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Highly Ionic Conductive, Stretchable, and Tough Ionogel for
Flexible Solid-State Supercapacitor

Ying Wang, Zhengxuan Wei, Tongtai Ji, Ruobing Bai,* and Hongli Zhu*

The increasing demand for wearable electronics calls for advanced energy
storage solutions that integrate high electrochemical performances and
mechanical robustness. Ionogel is a promising candidate due to its
stretchability combined with high ionic conductivity. However, simultaneously
optimizing both the electrochemical and mechanical performance of ionogels
remains a challenge. This paper reports a tough and highly
ion-conductive ionogel through ion impregnation and solvent exchange. The
fabricated ionogel consists of double interpenetrating networks of long
polymer chains that provide high stretchability. The polymer chains are
crosslinked by hydrogen bonds that induce large energy dissipation for
enhanced toughness. The resultant ionogel possesses mechanical
stretchability of 26, tensile strength of 1.34 MPa, and fracture toughness of
4175 J m−2. Meanwhile, due to the high ion concentrations and ion mobility in
the gel, a high ionic conductivity of 3.18 S m−1 at room temperature is
achieved. A supercapacitor of this ionogel sandwiched with porous fiber
electrodes provides remarkable areal capacitance (615 mF cm−2 at
1 mA cm−2), energy density (341.7 μWh cm−2 at 1 mA cm−2), and power
density (20 mW cm−2 at 10 mA cm−2), offering significant advantages in
applications where high efficiency, compact size, and rapid energy delivery are
crucial, such as flexible and wearable electronics.

1. Introduction

The extensive demand and rapid development of wearable elec-
tronics bring growing requirements for their supporting energy
storage units. To support a wearable electronic device, its energy
storage unit, such as a battery or supercapacitor, needs excellent
electrochemical performances (e.g., ionic conductivity and elec-
trochemical stability window, ESW) to ensure the electrical func-
tionality, robust mechanical properties (e.g., flexibility, stretcha-
bility, strength, and toughness) to sustain mechanical loads in
various working conditions, and reliable safety to avoid fire or
hazardous leaking due to electrical breakdown or mechanical
failures.[1]
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Compared to conventional liquid-state elec-
trolytes, gel polymer electrolytes (GPEs)
hold great promise for addressing mul-
tifaceted challenges from mechanics and
general safety.[2,3] A GPE is composed of a
polymer network in a mixture with an al-
kali metal salt solution. The polymer net-
work provides solid-like mechanical prop-
erties, while the salt solution provides ad-
equate ion transfer.[4,5] One typical exam-
ple is the widely studied ionically conduc-
tive hydrogel made of hydrophilic polymer
networks and aqueous ion solution. These
ionic hydrogels have been developed in re-
cent years with superior mechanical proper-
ties (stretchability of > 10 times its original
length, strength over 1.0 MPa, and fracture
toughness > 104 J m−2) and sufficient ionic
conductivity (as high as > 1.0 S m−1).[6–8]

However, a large amount of water sol-
vent (> 60 wt%) in these hydrogels lim-
its their electrochemical stability windows
(ESWs) to ≈1.0 V, if no special functional-
ization or modification of polymer chains
is introduced,[9] together with poor physi-
cal stability due to water evaporation[10] and
reduced low-temperature performance be-
cause of water freezing.[11]

By far, ionogel replaces water with an ionic liquid as its solvent,
leading to enhanced ESW (above 1.0 V) while maintaining a sat-
isfying ionic conductivity (as high as 2.5 S m−1).[12,13] In addition,
most ionic liquids have low vapor pressures, making them nearly
non-volatile in an ambient environment. Because of these advan-
tages, developments of new ionogels as electrolytes have drawn
growing attention in recent years. However, an ionogel with both
excellent electrochemical performance and robust mechanical
properties has remained challenging. Ionogels with ionic con-
ductivity comparable to their corresponding pure ionic liquids
(on the order of 1.0 S m−1 at room temperature) have been devel-
oped but with weaker mechanical properties compared to many
state-of-the-art hydrogels (e.g., a fracture stretch of ≈3.5 times
of an ionogel compared to > 10 times of many hydrogels).[14–16]

On the other hand, P(Aam-co-AA)-EMIES, PEO-Li+-PEO-PPO-
PEO-BMImTFSI, and P(AA-co-VI)-BMImCl ionogels with supe-
rior mechanical properties (e.g., strength > 1 MPa and fracture
toughness> 4000 J m−2) have also been developed,[17–19] but their
ionic conductivities are mostly < 0.5 S m−1 that is far away the
corresponding ionic liquids, greatly limiting their capabilities as
electrolytes.
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Figure 1. a) The synthesis and molecular structure of the PVA-PAA hydrogel. b) The subsequent multi-step ion impregnation and solvent exchange
process toward the final PVA-PAA-LiCl-KOH ionogel. c) Advantages and potential applications of the ionogel-based stretchable supercapacitor.

Here, we developed a new ionogel with excellent ionic con-
ductivity, electrochemical stability window, mechanical property,
and physical stability through ion impregnation and solvent ex-
change. We first synthesized a host hydrogel with interpene-
trating polymer networks. Then, we modified these networks
via ion impregnation. Afterward, we replaced the water solvent
with a highly conductive ionic liquid in the gel through sol-
vent exchange process. We characterized the ionic conductiv-
ity, electrochemical stability window, mechanical stretchability,
strength, fracture toughness, and long-term stability at an am-
bient temperature of the fabricated ionogel. The ionogel main-
tains a small amount of residual water, which assists the highly
concentrated ions to enable facile migration and provide high
ionic conductivity over a wide temperature range. Despite this
residual water, the ionogel exhibits a remarkably wide electro-
chemical stability window of 2.0 V, far surpassing hydrogels.
Concurrently, the developed networks and co-functioning ions
render this ionogel with remarkable and tough mechanical per-
formances. The ionogel further exhibits excellent physical sta-
bility in weight and ionic conductivity over 40 h at an ambi-

ent temperature and low relative humifity of 20%. Finally, we
sandwiched the ionogel with high surface area polyacrylonitrile-
derived porous carbon fibers (PPCF) electrodes to create a flex-
ible supercapacitor with superior areal capacitance, energy, and
power densities compared to most existing gel-based solid-state
supercapacitors.

2. Results and Discussion

To fabricate the ionogel, an ion impregnation and solvent ex-
change method is designed. Acrylic acid (AA) monomers were
in situ polymerized with polyvinyl alcohol (PVA) polymer chains
in an aqueous solution following a free-radical polymerization
without any covalent crosslinker. The synthesized PAA-PVA hy-
drogel has interpenetrating networks crosslinked by hydrogen
bonds between the abundant hydroxyl groups (─OH) on the
PVA and the carboxyl groups (─COOH) on the PAA (Figure
1a). Afterward, the PVA-PAA hydrogel was immersed in a LiCl
solution with a prescribed high concentration. This induces a
salting-out effect on the hydrogel (Figure 1b), which greatly
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increases the number of hydrogen bonds formed between poly-
mer chains.[20,21] The resulting PVA-PAA-LiCl hydrogel was sub-
sequently immersed in a KOH solution to transform the neu-
tral PAA chains to charged polyelectrolytes with ─COO− groups,
which re-swells the hydrogel due to electrostatic repulsion be-
tween chains and osmotic pressures from mobile ions.[22] Fi-
nally, the re-swollen PVA-PAA-LiCl-KOH hydrogel was freeze-
dried to remove the free water while retaining the expanded poly-
mer structure and then immersed in the 1-ethyl-3-methylimid-
azolium dicyanamide ([EMIm][DCA]) ionic liquid to form the tar-
get PVA-PAA-LiCl-KOH ionogel.

This design with multi-step fabrication brings combined ad-
vantages to both the electrochemical performance and me-
chanical properties of the ionogel. The deliberately chosen
[EMIm][DCA] possesses the highest ionic conductivity among
existing ionic liquids, 2.8 S m−1, at room temperature.[14] The
ionic liquid is effectively encapsulated by the polymer networks
through ionic complexation between itself and the deprotonated
PAA chains.[17] Throughout the synthesis, a trace amount of wa-
ter stays in the ionogel (to be discussed in detail later), which
further enhances the ionic conductivity without adversely af-
fecting the ESW.[23] Simultaneously, the substantial hydrogen
bonds in the ionogel induce high energy dissipation during large
deformation or crack propagation via a large volume of bond
breaking.[24] The long PAA and PVA chains with no additional
covalent crosslinker provide high mechanical stretchability. The
synergy of the high energy dissipation and long polymer chains
leads to both high strength and fracture toughness.[25] With these
outstanding electrochemical and mechanical properties, as will
be shown, the non-volatile ionic liquid further ensures superior
physical stability in weight and ionic conductivity compared to
existing hydrogels. Therefore, a packaging-free solid-state super-
capacitor made of this ionogel is expected to simplify the process
and reduce the cost of production, as well as to be commercial-
ized through a mass market launch toward broad applications of
portable and wearable smart devices (Figure 1c).

The evolution of the molecular structure and free water con-
tent in the gel throughout the multi-step fabrication was inves-
tigated in Figure 2a using scanning electron microscopy (SEM).
The PVA-PAA hydrogel is initially transparent (Figure 2a1), with
nearly homogeneous honeycomb-like microscopic pores in the
dry state (Figure 2a2). After the LiCl treatment, the polymer
chains condense, and the gel de-swells due to the additional
crosslinking by hydrogen bonds (Figure 2a3),[20,26] leading to a
much more compact structure with thicker walls in the SEM im-
age (Figure 2a4). Immersing the gel in the KOH solution consid-
erably re-swells the polymer networks and hydrogel (Figure 2a5).
Meanwhile, the thick-wall microstructure is retained with signif-
icantly expanded pores (Figure 2a6) compared to the initial PVA-
PAA hydrogel. This alkali (KOH) treatment of the gel network is
highly necessary to facilitate the permeation of ionic liquids into
the network. As control experiments, excluding this treatment
(Figure S1, Supporting Information) or replacing KOH with wa-
ter (Figures S2,S3, Supporting Information) greatly changes the
final structure and performances of the ionogel. Finally, after
freeze-drying and soaking in the ionic liquid, the polymer mi-
crostructure is slightly tightened again (Figure 2a7,8). The color
of the gel changes from translucent to light yellow, indicating the
successful retaining of the ionic liquid.

To detailly understand the chemical structures of gels dur-
ing each fabrication step, functional groups of the PVA-PAA,
PVA-PAA-LiCl, PVA-PAA-LiCl-KOH hydrogels, as well as the
PVA-PAA-LiCl-KOH ionogel, were characterized utilizing the
Fourier-transform infrared spectroscopy (FTIR). As presented
in Figure 2b, all samples display characteristic peaks at 3430
and 1641 cm−1 corresponding to the stretching vibration of the
─OH and at 1432 cm−1 to the asymmetric stretching vibration
of the ─COOH group.[27] In the PVA-PAA-LiCl-KOH hydrogel,
the blue shift of the O─H stretching peak around 3430 cm−1

(black arrow in Figure 2b) indicates the decreasing density of
hydrogen bonds. Moreover, the peaks of stretching vibrations
of C═O and C─O from PAA at 1706 and 1260 cm−1 become
much weaker,[28] suggesting weaker physical interactions due to
the re-swelling of PAA chains. In the PVA-PAA-LiCl-KOH iono-
gel, the peaks at 1260 cm−1 reappear, demonstrating denser PAA
chains. The emergence of the peak at 1563 cm−1 in the PVA-PAA-
LiCl-KOH hydrogel and the ionogel corresponds to the asym-
metric stretching vibration absorption of C═O resulting from
the ─COOH group interacting with KOH (Figure S4, Support-
ing Information).[29] Finally, the ionogel exhibits peaks at 2200
and 2190 cm−1, attributed to the stretching vibration of C≡N. The
stronger bond signal at 1563 cm−1 corresponds to the N─H vi-
bration in the ionic liquid (Figure S5, Supporting Information).
These peak signals again prove the successful incorporation of
the ionic liquid into the gel.

The thermal stability of different gels was studied by ther-
mogravimetric analysis (TGA) and derivative thermogravimetry
(DTG) in Figure 2c and Figure S6 (Supporting Information), re-
spectively. In the TGA tests, the first weight loss of gels below
100 °C results from the evaporation of free water. The amount
of free water content in each gel is consistent with the observed
swelling ratio and microstructure, as previously discussed. Calcu-
lated from the TGA data, the final ionogel exhibits a water con-
tent of 6.7 wt%, much lower than that of the pristine PVA-PAA
hydrogel, 21.8 wt%. For the PVA-PAA and PVA-PAA-LiCl hydro-
gels, second and third weight losses are observed at ≈300 °C and
above 400 °C, corresponding to the evaporation of bonded water
and the degradation of polymer chains, respectively. For the PVA-
PAA-LiCl-KOH hydrogel, the TGA curve is nearly flat at a tem-
perature above 150 °C, possibly due to the reduced interaction
between polymer chains caused by the large swelling.[30] For the
PVA-PAA-LiCl-KOH ionogel, only a loss temperature at 460 °C is
observed after the initial free-water evaporation, corresponding to
the thermal decomposition of the ionic liquid. This loss temper-
ature is higher than the decomposition temperature of the pure
ionic liquid at 310 °C (Figure S7, Supporting Information), sug-
gesting the good interaction between the ionic liquid and poly-
mer chains.

Figure 3a shows uniaxial tensile stress–stretch curves of var-
ious hydrogels up to fracture. In each curve, we define the
peak as the tensile strength of the gel and the ultimate fracture
stretch as the stretchability. Compared to the pristine PVA-PAA
hydrogel, the PVA-PAA-LiCl hydrogel shows significantly en-
hanced strength from ≈0.25 to 2.1 MPa, while maintaining a high
stretchability of ≈8. To investigate the effect of LiCl, gels treated
with 6 and 8 m LiCl solutions are characterized. No distinctive
difference is observed between their stress-stretch curves, possi-
bly due to the high enough concentrations of LiCl in both cases.
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Figure 2. Characterizations of gels throughout the multi-step fabrication. a) Schematics, photos, and scanning electron microscopy (SEM) images of
the PVA-PAA (a1,2), PVA-PAA-LiCl (a3,4), PVA-PAA-LiCl-KOH (a5,6) hydrogels, and the PVA-PAA-LiCl-KOH ionogel (a7,8). b) Fourier-transform infrared
spectroscopy and c) thermogravimetric analysis results of the four gels. The scale bars are 1.0 cm in the photos and 1.0 μm in the SEM images.
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Figure 3. Mechanical characterizations of different gels. a-b) Uniaxial tensile stress–stretch curves and c) fracture toughness of different hydrogels and
ionogels. d) Ashby plot on the stretchability and fracture strength among all reported ionogels.[16,18,19,42–65] e) Cyclic stress–stretch curves of an uncut
ionogel with a stretch amplitude of 2 . f) The maximum stress over cycles from (e).

In addition, the PVA-PAA-LiCl-KOH hydrogel shows much re-
duced strength (< 0.1 MPa) and stretchability (< 4), consistent
with the much larger swelling of its polymer networks, as shown
by the photos and SEM images in Figure 2a.

Figure 3b compares the PVA-PAA-LiCl-KOH ionogels with the
PVA-PAA-LiCl hydrogels from Figure 3a. After the solvent ex-
change, the stretchability of the ionogel dramatically increases
from 7 to 26, with a modest decrease of strength to ≈1.34 MPa
(Figure 3b). This is likely a consequence of several coupling fac-
tors in the ionogel, including the reduced number of hydro-
gen bonds (as cross-links and sacrificial bonds, which enhance
the strength and toughness, but reduce the stretchability),[24,31,32]

a much higher solvent content (which reduces the strength
and toughness but greatly enhances the stretchability),[33,34] and
larger pores after freeze-drying (which possibly enhance the
stretchability).

The fracture toughness of various gels was measured us-
ing the well-established edge-crack test (Figure S8, Supporting
Information).[35] As shown in Figure 3c, all the gels (except
the PVA-PAA-LiCl-KOH hydrogel that is brittle and not charac-
terized) exhibit high fracture toughness in the range of 2000–
5000 J m−2. In particular, the ionogel shows a fracture toughness
as high as ≈4000 J m−2, slightly depending on the concentration
of LiCl. The high fracture toughness on the order of 103 J m−2

is comparable to the state-of-the-art tough hydrogels that have
been widely reported.[25] Due to a general lack of reported data
on the fracture toughness of ionogels, we construct an Ashby plot
to compare the stretchability and fracture strength instead of all
reported ionogels in the literature (Figure 3d). Our material out-

performs most existing ionogels with a strength of over 1 MPa
and shows the highest stretchability of ≈26.

The fatigue behavior of the PVA-PAA ionogel was character-
ized by conducting uniaxial cyclic mechanical loads of an uncut
sample with a stretch amplitude of 2 for 5000 cycles (Figure 3e),
together with the maximum stress in each cycle (Figure 3f). Over
cyclic loads, the stress–stretch curves show an initial softening
with a decrease of the maximum stress (e.g., 1st, 10th, and 100th
in Figure 3e,f), followed by a significant stiffening and strength-
ening. Based on previous studies on tough hydrogels and PVA
hydrogels,[21,24,36,37] we attribute the initial cyclic softening to the
accumulated internal damage of the polymer network due to the
hydrogen bond breaking. Over 100 cycles, the reversible hydro-
gen bonds gradually reform along the stretching direction of the
polymer chains, leading to increasing sample length, stiffness,
and maximum stress.[24,38] This indicates that the dense and re-
versible hydrogen bonds make the ionogel resistant to fatigue
damage, that is, the continuous softening of the stretch–stretch
response over accumulated cyclic loads.[39] This further suggests
that the current ionogel will be highly resistant to fatigue frac-
ture, that is, the continuous crack propagation over cyclic loads,
which has been demonstrated recently by other similar anti-
fatigue-fracture gels formed by PVA networks with dense hydro-
gen bonds.[40,41]

Not only in terms of mechanical properties, the incorpora-
tion of supplementary ions and the resulting alteration of the
microstructure of the polymer network have a significant im-
pact on the ionic conductivity of ionogels. In brief, the intro-
duction of significant quantities of Li+ and Cl− enhances the
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Figure 4. a) Plot of ionic conductivity at different temperatures. Physical stability of different gels. b) The change of weight and c) the ionic conductivity
of gels over time at the ambient temperature with a relative humidity of 20%. d) Ashby plot on the ionic conductivity and stretchability among all reported
ionogels.[16,18,19,42–65]

concentration of ions and enhances the ionic conductivity of gels.
However, this increase in ion concentration also leads to the con-
traction of the networks, which in turn hinders the mobility of
ions during impregnation. Unlike LiCl, the KOH solvent immer-
sion process can enhance ionic conductivity through both more
ions introduction and swelled networks. Through a series of com-
plex processes and mechanisms, the ionogel treated with 8 m LiCl
exhibited superior ionic conductivity than those treated with 6
and 10 m LiCl. Further elucidation of the collaborative influence
of additional ions (Li+, Cl−, K+, and OH−), water, and ionic liq-
uid on the ionic conductivity of gels is observed and expounded
in Figures S9–S12 (Supporting Information).

The above effects are consistent across temperatures. Ar-
rhenius plot, Figure 4a, shows the temperature effect of the
ionic conductivity in ionogels with various concentrations of
LiCl. The ionogel treated with 8 m LiCl shows the highest
ion transfer kinetic and the best ionic conductivity with a de-
crease by only one order of magnitude from room temperature
(3.18 S m−1) to −30 °C (0.48 S m−1), at which the ionic liq-
uid [EMIm][DCA] crystallizes.[68] This ionic conductivity outper-
forms other existing anti-freezing gels by about one order of mag-
nitude over a wide range of temperatures (Figure S13, Supporting
Information).[60,69–75] The high ionic conductivity at low temper-
atures highlights the potential of this ionogel for applications in
extreme environments.

Superior to its precursor, this ionogel demonstrates both high
ionic conductivity and adequate physical and electrochemical sta-

bility. The weight stability of gels is contingent upon their solvent
vapor pressures and content, as well as the level of porosity inher-
ent in their network architecture. Increasing water content and a
looser network structure lead to faster water loss and weight in-
stability. The ionogel shows excellent physical stability over long-
time exposure in an ambient temperature. To demonstrate, dif-
ferent hydrogels and ionogels were placed to an environment
with a room temperature of 25 °C and relative humidity (RH)
of 20%, with their weights recorded over time (Figure 4b). After
≈40 h, the ionogel retains a fraction of 96% of its initial weight. By
contrast, all hydrogels lose a considerable amount of water within
the first hour (80%, 93%, and 68% for the PVA-PAA, PVA-PAA-
LiCl, and PVA-PAA-LiCl-KOH hydrogels, respectively).

The physical stability of the ionogel is further reflected by
its remarkably stable ionic conductivity measured over time
(Figure 4c). The ionic conductivity of ionogel slightly increases
for the initial 3 h at the ambient environment and then maintains
constant over 40 h. Additionally, the ionogel exhibits outstanding
stability in the elongated period of 100 h at ambient tempera-
ture, as shown in Figure S14 (Supporting Information). By con-
trast, the ionic conductivity of a PVA-PAA hydrogel dramatically
decreases to a vanishingly low value within 2 h. The ionic conduc-
tivity of a PVA-PAA-LiCl hydrogel shows a slower decrease than
its precursor over time and close to 0.01 S m−1 after 25 h. The
ionic conductivity of a PVA-PAA-LiCl-KOH hydrogel is more sta-
ble compared to other hydrogels but still starts to decrease after
25 h.
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Figure 5. Schematic and electrochemical performance of the solid-state supercapacitor with the ionogel electrolyte and PAN-derived porous carbon
fibers (PPCF) electrodes. a) Schematic. b) SEM image of the PPCF. Galvanostatic charge-discharge curves of gel-based supercapacitors c) with different
ionogels and d) at various scan rates. e) Ragone plot comparison.[18,42,45,76–81] f) Cycling stability of the supercapacitor without sealing.

We attribute these behaviors in ionic conductivity to the time-
varying gain or loss of water in different gels that affect their
ion mobilities. Generally, a sufficient amount of water and ad-
equate porosity of the polymer structure facilitate the ion trans-
fer in a gel, since the low viscosity of water ensures ion mobility,
and a high porous microstructure benefits the ionic liquid im-
pregnation, and therefore, reduces the ion transfer tortuosity.[66]

Comparing the initial three data points of the ionogel in both
Figure 4a,b, we conclude that the initial increase of ionic conduc-
tivity is due to the slight water absorption of the ionogel from the
atmosphere. This water absorption eventually reaches thermody-
namic equilibrium after ≈2 h, given the low RH of 20%. By con-
trast, the water solvent in a hydrogel keeps evaporating due to the
low humidity, hence reducing its ionic conductivity. The two hy-
drogels with LiCl (PVA-PAA-LiCl and PVA-PAA-LiCl-KOH) show
a slower decrease of ionic conductivity over time for two reasons.
First, it is known that LiCl greatly facilitates water retention in
a hydrogel.[67] Second, the additional ions in these hydrogels po-
tentially provide extra capabilities of ion transfer despite the wa-
ter loss over time. This is further supported by the much slower

decrease of ionic conductivity in the PVA-PAA-LiCl-KOH hydro-
gel. These explanations are also validated by the measured ionic
conductivities in hydrogels and ionogels with various concentra-
tions of LiCl. Meanwhile, the ionogel exhibits a satisfying ESW
of 2.0 V (Figure S15, Supporting Information), which is moder-
ate among other existing ionogels but much larger than that of
hydrogels (Figure S16, Supporting Information).

Furthermore, the ionogel maintains good mechanical proper-
ties at low temperatures, with a stretchability of 9, strength of
0.6 MPa, and fracture toughness of 1612 J m−2 at −30 °C (Figure
S17, Supporting Information). It is proud that the comprehen-
sive performance of our product in terms of ionic conductivity
and stretchability surpasses that of existing ionogels (Figure 4d),
which has the potential to be employed as a promising GPE for
wearable energy storage units.

To demonstrate its performance as a solid-state supercapaci-
tor, the ionogel was sandwiched between two homemade elec-
trospun polyacrylonitrile-derived porous carbon fibers (PPCF)
electrodes (Figure 5a). The SEM images reveal that the as-spun
PAN fibers are 300–700 nm in diameter (Figure S18, Supporting
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Information). After KOH activation, a large number of tiny pores
were created on the surface of carbon fibers (Figure 5b). These
dense and tiny pores increase the specific surface area of the elec-
trodes and allow more double-layer charge storage, enhancing
the capacitance of the supercapacitor (Figure S19, Supporting In-
formation).

The capacitance and coulombic efficiency of the superca-
pacitor were characterized by the use of galvanostatic charge–
discharge (GCD). Figure 5c shows GCD curves of solid-state su-
percapacitors made of 6 and 8 m LiCl-treated ionogels at a scan
rate of 1 mA cm−2. Compared to the 6 m LiCl-treated superca-
pacitor, the 8 m LiCl-treated supercapacitor exhibits a smaller
voltage drop (0.06 vs 0.22 V), a higher areal capacitance (615 vs
224 mF cm−2), and a higher coulombic efficiency (93% vs 76%),
since the 8 m LiCl-treated supercapacitor processes a lower equiv-
alent series resistance and higher ionic conductivity. In addition,
GCD curves of the 8 m LiCl-treated supercapacitor show a near-
ideal triangular shape in Figure 5d, suggesting an excellent elec-
tric double-layer capacitance performance. This supercapacitor
displays a high areal capacitance of 615 mF cm−2 at a scan rate of
1 mA cm−2, superior to most reported gel-based solid-state super-
capacitors (Figure S20, Supporting Information).[18,42,45,70,76,77]

The outstanding areal capacitance of this solid-state supercapac-
itor benefits from the synergy of the high specific surface area of
the PPCF electrode, the excellent ionic conductivity of the iono-
gel electrolyte, as well as low bulk resistance of the assembled
solid-state supercapacitor (Figure S21, Supporting Information).

Moreover, this supercapacitor exhibited its ability to be ap-
plied at cold temperatures. As shown in Figure S22 (Support-
ing Information), the discharge time of the supercapacitor de-
creases with the reducing temperature, indicating a negative cor-
relation between capacitance and temperature. This tendency
agrees with the temperature dependency of ionic conductivity in
ionogel, as aforementioned in Figure 4a. Surprisingly, the 8 m-
supercapacitor delivered an areal capacitance of 110 mF cm−2 at
a low temperature of−30 °C. Therefore, this ionogel is potentially
applied to store energy in an extremely low temperature environ-
ment.

For the power and energy density, this ionogel-based superca-
pacitor also outperforms previous works (Figure 5e). The current
supercapacitor shows a high energy density of 341.7 μWh cm−2

with a power density of 2.0 mW cm−2 at 1 mA cm−2, and a
high power density of 20 mW cm−2 with an energy density of
161 μWh cm−2 at 10 mA cm−2. Furthermore, the cycling air sta-
bility of the solid-state supercapacitor is shown without any ad-
ditional packaging or sealing. Despite little liquid loss and slight
reactivity with airborne components at high voltages, the ionogel-
based supercapacitor demonstrates reasonable stability, retaining
62% of its capacitance after 1000 cycles (Figure 5f).

3. Conclusion

In conclusion, we fabricated a novel ionogel with excellent elec-
trochemical performance, mechanical properties, and physical
stability through ion impregnation and solvent exchange. The
ionogel shows a mechanical stretchability of 26, strength of
1.34 MPa, and fracture toughness of 4175 J m−2, as well as self-
strengthening with large mechanical hysteresis over 5000 cyclic
loads. The reversible hydrogen bonds make the ionogel free from

fatigue damage. Based on our understanding of the most up-to-
date research, this ionogel demonstrates the highest room tem-
perature ionic conductivity of 3.18 S m−1 among all reported
ionogels, which remains exceptionally high at 0.48 S m−1 even
at −30 °C. The ionogel is physically stable with 96% weight re-
tention for 40 h at ambient temperature and 20% HR. To ver-
ify its potential for application in energy storage units, a solid-
state supercapacitor was assembled using highly porous carbon
fibers as electrodes and this highly ionic-conductive ionogel as
the electrolyte. The supercapacitor delivers an aerial capacitance
of 615 mF cm−2 at a current density of 1 mA cm−2, a maximum
energy density of 341.7 μWh cm−2 at 1 mA cm−2, and a maxi-
mum power density of 20 mW cm−2 at 10 mA cm−2. These per-
formances surpass most reported gel-based solid-state superca-
pacitors, highlighting the promise of this ionogel. More signif-
icantly, the microstructures and ion concentrations elucidated
by the comprehensive experimental investigation will guide fu-
ture fine-tuning of ionogel’s mechanical and electrochemical
properties for diverse applications, including lightweight, high-
performance, easy-carrying stretchable energy storage devices.

4. Experimental Section
Materials: Polyvinyl alcohol (PVA, hydrolyzed), 1-Ethyl-3-

methylimidazolium ethyl sulfate ([EMIM][DCA]), acrylic acid (AA, anhy-
drous), lithium chloride (LiCl, anhydrous free-flow), potassium hydroxide
(KOH), N, N-Dimethylformamide (DMF), and N-Methylpyrrolidone
(NMP) were purchased from Fisher Scientific. The carbon conductive
additive, Super P, was obtained from MTI Corporation. 𝛼-ketoglutaric acid
(𝛼-keto, 99.0% (T)), Polyacrylonitrile (PAN) with an average molecule
weight of 15,000 g mol−1, and poly(vinylidene fluoride) (PVDF) with
an average molecule weight of 534,000 g mol−1 were purchased from
Sigma–Aldrich. To form solutions, 8 g of PVA was dissolved into 92 g of
deionization (DI) water at 90 °C for 3 h to produce an 8 wt% PVA solution,
1.2 g of PAN was dissolved into 8.8 g of DMF to produce a 12 wt% PAN
solution, and 1 g of PVDF was dissolved into 9 g of NMP to produce a
10 wt% PVDF solution.

Synthesis of PVA-PAA Hydrogels: The prepared PVA solution (PVA
8 g, water 92 g) was cooled down to room temperature. Afterward, AA
monomers of 72 g and 𝛼-ketoglutaric acid of 0.36 g (as photo-initiator,
0.5 wt% of AA monomers) were added into the solution. The solution was
then mixed and vacuumed for 2.5 min to reach homogeneous and subse-
quently poured into glass modes of 5 × 1 × 0.1 cm3, covered by a transpar-
ent glass sheet. Finally, the solution was polymerized under UV irradiation
(365 nm, 30 W) overnight, leading to the PVA-PAA hydrogel.

Synthesis of PVA-PAA Ionogels: The synthesized PVA-PAA hydrogel was
immersed in 100 mL of 6 or 8 m LiCl solution for 24 h. The resulting PVA-
PAA-LiCl hydrogel was then immersed in saturated KOH solution for 1 h to
form the PVA-PAA-LiCl-KOH hydrogel. Afterward, the surface of the hydro-
gel was gently washed with DI water to remove any residual KOH solution.
The hydrogel was frozen in liquid nitrogen and placed in a freeze-dry ma-
chine (FreeZone 6, Labconco Corporation) for 36 h. Finally, the freeze-dried
gel was immersed in the ionic liquid [EMIm][DCA] for 24 h to form the
PVA-PAA-LiCl-KOH ionogel. To further show the advantage of the current
method of solvent exchange with freeze-drying, Ionogels were synthesized
from two control experiments: i) solvent exchange without freeze-drying:
A PVA-PAA hydrogel was directly prepared, immersed the gel into an ionic
liquid, and evaporated the water in the gel, and ii) one-pot polymerization:
A gel was directly polymerized from a precursor solution containing PVA,
AA monomers, water, and ionic liquid, and subsequently evaporated the
water in the gel. Figure S23 (Supporting Information) shows the stress–
stretch behaviors of the three gels, where the gel from the current method
shows much higher strength and stretchability.
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Polyacrylonitrile-Derived Porous Carbon Fibers (PPCF) Preparation: The
preparation for the PPCF was based on the previous work.[82] Briefly, the
prepared PAN solution was loaded into a syringe with a 27 gauge needle
(inner diameter 0.21 mm, length 13 mm). Electrospinning was carried out
at a voltage of 15 kV. PAN mesh was subjected to thermo-treatments, in-
cluding stabilization, carbonization, and activation, to endow it with high
conductivity and high porosity. All thermo-treatments were conducted in a
tubular furnace (GSL 1600X, MTI Corporation). Specifically, the PAN mesh
was first stabilized in the air at a heating rate of 1°C min−1 to 250 °C and
held at 250 °C for 1 h. Afterward, the stabilized PAN nanofibers were stored
in the furnace with a heating rate of 5°C min−1 to 1000 °C and carbonized
in a nitrogen environment at 1000 °C for 1 h. To improve the porosity of
PAN carbon fibers, solid KOH was ground with carbonized PAN fibers at
a weight ratio of 3:1. The mixture was heated to 1000 °C with a heating
rate of 5°C min−1 and kept in a furnace containing flowing N2 for 1 h. Fi-
nally, samples were dialyzed in DI water to remove any residual KOH. The
dialyzed-activated PPCF was lyophilized for utilization.

Solid-State Supercapacitor Assembly: A combination of 80 wt% PPCF,
10 wt% Super P, and 10 wt% PVDF was used to make the electrodes. The
produced slurry was coated on aluminum foil (MTI Corporation) and dried
at 80 °C for 12 h in an oven. To assemble a solid-state supercapacitor, free-
standing PPCF electrodes were peeled off the aluminum foil and placed
above and below the ionogel.

Materials Characterization: Morphologies of gels were characterized
by SEM (Hitachi S4800) at 3 kV. Functional groups of gels were investi-
gated by FTIR (Cary 630 FTIR, Agilent). TGA (TA Q50, Inc.) was conducted
from room temperature to 600 °C with a heating rate of 2°C min−1 at a
nitrogen atmosphere to study the thermal stability of gels.

Monotonic and Cyclic Tensile Tests: The monotonic and cyclic tensile
tests were conducted using an Instron tensile tester (Instron 34TM-5).
Samples of hydrogels and ionogels were cut into rectangular strips of
0.5 cm width and 0.08–0.12 cm thickness, and mounted into the tensile
tester to form a gauge length of 4 cm. The nominal stress is defined as the
measured force divided by the cross-sectional area of a sample in the ref-
erence (undeformed) state. The stretch was defined as the ratio between
the deformed length and the original gauge length. For the uniaxial tensile
test, the strain rate was set to 0.1 s−1. For the cyclic tensile test, the strain
rate was set to 0.33 s−1. All mechanical tests were conducted at a room
temperature of 20–22 °C.

Fracture Tests: The fracture toughness of a prepared gel was measured
using the edge-crack test.[35] Specifically, a small crack of fixed length was
initially precut in the middle of the sample edge, with the schematic shown
in Figure S8a (Supporting Information). The precut sample has a rectan-
gular shape of 5 mm width, 20 mm length, and 0.8-1.2 mm thickness, and
1 mm initial crack length. For the edge-crack test, the strain rate was set
to 0.1 s−1. All mechanical tests were conducted at a room temperature of
20–22 °C. The fracture toughness Γ is calculated as Γ = (6∕

√
𝜆c)cW(𝜆c),

where 𝜆c is the fracture stretch of the same sample without precut crack,

c is the length of the precut crack, and W(𝜆c) =
𝜆c

∫
1

sd𝜆 is the work of rup-

ture, calculated as the integral of the nominal stress–stretch (s–𝜆) curve of
the uncut sample up to fracture. The stress-stretch curves of different gels
with precut cracks are presented in Figure S8b (Supporting Information).
To measure the fracture toughness at −30 °C, the cut and uncut samples
were prepared first and subsequently frozen. Afterward, they were taken
out and immediately tested on the Instron machine enclosed by a temper-
ature chamber.

Electrochemistry Characterization: An electrochemical station (Bio-
logic SP150) was applied to measure the ionic conductivity of gels. The
low-temperature electrochemical performance was measured with the
help of a temperature test chamber (VT 4002, AME Energy Co., Ltd.). A
Biologic MPG-2 battery cycler was used to assess the cyclic voltamme-
try (CV) curves of ionogels in a range of 0–3 V (vs stainless steel), with
a scan rate of 10 mV s−1 at room temperature. Galvanostatic charging–
discharging was conducted in a range of 0–2 V, and cycling stability prop-
erty was measured in a range of 0–1.8 V, both using an 8-channel tester
(Wuhan LAND Electronic Co., Ltd.) at room temperature of 25 °C. The spe-

cific areal capacitance (C, mF cm−2), energy density (E, mWh cm−2), and
powder density (P, mW cm−2) of the supercapacitor were calculated using
the following equations: C= 2(It)/(VA), E= 0.5CV2/3600, and P= 3600E/t,
in which I, t, V, and A are the current (mA), discharge time (s), potential
(V), and total area of electrodes (cm2), respectively.[42] The capacitance of
PPCF electrodes was measured in a two-electrode system beaker cell us-
ing 6 m KOH aqueous solvent electrolyte. The specific mass capacitance
(Cm, F g−1) of electrodes was calculated following the equation Cm = 4It/
(V × m), where I, t, V, m are the current (A), discharge time (s), potential
(V), and total mass (g) of electrodes, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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