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Hydrogel electrolytes with anti-freezing properties are crucial for flexible quasi-solid-state supercapacitors operating at low
temperatures. However, the electrolyte freezing and sluggish ion migration caused by the cold temperature inevitably damage the
flexibility and electrochemical properties of supercapacitors. Herein, we introduce the concentrated electrolyte into a freeze-
casted poly(vinyl alcohol) hydrogel film not only reducing the freezing point of the electrolyte (—51.14 °C) in gels for ensuring
the flexibility, but also improving the ionic conductivity of the hydrogel electrolyte (5.92 mS cm at —40 °C) at low tem-
peratures. As a proof, an all-in-one supercapacitor, synthesized by the one-step polymerization method, exhibits a good specific
capacitance of 278.6 mF cm ” at —40 °C (accounting for 93.8% of the capacitance at room temperature), high rate performance
(50% retention under the 100-fold increase in current densities), and long cycle life (88.9% retention after 8,000 cycles at
—40 °C), representing an excellent low-temperature performance. Our results provide a fresh insight into the hydrogel electrolyte
design for flexible energy storage devices operating in the wide range of temperature and open up an exciting direction for

improving all-in-one supercapacitors.
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1 Introduction

Driven by the potential application of energy storage devices
in emerging flexible and wearable electronics, recent re-
search efforts have been directed towards improving their
mechanical properties and electrochemical stability under a
wide temperature range [1]. Among various energy storage
devices, flexible supercapacitors attract an ever-growing
interest owing to their ultra-long cycle life, fast charge-dis-
charge speed, and high power density [2,3]. In particular,
quasi-solid-state supercapacitors are suitable for human body
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to wear because of the device safety upon repetitively me-
chanical deformation [4,5]. Generally, a flexible quasi-solid-
state supercapacitor is mainly composed of two flexible
electrodes (serving as anode and cathode, respectively) and
hydrogel electrolytes (also used as a separator) [6]. However,
the sensitivity of hydrogel electrolyte to the operation tem-
perature apparently damages the electrochemical perfor-
mance of supercapacitors at a frigid environment because the
low temperature decelerates the ions migration rate of elec-
trolyte [1,7,8]. Furthermore, the mechanical properties de-
teriorate at low temperature due to the electrolyte freezing
[9]. Therefore, it is urgently needed to explore a freeze-tol-
erant hydrogel electrolyte to obtain an ideal flexible super-
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capacitor with excellent electrochemical stability and su-
perior flexibility in the frozen environment.

Hydrogel electrolytes, as one kind of prospective solid
electrolytes, are commonly composed of polymeric matrix
and water-dissolving electrolyte salts, exhibiting their flex-
ibility and liquid-like ions transport characteristics [10].
However, due to the large amount of water in gels, the
electrolyte freezing and sluggish ion migration are inevitable
at the frigid temperature, affecting the mechanical property
and electrochemical performance of hydrogel [7,9]. For
overcoming this shortfall, several researchers adopt non-
aqueous electrolytes with low-freezing points for low-tem-
perature resistant supercapacitors such as acetonitrile, 1,3-
dioxolane, and  1-butyl-3-methylimidazolium tetra-
fluoroborate ionic liquid [1,11,12]. Nevertheless, most non-
aqueous electrolytes have toxic, flammable, and complex
preparation process, leading to potential safety hazards to
users [7]. Recently, some studies introduce low-molecular
organic compounds into gels (such as ethylene glycol [13—
15], glycerol [16,17], and dimethyl sulfoxide [18]) displa-
cing some water to form organic hydrogels, which can de-
crease the freezing point of electrolyte and remain ionic
conductivity at subzero temperatures. But the increased
viscosity of the mixed solvents lowers the electrolyte ions
migration rate, which is adverse for high power output [19—
21]. Besides, some inorganic salts are used to depress the
freezing point of solution in gels, but the as-prepared hy-
drogels cannot be directly used in flexible quasi-solid-state
supercapacitor with different electrolytes (acid, alkaline, and
neutral) [22,23]. Thus, a desirable anti-freezing hydrogel
with high ionic conductivity and superior mechanical prop-
erties is essential for quasi-solid-state supercapacitors to
remain electrochemical activity at low temperatures. In-
spired by the aqueous proton battery, the concentrated elec-
trolyte is able to reduce the freezing point of electrolyte
avoiding the electrolyte freezing, thus ensuring the devices
exhibit excellent flexibility [9]. Furthermore, the con-
centrated electrolyte facilitates electrolyte ions reaching to
the electrode surface, thereby alleviating the slow migration
caused by low temperature [9,19]. Therefore, we deem that
the hydrogel with concentrated electrolyte can promote the
quasi-solid-state supercapacitor obtaining high performance
at low temperatures.

Herein, we report an anti-freezing hydrogel electrolyte by
infusing concentrate electrolyte into the lyophilized poly
(vinyl alcohol) (PVA) hydrogel. The freezing-tolerant hy-
drogel exhibits excellent mechanical properties (rolling,
bending, twisting, folding and compressing at —40 °C), low
freezing point (—51.14 °C), and high ionic conductivity
(5.92 mS cm ' at —40 °C). Generally, most quasi-solid-state
supercapacitors are assembled in a multilayer laminated
construction, in which a hydrogel electrolyte supports flex-
ible electrode materials [24]. Based on this assembling
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mode, a large interface resistance comes out due to the
multilayer laminated configuration inhibiting the fast trans-
fer of ions and charge, and the resistance increases under
consecutive bending cycles resulting in poor electrochemical
stability [25,26]. The all-in-one configuration is one pro-
mising approaching for the deformable stability, which di-
rectly synthesizes electrode materials on the surface of
hydrogel electrolyte. [25] Thus, the low-temperature-re-
sistant supercapacitor was fabricated on the anti-freezing
hydrogel electrolyte with polyaniline (PANi) as electrodes.
The as-prepared all-in-one supercapacitor delivers
278.6 mF cm ~ at 0.5 mA cm ~ at —40 °C, accounting for
93.8% of the specific capacitance (296.9 mF cmfz) at room
temperature (RT). Furthermore, the capacity retention of
flexible supercapacitor can reach 50% under the 100-fold
increase in current densities, along with stable electro-
chemical performance under deformation states and long
cycle life (remain 88.9% after 8000 cycles at —40 °C).

2 Experimental

2.1 Synthesis of f-PVA hydrogel and all-in-one super-
capacitors

Preparation of f-PVA. The f-PVA was fabricated by a lyo-
philization process after synthesizing a chemical cross-
linked PVA. Firstly, 2 g of PVA (M,,=1799) was added into
20 mL of the H,SO, solution (1 mol L") and the mixture
was stirred at 90 °C until the solution became clear. After
cooling, 2 mL of the glutaraldehyde (2 vol%) was added into
the above solution, and followed by transferring into a Petri
dish (diameter, d=9 cm) and standing until it lost fluidity.
Subsequently, the obtained PVA hydrogel was soaked in
deionized water overnight and then freeze-dried for 4 h, and
the as-prepared film was marked as f-PVA. Then, f-PVA
hydrogel electrolyte was obtained by immersing f-PVA films
into different concentrations of H,SO, solutions. The re-
sulting hydrogels were labeled as f-PVA1, f-PVA2 and f-
PVA3, where 1, 2, and 3 represent the molar concentration of
soaked H,SO, solution.

Fabrication of the all-in-one configured PANi-f-PVA su-
percapacitor. PANi electrodes were decorated onto the sur-
face of f-PVA by chemical oxidation polymerization. At first,
1460 pL of the aniline monomer was dissolved in 20 mL of
the HCI solution (1 mol Lfl) to form solution A, and then a
piece of f-PVA with a square shape (20 mm length x 20 mm
width) was placed into the solution A. 5.48 g of ammonium
persulfate was dissolved into another 20 mL of the HCI so-
lution (1 mol Lfl) to form solution B. After that, the solution
B was dropped into solution A (pre-cooled to 0 °C) under
vigorous stirring, and the mixed solution was kept in ice-
water bath (04 °C) for 8 h. After completing the poly-
merization, the as-prepared PANi-f-PVA film was washed
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with acetone and deionized water three times in turn. The
PANI-f-PVA supercapacitor was obtained by cutting the film
into a square piece with 15 mm lengthx15 mm width and
immersing in 3 mol L' H,SO, electrolyte for 24 h, and the
sample was marked as PANi-f-PVA3. For the best perfor-
mance of the capacitor, the optimum loading amount of
PANI electrode was controlled by adjusting the initial con-
centration of aniline monomer. Besides, for comparison, two
PANi-f-PVA films were respectively soaked in 1 and
2mol L™ H,SO,, and marked as PANi-f-PVA1 and PANi-f-
PVA2, respectively.

2.2 Characterization

Characterization measurements. In the scanning electron
microscopy (SEM, Zeiss, Germany) test, the samples were
firstly frozen for 48 h and freeze-dried in a lyophilization
instrument. Then the surface and the cross-section
morphologies of f-PVA and PANi-f-PVA were observed by
SEM. Functional groups of f-PVA and PANi-f-PVA were
tested by Fourier transform infrared spectroscopy (FT-IR,
Thermo, USA). The freezing point of f-PVA3 hydrogel
electrolyte was confirmed with the differential scanning ca-
lorimetry (DSC) by cooling down to —70 °C at a rate of
5°C min . After cutting the gels into a rectangle shape
(10 mm lengthx30 mm width), the stress-strain curves of
PVA and f-PVAx were carried out at a stretch rate of
2 mm min . The elastic tests were tested by dynamic me-
chanical analysis (DMA) measurement (TA Instrument
Q800, USA) at RT and —40 °C, with a strain of 80 %, and the
sample size is a cylinder with a height of 10 mm and a dia-
meter of 10 mm.

Electrochemical performance. In this work, the electro-
chemical measurements of capacitors were carried out in the
two-electrode system, and the samples were encapsulated
before test. The cyclic voltammetry (CV) tests were carried
out at a voltage of 0-0.8 V at the sweep rate of 1-50 mV s
The galvanostatic charge-discharge (GCD) were measured at
different current density of 0.5-50 mA cm . The electro-
chemical characters of hydrogels and supercapacitors were
examined by electrochemical impedance spectroscopy (EIS)
with platinum as current collectors at a frequency of
10 °-10° Hz.

3 Results and discussion

The fabrication processes of the anti-freezing hydrogel and
the all-in-one supercapacitor are illustrated in Figure Sl
(Supporting Information online). For a start, the PVA hy-
drogel film was synthesized by the aldol condensation from
glutaraldehyde and PVA by using H,SO, as a catalyst (Figure
S2(a)). In this way, the PVA solution loses fluidity and forms
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a free-standing film with transparency and flexibility (Figure
S2(b, c¢)). The abundant hydroxyl groups in the PVA hy-
drogel are benefit for water retention and electrolyte ions
migration [8,23]. However, the low temperature causes the
electrolyte freezing, which is unfavorable for ions transfer
[27]. In order to ensure the mobility of electrolyte ions in the
cold temperature, the freezing point of electrolyte solution in
gels can be reduced by increasing the concentration of H,SO,
solution [19]. Nevertheless, after being immersed in
3mol L™ H,SO, solution for two weeks, the PVA hydrogel
obviously decomposes indicating that the concentrated
H,SO, solution has an adverse effect on the stability of
polymers (Figure S3) [19,27,28]. Considering the practical
application, the mechanical stability of hydrogel electrolyte
is necessary for supporting electrodes. The prior researches
point out that the low temperature promotes the formation of
crystallites in PVA gels enhancing the network structure by
physical cross-links. Thus, the freeze-drying operation can
be workable in the improvement of mechanical strength
[15,29]. After lyophilizing, the as-prepared f-PVA gel is
opaque and flexible, and the thickness of f-PVA is about
1 mm (Figure S4(a)). The SEM images of f-PVA show that
the surface of f-PVA is wrinkled with a few micropores due
to the water sublimation during the freeze-drying operation,
and the cross-section exhibits a homogeneous and compact
structure (Figure S4(b, c)) [25,30]. Given by the tensile
stress-strain curves shown in Figure 1(a), the lyophilized
PVA hydrogel exhibits superior mechanical strength and can
sustain up to 175% stretching under a stress of 0.48 MPa,
while that of PVA hydrogel is only 0.01 MPa. It can be in-
ferred that the as-prepared free-standing PVA film is pre-
pared by adding a little amount of glutaraldehyde, which
means that a large amount of unreacted hydroxyl groups still
remain in the PVA gel [25]. The freeze-drying process pro-
motes the formation of physical cross-links of PVA gels
through hydrogen bonds and Van Edward forces, and en-
hances the robustness of the hydrogel [29]. Then, the stabi-
lity of f-PVA in concentrated H,SO, solutions is further
investigated by soaking f-PVA gels in 1-6 mol L™ H,S0, for
two days (Figure S5). It shows that the f-PVA hydrogels are
steady in 1-3 mol L' H,SO,, but degrade in 4-6 mol L™
H,SO,, indicating that the f-PVA gel has a better acid re-
sistance with the concentrated H,SO, than that of PVA gels.
Furthermore, after soaking in 3 mol L' H,SO, for 30 days,
the f-PVA3 gel remains stable, which means the f-PVA with
concentrated electrolyte can be further studied as anti-
freezing hydrogel electrolyte (Figure S6(a, b)). The me-
chanical robustness of f-PVA1, f-PVA2, and f-PVA3 are in-
vestigated by tensile stress-strain curves measurements, and
the results are shown in Figure 1(b). Although the mechan-
ical strength decreases with the increasing concentration of
H,S0,, the declining trend of mechanical properties slows
down when the concentration of H,SO, solution increases to
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Figure 1 (a) Tensile stress-strain curves of PVA and f-PVA; (b) tensile stress-strain curves of f-PVAI1, f-PVA2, and f-PVA3 hydrogels; (c) flexibility of f-
PVA, {-PVAL, f-PVA2, and f-PVA3 at RT, —40 °C, and bending state at —40 °C; (d) mechanical properties of f-PVA3 after freezing at —40 °C for 24 h (color

online).

3mol L. Besides, the flexibility of f-PVA, {f-PVA1, f-PVA2
and f-PVA3 are further measured after freezing at —40 °C for
24 h. The results shown in Figure 1(c) display that f-PVA and
f-PVALI can be easily broken up while f-PVA2 and f-PVA3
are still flexible. Moreover, Figure 1(d) shows that f-PVA3
gels frozen at —40 °C can be easily rolled, bended, twisted,
folded, and compressed, representing that f~-PVA3 maintains
superior mechanical flexibility at the frozen temperature.
Figure S7 exhibits tensile stress-strain cycling curves of f-
PVA3 at RT and —40 °C, and the results indicate that the f-
PVA3 has fatigue resistance within a certain range and the
cold environment enhances mechanical stress. The com-
pressive strain curves of f-PVA3 in Figure S8 also demon-
strate that f-PVA3 remains an excellent elasticity at RT, but
decreasing at —40 °C. Therefore, it can be confirmed that a
freeze-dried hydrogel with the concentrated electrolyte has
an excellent flexibility and mechanical strength in an ex-
tremely low temperature, which is suitable for quasi-solid-
state supercapacitors working at a wide temperature range.
In order to ensure the electrolyte ions migration at low
temperatures, the freezing point of f-PVA3 was firstly probed
by the DSC, and the result of f-PVA3 is shown in Figure 2(a).
The lowest freezing point of the sample is —51.14 °C illus-
trating that electrolyte ions can be transport in a frigid en-
vironment. It can be inferred that the PANi-f-PVA3
supercapacitor can maintain electrochemical activity at low
temperatures benefiting from the f~-PVA3 hydrogel. In order
to quantify the ionic conductivity, the EIS was conducted on
the f-PVA with different concentrated H,SO, at low tem-
peratures in the frequency range of 10°-10 ° Hz (Figure 2
(b)). The values of ionic conductivity are calculated ac-

cording to the Eq. (S1) (Supporting Information online). At
RT, the ionic conductivities of f-PVAL, f-PVA2, and f-PVA3
increase with the increasing concentration of H,SO, solu-
tions. Then the values decline when the operation tempera-
ture goes down to —40 °C, but that of f-PVA3 gel slightly
increases at —20 °C. Previous studies [31,32] reported that
the low temperature can boost the dissociation of H,SO,, so
that more protons can be obtained from the ionizing H,SO,
and HSO, . From Figure 2(c), the relationship of the square
root of frequency (afl/z) with the real part of impedance (Z)
shows that the f-PVA3 has a lower slope than f-PVAT1 and f-
PVA2, denoting fast ions migration in the f-PVA3 gel.
However, the slope of f-PVA3 increases with the reducing
temperature, illustrating that the frozen temperature is ad-
verse for the electrolyte ions transport (Figure 2(d)). Al-
though the ionic conductivity of f-PVA3 at —40°C
(5.92 mS cmfl) is significantly lower than that of f-PVA3 at
RT (57.5mS cmfl), it is comparable to various published
hydrogels based on different non-aqueous electrolytes (Table
S1, Supporting Information online). Thus, the anti-freezing
hydrogel can be fabricated in a simple and scalable method
and behaves good mechanical flexibility and superior ionic
conductivity at —40 °C.

In order to study the improvement effected by f-PVA3
hydrogel, we fabricated an all-in-one integrated quasi-solid-
state supercapacitor and the electrochemical properties of
samples were measured at different temperatures. According
to the step (ii) and step (iii) in Figure S1, PANi electrodes
were in situ polymerized on the f-PVA film. Then the PANi-
f-PVA3 capacitor was obtained by cutting edges of the re-
sulted film and immersing in 3 mol L' H,SO, solution for
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24 h. The morphologies of the supercapacitor were char-
acterized by SEM, and the results are shown in Figure 3(a,
b). After loading PANi electrode materials, the surface be-
comes relatively rough, and the cross-section image of the
supercapacitor shows a typical sandwich structure. EDS
mapping in Figure S9 shows that PANi electrodes are uni-
formly polymerized on both sides of the gel. FT-IR spectra
show that the peaks located in 1,485 and 1,201 cm ' are
assigned to C=C and C=N stretching vibrations derived from
PANi, and the peak near 3,349 cm ' is attributed to —OH
groups from PVA (Figure 3(c)) [33]. Besides, after ultrasonic
cleaning in deionized water for 1 h, the resulting solution
keeps clear (Figure S6(c)). Moreover, the tearing tests in
Figure S6(d) show that no PANI is attached to the tape,
demonstrating that PANi electrodes are tightly coated on f-
PVA hydrogel.

After immersing in 3 mol L H,SO, solutions for 24 h, the
electrochemical performance of f-PVA3 capacitor was in-
vestigated by CV, GCD and EIS at low temperatures. Firstly,
according to Figure S10, the PANi-f-PVA3 capacitor has a
high area capacitance (298.6 mFcm ~ and 26.5F g ' at
0.5 mA cmfz) and superior rate performance (maintain 69%
at 50 mA cmﬁz) when the sample was fabricated in
0.4 mol L™ aniline monomers solution. In order to study the
electrochemical behaviors of the capacitors at low tempera-
ture, all samples in following research work were synthe-
sized in 0.4 mol L' aniline monomers solution. CV tests
were firstly performed on PANi-f-PVA1, PANi-f-PVA2, and
PANi-f-PVA3 in the two-electrode system with a voltage of

0.8 V. Figure 3(d) shows the CV curves of three capacitors at
sweep rate of 1 mV s ' at RT, and the redox peaks in the
voltage range of 0.2-0.5 V are attributed to the pseudoca-
pacitance of PANi during the charge/discharge process. The
integral area enclosed by the CV curve of all-in-one capa-
citors slightly increase with the increasing concentration of
the soaked H,SO, electrolyte, which implies that the capa-
citance increases with the increase of electrolyte concentra-
tion. When the temperature drops to —40 °C, Figure 3(e)
shows that the enclosed area of PANi-f-PVA3 decreases
slightly, however, that of PANi-f-PVA1 dramatically reduces
(Figure S11(a)). It demonstrates that the PANi-f-PVA3 ca-
pacitor has a better electrochemical performance than PANi-
f-PVA1 at —40 °C. Increasing the scan rate to 50 mV s, the
enclosed area of PANi-f-PVA3 is larger than the others in
Figure 3(f), denoting that PANi-f-PVA3 has a high specific
capacitance and favorable rate performance at —40 °C. In
light of the GCD results shown in Figure S12, the curves of
three samples display an approximately symmetric triangular
shape indicating a fast and reversible charge/discharge pro-
cess. And the area capacitance of PANi-f-PVA1, PANi-f-
PVA2, and PANi-f-PVA3 are 278.8, 294.4, and
296.9 mF cm respectively. When measured at —40 °C,
PANi-f-PVAI delivers 207.6 mF cm ~ accounting for 74.5%
of the capacitance at RT. Meanwhile, the capacitance of
PANi-f-PVA2 is 228.1 mF ¢cm (retains 77.5%), and that of
PANi-f-PVA3 is 278.6 mF cm ~ (retains 93.8%) as shown in
Figure S12(a, b). As the current density increases to
10 mA cm °, the capacitance of three samples are approx-
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imative at RT as shown in Figure S12(c). At —40 °C, how-
ever, the PANi-f-PVA3 can offer more energy than the other
capacitors (Figure S12(d)). What’s more, the specific capa-
citance of PANi-f-PVA3 remains 50% as the current density
increases from 0.5 to 50 mA cm  at —40 °C, while PANi-f-
PVAI and PANi-f-PVA2 just keep 1% and 5%, respectively
(Figure 3(g) and S13). The results confirm that the freezing-
tolerant hydrogel with high ionic conductivity promotes the
PANi-f-PVA3 supercapacitor exhibiting an excellent elec-
trochemical performance at low temperatures. To our best
knowledge, the all-in-one supercapacitor exhibits an ex-
cellent energy density (0.058 mW h cmfz), and high-power
density (15.4 mW cmfz) at —40 °C, and the electrochemical
properties of PANi-f-PVA3 are close to those of low-tem-
perature resistant supercapacitors, which are configured with
ionic liquid-based electrolyte or organic hydrogel-based so-
lid electrolyte (Figure 3(h) and Table S2) [2,14,15]. In ad-
dition to PANi, some other conductive polymers (such as
PPy) are used as electrodes to fabricate the low-temperature
resistant supercapacitor with f-PVA3 as electrolyte. Figure
S14 contrasts the electrochemical properties of PPy-f-PVA1
and PPy-f-PVA3 at low temperature. The results certificate
that f-PVA3 gels improve the low temperature properties of
quasi-solid-state capacitors.

To understand the charge transport behavior at low tem-
peratures, EIS measurements were performed on PANi-f-
PVA3 within an ac perturbation of 5 mV at different tem-
peratures. Figure 3(i) shows the Nyquist plots which consist
of a semicircle arc and a straight line corresponding to the
charge-transfer resistance at high-frequency regions and the
ion-diffusion resistance obtained from the low-frequency
regions, respectively. According to the equivalent circuit in
Figure 3(i), the charge-transfer resistance (R.) of PANi-f-
PVA3 is 1.8Q at RT and increases to 5Q at —40°C
[1,11,34]. The relationship between Z' and o " in Figure
S15 represents the ion-diffusion capability of quasi-solid-
state supercapacitors. The higher slope of PANi-f-PVA3
means that the electrolyte ions behave sluggish migration at
—40 °C. What’s more, in the Bode plots, the frequency cor-
responding to the phase angle of —45° is used to calculate the
relaxation time constant (z,) [3]. Normally, 7, is related to the
percentage of available capacitance energy, which means
that the smaller 7, relates to the fast current response. The 7,
values at different temperatures are 3.8s (RT), 83s
(=20°C), 10s (—30°C), and 31.6 s (—40 °C), respectively
(Figure S16). It explains that PANi-f-PVA3 has a slow cur-
rent response at —40 °C. Thus, the above results indicate that
due to the increasing charge transfer resistance and sluggish
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ion diffusion in the cold environment, the current response
behavior of the capacitor becomes slower, so that the specific
capacitance decreases and the rate performance deteriorates.

The energy storage mechanism at low temperatures is
studied by comparing the capacitive contribution of the
PANi-f-PVA3 at RT and low temperatures. Normally, CV
curves at different scan rates are used to analyze the capa-
citive contribution during electrochemical reaction by the
follow Eq. (1) as follows:

i=av’ (1)
where i is current response, v is sweep rate, @ and b are two

adjustable constants. What’s more, the b-value can be cal-
culated by drawing lgi-lgv linear plots as follow [35]:

lgi = blgv+1ga (2)
where b=1 signifies the electric double-layer capacitance/
pseudocapacitance, while »=0.5 represents the diffusion-
controlled process [36-38]. Figure 4(a) shows that the b-
values at different potentials are in a range of 0.5-1, in-
dicating that the capacitive storage is manipulated by both
capacitive behavior and ion diffusion [39]. In view of this,
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the percentage of capacitive contribution is further calculated
by the Eq. (3) as follows:

i=ky+ip'"” 3)
where kv and kzv”2 are corresponding to the surface capa-
citance from the interface of PANi and gel electrolyte and the
diffusion-controlled effect from PANi electrodes, respec-
tively [30,39]. Figure 4(b) and Figure S13 show the variation
of capacitive contribution with scanning rates at —40 °C,
where the red shaded region represents the surface capaci-
tance. The normalized capacitive contribution percentage as
a function of sweep rate for PANi-f-PVA3 capacitor is shown
in Figure 4(c, d). It can be observed that the ratio of surface
capacitance to the total capacitance increases with the in-
creasing sweep rates at RT and —40 °C. However, as the
scanning rates increase from 1 to 50 mV s, the surface
contribution at RT increased by 51.0%, while it increased by
35.6% at —40 °C. Figures S17 and S18 also show that the
surface capacitance has a higher ratio at RT. According to the
EIS results in Figure 2(d), it can be inferred that the slow ion
migration at low temperature leads to a less increase of the
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Figure 4 (a) b-values against the voltage at —40 °C; (b) capacitive contribution at —40 °C under different sweep rates; (c) capacitive contribution at —40 °C;
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percentage of surface capacitance. Thus, the results indicate
that the capacitance of PANi-f-PVA3 at low temperature is
more derived from the Faraday reaction.

To investigate the charge storage at the frozen environ-
ment, the Trasatti analysis method was carried out to quan-
tify the stored charges, including the outer surface charge
(¢,) which is easy for ions accessing and the inner surface
charge (g;) which is hard for electrolyte ions to approach
[40,41]. The total stored charge (g1) is calculated as follows:
qr=4qit 4, 4

Generally, the charge storage at the outer face is not con-
trolled by diffusion so that the variation of ¢, is not related to
scanning rates, yet the charge storage at the inner face is
controlled by the diffusion process [41]. Thus, the value of g
has a function of sweep rate (v) as follows:

q(v) =g, + kv '"? (5)
where kv ' is corresponding to the charge storage of semi-
infinite diffusion. In light of the dependence of ¢ ' on v'?
shown in Figure 4(e), the number of outer charges (g,
=0.594 C cmﬁz) was obtained by extrapolating ¢ to v—oo0,
while the extrapolation g to v=0 in Figure 4(f) derives the
total stored charges (¢;=1.572 C cm_z). Thus, the surface
stored charges account for 20% of g; indicating that the
specific capacitance of PANi-f-PVA3 is mainly from the
diffusion process in electrodes in the cold environment.
Furthermore, Figure S19 shows that the number of g, at RT is
0.686 C cm °, while g; is 1.992 C cm >. Therefore, the
charge storage of PANi-f-PVA3 is mainly from the Faraday
reaction of PANI, so that the decrease in ionic conductivity

has little effect on the electrochemical performance of the
capacitor at low temperatures.

The electrochemical stability on deformation states were
further investigated by CV tests (Figure 5(a, b)). On one
hand, the CV curves of PANi-f-PVA3 capacitor tested at
30mVs ' show negligible change after bending multiple
times. On the other hand, the CV curves at the different
bending angles are close to that in flat state. It demonstrates
that the all-in-one supercapacitor has good electrochemical
stability under deformed conditions. Additionally, the similar
CV curves tested before and after hammered illustrate that
the as-prepared quasi-solid-state supercapacitor is able to
resist mechanical impact (Figure 5(c)). To evaluate the
electrochemical stability of PANi-f-PVA3, GCD was con-
ducted at RT and —40 °C for 10,000 cycles, and the results
are shown in Figure 5(d). After 10,000 charging/discharging
cycles, the capacitor retains 88.27% and 75.92% of the initial
capacitance at RT and —40 °C, respectively. Comparing the
SEM images of Figure 3(a) and Figure S17, it can be inferred
that PANi electrodes are instable during the charging and
discharging process due to the volume expansion and con-
traction, thereby reducing the performance of the capacitor.
In addition, the inset in Figure 5(d) and the supplementary
movie certificate the practical application of the device.

4 Conclusions

In this work, a facile and scalable strategy is developed to
fabricate the freezing-tolerant f-PVA hydrogel with several
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advantages of exceptional ionic conductivity (5.92 mS cm’'
at —40 °C), a low freezing point (—51.14 °C), and superior
flexibility at —40 °C. Thus, the PANi-f-PVA3 supercapacitor
displays the excellent electrochemical properties at the
subzero temperature assembled by the anti-freezing hydrogel
electrolyte. In the frosty environment of —40 °C, PANi-f-
PVA3 delivers high specific capacitance of 278.6 mF cm ” at
0.5 mA cm (accounting for 93.8% of the capacitance at
RT), good rate performance (50% retention at 50 mA cmfz),
and superb electrochemical stability (retaining 88.9% of the
initial capacitance after 8,000 cycles). Moreover, the all-in-
one configured supercapacitor delivers a fair power density
(15.36 mW cmfz) and energy density (0.058 mW h cmfz).
Given the above attributes, the cold resistance hydrogels
hold great promise for a wide application prospect in por-
table energy storage devices.
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