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ABSTRACT

Gel electrolytes have shown great promise for rechargeable Zn-ion batteries due to their high safety and excellent
plasticity. However, they still face serious challenges at low temperatures, such as: electrolyte freezing and a
dramatic rise in charge transfer resistance, leading to huge kinetic barriers and unstable electrode-electrolyte
interface, greatly hindering their practical application. Herein, this work propose a synergistic molecular engi-
neering strategy by introducing a polyzwitterion (poly(3-[(3-Acrylamidopropyl)dimethylammonio]propane-1-
sulfonate) into the polyacrylamide (PAM)-based hydrogel framework to construct a dynamic, multi-crosslinked
and zwitterionic-functionalized gel electrolyte system. Among them, the effective dynamic crosslinking between
polyzwitterion and PAM segments not only significantly improves the stretchability of gel electrolyte (with a
strain of 1200 %), but also widens the spacing between polymer chains. Together with its intrinsic anion-cation
interactions of polyzwitterion segments, a continuous and high-speed ion channel is formed, enabling rapid and
stable Zn?* transport. Simultaneously, polyzwitterion segments can also immobilize anions from Zn salt and
bound active H20 molecules via its charged groups, lowering the freezing point of the electrolyte to below
—40 °C and improving the Zn?" transference number (0.92), surpassing those of most state-of-the-art gel elec-
trolytes (<0.75), thereby achieving a robust SEI layer with a thickness of only ~11 nm. Consequently, the
optimized gel electrolyte demonstrates a high ionic conductivity of 13.54 mS cm™! and rapid Zn?* kinetics.
When paired with I, NVO and PANI cathodes, all the full cells deliver high specific capacities and long cycling
life even at —40 °C. This work offers a feasible zwitterionic-functionalized strategy for designing high-
performance gel electrolytes toward low-temperature application.

1. Introduction

Aqueous zinc-ion batteries (AZIBs) have garnered widespread

reaction, surface corrosion), leading to poor coulombic efficiency and
short cycling life, severely hindering the practical application of AZIBs
[2,3].

research interest due to their high theoretical capacity, low redox po-
tential, high safety, and cost-effectiveness [1]. Nevertheless, in a con-
ventional aqueous electrolyte, Zn metal anode often faces severe
dendrite growth and parasitic side reactions (e.g. hydrogen evolution
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In recent years, hydrogel electrolytes have been proposed as an
effective alternative because they can suppress dendritic Zn growth
through high mechanical strength and disrupt the hydrogen bond
network between HoO molecules, minimizing H,O activity and reducing
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interface side reactions [4,5]. Moreover, their flexibility and adhesion
facilitate the stable electrode-electrolyte contact, promoting homoge-
neous Zn?* ion flux. However, conventional hydrogel electrolytes
exhibit severe limitations at low temperature, especially below —20 °C
[6]. The freezing of the aqueous phase and increased charge-transfer
resistance, as well as loss of viscoelasticity under low temperature
conditions collectively result in slow ion transport, severe polarization
and even mechanical failure, rendering them impractical for low-
temperature applications [7].

In the past decades, several strategies have been explored to improve
the low-temperature performance of hydrogel electrolytes, including
designing new hydrogel electrolyte materials, introducing organic co-
solvents or concentrated salts, engineering nano-porous structures,
developing organic-inorganic composite systems [8]. These approaches
primarily aim to regulate the hydrogen bonding network within the
electrolyte and optimize the Zn>® transport pathways, thereby
improving Zn?* transport kinetics at low temperature. Unfortunately,
these strategies will more or less affect the interfacial compatibility [9].
E.g.: while nano-porous structures facilitate ion movement, they offer
limited control over the formation of the SEI layer [10]. Deep eutectic
salt systems or concentrated salts will inevitably promote the formation
of insulating by-products, such as: Zns(OH)gCly-H0, leading to thick
and highly resistive SEI layer [11,12]. Organic-inorganic hybrids (e.g.,
SiOz-enhanced gels) suffer from severe brittleness at low temperature
due to polymer chain freezing and mismatched thermal expansion,
resulting in poor interface contact and repetitive cracking. However,
their tZn®") values are still below 0.8, limiting the ultimate kinetics and
reversibility [13-15]. Parallel to this, the formation of a thin and robust
SEI is equally critical yet challenging. Recent strategies have reported
SEI layers with thicknesses ranging from >100 nm [16-18]. More crit-
ically, these issues often interplay synergistically, further aggravating
performance degradation. As a result, developing innovative strategies
to break the inherent hydrogen bond network and construct fast Zn?*
transport channels, while promoting the formation of thin and robust
SEI film to enhance Zn?" kinetics and tolerance to low temperature,
holds significant promise for realizing the practical application of AZIBs
[19].

Herein, a molecularly engineered zwitterion-functionalized gel
electrolyte specifically designed for low-temperature application is
developed. The electrolyte is constructed by incorporating glycine (Gly)
and the polyzwitterion poly(3-[(3-Acrylamidopropyl)
dimethylammonio]propane-1-sulfonate (PDAPS) into a PAM-based
hydrogel electrolyte, forming a copolymer with a dynamic multi-
crosslinked structure [20]. In this system, PAM serves as a mechanical
backbone, Gly enhances hydrophilicity and strengthens hydrogen
bonding, while PDAPS—grafted as side chains with oppositely charged
groups—acts as a dynamic modulator. The polyzwitterion reorganizes
free water molecules and inhibits ice crystallization, depressing the
freezing point of the electrolyte to below —40 °C. Moreover, the copo-
lymerization of PDAPS expands the interchain spacing within the
polymer network, together with its intrinsic anion—cation interactions,
forming continuous ion-conducting channels that yield high ionic con-
ductivity of 13.54 mS cm ! at room temperature. During electro-
chemical cycling, PDAPS segments can also immobilize anions from Zn
salt via its charged groups, increasing the Zn?" transference number to
0.92, thereby promoting the formation of a uniform and robust SEI layer
with a thickness of only ~11 nm, which significantly reduces interfacial
resistance and promotes highly reversible Zn plating/stripping. As a
result, the full cells employing this gel electrolyte with Iy, NVO and PANI
cathodes exhibit high specific capacity and prolonged cycling stability,
even at —40 °C, demonstrating great potential for practical application
of AZIBs.
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2. Results and discussion
2.1. Design concept and electrolyte structure

For a typical gel electrolyte in AZIBs, its main role is to maintain the
inherent safety, while maximizing the free water confinement, broad-
ening the electrochemical stability window and suppressing side re-
actions [21,22]. To this end, hydrophilic group-rich polymers are
typically employed to immobilize HoO molecules onto polymer frame-
works via hydrogen bonding or electrostatic interactions, thereby
reducing H,O activity and improving electrochemical stability [23].
Acrylamide is widely regarded as an ideal backbone-forming monomer
due to its excellent HyO solubility and high polymerization efficiency
[24]. However, the mechanical robustness and ionic conductivity of a
PAM network remain inadequate [25,26]. To address this, Gly was
incorporated into the PAM-based hydrogel framework to form high-
density hydrogen bonding cross-links with the PAM network and
immobilize water molecules, thus reducing the amount of free water and
improving mechanical strength. As shown in Fig. S1, after introducing
Gly into the PAM-based hydrogel, the contact angle had decreased from
75.9° to 59.6°, indicating improved hydrophilicity, which can be
attributed to the abundance of O—H bonds in Gly [27]. Then, the
zwitterion of DAPS was introduced into this system to form a copolymer,
further enhancing water confinement and ion transport behavior. The
numerous hydrophilic and charged groups of DAPS can effectively
immobilize water molecules, mitigating HER. Simultaneously, the
carbonyl groups of DAPS can form a dense hydrogen-bonding network
with PAM and Gly, weaving initially loose polymer segments into a
compact and homogeneous multi-crosslinked framework, thereby
significantly improving mechanical strength and structural stability. In
addition, the zwitterionic side chains of DAPS electrostatically “expand”
the polymer molecular chains, creating high-speed Zn?' transport
channels. As shown in Fig. 1, the zwitterionic-functionalized gel elec-
trolyte can remain highly flexible and rapid Zn?' kinetics even at
—40 °C. Moreover, DAPS can also immobilize anions from Zn salt via its
charged groups, improving the Zn?>' transference number, thereby
promoting the formation of a uniform and robust SEI layer.

According to the latest reports, the state of water molecules within
gel electrolytes, dictated by their hydrogen bond strength, is a critical
factor governing ionic conductivity and interfacial stability [28]. Thus,
this work conducted spectroscopic analyses focused on hydrogen-bond
evolution. As shown in Figs. 2a and S2, compared to the pure PAM
hydrogel electrolyte; after introducing DAPS, the O—H band broadened
significantly in the zwitterion-functionalized gel electrolyte, indicating a
restructuring of the hydrogen-bonding environment [29,30]. Further-
more, this work also conducted hydrogen bond analysis using Raman
spectroscopy and decomposed the O—H vibration into three types of
hydrogen bonds through Gaussian fitting As shown in Fig. 2b & c, for the
pure PAM hydrogel electrolyte, medium hydrogen (MH) bonds pre-
dominated, with strong hydrogen (SH) bonds and weak hydrogen (WH)
bonds accounting for 17.1 % and 20.2 %, respectively. And the intro-
duction of Gly provided dual hydrogen donor/acceptor sites via its
—COOH and -NH; groups, forming an additional Gly-H30 hydrogen-
bonding network that reduced the proportion of SH bonds to ~12 %.
With further incorporation of DAPS, the -SO3 groups and quaternary
ammonium groups can further bind with water molecules, markedly
disrupting the original network water structure [31]. Thus, the pro-
portion of SH bonds plummeted to 8.7 %, while WH bonds surged to
33.8 %. This transition from SH bonds to WH bonds significantly
reduced the average binding energy of water molecules, lowering the
freezing point of the gel electrolyte.

Then, DFT calculations were employed to analyze the Zn?* coordi-
nation environment and the binding energy between electrolyte and
water molecules [32]. As shown in Fig. 2d, DAPS exhibited the highest
binding energy with water molecules, offering a molecular explanation
for the sharp decrease in freezing point. Subsequently, differential
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Fig. 1. Schematic diagram of zinc ion deposition and transportation in zwitterion-functionalized gel electrolyte.

scanning calorimetry (DSC) measurements revealed that the incorpo-
ration of DAPS leaded to a dramatic suppression of freezing, causing the
electrolyte freezing point to drop to —42.7 °C, enabling the battery to
operate stably under low temperature conditions (Fig. 2e). Furthermore,
DAPS also showed the highest binding energy with CF3SO3 (anions from
Zn salt), helping to increase the Zn?* transference number, attributable
to the strong electrostatic effects of its quaternary ammonium cations
(Fig. 2f). Meanwhile, the 7Zn%* coordination environment was analyzed
by means of the radial distribution function (RDF). As shown in Fig. 2g-i,
after introducing the Gly into the pure PAM hydrogel electrolyte, the
average coordination number for Zn>* with H,O decreased from 4.96 to
4.72, suggesting Gly can form hydrogen bonds with H,O molecules,
thereby weakening the interaction between Zn?* and H,O. And after
introducing the zwitterion of DAPS into the PAM to form a copolymer,
the average coordination number for Zn?" with HyO decreased again,
indicating that DMPS can further lock water and reduce side reactions,
such as: HER. Meanwhile, the zwitterionic-functionalized gel electrolyte
exhibited weak Zn—-O(DAPS) coordination alongside enhanced Zn-O
(Gly) coordination, indirectly evidencing DAPS-induced expansion of
the inter-chain spacing and the resultant engagement of additional free
Gly molecules in Zn?" coordination.

'H NMR chemical shifts further support these trends. As shown in
Fig. S3, THNMR spectra of Zn(OTF), recorded after the addition of PAM,
GIY or DAPS reveal an obvious up-field shift and simultaneous nar-
rowing of the water g signal [33]. This behavior is ascribed to the
zwitterionic DAPS: its paired positive and negative centers anchor
framework anions through a combination of electrostatic and hydrogen-
bonding interactions, enriching the local electron density around water
and increasing its shielding. Concurrently, DAPS lowers the energy
barrier for water exchange, accelerating the rate so that the system
approaches the fast-exchange limit, which manifests as a sharper peak.
19F NMR also demonstrated the change of coordination environment. As
shown in Fig. 2j compared to pure PAM hydrogel electrolyte, the '°F
peak in the NMR spectra resonance exhibits a clear upfield shift after
introducing the Gly, suggesting an increase in the electron density
because of CF3SO3 detachment from the solvated sheath. And after
introducing the DAPS into the PAM to form a copolymer, because the
zwitterionic side chains of DAPS electrostatically “expand” the polymer
molecular chains, more Gly and CF3SO3 participated in coordination,

the '°F peak in the NMR spectra exhibited a slight up-field shift. Elec-
tronic structure calculations further revealed that DAPS had a higher
HOMO energy level than PAM and Gly, suggesting that it was easy to
decompose and form a ZnS-rich SEI film during electrochemical cycles
(Fig. 2K) [34,35].

To sum up, the copolymerization of DAPS can significantly lower the
freezing point of gel electrolytes and expand the interchain spacing
within the polymer network through its intrinsic anion-cation in-
teractions, enabling rapid and stable Zn?" transport at low temperature.
Meanwhile, its high HOMO energy level and strong interaction with
anions from Zn salt can induce the formation of a uniform and robust SEI
layer enriched with ZnS and ZnF,, improving interface stability.

2.2. Gel electrolyte properties and Zn?" diffusion

To systematically assess the influence of DAPS on the intrinsic
properties of the gel electrolyte, this work performed thermogravimetric
(TG) analysis, tensile tests, and electrochemical tests. As shown in
Fig. 3a, compared to the pure PAM hydrogel electrolyte, with the
copolymerization of DAPS, the zwitterionic-functionalized gel electro-
lyte displayed a higher thermal stability and lower weight loss, high-
lighting its excellent water locking ability [36]. Mechanical
characterization revealed that the elongation at break of the pure PAM
hydrogel was 449 % (Fig. 3b). With the incorporation of Gly, additional
hydrogen bonding via -COOH groups increased this value to 660 %.
Further copolymerization of DAPS leaded to the formation of a dynamic
and multi-crosslinked network, where synergistic hydrogen bonding and
electrostatic interactions raised the elongation at break dramatically to
1265 %, demonstrating exceptional tensile toughness [37]. For the
electrochemical stability, linear sweep voltammetry (LSV) demonstrated
that the electrochemical window of hydrogel electrolyte was expanded
to >2.5 V after introducing the DAPS, which can match with common
cathode materials (Fig. 3c).

The Zn?* diffusion is directly governed by the ionic conductivity of
gel electrolytes, which can be quantified by electrochemical impedance
spectroscopy (EIS). As shown in Fig. 3d, the pure PAM gel electrolyte
exhibited a conductivity of 8.45 mS cm™'. However, with the copoly-
merization of DAPS, the ionic conductivity of the zwitterionic-
functionalized gel electrolyte had increased to 13.54 mS cm™!, which
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Fig. 2. Solvation structure and Zn>" diffusion mechanism. a) FT-IR spectra; b) fitting Raman spectra of O—H stretching vibrations; c) different types of water in the
gel electrolyte; d) binding energies with H,0; e) DSC curves; f) binding energies with CF3SOs3; g-i) radial distribution function and coordination number of Zn—O in
the gel electrolyte; j) 1F nuclear magnetic resonance (NMR) spectrum; k) HOMO and LUMO energy levels.

can be attributed to the high-speed Zn?" transport channels created by
the anion-cation interaction of zwitterionic DAPS side chains. To further
evaluate the practical applicability of the PDAPS-based gel electrolyte
under low-temperature conditions, we measured its ionic conductivity
from 25 °C to —40 °C. As shown in Figs. S4 & S5, the electrolyte
maintained a high conductivity of 6.18 mS cm™! even at —40 °C,
demonstrating remarkably retained ion-transport capability in low-
temperature environments. Beyond bulk ionic conductivity, the Zn?*
transference number also critically reflected the contribution of cations
to charge transport. As shown in Figs. 3e & f and S6, the Zn?* trans-
ference number of the zwitterionic-functionalized gel electrolyte was as
high as 0.92, which was much higher than that of the pure PAM gel
electrolyte (0.43) and the PAM-based gel electrolyte with Gly addition
(0.56). This high 7Zn?" transference number close to a single ion channel
was essential for high-rate and long-life batteries. This once again
indirectly proved that DAPS can also immobilize anions from Zn salt and
widen the spacing between polymer chains. Furthermore, mean square
displacement (MSD) analysis further confirmed the enhanced Zn*

diffusivity. As shown in Fig. 3g, the zwitterionic-functionalized gel
electrolyte incorporating DAPS demonstrated a higher Zn?* diffusion
coefficient compared to the pure PAM gel electrolyte, which can be
attributed to the high-speed Zn%* transport pathways established
through the anion—cation interaction of the zwitterionic side chains in
DAPS.

After that, this work performed EIS on symmetric cells at various
temperatures and derived the de-solvation activation energy (E,). As
shown in Figs. 3h and S7, compared with the pure PAM gel electrolyte,
the zwitterionic-functionalized gel electrolyte incorporating DAPS
demonstrated a smaller de-solvation energy (E, = 22 kJ mol 1), indi-
cating that the Zn?* migration barrier at the electrode/electrolyte
interface was greatly weakened, enabling rapid and reversible Zn
deposition even at low temperature. The cyclic voltammetry curves of
Zn | Cu half cells further supported this conclusion, which is associated
with promoting the formation of large nuclei, resulting in fine-grained
dense zinc deposition. (Figs. 3i and S8) [38]. This lowered de-
solvation energy is attributed to the significant modification of the
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Zn?" solvation structure induced by the zwitterionic network. The
increased proportion of weakly-bound water molecules and the reduced
coordination number of Zn?" with Hz0 collectively weaken the Zn?*-
H-O0 interactions, thereby facilitating easier de-solvation at the interface.

2.3. Interface behavior analysis and SEI film

The charge storage in this work follows a hybrid mechanism result-
ing from the synergy between fast interfacial kinetics and bulk diffusion.
The high Zn®* transference number (0.92) and the low de-solvation
energy (22 kJ mol™1) enabled by the PDAPS electrolyte significantly
enhance the interfacial charge transfer kinetics. Simultaneously, the
continuous ion channels formed by the electrolyte, together with the
stable SEI layer on the anode side, ensure effective Zn>* transport. To
explore the advancement of such a zwitterionic-functionalized gel
electrolyte in stabilizing interface, this work first evaluated the self-
corrosion behavior. As shown in Fig. 4a, Tafel polarization measure-
ments revealed a positive shift in corrosion potential from —26 mV to 44
mV after introducing the DAPS, along with an order-of-magnitude
reduction in corrosion current density, indicating effective H,O immo-
bilization and improved interface stability [39]. According to previous
reports, the self-corrosion behavior and the hydrogen evolution reaction
occur simultaneously. Subsequently, this work analyzed the hydrogen
evolution potential of the zwitterionic-functionalized gel electrolyte
systems, which was shown in Fig. 4b. Introducing DAPS into the gel
electrolyte shifted the hydrogen-evolution overpotential markedly to

more negative values, indicating a suppressed hydrogen-evolution
reaction.

Furthermore, this work also explores the interface stability during
the electrochemical deposition process by in-situ impedance and cor-
responding DRT analysis [40]. As shown in Figs. 4c-e and S9, in-situ
impedance monitoring demonstrated that the zwitterionic-
functionalized gel electrolyte exhibited minimal impedance fluctua-
tion throughout Zn deposition process, with nearly overlapping Nyquist
curves. In contrast, the impedance arc of the pure PAM gel electrolyte
system and the gel electrolyte only with Gly addition continued to
expand, indicating progressive interfacial degradation. Further distri-
bution of relaxation times (DRT) analysis of the EIS data confirmed
outstanding interfacial stability for the zwitterionic-functionalized gel
electrolyte system: the position and intensity of relaxation peaks
remained almost unchanged through the whole testing process, signifi-
cantly outperforming the control group, once again demonstrating the
positive role of the copolymerization of DAPS in improving interface
stability. Correspondingly, the Zn nucleation and deposition behavior
was also investigated by chronoamperometry curves. As shown in
Fig. 4f, the response current in the pure PAM gel electrolyte increased
continuously, suggesting a constant two-dimensional diffusion mecha-
nism, thus lowering interfacial stability and resulting in irregular 3D Zn
deposition structure. In contrast, after adding Gly, a clear nucleation
platform appeared in the chronoamperometry curves, corresponding to
a stable three-dimensional diffusion, and subsequent copolymerization
of DAPS further sustained this three-dimensional diffusion behavior.
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after 50 cycles in the gel electrolytes; j & k) HRTEM image of SEI film formed in the gel electrolyte; 1 & m) XPS spectra of Zn metal anode after 50 cycles, S 2p (1); F
1s (m).

The enhanced diffusion not only effectively dissipated interfacial ion profiles reveal that pure PAM gel electrolyte with its loose network and
concentration gradients but also promoted the lateral and parallel Zn abundant polar groups, builds a thick electric-double layer near 0 V,
deposition, enabling high interfacial stability and dendrite-free Zn delivering the highest capacitance (3000 — 1100 pF cm™2) that drops
surface. steeply as the potential rises (PZC = 0.25 V). And after adding Gly into

At the same time, AC-voltammetry-derived differential capacitance the PAM gel electrolyte, it exhibits a denser framework and fewer
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adsorption sites, so its capacitance is roughly halved (1500 — 700 pF
cm~2) while retaining the same potential dependence. Further intro-
duction of zwitterions, it “locks” surface charges and confines ions
within micropores, rendering the surface nearly charge-neutral; conse-
quently, EDL thickness and ion adsorption become potential-
independent, producing the lowest capacitance (<700 uF cm™2) and a
wide-voltage, zero-net-charge character. This invariant interfacial
structure suppresses self-discharge and side reactions, enabling highly
stable cycling (Fig. 4g) [41]. In theory, DAPS exhibited higher
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adsorption energy on Zn (101) plane compared to Zn (002) plane, pro-
moting oriented deposition along the (002) plane, thereby synergisti-
cally enabling high interface stability and long-term cycling (Fig. 4h)
[421.

Following closely, the Zn metal anode after cycling was analyzed to
verify this fact. As shown in Fig. S10, compared to the pure PAM gel
electrolyte system and the gel electrolyte only with Gly addition, Zn
metal anode after cycling in the zwitterionic-functionalized gel elec-
trolyte demonstrated a strong Zn (002) crystal plane, consistent with
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theoretical analysis. Besides, the SEM images of Zn metal anode after
cycling also demonstrated a smooth deposition morphology was
observed when using the zwitterionic-functionalized gel electrolyte,
while the Zn surface after cycling in the control group was uneven with
many small protrusions and corrosion (Fig. 4i) [43]. To further visualize
the homogeneity of the SEI layer, EDS mapping was performed on the
cycled Zn anodes (Figs. S11-13). Furthermore, to assess the long-term
interfacial stability beyond 50 cycles, SEM characterization was per-
formed on zinc metal surfaces after 100 cycles. The ZF-PAM electrolyte
still maintained a smooth and uniform surface, further confirming the
sustained dendrite-suppressing capability and robust interfacial stability
afforded by the zwitterionic functionalization over extended cycling
(Fig. S14). Long-term cycling stability of Zn metal anode is further
attributed to a robust SEI, which was analyzed by TEM and XPS. As
shown in Fig. 4j & k, when cycling in the zwitterionic-functionalized gel
electrolyte, a compact and clearly visible SEI layer with a thickness of
~11.2 nm can be observed on the Zn surface. High-resolution TEM
images revealed distinct lattice fringes corresponding to ZnS, ZnF, and
ZnO, confirming the formation of a ZnFy-ZnS-rich interphase during
long-term electrochemical cycling. This can be attributed to the ability
of DAPS to immobilize anions from the Zn salt via its charged functional
groups, which increased the Zn?" transference number and promoted
the formation of a uniform and robust SEI layer. This was also consistent
with XPS results. As shown in Fig. 41 & m, the peaks at 162.0 eV and
684.8 eV can be attributed to ZnS and ZnF; components in the SEI film,
respectively. And the intensified signals for ZnS and ZnF, in the
zwitterionic-functionalized gel electrolyte systems confirmed the for-
mation of compact and robust SEI layer. This stable SEI layer promoted
highly reversible Zn plating/stripping and rapid Zn?" kinetics at low
temperature [44]. To further elucidate the spatial distribution of the SEI,
XPS depth profiling (Ar" sputtering) was conducted. As presented in
Fig. S15, the signal intensities of ZnF. (F 1s) and ZnS (S 2p) exhibit a
gradual increase with etching depth, revealing an inorganic-rich
gradient toward the inner interface. Ex-situ SEM of Zn anodes cycled
at —20 °C and —40 °C further confirmed dendrite suppression. The PAM
electrolyte showed large protrusions and cracks, whereas ZF-PAM
maintained a flat surface (Fig. S16), highlighting its effectiveness
under extreme cold.

2.4. Electrochemical performance and application

The Zn || Zn symmetric cells were first employed to explore the
electrochemical performance of gel electrolytes. As shown in Fig. 5a, the
symmetric cells using the zwitterionic-functionalized gel electrolyte
achieved stable cycling for over 2000 h at the current density of 1.0 mA
cm 2, whereas reference gel electrolyte systems fail within 1000 h due
to continuous interface side reactions and uncontrolled Zn dendrite
growth. Similarly, Zn | Cu half cells were also assembled to evaluate the
CE, which was shown in Fig. 5b. When using the pure PAM gel elec-
trolyte, the half cells failed after ~1000 cycles due to severe Zn dendrite
growth and unstable interface, while the CE in the zwitterionic-
functionalized gel electrolyte system can maintain stable over 1800
cycles, indicating high reversibility, which can be attributed the robust
SEI layer.

Then, this work assembled full cells with an NVO cathode and
analyzed their self-discharge behavior. As shown in Fig. S17, after 24 h
of open-circuit standing, the full cell using the zwitterionic-
functionalized gel electrolyte retained 95 % of its initial capacity,
significantly outperforming the pure PAM gel electrolyte and the gel
electrolyte only with Gly addition, which retained only 85 + 2 % and
exhibited noticeable voltage decay. Furthermore, under the
zwitterionic-functionalized gel electrolyte, full cells with NVO cathode
can also display a more outstanding rate performance, especially at high
current density, which can be attributed better Zn?* kinetics (Fig. S18).
For the cycling stability, the DAPS-based full cells delivered an initial
discharge capacity of 395 mAh g~! and maintained a high capacity
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retention of over 700 cycles (Fig. 5¢), much higher than that in the pure
PAM gel electrolyte and the gel electrolyte only with Gly addition, which
further proved the advancement of zwitterionic-functionalized gel
electrolyte in suppressing side reactions and energy dissipation. This
work further extended the evaluation to a Zn—I, battery system. As
shown in Fig. 5d, the full cells using the zwitterionic-functionalized gel
electrolyte cycled stably for 3000 cycles with a high capacity of 120
mAh ¢! at the current density of 0.5 A g™, indirectly illustrating its
high interface stability, but the capacity of full cells cycled in the pure
PAM gel electrolyte was as low as <60 mAh g~ *.

Futthermore, to verify the practical application of the zwitterionic-
functionalized gel electrolyte in low-temperature zinc-ion batteries,
symmetric cells were first tested at —20 °C. As shown in Fig. Se, the
DAPS-modified electrolyte supported stable Zn plating/stripping for
over 3000 h, far exceeding the pure PAM gel electrolyte. Even under a
more challenging condition of —40 °C, the cell still maintained stable
operation for 1500 h (Fig. S19), showing excellent application prospects.
However, the pure PAM gel electrolyte froze at —40 °C, causing the
battery to malfunction. And for full cells, a stable capacity of 90 mAh g~*
with prolonged cycling was observed when using the zwitterionic-
functionalized gel electrolyte, while the full cells cycling in the pure
PAM gel electrolyte showed a low discharge capacity and cycling life
(Fig. 5f). Even at —40 °C, the full cells paired with polyaniline cathode
can also provide a consistent discharge capacity around 70 mAh g ! and
continue operating over 800 cycles (Fig. 5g).

Based on the above results, the incorporation of DAPS facilitates the
formation of a uniform and robust SEI layer, enabling integrated im-
provements in capacity, CE, and cycle life across a broad temperature
range from —40 °C to room temperature, underscoring the considerable
promise of zwitterion-functionalized electrolytes for practical low-
temperature zinc-ion batteries.

3. Conclusion

In summary, this work have successfully developed a zwitterion-
functionalized gel electrolyte capable of modulating hydrogen
bonding networks and effectively confining free water molecules,
thereby depressing the freezing point below —40 °C. The copolymeri-
zation of DAPS not only significantly improves the gel electrolyte
toughness but widens the spacing between polymer chains, thereby
constructing rapid and stable Zn?" transport channel. Simultaneously,
this electrolyte facilitates the in situ formation of a uniform, robust SEI
film with a thickness of approximately 11.2 nm on the Zn anode surface.
The zwitterion-functionalized gel electrolyte maintains high interfacial
stability, regulates Zn?* migration and deposition behavior, and pro-
motes uniform zinc plating. As a result, it demonstrates excellent
compatibility with various cathode materials including NVO, I,, and
PANI. Notably, Zn—TI; full cells retain high capacity and stability over
3000 cycles at room temperature, and maintain remarkable perfor-
mance even at —40 °C. This work provides a feasible and versatile
molecular-scale design strategy for advanced gel electrolytes, signifi-
cantly promoting the application prospects of AZIBs under low
temperature.

4. Experimental section

Preparation of gel electrolytes. Firstly, we added 2.1 g of acrylic acid
amide (AM) monomer, 0.9 g of Glycine (GIY), 0.8 g of 3-[(3-Acrylamido-
propyl)dimethylammonio]propane-1-sulfonate (DAPS), 7.27 g of zinc
trifluoromethanesulfonate (Zn(OTf)5) to 10 mL of deionized water, and
stirred thoroughly until all components were completely dissolved to
form a clear solution. Next, we needed to prepare two solutions: one was
a 3.0 g/L crosslinking agent N,N'-methylenebisacrylamide (MBA) solu-
tion, and the other was a 20 g/L initiator ammonium persulfate (APS)
aqueous solution. The two solutions were added to the clarified solution
in proportions, with 700 pL each of MBA and APS, and poured into the
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mold after thorough mixing. After that, a polymerization reaction was
carried out on a hot plate at 70 °C to form a quasi-solid gel, we prepared
a pure gel electrolyte, which had the same preparation conditions, with
the only difference being that GIY and DAPS was not added. This work
also prepared a G-PAM gel electrolyte, which had the same preparation
conditions, with the only difference being that DAPS was not added.
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