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ABSTRACT: While polymer electrolytes offer a promising path to
suppress dendrite growth and side reactions in aqueous zinc-ion bat-
teries, their implementation often compromises ion transport kinetics
and interfacial stability. Here, we report an ion-regulating copolymer
electrolyte, poly(4-acryloylmorpholine)-co-poly(3-sulfopropyldi-
methyl-3-methacrylamidopropylammonium inner salt), engineered
through a facile one-pot synthesis. This molecularly designed architec-
ture combines multi-dentate zinc-binding sites with dynamic zwitter-
ionic channels, enabling simultaneous anion confinement and rapid
zinc-ion transport. The copolymer electrolyte promotes uniform ion
flux and dense zinc deposition while maintaining intimate electrode
contact, effectively eliminating dendrite formation and interfacial deg-
radation. Symmetric Zn||Zn cells achieve excellent cycling stability
94/​a
over 1400 h with minimal polarization (∼110 mV) at 0.5 mA cm–2. Wh
e-2026-01
en integrated with V2O5 cathodes, full cells exhibit outstanding
reversibility, rate capability, and cycling durability. This work demonstrates a rational electrolyte design strategy that synchronizes bulk
and interfacial ion regulation, providing a viable platform for high-performance, long-lived zinc batteries.
KEYWORDS: zwitterion-integrated copolymer electrolyte, zinc ion transport, aqueous zinc ion batteries, interface, dendrite suppression
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■ INTRODUCTION AZIBs. These materials exhibit inherent advantages such as
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Compared with lithium-based batteries,1 aqueous zinc-ion
batteries (AZIBs) have garnered significant research interest as
promising energy storage systems due to their cost-effectiveness,
operational safety, environmental benignity, and high theoretical
capacity.2–8 These attributes position them as viable solutions
for renewable energy integration, grid electrification, and power
supply for flexible wearable electronics.9–16 Nevertheless, their
practical implementation faces substantial challenges, including
hydrogen evolution reactions, corrosion issues, and dendritic zinc
formation, which collectively impede their widespread
adoption.17–19

Enhancing the stability of aqueous zinc-ion batteries primar-
ily involves strategies such as modifying the zinc anode micro-
structure,20,21 establishing protective coatings,22,23 optimizing
electrolyte composition,24,25 or developing novel electrolyte
systems.26,27 Among these approaches, the design of advanced
electrolytes—particularly polymer-based ones—offers distinct
benefits including straightforward fabrication processes, eco-
nomic viability, customizable characteristics, and preservation
of intrinsic capacity.28,29 To date, a diverse range of polymer
electrolyte systems, including those derived from polyacryl-
amide,30 poly(vinyl alcohol),31 poly(zwitterions),32 and polyac-
rylonitrile,33 have been developed and extensively utilized in
improved interfacial compatibility with zinc anodes and readily
tunable structures, enabling the combined benefits of chemical
interactions and physical barriers that support synergistic mech-
anisms for dendrite suppression Recent studies further indicate
that incorporating zincophilic functional groups into polymer
backbones can promote homogeneous zinc nucleation.34 For
example, polyanionic networks possess distinctive zincophilic
properties that help uniformize zinc ion flux, thereby enhancing
electrochemical performance.35 Additionally, negatively charged
carboxylated polymer electrolytes have been shown to reorga-
nize the zinc ion solvation structure through chain–liquid syner-
gistic effects, achieving high ionic conductivity (13.6 mS cm–1)
and a Zn2+ transference number of 0.77.36 Despite these prom-
ising features, fine-tuning the interactions between polymer
electrolytes and zinc species to substantially prolong the cycle
https://doi.org/10.1021/acsaem.6c01937
ACS Appl. Energy Mater. 2026, 9, 11878−11886

https://doi.org/10.1021/acsaem.6c01937
https://pubs.acs.org/doi/10.1021/acsaem.6c01937?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.6c01937?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.6c01937?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.6c01937?goto=supporting-info&ref=pdf
http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c01937


ACS Applied Energy Materials www.acsaem.org Article

D
ow

nloaded from
 pubs.​acs.​org/​aaem

cq/​articl
life of AZIBs continues to present considerable difficulties.
Moreover, the implementation of polymer electrolytes often
introduces challenges related to sluggish ion kinetics and
increased interfacial resistance within the cell.37

In this work, we designed an ion-regulating polymer electro-
lyte featuring multiple zincophilic motifs, principally comprising
poly(4-acryloylmorpholine) and polyzwitterionic chains
(Figure S1). The poly(4-acryloylmorpholine chain enables
multi-dentate coordination to regulate zinc-ion diffusion, while
the polyzwitterionic chain facilitates strong coordination
between the cationic moieties of the zwitterionic units and zinc
salt anions, thereby restricting anion migration. Simultaneously,
the anionic groups in the zwitterions provide efficient transport
pathways for zinc ions, collectively promoting rapid and uni-
form zinc deposition. This distinctive coordination mechanism
establishes an optimal balance between ion confinement and
mobility, significantly enhancing reaction kinetics. As a result,
zinc anode corrosion and dendritic growth are effectively sup-
pressed, enabling symmetric Zn||Zn cells to achieve stable
cycling over 1400 h at 5 mA cm–2 with capacity of 2.5 mAh
cm–2 without dendrite formation, along with superior rate capa-
bility. Furthermore, the corresponding Zn||V2O5 full cells
exhibit remarkable reversibility, high-rate performance, and pro-
longed cycling stability.
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■ RESULTS AND DISCUSSION

Poly(4-acryloylmorpholine)-co-poly(3-sulfopropyldimethyl-3-
methacrylamidopropylammonium inner salt) (PA-SM) is
achieved via free radical polymerization of
4-acryloylmorpholine and (3-sulfopropyldimethyl-3-methacry-
lamidopropylammonium inner salt). Specifically, a mixture of
the two monomers in a specific ratio was polymerized into a
film at 60 °C using APS as the initiator. The resulting film
was subsequently immersed in a 3 M Zn(OTF)2 solution for
1 min to obtain the electrolyte membrane. Based on the zwitter-
ionic weight content (0%, 5, 10, and 15%), the samples were
designated as PA, PA-SM-5%, PA-SM-10%, and PA-SM-15%,
respectively. As will be detailed in the subsequent sections,
the 10 wt % zwitterion content exhibits the highest ionic con-
ductivity and endows the assembled batteries with the best elec-
trochemical stability and cycling performance, thus serving as
the primary composition for further study.

The FTIR spectrum of PA-SM-10% (Figure 1a) shows the
disappearance of the characteristic peak at 3000–3100 cm–1,
which is associated with the double bond, indicating complete
reaction of the double bonds in the monomers. As shown in
Figure 1b, the optimal electrolyte membrane can be stretched
from an initial length of 5 to 10 cm (100% elongation), demon-
strating excellent stretchability and ductility. In Figure 1c, the
first cyclic strain test between 0% and 200% reveals a hysteresis
loop, attributed to energy dissipation within the polymer net-
works. The subsequent two consecutive cycles show no signifi-
cant hysteresis, suggesting elastic behavior of the polymer
electrolyte. Figure S2 presents the cyclic stress–strain curves
of the electrolyte membrane under varying strains, where the
hysteresis gradually increases, indicating substantial energy dis-
sipation during cyclic deformation. Our previous study demon-
strated that multiple zincophilic sites can effectively facilitate
Zn2+ desolvation, while zwitterionic components further immo-
bilize anions.36Figure 1d vividly illustrates the migration
1187
mechanism of zinc ions in zwitterionic electrolytes featuring
multiple zincophilic sites.
To determine the optimal composition of different polymer

components in the electrolyte, the content of PSM (i.e., poly-
zwitterion) was systematically varied while keeping the PA con-
tent constant. Figure 2a presents the rate performance of
symmetric zinc batteries assembled with electrolytes containing
PSM contents of 15, 10, 5 and 1% relative to PA, tested at cur-
rent densities ranging from 0.2 to 8 mA cm–2. Note: The test
was conducted under stepwise increasing current densities. All
current densities were cycled 5 times, except at 0.2 mA cm–2,
where 10 cycles were applied. It can be observed that only
PA-SM-10% enables uniform zinc plating/stripping across the
entire current density range without short-circuiting, strongly
demonstrating that the zwitterionic component at 10% achieves
the optimal performance. Furthermore, Zn||Zn cells were con-
structed using PA-SM-10%, PA, and 3 M Zn(OTf)2 electrolyte,
respectively, to compare their long-term cycling stability. As
shown in Figure 2b, the cell with PA-SM-10% exhibits stable
operation for over 1400 h at 5 mA cm–2 and 2.5 mAh without
short-circuiting. In contrast, the PA-based symmetric cell shows
noticeable micro-short circuits after only about 300 h of cycling.
The cell with 3 M Zn(OTf)2 electrolyte suffers from severe side
reactions, significant potential fluctuations, and rapid micro-
short circuit formation. When using thin Zn anode at DOD of
85%, the Zn||Zn cell using PA-SM-10% also exhibits much bet-
ter cycle performance (Figure S3). These results clearly indicate
that, under the synergistic effect of multiple zinc-affine sites (C–
N, C=O, and C–O–C)38 and zwitterionic functional groups,
the electrolyte membrane facilitates efficient zinc-ion transport
and induces uniform zinc deposition. More importantly, the
zwitterionic component and multifunctional zincophilic sites
collaboratively regulate the zinc-ion solvation structure, reduc-
ing the number of active water molecules in the solvation
sheath. This can effectively suppress hydrogen evolution reac-
tion and corrosion on the zinc surface.
The zinc surface morphology of cycled symmetric batteries

in Figure 2b was further characterized by SEM. As shown in
Figure 2c, the Zn||Zn cell using 3 M Zn(OTf)2 electrolyte
exhibits a zinc surface covered with abundant flake-like zinc
dendrites. When PA is employed, numerous dendrites remain
visible on the zinc surface (Figure 2d). In contrast, the cell with
PA-SM-10% displays a smooth and uniform zinc surface with-
out obvious dendrites after cycling (Figure 2e). The pristine
zinc surface (Figure S4) exhibits an SEM morphology similar
to that of the zinc surface cycled with PA-SM-10%, further
evidencing the dendrite-suppression capability of PA-SM-10%.
These results further confirm the synergistic effect between
multiple zincophilic sites in the PA segments and the zwitter-
ionic functional groups in suppressing zinc dendrite formation.
According to the impedances in Figure S5, the room-

temperature ionic conductivity of PA, PA-SM-10% and
PA-SM-15% are 0.12, 3.04 and 1.72 mS cm–1, respectively. It
is found that with the right polyzwitterion content (PA-SM-
10%), the RT ionic conductivity of the electrolyte is comparable
to or even higher than that reported in the current arti-
cles.28,39,40 Synthesizing the good mechanical properties of
PA-SM-10%, this polymer electrolyte is the focus of subsequent
research.
To investigate the radius and density of Zn nuclei, cyclic volt-

ammetry measurements were conducted using Zn||Cu asym-
metric cells to determine the nucleation overpotential (NOP).
https://doi.org/10.1021/acsaem.6c01937
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Figure 1. (a) IR spectrum of PA-SM-10% (it also shows the structural formula of the polymer). (b) Images of PA-SM-10% under original and
stretched states. (c) Cyclic stress–strain curves of the electrolyte membrane. (d) Schematic diagram of zinc ion migration.
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As displayed in Figure 3a, the more negative nucleation overpo-
tential observed for PA-SM-10% indicates a higher nucleation
driving force, which promotes the formation of a larger number
of smaller Zn nuclei and thus a more uniform deposition mor-
phology. Further evidence is provided by the voltage-time curves,
which show a larger nucleation overpotential in PA-SM-10%.
This increase is due to the occupation of some electrochemically
active sites on the Zn anode by polymer segments, which hinders
the charge transfer of zinc ions (Figure 3b).

The linear sweep voltammetry (LSV) curves in Figure 3c
clearly show that the PA-SM-10% electrolyte shifts the hydro-
gen evolution reaction (HER) onset potential to more negative
values compared to the pristine PA electrolyte. This negative
shift indicates that a higher overpotential is required to initiate
HER, meaning the driving force for water reduction is substan-
tially lowered by the addition of the zwitterionic polymer. For
the oxygen evolution reaction (OER), the PA-SM-10% electro-
lyte shows a delayed onset and a much slower increase in anodic
current compared to the PA electrolyte (Figure 3d). This indi-
cates that the zwitterionic polymer also moderates the oxidation
of water, likely through similar interfacial confinement and
hydrogen-bonding interactions that stabilize water molecules
against decomposition.

As shown in Figure 3e, the Zn anode in PA-based electrolytes
exhibits a more positive corrosion potential (approximately –
15 mV vs. Zn/Zn2+) compared to that in 3 M Zn salt electro-
lyte (–38 mV vs. Zn/Zn2+). PA-based electrolytes also display
lower corrosion current density than that of 3 M Zn(OTf)2,
indicating a slower corrosion rate of the metal electrode.
1188
According to the Arrhenius equation, 1/Rct = Aexp(–Ea/RT),
where A is the pre-exponential factor, Ea is the activation energy
representing the desolvation barrier, R is the gas constant, and
T is the absolute temperature,20 the calculated Ea for the sym-
metric cell with PA-SM-10% is lower than that with the plain
polymer electrolyte (PA, without zwitterionic segments;
Figure 3f). This result confirms that the incorporation of zinco-
philic sites and zwitterionic segments in the polymer electrolyte
can more effectively reduce the desolvation energy barrier.23

We performed electrochemical impedance spectroscopy (EIS)
on symmetric cells with different electrolyte systems to first ana-
lyze the influence of temperature on interfacial behavior.
Figure 4a shows the temperature-dependent interfacial resis-
tance of symmetric cells using the 3 M Zn(OTf)2 liquid electro-
lyte. The interfacial resistance gradually decreases with
increasing temperature, with an initial value of approximately
425 Ω at room temperature. In contrast, for the polymer elec-
trolyte without zwitterionic segments, the initial interfacial resis-
tance exceeds 1000 Ω, and the resistance decline upon heating
is much more moderate. At all measured temperatures, this sys-
tem exhibits significantly higher overall impedance levels
(Figure 4b). Remarkably, the PA-SM-10% system incorporating
zwitterionic moieties performs excellently: not only does it sub-
stantially reduce the interfacial resistance already at room tem-
perature, but its impedance also drops more rapidly as the
temperature rises, demonstrating superior temperature respon-
siveness and ion transport capability.
Subsequently, we conducted galvanostatic discharge of sym-

metric cells at a current density of 1 mA cm–2 while periodically
https://doi.org/10.1021/acsaem.6c01937
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Figure 2. (a) Rate performance of Zn||Zn cell using various electrolytes. (b) Cycle performance of Zn||Zn cells using various electrolyte. (c–e) SEM
images of cycled Zn surface using 3 M Zn(OTf)2, PA, and PA-SM-10%.
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performing in-situ EIS to evaluate long-term cycling stability.
The results reveal that the interfacial resistance of the zwitter-
ionic electrolyte system remains highly stable throughout con-
tinuous discharge for up to 21 h, consistently staying below
420 Ω. In comparison, the 3 M Zn(OTf)2 liquid electrolyte sys-
tem exhibits an initial interfacial resistance as high as 700 Ω.
Although its resistance decreases slightly in the early stage of
cycling, it subsequently shows a pronounced rebound, indicat-
ing severe parasitic reactions at the electrode/electrolyte inter-
face and progressive deterioration of interfacial stability.

Taken together, these results unequivocally demonstrate that
the introduction of zwitterionic moieties not only effectively
lowers the interfacial resistance over a wide temperature range
but also significantly enhances interfacial stability during long-
term cycling, thereby playing a pivotal role in improving the
overall battery performance.

The full cell performance is further evaluated in Figure 5.
As shown in Figure 5a, the charge–discharge curves of
the PA-SM-10%-based cell at the 1st and 800th cycles
exhibit characteristic features typical of a V2O5 cathode.
Figure 5b displays the cycling performance of Zn||V2O5 cells
using 3 M Zn(OTf)2, PA, and PA-SM-10% at a current density
of 8 A g–1. Over 800 cycles, the cell with 3 M Zn(OTf)2
delivers an average capacity of only 360 mAh g–1, whereas the
PA-based cell achieves 507 mAh g–1, confirming that the poly-
mer electrolyte with multiple zincophilic sites enhances zinc-
ion transport kinetics. Notably, the introduction of the zwitter-
ionic segment further increases the average capacity to
1188
518 mAh g–1 for the PA-SM-10%-based cell. This improvement
underscores the crucial role of the zwitterionic component in
stabilizing the electrode/electrolyte interface and promoting
uniform zinc deposition, which collectively enhance both
cycling stability and capacity retention—consistent with the
findings discussed above.
Even more pronounced differences are observed in the rate

capability tests (Figure 5c). The PA-SM-10%-based full cell out-
performs both the PA-based and the liquid-electrolyte cells
across the entire current density range from 0.2 to 10 A g–1.
Remarkably, at a high current density of 10 A g–1, the
PA-SM-10% cell delivers a capacity of 420–430 mAh g–1, while
the PA cell achieves less than 300 mAh g–1. This substantial dif-
ference further highlights the advantage of the zwitterionic moi-
eties in facilitating fast Zn2+ transport kinetics, especially under
demanding rate conditions.
It is worth noting that a comparison between Figures 5b and

c reveals an apparent discrepancy: at the same current density of
8 A g–1, the long-term cycling test (Figure 5b) gives a capacity
of approximately 500 mAh g–1 for PA-SM-10%, whereas the
rate capability test (Figure 5c) shows 420–430 mAh g–1. This
difference is not contradictory but rather arises from the differ-
ent testing protocols. In the rate capability measurement, the
cell is subjected to rapidly successive current steps without prior
stabilization, which imposes greater stress on the electrodes and
leads to some capacity loss. In contrast, the long-term cycling
test includes a low-current activation step before the 8 A g–1

cycling, which significantly improves the interfacial stability
https://doi.org/10.1021/acsaem.6c01937
ACS Appl. Energy Mater. 2026, 9, 11878−11886
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Figure 3. (a) Cyclic voltammograms of Zn||Cu cells of various electrolytes at 5 mV/s. (b) Voltage–capacity curves of of various electrolytes under
1 mA cm–2. (c, d) LSV curves of PA and PA-SM-10%. (e) Tafel curves of various electrolytes. (f) Relationship of Rct vs temperature of PA and
PA-SM-10%.

Figure 4. (a–c) EIS based on bare symmetrical zinc battery at various temperature. In-situ EIS of symmetrical zinc batteries using (d) PA-SM-
10% and (e) 3 M Zn(OTf)2, respectively.
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and thus results in higher measured capacities. Therefore,
the two sets of data complement each other, collectively
demonstrating the superior performance of the PA-SM-
10% electrolyte.

According to the above discussion, PA-SM-10% exhibits the
best performance, the optimal performance of PA-SM-10% stems
1188
from a well-balanced incorporation of zwitterionic moieties. At
5% content, the functional groups are insufficient to regulate
ion transport and suppress dendrites effectively, whereas at
15%, excessive zwitterions reduce ionic conductivity and increase
mechanical hysteresis, compromising interfacial stability. The
10% composition achieves an optimal trade-off, enabling efficient
https://doi.org/10.1021/acsaem.6c01937
ACS Appl. Energy Mater. 2026, 9, 11878−11886
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Figure 5. (a) Charging/discharging curves of Zn||V2O5 cells using PA-SM-10%. (b) Cycle performance of Zn||V2O5 cells using various electrolytes.
(c) Rate properties of ZnV2O5 cells using various electrolytes. (d) SEM images of cycled Zn anode based on Zn||V2O5 cells using 3 M Zn(OTf)2,
(e) PA, and f) PA-SM-10%.
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Zn2+ conduction, robust mechanical flexibility, and a stable
electrode-electrolyte interface, thus ensuring long-term cycling
stability.

Notable differences are also observed in the morphology of
the cycled zinc anodes. The liquid electrolyte-based cell shows
large, irregular flake-like zinc dendrites after cycling
(Figure 5d). With PA, the zinc anode still exhibits considerable
dendritic growth (Figure 5e). In contrast, the zinc anode cycled
with PA-SM-10% displays a smooth surface without obvious
dendrites (Figure 5f). This is mainly due to the synergistic com-
bination of multiple zincophilic sites from PA and the zwitter-
ionic segments in PA-SM-10%, which collectively regulate the
zinc-ion solvation structure and guide uniform zinc deposition
at the interface. In summary, while the liquid electrolyte shows
baseline cyclability, the PA-SM-10% delivers higher perfor-
mance metrics and substantially improved interfacial stability,
addressing key bottlenecks toward practical AZIBs. The com-
prehensive performance including electrolyte conductivity and
battery performance in Table S1 is also superior to that of the
recent reported works.

■ CONCLUSIONS

In summary, we have successfully designed an ion-regulating
electrolyte system, poly(4-acryloylmorpholine)-co-poly(3-sulfo-
propyldimethyl-3-methacrylamidopropylammonium inner salt),
which effectively addresses the critical challenge of limited ion
transport kinetics in both bulk electrolyte and interfacial regions
of AZIBs. The strategically incorporated C=O, C–N, and C–
O–C groups within the poly(4-acryloylmorpholine) segments
significantly promote the desolvation process of hydrated zinc
ions, while the zwitterionic moieties enable simultaneous anion
confinement and creation of fast zinc-ion transport pathways.
This molecular-level engineering yields an exceptional room-
temperature ionic conductivity over 3 mS cm–1, coupled with
efficient ion regulation capability. The synergistic combination
of multi-zincophilic sites and zwitterionic functional groups
1188
ensures strong interfacial adhesion to the zinc anode and guides
uniform zinc deposition, effectively suppressing dendrite forma-
tion. This optimal balance between coordinated ion capture and
rapid transport enables remarkable electrochemical perfor-
mance: symmetric Zn||Zn cells achieve extended cycling stabil-
ity over 1400 h at 5 and 2.5 mAh cm–2, while solid-state
Zn||V2O5 full batteries maintain a high specific capacity of
∼518 mAh g–1 over 800 cycles at 8 A g–1 with 98% average
Coulombic efficiency, alongside outstanding rate capability.
This work establishes a novel electrolyte design paradigm that
could propel the development of high-performance, safe
AZIBs and may extend to other metal battery systems.
■ EXPERIMENTAL SECTION

Materials

Zinc trifluoromethanesulfonate (Zn(OTf)2, 98%, Aladdin), vanadium
pentoxide (V2O5, 99.5%, Macklin), 4-acryloylmorpholine (Aladdin,
≥98%), 3-sulfopropyldimethyl-3-methacrylamidopropylammonium
inner salt (Aladdin, ≥98%), and Zinc Foil (99.9%, Sigma-Aldrich) were
used directly without other treatment. All reagents are directly applica-
ble unless otherwise stated.

Preparation of Electrolytes

First, the polymer sample was prepared by thermally polymerizing a
mixture of 0.5 g (3.55 mmol) of 4-acryloylmorpholine and 0.01 g
(0.035 mmol) of ammonium persulfate (APS) in 0.5 mL of deionized
water, with varying amounts of [3-(methacryloylamino)propyl]di-
methyl(3-sulfopropyl)ammonium (0.005 g (0.017 mmol), 0.025 g
(0.086 mmol), 0.05 g (0.17 mmol), 0.075 g (0.26 mmol)) hydroxide
added. The mixture was thoroughly stirred, transferred into a mold fab-
ricated using two glass slides separated by 200-μm-thick silicone rubber
spacers, and subjected to thermal polymerization at 60 °C for 10 h.
The resulting product was then immersed in a 3 M Zn(OTf)2 solution
for 1 min to obtain the final electrolyte material (the calculated content
of liquid electrolyte was about 35 wt %).
https://doi.org/10.1021/acsaem.6c01937
ACS Appl. Energy Mater. 2026, 9, 11878−11886
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Modification of Electrode Active Material (V2O5) and
Preparation of Electrode

V2O5 was ball-milled prior to use. Typically, 2.0 g of V2O5 was added
to a ball-mill jar and milled (100 rpm) vigorously at room temperature
for 48 h. For the electrode slurry, 80 mg of the ball-milled V2O5, 10 mg
of conductive carbon black and 10 mg of PVDF were ground together
in an agate mortar for 15 min until homogeneous. Then, 0.5 mL of
NMP was added, followed by another 15 min of grinding and stirring.
The resulting slurry was doctor-bladed onto a Ti current collector with
a controlled wet thickness of 30 μm. The coated electrode was dried at
60 °C in an air-oven for 1 h, followed by further drying in a vacuum
oven at 100 °C for 12 h. Finally, the electrode was cut into appropriate
dimensions for use with areal mass of 3.0 mg cm–2.

Characterization

FTIR spectroscopy (L1600400 Spectrum TWO DTGS) was applied to
record the structural information of electrolyte. SEM images were per-
formed using a Field Emission Scanning Electron Microscope
(FESEM, Hitachi SU8010). The stress-strain curves of the samples
were obtained by Instron 3300 electronic universal material testing sys-
tem at a test rate of 10 mm/min.

Electrochemical Measurements

The basic electrochemical properties (e.g., LSV, CV) of the electrolytes
were measured using a Zennium Electrochemical workstation
(ZahnerEnnium).1 Electrochemical impedance spectroscopy (EIS)
for ionic conductivity calculation was performed on stainless steel|-
stainless steel cells using a DH7000D electrochemical workstation
(Jiangsu Donghua Analytical Instrument Co., Ltd.). Galvanostatic
cycling tests of symmetric Zn||Zn cells and full cells were conducted
on a Neware battery test system. Zn||Zn symmetric cells with 30 μm
thick Zn foils were employed for testing at different depths of discharge
(DOD). The DOD was calculated by the following equation:

DOD=
y

Czn;volume�x × 10–4
× 100%= y=0:585x× 100%

where x (μm) is the thickness of the Zn foil and y (mAh cm–2) repre-
sents the Zn areal capacity used in electrochemical testing.

The cell is assembled in ambient air. A V2O5 cathode and a zinc foil
anode are used. The polymer electrolyte membrane is placed between
the two electrodes. The stack is sandwiched between the positive and
negative casings of a CR2025 coin cell, and then mechanically crimped
to seal the cell. The N/P ratio of the cell is 20. All galvanostatic charge–
discharge, rate capability, and long-term cycling tests are performed
using a Neware battery testing system (e.g., BTS series) at room
temperature.

■ ASSOCIATED CONTENT
Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaem.6c01937.
Synthesis route of polymer (Figure S1), cyclic stress–
strain curves (Figure S2), cycle performance of Zn|| Zn
cells (Figure S3), SEM image of Zn (Figure S4), EIS
spectra (Figure S5), and performance comparison
(Table S1) (DOCX)
■ AUTHOR INFORMATION
Corresponding Authors

Jitao Huang – College of New Energy and Materials, Ningde
Normal University, Ningde 352100, China;
Email: jitaohuang@ndnu.edu.cn
1188
Qian Wang – College of Materials Science and Engineering,
Taiyuan University of Technology, Taiyuan 030024, China;

orcid.org/0000-0001-5161-6241;
Email: qianwang0825@pku.edu.cn

Zhong Jin – State Key Laboratory of Coordination Chemistry,
MOE Key Laboratory of Mesoscopic Chemistry, MOE Key
Laboratory of High Performance Polymer Materials and
Technology, Jiangsu Key Laboratory of Green Energy Catalysis
and Intelligent Chemical Engineering, Suzhou Key Laboratory
of Green Intelligent Manufacturing of New Energy Materials
and Devices, Tianchang New Materials and Energy
Technologies Research Center, Institute of Green Chemistry
and Engineering, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing, Jiangsu 210023,
China; orcid.org/0000-0001-8860-8579;
Email: zhongjin@nju.edu.cn

Shi Wang – State Key Laboratory of Flexible Electronics
(LoFE) & Institute of Advanced Materials (IAM), Nanjing
University of Posts & Telecommunications, Nanjing 210023,
China; State Key Laboratory of Coordination Chemistry,
MOE Key Laboratory of Mesoscopic Chemistry, MOE Key
Laboratory of High Performance Polymer Materials and
Technology, Jiangsu Key Laboratory of Green Energy Catalysis
and Intelligent Chemical Engineering, Suzhou Key Laboratory
of Green Intelligent Manufacturing of New Energy Materials
and Devices, Tianchang New Materials and Energy
Technologies Research Center, Institute of Green Chemistry
and Engineering, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing, Jiangsu 210023,
China; orcid.org/0000-0002-5331-413X;
Email: iamshiwang@njupt.edu.cn

Authors
Lei Zhang – School of Advanced Materials and Chemical
Engineering, Chuzhou University, Chuzhou 239099, China;
State Key Laboratory of Flexible Electronics (LoFE) &
Institute of Advanced Materials (IAM), Nanjing University of
Posts & Telecommunications, Nanjing 210023, China

Yunlong Zhang – School of Advanced Materials and Chemical
Engineering, Chuzhou University, Chuzhou 239099, China

Mengfan Zhao – College of Materials Science and Engineering,
Taiyuan University of Technology, Taiyuan 030024, China

Jing Wang – School of Advanced Materials and Chemical
Engineering, Chuzhou University, Chuzhou 239099, China

Yifan Hou – School of Advanced Materials and Chemical
Engineering, Chuzhou University, Chuzhou 239099, China

Jifan Liu – School of Advanced Materials and Chemical
Engineering, Chuzhou University, Chuzhou 239099, China

Complete contact information is available at:
https://pubs.acs.org/doi/10.1021/acsaem.6c01937

Author Contributions
+L.Z., Y.Z., M.Z., and J.W. contributed equally to this work.

Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
We acknowledge financial support from the Key Project of
Anhui Provincial Education Department (2024AH051409),
https://doi.org/10.1021/acsaem.6c01937
ACS Appl. Energy Mater. 2026, 9, 11878−11886

4

https://pubs.acs.org/doi/10.1021/acsaem.6c01937
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01937/suppl_file/ae6c01937_si_001.docx
https://orcid.org/0000-0001-5161-6241
https://orcid.org/0000-0001-5161-6241
https://orcid.org/0000-0001-5161-6241
https://orcid.org/0000-0001-8860-8579
https://orcid.org/0000-0001-8860-8579
https://orcid.org/0000-0001-8860-8579
https://orcid.org/0000-0002-5331-413X
https://orcid.org/0000-0002-5331-413X
https://orcid.org/0000-0002-5331-413X
https://pubs.acs.org/doi/10.1021/acsaem.6c01937
http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c01937


ACS Applied Energy Materials www.acsaem.org Article

D
ow

nloaded from
 pubs.​acs.​org/​aaem

cq/​article-pdf/​9/​17/​11
the State Key Laboratory of Flexible Electronics Key Task
Research Project (ZS030ZR25012), National Natural Science
Foundation of China (52533008, 22402146, 22572140,
U25A20628, 22561160129, 22479074, 22475096), the Natural
Science Foundation of Jiangsu Province (BK20210601), the
Project of State Key Laboratory of Organic Electronics and
Information Displays, NJUTP (No. GZR2023010016), the
Natural Science Foundation of NJUTP (Grant Nos.
NY223079, NY224119), the Key Laboratory of Functional
Molecular Solids, Ministry of Education (FMS2025009), the
Equipment Pre-Research and Ministry of Education Joint
Fund (8091B02052407), the Fundamental Research Program
Key Project of Jiangsu Province (BK20253008), the Science
and Technology Major Project of Jiangsu Province
(BG2024013), the Scientific and Technological Achievements
Transformation Special Fund of Jiangsu Province
(BA2023037), the Academic Degree and Postgraduate
Education Reforming Project of Jiangsu Province (JGKT24_
C001), the Key Core Technology Open Competition Project
of Suzhou City (SYG2024122), the Open Research Fund of
Suzhou Laboratory (SZLAB-1308-2024-TS005), the
Chenzhou National Sustainable Development Agenda
Innovation Demonstration Zone Provincial Special Open
Competition Project (2023sfq11, 2025sfq38), and the
Fundamental Research Funds for the Central Universities and
Nanjing University International Collaboration Initiative
(020514380354).
878/​68222194/​ae-2026-01937h.​pdf by N
AN

JIN
G

 U
N

IV user on 18 Septem
ber 2026
■ REFERENCES
(1) Yi, P.; Li, Q.; Chen, Y.; Shan, D.; Lv, X.; Zhang, Y.; Xiao, D.; Chen,

Y.; Wu, Y. Localized Anion-Enriched Environment Via In Situ
Electrostatic Confinement Effect for Stable Lithium Metal Batteries.
Adv. Funct. Mater. 2026, 36 (8), e16498.
(2) Wang, S.; Wu, X.; Liu, C.; He, L.; Li, S.; Miao, Y.; Cai, M.; Li, Y.;

Huang, Z.-D.; Lai, W.-Y. Hydrogen bond-induced elastic polyzwitterion
electrolytes constructed by mussel-inspired autopolymerization for
zinc-ion battery. Sci. China: Chem. 2024, 67 (10), 3438–3449.
(3) Wang, S.; Li, J.; Yang, B.; Zhang, B.; Zhang, Z.; Zhou, S.; Wang,

Q.; Ma, J.; Jin, Z. Unlocking the Potential of Aqueous Zinc-Ion
Batteries: Hybrid SEI Construction through Bifunctional Regulator-
Assisted Electrolyte Engineering. Nano Lett. 2025, 25 (13), 5406–5414.
(4) Li, B.; Zhang, B.; Bai, X.; Zhang, J.; Chang, X.; Hou, L.; Huang, H.;

Lu, T.; Wang, S.; Jin, Z. A Dynamic Self-Healing Protective Layer
Enabling Stable Zinc Ion Batteries through Strong Zn-S Affinity and
Intramolecular Hydrogen Bonding. Angew. Chem., Int. Ed. 2025, 64
(29), e202503345.
(5) Fu, R.; Zhang, B.; Lu, T.; Liu, C.; Hou, L.; Wang, S.; Ning, Y.; Jin,

Z.; Wang, Q. A dilute and non-flammable electrolyte engineering
enables stable SEI for low-temperature zinc batteries. Energy Storage
Mater. 2025, 80 (1), 104374.
(6) Zhao, M.; Zhang, B.; Bai, X.; Zhang, J.; Chang, X.; Hou, L.; Huang,

H.; Wang, S.; Jin, Z.; Wang, Q. Competitive Li+ coordination in gel
electrolyte enhances Zn2+ kinetics and interfacial stability for low-
temperature Zn-ion batteries. Chem. Eng. J. 2025, 520 (1), 166042.
(7) Liu, C.; Zhang, B.; Liang, Z.; Bai, X.; Zhang, J.; Chang, X.; Hou, L.;

Huang, H.; Wei, Y.; Wu, B. Synergistically modulating the inner
Helmholtz plane and outer Helmholtz plane to achieve a stable inter-
face for aqueous zinc ion batteries. Chem. Eng. J. 2025, 508 (1), 160900.
(8) Wang, Y.; Zhu, Y.; Xian, H.; Wang, B.; Chen, Z.; Tan, X.; Wu, Z.;

Liu, S.; Mao, J.; Zhang, S. Amphiphilic Fluorinated Block Copolymer
Additives for Ultrastable Aqueous Zn-Ion Batteries. J. Am. Chem. Soc.
2025, 148 (1), 448–460.
(9)Wang, S.; Bai, M.; Liu, C.; Li, G.; Lu, X.; Cai, H.; Liu, C.; Lai, W.-Y.

Highly stretchable multifunctional polymer ionic conductor with high
1188
conductivity based on organic-inorganic dual networks. Chem. Eng.
J. 2022, 440 (1), 135824.
(10) Wang, S.; He, J.; Li, Q.; Wang, Y.; Liu, C.; Cheng, T.; Lai, W.-Y.

Highly elastic energy storage device based on intrinsically super-
stretchable polymer lithium-ion conductor with high conductivity.
Fundam. Res. 2024, 4 (1), 140–146.
(11) Wang, S.; Li, Q.; Gao, H.; Cai, H.; Liu, C.; Cheng, T.; Liu, C.; Li,

Y.; Lai, W. Y. A Polyzwitterion-Mediated Polymer Electrolyte with High
Oxidative Stability for Lithium-Metal Batteries. Small 2023, 19 (50),
2304677.
(12) Wang, S.; Xiao, S.; Cai, H.; Sun, W.; Wu, T.; Wang, Y.; He, J.;

Yang, S.; Huang, Z.-D.; Lai, W.-Y. Elastic polymer electrolytes inte-
grated with in situ polymerization-transferred electrodes toward stretch-
able batteries. ACS Energy Lett. 2024, 9 (8), 3672–3682.
(13) Wang, S.; Xiao, S.; Li, S.; Liu, C.; Cai, H.; Sun, W.; Huang, Z. D.;

Lai, W. Y. Organic Cationic-Coordinated Perfluoropolymer
Electrolytes with Strong Li+-Solvent Interaction for Solid State
Li-Metal Batteries. Angew. Chem., Int. Ed. 2024, 63 (52), e202412434.
(14) Wang, S.; Zhang, L.; Hu, Z.; Zhang, B.; Li, N.; Tong, Y. B.; Cao,

D.; Zheng, X.; Lai, W. Y.; Jin, Z.; Wu, F.; Wang, Q. Intrinsic Structural
and Coordination Chemistry Insights of Li Salts in Rechargeable
Lithium Batteries. Adv. Mater. 2025, 37 (11), 2420428.
(15) Wang, S.; Zhang, L.; Zeng, Q.; Guan, J.; Gao, H.; Zhang, L.;

Zhong, J.; Lai, W. Y.; Wang, Q. Designing Polymer Electrolytes via
Ring-Opening Polymerization for Advanced Lithium Batteries. Adv.
Energy Mater. 2024, 14 (3), 2302876.
(16) Wang, S.; Zeng, Q.; Wang, A.; Liu, X.; Chen, J.; Wang, Z.;

Zhang, L. Constructing stable ordered ion channels for a solid electro-
lyte membrane with high ionic conductivity by combining the advan-
tages of liquid crystal and ionic liquid. J. Mater. Chem. A 2019, 7 (3),
1069–1075.
(17) Zhang, M.; Yu, P.; Xiong, K.; Wang, Y.; Liu, Y.; Liang, Y.

Construction of Mixed Ionic-Electronic Conducting Scaffolds in Zn
Powder: A Scalable Route to Dendrite-Free and Flexible Zn Anodes.
Adv. Mater. 2022, 34 (19), 2200860.
(18) Wang, H.; Li, H.; Tang, Y.; Xu, Z.; Wang, K.; Li, Q.; He, B.; Liu,

Y.; Ge, M.; Chen, S.; Hao, T.; Xing, G.; Zhang, Y. Stabilizing Zn Anode
Interface by Simultaneously Manipulating the Thermodynamics of Zn
Nucleation and Overpotential of Hydrogen Evolution. Adv. Funct.
Mater. 2022, 32 (48), 2207898.
(19) Li, Q.; Chen, A.; Wang, D.; Zhao, Y.; Wang, X.; Jin, X.; Xiong, B.;

Zhi, C. Tailoring the metal electrode morphology via electrochemical
protocol optimization for long-lasting aqueous zinc batteries. Nat.
Commun. 2022, 13 (1), 3699.
(20) Hao, Z.; Zhang, Y.; Hao, Z.; Li, G.; Lu, Y.; Jin, S.; Yang, G.;

Zhang, S.; Yan, Z.; Zhao, Q. Metal anodes with ultrahigh reversibility
enabled by the closest packing crystallography for sustainable batteries.
Adv. Mater. 2023, 35 (9), 2209985.
(21) He, P.; Huang, J. Chemical passivation stabilizes Zn anode. Adv.

Mater. 2022, 34 (18), 2109872.
(22) Zheng, S.; Wei, L.; Zhang, Z.; Pan, J.; He, J.; Gao, L.; Li, C. C. In

Situ Polymerization of Ionic Liquid with Tunable Phase Separation for
Highly Reversible and Ultralong Cycle Life Zn-Ion Battery. Nano Lett.
2022, 22 (22), 9062–9070.
(23) Yu, H.; Chen, Y.; Wei, W.; Ji, X.; Chen, L. A functional organic

zinc-chelate formation with nanoscaled granular structure enabling
long-term and dendrite-free Zn anodes. ACS Nano 2022, 16 (6),
9736–9747.
(24) Ren, H.; Li, S.; Wang, B.; Zhang, Y.; Wang, T.; Lv, Q.; Zhang, X.;

Wang, L.; Han, X.; Jin, F. Molecular-Crowding Effect Mimicking Cold-
Resistant Plants to Stabilize the Zinc Anode with Wider Service
Temperature Range. Adv. Mater. 2023, 35 (1), 2208237.
(25) Ilyas, F.; Chen, J.; Zhang, Y.; Lu, H.; Huang, Y.; Ma, H.; Wang, J.

Empowering Zn electrode current capability along interfacial stability
by optimizing intrinsic safe organic electrolytes. Angew. Chem., Int. Ed.
2023, 62 (2), e202215110.
(26) Wei, J.; Zhang, P.; Shen, T.; Liu, Y.; Dai, T.; Tie, Z.; Jin, Z.

Supramolecule-based excluded-volume electrolytes and conjugated
https://doi.org/10.1021/acsaem.6c01937
ACS Appl. Energy Mater. 2026, 9, 11878−11886

5

https://doi.org/10.1002/adfm.202516498
https://doi.org/10.1002/adfm.202516498
https://doi.org/10.1007/s11426-024-2133-1
https://doi.org/10.1007/s11426-024-2133-1
https://doi.org/10.1007/s11426-024-2133-1
https://doi.org/10.1021/acs.nanolett.5c00533
https://doi.org/10.1021/acs.nanolett.5c00533
https://doi.org/10.1021/acs.nanolett.5c00533
https://doi.org/10.1002/anie.202503345
https://doi.org/10.1002/anie.202503345
https://doi.org/10.1002/anie.202503345
https://doi.org/10.1016/j.ensm.2025.104374
https://doi.org/10.1016/j.ensm.2025.104374
https://doi.org/10.1016/j.cej.2025.166042
https://doi.org/10.1016/j.cej.2025.166042
https://doi.org/10.1016/j.cej.2025.166042
https://doi.org/10.1016/j.cej.2025.160900
https://doi.org/10.1016/j.cej.2025.160900
https://doi.org/10.1016/j.cej.2025.160900
https://doi.org/10.1021/jacs.5c14364
https://doi.org/10.1021/jacs.5c14364
https://doi.org/10.1016/j.cej.2022.135824
https://doi.org/10.1016/j.cej.2022.135824
https://doi.org/10.1016/j.fmre.2022.06.003
https://doi.org/10.1016/j.fmre.2022.06.003
https://doi.org/10.1002/smll.202304677
https://doi.org/10.1002/smll.202304677
https://doi.org/10.1021/acsenergylett.4c01254
https://doi.org/10.1021/acsenergylett.4c01254
https://doi.org/10.1021/acsenergylett.4c01254
https://doi.org/10.1002/anie.202412434
https://doi.org/10.1002/anie.202412434
https://doi.org/10.1002/anie.202412434
https://doi.org/10.1002/adma.202420428
https://doi.org/10.1002/adma.202420428
https://doi.org/10.1002/adma.202420428
https://doi.org/10.1002/aenm.202302876
https://doi.org/10.1002/aenm.202302876
https://doi.org/10.1039/C8TA09489F
https://doi.org/10.1039/C8TA09489F
https://doi.org/10.1039/C8TA09489F
https://doi.org/10.1002/adma.202200860
https://doi.org/10.1002/adma.202200860
https://doi.org/10.1002/adfm.202207898
https://doi.org/10.1002/adfm.202207898
https://doi.org/10.1002/adfm.202207898
https://doi.org/10.1038/s41467-022-31461-7
https://doi.org/10.1038/s41467-022-31461-7
https://doi.org/10.1002/adma.202209985
https://doi.org/10.1002/adma.202209985
https://doi.org/10.1002/adma.202109872
https://doi.org/10.1021/acs.nanolett.2c03421
https://doi.org/10.1021/acs.nanolett.2c03421
https://doi.org/10.1021/acs.nanolett.2c03421
https://doi.org/10.1021/acsnano.2c03398
https://doi.org/10.1021/acsnano.2c03398
https://doi.org/10.1021/acsnano.2c03398
https://doi.org/10.1002/adma.202208237
https://doi.org/10.1002/adma.202208237
https://doi.org/10.1002/adma.202208237
https://doi.org/10.1002/anie.202215110
https://doi.org/10.1002/anie.202215110
https://doi.org/10.1021/acsenergylett.2c02646
http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c01937


ACS Applied Energy Materials www.acsaem.org Article

D
ow

nloaded from
 pubs.​acs.​org/​aaem

cq/​article-pdf/​9/​17/​11878/​68222194/​ae-2026-01937h.​pdf by N
AN

JIN
G

 U
N

IV user on 18 Septem
ber 2026
sulfonamide cathodes for high-voltage and long-cycling aqueous zinc-
ion batteries. ACS Energy Lett. 2022, 8 (1), 762–771.
(27) Qiu, T.; Wang, T.; Tang, W.; Li, Y.; Li, Y.; Lang, X.; Jiang, Q.;

Tan, H. Rapidly Synthesized Single-Ion Conductive Hydrogel
Electrolyte for High-Performance Quasi-Solid-State Zinc-ion
Batteries. Angew. Chem., Int. Ed. 2023, 62 (45), e202312020.
(28) Liu, T.; Du, X.; Wu, H.; Ren, Y.; Wang, J.; Wang, H.; Chen, Z.;

Zhao, J.; Cui, G. A Bio-Inspired Methylation Approach to Salt-
Concentrated Hydrogel Electrolytes for Long-Life Rechargeable
Batteries. Angew. Chem., Int. Ed. 2023, 62 (43), e202311589.
(29) Xu, M.; Liu, Y.; Yang, K.; Li, S.; Wang, M.; Wang, J.; Yang, D.;

Shkunov, M.; Silva, S. R. P.; Castro, F. A. Minimally invasive power
sources for implantable electronics. Exploration 2023, 4 (1), 20220106.
(30) Xu, P.; Wang, C.; Zhao, B.; Zhou, Y.; Cheng, H. A high-strength

and ultra-stable halloysite nanotubes-crosslinked polyacrylamide hydro-
gel electrolyte for flexible zinc-ion batteries. J. Power Sources 2021, 506
(1), 230196.
(31) Chen, M.; Zhou, W.; Wang, A.; Huang, A.; Chen, J.; Xu, J.;

Wong, C.-P. Anti-freezing flexible aqueous Zn–MnO2 batteries work-
ing at–35° C enabled by a borax-crosslinked polyvinyl alcohol/glyc-
erol gel electrolyte. J. Mater. Chem. A 2020, 8 (14), 6828–6841.
(32) Wang, Y.; Li, Q.; Hong, H.; Yang, S.; Zhang, R.; Wang, X.; Jin, X.;

Xiong, B.; Bai, S.; Zhi, C. Lean-water hydrogel electrolyte for zinc ion
batteries. Nat. Commun. 2023, 14 (1), 3890.
(33) Li, Y.; Yang, X.; He, Y.; Li, F.; Ouyang, K.; Ma, D.; Feng, J.;

Huang, J.; Zhao, J.; Yang, M. A Novel Ultrathin Multiple-Kinetics-
Enhanced Polymer Electrolyte Editing Enabled Wide-Temperature
Fast-Charging Solid-State Zinc Metal Batteries. Adv. Funct. Mater.
2023, 34 (4), 2307736.
(34) Liu, Y.; Liu, S.; Xie, X.; Li, Z.; Wang, P.; Lu, B.; Liang, S.; Tang,

Y.; Zhou, J. A functionalized separator enables dendrite-free Zn anode
via metal-polydopamine coordination chemistry. InfoMat 2023, 5 (3),
e12374.
(35) Dong, H.; Hu, X.; Liu, R.; Ouyang, M.; He, H.; Wang, T.; Gao,

X.; Dai, Y.; Zhang, W.; Liu, Y. Bio-Inspired Polyanionic Electrolytes
for Highly Stable Zinc-Ion Batteries. Angew. Chem., Int. Ed. 2023, 62
(41), e202311268.
(36) Tian, C.; Wang, J.; Sun, R.; Ali, T.; Wang, H.; Xie, B. B.; Zhong,

Y.; Hu, Y. Improved Interfacial Ion Migration and Deposition through
the Chain-Liquid Synergistic Effect by a Carboxylated Hydrogel
Electrolyte for Stable Zinc Metal Anodes. Angew. Chem., Int. Ed. 2023,
62 (42), e202310970.
(37) Yong, B.; Ma, D.; Wang, Y.; Mi, H.; He, C.; Zhang, P.

Understanding the design principles of advanced aqueous zinc-ion bat-
tery cathodes: from transport kinetics to structural engineering, and
future perspectives. Adv. Energy Mater. 2020, 10 (45), 2002354.
(38) Zhang, L.; Wu, J.; Lu, T.; Li, X.; Wu, H.; Chen, T.; Zhang, Y.;

Wei, J.; Hu, M.; Zheng, X. Improving Zn2+ migration via designing
multiple zincophilic polymer electrolyte for advanced aqueous zinc
ion batteries. Chem. Eng. J. 2024, 496 (1), 153815.
(39) Xie, J.; Liang, Z.; Lu, Y.-C. Molecular crowding electrolytes for

high-voltage aqueous batteries. Nat. Mater. 2020, 19 (9), 1006–1011.
(40) Lehmann, M. L.; Yang, G.; Nanda, J.; Saito, T. Well-designed

crosslinked polymer electrolyte enables high ionic conductivity and
enhanced salt solvation. J. Electrochem. Soc. 2020, 167 (7), 070539.
https://doi.org/10.1021/acsaem.6c01937
ACS Appl. Energy Mater. 2026, 9, 11878−11886

11886

https://doi.org/10.1021/acsenergylett.2c02646
https://doi.org/10.1021/acsenergylett.2c02646
https://doi.org/10.1002/anie.202312020
https://doi.org/10.1002/anie.202312020
https://doi.org/10.1002/anie.202312020
https://doi.org/10.1002/anie.202311589
https://doi.org/10.1002/anie.202311589
https://doi.org/10.1002/anie.202311589
https://doi.org/10.1002/EXP.20220106
https://doi.org/10.1002/EXP.20220106
https://doi.org/10.1016/j.jpowsour.2021.230196
https://doi.org/10.1016/j.jpowsour.2021.230196
https://doi.org/10.1016/j.jpowsour.2021.230196
https://doi.org/10.1039/D0TA01553A
https://doi.org/10.1039/D0TA01553A
https://doi.org/10.1039/D0TA01553A
https://doi.org/10.1039/D0TA01553A
https://doi.org/10.1038/s41467-023-39634-8
https://doi.org/10.1038/s41467-023-39634-8
https://doi.org/10.1002/adfm.202307736
https://doi.org/10.1002/adfm.202307736
https://doi.org/10.1002/adfm.202307736
https://doi.org/10.1002/inf2.12374
https://doi.org/10.1002/inf2.12374
https://doi.org/10.1002/anie.202311268
https://doi.org/10.1002/anie.202311268
https://doi.org/10.1002/anie.202310970
https://doi.org/10.1002/anie.202310970
https://doi.org/10.1002/anie.202310970
https://doi.org/10.1002/aenm.202002354
https://doi.org/10.1002/aenm.202002354
https://doi.org/10.1002/aenm.202002354
https://doi.org/10.1016/j.cej.2024.153815
https://doi.org/10.1016/j.cej.2024.153815
https://doi.org/10.1016/j.cej.2024.153815
https://doi.org/10.1038/s41563-020-0667-y
https://doi.org/10.1038/s41563-020-0667-y
https://doi.org/10.1149/1945-7111/ab7c6e
https://doi.org/10.1149/1945-7111/ab7c6e
https://doi.org/10.1149/1945-7111/ab7c6e
http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c01937

	An Ion-Regulating Polymer Electrolyte With Zn Affinity for Stable Zinc Batteries
	Introduction
	Results and Discussion
	Conclusions
	Experimental Section
	Materials
	Preparation of Electrolytes
	Modification of Electrode Active Material (V2O5) and Preparation of Electrode
	Characterization
	Electrochemical Measurements

	Associated Content
	Author Information
	Author Contributions
	Notes
	Acknowledgments
	References


