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Constructing an artificial solid electrolyte interface (SEI) layer is an effective strategy to suppress dendrite
growth and corrosion in aqueous zinc batteries (AZBs). However, 2D material-based SEI coatings are
generally non-biodegradable, posing environmental risks due to their persistence in soil. This research
introduces a starch/polyacrylamide (STA/PAAmM) hydrogel membrane developed as a self-healing SEI
layer for AZBs. The incorporation of biomass-derived starch endows the STA/PAAm hydrogel with
excellent soil biodegradability, achieving complete degradation within 21 days. Meanwhile, its dual-
network structure, reinforced by reversible A" crosslinking, offers robust mechanical resilience, self-
healing ability, and high ionic conductivity—presenting a sustainable alternative to conventional SEI
materials. Theoretical calculations reveal that the hydrogel modulates Zn®* solvation, forming a stable
[Zn(H,0)4(STA)AAM)I?* configuration, which suppresses hydrogen evolution and promotes uniform Zn?*
deposition along the (002) plane. The STA/PAAm-coated Zn anode exhibits an extended lifespan of over
3000 h at 2 mA cm™2, significantly surpassing that of bare Zn (531 h). Paired with an AIVO-NMP cathode,
the pouch-type full cell retains 87.2% capacity after 2000 cycles at 5 A g~* and demonstrates remarkable
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rsc.li/materials-a energy storage with environmental sustainability, offering a green paradigm for flexible batteries.

Introduction suppress dendrite formation, corrosion, and side reactions to
achieve improved performance of AZBs.

In recent years, aqueous zinc-ion batteries (AZBs) have gained The development of an artificial solid electrolyte interface

significant attention for energy storage applications due to their ~ (SEI) layer on the Zn anode surface has emerged as a promising
high safety, cost-effectiveness, environmental compatibility, solution to these challenges.'®** Conventional surface modifi-
and robust electrochemical performance.'™ Despite these cation approaches for Zn anodes utilize coatings such as gra-
advantages, the Zn anode, a key component of AZBs, encounters ~ phene,"® metal-organic frameworks (MOFs),"*"” carbon
critical challenges, including dendrite formation, corrosion, nanotubes (CNTs),"*" and Mxene,*?* which represent
and undesired side reactions.>” These issues severely limit cycle ~advanced 2D materials. These inorganic coatings offer excellent
life, stability, energy efficiency, and operational safety of AZBs.*®  electrical conductivity and chemical stability, which signifi-
Consequently, it is crucial to enhance the surface structure of —cantly enhance the electrochemical performance of Zn anodes.
the Zn anode and optimize its interaction with the electrolyte to However, these materials also present challenges, including

high production costs and complex fabrication processes.

While many of these materials are designed to be durable,

. A . ) concerns have arisen regarding their long-term environmental
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structures offer highly tunable porous pathways that effectively
direct the transport of Zn>" ions, significantly suppressing
dendrite growth and side reactions. Moreover, the abundant
hydrophilic functional groups within the hydrogel can form
reversible coordination with Zn>* ions, thereby enhancing the
stability of the electrode-electrolyte interface and facilitating
uniform Zn®>" deposition through favorable ion transport
kinetics.> More importantly, hydrogels derived from natural
polymers or their composite networks exhibit outstanding
biodegradability and self-healing capabilities, making them
ideal candidates for the development of wearable and sustain-
able zinc-based energy systems.>>** Through multiscale struc-
tural engineering, double-network or multi-network hydrogel
systems integrate sacrificial bond design and cooperative
energy dissipation mechanisms, achieving a balanced
enhancement of mechanical toughness and electrochemical
stability. This provides a solid foundation for the realization of
high-strength, long-life flexible AZBs.

Biomass-based materials have garnered increasing attention
in recent years due to their affordability, renewability, envi-
ronmental friendliness, and distinct functional properties.””
Among these, starch (STA), a representative biomass material,
exhibits exceptional film-forming ability, biodegradability, and
biocompatibility, making it a promising candidate for applica-
tions in AZBs.?® By copolymerizing STA with acrylamide (AAm),
a starch/polyacrylamide (STA/PAAm) hydrogel can be obtained.
The incorporation of multivalent ions facilitates the formation
of a robust double-network structure, which significantly
enhances the hydrogel's adhesion, mechanical strength, self-
healing capability, and ionic conductivity. These improved
properties contribute to the stabilization and performance
enhancement of Zn anodes. Therefore, starch-based double-
network, self-healing hydrogel coatings represent a novel and
sustainable strategy for interfacial modification, offering
a potential solution to the key challenges associated with Zn
anodes in AZBs.

In this study, a Zn(OTf), double-network hydrogel
membrane based on STA and AAm polymerization (referred to
as “STA/PAAm”) was developed as an SEI coating for Zn anodes.
This coating demonstrates high ionic conductivity and superior
mechanical properties. The incorporation of high-valence Al**
into the STA/PAAm hydrogel facilitates multivalent coordina-
tion and reversible interactions between AI** and the hydrogel's
functional groups, enabling rapid recovery from damage and
imparting self-healing properties.> Furthermore, the biomass-
based nature of STA allows the hydrogel to biodegrade under
microbial action, breaking down into harmless small molecules
or natural substances, thereby mitigating environmental
pollution.*® Density functional theory (DFT) and molecular
dynamics (MD) calculations reveal that the oxygen-containing
groups in STA and AAm interact strongly with Zn**, replacing
surrounding water molecules and modifying its solvation
structure. Within the STA/PAAm hydrogel, Zn[(H,0),]*" transi-
tions to a novel solvation configuration, Zn[(H,0)4(-
STA)(AAm)]**, which effectively suppresses hydrogen evolution
reactions (HER) and interfacial corrosion. The hydrogel's
network structure facilitates efficient Zn>" migration pathways,
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promoting uniform Zn deposition. At an areal capacity of
2 mA h cm 2, STA/PAAm-coated Zn anodes (STA/PAAM®@Zn)
achieve a stable lifespan of 3000 h, significantly surpassing
the 531 h of bare Zn anodes. Additionally, the STA/PAAM®@Zn//
AIVO-NMP full cell exhibits excellent electrochemical perfor-
mance, retaining over 87.2% of its capacity after 2000 cycles at
a high current density of 5 A g .

Materials and methods

Materials

The acrylamide (AAm, tannic acid, Al,(SO,);-18H,0 (AR, 99%),
V,05 (AR, 99%), and AlCl;-6H,0 (AR, 97%) were obtained from
Aladdin Reagent Co., Ltd, Shanghai, China. Starch (STA), zinc
trifluoromethanesulfonate (Zn(CF5SO3),/Zn(OTf),) (AR, 99%),
ammonium persulfate (AR, 99.5%), N-methyl-2-pyrrolidone
(NMP) (AR, 99%), and N,N-methylene bisacrylamide(MBAA)
were supplied by McLean Biochemical Technology Co., Ltd,
Shanghai, China. Polyvinylidene fluoride (PVDF) was procured
from Keroas Innovative Technology Co., Ltd, Dongguan, China.
Super P was purchased from Canrd New Energy Technology Co.,
Ltd, Guangdong, China. Carbon cloth (CC) was purchased from
Suzhou Keshenghe Metal Materials Co., Ltd, Suzhou, China.
Anhydrous ethanol and H,0, (30%) were obtained from Sino-
pharm Chemical Reagent Co., Ltd, Shanghai, China. All
chemicals were used without further purification.

Synthesis of STA/PAAM@Zn

Initially, 1 g of starch (STA) was dissolved in 10 mL of water at
60 °C. Subsequently, 1 g of acrylamide (AAm), 0.1 g of tannic
acid, 0.2 g of Al,(SO,);-18H,0, 7.27 g of Zn(OTf),, 0.005 g of N,N-
methylene bisacrylamide, and 0.005 g of ammonium persulfate
were added sequentially to the STA solution. The mixture was
stirred thoroughly at room temperature and poured into a mold
for polymerization. The polymerization was conducted by
drying the mixture in an oven at 40 °C for 6 h to produce an STA/
PAAm hydrogel film. This hydrogel film was subsequently
coated onto zinc foil to prepare STA/PAAm@Zn. To produce
hydrogel films with different STA mass fractions, varying
amounts of STA (0%, 5%, 10%, and 15% of the total mass) were
dissolved in 10 mL of water at 60 °C. The resulting films were
designated as STA-0%/PAAm, STA-5%/PAAm, STA-10%/PAAm,
and STA-15%/PAAm, respectively.

Preparation of AIVO-NMP electrode

According to a reported method, Al,V,05-nH,O was synthesized
using a hydrothermal process.** Specifically, 0.364 g of V,05 and
2 mL of 30% H,0, were added to 60 mL of water under constant
stirring. Once the V,0s5 dissolved, 2.414 g of AlICl;-6H,0 was
introduced into the solution. After stirring for 0.5 h, the mixture
was transferred to a polytetrafluoroethylene-lined stainless steel
reactor and heated at 120 °C for 5 h. The reactor was then
allowed to cool naturally to room temperature, yielding Al,V,-
Os5-nH,0. To remove partial crystallization water, the Al V,05-
-nH,0 sample was heated at 200 °C for 5 h in a vacuum drying
oven. The resulting material was immersed in n-methyl-2-
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pyrrolidone (NMP) and subsequently filtered. After filtration,
the sample was dried at 60 °C for 10 h in a vacuum drying oven
to produce AIVO-NMP. A slurry was prepared by combining
AIVO-NMP, Super P, and PVDF in a 7:3:1 weight ratio, with
NMP added to achieve the desired consistency. The mixture was
thoroughly ground into a uniform paste and applied onto
a 0.01 mm stainless steel mesh. Following drying at 60 °C for
24 h, the AIVO-NMP cathode was obtained, with an active
material loading of about 1 mg cm ™2,

Assembled batteries

Two STA/PAAM®@Zn electrodes were configured into a symmet-
rical cell (STA/PAAM@Zn//STA/PAAM@Zn). Additionally, a full
cell (STA/PAAM®@Zn//AIVO-NMP) was assembled using STA/
PAAM@Zn as the anode and AIVO-NMP as the cathode. To
fabricate STA/PAAm@Cu, the STA/PAAm hydrogel film was
applied onto a copper foil, which was then paired with a Zn
electrode to assemble a Zn//STA/PAAm@Cu asymmetric battery.
In CR2032-type coin cells, 80 pL of 2 M Zn(OTf), was used as the
electrolyte, with a 0.62 mm-thick glass fiber membrane as the
separator. The cathode (AIVO-NMP) was fabricated as a 6 mm
diameter disk containing approximately 1.13 mg of active
material (AIVO-NMP), and the anode (bare Zn or STA/
PAAM®@Zn) was a 7 mm diameter disk. In flexible pouch cells,
the cathode (AIVO-NMP) measured 56 mm x 43 mm with an
active material loading of about 24 mg, while the anode (bare Zn
or STA/PAAM@Zn) measured 58 mm x 45 mm. All specific
capacities were calculated based on the mass of the cathode
active material (AIVO-NMP).

Electrochemical measurements

The electrochemical performance of half and full cells was
evaluated at room temperature using CR-2032 button cells and
pouch cells. Constant current charge-discharge (GCD) tests
were performed using the Neware Battery Test System (BTS4000,
Shenzhen, China). For Zn//Cu asymmetric batteries, the
charging cutoff voltage was set at 0.5 V. Additional electro-
chemical characterizations, including Tafel analysis, chro-
noamperometry (CA), linear sweep voltammetry (LSV), and
electrochemical impedance spectroscopy (EIS), were carried out
using the CHI 760E electrochemical workstation (Shanghai
Chenhua). The open circuit voltage and internal resistance of
pouch cells were measured with the HK-3560 precision internal
resistance tester.

Results and discussions

The design and synthesis process of STA/PAAm hydrogel is
depicted in Fig. 1a and S1.7 Starch (STA), derived from wheat, is
dissolved in water at 60 °C to form a homogeneous solution,
which constitutes the first hydrogel network layer. Subse-
quently, AAm is introduced and crosslinked to establish
a double-network structure(STA/PAAm), enhancing the
mechanical strength and flexibility of the hydrogel membrane.
Scanning electron microscope (SEM) images (Fig. 1b and S2+)
reveal a micron-scale porous structure within the hydrogel,
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resulting from strong crosslinking between STA and AAm. This
porous architecture facilitates ion transport by providing
pathways for Zn>* migration, thereby improving electro-
chemical performance. Cross-sectional SEM and EDS images
(Fig. S37) further confirm that the STA/PAAm-based SEI forms
a compact and uniform interfacial layer on the Zn anode
surface, with an average thickness of approximately 30 pum.
Gravimetric analysis shows that each hydrogel film weighs
approximately 9.17 mg, corresponding to an areal density of
about 5.96 mg cm 2. Additionally, both STA and PAAm chains
are rich in oxygen-containing functional groups such as -OH
and ~CONH,. These groups can effectively coordinate with Zn>*
ions, facilitating their adsorption and desolvation at the inter-
face, thereby accelerating Zn** transport through the hydrogel
matrix. Owing to the selective binding and release of Zn>" by
these functional groups, the STA/PAAm hydrogel film not only
serves as a stable artificial SEI coating to suppress side reactions
and interfacial corrosion but also functions as a Zn**-conduc-
tive layer, achieving integrated mechanical and electrochemical
performance. Moreover, to endow the hydrogel with self-healing
capability, trivalent AlI*" ions were incorporated as dynamic
crosslinking agents. These ions are uniformly distributed
within the dual-network structure and form reversible coordi-
nation bonds, creating dynamic crosslinking points. This
enables the hydrogel film to reconfigure its molecular chains
upon damage and exhibit excellent self-healing behavior
(Fig. 1c-e).

The complete XPS spectrum of STA/PAAm (Fig. 1f) shows
peaks corresponding to C 1s, O 1s, S 2p, and Al 2p.**** Within
the O 1s region, peaks at 533.4 eV, 532.5 eV, and 531.5 eV are
attributed to H-O-C, C=0, and Al-O groups, respectively
(Fig. 1g).***® The C=O0O signal originates from the -CONH,
groups of AAm, while the H-O-C peak corresponds to hydroxyl
groups in STA. Additionally, the Al-O peak arises from the
coordination environment of AI** ions in Al,(SO,);. In the Al 2p
region, two peaks at 74.2 eV and 75.4 eV are observed, corre-
sponding to Al-O and Al in S0,>” coordination environments,
respectively (Fig. S41). The XPS analysis confirms the formation
of hydrogen bonding between the -CONH, (C=O0) groups of
AAm and the H-O-C groups of STA, which connects the two
network components. These hydrogen bonds provide addi-
tional crosslinking points and generate adhesive forces within
the double-network structure, further enhancing the hydrogel's
mechanical properties.*” The inclusion of tannic acid improves
adhesion to the Zn anode surface, ensuring robust attachment
and preventing peeling or degradation during operation. This
enhanced adhesion effectively protects the Zn anode and
maintains the integrity of the coating, as demonstrated in
Fig. S5.1 (ref. 38)

The biodegradability of the STA/PAAm hydrogel membrane
as an SEI coating for Zn anodes primarily depends on the
synergistic interaction between its natural and synthetic poly-
mer components (Fig. 2a).>** STA, a plant-derived natural
polyphenol, demonstrates excellent degradability, breaking
down into harmless small molecules through the activity of soil
microorganisms such as bacteria and fungi.** The amide groups
(-CONH,) in AAm enhance the hydrogel's interaction with
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Fig.1 (a) Schematic illustration of STA/PAAmM hydrogel. (b) SEM image of STA/PAAM hydrogel. (c—e) EDS images of STA/PAAm hydrogel film. (f)
Full XPS spectra of STA/PAAmM hydrogel. (g) High-resolution XPS spectrum of O 1s in STA/PAAM hydrogel.

moisture and microbial enzymes, accelerating its decomposi-
tion process.”” This dual functionality allows the STA/PAAm
coating to provide effective ion transport pathways and struc-
tural stability during operation while decomposing after use,
preventing environmental pollution. The resulting degradation
products can be absorbed by plants, further promoting
ecological recyclability. In contrast, conventional SEI materials
such as MOFs, MXenes, CNTs, and graphene typically require
complex synthesis routes involving high temperatures, strong
acids, or organic solvents. These processes are energy-intensive
and pose environmental risks, while the materials themselves
are generally non-degradable under natural conditions, result-
ing in a high environmental burden over their life cycle (Table
S11).%

The extent of hydrogel degradation was largely controlled by
the amount of STA incorporated (Fig. 2b). The tests were con-
ducted in naturally air-dried yellow loam soil (pH 6.5-7.0)

J. Mater. Chem. A

harboring active microbial communities under ambient
conditions (22-30 °C). Residual mass was quantified through
periodic sampling, soil removal, drying, and gravimetric anal-
ysis (Fig. S6 and Table S27). Hydrogels without STA exhibited no
microbial degradation after 21 days, with only a minor mass
reduction attributable to water evaporation. At 5% STA content,
white mold was observed on the hydrogel surface after 21 days.
When STA content increased to 10%, microbial activity was
substantially accelerated: white mold appeared within 7 days,
accompanied by significant volume shrinkage at day 14 and
complete degradation (0% residual mass) by day 21. These
results demonstrate that STA incorporation plays a critical role
in enhancing microbial activity and extracellular enzyme
secretion, thereby accelerating the hydrogel biodegradation
process.

To address the mechanical demands of SEI membranes in
Zn batteries, extensive mechanical testing was conducted to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Schematic diagram of STA/PAAmM hydrogel degradation. (b) Photographs of the biodegradation process of STA/PAAM hydrogel with

varying STA mass fractions.

ensure the STA/PAAm hydrogel meets the required durability
and stability.** The STA/PAAm hydrogel's self-healing and
mechanical properties were assessed under various conditions
to determine its suitability as an SEI film. Mechanical damage
during battery operation, such as volume changes caused by Zn
plating/stripping and the growth of Zn dendrites, imposes
considerable stress on the SEI membrane.** Therefore, it is
crucial to optimize the membrane's mechanical properties to
ensure its structural integrity and long-term performance. The
self-healing ability of the STA/PAAm hydrogel was preliminarily
evaluated by cutting the sample into two pieces, reassembling
them, and wrapping them in cling film to allow healing over
a period of three days. Post-healing, the hydrogel demonstrated
sufficient strength to lift a 5 g weight with ease (Fig. S71). Upon
mechanical damage, portions of the crosslinked network are
disrupted. However, the dynamic crosslinking nodes provided
by AI’* ions within the hydrogel facilitate the reconstruction of
the broken chains. As a high-valent ion, AI** forms robust ionic
crosslinks that are stronger than those formed by monovalent
or lower-valent ions. These ions can simultaneously form
coordination bonds with multiple negatively charged functional
groups, such as the -OH groups in STA and the O atoms in the -
CONH, groups of AAm (Fig. 3a).* This ability to form multiple
dynamic crosslinks enables the hydrogel network to reconnect

This journal is © The Royal Society of Chemistry 2025

and restore its structure after mechanical failure or
deformation.

Notably, AI>* coordination may locally compete with covalent
crosslinkers such as MBAA, potentially affecting the stability of
the primary hydrogel network. To examine this effect, we fixed
the STA-to-AAm mass ratio and systematically varied the AlI**
precursor concentration (Al,(SO,)s-18H,0), followed by tensile
tests before and after healing (Fig. S81). The results indicate
that when 0.2 g of Al,(SO,);-18H,0 is added per 10 mL of water,
the hydrogel exhibits optimal mechanical performance: an
initial elongation at break of 579%, maintaining 545% after the
first healing cycle, and retaining ~73% of its original perfor-
mance even after six cut-heal cycles (Fig. 3b). These results
confirm that, within an appropriate concentration range, the
introduction of AI** not only preserves the primary network
structure but also significantly enhances the hydrogel's
mechanical resilience and repeated healing capability via
dynamic crosslinking. In contrast, excessive AlI** disrupts the
network, resulting in deteriorated mechanical performance,
indicating the necessity for concentration optimization. These
findings demonstrate that STA/PAAm hydrogel -effectively
regulates interfacial stress during battery cycling, mitigating
dendrite-induced structural damage and improving SEI
mechanical robustness. More importantly, its self-healing

J. Mater. Chem. A
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Fig.3 (a) Structure of STA and PAAM monomer (AAm), and the mutual coupling diagram of AI** attached to a double-network molecular chain.
(b) Tensile property tests of STA/PAAM hydrogel (with an addition of Alx(SO4)3-18H,0 of 0.2 g/10 mL water after different shear self-healing
times. (c) Tensile testing of STA/PAAM hydrogel films with varying mass fractions of STA. (d) Effect of STA mass fraction on the ionic conductivity
of STA/PAAm. (e) lonic conductivity of STA/PAAm at different concentrations of Zn(OTf),. (f) LSV curves for bare Zn and STA/PAAm@Znina2 M
Na,SO,4 aqueous solution at 5 mV s~ (g) Tafel plots of corrosion behaviors for bare Zn and STA/PAAM@Zn in a 2 M Zn(OTf), electrolyte. (n)
Chronoamperograms at a —150 mV overpotential. (i) Arrhenius curves and (j) coulombic efficiency (CE) for Zn plating/stripping on bare Cu and
STA/PAAM@Cu measured at a current density of 2 mA cm™2 with a capacity of 1 mA h cm™2.

ability not only restores mechanical continuity but also plays
a crucial role in maintaining long-term electrochemical
stability. During repeated Zn** plating/stripping, conventional
SEI films tend to develop microcracks or delamination.
However, the dynamic network structure of STA/PAAm hydrogel
enables autonomous repair of such defects, preserving ionic
conductivity pathways and suppressing dendrite propagation.
Unlike brittle, irreversibly damaged SEI films, the viscoelastic
and regenerative nature of STA/PAAm hydrogel allows it to
accommodate volume fluctuations and recover structurally in
real time. This dynamic healing mechanism helps prevent

J. Mater. Chem. A

localized mechanical damage from escalating into catastrophic
interface failure, thereby significantly enhancing the cycle life
and interfacial stability of the Zn anode.

The mechanical and electrochemical properties of STA/
PAAm hydrogel membranes with varying STA mass fractions
were further assessed through tensile and conductivity tests.
Results indicated that STA content had a substantial impact on
both tensile strength and elongation (Fig. 3¢ and S9-S117). As
STA content increased, the tensile strength and elongation
improved, highlighting STA's role as a critical crosslinking
agent and reinforcing component within the hydrogel's

This journal is © The Royal Society of Chemistry 2025
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molecular network. AAm also contributed to the hydrogel's
stretchability as its content increased (Fig. S121). Among the
tested formulations, the STA-10%/PAAm hydrogel achieved the
best performance, with a tensile strength of 126.28 kPa and an
elongation of about 580%, demonstrating superior elasticity
and ductility. However, when STA content increased to 15%, the
tensile strength increased modestly to 630%, but the rate of
improvement slowed considerably. This effect is likely due to
excessive crosslinking at higher STA levels, which reduces
molecular flexibility and limits the material's ductility under
high strain. Over-crosslinking can lead to increased brittleness,
reducing the hydrogel's adaptability in dynamic mechanical
environments. In contrast, STA content had a negative effect on
the hydrogel's ionic conductivity (Fig. 3d and S13+t). While the
STA-10%/PAAm hydrogel demonstrated excellent ionic
conductivity of 1.06 mS cm ™', a further increase in STA content
to 15% caused conductivity to drop significantly to 0.66
mS cm ™. Higher STA content increases the crosslinking density
of the hydrogel network, reducing the availability of free water
and limiting the space for electrolyte ion movement. This
constrains the formation of effective ion conduction pathways,
thereby hindering ionic conductivity. While increased STA
content enhances mechanical strength, it significantly
decreases ionic conductivity, adversely impacting electro-
chemical performance. Based on these observations, a STA
content of 10% is identified as the optimal ratio for STA/PAAm
hydrogel membranes, offering a balance between superior
stretchability and adequate ionic conductivity. In this study,
Zn(OTf), was incorporated as a doping ion source during the
preparation of the STA/PAAm hydrogel. As illustrated in Fig. 3e
and S14,f increasing the Zn(OTf), concentration markedly
improved the hydrogel's ionic conductivity. Zn(OTf), provides
mobile Zn** ions that traverse the gel network under an electric
field, thereby enhancing ion conduction. When the Zn(OTf),
concentration in the STA/PAAm hydrogel reached 2 mol, the
ionic conductivity of STA-10%/PAAm was about 1.06 S cm ™. For
subsequent experiments, the STA/PAAm hydrogel membrane
with 10% STA content and 2 mol Zn(OTf), concentration
(designated as STA/PAAm) was selected as the primary test
sample due to its optimal combination of mechanical and
electrochemical properties.

The corrosion-resistant performance of the STA/PAAm
coating in the electrolyte was evaluated using a three-
electrode system, with bare Zn and STA/PAAm@®@Zn as working
electrodes, Pt foil as the counter electrode, and Ag/AgCl as the
reference electrode. Linear sweep voltammetry (LSV) was con-
ducted in 2 M Na,SO, aqueous solution at a scan rate of 5 mV
s~ ' to analyze the coating's effect on suppressing the HER. As
shown in Fig. 3f, the HER overpotential of the STA/PAAm®@Zn
electrode was —0.548 V, more negative than the —0.452 V
observed for bare Zn. This indicates that the STA/PAAm coating
effectively suppresses the decomposition of H,O and the
generation of H,. The higher binding energies of STA-H,O and
AAm-H,0 compared to H,O-H,O suggest that water molecules
preferentially interact with the oxygen-containing groups of STA
and AAm, disrupting the intrinsic hydrogen bond network of
H,0-H,0 and reducing the activity of free H,O molecules
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(Fig. S15%).*** The Tafel polarization curve further demon-
strates the coating's corrosion resistance, with the corrosion
current density of STA/PAAM@Zn measured at 1.358 mA cm ™,
significantly lower than the 1.722 mA cm ™2 of bare Zn (Fig. 3g).
This reduction indicates that the STA/PAAm coating not only
suppresses the HER but also effectively inhibits Zn electrode
corrosion, enhancing its electrochemical stability and
performance.

The Zn>" transference number (¢,>)) was determined using
the chronoamperometry method under a constant over-
potential of —150 mV to assess the influence of the STA/PAAmM
coating on the ion migration process (Fig. 3h and S167).* The
uncoated Zn electrode exhibited extended two-dimensional
(2D) diffusion compared to STA/PAAm@Zn. This prolonged
2D diffusion of Zn>" resulted in uneven nucleation, leading to
irregular Zn dendrite growth.®® Conversely, the STA/PAAm
coating created a well-organized, ionophilic surface that mini-
mized the 2D diffusion of Zn>** on the electrode surface, facili-
tated uniform Zn>" deposition, and mitigated irregular dendrite
formation. The Zn>" transference number (tz,>) in the
symmetric zinc battery was calculated using the Bruce-Vincent
eqn (1)

_ IS(AV — yRo) )

‘ot = 1AV — IsRs)
Here, AV represents the applied voltage polarization, while Ig
and Rs denote the steady-state current and resistance, and I,
and R, correspond to the initial current and resistance.

The t7,2- for the STA/PAAM@Zn symmetric battery is 0.48,
reflecting an improvement of 0.25 compared to the bare Zn
symmetric battery (0.23). This enhancement is attributed to the
STA/PAAm coating's capacity to effectively alter the solvation
structure of [Zn(H,0)s]**. Hydrated Zn>" ions are surrounded by
water molecules, and the intact solvation structure introduces
resistance during ion transport. Functional groups present in
the STA/PAAm coating interact with Zn>", partially substituting
water molecules and disrupting the solvation layer. This
modification facilitates faster desolvation of Zn** ions, thereby
lowering the energy barrier for ion diffusion. The activation
energy (E,) is determined using the Arrhenius eqn (2):*

RictzA exp<flf;") (2)
In this equation, R, represents the charge transfer resistance, A
is the frequency factor, R denotes the gas constant, and T is the
absolute temperature.

The activation energy (E,) derived from the Arrhenius equa-
tion is 20.19 k] mol ' for the STA/PAAM@Zn electrode,
compared to 26.85 k] mol ™" for the bare Zn electrode (Fig. 3i
and S171). These findings indicate that the STA/PAAm coating
may enhance Zn”>* ion transfer by modifying the solvation
structure of Zn>* and improving the ion conduction properties
of the electrode surface.*

To evaluate coulombic efficiency (CE) during Zn>" plating/
stripping, Zn//bare Cu and Zn//STA/PAAm@Cu asymmetric
cells were assembled by pairing bare Cu and STA/PAAm@Cu
electrodes with Zn electrodes (Fig. 3j and S18%). At 2 mA cm ™2
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with a capacity of 1 mA h em™?, the Zn//STA/PAAm@Cu cell
achieved an average CE of 99.93% over 2000 cycles, whereas the
Zn//bare Cu cell displayed severe CE fluctuations after about 456
cycles, eventually failing. At 4 mA cm 2 with a capacity of
2 mA h em™?, the Zn//STA/PAAm®@Cu cell exhibited notable
stability, with the CE remaining at 99.61% after 500 cycles
(Fig. S19t). Compared to STA/PAAm-coated Zn electrodes, Zn
deposition on bare Cu is highly uneven, leading to the accu-
mulation of “dead Zn” and irreversible capacity loss. As a result,
the coulombic efficiency (CE) of the Zn//bare Cu cell fluctuates
significantly, dropping to 82.37% by the 217th cycle (Fig. S207).
The bare Cu electrode lacks an effective structure to guide Zn>*
deposition, resulting in non-uniform deposition and eventual
cell failure.

Through MD simulations, the solvation structure of the STA/
PAAm hydrogel membrane was investigated. The results indi-
cate that in the 2 M Zn(OTf), electrolyte solution, the
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predominant solvation form of Zn** is [Zn(H,0)e]** (Fig. 4a). In
this environment, a Zn-O peak is observed at about 2 A,
reflecting the coordination of water molecules with Zn>* and an
average coordination number (ACN) of 5.21 (Fig. 4b). In
contrast, a 3D simulation snapshot of the STA/PAAm hydrogel
membrane reveals that STA and AAm molecules can penetrate
the solvation shell of Zn*', resulting in the formation of
a [Zn(H,0)4(STA)(AAm)]*" structure alongside water molecules
(Fig. 4c). In the hydrogel membrane model, the Zn-O peak
similarly appears around 2 A, which corresponds to interactions
among H,O, STA, and AAm molecules within the solvation
shell. The coordination numbers (ACNs) for Zn-H,0, Zn-STA,
and Zn-AAm are 4.86, 0.93, and 0.98, respectively, indicating
that STA and AAm molecules contribute significantly to the
solvation environment of Zn>",

To further validate the coordination environment changes
predicted by simulations, Raman and nuclear magnetic
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Fig.4 (a) MD simulation snapshot and typical solvation structure of Zn?* in the Zn(OTf), solution. (b) RDF of Zn?*—=H,O and Zn®*-OTf pairs in the
Zn(OTf), solution obtained from MD simulation, along with the corresponding coordination number. (c) MD simulation snapshot and typical
solvation structure of Zn®* in the STA/PAAM hydrogel film. (d) RDF of Zn®*—H,0O, Zn?*-OTf, Zn®*-AAm, and Zn®*-STA pairs in the STA/PAAm film
obtained from MD simulation, along with the corresponding coordination number. (e) Electrostatic potential distribution of STA and AAm. (f)
Binding energies of Zn—-H,O, Zn-AAm, and Zn-STA. (g) Binding energies of Zn(002)-Zn%*, AAm@Zn(002)-Zn%*, and STA@Zn(002)-Zn?*.

J. Mater. Chem. A

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ta03299g

Published on 14 July 2025. Downloaded by Y unnan University on 7/30/2025 1:01:25 PM.

Paper

resonance (NMR) analyses were conducted on both the STA/
PAAm hydrogel and 2 M Zn(OTf), electrolyte systems. Raman
results revealed a blue shift of the characteristic peak of the —
SO;~ group in OTf (1033 cm ') in the STA/PAAm compared to
the pure electrolyte, indicating the formation of new coordi-
nation interactions between Zn*' and STA/PAAm molecules,
and a reconstruction of the solvation environment (Fig. S21}).**
"H NMR results showed a downfield shift in the water proton
resonance signal in the hydrogel system relative to the pure 2 M
Zn(OTf{), solution. This suggests that the -OH and C=O0 func-
tional groups in STA and AAm form hydrogen bonds with water
molecules, weakening the intrinsic H,0-H,O hydrogen-bond
network and thus modulating the solvation shell of Zn**. In
addition, ®”Zn NMR revealed an upfield shift of the Zn*" reso-
nance peak in the STA/PAAm hydrogel compared to the pure
electrolyte, indicating that some of the water molecules in the
solvation shell were replaced by coordinating groups from STA
and AAm (Fig. S227).”® The observed signal broadening further
confirms the formation of a more complex and static coordi-
nation structure. These experimental findings are in excellent
agreement with the MD simulations, which predicted the
penetration of STA and AAm into the primary solvation shell of
Zn”".

Electrostatic potential analysis of STA and AAm molecules
demonstrates that the oxygen-containing functional groups in
both exhibit strong negative charges, enabling the STA/PAAm
hydrogel membrane to efficiently capture Zn** and accelerate
its desolvation process (Fig. 4e).*® Furthermore, STA and AAm
molecules act as active sites that facilitate the “hopping”
transport mechanism of Zn>" between these groups, promoting
rapid and uniform ion migration.”” DFT calculations indicate
that the binding energies of Zn>* with STA and AAm are higher
than those with water molecules, suggesting that Zn>* prefer-
entially coordinates with STA and AAm to form a stable coor-
dination structure, thereby modulating its solvation shell
(Fig. 4f). This modulation enables Zn** to deposit evenly on the
electrode surface, avoiding local concentration imbalances and
mitigating the risk of dendrite formation.*® At the STA@Zn (002)
interface, the binding energy of Zn®>" is —1.05 eV, at the
AAM@Zn (002) interface it is —0.97 eV, while at the bare Zn
(002) interface it is only —0.71 eV (Fig. 4g). These findings
confirm that the STA/PAAmM®@Zn (002) interface exhibits
a significantly higher affinity for Zn>*, fostering uniform depo-
sition along the (002) plane and effectively inhibiting dendrite
growth.>

The Zn*" plating process on STA/PAAmM@Zn and bare Zn
electrodes was examined using optical microscopy at a current
density of 8 mA em™ > and a capacity of 4 mA h em™> to assess
the STA/PAAm hydrogel membrane's effectiveness in sup-
pressing Zn dendrite formation and the HER. During Zn>*
deposition, the bare Zn electrode showed numerous Zn
dendrite clusters and H, bubbles, indicative of an uneven
plating process and HER as a side reaction (Fig. 5a). In contrast,
the STA/PAAm SEI-coated Zn electrode effectively suppressed
dendrite growth and HER, maintaining a flat and dendrite-free
Zn deposition layer (Fig. 5b). To evaluate the impact of STA/
PAAm as an SEI on Zn plating/stripping stability, symmetric
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cells with bare Zn//bare Zn and STA/PAAM®@Zn//STA/PAAM®@Zn
configurations were tested. The STA/PAAM®@Zn//STA/
PAAM@Zn cell demonstrated a cycling lifetime exceeding
3000 h at 2 mA em™? with a capacity of 1 mA h em™?, signifi-
cantly outperforming the bare Zn//bare Zn cell, which lasted
only 531 h (Fig. 5c and S237). At 4 mA cm™ > with a capacity of
2 mA h em™?, the STA/PAAM®@Zn//STA/PAAM@Zn symmetric
batteries can maintain stability for 1000 h, while the bare Zn//
bare Zn cell short-circuited after 119 h (Fig. 5d and S247). To
comprehensively evaluate the performance advantages of the
STA/PAAm hydrogel, we systematically compared it with various
representative interfacial engineering strategies reported in
recent years, including MOFs, MXenes, CNTs, metal coatings, as
well as dual-network hydrogel electrolytes (Tables S3 and S4+).
Although traditional inorganic SEI coatings have demonstrated
certain improvements in Zn anode stability—typically achieving
stable cycling of around 200-1500 hours at current densities of
0.2-2 mA cm ’>—their synthesis usually involves high-
temperature processing, strong corrosive acids, or organic
solvents, resulting in high energy consumption and significant
environmental burden. Dual-network hydrogel electrolytes re-
ported in the literature may achieve stable cycling over 300-
3000 hours under low current densities (0.25-0.5 mA cm ™), but
their durability drops significantly at higher current densities (1
mA cm?). The STA/PAAm hydrogel, although exhibiting lower
ionic conductivity and mechanical strength compared to
conventional hydrogel electrolytes, demonstrates outstanding
performance as a naturally derived and environmentally
friendly SEI layer. Its intrinsic self-healing capability imparts
superior dynamic adaptability and interfacial compatibility,
enabling over 3000 hours of stable cycling at 2 mA cm™>. This
exceptional cycling stability clearly surpasses that of most
traditional SEI coatings and dual-network hydrogel electrolytes
(Fig. 5e and S257). Its biodegradability and sustainable origin
make it a highly promising candidate for application in high-
performance AZBs.

SEM images of the STA/PAAm@Zn electrode and the bare Zn
electrode after cycling revealed pronounced structural differ-
ences (Fig. S267). The bare Zn anode exhibited numerous flaky
byproducts and loose clusters of Zn dendrites. These dendritic
structures, characterized by their sharp and irregular
morphology, pose a risk of piercing the battery separator during
growth, potentially causing internal short-circuiting (Fig. S26a
and S27at). Conversely, the STA/PAAmM®@Zn surface displayed
relatively smooth Zn deposition, effectively preventing dendrite
penetration into the diaphragm and enhancing the cycle
stability of the battery (Fig. S26b and S27b¥). Cross-sectional
SEM and EDS images reveal that, in the absence of a surface
protective layer, Zn deposition is highly irregular with prom-
inent dendritic protrusions (Fig. S281). In contrast, for STA/
PAAM@Zn, Zn>" deposition occurs beneath the hydrogel
layer, forming a dense and uniform structure (Fig. S297). The
spatial distribution of key elements within the SEI layer was
examined using time-of-flight secondary ion mass spectrometry
(ToF-SIMS) on the cycled STA/PAAM®@Zn electrode, focusing on
the surface and near-surface region (~1 um depth) (Fig. S307).
Uniform distributions of C, O, and Al were observed throughout
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Fig. 5 In situ optical microscopy images of (a) bare Zn and (b) STA/PAAmM@Zn captured at a current density of 8 mAcm™
stability of bare Zn and STA/PAAmM@Zn symmetrical batteries at 2 mA cm
Zn and STA/PAAM@Zn symmetrical batteries at 4 mA cm™2 with a capacity of 2 mA h cm

electrodes with reported Zn anodes featuring various SEI coatings.

the scanned depth, indicating excellent compositional homo-
geneity and structural integrity of the STA/PAAm hydrogel's
double-network structure. Notably, Zn signals showed slight
surface enrichment but remained relatively uniform across the
hydrogel interior. This pattern suggests effective interfacial
coordination of Zn** and sustained ion transport pathways
within the SEI layer. Such a distribution implies that the STA/
PAAm hydrogel not only promotes initial Zn>" adsorption at
the interface but also supports homogeneous Zn>" migration
throughout the SEI—a key factor for dendrite-free deposition
and long-term cycling stability.

To further investigate the suppression of HER, we compared
the thickness changes of bare Zn symmetric cells and STA/
PAAM@Zn symmetric cells before and after cycling
(Fig. S317). The bare Zn symmetric cell exhibited a significant
thickness increase from the initial 2.91 mm to 4.15 mm after
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100 cycles, accompanied by noticeable bulging. In contrast, the
STA/PAAm@Zn symmetric cell showed almost no thickness
change after cycling, confirming its effective inhibition of HER.
X-ray diffraction (XRD) analysis indicated that the 1(002)/1(101)
ratio for STA/PAAm@Zn after cycling was 1.26, significantly
higher than the value for bare Zn (0.31) (Fig. S32%). This finding
confirms that the STA/PAAm coating promotes uniform Zn>*
deposition along the Zn (002) plane.®® Furthermore, XRD
signals associated with byproduct Zn,(OTf),(OH),,_, nH,0
were prominently observed on the bare Zn surface but were
nearly absent on the STA/PAAm®@Zn surface. These results
suggest that the STA/PAAm coating effectively suppresses the
HER side reaction and minimizes electrolyte-induced corrosion
on the electrode surface.

The charge transfer resistance (R.) values derived from
electrochemical impedance spectroscopy (EIS) fitting provide
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insight into the efficiency of charge transfer at the electrode-
electrolyte interface (Fig. S33t1). The bare Zn symmetric cell
exhibited the highest initial R.,, which increased significantly
after cycling, indicating progressive degradation of the interfa-
cial structure and inhibited charge transfer. This substantial
increase in R is primarily attributed to interface instability
caused by Zn dendrite growth and side reactions. In contrast,
the STA/PAAm@?Zn electrode displayed a much lower initial R,
reflecting enhanced charge transfer efficiency at the interface in
its initial state. This reduced R, is attributed to the STA/PAAmM
coating's ability to establish a uniform ion transport channel
and a stable interfacial environment, effectively lowering
diffusion and transfer resistance at the interface. Furthermore,
the increase in R, after cycling was notably smaller for the STA/
PAAM@Zn electrode compared to the bare Zn electrode, indi-
cating that the STA/PAAm coating preserves the stability of the
interfacial structure over extended charge/discharge cycles. This
stability mitigates Zn dendrite growth and side reactions,
contributing to improved cycling performance and durability.

To demonstrate the practicality of the Zn anode, a full cell
was assembled using STA/PAAm@Zn as the anode and an AIVO-
NMP cathode, prepared based on established methods. Cyclic
voltammetry (CV) curves indicated that both STA/PAAm@Zn//
AIVO-NMP and bare Zn//AIVO-NMP cells exhibited character-
istic redox peaks, corresponding to the embedding and deem-
bedding processes of Zn** and H' ions in the AIVO-NMP
electrode (Fig. 6a). The STA/PAAM®@Zn//AIVO-NMP cell exhibi-
ted superior rate performance, delivering higher specific
capacities across various current densities compared to the bare
Zn//AIVO-NMP cell (Fig. 6b and S34%). At a current density of
0.2 A g, the STA/PAAM®@Zn//AIVO-NMP full cell achieved
a discharge specific capacity of 400.4 mA h g, outperforming
the bare Zn//AIVO-NMP cell's 363.3 mA h g ' (Fig. 6c). This
improvement is attributed to the STA/PAAm coating's formation
of a stable interfacial layer, which reduces side reactions and
the charge transfer resistance (R.) at the electrode/electrolyte
interface (Fig. 6d).

In long-term cycling tests, the STA/PAAm®@Zn//AIVO-NMP
battery demonstrated outstanding electrochemical stability.
After 500 cycles at 0.2 A g ', it retained a stable discharge
capacity of 324.7 mA h g, corresponding to a capacity reten-
tion of 83.9% (Fig. S35t), which is significantly higher than that
of the bare Zn//AIVO-NMP battery (Fig. S36t). Under the low
current density, the relatively slow ion diffusion prolongs the
contact time between the cathode and electrolyte, which can
induce slight dissolution of the AIVO-NMP active material and
lead to capacity decay. Corresponding SEM images (Fig. S37t)
show that the AIVO-NMP electrode surface developed cracks
and underwent slight structural collapse after cycling at
0.2 A g '. In contrast, at a high current density of 5 A g, the
rapid charge/discharge process significantly shortens the
interaction time between the electrode and electrolyte, effec-
tively suppressing cathode dissolution and enhancing cycling
stability (Fig. S387). Under this condition, the STA/PAAM®@Zn//
AIVO-NMP battery initially delivered a discharge specific
capacity of 228.2 mA h g~" at 5 A g~'. After 2000 cycles, the
specific capacity remained at 198.9 mA h g™, corresponding to
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a capacity retention of 87.2%. In contrast, the bare Zn//AIVO-
NMP battery exhibited rapid capacity decay at 5 A g™, with
a capacity retention of only 59.1% after 2000 cycles (Fig. 6e and
S39t). Further SEM characterization revealed that after 100
cycles at 5 A g, the bare Zn electrode surface developed rough
dendrites and uneven deposition, whereas the STA/PAAM@Zn
electrode maintained a dense and uniform morphology,
further confirming the crucial role of the STA/PAAm hydrogel in
regulating interfacial morphology and enhancing long-term
cycling performance (Fig. S407).

To evaluate the practical flexibility and application potential
of the STA/PAAM®@Zn//AIVO-NMP device, we fabricated a flex-
ible pouch cell by electroplating Zn onto carbon cloth as a flex-
ible current collector, followed by the application of a STA/
PAAm hydrogel layer as an SEI protective coating. For compar-
ison, a control device using bare Zn without the STA/PAAm
coating was prepared under identical conditions. The electro-
chemical performance of both devices was systematically
assessed under initial, curled and folded states. The STA/
PAAM@Zn//AIVO-NMP flexible pouch cell exhibited highly
stable and reproducible CV and GCD curves under all defor-
mation conditions, indicating excellent mechanical adapt-
ability (Fig. S41 and S427). In contrast, the bare Zn-based pouch
cell showed significantly distorted CV curves and reduced peak
currents upon curling and folding. The corresponding GCD
curves exhibited shortened discharge plateaus and a rapid
voltage drop, along with severe capacity fading, which can be
attributed to increased internal resistance and unstable Zn
plating/stripping behavior. Additionally, long-term GCD cycling
tests were conducted at a current density of 1 A g~' under
various bending angles (0°, 45°, 90°, and 180°). The STA/
PAAM@Zn//AIVO-NMP cell maintained stable specific capacity
with only slight capacity decay across all bending states
(Fig. S437), fully demonstrating the superior mechanical flexi-
bility and interfacial stability endowed by the STA/PAAm
hydrogel layer to the Zn anode. In comparison, the bare Zn//
AIVO-NMP flexible cell showed significantly poorer capacity
retention, with rapid capacity decline as bending severity
increased, further confirming the critical role of the hydrogel
protective layer in enhancing the mechanical strain tolerance of
flexible batteries.®"**

Further characterization using a precision resistance tester
showed that the STA/PAAmM@Zn//AIVO-NMP pouch cells ach-
ieved a stable open-circuit voltage (OCV) of 1.575 V, significantly
higher than the 1.346 V of bare Zn//AIVO-NMP counterparts,
alongside a notable reduction in internal resistance (Fig. 6f and
). Long-term cycling tests at 2 A g~ " demonstrated that the STA/
PAAM®@Zn//AIVO-NMP soft pack full batteries retained 93.4% of
their initial capacity after 1500 cycles, outperforming the bare
Zn-based devices (78.5% retention), further confirming the
critical role of the STA/PAAm hydrogel coating in enhancing
electrochemical performance and mitigating capacity decay
(Fig. 6h and S44%).

In a practical demonstration, the STA/PAAm®@Zn//AIVO-
NMP device consistently powered a miniature LED panel
under flat, curled and folded states, whereas the bare Zn-based
device failed to sustain illumination upon mechanical
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Fig.6 (a) CV curves. (b) Rate performances. (c) Galvanostatic charge/discharge curves at 0.2 A g~*. (d) Nyquist plots. (e) Cycling behavior of bare
Zn//AlVO-NMP and STA/PAAM@Zn//AIVO-NMP coin cells evaluated at a current density of 5 A g*. The OCVs and internal resistances of (f) bare
Zn//AlVO-NMP and (g) STA/PAAM@Zn//AIVO-NMP pouch batteries were measured. (h) Long-term cycling performance of pouch-type bare
Zn//AIVO-NMP and STA/PAAM@Zn//AlVO-NMP batteries evaluated at a current density of 2 A g~ STA/PAAmM@Zn//AIVO-NMP soft pack
batteries light LED panels in the (i) initial, (j) curled and (k) folded states.

deformation (Fig. 6i-k and S45%). These results collectively
highlight the dual advantages of the STA/PAAm hydrogel: it not
only significantly extends cycling stability but also provides
a robust foundation for constructing mechanically durable and
electrochemically reliable flexible aqueous zinc-ion batteries,
demonstrating promising practicality and application
potential.

Conclusions

This study presents a multifunctional, biomass-derived STA/

PAAm dual-network hydrogel membrane as a high-

J. Mater. Chem. A

performance solid-electrolyte interphase (SEI) coating for zinc
anodes in aqueous batteries. The introduction of dynamic AI**-
mediated crosslinking not only imparts robust mechanical
integrity and flexibility but also endows the hydrogel with reli-
able self-healing capabilities. Molecular dynamics (MD) simu-
lations demonstrate that the STA/PAAm hydrogel effectively
modulates the Zn** solvation structure, forming a [Zn(H,0),(-
STA)(AAm)]** configuration that accelerates desolvation and
provides active sites for efficient Zn** migration. Density func-
tional theory (DFT) calculations confirm the strong affinity of
STA/PAAM@Zn for Zn**, facilitating uniform Zn>" deposition
on the anode surface and mitigating dendrite formation.

This journal is © The Royal Society of Chemistry 2025
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Electrochemical evaluations demonstrate that the STA/
PAAM®@Zn electrode achieves an extended lifespan exceeding
3000 hours under 2 mA cm 2 and 1 mA h em 2. Moreover, the
STA/PAAM@Zn//AIVO-NMP soft-pack full cell delivers a high
specific capacity of 228.2 mA h g~ at 5 A g~ ', while retaining
87.2% of its initial capacity after 2000 cycles. Beyond electro-
chemical performance, the hydrogel coating also exhibits
excellent biodegradability in soil, addressing growing environ-
mental concerns associated with non-degradable SEI materials.
This study offers a promising strategy for designing eco-friendly
and functional hydrogel-based composite interfaces for
advanced zinc-ion batteries, synergizing high-performance
energy storage with environmental sustainability.
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