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Regenerated hydrogel electrolyte towards an all-gel supercapacitor

Xian He, Dongbei Wu", Yinghui Shang, Hongdou Shen, Songyan Xi, Xia Wang, Wenjun Li and

Qigang Wang

ABSTRACT Electrolyte regeneration is an important goal for
environmental protection and sustainable development ef-
forts. Herein, we report a facile strategy inspired by the
transformation of edible dough from flour to regenerate hy-
drogel electrolytes from their dehydrated copolymer granules
(CGs) via direct addition of water or salt solution. With the
aid of heating, this procedure is efficient, relatively quick, and
easily implemented. The dehydrated CGs are lightweight,
reusable and stable under long-term storage. Even after 5 cy-
cles of dehydration and regeneration, the regeneration effi-
ciency of the hydrogel electrolytes, as evaluated based on
retention of mechanical strength, is over 60%. The regenerated
electrolytes possess considerable ionic conductivity, re-
processability, and 3D-printability. Furthermore, an all-gel
supercapacitor assembled from the regenerated hydrogel
electrolyte and activated carbon electrode with CGs as binder
demonstrates excellent interfacial compatibility. The as-
sembled all-gel supercapacitor can maintain 98.7% of its ori-
ginal specific capacitance after 100 bending tests, and can
operate in a wide temperature range spanning from -15 to
60°C. This work may provide a new access to the development
of renewable materials for various applications in the fields of
intelligent devices, wearable electronics and soft robotics.

Keywords: hydrogel electrolyte, renewable, copolymer granules,
supercapacitor

INTRODUCTION

Increasing demands on energy storage devices for routine
applications has motivated substantial interest in the research
and development of flexible and wearable electronics, including
supercapacitors and solid-state batteries [1-3]. As a key com-
ponent of flexible energy devices, gel electrolytes have received
exceptional attention due to their dual roles of electrolyte and
separator [2,4]. Because desirable energy storage devices demand
high power density and long operating lifetime, the gel elec-
trolytes ideally possess a high ionic migration rate, excellent
interfacial properties, and reasonable mechanical strength [5-7].
Moreover, the inevitable mechanical stresses and deformations
suffered by most energy devices can ultimately lead to perma-
nent damage of device appearance and microstructure. There-
fore, a highly desirable property of the gel electrolytes is self-
healing ability which enables automatic restoration of original
performance after mechanical damage [8-10]. Regeneration
ability is also valuable from a sustainability perspective, as a

better choice to recycle waste gel electrolytes mitigates waste and
resource consumption.

Gel electrolytes are generally composed of polymeric materials
and electrolyte salt, with the former acting as a matrix and the
latter providing mobile ions. Compared with conventional gel
electrolytes comprised of polyvinyl alcohol (PVA) hydrogels
[11,12], more recently developed hydrogels can be endowed with
desirable physical and chemical properties. For example, poly-
acrylamide (PAM)-based hydrogels exhibit good flexibility and
water retention [13,14], while zwitterion hydrogels feature
promising zwitterion conductivity [15-17], all of which offer an
ideal platform for constructing flexible and self-healing elec-
tronics. Meanwhile, the expanding development of gel electro-
lytes from traditional aqueous gel electrolytes to non-aqueous
gel electrolytes has served to facilitate significantly enhanced ion
migration rates and mechanical properties of electrolytes,
thereby greatly improving their electrochemical performance
[18-20]. However, the synthesis routes for functional PAM-
based hydrogels or zwitterion gel electrolytes feature compli-
cated design and operation elements. Accordingly, tedious
polymerization procedures and stringent experimental condi-
tions severely limit the volume production [21,22]. Moreover,
little consideration has been paid to the issue of the electrolyte
regeneration. Therefore, although great progress has been made
towards the development of efficient gel electrolytes, persistent
efforts are still needed to identify a convenient and quick pro-
cedure to restore gel electrolyte properties.

Edible dough, comprised of flour mixed with salts and water,
is a household food whose shape and functionality can be easily
reassembled and reconfigured [23-25]. However, to date, few
efforts have focused on the regeneration of synthetic materials
from tiny building blocks via direct addition of water. Among
these few relevant studies, Gong et al. [21,26] were the first to
employ  [3-(methacryloylamino)propyl]-trimethylammonium
chloride (MPTC) and sodium p-styenesulfonate (NaSS) to
construct a tough self-glued polyion complexes (PIC) hydrogel
prepared from its microgel granules. Polyion interactions
between positively charged MPTC and negatively charged NaSS
are considered to be the driving force for rebuilding the
hydrogels. Recently, Qu et al [27] reported a tough double
network polyacrylamide-sodium alginate hydrogel from self-
regenerative powders, in which hydrogen bonds play a crucial
role in regeneration. Most importantly, the regeneration of these
hydrogels is quite efficient, easily operated and time-saving,
comprising a feasible strategy which can be sustainably applied
to develop synthetic functional materials from their granules.
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Inspired by these pioneering studies, herein we reported the
leveraging of multiple interactions including hydrophilic
hydrogen bonds and polyion interactions as well as hydrophobic
polymer chain entanglement to construct a tough hydrogel via
the random copolymerization of [3-(methacryloylamino)-pro-
pyll trimethylammonium chloride (MAPTAC) and methyl
acrylic acid (MAA). Dehydration and grinding of the hydrogel
yielded white copolymer granules (CGs) which were employed
as starting materials to regenerate the gel electrolytes for sub-
sequent experiments. We found that these CGs are lightweight,
stable, and can be easily stored for a long time. Notably, these
CGs can efficiently regenerate gel electrolytes via simply mixing
salt and water with them, and can maintain good mechanical
properties even after 5 rounds of recycling. Dynamic interac-
tions including the hydrogen bonds and the polyion interactions
between -N(CHj3);" cations and ~COO™ anions play an impor-
tant role in the electrolyte regeneration, mechanical robustness,
and autonomous healing. Meanwhile, the introduction of salt
ions proportionally into the CGs ensures high ionic conductivity
and stable electrochemical compliance of the regenerated
hydrogel electrolyte (RHE). Importantly, these CGs not only
self-glue to each other, but also act as a binder adhering the
charged active carbon (AC) powders to form a flexible AC/CGs
composite electrode. Adopting a sandwiched structure for the
supercapacitor, the RHE can be tightly bonded between the
composite electrodes and integrated into a dynamic polymer
network which significantly mitigates the interfacial resistance
between the electrolyte and electrode, even as the mechanical
and electrochemical stabilities are maintained across 100 bend-
ing iterations. It is anticipated that this work may provide new
insight into dynamic interactions and promote the development
of renewable materials for a wide range of applications, such as
smart wearable electronics, flexible energy devices, and artificial
skin.

EXPERIMENTAL SECTION

Materials

MAPTAC and polytetrafluoroethylene (60 wt%) were purchased
from Aladdin Bio-tech Co., Ltd. MAA and a-ketoglutaric acid
were purchased from J&K Scientific Ltd. Sodium sulfate
(Na,SOy), hydrochloric acid (HCI), sodium hydroxide (NaOH)
and deuteroxide (D,O) were purchased from Sinopharm Che-
mical Reagent Co., Ltd. AC powder (YP8OF, 2100 m*g™!) was
purchased from Kuraray Co. Acetylene black was purchased
from Shanghai 3F New Material Co., Ltd. All reagents were used
without further purification.

Preparation of the original hydrogel electrolyte (OHE) and the
CGs

In a typical preparation procedure, 1.5g MAPTAC, 0.4g MAA
and 0.03 g a-ketoglutaric acid were added under stirring to 1.1g
distilled water or Na,SO, solution to form a precursor solution.
Next, the precursor solution was exposed to UV irradiation for
about 100min at room temperature, during which time the
solution was under continuous pH monitoring. The obtained
product was designated the OHE.

The CGs were prepared from the as-prepared OHE. The OHE
was frozen in a refrigerator for 12h and subsequently dehy-
drated in a lyophilizer for an additional 72h to obtain white
aerogels. The aerogels were then ground by a blender for 5min
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and filtered through a 300-mesh sieve.

Fabrication of the RHE

Regeneration of the hydrogel electrolyte was accomplished by
directly adding 1.2g of the as-prepared CGs to 1.8g distilled
water or Na,SO, solution of various pH conditions and stirring
the resulting dispersion at 60°C for 10 min. Recycling of the
RHE required only the addition of water to the CGs containing
Na2804.

Assembly of the all-gel supercapacitor

Gel electrodes were obtained from the mixture of the CGs, AC
powder, and acetylene black (mass ratio 1:3:0.8) in 0.25 mol L™
Na,SO, solution under gentle stirring for 3 h.

The supercapacitors were fabricated using a typical sandwich
structure, wherein the middle was comprised of the RHE with
I1mol L' Na,SO, and the sides were comprised of two com-
posite gel electrodes. The assembled supercapacitors were sub-
sequently heated for 10 min at 60°C.

More details about the materials, the CG preparation, the RHE
fabrication, the supercapacitor assembly, the material char-
acterization and the electrochemical measurements of the elec-
tronic devices can be obtained from the Supplementary
information.

RESULTS AND DISCUSSION

Fig. la shows the fabrication scheme for the RHE. Firstly, the
OHE was prepared from random copolymerization of MAPTAC
and MAA in a specified salt solution (Fig. la-i). Salt ion con-
centration in the solution ranged from 0 to 1 mol L™}, and no
additional crosslinkers were used. Next, the OHE was freeze-
dried to produce a white aerogel with a porous network struc-
ture (Fig. la-ii and Fig. S1). Grinding the aerogel into small
particles obtained white CGs measuring tens of micrometres in
diameter, as shown in Fig. la-iii and Fig. S2. We found the CGs
to be lightweight and stable, even under long-term storage,
during which the mass of CGs remained stable and the gel could
be regenerated successfully (Fig. S3). The remarkable renew-
ability of the gels was readily observed upon reconstruction into
an RHE via addition of water or salt ions (Fig. la-iv, 1a-v). The
regeneration time at 60°C was less than 10 min. Accordingly, the
CGs are defined as intermediate materials for the RHE forma-
tion. It is worth noting that there are no obvious differences with
respect to respective appearance or microstructure of the OHE
and RHE (Fig. S4). The formation process of the RHE from the
CGs is quite similar to that of the edible dough from flour and
water, and is very easily performed, even by children. The OHE-
CGs-RHE cycle is completely reversible and can be repeated
several times without extreme loss of mechanical or electro-
chemical performance, which may be attributed to the multi-
functional physically crosslinked network (Fig. la-vi). This
network structure endows the RHE with additional traits, such
as adhesivity, reprocessability, and printability. Fig. la-vii and
la-viii demonstrate that after heating, the RHE can be reversibly
molded into a specific shape, such as petal-like and butterfly-like
shapes.

Fig. 1b-d vividly depict the flexibility, adhesivity and print-
ability of the RHE. The RHE can be modestly knotted, stretched,
twisted and spread without suffering any obvious damage in
appearance (Fig. 1b). They can be self-glued or adhered to the
surface of other objects, such as metal and plastic products
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Figure 1 Preparation and demonstration of the RHE. (a) Fabrication scheme for the RHE. (i) The OHE. (ii) Aerogels obtained by freeze-drying. (iii) The
CGs. (iv) A mixture of the CGs and Na;SOy solution. (v) The RHE. (vi) The multifunctional physically crosslinked network structure of the RHE.
(vii, viii) Thermo-mold of the RHE. (b) Flexibility of the RHE. (c) Adhesion of the RHE. (d) 3D-printability of the RHE.

(Fig. 1c). Fig. S5a shows that the storage moduli (G') exceeds the
loss moduli (G") over 0.1 to 30Hz frequency range, and are
unaffected by frequency, which indicated good stability of the
RHE. Fig. S5b indicates that the moduli remain invariant in the
temperature range of 25-50°C, but gradually attenuate above
50°C. Near 70°C, the G' value equals to that of G", suggesting
that the RHE is in a flowing state and can be extruded as a kind
of printing ink. Fig. 1d further confirms that the RHE can be
made into various patterns by a 3D printer operated at 70°C.
Taken together, the above findings suggest that the hydrogel
electrolyte regeneration via the CG reconstruction is facile, rapid
and capable of fabricating flexible energy devices at an unpre-
cedented level of convenience.

The quantitative characterizations of the RHE mechanical
strength are available in Fig. 2. Fig. 2a shows that as pH
decreases from 4.0 to 1.0, the extension strain sharply increases
from 127% to 2822%, and fracture energy jumps from 15.4 to
322.4k] m™ (Table S1). These relationships reveal that low pH
can endow the RHE with outstanding stretchability and tough-
ness, likely due to hydrogen bond contributions [28]. As Zeta
potential data show the isoelectric point of the p(MAA-MAP-
TAC) copolymer particles is between 4.0 and 8.0 (Fig. S6), we
can deduce that at pH below 4.0, the -N(CH;);" groups are
protonated and ionization of -COOH groups is inhibited. High
acidity can provide more binding sites for hydrogen bond for-
mation, which thereby enhances the stretchability and toughness
of the RHE. However, highly acidic conditions also promote
significant repulsive forces from the protonated -N(CHj;);"
functional groups. These repulsions cannot be neglected, and
may even displace some electrostatic interactions between
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positive and negative charges. As a result, the RHE stiffness
under low pH conditions may be lower than that under high pH
conditions. As shown in Fig. 2b, the pH decrease from 4.0 to 2.0
causes the compressive stress of the RHE at 90% strain to
increase from 334 to 516kPa. However, when the pH turns
lower than 2.0, the compressive stress decreases from 516 to
210kPa, indicating that low pH indeed promotes weakening of
the RHE. Therefore, all subsequent experiments employed the
RHE obtained at a pH of 2.0 to ensure the suitable mechanical
performance. To evaluate the RHE regeneration ability, the
regeneration efficiency was arbitrarily defined as the ratio of the
RHE compressive modulus to those of the OHE. Our findings,
presented in Fig. 2c, suggest that the compressive modulus
values of the RHE are slightly lower than those of the OHE in
the selected pH range. With increasing pH, the regeneration
efficiency of the RHE monotonously decreases. Approximately
90% recovery can be achieved at pH 2.0, indicating that effective
regeneration of the RHE.

The mechanical strength of the RHE is also significantly
affected by addition of Na,SO,. Fig. 2d depicts that as the salt
concentration increases from 0 to 1 mol L™, the tensile strain
dramatically decreases from 1008% to 110%, and the corre-
sponding fracture modulus increases from 44.0 to 103.5kPa.
Taken together, these results suggest that low salinity is bene-
ficial for the stretchability while high salinity improves the
tensile strength of the RHE (Table S2). Fig. 2e shows that as the
salt concentration increases from 0 to 1mol L7}, the RHE
compressive stress at 90% strain monotonically increases from
0.5 to 2.25 MPa, indicating that high salinity increases the RHE
stiffness. Fig. 2f indicates that as the salt concentration increases
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Figure 2 Mechanical characterizations of the OHE and RHE. (a) Tensile curves of the RHE with various pH values. (b) Compressive curves of the RHE at
various pH values. (c) Compression moduli of both the OHE and RHE and regeneration efficiency at various pH values. (d) Tensile curves of the RHE for
various Na,SOy concentrations. (e) Compressive curves of the RHE for various Na,SO,4 concentrations. (f) Compression moduli of both the OHE and RHE
and regeneration efficiency for various Na,SO, concentrations. (g) Ionic conductivities of the OHE and RHE for various Na,SO, concentrations. (h) Low-field
NMR inversion curves of water signals in various samples. (i) Regeneration efficiency and ionic conductivity of the RHE across 5 rounds of recycling.

from 0 to 1mol L7}, the relative compressive modulus of the
OHE increases from 41.3 to 105.6 kPa, while that of the RHE
increases from 36.4 to 82.6 kPa. However, across the same range,
the regeneration efficiency slightly decreases from 90% to 77%.
Fig. 2g suggests that at a fixed salt concentration, the ionic
conductivities of the RHE exceed those of the OHE. As salt
concentration increases from 0 to 1mol L™, the ionic con-
ductivity increases from 24.7 to 36.6 mS cm™* for the OHE and
from 24.9 to 40.8 mS cm™ for the RHE. To explore the origins of
enhanced conductivity and mechanical strength with increasing
Na,SO; concentration, low-field nuclear magnetic resonance
(NMR) tests were performed for both the OHE and RHE.
Samples of each were prepared to contain 1 mol L' Na,SO, and
no added Na,SO,, respectively, as shown in Fig. 2h. At a fixed
Na,SO, concentration, the relaxation time of free water (T, >
10 ms) is longer in the RHE than that in the OHE, revealing that
the RHE possesses lower crosslink density, accounting for its
weaker mechanical strength and enhanced ionic mobility [29].
Furthermore, higher salt concentration prompts shorter relaxa-
tion time of water for both the RHE and OHE, indicating that
the higher salt concentration enables tight binding of the
hydrogel electrolyte with water molecules, thereby improving
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stability and mechanical strength [6,30]. To investigate the
regeneration efficiency of cyclic utilization, we repeatedly recy-
cled the gels, performing 5 cycles of the RHE dehydration,
aerogel grinding, and the RHE formation. Fig. 2i shows that
throughout such processing, the stiffness attenuation rate of the
hydrogel electrolyte was generally maintained within 10%, and
the ionic conductivity slightly decreases from 40.8 to
32.8 mS cm ™. These findings reveal that the CGs can restore
considerable electrochemical and mechanical stabilities, even
after 5 rounds of recycling, which might be attributed to
repairable dynamic physical bonds [31].

To gain insights into the physical crosslinking within the
hydrogel electrolytes, Fourier transform infrared (FT-IR) mea-
surements for the CGs, OHE and RHE were conducted under
identical experimental conditions. As shown in Fig. S7, the
absorption peak at 964 cm™ is assigned to the stretching vibra-
tion of -N(CH3);" functional groups and the peak at 1540 cm™ is
characteristic of C=0 asymmetric stretching of the carboxylate
anion. These features clearly confirm the coexistence of positive
-N(CHj3);* and negative ~-COO™ functional groups in all the
samples [32,33]. Compared with the p(MAA-MAPTAC), the
CGs feature an absorbance peak of C=0 stretching vibration at

January 2022 | Vol.65 No. 1
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1708 cm™ which nearly vanished or shifted to a lower wave-
number (1627 cm™) during the RHE formation, revealing the
strengthening of hydrogen bonds originating from the undis-
sociated -COOH groups and electrostatic interactions between
ionized -COO~ and protonated -N(CH;);* groups are
strengthened [34]. Additional support for these conclusions is
provided by enhancement of the peak at around 3450 cm,
which is attributed to the combined -NH and -OH stretching
vibrations.

Fig. 3a gives a proposed mechanism for the RHE regeneration
from the CGs. Initially, polymer chains containing ~-COOH,
negatively charged -COO", and positively charged -N(CH3);*
groups exhibit disordered distribution inside the CGs, as shown
in Fig. 3a-i. Subsequent addition of water or salt solution into
the CGs initiates breaking of the hydrogen bonds. With gradual
diffusion of water or salt solution into the particulate gaps, salt
ions bound to water molecules are absorbed onto the polymer
chains. Meanwhile, the CGs begin to hydrate and swell, forming
a hydration layer, wherein positive and negative charges attract
each other among the CGs and give rise to non-covalent inter-
actions (Fig. 3a-ii). Accordingly, as the viscosity of the electrolyte
precursor increases, the CGs undergo microstructural changes
and complete swelling in a process strongly resembling starch
gelatinization. At this stage, maintaining the CGs at 60°C for
additional 10 min prompts the CGs to not dissolve, but rapidly
transform into the RHE (Fig. 3a-iii). Essentially, heating initiates
hydrogen bond formation between the swelled CGs to thereby
build a dense and integrated crosslinked network comprising the
RHE. Notably, we find that the balance between hydrophilic
polyion interactions and hydrogen bonds plays a key role for the
RHE formation and maintaining mechanical properties during
the reconstruction. Polyion interactions are a necessary pre-
condition for hydrogel electrolyte regeneration because they
induce polymer chain entanglement and subsequent rearrange-
ment of the hydrogen bonds. We confirmed this by synthesizing
a p(MAA-AAm) (AAm = acrylamide) hydrogel under the same
experimental conditions to yield a hydrogel with no polyion
interactions. The resulting p(MAA-AAm) hydrogel consisted of
many small pieces which could not undergo healing after

,..___-_

Na 50,
solution $ ‘
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@ N(CH,);

Gel Gap
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breakage (Fig. S8). Fig. 3b presents micrographs of the hydrogel
electrolyte in various stages of regeneration. The dark region is
the CGs, while the blank region is the gap into which the salt
solution is infused. Initially, the boundary between two piles of
granules is evident and spacious. Two minutes after adding the
salt solution, the CGs swell and merge together, leaving only a
faintly discernible boundary. Extending the time after salt
solution addition to 5min leaves no detectable gap or defect in
the RHE, suggesting the transformation of the CGs to the RHE
has completed to successfully form an integrated gel electrolyte.

Considering its exceptional convenience, the process for
regenerating the RHE from the CGs may enable the fabrication
of smart devices such as supercapacitors from the RHE. Fig. 4a
illustrates the preparation procedure for an all-gel flexible
supercapacitor (Re-SC). The RHE with 1 mol L™ Na,SO, acts as
the gel electrolyte. The gel electrode was prepared by sequen-
tially adding 0.6 g AC powders, 0.16 g conductive carbon black
and 0.2g CGs into 1.8g Na,SO, solution (0.25mol L™) with
uniform mixing. The CGs can fulfil the role typically performed
by a traditional binder component. The prepared gel electrode
exhibits satisfactory electronic conductivity, although excessive
use of the CGs may inhibit the continuous conductivity of AC
(Fig. S9). After heating at 60°C for 10 min, two gel-based AC
electrodes were tightly adhered onto the upper and lower sur-
faces of the RHE due to their excellent compatibility. The
scanning electron microscopy (SEM) image in Fig. 4b clearly
demonstrates that the Re-SC features even assembly, without
any detectable defects or gaps at the interface between electrode
and electrolyte. This may be attributed to the tendency of
hydrogen bonds and polyion interactions in the RHE to promote
adhesion of the electrode and electrolyte into an integrated
polymer network. Fig. 4c exhibits that the Re-SC is flexible and
can be hand-pinched into specific shapes.

The electrochemical properties of the Re-SC were system-
atically investigated via cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spec-
troscopy (EIS) measurements. The nearly rectangular CV curves
in Fig. 4d signify typical capacitive behaviours of the Re-SC over
scan rates ranging from 5 to 100 mV s™'. Meanwhile, the nearly
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Figure 3 (a) Proposed regeneration mechanism of the RHE. (b) Regeneration process from the CGs as observed by an optical microscope (scale bar:

200 pm).
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Figure 4 Preparation and electrochemical performance of the Re-SC. (a) Schematic of preparation procedure. (b) SEM image of the interface between the
RHE and electrode in the Re-SC capacitor (scale bar: 500 um). (c) The Re-SC supercapacitor can be shaped by hand. (d) CV curves of the Re-SC at various
scan rates. (e) Cy, of the Re-SC at various current densities. Inset: GCD curves with different current densities. (f) Ragone plot of the Re-SC. Inset: red LED
lamp powered by the Re-SC. (g-i) GCD curves, C, and Nyquist plots of the Re-SC, Re-CSC and Or-CSC.

linear and symmetric character of the GCD profiles at different
current densities, depicted in Fig. 4e, reveals that the Re-SC has a
nearly ideal capacitive character in the current densities ranging
from 0.25 to 8.0 A g '. The highest specific capacitance (Cy,) of
the device is 51.5F g*, which is obtained at a current density of
0.25A g . However, even at a current density of 8.0A g, the
Re-SC delivers a Cy, of 42.2F g7, which is competitive with
similar flexible devices. Furthermore, the Re-SC features satis-
factory capacitive properties, as suggested by the data in Fig. 4f
and Table S3. For example, in the range of current densities
from 0.25 to 8.0 A g, the calculated energy and power density
values are acceptable compared with those from the references
under similar experimental conditions [35-39]. To demonstrate
the effectiveness of the Re-SC, supercapacitors composed of
commercial AC electrodes and either the RHE (Re-CSC) or the
OHE (Or-CSC) were assembled respectively, while polytetra-
fluoroethylene was employed as the binder for the commercial
AC electrodes. Fig. 4g shows that electrochemical properties of
the Re-SC outperform those of the other two supercapacitors.
The discharge time for the Re-SC is 200 s, which exceeds those of
the Re-CSC (178 s) and the Or-CSC (175 s). Fig. 4h shows that as
the current density increases from 0.5 to 8.0 A g', the value of
Cyp decreases only by 7.24 F g', a quantity equal to about 15% of
the highest achieved capacitance (49.4F g™ at 0.5A g™),

120

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

demonstrating excellent rate capability. From the respective
Nyquist curves in Fig. 4i, the charge transfer resistance (R is
calculated to be 0.6 Q for the Re-SC, 1.1 Q for the Re-CSC, and
1.3 Q for the Or-CSC, suggesting that among the three super-
capacitors based on hydrogel electrolytes, the RHE with the AC/
CGs composite electrodes shows the best interfacial compat-
ibility. Fig. S10 indicates that the device can withstand more
than 1000 electrochemical testing cycles without suffering sig-
nificant loss of electrometrical performance. We acknowledge
that the long-term stability of the Re-SC is still inferior to those
reported in the literatures, leaving opportunities for further
study and improvements.

By leveraging the flexibility and reprocessability of the Re-SC,
we studied the effect of bending on the capacitance. As shown in
Fig. 5a and b, the CV and GCD curves are consistent across
different bending states (0°, 90°, 180° and twist) (Fig. 5¢). The
Nyquist curves (Fig. S11) indicate that internal impedance does
not change significantly during bending, and changes only
slightly after twisting, suggesting that the bond between the
hydrogel electrolyte and electrodes is stable [40]. Fig. 5d and
Fig. S12 indicate that even after 100 bending cycles, the Re-SC
can achieve 98.7% of its original Cy,, meanwhile maintaining its
CV and GCD curve shapes and showing excellent mechanical
stabilities. Another important property of supercapacitors is
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Figure 5 Flexibility and temperature tolerance of the Re-SC. (a, b) CV curves, GCD curves of the Re-SC at different bending states. (c) Photos of the device
at different bending states. (d) GCD curves of the Re-SC after different bending cycles. (e) Temperature dependence of the CV performance at various
temperatures. (f-h) GCD curves, Cy, and Nyquist plots of the Re-SC in the range of —15 to 60°C. (i) Ionic conductivity of the RHE under different

temperatures. Inset: red LED lamp powered by the Re-SC at —15 and 60°C.

their stability to temperature, which affects their use in a wide
range of applications, and therefore drives strong demand for
hydrogel electrolytes suitable for extreme conditions [41]. The
satisfactory water retention capacity of the RHE at high tem-
peratures after being packaged facilitates normal operation of
the device (Fig. S13). Fig. 5e shows that all CV curves are rec-
tangular in the —15 to 60°C temperature range. Fig. 5f demon-
strates that all GCD profiles are nearly linear and symmetric,
revealing that the Re-SC can operate normally in this tempera-
ture range. Fig. 5g illustrates that the Cy, gradually increases with
increasing temperatures, achieving maximum and minimum Cg,
values of 57.9F g™! at 60°C and 29.0 F g™' at —15°C, respectively.
EIS plots in Fig. 5h confirm that high temperature is beneficial
for the reduction of bulk resistance (R,) and R, which may be
attributable to accelerated ion migration and diffusion within
the polymer matrix by high temperatures. Further, the Re-SC
exhibits acceptable stability at high and low temperatures. After
10h at either —15 or 50°C, the capacitance remains at 99.8% and
86.7%, respectively (Fig. S14). As a practical demonstration,
Fig. 51 vividly depicts that the light-emitting diode (LED) bulb
can be lighted by the Re-SC at selected temperatures, suggesting
promising application of the Re-SC in extreme environments.
The leakage current and self-discharge of the Re-SC shown in

January 2022 | Vol.65 No.1

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

Fig. S15 demonstrate satisfactory electrochemical properties for
practical application. These findings offer valuable insights into
the quick and effective fabrication of novel energy storage
devices.

CONCLUSIONS

In summary, we report a facile strategy for the regeneration of
hydrogel electrolytes from their CGs via direct addition of water
or salt solution. This transformation was exceptionally con-
venient, rapid, and efficient. The CGs composed of MAPTAC
and MAA were lightweight, stable under long-term storage, and
capable of being recycled multiple times. The synergistic effect
between polyion interactions and hydrogen bonds played a
crucial role for the regeneration of the hydrogel electrolytes and
maintenance of their mechanical strength. After 5 cycles of
dehydration and regeneration, the regeneration efficiency of the
RHE was sustained at more than 60%, while the ionic con-
ductivity was maintained at 80%. Considering the ever-
expanding breadth of energy storage applications of hydrogel
electrolytes, we fabricated an all-gel-based flexible super-
capacitor comprised of an RHE and AC/CGs composite elec-
trodes. The all-gel supercapacitor was demonstrated to be
suitable across a wide temperature range spanning from —15 to
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60°C, exhibiting acceptable capacitance of the device (29.0-
57.9F g!) at a current density of 0.5 A g”'. The RHE displayed
high compatibility with the composite gel electrode, facilitating
the device to hold 98.7% of its original Cy, even after 100
bending cycle operations, thereby revealing satisfactory electro-
chemical and mechanical stability. This work is expected to
provide a new platform for the development of recyclable and
renewable materials with various applications in fields including
intelligent devices, flexible/wearable electronics and soft robot-
ics.
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