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Network-reinforcing HACC-co-PAM hydrogel
electrolytes for suppressed zinc dendrite growth
and high-performance zinc-ion batteriest

Luyuan Yang,? Chenyuan Xu,}? Lingyu Liu,? Yunwei Li,t* Zheming Chen,?
Yue Deng,? Jun Zhang,? Zheyuan Liu, @2 ? Yu Chao,*® Dewu Lin*“ and
Chengkai Yang (=) *@

Zinc-ion batteries (ZIBs) are regarded as one of the most promising energy storage technologies due to
their low cost and high safety. However, their practical applications are severely hindered by uncontrolled
zinc dendrite growth and detrimental side reactions. Herein, this study integrates a quaternized chitosan
(HACC) network with a polyacrylamide (PAM) network to fabricate a dual-network hydrogel electrolyte
(HACC-co-PAM). The intermolecular network is formed via hydrogen bonds between the —NH, and the
—OH group, as well as coordination bonds between (CH3z)sN* Cl™ and ZnSO,. The covalently crosslinked
PAM network serves as the second network. Electrostatic interactions between the functional groups (car-
bonyl and —OH) in HACC-co-PAM and Zn?* homogenize the Zn?* flux. The abundant functional groups
on HACC-co-PAM form an interwoven hydrogen bond network and form strong interactions with water
to inhibit side reactions. The growth of Zn dendrites is effectively suppressed. The HACC-co-PAM electro-
lyte exhibits an exceptional ionic conductivity of 16.8 mS cm™ and remarkable plasticity with 590% strain.
The symmetric Zn—Zn cell operates stably for 550 hours at 1 mA cm™2, while the Zn-MnO; cells deliver a
specific capacity of 160 mA h g~ after 100 cycles. This work provides valuable insights into the design of
advanced hydrogel electrolytes for high-performance ZIBs.

The global energy transition demands advanced energy storage systems that harmonize safety, sustainability, and scalability. Zinc-ion batteries (ZIBs),
regarded as a promising alternative to lithium-based technologies owing to their inherent safety and cost efficiency, have attracted substantial interest for

applications in grid-scale energy storage and flexible electronics. However, their practical implementation is impeded by critical challenges such as uncon-
trolled zinc dendrite proliferation and interfacial parasitic reactions, which arise from the inability of conventional electrolytes to concurrently achieve ionic
conductivity and mechanical stability. These limitations highlight the inadequacy of single-component material designs in resolving complex degradation

pathways. In this work, we develop a dual-network hydrogel electrolyte (HACC-co-PAM) by integrating a quaternized chitosan (HACC) network with a polyacryl-
amide (PAM) framework. The design capitalizes on synergistic interactions among hydrogen bonding, ionic coordination, and covalent crosslinking to opti-
mize electrolyte functionality. By effectively suppressing dendrite formation and stabilizing electrochemical interfaces, this innovation establishes a novel

strategy for designing durable, high-performance ZIBs.
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These issues compromise the effective ion transport efficiency
and trigger gradual capacity fading, ultimately leading to cata-
strophic battery failure.* To address these challenges, extensive
strategies have been explored to protect the zinc anode and
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optimize the battery microenvironment, thereby mitigating the
detrimental effects of aqueous species. Representative
approaches include the use of solid electrolytes,”® zinc anode
modification,” fabrication of artificial solid electrolyte inter-
phase (SEI) layers,® and implementation of gel electrolytes.”**
Among these, hydrogel electrolytes have garnered significant
attention due to their high ionic conductivity, structural stabi-
lity, and multifunctionality in regulating ion flux."?

In the realm of gel electrolytes, several representative
materials have been extensively investigated, including poly-
acrylamide (PAM)-based hydrogels, polyvinyl alcohol (PVA)-
based hydrogels, and biomass-derived hydrogels.'> These
materials have garnered widespread attention in battery
energy storage due to their distinct physicochemical pro-
perties.'® Among them, PAM, as a widely utilized water-
soluble polymer, exhibits exceptional hydrophilicity owing to
its unique molecular architecture composed of abundant
acrylamide units linked via covalent bonds."® More impor-
tantly, the negatively charged carbonyl groups on PAM chains
can coordinate with Zn** ions to modulate their distribution,
thereby enabling regulated Zn deposition.'® However, co-
valently crosslinked PAM hydrogels are prone to structural
deformation and mechanical degradation during prolonged
cycling, which exacerbates heterogeneous Zn plating/strip-
ping behavior."” Therefore, the development of PAM-based
hydrogel electrolytes with excellent mechanical strength and
interfacial chemistry is crucial for realizing high-performance
ZIBs.

Chitosan, a natural polysaccharide, exhibits remarkable
biocompatibility, biodegradability, and mucoadhesive pro-
perties.'® As a quintessential derivative of chitosan, quater-
nized chitosan (HACC) is synthesized by grafting quaternary
ammonium groups onto the chitosan backbone,'® which
confers exceptional water solubility across a broad pH range,
thereby addressing the poor aqueous solubility of pristine chit-
osan in neutral or alkaline environments.?® Owing to its high
molecular weight, HACC readily forms robust intramolecular
and intermolecular hydrogen bonds, endowing it with the
capability to stabilize biomacromolecules.*’ Inspired by its
unique physicochemical properties, HACC serves as a network
reinforcer in hydrogels. The introduction of hydrogen-bonding
interactions through HACC effectively enhances the mechani-
cal integrity of hydrogel architectures.

Herein, we developed a dual-network hydrogel electrolyte
(HACC-co-PAM) via a network-reinforcing strategy, which syner-
gistically stabilizes interfacial chemistry and enables dendrite-
free, long-cycle-life ZIBs. PAM chains’ carbonyl groups coordi-
nate with Zn>* to modulate their distribution. HACC introduc-
tion further modulates Zn nucleation/growth kinetics via
hydrogen-bonding interactions. The cations on quaternary
ammonium salts form ionic interactions with SO,>~, promot-
ing the dissociation of zinc sulfate and further facilitating the
migration of Zn>*. By establishing hydrogen-bonding inter-
actions between HACC and PAM chains, HACC acts as a
dynamic network modulator to regulate Zn nucleation/growth
kinetics and mitigate Zn corrosion. Notably, the assembled
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Zn-MnO, cells retain a specific discharge capacity of 160 mAh
¢! after 100 cycles at 1C, demonstrating exceptional capacity
retention. This study proposes a mechanically robust dual-
network HACC-co-PAM hydrogel electrolyte with tailored inter-
facial properties, offering a promising pathway toward practi-
cal ZIB applications.

Results and discussion

Fig. 1a illustrates the fabrication process of the dual-network
HACC-co-PAM hydrogel electrolyte, with detailed experi-
mental procedures provided in the ESI.f The HACC-co-PAM
hydrogel is synthesized through the synergistic interplay of
robust covalent crosslinking and ionic interactions. The first
network is formed via hydrogen bonds between the -NH,
groups of PAM and the -OH groups of HACC, as well as
coordination bonds between HACC (Cl~ and (CHj3);N') and
ZnSO,. This hierarchical architecture enhances the mechani-
cal robustness of the hydrogel by reinforcing the PAM
network. The covalently crosslinked PAM network serves as
the second network, imparting flexibility to the hydrogel and
preventing dendrite penetration. Furthermore, electrostatic
interactions between the functional groups (carbonyl and
-OH) in HACC-co-PAM and Zn”>* homogenize the Zn** flux,
effectively suppressing parasitic by-product formation and
zinc dendrite growth, thereby enabling uniform Zn depo-
sition. These attributes are indispensable for developing
high-performance and stable ZIBs. Upon formation of the
HACC-co-PAM dual-network hydrogel (Fig. 1b and c), its
structural features were analyzed using Fourier-transform
infrared (FTIR) spectroscopy. The FTIR spectrum of the PAM
hydrogel exhibits a prominent N-H stretching vibration peak
at 3214 cm™, a band at 1094 cm™" associated with the in-
plane rocking vibration of -NH,,*> and a C=O stretching
peak at 1687 cm . In the HACC-co-PAM hydrogel, the
shifted N-H absorption peak indicates the formation of
intermolecular hydrogen bonds between HACC and PAM
chains, which contribute to an increased crosslinking
density. The red shift of the C=0 peak is attributed to Zn>*
coordination, which facilitates regulated Zn deposition
(Fig. 1d). These results collectively confirm the successful
fabrication of the dual-network HACC-co-PAM hydrogel
electrolyte.

Ionic conductivity is a critical parameter for hydrogel elec-
trolytes. Fig. 2a displays the Nyquist plots of the pure PAM
hydrogel electrolyte and the HACC-co-PAM hydrogel electro-
Iyte developed in this study. The intercept on the real axis (Z')
corresponds to the bulk resistance (R). The ionic conductivity
(0) was calculated using the formula ¢ = L/(R x S),>*> where L
and S represent the thickness and cross-sectional area of the
hydrogel, respectively. The dual-network HACC-co-PAM com-
posite hydrogel electrolyte exhibits a significantly enhanced
ionic conductivity of 16.8 mS cm™", far surpassing that of the
pure PAM hydrogel (11.7 mS cm™"'). Furthermore, tensile
strength tests were conducted to evaluate mechanical per-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Preparation of the HACC-co-PAM hydrogel. (b) Measurement of the diameter of the prepared HACC-co-PAM hydrogel. (c) Measurement
of the thickness of the prepared HACC-co-PAM hydrogel. (d) FTIR spectra of HACC-co-PAM, pure PAM and HACC.
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Fig. 2 (a) EIS of the steel-steel cell and ionic conductivity. (b) Digital photos. (c) Stress—strain curves. (d) Tensile stress—strain curves. (e)
Comparison of the ionic conductivity and tensile strength with previously reported hydrogels in the literature.*=3!

formance. Fig. 2b presents a visual demonstration of the that the HACC-co-PAM hydrogel exhibits a tensile strength of
HACC-co-PAM hydrogel under lateral stretching, highlighting 0.15 MPa, which is 3-fold higher than that of pure PAM (0.05
its deformability. The stress—strain curves in Fig. 2c reveal MPa), while the fracture strain increases from 451% to 590%.
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This enhancement is attributed to the intensified non-
covalent interactions (e.g., hydrogen bonding and ionic cross-
linking) induced by HACC incorporation, which tightens the
structural crosslinking and facilitates interpenetration
between the dual networks. Regarding the cross-linking
changes of hydrogels at higher concentrations of ZnSO,, we
synthesized 2 M and 3 M ZnSO, hydrogels (2 M and 3 M
HACC-co-PAM hydrogel electrolytes) as shown in Fig. 2d,
observing that the stress of hydrogels was 0.09 MPa at 2 M
ZnSO, concentration and 0.05 MPa at 3 M ZnSO, concen-
tration, which indicates a significant decrease in mechanical
properties under the higher concentrations of ZnSO,. This
phenomenon was attributed to the fact that the excess salt
ions weakened the interaction between the polymer chains
and water, which interfered with the formation of crosslinked
structures, and ultimately affected the overall stability and
mechanical properties of the hydrogels, leading to a decrease
in the mechanical properties. Fig. 2e compares the ionic con-
ductivity and tensile strength of various hydrogel electrolytes,
which shows that the dual mesh hydrogel electrolyte in this
work achieves both excellent ionic conductivity and tensile
strength.*>*" These results collectively show that the dual-
network HACC-co-PAM hydrogel electrolyte simultaneously
achieves exceptional ionic conductivity and mechanical resili-
ence, addressing the longstanding trade-off between ion
transport efficiency and structural durability in conventional
hydrogel electrolytes.

Linear sweep voltammetry (LSV) tests show that the
HACC-co-PAM hydrogel achieves an electrochemical stability
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window of 2.75 V (Fig. 3a), significantly broader than that of
the pristine PAM hydrogel (2.63 V) and 1 M ZnSO, electrolyte
(2.51 V). This enhancement is attributed to the denser
polymer network in the dual-network HACC-co-PAM, which
reduces free water activity and thereby expands the electro-
chemical stability window.>® The effect of different electro-
lytes on zinc corrosion was analyzed using the Tafel curve
(Fig. 3b), from which it can be seen that the slope of the Tafel
curve for the composite hydrogel electrolyte system is smaller
than those of the liquid electrolyte and the PAM hydrogel,
which indicates that the occurrence of a hydrogen precipi-
tation side reaction on the zinc anode surface can be effec-
tively reduced with the use of the HACC-co-PAM composite
hydrogel electrolyte. Additionally, electrochemical impedance
spectroscopy (EIS) analysis of the Zn-Zn symmetric cell
employing the HACC-co-PAM hydrogel electrolyte (Fig. 3c)
reveals a lower interfacial charge transfer resistance com-
pared to conventional electrolytes, attributable to improved
interfacial compatibility, which results from the HACC-co-
PAM hydrogel electrolyte’s ability to effectively suppress den-
drite growth.

The initial Zn anode shows a relatively smooth and flat
surface (Fig. 3d). Scanning electron microscopy (SEM) images
(Fig. 3e) reveal distinct morphological differences in Zn
anodes after 20 charge-discharge cycles. The Zn anode cycled
in the HACC-co-PAM hydrogel electrolyte retains a smooth and
compact surface morphology, whereas dendritic growth and
surface roughening are observed in the PAM and 1 M ZnSO,
liquid electrolytes. X-ray diffraction (XRD) patterns are
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employed to investigate the crystal evolution of the Zn anode
in the HACC-co-PAM hydrogel electrolyte with different cycles
(Fig. 3f). Notably, the peak intensity ratio of (002)/(101)
increased significantly from 0.21 to 0.45 after 20 cycles,
suggesting that Zn(002) growth was dominant with HACC-co-
PAM, resulting in a more uniform electrodeposited Zn
surface.** The dual-network HACC-co-PAM hydrogel effectively
suppresses Zn dendrite formation through a dual mechanism:
(i) the negatively charged functional groups on PAM chains
electrostatically shield reactive H,O molecules, minimizing
water-induced side reactions, and (ii) coordinated interactions
with Zn** ions homogenize their spatial distribution, enabling
epitaxial Zn deposition. These findings robustly demonstrate
the superior regulatory capability of the HACC-co-PAM hydro-
gel electrolyte in controlling Zn nucleation and growth
kinetics.

The aforementioned results demonstrate that the incorpor-
ation of HACC into the PAM matrix not only enhances
mechanical stability under cyclic loading but also significantly
improves its capability to regulate uniform Zn deposition.
Building on these findings, galvanostatic charge-discharge
cycling tests were conducted on Zn-Zn symmetric cells with
different electrolytes. At a current density of 1 mA cm ™ and an
areal capacity of 1 mAh ecm™2, the Zn-Zn cell employing the
HACC-co-PAM hydrogel electrolyte exhibits an ultralong cycling
lifespan of 550 hours with a stable overpotential of about
0.15V (Fig. 4a). These results further underscore the pivotal
role of the synergistic interplay between PAM and HACC in
enhancing the cycling stability of Zn anodes. It can also be
seen from the local magnifications of Fig. 4b-d that the HACC-
co-PAM gel electrolyte has good stability. However, the 1 M
ZnS0, liquid electrolyte is polarized after 90 h of cycling under
the same test conditions, until it is completely polarized after
132 h of cycling.

View Article Online

Paper

We further investigated the long-term electrochemical
stability of Zn-Cu asymmetric cells and Zn-Zn symmetric
cells employing different electrolytes. Fig. 4e shows the cou-
lombic efficiency plots corresponding to different numbers of
cycle turns during charge-discharge cycling for Zn-Cu cells
assembled using the HACC-co-PAM composite hydrogel elec-
trolyte with a dual network structure and 1 M ZnSO, electro-
Iyte. From the figure, it can be clearly observed that the cou-
lombic efficiency of the cell with the 1 M ZnSO, liquid elec-
trolyte only increased to 94% at the 15th cycle; in contrast,
the HACC-co-PAM-based cell achieved a coulombic efficiency
of 97% within only 3 cycles. In the subsequent cycle, its cou-
lombic efficiency can be stabilized to maintain a high level of
more than 98%. This indicates that the dual network hydro-
gel electrolyte in this experiment achieves high cycling
efficiency. Inspired by the superior mechanical and electro-
chemical stability of the HACC-co-PAM electrolyte, we system-
atically evaluated its performance in a Zn-MnO, cell con-
figuration to assess practical applicability. As shown in
Fig. 4f, from the point of view of discharge specific capacity,
the starting capacity of the battery using a composite hydro-
gel electrolyte was about 228.74 larger than that of a liquid
electrolyte battery at 212.43. Moreover, the discharge specific
capacity of the composite hydrogel electrolyte battery was
always maintained above 160, while that of the liquid electro-
lyte battery was only 51.03 when cycling up to about 47 revo-
lutions; from the point of view of coulombic efficiency, the
CE of the battery using the HACC-co-PAM hydrogel electrolyte
was always stabilized at more than 98%, while the CE of the
battery of using the liquid electrolyte was only about 94%,
with a large variation. Therefore, the dual-network HACC-co-
PAM hydrogel electrolyte can effectively reduce the occur-
rence of side reactions in the battery and improve the cycling
stability of the battery.
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Conclusion

In summary, this study has successfully developed a dual-
network hydrogel electrolyte (HACC-co-PAM) that effectively
suppresses dendrite growth and mitigates parasitic side reac-
tions in zinc anodes. This work constructed a dual network
structure of PAM and HACC through a hydrogen bonding
network, covalent network, and ionic bonding network. The
hydrogen bond network enhances the connectivity and inhi-
bits the activity of water. The ionic bond network promotes
electrolyte dissociation and Zn>" migration. The hydrogel elec-
trolyte has excellent ionic conductivity (16.8 mS em™') and
high mechanical strength (590%, 150 kPa). In addition, the
symmetric zinc cell containing HACC-co-PAM achieved high
cycling stability (550 h at 1 mA cm™2) and the zinc-copper cell
achieved high-capacity retention (98% after 150 cycles). The
Zn-MnO, cell retains 67% of its initial capacity (160 mAh g
after 100 cycles), demonstrating exceptional capacity retention
for practical applications. The HACC-co-PAM dual-network gel
is a promising strategy that provides a new avenue for large-
scale ZIBs applications. Future studies could explore the scal-
ability of HACC-co-PAM hydrogels in flexible battery configur-
ations or under extreme environmental conditions.
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