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Non-Covalent Molecular Engineering of Hydrogel
Electrolytes via z-Anion Confinement and Hydrogen-Bond
Reconfiguration for Wide-Temperature and Ultra-Stable

Zn-lon Batteries

Jia Zhong, Chugiao Xia, Tianyu Zhang, Hongfei Wang,* Haolan Tao,* Cheng Lian,

and Yong Hu*

The practical application of Zn-ion batteries (ZIBs) is hindered by poor cycling
stability and a narrow operating temperature window, issues stemming from
the unstable Zn anode and the reactive nature of aqueous electrolyte. To
overcome these challenges, a functional hydrogel electrolyte is developed via
copolymerization of acrylamide (AM) and 2-phenoxyethyl acrylate (PHEA).
This design utilizes a novel non-covalent molecular engineering strategy to
simultaneously regulate Zn?* transport and enhance thermal adaptability.
Specifically, the electron-deficient phenyl rings in PHEA establish favorable
m-anion interactions with OTf anions, achieving a high Zn?* transference
number of 0.70. Concurrently, spectroscopic analyses indicate that the
oxygen-rich groups in PHEA act as competitive hydrogen-bond acceptors,
reconstructing the hydrogel’s hydrogen-bonding network. This reconfiguration
leads to tighter confinement of water molecules and a broader operational
temperature range. Consequently, Zn//Zn symmetric cells demonstrate
exceptional cycling durability over 6400 h at 25 °C, 2400 h at 50 °C, and 1200
h at —20 °C. When paired with Zn,V,0, cathodes, full cells also deliver
outstanding cycling performance and remarkable capacity retention across
this wide temperature range. This work provides fundamental insights into
non-covalent interactions for electrolyte design and presents a scalable
strategy for developing robust, temperature-resilient energy storage.

durable, and stretchable rechargeable bat-
teries. Aqueous zinc-ion batteries (ZIBs)
have emerged as a promising candidate
due to their high theoretical capacity (820
mAh g!), inherent safety, high ionic con-
ductivity, and low cost."?} However, the
practical application of ZIBs is hindered
by persistent issues at the Zn metal an-
ode, including dendrite formation, corro-
sion, and hydrogen evolution reactions
(HER).3* These problems originate from
the strong solvation of Zn?* ions, the
reactivity of water molecules, and un-
even ion flux.>”! The strong cation-anion
coupling in conventional aqueous elec-
trolytes further reduces the Zn?* trans-
ference number and Coulombic efficiency
(CE), limiting anode reversibility.>*! These
challenges are exacerbated under extreme
temperatures, where unstable ion trans-
port and variable water activity lead to
rapid performance degradation.l!! There-
fore, developing advanced electrolyte de-
signs that enable highly reversible Zn
plating/stripping across a wide temper-
ature range is critically important.[1

Hydrogel electrolytes containing

1. Introduction

The rapid expansion of flexible and wearable electronics, such
as health and motion monitors, creates strong demand for safe,

zincophilic functional groups, such as sodium polyacrylate
(PANa), poly(vinyl alcohol) (PVA), and polyacrylamide (PAM),
could facilitate 3D diffusion of Zn?* ions and help regulate
ionic transport pathways.[''12] Among various polymer matrices,
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PAM-based hydrogel electrolytes are particularly promising due
to their straightforward synthesis and comparatively low cost.["’]
Nevertheless, current PAM hydrogel electrolytes still face sev-
eral critical challenges, such as limited ion transport effi-
ciency, high water evaporation rates, and inadequate mechani-
cal strength.['*15] Furthermore, existing PAM hydrogels remain
ineffective in resolving the fundamental issues associated with
Zn anodes.'®! These persistent problems are largely attributed
to unresolved difficulties within the electrolyte bulk and at the
electrode/electrolyte interface.['71%]

Recently, copolymerization with functional molecules has
emerged as one of the most effective approaches for enhanc-
ing both the physicochemical and electrochemical properties of
PAM hydrogels.!*®! By incorporating tailored groups into the
polymer network, this method considerably improves mechani-
cal strength, ionic conductivity, and interfacial compatibility.[2%2!]
Despite these benefits, several important limitations have yet
to be resolved. The current approach still falls short in effec-
tively suppressing anion migration, which contributes to sig-
nificant concentration polarization. Furthermore, existing func-
tional copolymerization methods have not adequately enhanced
the adaptability of Zn?* transport and deposition behavior across
a broad range of temperatures.[?:-%]

Noncovalent interactions play a crucial role in impact-resistant
polymer materials by acting as sacrificial bonds that efficiently
dissipate mechanical energy, thereby endowing the materials
with superior functionalities.?*] Hydrogen bonding, as a classic
example, has been widely employed in hydrogel networks to ef-
fectively regulate the activity and behavior of water molecules. ]
Through strategic manipulation of such bonding, it becomes pos-
sible to regulate freezing and evaporation processes within the
electrolyte, thereby effectively broadening its operational temper-
ature range.?®l This approach provides a promising pathway for
developing advanced energy storage systems capable of function-
ing reliably under extreme environmental conditions.[?’! In con-
trast to conventional noncovalent interactions (hydrogen bonds,
hydrophobic interactions, and ion pairs), z-ion interactions rep-
resent a distinct class of electrostatic attractions between ions
and z-electron systems.[?®] These interactions are increasingly
recognized as significant noncovalent forces that play a crucial
role in modulating the structure and function of various molec-
ular assemblies. Li et al. demonstrated that introducing nin-
hydrin molecules as additives into a ZnSO, electrolyte enables
the electron-deficient aromatic rings to anchor SO,%" ions via z-
anion interactions. This dynamic and balanced ion-enriched in-
terface effectively suppresses Zn dendrite growth induced by the
space charge layer.[?°! Constructing aromatic structures in hydro-
gel networks to leverage z-ion interactions is a viable, yet un-
reported, strategy for tuning ion transport from the bulk elec-
trolyte to the electrode interface. Therefore, copolymerizing acry-
lamide (AM) with specially designed monomers to harness non-
covalent interactions among the polymer network, ions, and wa-
ter molecules presents a highly feasible approach for enhancing
the functional performance of hydrogel electrolytes.

In this work, we propose a strategy of copolymerizing AM
monomers with 2-phenoxyethyl acrylate (PHEA) in the pres-
ence of Zn(OTf), to fabricate a functional poly(AM-co-PHEA)
(PAP) hydrogel electrolyte. This design orchestrates intrinsic
non-covalent interactions to stabilize the electrolyte/Zn-metal in-
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terface. The electron-deficient aromatic motifs in PHEA pro-
mote z-anion interactions, thereby reducing anion mobility. Con-
currently, the abundant ether-ester linkages disrupt the native
hydrogen-bonding network of water. This suppression of water
activity effectively inhibits the HER and enhances battery perfor-
mance over a wide temperature range. Consequently, Zn?* ions
can migrate rapidly along the extended polymer chains, achiev-
ing a high transference number of 0.70 and leading to uniform
deposition. Thanks to these outstanding characteristics, the PAP
hydrogel electrolyte enables ultra-long cycling stability exceeding
6400 h in Zn//Zn symmetric cells at room temperature. It also
maintains stable operation for over 2400 h at 50 °C and 1200
h at —20 °C. These improved electrochemical characteristics are
also demonstrated in Zn//Zn,V,0, (ZVO) full batteries, which
exhibit exceptional cycling stability across a broad temperature
range. By offering a fundamental molecular-level insight, this
work advances the design of hydrogel electrolytes toward highly
durable and temperature-adaptive Zn-based energy storage.

2. Results and Discussion

As a key component of flexible energy storage devices, hydro-
gel electrolytes should simultaneously meet several critical re-
quirements, such as high ion transport kinetics, robust mechani-
cal stability, consistent electrode/electrolyte interfacial chemistry,
and broad environmental adaptability.3%) To address this, we im-
plemented a molecular engineering approach by copolymeriz-
ing AM with PHEA, a polymer incorporating benzene rings and
oxygen-rich functional groups (ester and ether bonds), to fabri-
cate the PAP hydrogel electrolyte (Figure 1a). For comparative
purposes, a PAM-based hydrogel electrolyte was also synthesized
as a control sample. In addition to the covalent interactions com-
monly present in the PAP polymer network, the incorporation
of PHEA leverages its intrinsic molecular structure to modu-
late the electrochemical behavior of ions and water molecules
through a series of non-covalent interactions. The introduction
of oxygen-rich functional groups (ester and ether groups) en-
hances the hydrogen-bond donating capacity, thereby more effec-
tively restricting the activity of water molecules.3!321 More signif-
icantly, the aromatic units in PHEA, which possess an electron-
withdrawing property, can engage with OTf™ anions to form spe-
cial z-anion interactions. This facilitates the dissociation of Zn**
and OTf ions.[?*32] As a result, Zn?* migration pathways can be
established along the flexible polymer chains, which not only fa-
cilitates Zn?* transport but also enhances the stability of electro-
chemical reactions at the anode/electrolyte interface.

The chemical structure of the synthesized hydrogels was veri-
fied using attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy, as shown in Figure 1b. The absorption
band observed from 1403 to 1602 cm™! corresponds to the C—
C vibrational mode of the benzene ring skeleton. Besides, peaks
identified at 949 and 1729 cm ™" are associated with the stretching
vibrations of C-O—C and O—C=0 bonds, respectively.>>*! Cor-
respondingly, the detection of characteristic functional groups
from both PHEA and AM in the spectra confirms the success-
ful formation of the PAP hydrogel. The morphology of the PAP
hydrogel was analyzed by scanning electron microscopy (SEM),
revealing a hierarchically ordered porous structure similar to that
of PAM, but with an increased average pore size of 10.3 um
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Figure 1. Preparation and characterization of the PAP hydrogel. a) Schematic illustration for the synthesis of PAP. b) ATR-FTIR of PAP and PAM. c)
Quantitative distribution of water molecules in various states, as determined from Raman spectra. d) Binding energies of water molecules with various
components.
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compared to 6.6 pm for the latter (Figure S1, Supporting Infor-
mation). This distinctive porous framework is expected to facili-
tate Zn?* migration and promote a uniform electric field distri-
bution across the anode interface. The mechanical properties of
hydrogel electrolytes play a critical role in determining the abil-
ity of ZIBs to withstand external mechanical deformation. Corre-
sponding deformation tests confirm the practical robustness of
the PAP hydrogel. As shown in Figure S2 (Supporting Informa-
tion), the hydrogel withstands significant stretching and twisting
without damage, demonstrating excellent mechanical resilience.
Tensile testing results indicate that the PAP hydrogel exhibits sig-
nificantly enhanced mechanical performance (Figure S3a, Sup-
porting Information), with a tensile stress of 130.0 kPa and a ten-
sile strain of 115.8%, both of which are substantially higher than
those of the PAM hydrogel (20.3 kPa and 46.4%). Moreover, the
PAP hydrogel demonstrates an elastic modulus of 98.1 kPa and a
toughness of 88.2k] m~, as presented in Figure S3b (Supporting
Information), values that also exceed those of the PAM hydrogel
(66.2 kPa and 7.1 k] m). The enhanced strength and toughness
of the hydrogel originate from the amphiphilic nature of PHEA.
Its hydrophilic oxygen-rich groups contribute to water retention,
whereas the hydrophobic aromatic regions induce microphase
separation, thereby improving mechanical stability.®]

To gain a comprehensive understanding of the physicochem-
ical properties of the PAP hydrogel electrolyte, Raman spec-
troscopy was employed to analyze the interactions between poly-
mer chains and water molecules. The broad O-H stretching
bands can be classified into three distinct water states using
Gaussian fitting: 1) “bond water” (BW) at 3235 cm™, correspond-
ing to water molecules with strong hydrogen bonding and a coor-
dination number close to 4; 2) “intermediate water” (IW) at 3452
cm™!, which features distorted hydrogen bonds and incomplete
connectivity to surrounding water molecules; and 3) “free wa-
ter” (FW) at 3622 cm™, representing unbound water molecules
in the form of monomers, dimers, or trimers that exhibit min-
imal interaction with their environment (Figure S4, Supporting
Information).’”38] The proportion of BW in the PAP hydrogel
decreases, whereas that of IW and FW increases (Figure 1c),
suggesting that PHEA facilitates the transformation of BW into
IW and FW. This observation indicates a partial breakdown of
the original hydrogen-bonding network among water molecules,
accompanied by a significant enhancement in polymer-water
interactions.[*”! Such a change contributes to the suppression of
the HER and improves tolerance to external temperature vari-
ations. Moreover, 2H nuclear magnetic resonance (NMR) spec-
troscopy reveals an upfield shift in the water proton signals,
suggesting increased electron density and restricted mobility of
water molecules resulting from hydrogen bonding with polar
groups in the polymer matrix.***! As illustrated in Figure S5
(Supporting Information), the PAP hydrogel displays a more
distinct upfield shift compared to PAM, providing further evi-
dence of its superior water confinement ability. Owing to this
effective immobilization of water molecules, the PAP hydrogel
demonstrates notable thermal adaptability. Differential scanning
calorimetry (DSC) results indicate a distinct exothermic peak
near —18 °C in the pristine PAM hydrogel, which is associated
with water crystallization (Figure S6, Supporting Information).
In comparison, no such crystallization peaks are detected in the
PAP hydrogel, confirming its significantly improved freeze tol-
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erance due to the incorporation of PHEA chain segments.[*!]

Water retention tests directly confirm that the PAP hydrogel re-
tains 55% of its initial water content after 96 h under ambient
conditions, demonstrating significantly greater retention capabil-
ity compared to the PAM hydrogel, which maintains only 32%
(Figure S7, Supporting Information). The hydration behavior of
the hydrogels was quantitatively evaluated using density func-
tional theory (DFT) calculations, as presented in Figure 1d. The
binding energy for the PHEA-H, O system is calculated to be —
35.9 k] mol~!, which is stronger than that of the AM-H,O sys-
tem (-31.5 k] mol™?!) and the H,0-H,0O dimer (-31.2 k] mol™!).
This stronger interaction suggests further suppression of wa-
ter molecule activity within the hydrogel, which is expected to
promote the desolvation and migration of hydrated Zn?* ions
while concurrently suppressing the HER. On a molecular level,
the incorporated PHEA chains abundant in oxygen-containing
functional groups serve as competitive hydrogen-bond accep-
tors, effectively disrupting the self-associative network of wa-
ter molecules. By sequestering water reactants within the poly-
mer matrix, the hydrogel raises the energy barrier for the HER,
thereby kinetically inhibiting its progression and shifting its ther-
modynamic potential to more negative values. Furthermore, the
water molecules confined in this system exist in an energetically
stabilized, “polymer-locked” state, which confers remarkable re-
silience against thermal fluctuations. Collectively, the mecha-
nism that suppresses the HER also endows the material with
operational stability across a wide temperature range, from be-
low ambient to elevated conditions. This significantly broadens
the device’s operational window and highlights the promise of
the PAP hydrogel as a high-performance electrolyte material for
advanced battery systems.

To elucidate the intrinsic transport properties of Zn** ions
within the PAP hydrogel, it is essential to understand the role
of PHEA. The ionic conductivity and Zn?* transference number
of the hydrogel electrolytes were evaluated using electrochemi-
cal impedance spectroscopy (EIS). At 25 °C, the PAP hydrogel
exhibits an ionic conductivity of 25.4 mS cm™! (Figure S8, Sup-
porting Information), surpassing that of the PAM hydrogel (18.3
mS cm™!). This enhancement is attributed to the facilitated ion
transport within the migration channels modified by PHEA. Fur-
thermore, PAP maintains high ionic conductivities of 39.5 and
13.5 mS cm™! as the temperature is adjusted to 50 and 20 °C,
respectively. These values are in sharp contrast to the PAM hy-
drogel with 30.2 and 8.1 mS cm™' at 50 and -20 °C, respec-
tively, which reflects the superior extreme-temperature tolerance
of PAP. Moreover, the PAP hydrogel electrolyte demonstrates a
significantly higher Zn?* transference number of 0.70 relative to
the PAM-based electrolyte (0.47), as depicted in Figures 2a and
S9 (Supporting Information). This enhancement in ion trans-
port performance signifies improved charge transfer efficiency
and restricted anion mobility in the PAP system, offering a po-
tential pathway toward minimizing anion-related side reactions
in Zn-based devices. X-ray photoelectron spectroscopy (XPS) and
'H NMR spectroscopy were utilized to further examine the in-
teraction between PHEA and OTf. Comparative XPS analysis
was conducted on PAM and PAP samples (Figure S10, Support-
ing Information). Introduction of Zn(OTf), into the PAP hy-
drogel network results in a positive shift in the F 1s peak rela-
tive to PAM, indicating a strong associative interaction between
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OTf™ anions and PHEA. Furthermore, 'H NMR analysis reveals
that upon incorporation of Zn(OTf), into the PAP hydrogel net-
work, the aromatic proton signals undergo substantial chemical
shifts, providing firm evidence for the presence of z-anion in-
teractions (Figure S11, Supporting Information).***3] The elec-
trostatic potential (ESP) surface shows a complementary charge
distribution between PAP and OTf", with the electron-deficient
benzene ring and the electron-rich sulfonate group oriented in
a spatially favorable arrangement for z-anion interaction, as il-
lustrated in Figures 2b,c and S12 (Supporting Information).[*?!
Additionally, the binding energy between OTf and PHEA was
calculated to be —47.3 k] mol~!, which is higher than that of OTf
with AM (=11.0 k] mol~!) (Figure 2d). This result provides quan-
titative evidence supporting the ability of OTf™ to bind with ben-
zene ring groups. In addition, the molecular orbital energy levels
were calculated to evaluate the electron-accepting capabilities of
all components (Figure 2e). The lowest unoccupied molecular or-
bital (LUMO) energy of PHEA is found to be significantly lower
than those of AM and H,O (-1.51 vs 0.18 and 1.83 eV, respec-
tively), which also suggests that electrons from OTf™ anions are
more likely to be transferred to the PHEA segment. Together, the
data establish PHEA as a promising z-anion interaction acceptor,
which facilitates efficient Zn?* transport within the PAP hydrogel
network.

Molecular dynamics (MD) simulations were employed to fur-
ther investigate the coordination environment of Zn?* ijons
within different hydrogel matrices. The simulations demonstrate
notable differences in the regulatory influence of the polymer
matrix on the Zn**-OTf" interaction and the ionic transport ki-
netics, as depicted in Figure 2f,g. The radial distribution func-
tion (RDF) around Zn?* ions shows that the formation of OTf -
benzene ring interactions in PHEA leads to a decreased num-
ber of OTf" anions within the Zn?* solvation shell in the PAP
hydrogel system (Figure 2h). The diffusion dynamics of Zn?*
ions were also evaluated by calculating the mean square displace-
ment (MSD) at room temperature (Figure 2i). Results indicate
that the Zn?* diffusion coefficient in PAP (1.48 X 107° cm? s71)
is higher than that in PAM (0.78 x 10-° m? s7!), suggesting
enhanced Zn** mobility. This acceleration can be attributed to
the formation of efficient cation transport channels, facilitated
by the anion-confining capability of electron-withdrawing ben-
zene ring groups within the PHEA molecular chains.[*l More-
over, MD simulations offer detailed visualization of Zn?* mi-
gration pathways within the hydrogel networks. Consistent with
the MSD results, trajectory analysis indicates that the inclusion
of PHEA in PAP establishes well-defined ion conduction chan-
nels, in contrast to the disordered diffusion pathways observed
in PAM (Figure 2j,k). Therefore, this optimized network archi-
tecture considerably improves Zn?** transport kinetics, owing to
favorable coordination environments and reduced anion-induced
retardation.[*]

Given the improved physicochemical properties of the hy-
drogel electrolyte, the long-term cycling stability of Zn elec-
trodes during repeated plating/stripping was further examined
by assessing electrochemical performances in both Zn//Cu and
Zn//Zn cell configurations. As shown in Figure 3a, the Zn//Cu
cell with the PAP hydrogel electrolyte demonstrates outstanding
cycling performance, retaining an average CE of 98.9% over 1300
cycles at 1 mA cm~2/1 mAh cm™2. In contrast, the Zn/PAM/Cu
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cell degrades rapidly and fails within 650 cycles under identi-
cal conditions. Moreover, the Zn//Cu half-cell utilizing the PAP
hydrogel electrolyte displays negligible variation in its voltage-
capacity profiles over extended cycling, in sharp contrast to the
pronounced voltage drift and progressive instability observed in
the control cell (Figure 3b,c). This comparison underscores the
exceptional interfacial stability and sustained cycling endurance
afforded by the PAP-based hydrogel electrolyte.

Moreover, to evaluate the advantages of the non-covalently
modulated hydrogel electrolyte, the electrochemical stability of
Zn metal anodes was investigated using symmetric Zn//Zn cells.
Under 1 mA cm~2/1 mAh cm™2, the cell with PAM hydrogel fails
after 1700 h, likely due to voltage fluctuations caused by dendrite
formation. In contrast, the cell incorporating the PAP electrolyte
demonstrates significantly enhanced stability, operating consis-
tently for over 6400 h with minimal polarization (Figure 3d). Even
under harsh cycling conditions of 5 mA cm= and 5 mAh cm=2,
the cell using the PAP hydrogel electrolyte exhibits substantially
improved cycling performance, achieving a service life of 560 h,
which is considerably longer than 50 h obtained with the PAM-
based hydrogel electrolyte (Figure S13, Supporting Information).
Also, the Zn/PAP/Zn cell delivers outstanding resilience to vari-
ations in current density, sustaining consistent overpotentials
across a broad spectrum from 1 to 20 mA ¢cm~? (Figure 3e). No-
tably, upon returning to 1 mA cm=2, the cell exhibits a slightly
lower polarization voltage than its initial value, indicating en-
hanced interfacial kinetics following high-rate cycling. In com-
parison, the PAM-based cell suffers from substantial voltage in-
stability at 5 mA cm~2 before eventual failure. The improved cy-
cling endurance arises from the PAP hydrogel’s unique capability
to facilitate Zn deposition kinetics via z-anion interactions that
restrict OTf™ mobility, while consistently upholding interfacial
stability across numerous cycles.[?] To further evaluate practical
applicability, shelving-recovery tests were performed on Zn//Zn
symmetric cells at 1 mA cm™2 and 1 mAh cm=2, with a 20-h
rest period after every 10 cycles (Figure S14, Supporting Informa-
tion). The cell utilizing the PAP hydrogel electrolyte maintained
stable operation for over 2000 h. In contrast, the cell with PAM
failed within 900 h. This stark contrast in cycling longevity un-
derscores the superior effectiveness of PAP in suppressing Zn
dendrites and parasitic side reactions, confirming its high prac-
tical potential for durable ZIBs.

To validate the temperature adaptability of the PAP hydrogel
electrolyte, its operational performance was systematically eval-
uated over a wide temperature range under extreme conditions.
As depicted in Figure 3f,g, Zn//Zn symmetric cells remain sta-
ble for 2400 h at 50 °C and 1200 h at —20 °C. This exceptional
thermal resilience is attributed to the designed water-confined
networks within the PAP matrix, which inhibit freezing at sub-
zero temperatures and reduce water reactivity at high temper-
atures, thus supporting consistent Zn electrochemistry over a
wide operational span from -20 to 50 °C.**] To further sub-
stantiate the exceptional temperature adaptability of the PAP hy-
drogel, the cycling performance of Zn//Zn symmetric cells uti-
lizing the liquid electrolyte was systematically evaluated under
varying temperature conditions (Figure S15, Supporting Infor-
mation). The liquid electrolyte cell could only operate for ~100
h at 25 °C, with its operational time becoming negligible at 50
and -20 °C. This comparative analysis clearly demonstrates that
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Figure 3. a) CE measurements and corresponding voltage-capacity profiles of b) Zn/PAM/Cu and c) Zn/PAP/Cu cells. d) Galvanostatic cycling of Zn//Zn

cells with different hydrogel electrolytes at room temperature. €) Rate performance with a capacity of 1 mAh cm=2. Cycling performances of Zn//Zn cells
at f) 50 °C and g) —20 °C. h) Benchmarking of PAP against existing literature in current density and CPC across a wide temperature range.

the hydrogel electrolyte engineering strategy not only ensures cy-
cling stability for reversible Zn plating/stripping but also confers
significant environmental adaptability. The consistent electro-
chemical performance under thermal stress conditions confirms
the material’s ability to preserve interfacial integrity through op-
timized ion transport and interfacial chemistry. More impres-
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sively, comparative analysis with state-of-the-art hydrogel and
non-hydrogel electrolytes confirms the superior performance of
the PAP hydrogel, which achieves a substantially greater cumu-
lative plating capacity (CPC) across both cryogenic and elevated
temperature environments (Figure 3h; Tables S1-S3, Supporting
] These exceptional characteristics highlight the
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potential of the PAP hydrogel as an advanced electrolyte mate-
rial for next-generation Zn-based energy storage devices, com-
bining outstanding environmental resilience with practical scal-
ability suitable for extreme operational scenarios.

To further verify the stabilizing role of the PAP hydrogel elec-
trolyte in Zn anode electrochemistry, a series of electrochemical
and morphological analyses was carried out. Chronoamperom-
etry (CA) was initially employed to investigate the influence of
PAP on Zn deposition behavior (Figure 4a). In the PAM elec-
trolyte, Zn deposition follows a typical 2D diffusion mechanism
accompanied by a continuous rise in current density. This leads
to nonuniform nucleation and accelerated dendritic growth, ul-
timately resulting in disordered and porous Zn structures. In
contrast, the PAP hydrogel electrolyte promotes a stable 3D dif-
fusion process, facilitated by rapid nucleation during the ini-
tial phase. This mechanism encourages dense and uniform Zn
deposition with improved morphological integrity. EIS was per-
formed on Zn//Zn cells at temperatures ranging from 40 to 80 °C
to investigate Zn deposition behavior in different electrolytes
(Figure S16, Supporting Information). The charge transfer resis-
tance (R,) values of the cell with PAP electrolyte are consistently
lower than those with PAM across all temperatures, indicating
enhanced interfacial charge transfer kinetics. According to the
Arrhenius equation, the activation energy (E,) of PAP was cal-
culated to be 34.9 k] mol~!, which is lower than that of PAM
(37.7 k] mol™"). Since the desolvation process is typically the rate-
limiting step in Zn electrochemical deposition, the reduced E,
suggests a lower desolvation energy barrier and improved Zn
deposition/diffusion kinetics. This enhancement is attributed to
the reconstructed hydrogen-bond network and restricted OTf"
anion mobility within the PAP electrolyte.[*]

To assess the suppression of side reactions, the electrochem-
ical stability of various electrolytes was evaluated using linear
sweep voltammetry (LSV) at a scan rate of 10 mV s7! and lin-
ear polarization measurement, respectively. LSV measurements
of Ti//Ti cells reveal that the PAP hydrogel possesses an electro-
chemical stability potential window (ESPW) of 2.75 V, broader
than the 2.58 V of PAM (Figure S17, Supporting Information).
The negligible current density observed confirms its excellent sta-
bility, affirming its suitability as a robust electrolyte. Besides, the
PAP hydrogel electrolyte demonstrates a higher hydrogen evolu-
tion overpotential on the Zn foil surface than PAM at an iden-
tical current density (Figure 4b), indicating its enhanced ability
to inhibit the HER. The superior HER suppression achieved by
the PAP hydrogel electrolyte originates from a reengineered hy-
drogen bonding network that effectively modulates water reac-
tivity. The decreased BW content, which is characterized by ele-
vated thermodynamic activity and reduced reduction energy bar-
riers, directly limits the population of reactive water molecules
available for HER initiation at the Zn anode interface. Simulta-
neously, the increased proportions of IW and FW species main-
tain efficient ion transport while demonstrating markedly lower
participation in parasitic reduction pathways. Consequently, this
reconfigured hydrogen bonding environment synergistically el-
evates the HER activation barrier, minimizes gaseous byprod-
uct formation, and promotes superior electrode/electrolyte inter-
face stability. Tafel analysis (Figure 4c) further supports this re-
sult, revealing that PAP exhibits a lower corrosion current density
(1.44 x 10~ A cm™) and a higher corrosion potential (0.009 V),
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which collectively indicate enhanced corrosion resistance at the
interface.[*!l The influence of different electrolytes on the Zn de-
position process was visualized in real-time using an in situ op-
tical microscope at a current density of 10 mA cm™2. In the case
of the PAM hydrogel electrolyte, loose sediment begins to form
within 10 min, followed by the development of pronounced Zn
dendrites and a highly uneven surface after 30 min (Figure 4d). In
contrast, the Zn anode in the PAP hydrogel electrolyte maintains
a smooth, compact, and dendrite-free deposition layer after the
same duration (Figure 4e), demonstrating its effective suppres-
sion of side reactions and regulation of uniform Zn nucleation.
The surface morphology of Zn electrodes was examined using
optical photography and SEM after 50 plating/stripping cycles at
1 mA cm~ and 1 mAh cm™2. In the PAM hydrogel electrolyte, Zn
deposition exhibits a disordered and porous structure composed
of flake-like dendritic formations (Figure 4f). Conversely, deposi-
tion in the PAP hydrogel electrolyte results in a densely packed
and well-aligned arrangement of Zn deposits, yielding a smooth
electrode surface (Figure 4g). The preferential exposure of the
(002) crystal plane serves as an effective strategy for suppressing
Zn dendrite growth, owing to its low surface energy and densely
packed atomic arrangement.[*¥] The crystalline structures of cy-
cled Zn electrodes in different electrolytes were characterized by
the X-ray diffraction (XRD) technique (Figure S18, Supporting
Information). The intensity ratio I, /I;,, for the PAP electrolyte
(0.40) is higher than that for PAM (0.19), indicating that PAP pro-
motes preferential Zn deposition along the (002) plane, thereby
contributing to a highly stable Zn anode. As shown in Figure 4h i,
the morphology of deposited Zn was further examined using
laser confocal scanning microscopy (CLSM). After cycling, the
PAP-based electrode displays a notably smoother and more uni-
form surface, whereas the PAM-based sample exhibits signifi-
cant fluctuations and prominent dendritic structures. The aver-
age surface roughness (S,) of the deposit with the PAM hydrogel
electrolyte reaches 10.8 um, compared to only 3.8 um for the PAP
hydrogel electrolyte, reflecting the more homogeneous Zn depo-
sition process enabled by PAP. The stability of electrochemical re-
actions at the Zn anode interface is closely linked to the suppres-
sion of water activity and restriction of free anion migration. The
transport behavior of OTf™ anions near the electrode/electrolyte
interface during electroplating was monitored using in situ Ra-
man spectroscopy. Tracking the Raman signal #1035 cm™! (asso-
ciated with OTf") near the electrode reflects changes in anion con-
centration throughout the deposition process.>! Notably, a dis-
tinct blueshift was observed in the OTf™ peak in PAP compared to
that in PAM, indicating effective confinement of OTf™ anions by
the PHEA network.[??! In the PAM electrolyte, the peak intensity
decreases significantly after #20 min of plating (Figure 4j), sug-
gesting an unstable interfacial mass transfer process and height-
ened concentration polarization. In contrast, the signal remains
stable during the entire plating process with the PAP electrolyte
(Figure 4k), demonstrating uniform ion distribution attributable
to z-anion interactions.*’!

Based on the experimental and theoretical evidence presented
above, a mechanistic model for Zn plating/stripping in differ-
ent electrolyte systems is proposed. In the PAM electrolyte, Zn**
ions undergo lateral diffusion across the electrode surface with
uneven nucleation sites, preferentially depositing at energeti-
cally favorable locations, which leads to uncontrolled dendritic
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Figure 4. a) CA curves, b) LSV curves, and c) Tafel curves of Zn foils in different hydrogel electrolytes. In situ optical microscopy images of Zn//Zn cells
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Schematic diagram of Zn deposition in the PAP hydrogel electrolyte.
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growth. In contrast, within the PAP electrolyte (Figure 4l), free
water molecules are effectively confined within the hydrogel net-
work through strong molecular interactions, thereby suppress-
ing side reactions and enhancing tolerance to temperature vari-
ations. Furthermore, the electron-withdrawing aromatic groups
in the PHEA framework preferentially attract OTf™ anions, which
promotes rapid Zn?* migration through the 3D porous matrix
and facilitates uniform deposition on the Zn electrode surface.
As a result, the PAP hydrogel electrolyte effectively inhibits Zn
dendrite formation and reduces by-product accumulation, con-
tributing to the achievement of a highly stable Zn electrode.

To evaluate the practical applicability of the PAP hydrogel
electrolyte, full-cell batteries were constructed using Zn metal
anodes coupled with ZVO cathodes.*®) As shown in the XRD
pattern (Figure S19, Supporting Information), all major diffrac-
tion peaks of the cathode material match well with the stan-
dard phase of ZVO (JCPDS: 70-1532) and its characteristic C2/c
space group symmetry. Furthermore, the SEM image confirms
the successful synthesis of the ZVO cathode, which exhibits a
well-defined nanorod morphology (Figure S20, Supporting Infor-
mation). Cyclic voltammetry performed at a scan rate of 1 mV s~}
(Figure S21, Supporting Information) displays comparable redox
peaks in both Zn/PAP/ZVO and Zn/PAM/ZVO full batteries,
which are characteristic of reversible H*/Zn?* (de)intercalation.
Notably, the PAP-based full battery demonstrates a markedly
stronger current response, suggesting improved charge transfer
kinetics, enhanced redox reversibility, and increased attainable
capacity. Based on galvanostatic charge/discharge (GCD) mea-
surements, a systematic comparison was performed to evaluate
the specific capacity and rate capability of full batteries incorpo-
rating different hydrogel electrolytes, highlighting the structural
advantages of the PAP system (Figure S22, Supporting Informa-
tion). The Zn/PAP/ZVO battery exhibits outstanding energy stor-
age performance, achieving specific capacities of 368.3, 356.7,
336.8, 306.5, 280.6, and 239.6 mAh g~! at current densities of
0.2,0.5, 1,2, 3,and 5 A g™}, respectively (Figure 5a). When the
current density is returned to 0.2 A g7', the capacity recovers
to 367.7 mAh g~!, demonstrating excellent electrochemical re-
versibility. By comparison, the Zn/PAM/ZVO full battery delivers
a significantly lower capacity of only 181.8 mAh g=! at 5 A g.
This notable performance gap further confirms that the PHEA
chain could enhance ion transport and reaction kinetics. Com-
pared to the Zn/PAM/ZVO battery, the Zn/PAP/ZVO battery ex-
hibits higher overall charge/discharge voltages. At a current den-
sity of 0.2 A g1, it shows a reduced voltage gap between the
charge and discharge plateaus alongside an enhanced CE (Figure
S23, Supporting Information). These observations indicate di-
minished polarization within the Zn/PAP/ZVO cell and the ab-
sence of rapid capacity decay in any specific voltage range. Fur-
thermore, the Zn/PAP/ZVO battery exhibits a less distinct volt-
age plateau than the Zn/PAM/ZVO battery, which is attributable
to its lower internal resistance and improved cathode/electrolyte
interface chemistry. Long-term cycling tests further validate that
the PAP-based battery maintains 87.2% of its initial capacity af-
ter 1000 cycles, significantly exceeding the 71.0% retention ob-
served in the PAM-based system. Additionally, the cell demon-
strates consistent CE close to 100% throughout the extended cy-
cling test, as shown in Figure 5b. SEM characterization was con-
ducted on the cycled ZVO cathode to explore its interfacial com-

Adv. Funct. Mater. 2026, 36, 27894

€27894 (10 of 13)

www.afm-journal.de

patibility with the hydrogel electrolyte (Figure S24, Supporting
Information). The maintained morphology of the ZVO cathode
in the PAP system directly points to highly reversible Zn?* in-
sertion/extraction processes and effective inhibition of parasitic
reactions. The remarkable electrochemical performance, includ-
ing maximum specific capacity, rate capability, and cycling stabil-
ity, enabled by the PAP hydrogel electrolyte, positions it compet-
itively among contemporaneous research works (Table S4, Sup-
porting Information).

To characterize the interfacial charge transfer properties, EIS
was conducted on both battery configurations, and the resulting
Nyquist plots were interpreted using equivalent circuit model-
ing. As illustrated in Figure S25 (Supporting Information), the
PAP-based ZIB exhibits a significantly lower R, value of 142.5
Q compared to the PAM-based system (237.9 Q) at 25 °C. This
result aligns well with the enhanced rate capability observed in
the PAP system, which can be attributed to the rationally de-
signed hydrogel electrolyte structure. In situ EIS of different hy-
drogel electrolytes was conducted to validate the improved charge
transfer at the electrode/electrolyte interface (Figure 5c,d). The
PAP-containing system shows lower, more stable values for both
R, and diffusion resistance (R;) during cycling. This suggests
that the introduction of PHEA efficiently regulates the interfa-
cial environment by facilitating Zn?* transport, thereby achiev-
ing highly stable charging/discharging processes. Interfacial sta-
bility was further assessed using a self-discharge test conducted
over 48 h following full charging. As summarized in Figure 5e
and Figure S26 (Supporting Information), the PAP-based bat-
tery retains 94.71% of its initial capacity, substantially higher
than the 68.62% retention achieved by the PAM-based system.
This result highlights the exceptional self-discharge resistance
of the PAP electrolyte configuration. Leveraging the optimized
hydrogen-bond network in the PAP hydrogel, the performance
of Zn//ZVO full batteries was systematically evaluated under ex-
treme temperature conditions. The battery retains 95.6% of its
initial capacity after 400 cycles at 50 °C and 68.2% after 400 cy-
cles at —20 °C (Figure 5f,g). These robust electrochemical behav-
iors position the PAP hydrogel as a highly suitable electrolyte
for energy storage devices operating under demanding thermal
environments. To elucidate the mechanism behind the superior
cycling stability of the PAP hydrogel-based full battery at 50 °C
and -20 °C, EIS tests were performed to probe ion transport dy-
namics (Figure S27, Supporting Information). The EIS results
reveal that the PAP-based Zn//ZVO full battery maintains sig-
nificantly lower interfacial resistances and more stable charge
transfer processes compared to the counterpart, which effectively
suppresses parasitic reactions and ensures highly reversible Zn
plating/stripping. Furthermore, the minimal change in bulk re-
sistance confirms excellent retention of ionic conductivity, even
at -20 °C, thereby guaranteeing sufficient ion flux for battery op-
eration under extreme temperatures.

As a proof of concept, functional pouch cells were fabricated
using the PAP hydrogel electrolyte to demonstrate its techno-
logical viability (Figure 5h). The two serially connected pouch
cells showed an initial open-circuit voltage of 3.16 V (Figure
S28, Supporting Information), confirming proper assembly and
an optimal initial electrochemical condition. Beyond laboratory
characterization, the PAP-based Zn//ZVO pouch cell effectively
powered an electric fan, underscoring its practical applicability.
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Flexibility is a critical requirement for pouch cells, yet mechan-
ical stress from bending or extrusion can cause active material
detachment, interface degradation, and structural failure, lead-
ing to irreversible performance loss. As demonstrated in Figure
S29 (Supporting Information), a pouch cell incorporating the
PAP hydrogel overcomes this challenge, retaining 91.7% of its
capacity even after severe 180° folding and thereby highlight-
ing exceptional mechanical-electrochemical integrity. The cell re-
mained fully functional after undergoing 180° mechanical fold-
ing (Figure 5i), which is essential for commercial wearable en-
ergy storage devices.

3. Conclusion

In summary, we developed a multifunctional hydrogel electrolyte
by copolymerizing AM with PHEA. The molecular structure of
PHEA introduces beneficial non-covalent interactions that sig-
nificantly enhance the stability of the Zn anode and the battery’s
temperature adaptability. The aromatic groups establish z-anion
interactions that confine OTf anions while promoting rapid
Zn?* transport. Simultaneously, the oxygen-rich motifs synergize
with AM’s amide groups to restrict water activity, thereby inhibit-
ing the HER, accelerating Zn** desolvation, and improving ther-
mal resilience. Consequently, the Zn//Zn symmetric cell using
the PAP electrolyte exhibits exceptional cycling stability, operat-
ing for over 6400 h at 25 °C, 2400 h at 50 °C, and 1200 h at—20 °C
(1 mA cm™2/1 mAh cm~2). When configured in a Zn//ZVO full
battery, the system achieves a capacity retention of 87.2% after
1000 cycles at 2 A g~! under ambient conditions, along with re-
markable cycling performance at both elevated and subzero tem-
peratures. These findings provide valuable insights for designing
advanced hydrogel electrolytes and pave the way for developing
long-lasting, practical ZIBs.
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