of AMmonomers, exhibits
homogeneous crosslinked structure with limited capacity for
nergy dissipation [189]. This structural characteristic results in
ow tensile strength (often below 100 kPa), poor fracture tough-
ess, and inadequate resistance to cyclic mechanical loading.
hen subjected to repeated deformation, a common operational
cenario in wearable applications, these hydrogels undergo pro-
ressive network degradation, including chain scission, crosslink
upture, and permanent plastic deformation [190]. Simultane-
usly, the hydrogel/electrode interface, which relies primarily on
eak physical interactions such as hydrogen bonding and van
er Waals forces, is prone to delamination under dynamic stress
191]. This interfacial failure leads to increased charge-transfer
esistance, uneven current distribution, and exacerbated Zn
endrite formation. These combined mechanical and interfacial
eficiencies constrain the long-term reliability of PAM-based
ydrogels in flexible ZIBs, underscoring the need for advanced
dvanced Functional Materials, 2026
material designs that enhance mechanical robustness without
compromising electrochemical functionality.

By introducing polymers or functional groups rich in hydrogen-
bonding sites, a dynamic and reversible hydrogen-bond
crosslinked network can be constructed within the PAM
framework. This approach effectively enhances the mechanical
toughness and fatigue resistance of the hydrogel while achieving
synergy between interfacial stability and flexible applications.
For instance, chitosan (CS) has been incorporated into a PAM
network to form a C-PAMCS hydrogel [121]. The amino groups in
CS form strong hydrogen bonds with PAM chains, significantly
increasing the tensile strength of the hydrogel from 19 to 50 kPa
and achieving a fracture strain of up to 1200%. This dynamic
network dissipates mechanical energy through chain slippage
and conformational adjustments during cyclic deformation,
thereby improving its long-term stability in flexible devices
(Figure 10a). As shown in Figure 10b, the practical potential
of this hydrogel in flexible energy storage systems was further
demonstrated by powering an electronic wristwatch using
two C-PAMCS batteries connected in series. Furthermore,
by introducing biomass molecules with multiple functional
groups, simultaneous enhancement of hydrogel mechanics and
synergistic regulation of water activity and ion transport can be
achieved. Xu et al. designed a chondroitin sulfate-functionalized
polyacrylamide (PAM-CS) hydrogel electrolyte (Figure 10c) [80].
The flexible pouch cell incorporating this hydrogel delivers stable
power output under extreme mechanical deformations such as
bending, puncturing, and shearing (Figure 10d), demonstrating
its high safety and environmental adaptability for wearable
devices.

Incorporating a second polymer network into the PAM matrix
enables the formation of an interconnected crosslinked archi-
tecture that simultaneously improves mechanical strength and
ionic conductivity while enhancing electrode/electrolyte inter-
facial contact [69]. One example is a PAM-PVP dual-network
hydrogel synthesized through UV-initiated polymerization [192].
Hydrogen bonding between the carbonyl groups of PVP and
the amino groups of PAM increases network compactness and
gives rise to a uniform microporous structure (Figure 10e),
which facilitates ordered ion transport pathways. By integrating
printed Zn-ion micro-batteries (PZIMBs) with pressure sensors
(Figure 10f), a fully printed electronic-skin interactive systemwas
developed (Figure 10g), along with integrated pressure-sensor
arrays and LED-array interactive systems, effectively validat-
ing the practical applicability of PZIMBs in flexible electronic
devices (Figure 10h). Designing interpenetrating networks that
combine continuous skeletons and multiple interactions is an
effective approach to further enhance the overall performance
and practical viability of hydrogel electrolytes. For instance,
Dai et al. incorporated an ethylene glycol-based deep eutectic
solvent (DES) and sodium carboxymethyl cellulose (CMC-Na)
to construct an interpenetrating network hydrogel electrolyte
(PZEC) (Figure 10i) [193]. The 3D network of CMC-Na inter-
penetrates with the flexible PAM chains to form a continuous
skeleton, while the─OHgroups inDES establish strong hydrogen
bonds with amide and carboxyl groups. Meanwhile, the ─COO−

groups of CMC-Na anchor free water through electrostatic and
hydrogen-bonding interactions, guiding the ordered migration
of Zn2+. This design maintains high ionic conductivity while
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FIGURE 10 (a) Cyclic performance at 10 A g−1. (b) Photographs of an electronic watch powered by two cells connected in series. Reproduced with
permission [121]. Copyright 2023, Wiley-VCH. (c) Schematic illustration of the fabricated PAM-CS. (d) Photographs of the “SCU” LED display powered
under various conditions. Reproduced with permission [80]. Copyright 2025, Wiley-VCH. (e) SEM image of PAM-PVP. (f) Schematic diagram depicting
the working principle of an interactive integrated system that mimics electronic skin. (g) Optical image of the interactive integrated system resembling
electronic skin. (h) Integrated interactive system comprising a pressure-sensing array and an LED array. Reproduced with permission [192]. Copyright
2023, Wiley-VCH. (i) Synergistic engineering of DES/CMC-Na hydrogen‑bond networks enabling dendrite‑free Zn anodes and ultra‑stable FZIBs. (j)
Flexible Zn//VO2 pouch cells incorporating the PZEC powering a timer under various bending angles. Reproduced with permission [193]. Copyright
2025, Elsevier. RDF and coordination number in (k) PAM and (l) PAM-LC. (m) Photographs of the pouch cell operating stably under various conditions.
Reproduced with permission [194]. Copyright 2026, Elsevier.
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ignificantly enhancing the material’s mechanical strength and
hemical stability. The pouch cell assembled based on PZEC
perates stably under repeated deformation, further validating its
ractical potential for FZIBs (Figure 10j). Constructing dynamic
etworks with specific functions can achieve similar effects. For
nstance, a PAM–LC dynamic network has been constructed by
ntroducing L-carrageenan (LC) [194]. The three ─SO3

− groups
n LC strongly coordinate with Zn2+, reconstructing its primary
olvation sheath and reducing the hydration number from 5.63
o 3.84, thereby effectively lowering the desolvation energy
arrier of Zn2+ (Figure 10k,l). Simultaneously, this coordination
reates unique ion-migration channels within the gel, promoting
apid Zn2+ transport and guiding Zn growth along specific
rientations, leading to optimized deposition morphology. More-
ver, ZIBs based on the PAM-LC hydrogel exhibit significantly
mproved electrochemical performance. This dynamic network
lso demonstrates excellent resistance to compressive fatigue,
ffectively dissipating mechanical stress, thereby ensuring stable
ower-supply capability of the assembled flexible battery under
omplex mechanical conditions such as bending, squeezing,
nd even local cutting, highlighting its application potential in
eal-world wearable scenarios (Figure 10m).

unctional modification serves as a key route to enhancing the
verall performance of PAM-based hydrogel electrolytes, and it is
ignificant for promoting their application in high-performance
IBs. Synergistic modifications endow hydrogels with outstand-
ng mechanical flexibility, allowing them to retain structural
ntegrity under complex deformations. Additionally, they tune
he solvation structure and ion transport pathways, enabling
niform Zn deposition and suppressing side reactions, thus
reatly prolonging battery cycle life. Consequently, functional
odification transforms PAM-based hydrogels from mere ionic
onductors into intelligent electrolyte platforms that integrate
echanical flexibility, electrochemical stability, and favorable
nterfacial compatibility.

Summary and Perspectives

n summary, PAM hydrogel electrolytes exhibit broad application
rospects owing to their 3D crosslinked network structure, excel-
ent hydrophilicity, and tunable mechanical properties. However,
onventional PAM hydrogels generally face challenges such as
oor mechanical strength, hydrogen evolution side reactions
nduced by high free-water activity, and uncontrolled Zn dendrite
rowth, which severely limit their practical application under
igh-rate conditions, extended cycle life, and extreme environ-
ents. A range of systematic functional modification strategies
as been developed, including polymer network design, regu-
ation of water activity, optimization of Zn salt-water–polymer
atios, and construction of multiphase systems. Through these
pproaches, the functionalization of PAM hydrogels has emerged
s a key strategy to overcome these bottlenecks and achieve
igh-performance aqueous ZIBs.

t the level of modification strategies, despite the distinct mecha-
isms underlying various approaches, their design philosophies
onverge on the precise regulation of the three core com-
onents of the hydrogel system: the polymer network, water
olecules, and Zn salts [195]. Functional fillers, leveraging
dvanced Functional Materials, 2026
their high specific surface area and abundant surface functional
groups, establish physical crosslinking sites and multiple energy
dissipation networks within the polymer matrix [196]. While
significantly enhancing mechanical properties, certain fillers can
also dynamically migrate to the electrode interface, forming an
in situ protective layer that induces uniform nucleation. Organic
additives, through molecular-level hydrogen bond reconstruc-
tion, solvation structure regulation, and diverse π-interactions,
achieve effective suppression of water activity, optimization of
ion transport pathways, and remodeling of the interfacial electric
field [197]. Copolymerizable functional group modification, by
covalently integrating cationic, anionic, or zwitterionic moieties
into the polymer backbone, fundamentally endows the network
with intrinsic functional characteristics, enabling the construc-
tion of selective ion channels and inducing preferential Zn
deposition along the (002) crystal plane [198]. Furthermore, topo-
logical structural designs such as dynamic crosslinked networks
or “sprocket-like” micellar crosslinking demonstrate a viable
pathway for achieving synergistic optimization of mechanical
reinforcement and ion transport through structural complexity
[199].

The ultimate efficacy of the aforementioned functionalization
strategies is collectively reflected in the comprehensive enhance-
ment of the key properties of PAM hydrogels. In terms of
mechanical properties, the hydrogel evolves from a fragile single-
network structure into a composite material possessing high
strength, high toughness, and excellent fatigue resistance. This
not only enables it to act as a physical barrier to effectively
suppress dendrite penetration but also allows it to accommo-
date the complex deformations encountered in flexible devices.
Regarding ion transport, through the construction of continuous
Zn2+ hopping sites, electrostatic repulsion channels, or separated
anion–cation pathways, both the ionic conductivity and the Zn2+
transference number are significantly improved, thereby effec-
tively reducing concentration polarization and overpotential. In
terms of interfacial stability, side reactions such as hydrogen
evolution, corrosion, and dendrite growth are effectively sup-
pressed through the regulation of the Zn2+ solvation structure,
reduction of free water activity, construction of a gradient SEI
layer, and induction of preferential (002) plane deposition. The
synergistic optimization of these properties ultimately culminates
in breakthrough electrochemical performance at the device
level.

It is worth emphasizing that an in-depth analysis of existing
research reveals that the most significant performance break-
throughs arise not from the optimization of a single parameter,
but from the synergistic enhancement of multiple key factors.
Solely pursuing mechanical reinforcement may come at the
expense of ionic conductivity, while focusing exclusively on ion
selectivity may overlook interfacial stability. The most successful
design strategies consistently embody a holistic consideration of
ion transport, water molecule states, mechanical properties, and
interfacial chemistry, achieving the unification of ion selectiv-
ity, rapid transport, effective water confinement, and structural
robustness. Despite significant progress in the research of func-
tionalized PAM hydrogels, numerous challenges remain for their
practical application in scalable energy storage and flexible
electronic devices. Future research directions may include the
following aspects (Scheme 3).
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SCHEME 3 Future opportunities and directions of functionally modified hydrogels for ZIBs.
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.1 Rethinking Hydrogel Design From
unctional Group Effects to Network Dynamics

ost existing studies ascribe performance improvements to
articular interactions of functional groups with Zn2+ or water
olecules, yet the contribution of the intrinsic dynamic evolution
f the PAM network itself to ion transport is often overlooked. In
eality, the segmental mobility of PAM chains under swollen con-
itions, the dynamic reorganization of hydrogen-bond networks,
nd the reversible breaking and recombination of crosslinking
oints may profoundly influence the entire hopping-migration-
esolvation process of ions. Future investigations should aim
o establish a direct correlation between network dynamics and
on transport efficiency, rather than simplistically attributing
ll phenomena to static functional group effects. For instance,
istinguishing the contributions of “functional group affin-
ty for Zn2+” versus “chain segment mobility in facilitating
on migration” across different timescales warrants in-depth
xploration.

.2 Deepening Mechanistic Understanding and
chieving Synergistic Performance Breakthroughs

urrent understanding of ion transport in hydrogel electrolytes
emains largely macroscopic, lacking clear theoretical and exper-
mental insights into the microscopic ion transport process
nder varying charge environments. This gap leads to inherent
rade-offs among ionic conductivity, mechanical strength, water
ctivity, and interfacial stability. Future breakthroughs will hinge
n establishing a unified structure‑dynamics‑performance frame-
ork that bridges fundamental understanding with practical
esign. This framework should leverage in situ characterization
nd multiscale simulations to derive quantifiable principles
onnecting chain dynamics, confined water states, and transport
arriers, while also advancing synergistic strategies that reconcile
ast ion transport with mechanical robustness and water confine-
4 of 42
ment, for instance, through the integration of dynamic sacrificial
bonds or the preservation of intrinsic Zn2+ migration pathways
alongside effective free water suppression.

5.3 Enhancing Stability Under Dynamic and
Extreme Conditions

While most studies have employed static coin-type cells, ZIBs
operate under repeated bending and folding that cause inter-
facial slippage, stress concentration, and dynamic redistribu-
tion of the electric field and ion flux. These conditions can
induce dendrite growth behavior fundamentally different from
that in static cells. Accordingly, establishing dynamic testing
standards and theoretical models is urgently needed to eluci-
date the structural evolution, interfacial stability, and dendrite-
suppression mechanisms of hydrogel electrolytes under mechan-
ical stress. Systematic evaluation of their long-term stability
under extreme temperatures and high humidity is equally
critical.

5.4 Unveiling the Evolution From Static to
Dynamic Adaptive Interfaces

Interfacial engineering has largely focused on constructing per-
fect static protective layers, aiming to permanently suppress
side reactions. The intrinsically dynamic behaviors of the Zn
anode, including volume expansion, surface reconstruction, and
dendrite initiation, cannot be sustainably accommodated by a
static interface. In contrast, the inherent flexibility and dynamic
crosslinking of PAM hydrogels enable the construction of adap-
tive interfaces that achieve real-time reconstruction, in situ repair,
and conformal contact on the Zn surface. Future efforts should
therefore exploit the dynamic nature of PAM networks to realize
adaptive control of local electric fields and ion flux, moving
beyond the concept of a passive barrier.
Advanced Functional Materials, 2026
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.5 Restructuring the Evaluation Framework
rom Laboratory Breakthroughs to Engineering
eadiness

he evaluation of PAM hydrogels primarily focuses on key
etrics like cycle life and ionic conductivity, while critical issues
or practical application remain underexplored: how to ensure
echanical integrity after thinning, maintain interfacial contact
ith high-mass-loading electrodes, and control batch-to-batch
tability in scalable production. Additionally, the neurotoxicity of
crylamide and its potential release during long-term operation
ave not been systematically assessed. Future research should
ncorporate manufacturability and biosafety into the evaluation
ramework, instead of pursuing only extreme breakthroughs in
lectrochemical performance.

.6 Critical Analysis of Current Functional
odification Strategies

hile significant progress has been achieved in functionalizing
AM-based hydrogel electrolytes, a critical examination reveals
nherent trade-offs and limitations associated with each strategy.
unctional fillers (e.g., MOFs, COFs, CNTs) enhance mechan-
cal strength and create ordered ion transport channels, yet
hey often suffer from poor dispersion stability, high cost, and
otential aggregation-induced heterogeneity. Organic additives
ffer a facile and scalable route to modulate solvation structures
nd suppress water activity; however, their long-term stability
nd potential leaching during cycling remain underexplored.
opolymerization with functional monomers provides perma-
ent and uniformmodification of the polymer backbone but may
ompromise chain mobility and increase synthesis complexity.
ultifunctional network designs achieve synergistic reinforce-
ent but face challenges in balancing crosslinking density with
onic conductivity. A critical insight emerging from this anal-
sis is that no single strategy universally outperforms others;
nstead, the optimal approach depends on specific application
equirements.

.7 Scalability and Commercialization Potential

ranslating functionalized PAM-based hydrogel electrolytes from
aboratory breakthroughs to practical applications requires
ddressing several critical barriers. First, most current synthe-
es rely on free-radical polymerization with small batch sizes;
ontinuous manufacturing processes such as roll-to-roll pho-
opolymerization or inkjet printing should be explored to enable
arge-scale production. Second, expensive components such as
OFs, CNTs, or functional monomers may limit economic
iability; low-cost biomass-derived alternatives (e.g., cellulose,
hitosan, or natural polysaccharides) represent promising sub-
titutes. Third, the reversible nature of non-covalent interactions
e.g., hydrogen bonding, electrostatic interactions) introduces
ariability under different synthesis conditions. Establishing
tandardized protocols and quality control metrics is urgently
eeded. Fourth, acrylamide, the monomer of PAM, is neurotoxic,
nd its potential residual content or long-term release during
attery operation has not been systematically evaluated. Future
esearch should incorporate biocompatibility assessments and
dvanced Functional Materials, 2026
develop encapsulation strategies to mitigate health risks. Finally,
end-of-life management of hydrogel electrolytes remains unex-
plored. Designing degradable or recyclable PAM-based systems
will be essential for environmentally sustainable energy storage.

5.8 Advanced Characterization Methods for
Mechanistic Understanding

A deeper mechanistic understanding of ion transport, water
dynamics, and interfacial evolution in PAM-based hydrogels
requires the integration of advanced characterization techniques.
In situ synchrotron-based small-angle x-ray scattering (SAXS)
and wide-angle x-ray scattering (WAXS) can probe the dynamic
reorganization of polymer networks and the evolution of pore
structures under electrochemical cycling. Solid-state NMR spec-
troscopy, particularly 1H and 17O NMR, enables quantitative
analysis of water states (free, bound, and intermediate water) and
their temperature-dependent behavior. Cryogenic transmission
electron microscopy (cryo-TEM) preserves the native hydrated
structure of hydrogels, allowing direct visualization of polymer
chain morphology, filler distribution, and interfacial contact at
nanoscale resolution. In situ Raman spectroscopy and FTIR
can track real-time changes in hydrogen-bonding networks and
solvation structures during Zn plating/stripping. MD simulations
and DFT calculations complement experimental observations
by providing atomic-scale insights into ion transport pathways,
desolvation energetics, and preferential crystal plane adsorp-
tion. The combined use of these advanced characterization
tools will be instrumental in establishing a unified structure–
dynamics–performance framework, guiding the rational design
of next-generation hydrogel electrolytes.

5.9 Sustainability and Degradability: A
Forward-Looking Perspective

Beyond the technical challenges above, the environmental sus-
tainability of PAM-based hydrogel electrolytes is a critical yet
often overlooked concern. Although ZIBs are celebrated for
their green attributes, conventional chemically crosslinked PAM
networks resist natural degradation, raising the risk of secondary
microplastic pollution, especially given the anticipated large-
scale deployment of flexible ZIBs. To close this sustainability gap,
future research should prioritize degradable PAM-based hydro-
gels via labile crosslinkers (e.g., disulfide, acetal, ester bonds)
responsive to environmental triggers, photodegradable moieties
for light-induced degradation, biohybrid networks incorporating
natural biodegradable polymers (e.g., cellulose, chitosan, algi-
nate), and dynamic covalent crosslinking (e.g., boronate esters,
imine bonds) for controlled depolymerization. Such triggerable
degradable designs would reduce the environmental footprint of
spent batteries and facilitate the recovery of valuable components
like Zn salts and electrode materials. We encourage the commu-
nity to adopt sustainability as a design criterion from the outset,
aligning high-performance PAM hydrogels with green chemistry
and circular economy principles.

Overall, research on functionalized PAM-based hydrogel elec-
trolytes is at a critical stage, transitioning from performance
breakthroughs toward system integration andmechanistic under-
35 of 42
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rea
tanding. By adhering to multi‑parameter synergistic optimiza-
ion, deepening the understanding of microscopic mechanisms,
nd tackling challenges in scalable fabrication, environmental
daptability, and sustainable development, this field is poised to
ealize next‑generation aqueous ZIBs that combine high safety,
ong lifespan, high energy density, and excellent environmental
daptability. Such advances would provide strong support for
rid‑scale energy storage and flexible electronic technologies.
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