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Flexible zinc-ion batteries (FZIBs) have been acknowledged as a potential cornerstone for the future
development of flexible energy storage, yet conventional FZIBs still encounter challenges, particularly
concerning performance failure at low temperatures. To address these challenges, a novel anti-freezing
leather gel electrolyte (AFLGE-30) is designed, incorporating ethanol as a hydrogen bonding acceptor. The
AFLGE-30 demonstrates exceptional frost resistance while maintaining favorable flexibility even at —30°C;

Keywords: accordingly, the battery can achieve a high specific capacity of about 70 mAh/g. Cu//Zn battery exhibits
Flexible zinc ion batteries remarkable stability at room temperature, retaining ~96% efficiency after 120 plating/stripping cycles at
Leather 1mA/cm?. Concurrently, the Zn//Zn symmetric batteries demonstrate a lifespan of 4100h at room tem-

Gel electrolyte
Hydrogen bonding acceptor

perature, which is attributed to the enhancement of Zn?* deposition kinetics, restraining the formation of
zinc dendrites. Furthermore, FZIBs exhibit minimal capacity loss even after bending, impacting, or burn-

ing. This work provides a promising strategy for designing low-temperature-resistant FZIBs.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of smart clothing, implantable
medical devices, artificial electronic skin, and other flexible wear-
able electronic devices, the demand for energy storage devices
is escalating [1,2]. Flexible zinc-ion batteries (FZIBs) are regarded
as promising energy storage solutions, propelling the progress of
emerging wearable electronic devices owing to their low redox
potential (—0.76V), substantial theoretical specific capacity (820
mAh/g), enhanced safety, and cost-effectiveness [3-6]. However,
FZIBs based on conventional liquid electrolytes may suffer from
electrolyte leakage, leading to rapid device failure [7,8]. Quasi-solid
gel electrolytes, characterized by a distinctive three-dimensional
(3D) network structure and excellent flexibility, have proven to be
a suitable electrolyte choice for FZIBs [9-12]. In nature, the skin of
many plants and animals, including cow leather, can resist dam-
age from low temperatures [13]. A large number of collagen fibers
in cow leather intertwine with each other to form collagen fiber
clusters, giving it good mechanical strength [14]. In addition, cow
leather possesses good ionic transport properties, making it an ex-
cellent material for quasi-solid gel electrolytes [15-17].
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However, a significant challenge for FZIBs lies in the electrolyte
freezing at low temperatures, leading to reduced ionic transport
and destabilization of zinc metal through dendrite growth [18].
The freezing process of water involves organizing disordered wa-
ter molecules into an ordered lattice of ice crystals through in-
termolecular hydrogen bonding (H-) [19,20]. Accordingly, breaking
these hydrogen bonds is key to lowering the freezing point of
the hydrogel electrolyte [21]. In addition, zinc nucleation in the
electrolyte will trigger substantial dendrite growth. The cycling-
induced reduction of H* results in the production of hydrogen
gas, accompanied by the formation of the insoluble by-product
Zn4S04(0OH)g-xH,0. This process leads to the deactivation of the
zinc surface and hinders its embedding/de-embedding [22,23].
Thus, it is still crucial to optimize the interface between the gel
electrolyte and the zinc anode to inhibit the formation of zinc den-
drites [24].

Various strategies have been tried to solve the problem of elec-
trolyte icing, including the formation of highly concentrated elec-
trolytes, the introduction of ionic liquids, and the utilization of or-
ganic additives [25-27]. For example, dimethyl sulfoxide (DMSO),
acetonitrile (AN), and glycerol (GI) have been used as organic ad-
ditives to formulate co-solvents with H,O in order to lower the
freezing point of electrolytes [28-30]. Researchers used ethylene
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glycol (EG) as an organic additive to effectively enhance the hy-
drogen bonding with H,0 and weaken the solubilization of Zn2+
with H,0, thus lowering the freezing point of the solution [31,32].
Huang et al. designed a functional 3D network hydrogel electrolyte
(PDC-20) lined with hydrogen bonding receptors, which improved
the mechanical properties of the hydrogel electrolyte while low-
ering the freezing point due to breaking the hydrogen bonds in
H,0 [20]. Despite significant progress, the low-temperature per-
formance of zinc batteries is still far from satisfactory. However,
compared with this type of organic solvent, ethanol has a lower
freezing point, which is —114.2°C. In addition, viscous antifreezes
such as glycerol have high density, high viscosity, and poor fluid-
ity, which can easily lead to low ion transmission rates of elec-
trolytes when used as antifreezes [33,34]. As we know, ethanol, as
a non-polar solvent, can form strong hydrogen bonds with H,O,
destroying the original hydrogen bonding structure between water
molecules. So far, there is limited research on the modulation of
low-temperature resistance of hydrogel electrolytes using ethanol
in ZIBs. Moreover, the effect of ethanol on the mechanical proper-
ties of hydrogel electrolytes and hydrogel solvation has not been
systematically studied.

Here, we prepared an anti-freezing leather gel electrolyte
(AFLGE) consisting of leather fibers, Zn(OTF), solution and ethanol
(EtOH). AFLGE exhibits robust mechanical characteristics while
demonstrating superior electrochemical performance at —30°C
compared to traditional aqueous electrolytes. The leather gel, em-
ployed as the matrix material in AFLGE, exhibits commendable
mechanical properties and a substantial presence of hydrophilic
groups, including hydroxyl and carboxyl groups. This composition
is advantageous for augmenting the H,O content of the electrolyte
and enhancing its tolerance to electrolyte salts. Ternary hydrogen
bonding (HB) interactions between the hydrogen bonding acceptor
EtOH, H,0, and polymer chains are observed to decrease the ac-
tivity of H,O, effectively lowering the freezing point of the AFLGE.
Furthermore, EtOH molecules play a role in the solvation structure
of Zn2* prior to H,0, contributing to the optimization of Zn+ de-
position kinetics and the inhibition of dendrite growth and side re-
actions of Zn. The Cu//Zn battery utilizing anti-freezing leather gel
electrolyte-30% (AFLGE-30) demonstrates remarkable stability, re-
taining approximately 96% efficiency after 120 plating/stripping cy-
cles at 1 mA/cm?2. Moreover, the Zn//Zn symmetric battery exhibits
an extended operational life of up to 4100 h. The FZIBs assembled
with AFLGE-30 demonstrate the capability to sustain a specific ca-
pacity of 70 mAh/g at a current density of 100 mA/g, even un-
der low-temperature conditions of —30°C. Additionally, FZIB sys-
tems exhibit negligible capacity loss even after undergoing bend-
ing, pounding, and burning, demonstrating resilience under harsh
conditions.

The preparation process of AFLGE-30 is illustrated in Fig. 1a.
The leather, produced through a tanning process, retains its col-
lagen fiber structure in the raw cowhide, enhancing collagen fiber
dispersion and porosity. The simulated effects of ethanol addition
on the molecules and ions within the Zn(OTF), solution are illus-
trated in Fig. 1b. Ethanol molecules replace water molecules and
anions around zinc ions in the solution, thus weakening the inter-
action between zinc ions and water molecules. Moreover, ethanol’s
freezing point of —114.2°C in the standard state indicates better
freezing resistance (Fig. S1 in Supporting information), thereby af-
fecting the physical and chemical properties of the solution.

AFLGE-30 remains flexible when twisted in the temperature
range of 25°C to —40°C, and the liquid electrolyte containing 30%
EtOH shows no signs of icing (Fig. 1c). Scanning electron mi-
croscopy (SEM) image reveals that AFLGE-30 has a unique pore
structure that facilitates the accommodation and transport of ions,
possibly due to the increased porosity and the relaxation of inter-
collagen binding that occur after the gelation process (Fig. 1d).
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Fig. 1. (a) Fabrication procedure for AFLGE-30 gel electrolyte. (b) Simulation study
on the molecular and ionic effects of ethanol addition in Zn(OTF), solution. (c)
Physicochemical characteristics of AFLGE-30 gel electrolyte and liquid electrolyte
with 30% EtOH added in the temperature range from 25 °C to —40°C. (d) SEM image
of AFLGE-30 gel electrolyte.

It is noteworthy that, the characteristic Fourier transform infrared
peaks of the gelatinized leather are similar to those of the chrome-
tanned leather (S2), which indicates that no damage to its func-
tional groups after gelatinization [35,36].

Due to the large number of complex groups in leather, a liq-
uid solution is used as the electrolyte for testing to prevent any
interference from the leather with the test results. Co-solvents
with diverse concentrations are generated by adjusting the ratio
of electrolyte to ethanol, leading to corresponding modifications in
both physical and chemical properties. The co-solvents with 0%,
10%, 15%, 20%, 25%, and 30% ethanol content were named AFE-0,
AFE-10, AFE-15, AFE-20, AFE-25, and AFE-30, respectively. To eluci-
date the interaction of ethanol in antifreeze gel electrolytes, Raman
and 'H nuclear magnetic resonance tests are performed on elec-
trolytes containing -H and -OH groups. Figs. 2a and b show the
Raman spectra of mixed electrolytes with different ethanol ratios.
A unique -OH stretching vibration peak is shown at approximately
3400 cm~!, blue-shifting with increasing ethanol content, likely
due to the formation of a more stable hydrogen bonding group be-
tween -OH in ethanol and -H in water [37]. This result is similar to
the Raman characteristic curve in the H,0-ethanol co-solvent sys-
tem (Fig. S3 in Supporting information). To further confirm hydro-
gen bond formation and vibrational shifts resulting from solvation
between Zn?* and ethanol, NMR detection is employed. With an
increase in ethanol content, a downfield shift in the chemical shift
of the proton is observed, which signifies a reduction in the elec-
tron cloud density around H, resulting in an enhanced deshield-
ing effect and increased propensity for hydrogen bond formation
(Fig. 2c). Similarly, the "H NMR curve of the co-solvent compris-
ing H,O and ethanol (Fig. S4 in Supporting information) reveals
a lower field shift in the chemical shift of the proton. Further-
more, the hydrogen bond contents of antifreeze gel electrolytes
AFLGE-15, AFLGE-20, AFLGE-25, and AFLGE-30 are assessed using
nuclear magnetic resonance (Fig. 2d). Wherein, AFLGE-15, AFLGE-
20, AFLGE-25, and AFLGE-30 refer to leather gel electrolytes with
15%, 20%, 25%, and 30% ethanol content, respectively. The find-
ings indicate that, similar to the earlier conclusion, an increase in
ethanol content corresponds to a shift towards a lower field in the
nuclear magnetic resonance curve of the antifreeze gel electrolyte.
The freezing point of the antifreeze gel electrolyte is also tested
by differential scanning calorimetry in order to further demon-
strate the performance of AFLGE-30 gel electrolyte at low temper-
atures (Fig. 2e). No freezing occurs in AFLGE-30 in the temperature
range of —70~25°C, while a change in the composition of the elec-
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Fig. 2. (a) Raman curves (b) -OH stretching vibrational peaks of electrolytes containing different proportions of ethanol. 'H nuclear magnetic resonance spectra of (c) liquid
electrolytes and (d) gel electrolytes with different ethanol additions. (e) DSC curves of AFLGE-20 and AFLGE-30. (f) Ionic conductivity at —30°C for gel electrolytes with
different ethanol contents. (g) XRD curves of zinc foils after immersion in AFE-30 electrolyte for seven days. (h) The corrosion potential of the electrolyte is evaluated in

AFLGE-30 electrolyte utilizing a three-electrode system.

trolyte may lead to a gradual increase in the radius of the dissolved
structure of Zn2*, which may result in a higher ionic conductivity
than that of a leather gel electrolyte with an ethanol content of
10%—25% (Fig. 2f) [20,38,39].

To investigate the performance of the AFE-30 solution in pro-
tecting the zinc anode, zinc foil is analysed by X-ray diffraction af-
ter being immersed in AFE-30 electrolyte for seven days (Fig. 2g).
Two additional diffraction peaks are observed in the zinc foil post-
immersion as compared to the zinc foil pre-immersion in region b
which indicates the development of a passivation layer on its sur-
face. In a three-electrode system, linear polarization tests are con-
ducted to investigate the corrosion behavior of zinc foil in various
electrolytes. Notably, the corrosion potential of zinc in the AFE-30
solution exhibits a significant increase and the corrosion current
density is lower (Fig. 2h). These observations highlight the effec-
tiveness of the AFE-30 solution in decelerating the corrosion rate
of zinc foil within the electrolyte. The consistency of these results
with our earlier XRD tests reinforces the reliability of the findings.

The deposition behaviors of zinc ions in AFE-0 solution and
AFE-30 solution under high current density (10.0 mA/cm?) are ob-
served through in situ optical microscopy (Fig. 3a). After 20 min, a
clear shadow appears on the surface of the zinc foil, which indi-
cates the formation of zinc dendrites. The zinc dendrites will grow
and aggregate over time, potentially penetrating the separator and
causing a short circuit in the battery. In contrast, no noticeable zinc
dendrites are observed on the surface of zinc even after 60 min of
deposition in the AFE-30 solution. The uniform deposition of zinc
in the AFE-30 solution, which impedes the growth of zinc den-
drites, signifies an effective enhancement in the protective capa-
bility of the zinc anode within the battery.

Zinc dendrites and passivation layers are formed during charg-
ing and discharging and are aggregated in a spherical shape [40].
Subsequently, coin batteries are used to demonstrate that AFLGE-
30 has a better protective effect on the zinc electrodes than that
based on the liquid electrolyte. After 20 cycles at a current den-
sity of 2mA/cm?, no discernible zinc dendrites are observed on
the surface of the zinc foil, and the passivation layer has not yet
fully developed (Fig. S5a in Supporting information). After 50 cy-
cles (Fig. S5b in Supporting information), the number of spherical
dendrites increases, with a small number of dendrites also present
on the collagen fibers. As the number of circulating laps increases,
the number of residual collagen fibers and the tendency of den-
drite growth on collagen fibers increase as well (Fig. S5c in Sup-
porting information). Fig. 3b shows a typical SEM image of zinc

electrode after the Zn stripping/plating at 2 mA/cm?2 for 200 cycles,
where the dendrites basically grow on the collagen fibers, whereas
the passivation layer on the surface of the zinc foil is relatively
smooth. This indicates that collagen fibers gradually become an
important growth point for dendrites [41].

The passivation layer appears on the surface of the Zn anode
using AFLGE-30 (Fig. S6a in Supporting information). After 200 cy-
cles, the passivation layer on the Zn anode still behaves smoothly,
and no dendrites (leather fibers in the form of threads) are formed
on the surface (Fig. 3c). In contrast, the zinc anode with AFE-0
solution loses its metallic luster on the surface after 20 cycles,
and the zinc dendrites aggregate from the periphery to the cen-
ter and become tightly bound to the surface of the zinc foil af-
ter 200 cycles (Fig. S6 in Supporting information) [42]. Cu//Zn coin
battery is assembled to evaluate the reversibility of electroplat-
ing/stripping of Zn?t to be around 96% after 120 cycles at a cur-
rent density of 1mA/cm? (Fig. 3d). The capacity-voltage curves in
the 10, 50t and 100" cycles are selected to further observe the
capacity-voltage of the battery (Fig. 3e). It is observed that the
voltage difference of the FZIB using AFLGE-30 remains small after
a long cycling period, demonstrating the excellent plating/stripping
reversibility of zinc with the AFLGE-30. To demonstrate the long-
cycle performance of the AFLGE-30, the Zn//Zn symmetric batteries
assembled with AFE-30 and AFLGE-30 are subjected to constant-
current charge/discharge tests at a current density of 1mA/cm?
(Fig. 3f). Table S1 (Supporting information) shows a comparison of
the plating stripping life of Zn//Zn symmetric batteries assembled
with AFLGE-30 and other electrolytes [43-47]. Compared to most
of the reported electrolytes, AFLGE-30 exhibits an excellent elec-
troplating stripping life of 4100h at 1 mA/cm?2. However, while the
symmetric battery using AFLGE-30 has a longer life, it has a larger
voltage hysteresis compared to using glass fiber as a diaphragm,
which may be caused by the much lower ionic conductivity of the
AFLGE-30 than that of the liquid electrolyte. Moreover, the AFLGE-
30 is much thicker (1.6 mm) than glass fiber (0.2 mm), likely re-
sulting in a symmetric battery with a larger voltage hysteresis and
greater resistance (Fig. S7 in Supporting information).

Subsequently, full batteries are assembled using FeV30qg as the
cathode material to further evaluate the electrochemical perfor-
mance of AFLGE-30. EIS testing of coin batteries using AFLGE-15,
20, 25 and 30 are conducted at —30°C to validate the effective-
ness of the AFLGE-30 at low-temperature. The AFLGE-30 battery
exhibits the smallest charge transfer resistance (Fig. 4a). However,
the ion mobility in the gel electrolyte decreases with the rise in
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ethanol content at room temperature, which may be due to the
lower dielectric constant (79.99 F/m for water and 25.02 F/m for
ethanol at 20°C) [48] and higher viscosity of ethanol (1.0 cP for
water and 1.2 cP for ethanol at 20°C) [49], contributing to an el-
evation in the resistance of the leather gel electrolyte (Fig. S8 in
Supporting information). The charge/discharge performance of the
FZIB using AFLGE-20, AFLGE-25, and AFLGE-30 at —30°C are em-
phasized in Fig. 4b. The FZIB exhibits a superior specific capacity
when using AFLGE-30, which is almost twice as much as when us-
ing AFLGE-20. The CV curve of the FZIB using AFLGE-30 shows the
typical shape of a zinc-ion battery, with the same trend of the ox-
idation peak and reduction peak of the coin battery using AFE-30
(Fig. 4c). Subsequently, the rate capability of the FZIB using AFLGE-
30 at —30°C is tested in the range of 0.1, 0.2, 0.3, 0.4, 0.5 and 0.1
Alg, and the specific capacities of the battery cycled to the 10t
turn at each current density is 68.9, 37.4, 25.7, 15.8, 15.4, and 59.1
mAh/g, respectively (Fig. 4d). The specific capacity retention back
to 0.1 A/g of the FZIB using AFLGE-30 can reach an excellent 85.8%
compared to the initial capacity at the same current density. In
addition, the battery shows more stable rate capability at —20°C,
and the specific capacity retention back to 0.1 A/g can reach 91.3%
of the initial cycling at the same current density (Fig. S9 in Sup-
porting information). Following this, continuous cycling tests are
performed using one battery at 0.1 A/g in the range of 50°C to
—30°C (Fig. 4e). As the temperature decreases, the specific capacity
of the battery decreases which is similar to the decay of long cy-
cling (Fig. 4f). Notably, the specific capacity of FZIB using AFLGE-30
is retained at only about 60% after 100 cycles at 50 °C, possibly be-
cause the layered structure of vanadium-based materials tends to
collapse at higher temperatures. On the contrary, the long cycling
stability of FZIB using AFLGE-30 is maintained at almost 100% at
low temperatures (—20°C, —30°C). The enhanced suitability of the
FZIB using the AFLGE-30 system at low temperatures is further il-
lustrated.

Flexible batteries, which are core components in wearable elec-
tronic devices, may undergo a variety of complex stresses such
as bending, twisting, and compression during use, impacting their
structure and stability performance. It is conducive to improving
their reliability and stability in practical applications in flexible
electronic devices if the anti-destructive capacity of flexible zinc
ion batteries is improved. FZIB using AFLGE-30 shows excellent
flexibility in the bendability test, maintaining. 85.29% of its initial
capacity after being bent for 500 times (Fig. 5a). In particular, even
at fixed angles of 0°, 45°, 90°, 135°, and 180°, it retains over 92.12%
of its initial capacity (Fig. 5b).

Moreover, the battery exhibits resilience against impacts, main-
taining high capacity even under pressure and whacks compared
to the original battery (Fig. 5c and Fig. S10 in Supporting informa-
tion). The FZIB using AFLGE-30 can still light up the LED screen,
even under continuous high pressure (Fig. S11 in Supporting in-
formation). It should be noted that polyimide film is used as the
encapsulation material in the battery to avoid the flammability of
AFLGE-30 due to the presence of ethanol. The flame retardancy of
FZIB using AFLGE-30 is verified by placing it on an alcohol lamp
for interval burning tests lasting 30s, and the capacity loss is not
significant (Fig. 5d).

In this work, a novel AFLGE-30 is successfully proposed. The
high ionic conductivity and good mechanical properties of the gel
electrolyte are achieved by utilizing bovine leather as the elec-
trolyte matrix. The freezing point of the electrolyte is lowered
by employing ethanol as a hydrogen bonding receptor in the hy-
drogel. At the same time, the desolventization ability of Zn%* is
weakened due to the modulation of the zinc anode passivation
layer by introducing ethanol, resulting in a significant increase in
the plating/stripping reversibility of Zn. The Zn//Zn symmetric bat-
tery life is up to 4100h at room temperature. Even at low tem-
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Fig. 5. Electrochemical properties of the FZIB using AFLGE-30 under different dam-
ages: (a) Repeated bending, (b) fixed-angle bending, (c) whacking, and (d) burning.

peratures of —30°C, full batteries maintain a specific capacity of
about 70 mAh/g at a current density of 100 mA/g. In addition, the
FZIB system has no significant capacity degradation after bending,
pounding, and burning and still works normally at pressures up to
30 MPa. This study demonstrates that the addition of ethanol can
improve the electrochemical performance of FZIBs at low temper-
atures as well as the protection of zinc anode, while the use of
leather gel as the electrolyte can maintain high capacity and cycle
life at low temperatures with good vandalism resistance.
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