
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 6
:5

6:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Unlocking ultra-
College of Materials Science and Engineering

China. E-mail: wanxj@szu.edu.cn

Cite this: Chem. Sci., 2025, 16, 19253

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd July 2025
Accepted 12th September 2025

DOI: 10.1039/d5sc05466d

rsc.li/chemical-science

© 2025 The Author(s). Published by
low temperature performance: an
anti-freezing, high-conductivity, biodegradable
hydrogel electrolyte for supercapacitors down to
−60 °C

Yibin Xing, Nannan Zhu, Ruixi He, Xiyao Wang, Renyang Han, Bing Du
and Xuejuan Wan *

Hydrogel electrolytes are highly regarded in supercapacitors for their intrinsic safety and mechanical

adaptability, but inevitable freezing at subzero temperatures leads to rapid deterioration of

electrochemical performance. To overcome this critical limitation, a freeze-resistant hydrogel electrolyte

(SCG-Zn) capable of operating at ultra-low temperatures is developed by integrating biodegradable

polysaccharides (sodium hyaluronate and carboxymethyl chitosan), glycerol, and zinc chloride. The

synergistic effect of intense chloride ion (Cl−) hydration and abundant hydrophilic groups (e.g., –OH, –

COOH, and –NH2) within the hydrogel electrolyte creates a strongly bound water network, significantly

suppressing ice crystallization and depressing the freezing point. This unique structure enables SCG-Zn

to maintain exceptional ionic conductivity (13.32 mS cm−1) even at −60 °C (35.75 mS cm−1 at 25 °C),

arising from its high density of zincophilic functional groups and the establishment of continuous Zn2+

ion conduction pathways. Supercapacitors assembled with SCG-Zn electrolyte demonstrate exceptional

cycling stability, retaining 97.6% capacity after 20 000 cycles at 25 °C. Impressively, even under the harsh

condition of −60 °C, facilitated by the sustained ionic conduction of SCG-Zn, a remarkably high-

capacity retention of 97.4% is achieved after 20 000 cycles. Furthermore, the assembled flexible devices

also exhibit stable performance under repeated mechanical deformations (bending and loading). This

work establishes a simple, sustainable but highly effective material for high-performance, reliable energy

storage devices capable of operating in extreme cold environments.
Introduction

Flexible supercapacitors stand out among energy storage
devices due to their high-power density, rapid charging/
discharging capabilities, long cycle life, and excellent exi-
bility, nding widespread applications in portable electronic
devices, medical equipment, and curved displays.1–5 Hydrogels,
owing to their superior exibility and interface compatibility,
have emerged as promising candidates for electrolytes in ex-
ible supercapacitors.6 However, hydrogel electrolytes contain
a signicant amount of free water, which inevitably freezes at
sub-zero temperatures.7,8 This signicantly reduces ion mobility
and the exibility of the hydrogel and even leads to device
failure. Conventional strategies to enhance the freeze resistance
of hydrogel electrolytes primarily involved additive engineering
and polymer network design. Additive engineering typically
employs hydrophilic polyols (e.g., glycerol and ethylene
glycol),9,10 polar organic solvents,11 ionic liquids,12 or high
, Shenzhen University, Shenzhen 518060,

the Royal Society of Chemistry
concentrations of salt13,14 as cryoprotectants to restrict the
mobility of free water and depress the freezing point. Chen et al.
developed an HC-SiO2 electrolyte using a high-concentration
dual-salt system (1 M Zn(OAc)2 and 21 M LiCl), and the
assembled devices demonstrate high capacity at −20 °C.15

Nevertheless, ionic conductivity in such systems typically
undergoes an order-of-magnitude reduction below −40 °C,
revealing application limitations at ultra-low temperatures.
Polymer network design mainly focuses on developing matrices
with strong hydrogen bond donors (e.g., –OH, –COOH, and –

NH2) to immobilize water molecules and inhibit ice crystal
nucleation, while simultaneously incorporating zincophilic
groups (–SO3H) to optimize Zn2+ transport pathways.16,17 Mo
et al. developed an EG-modied waPUA/PAM hydrogel electro-
lyte, in which intensive polymer–water hydrogen bonding
inhibits ice crystallization, enabling stable operation at low
temperatures down to −20 °C.18 However, concurrently
achieving high mechanical strength, low frost resistance
temperature and superior ionic conductivity also remains
challenging solely through hydrogel network design, with
operational temperatures rarely extending beyond −40 °C.
Chem. Sci., 2025, 16, 19253–19262 | 19253
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Additionally, it is worth noting that most reported hydrogel
electrolytes rely on non-biodegradable synthetic polymers,
posing persistent environmental risks. Developing biodegrad-
able alternatives from biomass-derived polymers (e.g., cellulose
derivatives, chitosan, sodium alginate, and agarose) represents
a promising strategy toward eco-friendly exible electro-
chemical energy storage devices.19,20 Zhu et al. engineered a low-
temperature self-healing hydrogel electrolyte via peach gum
and silk nanober, and the assembled supercapacitor main-
tains >90% capacity aer 15 000 cycles at −20 °C.21 However, its
low-temperature ionic conductivity is limited to 1.36 mS cm−1,
which strongly hinders its cold-environment applications. So
far, despite signicant advances in biomass-derived hydrogel
electrolytes,22,23 a critical challenge remains in concurrently
achieving ultrahigh freeze-resistant stability (operation below
−40 °C) and competitive low-temperature ionic conductivity.

To address ultra-low temperature operational challenges, we
developed an antifreeze biodegradable hydrogel electrolyte
Fig. 1 Schematic illustrations of (a) the SCG-Zn hydrogel electrolyte, its in
ion transport mechanism at −60 °C within the SCG-Zn hydrogel electro

19254 | Chem. Sci., 2025, 16, 19253–19262
comprising sodium hyaluronate (SH), carboxymethyl chitosan
(CMCS), glycerol and ZnCl2 (denoted as SCG-Zn) for exible
supercapacitors. The synergistic interaction between carboxyl-
rich biopolymers (SH/CMCS) and Zn2+ ions establishes
a robust cross-linked network, enhancing the mechanical
stability of the hydrogel electrolyte and simultaneously facili-
tating efficient zinc ion transport.24,25 The integration of glycerol
further improves the exibility and interfacial adhesion of the
hydrogel electrolyte, facilitating interfacial contact between the
electrolyte and electrodes. The high ZnCl2 loading endows it
with outstanding freeze resistance. Remarkably, super-
capacitors assembled with SCG-Zn exhibit exceptional cryo-
genic cycling stability, maintaining a high-capacity retention
rate of 97.4% aer 20 000 cycles at −60 °C. The supercapacitors
also maintain stable electrochemical performance and high
cycling stability during cyclic temperature variations from−60 °
C to 40 °C, demonstrating excellent long-term cycling stability.
The assembled exible supercapacitor operates stably under
termolecular interactions, and water confinement mechanism. (b) The
lyte.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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repeated mechanical deformation, demonstrating its viability
for energy storage in extreme environments.
Results and discussion

The SCG-Zn hydrogel electrolyte was fabricated using the
natural polysaccharides SH and CMCS, which self-assembled
into a dynamic network via electrostatic attraction and
hydrogen bonding (Fig. 1a and S1). To enhance the hydrogel
exibility, glycerol was incorporated, which simultaneously
increased the density of hydrophilic groups within the matrix.
Subsequent immersion in concentrated ZnCl2 solution induced
coordination crosslinking where Zn2+ ions bridged carboxyl
groups (–COOH) throughout the network. This dynamic dual-
network architecture, integrating hydrogen bonding, electro-
static interactions and coordination crosslinking, endows the
SCG-Zn hydrogel electrolyte with robust mechanical properties.
Furthermore, the abundant hydrophilic functional groups,
synergistically combined with the strong hydration capability of
chloride ions, collectively facilitate the conversion of free water
into bound water through hydrogen bonding and ion hydration
effects, signicantly enhancing the hydrogel's water retention
and freeze-resistance capacity. As illustrated in Fig. 1b, the high
Fig. 2 (a) FTIR spectra of SH, CMCS, SCG and SCG-Zn. (b–e) XPS spectra
of SH, CMCS, SCG and SCG-Zn. (g) Cross-sectional SEM image and (h) e
SCG-Zn (inset showing its optical photograph).

© 2025 The Author(s). Published by the Royal Society of Chemistry
density of zinc-affinity functional groups (e.g., –COO− and NH2)
within the SCG-Zn hydrogel establishes continuous ion-
hopping channels that enable rapid Zn2+ migration. Remark-
ably, the synergistic effects of its superior freeze resistance allow
efficient ion transport even at−60 °C, facilitating energy storage
device operation under ultra-low temperature environments.

The compositional and structural characteristics of the SCG-
Zn hydrogel electrolyte were further investigated. Fourier
transform infrared (FTIR) spectroscopy (Fig. 2a) conrmed the
critical functional groups of SH, including O–H stretching
(3263 cm−1) and asymmetric –COO− stretching (1602 cm−1),
while CMCS displayed N–H stretching (3290 cm−1) and asym-
metric –COO− stretching (1583 cm−1). Crucially, coordination
between Zn2+ ions and carboxylate groups was evidenced by
a blue shi in the asymmetric –COO− stretch from 1604 cm−1

(SCG) to 1621 cm−1 (SCG-Zn). X-ray photoelectron spectroscopy
(XPS) analysis further substantiated this coordination, revealing
a Zn 2p peak at 1023.56 eV (Fig. 2b) corresponding to Zn–O
bonds. High-resolution spectra (Fig. 2c–e) conrmed key
bonding environments: C 1s featured C–O/C–N (287.15 eV) and
O]C–O (288.82 eV); O 1s resolved into O]C (532.38 eV) and O–
C (533.93 eV); and N 1s comprised N–H (400.84 eV) and C–N
(402.88 eV) species. X-ray diffraction (XRD) analysis (Fig. 2f)
of the Zn 2p, C 1s, O 1s and N 1s of the SCG-Zn hydrogel. (f) XRD spectra
lemental distribution of SCG-Zn. (i) UV-vis transmittance spectrum of

Chem. Sci., 2025, 16, 19253–19262 | 19255
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revealed a broad amorphous halo at ∼10° for SCG-Zn, con-
rming a disordered polymer matrix without crystalline phases.
Scanning electron microscopy (SEM) images of the SCG-Zn
cross-section revealed an interconnected porous architecture
(Fig. 2g), directly facilitating rapid ion transport. Elemental
mapping veried homogeneous spatial distribution of carbon
(C), nitrogen (N), oxygen (O), and zinc (Zn) throughout the
hydrogel network, conrming compositional uniformity
(Fig. 2h). Moreover, SCG-Zn exhibited exceptional optical
transparency (>89.9% transmittance across the visible spec-
trum; Fig. 2i), enabling real-time observation of the electrolyte–
electrode interface during device assembly.
Fig. 3 SCG hydrogel electrolytes with ZnSO4 or ZnCl2: (a) freezing points
vibrations in Raman analysis showing H2O hydrogen-bonding states (str
ratio. (e) Water retention of SCG-Zn at 25 °C. (f) DFT-calculated H2O b
freezing mechanism. (h) Deformation tolerance (folding/twisting) at −60

19256 | Chem. Sci., 2025, 16, 19253–19262
The operational stability of supercapacitors at low tempera-
tures is critical for their widespread application, which is
intrinsically governed by the water retention capacity and anti-
freezing properties of hydrogel electrolytes. Fundamentally,
water freezing constitutes a phase transition from a disordered
liquid to an ordered crystalline state, mediated by hydrogen
bond (HB) reorganization. Strategic disruption of water's
hydrogen-bonding network via high-concentration salts can
effectively depress the freezing point, as validated by differential
scanning calorimetry (DSC) in Fig. 3a. The anti-freezing
behavior of SCG membranes immersed in 2 M ZnSO4 and
ZnCl2 (2–5 M) solutions revealed distinct responses. Compared
to ZnSO4-immersed counterparts, ZnCl2 systems exhibit lower
, (b) FTIR spectra (2800–3900 cm−1), (c) deconvoluted O–H stretching
ong/medium/weak), and (d) weak-to-strong hydrogen-bond intensity
inding energies with H2O, SH, glycerol, and ZnCl2. (g) Proposed anti-
°C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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freezing points, which progressively decrease with increasing
concentration. Critically, at a 5 M ZnCl2 concentration, the
absence of an ice-melting peak indicated the complete
suppression of ice formation, suggesting superior freeze resis-
tance. The freeze-resistant mechanism of SCG-Zn hydrogel
electrolyte was further characterized by various spectroscopic
analyses. FTIR spectra revealed a continuous blue shi of O–H
stretching vibration with increasing concentration of the elec-
trolyte salt (Fig. 3b), indicating reduced hydrogen-bonded water
clusters due to ionic solvation shell formation.26 Gaussian curve
tting of the 2800–3900 cm−1 region resolved the spectrum into
three components (Fig. S2a). The calculated peak areas
(Fig. S2b) showed an increase in the weak HB-associated area
with increasing ZnCl2 concentration, consistently exceeding
that of the 2 M ZnSO4 sample. To further elucidate HB evolu-
tion, the broad O–H stretching vibration peak (3000–3800 cm−1)
in Raman spectroscopy was also deconvoluted into three
distinct components: strong O–H stretching (∼3230 cm−1),
medium O–H stretching (∼3430 cm−1), and weak O–H stretch-
ing (∼3600 cm−1) (Fig. 3c). Gaussian tting quantied an
increasing trend in the weak-to-strong HB ratio (Iweak/Istrong)
with higher ZnCl2 concentration (Fig. 3d), surpassing that of the
2 M ZnSO4 system. This trend reects hierarchical HB recon-
struction, wherein chloride ions preferentially disrupt
tetrahedral/cyclic HB structures that template ice nucleation
(dominating at ∼3230 cm−1), leading to disordered, weaker
hydrogen bonds instead.27 Owing to the strong interactions
between system components and water molecules, the SCG-Zn
hydrogel electrolyte exhibits exceptional water retention capa-
bilities. Thermogravimetric analysis (TGA) in Fig. S2c reveals
a water content of 36.69% in SCG-Zn. At room temperature and
60–70% humidity, it retains 94.32% mass aer 15 days of
storage (Fig. 3e). Subsequent storage at 30–40% humidity led to
the reduction of mass retention to 80.27% aer one week;
however, re-exposure to higher humidity (60–70%) enabled its
rapid recovery to 96.45% of initial mass, demonstrating the
hydrogel's superior rehydration capacity. A further week of
storage maintained 93.15% water retention, attributed to
abundant hydrophilic functional groups within the electrolyte.
Binding energy (Ebinding) calculations provide a quantitative
measure of intermolecular interaction strength, where more
negative values indicate greater stabilization. In the SCG-Zn
hydrogel electrolyte, numerous water-binding components
with high negative Ebinding effectively suppress HB formation
and depress the freezing point by hindering water reorganiza-
tion into crystalline structures. As shown in Fig. 3f, the Ebinding
values for SH-H2O (−29.33 kJ mol−1), glycerol-H2O
(−21.68 kJ mol−1), and ZnCl2–H2O (−233.23 kJ mol−1) were all
lower than that for H2O–H2O (−18.25 kJ mol−1), conrming that
water molecules preferentially interact with SH, glycerol, and
ZnCl2 rather than self-associating. Notably, the signicantly
lower Ebinding of ZnCl2–H2O highlights its superior efficacy in
disrupting water–water HBs. These results collectively demon-
strate the exceptional anti-freezing performance of the SCG-Zn
hydrogel electrolyte: a synergistic effect between its hydro-
philic functional groups (–OH, –COO−, etc.) and the strong
electronegativity of chloride ions, which disrupts the inherent
© 2025 The Author(s). Published by the Royal Society of Chemistry
water HB network, thereby lowering the freezing point (Fig. 3g).
Direct observation of hydrogels immersed in different salt
solutions visually conrmed their anti-freezing capability
(Fig. 3h and S3). Even at −60 °C, the hydrogel electrolyte with
5 M ZnCl2 retained exibility and could withstand severe
deformation (folding/bending) (Fig. 3h), ascribed to the strong
hydration by Cl− ions that generates substantial unfrozen
bound water. In contrast, the ZnSO4-immersed hydrogel froze
at −60 °C.

Interestingly, without glycerol addition, the SC hydrogel
showed similar anti-freezing trends: its freezing point also
progressively decreased with increasing ZnCl2 concentration,
consistently outperforming the 2 M ZnSO4 system (Fig. S4a).
Consistent with the SCG system, the FTIR spectra of the SC
hydrogel exhibited continuous blue-shiing O–H vibrations
(Fig. S4b), while Gaussian tting conrmed steadily increasing
proportions of weak hydrogen bonds at higher ZnCl2 concen-
tration. Notably, this proportion remains lower than that in the
glycerol-containing SCG hydrogel (Fig. S4c–f). However, exces-
sive ZnCl2 concentrations can induce ion-pair aggregation in
the polymer matrix, leading to signicant conductivity degra-
dation (Fig. S5a–c) and reduced elasticity (Fig. S5d and e). To
balance low-temperature toughness with electrochemical and
mechanical performance, glycerol was introduced as a multi-
functional plasticizer. Its incorporation synergistically
enhanced chain mobility and facilitated ion transport,
achieving a peak conductivity of 35.75 mS cm−1 at 30 wt%
glycerol (Fig. S6a–c). Mechanical characterization conrmed
that this formulation optimizes the synergy between exibility
and strength, achieving exceptional elongation (207.4 kPa)
without sacricing tensile strength (the modulus is 858.7 Pa)
(Fig. S6d). These results indicated that the high-concentration
salt played the dominant role in imparting freeze resistance,
while glycerol served a benecial role by improving the exi-
bility of the hydrogel electrolyte.

The inherent self-adhesive property of the hydrogel electro-
lyte enables intimate interfacial coupling with electrodes, an
essential requirement for minimizing interfacial impedance
under mechanical deformation and maintaining electro-
chemical stability. As shown in Fig. 4a, the SCG-Zn hydrogel
electrolyte exhibited effective adhesion to diverse substrates,
including metal foils (zinc, copper, steel, and titanium), paper,
and a leaf. Notably, a hydrogel layer sandwiched between two
paper sheets (adhesion area: 3 × 1 cm2) could sustain a 200 g
weight. Quantitative tensile tests (Fig. 4b) revealed that the
adhesion strengths of the SCG-Zn hydrogel were 18.5 kPa (zinc
foil), 14.7 kPa (copper foil), 23.4 kPa (steel foil), 24.4 kPa (tita-
nium foil), and 36.8 kPa (paper), respectively (Fig. 4c),
surpassing previously reported biomass-derived hydrogel elec-
trolytes (Fig. 4d).7,28–31 This exceptional adhesion originates
from multiple dynamic interfacial interactions, such as
hydrogen bonding and metal–ligand coordination (Fig. 4e). The
SCG-Zn hydrogel maintains adhesion capacity even at −60 °C,
ensuring reliable interfacial contact for stable supercapacitor
operation under extreme conditions (Fig. S7). Optical micros-
copy conrmed that the SCG-Zn hydrogel electrolyte main-
tained rm adhesion to the electrodes without delamination,
Chem. Sci., 2025, 16, 19253–19262 | 19257
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Fig. 4 Adhesion demonstration of SCG-Zn: (a) bonding to diverse substrates and the weight-bearing capacity (200 g) between two paper
substrates, (b) diagram of the adhesion testing device, (c) adhesive strength on different substrates, (d) comparative adhesive strength versus
reported hydrogels, and (e) proposed adhesion mechanism. (f) Optical observations for the electrode–hydrogel interface. (g) Schematic for the
flexible supercapacitor. Electrochemical performance under deformation: (h) EIS plots, (i) CV curves (40 mV s−1), (j) GCD profiles (0.5 A g−1), and
(k) cycling stability under different deformation/recovery cycles. (l) Capacitance retention under continuous bending. Powering an electronic
watch by the flexible supercapacitor: (m) under various mechanical stimuli and (n) 200 min continuous power delivery.
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even during bending (Fig. 4f). To further evaluate practical
reliability, a exible supercapacitor was assembled by sand-
wiching the SCG-Zn electrolyte between two carbon cloth elec-
trodes (AC@CC), as depicted in Fig. 4g. The electrochemical
performance of the exible supercapacitor remained stable
under various mechanical stimuli (100 g weight loading and
90°/180° bending) and subsequent recovery. Nearly overlapping
19258 | Chem. Sci., 2025, 16, 19253–19262
electrochemical impedance spectroscopy (EIS) curves indicated
minimal internal resistance changes during loading or bending
(Fig. 4h). Both cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) curves of the exible supercapacitor
(Fig. 4i–j) exhibited negligible shape distortion, reecting
excellent mechanical stability. The deformation/recovery cycles
of the exible supercapacitor in Fig. 4k showed no signicant
© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacitance loss, suggesting that the hydrogel electrolyte
possesses favorable mechanical robustness, adhesion, and ion
transport kinetics, which led to the superior electrochemical
stability and mechanical adaptability of the device. The exible
supercapacitor retained 92.4% of its initial capacitance aer 10
bending cycles (Fig. 4l) and could reliably power an electronic
watch under various mechanical stimuli (Fig. 4m). A fully
charged exible supercapacitor could power an electronic timer
for over 200 minutes (Fig. 4n).

Quasi-solid-state supercapacitors were fabricated by sand-
wiching the SCG-Zn hydrogel electrolyte between two activated
carbon (AC) electrodes, and their electrochemical performance
was evaluated. CV curves measured in various voltage windows
and at different scan rates are shown in Fig. S8 and 5a,
respectively. At a scan rate of 40 mV s−1, the CV curves exhibited
quasi-rectangular shapes within voltage windows ranging from
Fig. 5 Electrochemical performance of SCG-Zn based coin supercap
temperatures, (c) ionic conductivity in comparison with reported hydroge
temperatures. GCD curves at various current densities: (f) 25 °C and (g)−6
25 °C and (j)−60 °C. (k) Specific capacitance after thermal cycling (40 to−
freezing tolerance, cycling performance, and biodegradability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
0–0.8 V to 0–1.4 V, indicating ideal electric double-layer capac-
itive behavior and rapid charge/discharge kinetics. A noticeable
tailing extension was observed beyond 1.2 V, necessitating a 0–
1.2 V window for subsequent electrochemical characterization.
Furthermore, the CV proles retained their quasi-rectangular
shape even at high scan rates ranging from 20 mV s−1 to
300 mV s−1, demonstrating exceptional rate stability. The
electrochemical performance of the supercapacitor was
systematically assessed across an extended temperature range
(−60 °C to 80 °C) to evaluate its cryogenic resilience. EIS results
of the SCG-Zn hydrogel electrolyte (Fig. 5b and S9) revealed
gradually increasing resistance with decreasing temperature.
The insets in Fig. 5b and S10 directly illustrate the correlation
between the ionic conductivity of SCG-Zn and temperature. The
ionic conductivity increased from 13.32 mS cm−1 at −60 °C to
40.38 mS cm−1 at 40 °C, surpassing most reported hydrogel
acitors: (a) CV curves at varied scan rates, (b) EIS plots at different
ls, (d) CV curves (40 mV s−1) and (e) GCD curves (0.5 A g−1) at different
0 °C. (h) Ragone plot comparison. Cycling performance at 0.5 A g−1: (i)
60 °C) following 20 000 cycles at−60 °C. (l) Performance comparison:

Chem. Sci., 2025, 16, 19253–19262 | 19259
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electrolytes (Fig. 5c), especially under cryogenic
conditions.14,16,17,23,32–36 Furthermore, EIS measurements con-
ducted aer 14 days of exposure to ambient conditions revealed
a marginal increase in internal resistance of only 0.23 U

(Fig. S11a), while the ionic conductivity retained 65.88% of its
initial value (Fig. S11b). Fig. 5d presents the CV curves of the
supercapacitor at various temperatures. The reduced curve area
under cryogenic conditions maintained a quasi-rectangular
shape, demonstrating exceptional electrochemical stability at
extreme temperatures. Correspondingly, GCD curves measured
at 0.5 A g−1 across temperature gradients exhibited symmetrical
triangular proles (Fig. 5e), conrming highly reversible charge/
discharge behavior at low temperatures.

Additionally, GCD measurements were performed across
varying current densities at 25 °C, −30 °C, and −60 °C. As
shown in Fig. 5f–g and S12, the GCD curves exhibited near-
identical overlap with stable recovery of specic capacitance
to the initial value (Fig. S13) aer cycling the current density
from 0.2 A g−1 to 2 A g−1 and returning to 0.2 A g−1, demon-
strating exceptional cryogenic resilience and rate performance.
The supercapacitor delivered an energy density of 5.25 Wh kg−1

at a power density of 150 W kg−1 (25 °C, 0.5 A g−1), surpassing
most reported hydrogel-electrolyte-based supercapacitors
(Fig. 5h).10,21,37–42 Remarkably, it maintained high energy
densities under extreme temperatures: 2.67 Wh kg−1 at −30 °C
and 1.63 Wh kg−1 at −60 °C (both at 150 W kg−1) (Fig. S14).
Moreover, the supercapacitor exhibited outstanding cycling
stability under extremely cold conditions, retaining 97.6%
capacitance with near 100% coulombic efficiency aer 20 000
cycles at 25 °C, 98.15% aer 20 000 cycles at −30 °C, and criti-
cally, 97.4% aer 20 000 cycles at −60 °C (Fig. 5i–j, and S15).
Effective interfacial contact between the hydrogel electrolyte
and electrodes minimized interfacial resistance growth, result-
ing in low voltage drops of 0.02 V at 25 °C, 0.09–0.13 V at−30 °C
and 0.12–0.14 V at −60 °C aer prolonged cycling (Fig. S16). To
further assess cryogenic tolerance and cycling stability, the
device rst underwent 20 000 cycles at −60 °C, followed by
thermal cycling between−60 °C and 40 °C (Fig. 5k). The specic
capacitance exhibited stable recovery during repeated thermal
cycling, highlighting superior cryogenic endurance and opera-
tional durability. Overall, the supercapacitor assembled with
SCG-Zn achieves a signicant breakthrough in critical perfor-
mance metrics: cryogenic tolerance down to −60 °C, extended
cycle life, and high capacitance retention. Meanwhile, SCG-Zn
exhibited biodegradability and underwent nearly complete
degradation (>95% mass loss) aer 55 days of soil burial
(Fig. S17). Further evidence of degradation occurring within the
soil was demonstrated through tensile testing (Fig. S18). This
exceptional performance signicantly surpasses that of most
reported hydrogel-based exible supercapacitors (Fig. 5l),14,43–45

positioning the device as a highly promising candidate for
practical applications in extreme environments.

Conclusions

In summary, a biomass-derived hydrogel electrolyte (SCG-Zn)
with exceptional cryogenic tolerance was successfully prepared
19260 | Chem. Sci., 2025, 16, 19253–19262
via a straightforward method. Synergistic ionic coordination
coupled with a dense hydrogen-bonding network endowed SCG-
Zn with robust mechanical properties (a tensile strength of 200
kPa), favorable interfacial adhesion (36.8 kPa), superior water
retention ($35 days with 93.15% retention), and rapid zinc-ion
transport capability (an ionic conductivity of 35.75 mS cm−1 at
25 °C). Particularly noteworthy was its outstanding freeze
resistance, maintaining exibility and high ionic conductivity
(13.32 mS cm−1) even at −60 °C. The assembled supercapacitor
demonstrated a high-power density (150 W kg−1) and energy
density (5.25 Wh kg−1) at 0.5 A g−1, along with excellent cycling
stability (retaining 97.6% capacitance aer 20 000 cycles).
Remarkably, an exceptional capacitance retention of 97.4% was
maintained aer 20 000 cycles at an extremely low temperature
of−60 °C. Furthermore, this exible supercapacitor maintained
stable electrochemical performance under various mechanical
stimuli (e.g., bending and weight-bearing). Overall, the devel-
oped freeze-resistant, biomass-derived hydrogel electrolyte
presented a promising strategy for exible energy storage
devices operating in extreme environments.
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