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ARTICLE INFO ABSTRACT

Keywords: Tough hydrogels based on physical crosslinking have attracted tremendous attention due to their excellent

Hydmgﬂs mechanical properties achieved through controlled polymer chain aggregation via various processing methods.

Eoly(;l/myl alcohol) However, the reversible nature of these physical interactions leads to severe mechanical degradation in aqueous
oug

environments, where water molecules competitively disrupt hydrogen bonds and dissolve aggregated structures,
fundamentally limiting their practical applications. Herein, we propose a strategy to construct protective do-
mains around physical crosslinks that effectively stabilize the network while preserving energy dissipation ca-
pabilities. Using poly(vinyl alcohol) (PVA) as a model system, we implement this design through sequential
dehydration-induced crystallization and homogeneous free-radical crosslinking (FRC). The resulting protective
domains—chemically-crosslinked loose aggregates surrounding crystallites—serve dual functions: shielding
physical crosslinks from solvent-induced disruption and storing hidden chain length that enhances extensibility
during deformation. Compared to unprotected physically crosslinked hydrogels, this strategy achieves 2.4-fold
enhancement in elastic modulus, 2.1-fold increase in breaking strain, and 4.8-fold improvement in toughness,
while dramatically improving environmental stability—the mechanical strength retention increases from ~ 20 %
to > 80 % after aqueous immersion, with volume expansion reduced from typical 20-30 % to less than 5 %.
Microstructural characterization confirms the coexistence of protected crystallites and loose aggregates. The
hydrogel is successfully employed as an electrolyte to construct zinc-ion batteries that feature superior cycling
performance, enabled by the exceptional environmental stability and strong structural endurance of the
hydrogel. This strategy proves generalizable to various physically crosslinked systems, offering a universal design
principle for creating mechanically robust and environmentally stable hydrogels.

Anti-swelling
Environmental stability
Free radical crosslinking

for energy dissipation, achieving toughness values exceeding 1,000 J/
m2. [10,11] Subsequently, various toughening mechanisms have been

Introduction

Tough hydrogels represent a transformative class of soft materials
that combine high water content with remarkable mechanical proper-
ties, [1] opening unprecedented opportunities in biomedical engineer-
ing, [2,3] soft robotics, [4,5] and flexible electronics [6,7]. Over the past
two decades, researchers have developed numerous strategies to
enhance the mechanical performance of these water-swollen networks,
moving beyond traditional brittle hydrogels toward materials that rival
biological tissues. [8,9] The introduction of double-network architec-
tures by Gong and colleagues pioneered the concept of sacrificial bonds

explored, including electrostatic interaction for rapid self-healing ca-
pabilities, [12] hydrophobic association for enhanced stretchability,
[13] and hierarchical structuring across multiple length scales for
amplified energy dissipation [14]. These advances have yielded hydro-
gels with tensile strengths reaching tens of megapascals, extensibilities
exceeding 2,000 %, and fracture energies approaching those of natural
rubber, fundamentally changing our perception of what hydrogels can
achieve. [15,16].

Among the diverse strategies for engineering tough hydrogels, the
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approach of tuning aggregation through fabrication stands out as a
particularly effective and adaptable method. [17,18] This methodology
leverages the dynamic and reversible nature of noncovalent associations
to create materials with broadly tunable properties. Notably, Wu et al.
demonstrated that poly(vinyl alcohol) (PVA) hydrogels could achieve a
300-fold tunability in mechanical properties through the Hofmeister
effect, where different ions modulate polymer-polymer versus polymer-
water interactions to control chain aggregation. [19] Building on this
concept, Hua et al. integrated freeze-casting with salting-out treatments
to fabricate hydrogels with tendon-like tensile strength (23.5 MPa) by
promoting aligned microstructures and crystallinity. [20] More recently,
Qiu et al. revealed that by tuning the temperature and hydrophobic
interactions during the swelling process, the formation of poly-
electrolyte/surfactant complexes and the vitrification of polymer chains
can be systematically controlled, achieving Young’s modulus increasing
from 0.089 to 95.1 MPa. [21] Likewise, by harnessing polymer chain
vitrification as a key design principle, Hu et al. elucidated a two-stage
microphase separation and vitrification mechanism during solvent ex-
change, enabling the fabrication of glassy hydrogels with high stiffness
and toughness through hydrophobic aggregation and structural arrest.
[22] These aggregation-based strategies highlight the versatility of post-
gelation in tailoring hydrogel performance, offering access to mechan-
ical properties ranging from soft brain tissue to tough cartilage. [23,24].
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However, despite these remarkable achievements, hydrogels based
on physical interactions face critical challenges that limit their practical
applications. [25] Their reversible nature renders these non-covalent
networks inherently sensitive to environmental conditions, with
hydrogen bonds being particularly vulnerable in aqueous environments.
Water molecules compete with polymer—polymer hydrogen bonding
sites, leading to network swelling and dramatic mechanical degradation,
often resulting in a loss of over 70 % of the initial strength. [19] This
instability extends to ionic environments, where salting-in ions disrupt
polymer aggregation, as well as to extreme pH and elevated tempera-
tures, which break interchain hydrogen bonds and disassemble crys-
tallites. For biomedical applications such as load-bearing implants or
long-term tissue scaffolds, this environmental sensitivity poses unac-
ceptable risks. [26] Similarly, in electrochemical energy storage devices,
hydrogel electrolytes are attractive due to their high ionic conductivity,
flexibility, and ability to maintain intimate electrode—electrolyte con-
tact. However, excessive swelling may occur during operation due to its
poor environment stability, leading to increased internal resistance, ion
leakage, and mechanical degradation of the electrode-electrolyte
interface, thereby compromising long-term cycling stability and safety.
[27,28] These limitations highlight a fundamental trade-off: while
physical crosslinking enables biocompatibility and dynamic properties,
it fails to provide the environmental stability required for real-world
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Fig. 1. Tough and anti-swelling PVA hydrogels via protective domains. a) Schematic of PVA-FRC fabrication: dehydration by air drying induces crystallization,
followed by free radical crosslinking to form protective loose aggregates around crystallites. b) Deformation mechanism under tension: release of hidden chains
enhances stretchability and energy dissipation. c) Tensile stress—strain curves of PVA hydrogels with different preparation. All three hydrogels are first dehydrated to
form physical crosslinking. The “Without chemical crosslinks” sample is directly immersed in water, the “Crosslinked by free radicals” sample undergoes free radical
crosslinking, and the “Crosslinked by glutaraldehyde” sample is chemically crosslinked with glutaraldehyde. d-f) Compared with freeze-thawed hydrogel, PVA-FRC
hydrogel exhibits negligible variation in volume (d) and maintains its mechanical strength (e) after immersing in water, owing to the loose aggregates that effectively
shield crystallites from water-induced dissociation (f). g) Radar plots showing superior overall performance of PVA-FRC hydrogels compared with other hydrogels

prepared via freeze-thaw cycles, salting out,[19] and solvent exchange[37].
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applications. In response, several design strategies have been proposed
to suppress swelling, [29] such as incorporating hydrophobic cross-
linkers [30] and constructing a denser network [31]. While these ap-
proaches help limit water absorption and enhance environmental
stability, they often require complex synthetic processes or sacrifice
other properties, including stretchability and water content.

To address these challenges, we propose a novel design strategy that
constructs protective domains around processing-induced physical
crosslinks to locally restrict network disruption. These protective do-
mains, characterized by high chain density and chemical crosslinking,
act as physical barriers that shield the noncovalent regions from solvent-
induced destruction. Furthermore, the dense network chains within the
protective domains can be gradually stretched during deformation,
enabling the release of hidden molecular chains and providing addi-
tional extensibility and energy dissipation. [32] Herein, we demonstrate
this concept using PVA as a model system due to its well-characterized
ability to form both physical and chemical crosslinks. Our approach
involves a two-step process (Fig. 1a): first, we induce controlled crys-
tallization and chain aggregation through dehydration, creating a
physically crosslinked network with high mechanical performance.
Second, we perform homogeneous free-radical crosslinking (FRC) using
potassium persulfate (KPS) and N,N,N,N-tetramethylethylenediamine
(TMEDA), which penetrate the swollen network and introduce moderate
chemical crosslinks. This process transforms loose polymer aggregates
into protective domains that shield the crystallites from water-induced
disruption while maintaining hidden chain length for energy dissipa-
tion. The resulting PVA-FRC (free radical crosslinking) hydrogels exhibit
exceptional mechanical properties, including high modulus (~3 MPa),
large stretchability (>850 %), and outstanding toughness (37 MJ/m>),
while demonstrating remarkable environmental stability with over 80 %
strength retention and less than 5 % volume change after immersion in
various challenging conditions including pure water, salt solutions, and
extreme pH environments. This strategy is also generalizable to
physical-crosslinked PVA hydrogels prepared by other common methods
such as freeze-thawing, salting-out, and cononsolvency, providing an
effective way to stabilize their microstructures. Leveraging these ad-
vantages, we further demonstrate the application as robust electrolytes
in zinc-ion batteries, where the cell with PVA-FRC electrolyte enables
stable cycling for over 2343 h without failure.

Results and discussion
Design and fabrication of protective domain-reinforced hydrogels

Conventional physically crosslinked hydrogels face a fundamental
dilemma: the hydrogen bonds that provide mechanical strength are
inherently vulnerable to water disruption. Rather than abandoning
physical crosslinks, we developed a strategy to protect them by con-
structing chemically crosslinked domains around crystallites (Fig. 1a).
Controlled dehydration drives PVA chains to form hydrogen-bonded
crystallites through enhanced polymer—polymer interactions. During
subsequent free-radical crosslinking, the dense network undergoes
initial swelling that enables uniform penetration of initiators. The co-
initiator TMEDA promotes KPS to generate free radicals at room tem-
perature, which react with PVA chains to form carbon-center radicals
that crosslink with neighboring chains. [33,34] Because the polymer
chains surrounding crystallites remain highly concentrated and partially
immobilized after dehydration, the local chain density and reduced
mobility greatly increase the probability of radical chain collisions.
Consequently, free radical crosslinking preferentially occurs in these
chain-dense regions, generating a higher local crosslinking density
around crystallites. This locally enhanced crosslinking naturally pro-
duces a microscopic gradient of crosslink density around crystallites,
which is intrinsic to the formation of the protective-domain architecture.
These chemically stabilized loose aggregates evolve into protective do-
mains that prevent crystal dissociation and maintain the network
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framework. Unlike glutaraldehyde-based methods that often create
inhomogeneous networks, [35,36] this free-radical approach produces
macroscopically uniform crosslinking. As these crosslinks form, they
capture polymer chains in their aggregated state around crystallites,
creating protective domains that function as barriers preventing water
molecules from accessing and disrupting the hydrogen bonds.

The protective domain architecture creates a hierarchical mechani-
cal response (Fig. 1b). Crystallites serve as permanent crosslinks main-
taining network integrity, while the surrounding loose aggregates store
excess chain length. Under mechanical loading, these aggregates pro-
gressively unfold and release polymer chains, enabling large deforma-
tion without network failure. This mechanism produces hydrogels with
high modulus (~3 MPa), large extensibility (>850 %), and exceptional
toughness (37 MJ/ms)—a combination rarely achieved in single-
network systems (Fig. 1c). Notably, conventional glutaraldehyde
crosslinking often leads to over-crosslinking and constrained chain
motion, resulting in reduced elongation at break. In contrast, the free
radical crosslinking adopted here establishes moderate and uniformly
distributed chemical crosslinks that preserve chain mobility and even
enhance extensibility through the release of hidden polymer chains.
Environmental testing validates the protective domain concept. After
prolonged immersion in water, salt solutions, or extreme pH conditions,
the hydrogels retain > 80 % of their mechanical strength with < 5 %
volume change (Fig. 1d-g). For comparison, we chose freeze-thawed
PVA hydrogels as the control, since this method shares the same phys-
ical basis with dehydration by reducing available water, increasing
polymer fraction, and inducing crystallite crosslinks. With this mecha-
nistic similarity, freeze-thawed hydrogels provide the most appropriate
reference, although they lose most strength under identical conditions
(Fig. S1, Supporting Information). The protective domains successfully
prevent competitive water molecules and ions from disrupting the
crystallites, maintaining both network structure and mechanical per-
formance. This approach demonstrates that preserving and protecting
aggregation states offers a more effective route to environmental sta-
bility than attempting to eliminate them entirely.

Microstructural evidence for protective domain formation

Understanding how protective domains stabilize crystallites requires
tracking the structural evolution from dehydrated to swollen states. We
prepared three hydrogel states for comparison: the densely packed low-
water PVA hydrogel (10 wt% water), the unprotected PVA-water
hydrogel obtained by direct swelling, and the protected PVA-FRC
hydrogel formed through free-radical crosslinking (Fig. 2a). All three
maintain optical transparency, indicating nanoscale rather than
macroscopic phase separation. However, their internal architectures
differ dramatically. SEM reveals that while PVA-water exhibits large,
vulnerable pores after swelling, PVA-FRC develops a closed-cell struc-
ture with reinforced walls—a direct consequence of protective domain
formation that prevents excessive swelling and structural collapse.
Notably, even after swelling, the water content in PVA-water hydrogel
remains below the original solution concentration, demonstrating that
dehydration creates irreversible chain aggregation (Fig. S2, Supporting
Information).

Molecular and thermal analyses confirm that protective domains
preserve the beneficial aggregation structures. FTIR spectroscopy re-
veals characteristic bands at 1141 and 1095 cm™?, corresponding to
crystalline and amorphous C-C stretching modes, respectively (Fig. 2b).
[38] Upon swelling from low-water PVA to the PVA-water hydrogel, the
1141 cm™! peak becomes essentially absent, indicating massive crys-
tallite dissolution. In contrast, PVA-FRC preserves a discernible 1141
cm™! feature, suggesting that chemical crosslinking effectively protects
the crystalline structures from disruption. To compare the relative
fractions of crystallites and loose aggregates while minimizing structural
reorganization during drying, all hydrogels were first chemically locked
by excess glutaraldehyde crosslinking before DSC analysis (see
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Fig. 2. Characterization of the microstructure and crystalline-associated domains of hydrogels. a) SEM images of all three hydrogels, showing the dense
structure of low-water PVA hydrogel and closed-cell structure of PVA-water and PVA-FRC hydrogels. Insets are photos of the corresponding hydrogels. Scale bar: 5
mm. b) FI-TR spectra of low-water, PVA-water, and PVA-FRC hydrogels. ¢) DSC thermographs of all three hydrogels, showing sharp peak from the melting of
crystalline domains and broad peak from the dissociation of loose aggregates. d) Mass fraction of crystallites, Wy, and loose aggregates, W,g,, of all three hydrogels,
calculated from the enthalpy values obtained in the DSC thermographs. e-g) SAXS profiles (e), WAXS profiles (f) and corresponding average inter-aggregate spacing,

d, loose aggregate size, Rg 1, and crystallite size, L, (g) of all three hydrogels.

Methods). This treatment preserves the aggregates and crystalline re-
gions formed in the hydrated state. Therefore, the DSC results reflect the
relative amounts and thermal stability of these pre-existing domains
rather than drying-induced artifacts. The quantitative microstructural
details in the native gel state were subsequently established through
SAXS/WAXS measurements (Fig. 2e-g). DSC measurements are con-
ducted to compare the thermal stability among different samples
(Fig. 2¢). Two distinct melting transitions appear: a broad peak at 200 °C
from loose aggregates and a sharp peak at 225 °C from crystallites. The
presence of both structures in PVA-FRC confirms our hypoth-
esis—chemical crosslinks capture polymer chains in their aggregated
state around crystallites. Interestingly, the unprotected PVA-water
hydrogel shows a higher crystallite melting temperature (264 °C),
indicating that surviving crystallites reorganize into more perfect
structures during uncontrolled swelling. [39,40] In contrast, the pres-
ence of pre-formed aggregates and chemical crosslinks in PVA-FRC re-
stricts chain diffusion and crystal perfection, leading to lower T, values.
Peak integration of the DSC traces enables a comparative estimation of
the relative contents of crystalline and aggregated domains (Fig. 2d).
The results indicate that while water infiltration destroys ~ 90 % of
crystalline content in unprotected hydrogels (from 71.6 % to 6.9 %),
chemical protection preserves substantial crystallites (16.3 %) and ag-
gregation (18.0 %).

X-ray scattering provides nanoscale structural insights that validate
the protective domain mechanism. [41] The SAXS profiles are fitted
using the two-level Beaucage unified model over ¢ = 0.004-0.20 A1
(Fig. 2e; Fig. S3, Table S1, Supporting Information). [42] The fractal
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dimension (D = P;) increases from 2.29 in low-water PVA to 3.99 in
PVA-FRC, indicating that chemical crosslinking creates denser, more
compact aggregates compared to the looser structures (D = 2.69) in
PVA-water hydrogel. Despite similar water contents (~65 wt%), PVA-
FRC shows significantly smaller inter-aggregate spacing (132 A vs
164 A), confirming a higher density of protective domains (Fig. 2g,
Fig. S4, Supporting Information). The aggregate size (Rg 1) increases
upon swelling due to chain uncoiling, but chemical crosslinking limits
this expansion—PVA-FRC aggregates (33.5 A) remain more compact
than those in PVA-water (43.8 A). [43] WAXS measurements show the
opposite trend for crystallite size: PVA-FRC maintains larger crystallites
(1.5 ;\) compared to PVA-water (6.13 ./?\) (Fig. 2f). [44] This apparent
contradiction—smaller aggregates but larger crystallites in PVA-FRC
actually confirms the protective mechanism. Chemical crosslinks pre-
vent aggregate loosening while preserving crystallite integrity, whereas
unprotected systems experience partial crystallite dissolution and
aggregate expansion (Fig. S5, Supporting Information). The discrepancy
between SAXS (volume-based) and DSC (mass-based) measurements
further confirms that PVA-FRC aggregates are indeed denser, providing
effective protection for the embedded crystallites.

Mechanical performance and structural evolution during loading

Benefit from abundant crystallites serving as permanent crosslinks
during deformation and loose aggregates dissipating energy through
dissociation, the PVA-FRC hydrogel exhibits excellent toughness and
stretchability simultaneously. Toughness, I', of PVA-FRC hydrogel
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increases from 7.8 to 37.1 MJ/m°, and the breaking strain, ¢y, increases
from 404 % to 855 %, compared to the PVA-water hydrogel fabricated
from the same low-water PVA hydrogel (Fig. 3a). The notable increase in
stretchability is attributed to the stored length within loose aggregates
which can be released during deformation. Besides, the appropriate and
uniform chemical-crosslink density prevents the gel from premature
network rupture caused by excessive crosslinking and stress concen-
tration. Similarly, PVA-FRC hydrogel also shows remarkable Young’s
modulus (E = 2.88 MPa) and outstanding tensile strength (o, = 8.70
MPa), exceeding PVA-water hydrogel by 2.4 and 2.2 times, respectively.
The dissociation of loose aggregates during stretching effectively dissi-
pates energy through hydrogen-bond destruction and intermolecular
friction.

The mechanical properties of both PVA-FRC and PVA-water hydro-
gels are highly dependent on the dehydration degree of low-water PVA
hydrogels, which provides an effective way of regulation. As water
content, qg, increases from 10 to 30 wt%, E of low-water PVA hydrogels
sharply decreases from 429 MPa to 120 MPa, and o}, reduces from 304 to
125 MPa (Fig. S6, Supporting Information). Higher water content en-
hances polymer chain mobility, diminishing hydrogen-bond formation
and reducing chain density, thus weakening the network. As a result, the
mechanical properties decrease significantly, affecting the network
formation of subsequent hydrogels. PVA-water hydrogel prepared from
low-water PVA hydrogel with higher g has lower crystallinity, resulting
in the decreased mechanical properties with E dropping from 1.18 to
0.85 MPa and oy, from 4.03 to 2.51 MPa when g increases from 10 to 30
wt% (Fig. 3b; Fig. S7,S8, Supporting Information). Similarly, the me-
chanical properties of PVA-FRC hydrogels also decrease with increasing
qo (E from 2.88 to 1.44 MPa and o}, from 8.70 to 4.42 MPa, Fig. 3c). Even
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with higher qo, substantial swelling allows for effective incorporation of
free radical initiators, improving the stiffness and toughness relative to
PVA-water hydrogels. In addition to regulating the dehydration degree,
we also varied the concentrations of KPS and TMEDA to examine their
influence on network formation (Fig. S9, Supporting Information).
Increasing KPS leads to slightly higher modulus (E increases from 1.73
MPa at 1 wt% to 2.88 MPa at 4 wt%) and strength (o, increases from 7.5
MPa at 1 wt% to 8.7 MPa at 4 wt%) due to a modest rise in covalent
crosslink density, whereas excessive TMEDA causes a slight reduction in
extensibility (e, decreases from 855 % at 0.75 vol% to 570 % at 1.5 vol
%) owing to over-crosslinking. However, the overall variation remains
limited because the mechanical performance is primarily governed by
the swelling-defined aggregation structure of the loose domains, and the
free-radical crosslinking mainly serves to fix this pre-formed micro-
structure rather than fundamentally alter it.

To characterize the viscoelastic behavior of the hydrogel, the rheo-
logical properties of PVA-FRC hydrogel are investigated. The strain-
sweep spectra of PVA-FRC hydrogel shows that the loss factor tan & re-
mains < 0.1 at the small strain and increases sharply to 0.4 when strain
> 20 % (Fig. 3d). This indicates predominantly elastic behavior within
the linear regime, and significant viscosity enhancement through loose
aggregate dissociation at higher strains. Compared to PVA-water
hydrogel (tan § = 0.16), the higher tan § of PVA-FRC implies more
abundant and denser aggregates, which dissipate greater energy via
hydrogen-bond destruction, chain sliding, and disentanglement
(Fig. S10, Supporting Information). Additionally, PVA-FRC hydrogel
exhibits delayed onset of nonlinear behavior (6.8 %) compared to PVA-
water hydrogel (0.3 %), indicating that the chemical crosslinks in the
PVA-FRC effectively prevent network from failure under loading and
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Fig. 3. Mechanical properties and energy dissipation behavior of PVA-FRC hydrogels. a-c) Tensile stress—strain curves (a) and corresponding Young’s modulus,
E, tensile strength, op, breaking strain, ¢}, and toughness, I', of PVA-water (b) and PVA-FRC (c) hydrogels fabricated from low-water PVA hydrogel with different
water content, qo. d,e) Strain-sweep (d) and frequency-sweep (e) rheological spectra of storage modulus, G, loss modulus, G”, and loss factor, tan §, for PVA-FRC
hydrogels. f) Cyclic tensile stress—strain curves of PVA-FRC hydrogel under a fixed strain of 100%. g) Cyclic tensile stress—strain curves at various fixed strains after
100 successive loading-unloading cycles without internal. h) Sequential loading-unloading tensile curves with progressively increasing maximum strain. i) Energy

losses of recovery hysteresis, E;;,, and Mullins softening, E, under different strains.
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lead to superior mechanical resilience. The frequency-sweep spectra of
PVA-FRC hydrogel shows that the storage modulus G’ and loss modulus
G’ remain almost constant, and the loss factor, tan §, is small (< 0.1) in
the observed frequency range (102 < ® < 102 rad/s), indicating high
elasticity and stability (Fig. 3e). According to the formula: Ge = NRT,
where G, is the plateau modulus, R is gas content, T is the absolute
temperature, the effective network density (N) can be calculated by the
plateau storage modulus. [45,46] The results show that the N of PVA-
FRC hydrogel (141 mol/m®) is much higher than that of PVA-water
hydrogel (17.7 mol/m®), suggesting the former contains a high quan-
tity of effective chains per unit volume of hydrogel. The synergistic ef-
fect of chemical crosslinks and crystalline-associated domains ensures
most segments contribute to load-bearing capability, forming an inte-
grated network with a high effective crosslinking density. In contrast,
PVA-water hydrogel relies rarely on loose crystalline-associated do-
mains, some of which undergo slippage and disintegration during
loading and fail to function as stable crosslinking points, leading to a
lower N than that of PVA-FRC hydrogel.

Cyclic tensile tests are performed under various fixed strains for 100
cycles to demonstrate the mechanical durability and structural evolu-
tion of the PVA-FRC hydrogels. Initially, significant hysteresis loops are
observed during the first loading-unloading cycles at various fixed
strains, indicating pronounced energy dissipation (Fig. 3f; Fig. S11,
Supporting Information). From the second cycle onward, minimal hys-
teresis is observed, indicating that most structural damage occurs during
the initial deformation. Subsequently, the hydrogel exhibited nearly
pure elasticity with negligible hysteresis (Fig. 3g). Moreover, even after
a 1200 s waiting time, the hysteresis loop remains negligible, confirming
the irreversible nature of the initial damage (Fig. S12, Supporting In-
formation). To quantify the energy dissipation and structural changes,
the variations in hysteresis loop area and maximum stress during cyclic
tests are analyzed at different strains (Fig. S13, Supporting Information).
With increasing strain, the hysteresis loop after 100 cycles gradually
increases, indicating enhanced energy dissipation during loading.
Compared to load-unload cycles at strain of 100 %, the normalized stress
after 100 cycles at 200 % showed a significant decrease, suggesting
irreversible stress softening. In contrast, at strains above 200 %, the
normalized stress remained relatively stable after 100 cycles, implying
that major irreversible rearrangements (dissociation of loose aggre-
gates) have already occurred and further deformation is predominantly
accommodated by reversible structural adjustments (destruction of
weak hydrogen bonds).

The observed phenomena in the cyclic tests are consistent with the
typical Mullins effect, originally discovered in carbon black-filled nat-
ural rubber, characterized by irreversible structural damage leading to
softening during initial cyclic loading while maintaining elasticity in
subsequent cycles. [47,48] Typically reported in double-network or
composite hydrogels, this effect is rarely seen in single-network systems.
[49] To further investigate this strain-softening behavior, cyclic tensile
tests under gradually increased maximum strains without internals are
performed (Fig. 3h). These tests clearly display reduced stress at iden-
tical strains during subsequent loading cycles, while stresses recovered
to levels consistent with monotonic tensile tests once the applied strain
surpassed previous maximum extensions, indicating further structural
damage occurring at strains larger than the previous maximum elon-
gation. Energy losses of the recovery hysteresis (E;) and softening (Eg)
are integrated from the cyclic tensile curves (Fig. 3i). Ey, is the area
encircled by the preceding and subsequent loading curves, while E; is the
area encircled by the subsequent loading and the preceding unloading
curves. Eg increases rapidly below 200 %, but slowly after reaching 200
%, corresponding to the before mentioned conclusion that irreversible
structural damage due to aggregate dissociation primarily occurs below
200 %. Meanwhile, E;, showed a continuous linear increase with strain,
with a more pronounced acceleration observed above 400 %. This
accelerated increase is attributed to strain hardening, which promotes
reformation of hydrogen bonds, consistent with the strain hardening
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behavior identified by the Mooney-Rivlin equation (Fig. S14, Supporting
Information). [50] Furthermore, the progressive unfolding mechanism
inferred from the cyclic mechanical response is further validated
through finite-element simulations (Fig. S15, Supporting Information).
The simulated strain-field distribution reveals a clear hierarchical
deformation sequence in which the amorphous matrix deforms first,
followed by the progressive stretching and dissociation of the loose
aggregates, while the crystallite domains remain minimally deformed
throughout loading.

Protective domain mediated environmental stability

The PVA-FRC hydrogels exhibit remarkable environmental stability,
attributable to a synergetic effect between loose aggregates and homo-
geneous chemical crosslinks that protect the crystallites. Even after
immersion in pure water for an extended period, the hydrogel retains
both macroscopic volume and mechanical properties, in contrast to the
partial mechanical decrease often reported in PVA hydrogels fabricated
from salting-out, freeze-thawed cycles, or cononsolvency methods
(Fig. 1d-g, Fig. S16, Supporting Information). To evaluate the stability of
PVA-FRC hydrogels in ionic environments, we further immerse the
hydrogels in aqueous solutions containing various salting-in ions (e.g.,
NaCl, NaBr, NaNOs, MgCly, and CaCly) for 5 days. Salting-in ions are
known to preferentially interact with polymer chains, destroying the
polymer—polymer hydrogen bonds via direct binding with hydroxyl
groups and consequently enhancing polymer chain hydration and sol-
ubility (Fig. S17, Supporting Information). [19,51] As shown in Fig. 4a,
the hydrogels retained their original size and transparency after 5 days
of immersion in different salt solutions, with no visible morphological
change. Interestingly, despite such disruptive potential, the modulus of
the PVA-FRC hydrogels exhibited negligible variation, demonstrating
the structurally protective effects from loose aggregates and chemical
crosslinks, thus the robust crystallites effectively survive the destruction
of salting-in ions (Fig. 4b). Nonetheless, a moderate decline in tensile
strength is observed, particularly pronounced in solutions with stronger
salting-in ions. For example, the tensile strength decreased from 8.5 MPa
to approximately 7.0 MPa, 6.5 MPa, and 6.4 MPa after immersion in
NaNOs, MgCl,, and CaCl; solutions, respectively (Fig. 4c). This weak-
ening primarily manifests at a large strain, attributable to the partial
dissociation of relatively weaker hydrogen bonds within loose aggre-
gates, thus impairing the effectiveness of the aggregates to dissipate
energy during substantial deformation.

Generally, in highly acidic or alkaline conditions, the crystallites
within conventionally physical-crosslinking PVA hydrogels tend to
degrade due to protonation or deprotonation of hydroxyl groups,
thereby reducing the network integrity and weakening hydrogels. This
leads to notable reductions in stiffness and toughness (Fig. S18, Sup-
porting Information). However, PVA-FRC hydrogels display a remark-
able resilience under these conditions, retaining their original size and
transparency without visible morphological change (Figs. 4d,e).
Although slight decreases in modulus and elongation are observed, these
are significantly milder compared to traditional hydrogels (Fig. 4f).
Together, these findings highlight the exceptional environmental sta-
bility of PVA-FRC hydrogels, making them particularly attractive for
applications that demand sustained mechanical performance in
aggressive chemical environments. Meanwhile, the hydrogel demon-
strates reasonable thermal resistance because of the stable network. The
temperature-sweep spectra show the storage modulus remains un-
changed when the temperature increases from 10 to 50 °C (Fig. S19,
Supporting Information). While a gradual increase in loss factor is
observed above 60 °C due to the destruction of abundant hydrogen
bonds, the overall network structure stays intact, indicating its suit-
ability for applications under mildly elevated temperatures. The dehy-
dration process facilitates robust hydrogen-bond interactions among the
polymer chains by minimizing competitive interactions from water
molecules. Besides, the following formation of chemical crosslinks



H.N. Qiu et al.

Materials Today 92 (2026) 241-252

(a) B (b) 10 RS (c) 10 — - - 1200 50
Origin Nacl NaBr Origin - | o, NN 4, B
— 81 8{ 7 ' 40
Nacl 4 ? . L 900
= —— NaBr A = f AR —~
s 6'—NaNo3 < 69 ? & ?%a gﬁ s [PE
2 Mecl = ? E A e B
a 41 > = & R N & =
£ ]l ca, o g ?§‘f ?S: NS
L = 5 &
2 Z . N b oo
1 N N
4l .
A\ 1
01 , . . . . 04 é $ N A N Lo 0
0 200 400 600 800 1000 Origin  NaCl NaBr NaNO, MgCl, CaCl,
Strain (%)
(e) 10 (f) 10 1000 50
PVA-FRC hydrogel R Water
g Oriein RZLas Lgoo |40
—— pH=1 S pH14
S & g s 600 __ 130 %
2 g a =
g 4] / € 4 Laoo < L20 &
& 7 W
21 / ' 2 200 |10
oL : ' ' : » Z\ AN N 1o Lo
0 200 400 600 800 1000 E a, & I
Strain (%)
(g) 2000 W P(SBMA-cO-HEMA)/PVA @ PSBMA/PVA (h)ig . v (I) :E . i
Amylopectin/PVA ¥ v-PGA/PVA = PSBMA/PVA+TA < P(AA-co-LMA) + CTAB This work
16004 PVA + CNF nanofiber Gelatin/PVA g1l PSBMA/PVA g 1.0 v *
s ¥ b PVA+TA+SIO, @ Chitosan/PVA z This Wvdrk z atiae e
= 12001 . @ TPU/PVA nanofibrous ¥ This work :g 1.0 »* :Q_J 0.8 L b P{AAC-CoO-ARMI/CS + HMA + Fe®
;; g § . s ZFPMV:~:U;l\dv|A7f\I)ev E 0.6 JPiaam-co-TrER)
£ 800/ * % g (SBMA-co-HEMA)/ g
< P £08 £ 041 4
& » > ° : o Gelatin/PAAC + EDMA
Amylopectin/PVA
001 FSEE) 07 lopectio! 7 02
2 2
0L . - - . - . <06 - - . - - < 0.0l . . - -
0 2 4 6 8 10 12 0 20 40 60 80 100 0 2 4 6 8 10

Tensile strength (MPa)

Remaining strength (%)

Tensile strength (MPa)

Fig. 4. Environmental stability and anti-swelling performance of PVA-FRC hydrogel. a-c) Photos (a), tensile stress-strain curves (b) and corresponding
Young’s modulus, E, tensile strength, oy, breaking strain, ¢y, and toughness, I', (¢) of PVA-FRC hydrogels after swelling in various salting-in solutions (NaCl, NaBr,
NaNOg, MgCl,, CaCly) for 5 days. d-f) Photos (d), tensile stress—strain curves (e) and corresponding parameters (f) of PVA-FRC hydrogels after swelling in different
pH solutions (pH = 1, 14) for 5 days. g,h) Comparison of mechanical properties, stretchability versus tensile strength (g), and anti-swelling properties, remaining
strength versus anti-swelling coefficient (mo/m”) (h), of PVA-FRC hydrogel in this work and other reported PVA-based anti-swelling hydrogels. i) Comparison of anti-
swelling coefficient versus tensile strength of PVA-FRC hydrogel in this work and previously reported non-PVA anti-swelling hydrogels.

restricts chain mobility, making the resulting network less susceptible to
thermal disruption. Consequently, the pre-established hydrogen bonds
formed under dehydration persist and are effectively shielded by the
chemical crosslinking. As shown in Figs. 4g,h, the PVA-FRC hydrogel
developed in this work achieves a great balance between tensile strength
and stretchability, and simultaneously maintains its volume and tensile
strength after immersion compared to previously reported PVA-based
anti-swelling hydrogels (Table S2, Supporting Information). Fig. 4i
further extends this comparison to non-PVA anti-swelling hydrogels,
showing that the PVA-FRC hydrogel also exhibits competitive perfor-
mance in terms of both robustness and swelling resistance (Table S3,
Supporting Information).

Generality of the stabilization strategy across various architectures

To demonstrate the broad applicability of this stabilization strategy,
which relies on the formation of loose aggregates around crystallites, we
systematically applied it to three representative PVA hydrogel systems:
freeze-thawed (Fig. 5a-c), salting-out (Fig. 5d-f), and cononsolvency
(Fig. 5g-i). Although these conventional methods can induce physical
crosslinking through hydrogen bonds and crystallites, the crosslinking
domains are directly exposed to the environment and thus highly sus-
ceptible to disruption by water molecules, ions, or pH variations. As a
result, their microstructural stability and mechanical performance often
deteriorate severely under environmental stimuli. Our approach ad-
dresses a critical limitation in conventional hydrogels, where micro-
structural stability is often compromised by environmental triggers.
Freeze-thawed PVA hydrogel typically exhibit pore structures due to
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ice-templating, but its mechanical properties decrease significantly after
swelling in water. After dehydration and free radical crosslinking (D-
FRCQ), the treated hydrogel shows a much smaller swelling ratio (de-
creases from 1.29 to 1.03; Fig. 5a). The walls of pores become more
dense and complete compared to that before treatment, leading to an
increase in tensile strength (from 36 to 122 kPa) and stretchability (from
230 to 285 %) (Fig. 5¢; Fig. $20,S21, Supporting information). Salting-
out effect induces chain aggregation via ion-mediated dehydration in
saline solution, but subsequent rehydration in water disrupts hydrogen
bonds, causing volume expansion and mechanical decay. The swelling
ratio of untreated salting-out hydrogel is 1.2 when it transfers from
saturated NaySO4 solution to water, accompanying strength reduction
from 1.26 to 0.33 MPa. (Figs. 5d, f). The D-FRC treatment can effectively
inhibit the dissociation of hydrogen-bond crystallites, leading to a
smaller swelling ratio in water (1.01) and almost unchanged modulus
(~0.45 MPa) without the expense of pore structure. Cononsolvency
hydrogel which is formed by mixing PVA/H50 and PVA/DMSO solution,
is susceptible to collapse induced by solvent exchange. After D-FRC
treatment, the swelling ratio decreased from 1.13 to 1.02 (Fig. 5g), and
tensile strength retention improved dramatically (from 11 % to 74 % of
its original strength; Fig. 5i). The treatment also preserves the original
pore architecture without collapse, as confirmed by SEM image. In
summary, this stabilization strategy containing dehydration and free
radical crosslinking process improves the stability of hydrogels without
compromising their intrinsic architectures. This versatility shows the
potential of this strategy for designing hydrogels with application-
tailored microstructures and environmental resilience.
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Fig. 5. Generality in stabilizing various architectures of PVA hydrogels. a-c) Swelling ratio (a), SEM image (b), and tensile stress-strain curves (c) of PVA
hydrogel prepared by freeze-thawing 3 cycles, after dehydration-free radical crosslinking (D-FRC) treatment. d-f) Swelling ratio (d), SEM image (e), and tensile
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Protective domain engineered hydrogels for stable Zn cycling

Hydrogels are attractive electrolytes for zinc-ion batteries due to
high ionic conductivity, flexibility, and good interfacial compatibility,
but uncontrolled dendrite growth severely compromises their cycling
stability and lifespan. [52-54] Zinc trifluoromethanesulfonate (Zn
(OTF),) based electrolytes can mitigate dendrite formation because the
bulky triflate anions regulate Zn?* solvation and deposition kinetics,
leading to more uniform ion flux and smoother Zn plating. [55,56]
However, the OTF™ anion is known to impose a pronounced salting-in
effect on PVA chains, causing conventional PVA hydrogels to severely
swell and mechanically degrade after immersion, which undermines
their ability to mitigate dendrite formation on Zn anodes. [57] In
contrast, owing to its protective domains (chemically crosslinked loose
aggregates surrounding crystallites), the PVA-FRC hydrogel preserves
network integrity and mechanical performance after immersion in 1 M
Zn(OTF), (Fig. S22, Supporting Information), thereby providing a sta-
ble, uniform ionic-transport medium together with a mechanically
resilient barrier that regulates Zn deposition and supports reversible
plating/stripping.

In Zn//Zn symmetric cells, conventional freeze-thawed (F-T) PVA
hydrogels fail within ~ 260 h due to uncontrolled dendritic growth,
whereas cells using the PVA-FRC electrolyte sustain cycling for at least
2343h, indicating that the mechanically resilient network effectively
regulates Zn deposition (Fig. 6a; Fig. S23, Supporting Information). The
stabilized transport environment yields the strong rate performance: as
current density increases stepwise from 1 to 10 mA/cm?, the over-
potential rises only slightly from 0.10 to 0.20 V (Fig. 6b). Long-term
operation at 5 mA/cm? with a 17.3 % depth of discharge maintains a
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stable voltage profile (Fig. S24, Supporting Information). Zn//Cu cells
with PVA-FRC deliver a high average Coulombic efficiency of 99.8 %,
evidencing highly reversible Zn plating/stripping. (Fig. 6¢). The slightly
higher values observed in the initial cycles likely originate from elec-
trode surface activation, before stabilizing near 100 %. To rationalize
this reversibility, we quantified ion transport after immersion: the ionic
conductivity of PVA-FRC is 19.6 mS/cm, markedly higher than that of
F-T PVA (4.2 mS/cm; Fig. 6d), and the 7Zn>" transference number rea-
ches 0.54 (Fig. S25, Supporting Information), indicating fast transport
with a preferential Zn?* contribution that mitigates concentration po-
larization and promotes uniform deposition. Finally, Zn//PANI full cells
using PVA-FRC exhibit superior cycling, retaining ~ 100 % Coulombic
efficiency for > 1007 cycles at 0.038 mA/cm? (Fig. 6¢). The initially
lower efficiencies observed in the first 10 cycles can be ascribed to
electrode activation and the gradual formation of an interfacial layer,
after which the Coulombic efficiency stabilizes near 100 %.

Conclusion

In conclusion, we have developed a simple and generalizable strat-
egy to construct tough and environmentally stable PVA hydrogels by
forming protective domains around crystallites via sequential dehydra-
tion and free-radical crosslinking. The protective domains, realized as
loose aggregates surrounding crystallites, are formed through polymer
chain aggregation and chemical crosslinking. These structures effec-
tively shield the crystallites and stabilize the network under swelling
conditions. As a result, the resulting PVA-FRC hydrogels exhibit
remarkable mechanical performance and outstanding resistance to
salting-in ions, extreme pH, and elevated temperatures, while
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maintaining minimal volume swelling. Under loading, the hydrogel
undergoes a two-stage structural evolution. In the first stage, the loose
aggregates irreversibly dissociate, dissipating abundant energy and
inducing Mullins softening, while simultaneously releasing hidden chain
length to enable large stretchability. In the second stage, internal
hydrogen bonds within loose aggregates dynamically break and reform,
sustaining further deformation without failure. This sequential mecha-
nism, irreversible aggregate dissociation followed by reversible bond
rearrangement, endows the hydrogel with both toughness and resil-
ience. This stabilization strategy proves applicable to diverse physically
crosslinked PVA architectures (e.g., freeze-thawed, salting-out, con-
onsolvency), highlighting its universality and potential for constructing
high-performance hydrogels in demanding environments. The zinc-ion
batteries fabricated with the PVA-FRC hydrogel successfully cycled
for more than 2343 h, demonstrating its promise as a robust electrolyte
for practical energy storage applications.

Materials and methods
Materials

Poly(vinyl alcohol) (PVA) (weight-average molecular weight of
89-98 kDa; degree of hydrolysis of 99 %), potassium persulfate (KPS,
ACS reagent), N,N,N,N'-tetramethylethylenediamine (TMEDA, 99 %),
glutaraldehyde (GA, 25 %), hydrochloric acid (HCl, 36.5-38 %), sodium
sulfate (ACS reagent) were purchased from Sigma-Aldrich. Dimethyl

sulfoxide (DMSO, Certified ACS) was purchased from Fisher chemical.
Millipore deionized water was used for all solution preparations and
sample treatments.

Fabrication of hydrogels

PVA-FRC hydrogels were fabricated via a two-step process. First, 20
wt% PVA aqueous solution was prepared by dissolving PVA in deionized
water under vigorous stirring at 95 °C for 1 h. After removal of bubbles
by centrifugation (2000 rpm, 120 s), 15 mL of solution was poured into a
5 cm-diameter Petri dish and exposed to air at room temperature for
several days to allow gradual dehydration, reaching desired water
contents (10, 20, or 30 wt%) as determined by gravimetric analysis. The
resulting low-water PVA gels (~0.5 mm thickness) were sealed in vac-
uum bags for 3 days to homogenize water distribution. PVA-FRC
hydrogel was prepared by incubating the low-water PVA hydrogel into
50 mL aqueous solution containing 4 wt% KPS and 0.75 vol% TMEDA
for 4 h to initiate free radical crosslinking. PVA-water hydrogel was
prepared by simply immersing low-water PVA hydrogel into water for 3
days.

The traditional chemical crosslinking PVA-GA hydrogel as shown in
Fig. 1c was prepared by incubating low-water PVA hydrogel (10 wt%
water content) into 50 mL aqueous solution containing 10 mL GA and
0.1 mL HCI for 4 h to trigger acetal-bond formation as chemical cross-
linking. The reacted hydrogel was transferred to a large amount of water
to remove residuals for 3 days.
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Freeze-thawed PVA hydrogel was prepared by pouring 10 wt% PVA
solution into a Petri dish and freeze-thawed for 3 cycles. The freeze-
thawed PVA hydrogel was air-dried to reach 80 wt% water content
and then subjected to KPS/TMEDA solution as described above. Con-
onsolvency PVA hydrogel was fabricated by mixing 40 mL PVA DMSO
solution (10 wt%) and 60 mL PVA HO solution (10 wt%), followed by
centrifugation at 2,000 rpm for 120 s to remove the bubbles. The
mixture was poured into a Petri dish and frozen at —20 °C for 12 h to
form the hydrogel. The cononsolvency hydrogel was air-dried to reduce
the water content to 20 wt%, then soaked in the KPS/TMEDA solution
for 4 h for free radical crosslinking. Salting-out PVA hydrogel was pre-
pared by freezing 10 wt% PVA aqueous solution at —20 °C for 12 h,
followed by soaking in saturated sodium sulfate solution for 24 h.
Without further drying, the shrunken hydrogel was directly crosslinked
in KPS/TMEDA solution for 4 h. Unless otherwise specified, all FRC-
treated hydrogels were immersed in deionized water for 3 days before
characterization to remove residual chemicals.

Mechanical tests

Uniaxial and cyclic tensile tests were performed on dog-bone shaped
specimens with a gauge length of 5 mm and a width of 2 mm using a
Cellscale Univert mechanical tester. A minimum of three parallel tests
were performed for each test to ensure reproducibility. All uniaxial and
cyclic tensile tests, except for the low-water PVA sample, were con-
ducted with the specimens fully immersed in deionized water to prevent
dehydration. All samples exhibited negligible mass change after testing.
The engineering stress—strain curves were calculated based on the initial
gauge cross-section area and gauge length. All tests were performed at a
constant loading rate of 0.5 mm/s.

Rheological characterizations

The rheological behaviors of hydrogels were measured using a TA
Instrument Discovery HR-30 rheometer. Disk-like hydrogel samples
with a diameter of 15 mm were placed between the parallel plate and the
rheometer, with the edges sealed using water to prevent solvent evap-
oration from the gel. Strain sweeps were performed with a frequency of
1 rad/s at 25 °C. Temperature sweeps were conducted at a constant
strain of 0.1 % and frequency of 1 rad/s, with a heating rate of 15 °C/
min. Frequency sweeps were performed with a strain amplitude of 0.1 %
at 25 °C.

Scanning electron microscopy (SEM)

The microstructures of hydrogels were observed with a FEI Teneo
scanning electron microscope at 10 kV. The samples were prepared by
freeze-drying and then cryogenically fractured in liquid nitrogen prior to
imaging.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded at room temperature using an attenuated
total reflectance mode (ATR-FTIR, Nicolet Summit X , Thermo Scienti-
fic). Each spectrum was averaged from 10 scans over the range of
4000-400 cm™".

Differential scanning calorimetry (DSC)

The hydrogels were treated with a 50 mL aqueous solution con-
taining 30 mL glutaraldehyde (10 wt%) and 0.5 mL of hydrochloric acid
for 3 h, followed by immersing in plenty of water to remove residuals.
The samples were subsequently dried before DSC analysis. Measure-
ments were performed using a TA Instruments Q2000 calorimeter with a
heating rate of 15 °C/min from 50 °C to 300 °C after 2 min of
equilibration.
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Small- and wide-angle X-ray scattering characterization (SAXS/WAXS)

SAXS and WAXS measurements were carried out at the 12-ID-B
beamline of Advanced Photon Source (Argonne National Laboratory)
equipped with an Eiger2 9 M detector for SAXS and a Pilatus 300 K
detector for WAXS. The wavelength of the X-rays was 0.932 A. Sample-
to-detector distances were 1995 mm for SAXS and 421 mm for WAXS.
2D scattering SAXS/WAXS patterns were azimuthally averaged to 1D
curves and followed by background-subtraction using the beamline
developed Matlab program. SAXS profiles were fitting using SasView
with two-level Beaucage unified model over ¢ = 0.004 ~ 0.20 A~L. [42]

The function is:
2 2R2.
Giexp ( - %) + Biexp <

I(q) = background + Z
i=1

B qu;Hl <l> Fi
3 q;
)

where Ry; is radius of gyration, G; is Guinier prefactor, B; is Porod
prefactor, and P; is Porod exponent. In this work, we interpret R, as the
characteristic size of the loose aggregates. Ry » is fixed at 5000 A, serving
as a power-law background that extends into the higher-q region. From
WAXS data curves, the crystallite size, L, is estimated by Scherrer
equation:

L= K
pcosd

with

% =q {erf <£\/§

where K is shape factor (0.9), 4 is X-ray wavelength (0.932 1°\), B is the
full width at half maximum, and € is the Bragg angle calculated from 6 =
arcsin% (q corresponds to the peak position in WAXS curves).

Electrochemical analysis

The basic electrochemical analyses were performed using a coin-cell
system. Electrochemical impedance spectroscopy (EIS) was performed
at 25°C using CHI660e electrochemical workstation (CH Instruments)
using electrochemical impedance spectroscopy mode. The resistance
was the interception on the real axis in the Nyquist plot at high fre-
quencies, and the ionic conductivity (¢) was calculated as ¢ = }%x A,
where t is the membrane thickness and A is the electrode area (1.77
cm?). The coin cells were assembled with a TMAXCN hydraulic crimping
machine with 1000 psi pressure and were tested with a LANDT
CT3002AU battery tester.
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