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ABSTRACT: As the demand for energy storage devices increases,
the importance of electrolytes for supercapacitors (SCs) is further
emphasized. However, since ions in electrolytes are always in an
active state, it is difficult to store energy for a long time due to ion
diffusion. Here, we have synthesized a phase-transitional ionogel
and fabricated an SC based on the ionogel. The 1-ethyl-3-
methylimidazolium nitrate ([EMIM]+[NO3]

−) ionogel changes its
phase from crystal to amorphous when the temperature was
elevated above its phase transition temperature (∼44 °C). When
the temperature is elevated from 25 to 45 °C, the resistivity of the
gel is decreased from 2318.4 kΩ·cm to 43.2 Ω·cm. At the same
time, the capacitance is boosted from 0.02 to 37.35 F g−1, and this
change was repeatable. Furthermore, the SC exhibits an energy
density of 7.77 Wh kg−1 with a power density of 4000 W kg−1 at 45 °C and shows a stable capacitance retention of 87.5% after 3000
cycles of test. The phase transition can switch the SCs from “operating mode” to “storage mode” when the temperature drops. A
degree of self-discharge is greatly suppressed in the storage mode, storing 89.51% of charges after 24 h in self-discharge tests.
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■ INTRODUCTION

With the rapid development of society and the emergence of
new industries, the ever-increasing demand of energy has
increased a need for more efficient energy storage systems.
Electric double layer capacitors, also known as supercapacitors
(SCs), are representative electrochemical energy storage
systems that meet these needs. SCs are electrostatically
charged through charge separation at both the high-surface
area porous electrode/electrolyte interfaces.1 They can be
charged/discharged in a short period of time and are capable
of withstanding a few thousand cycles.2 These properties allow
SCs to be used in vehicles, portable electronics, and military
sectors3 wherever there is a need to release a large amount of
stored energy in a short time. However, SCs have a very high
self-discharge, making them difficult to sustain a state of charge
for a long time. Therefore, various factors have been studied to
reduce the self-discharge.4 One of the main factors of the self-
discharge is movement of ions in the electrolyte. In order to
control ion mobility, electrodes with stronger interactions with
ions are developed,5 or separators6 and additives7,8 were
combined with electrolytes to suppress the movement of the
ions. However, the self-discharge of SCs basically occurs
because ions are always activated in the electrolyte. Therefore,
it is expected that the self-discharge of the SCs can be
effectively lowered if the movement of ions is deactivated when
the SCs are not used.

A phase transition is a method that dramatically changes the
flow of ions with temperature. Since ions are crystallized or
decrystallized depending on the phase, the movement of ions
can be easily controlled according to the temperature. One of
the ionic materials that can undergo a phase transition at
ambient temperature is an ionic liquid. Ionic liquids (ILs) refer
to compounds composed of ions with melting points below
100 °C,9 and some ILs change phases at their melting point.
By using a phase-transitional IL, it is possible to dramatically
change the mobility of ions.10 Additionally, ILs are
characterized by very low vapor pressure, high thermal
stability, high ionic conductivity, and electrochemical stabil-
ity.11 These features make ILs suitable to be used as an
electrolyte in an SC, and various studies have been conducted
based on them.12,13 Based on these characteristics, by applying
phase-transitional ILs to SCs as electrolytes, it is expected that
the activation degree of SCs can be controlled according to the
temperature. That is, when the temperature is elevated above
the melting point, SCs become active and are operated as an
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energy source. On the other hand, SCs reach an inactive state
by lowering the temperature to suppress the movement of ions.
In the inactive state, SCs are able to store the energy for a long
time.
Here, we have fabricated phase-transitional ionogel-based

SCs for a selective operation. The electrolyte was made of
ionogels using a phase-transitional IL as a solvent. Through a
gelation, various disadvantages of liquid electrolytes, such as
electrolyte leakage, corrosion, and packaging problems,14 could
be overcome. The ionogel was fabricated from acrylamide
(AAm) monomers with a phase-transitional IL, 1-ethyl-3-
methylimidazolium nitrate [EMIM]+[NO3]

−, as the ionogel
solvent. The fabricated SC can be activated by elevating the
temperature above the melting temperature, called an
“operating mode”. After operation, the SC can be converted
into a “storage mode” by lowering the temperature, where self-
discharge is reduced and there is no energy consumption to
maintain energy storage. Since the ionogel electrolyte is stable
even at a high temperature and can be selectively activated, we

expect that SCs can be used in an environment with high
temperatures or with large temperature variation such as a
desert or a space industry.

■ MATERIALS AND METHODS
Fabrication of SCs. Carbon electrodes were prepared by coating

aluminum foil with a mixture of activated carbon power (Sigma,
C9157), Super P (Wellcos), and poly(vinylidene fluoride) (PVDF,
Wellcos, #7300) in a ratio of 8:1:1. An ionogel solution was
synthesized by mixing 12 wt % acrylamide (AAm, Sigma, A8887) to
provide monomers for the polymer network, [EMIM]+[NO3]

−

(Iolitec, IL-0005-HP) as the ionogel solvent, 2.5 wt % poly(ethylene
glycol) diacrylate (PEGDA; Sigma, 455008) as a crosslinker, and 0.4
wt % 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irga-
cure 2959, Sigma, 410896) as a photoinitiator. The ionogel solution
was stirred for 1 h at 70 °C to create a homogeneous solution before
polymerization. For preparation of the SCs, electrodes and a 1 mm-
thick PDMS (Sylgard 184) mold were attached to Teflon tape to
provide a flexible substrate. Then, the solution was poured into the
PDMS mold and encapsulated with the same substrate. The solution

Figure 1. Phase transition of the [EMIM]+[NO3]
−/PAAm ionogel. (a) Schematic illustration of phase transition of the [EMIM]+[NO3]

− ionic
liquid in a PAAm network. The ion movement is suppressed or activated based on temperature-triggered phase transformation of ionic liquid (IL)
in the ionogel. (b) Structural formulas of phase-transitional IL ([EMIM]+[NO3]

−), and monomer (PAAm) and crosslinker (PEGDA) miscible
with the IL. (c) Differential scanning calorimetry (DSC) curves of the pure [EMIM]+[NO3]

− IL and [EMIM]+[NO3]
−/PAAm ionogel. (d) UV−

vis spectra of the ionogel at 25 and 45 °C. Transmittance of the ionogel was shifted from 1 to 99% under 25 °C of ambient temperature. (e)
Photographs of ionogels under 45 and 25 °C of ambient temperature. The ionogel containing excited IL exhibited soft and transparent properties,
while the ionogel containing crystallized IL exhibited rigid and opaque properties. (f) Fourier-transform infrared spectroscopy (FT-IR) spectrum of
freeze-dried polyacrylamide, pure ionic liquid at 25 °C, and the ionogel at 25 and 45 °C. (g) Stress−strain curves of the ionogel at 25 and 45 °C.
The inset shows the stress−strain curve of the ionogel at 45 °C. (h) Tensile cyclic stress−strain curves of the ionogel at 45 °C up to a strain of
100%.
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was cured at a wavelength of 365 nm for 1 h to obtain phase-
transitional ionogel-based SCs.
Ionogel Analysis. Ionogels were prepared in the same manner

without the substrate. The transmittance of each ionogel sample was
measured over a wavelength range of 300 to 400 nm using UV−vis
spectroscopy (Agilent Technologies, Cary 60). Differential scanning
calorimetry (DSC) was carried out using a TA Instruments Discovery
DSC. The samples were analyzed at a heating rate of 2 °C min−1 over
a temperature range of −20 to 100 °C. Mechanical tensile tests were
performed to measure the mechanical property of the ionogel. A
geometry of the sample with 30 mm in length, 10 mm in width, and 2
mm in thickness was used. The specimens were mounted to a tensile
machine (Instron, 3343) and were stretched with a 50 N capacity load
cell at a stretch rate of 10 mm s−1. The initial length of the specimen
between the grips was 5 mm. Fourier-transform infrared spectroscopy
(FT-IR) (Thermo Scientific, Nicolet iS 10 spectrometer) was carried
out to analyze the spectra of freeze-dried polyacrylamide, pure
[EMIM]+[NO3]

− IL, and the ionogel at 25 and 45 °C with
wavenumbers from 550 to 4000 cm−1. The cross section of an SC
was characterized with a scanning electron microscope (SEM) (Carl
Zeiss, AURIGA) at an accelerating voltage of 2 kV.
Characterization of Supercapacitor Electrochemical Proper-

ties. The performance of ionogel-containing SCs that were 18 mm in
length, 8 mm in width, and 1 mm in thickness was evaluated using a
two-electrode system. Electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and stability tests were carried out
using a potentiostat/galvanostat (Gamry Reference 600+) with a two-
electrode-system at various temperatures on a hot plate. The EIS test
was performed in the frequency range of 0.1 Hz−1 MHz. The CV test
was performed in the potential range of 0−2 V at various scan rates
(12.5, 25, 50, 100, and 200 mV s−1). The galvanostatic charge/
discharge (GCD) curves were measured using a multichannel
electrochemical workstation (ZIVE, MP1) at various current densities
of 0.2, 0.5, 1, 2, and 4 A g−1 in a potential window of 0−2 V. The
stability of SCs was measured by subjecting them to 3000 cyclic
charge−discharge cycles in the potential range of 0−2 V at a current
density of 0.5 A g−1 to measure capacitance retention.
Self-Discharging Test. The SC was charged to 1.85 V with a

current density of 0.02 A g−1 and held at this terminal voltage for 2 h
at 45 °C to ensure the fully charging. The open circuit voltage (OCV)
was measured for 24 h in two cases of SCs at room temperature (25
°C) and 45 °C. To demonstrate usability of SCs, they were charged to
2 V for 2 h at 45 °C and solidified by lowering the temperature. After
this, they were connected to LED lights (LUG30243/G-C, 155 Ω,
ICbanQ). The photos of the LED light were recorded, and the light
powers of the LED were measured using an optical power meter
(Newport, 1919-R). LED experiments and measurements were
conducted in a dark room.

■ RESULTS AND DISCUSSION
Phase-Transitional Characteristics of the Ionogel. The

characteristics of the synthesized ionogel electrolyte for the
phase-transitional SCs are illustrated in Figure 1a. Acrylamide
monomers became polyacrylamide and formed a 3D matrix in
the IL through chemical crosslinking with PEGDA when
induced by the photoinitiator. Below the melting point, the IL
ions are crystallized. Therefore, the movement of ions is
suppressed. When the temperature is raised above the melting
point of the IL, the IL ions are decrystallized, allowing the ions
to move freely. To observe the crystallization−decrystallization
change of IL according to the phase, X-ray diffraction (XRD)
analysis was conducted (Figure S1). The data exhibit a clear
difference in crystallinity at 25 and 45 °C. The structural
formulas of the phase-transitional IL, [EMIM]+[NO3]

−,
polyacrylamide (PAAm), and PEGDA constituting the ionogel
electrolyte are shown in Figure 1b. All components are
miscible with the IL to form a homogeneous solution. DSC
measurements were carried out to investigate the phase

transition temperature of pure [EMIM]+[NO3]
− IL and

[EMIM]+[NO3]
−/PAAm ionogels. (Figure 1c). The DSC

results show that the melting point of the IL is 44.7 °C, while
that of the ionogel is 44.8 °C. To precisely observe changes in
transparency in the visible region, the transmittance of the 1
mm-thick ionogel was measured in the wavelength range of
400 to 800 nm using spectroscopy (Figure 1d). According to
the transmittance spectra, the crystallized ionogel shows very
low transmittance of less than 10%, while the decrystallized
ionogel shows high transmittance of more than 90%. Below the
melting point, a phase-transitional IL is known to form a
crystal lattice.10 Therefore, the difference in transmittance is
the result of crystallized−decrystallized motion of the ionogel
as the phase transition depending on the temperature. In order
to compare the state of the ionogel at different temperatures,
an ionogel sample with a size of 10 × 10 × 2 mm3 was
prepared (Figure 1e). At room temperature (25 °C), the
ionogel was crystallized and appeared to be rigid and opaque,
while the decrystallized ionogel at 45 °C appeared to be
transparent and flexible. To analyze the chemical compositions
of the ionogel, we have carried out FT-IR of polyacrylamide,
pure [EMIM]+[NO3]

−, IL at 25 °C, and the ionogel at 25 and
45 °C (Figure 1f). In the spectrum of the ionogel, adsorption
peaks located at 3387 and 1683 cm−1 were assigned to the N−
H stretching and CO stretching on polyacrylamide. The
yellow and green regions (3140−3055 and 2971−2883 cm−1)
are assigned to the sp2 C−H stretching and sp3 C−H
stretching, respectively. The peak located at 1332 cm−1 is
attributed to the NO stretching of nitrate ions. The bands
located at 1575, 1635, and 1172 cm−1 are assigned to CN
stretching vibration, CC stretching, and C−N stretching
vibration of the imidazole ring, respectively.15 The peak near
1172 cm−1 of polyacrylamide is attributed to the C−O stretch
of the PEGDA crosslinker. It is confirmed that peaks of the
ionogel at 25 °C are similar to those of IL at 25 °C, while the
ionogel at 45 °C is similar to polyacrylamide in yellow and
green regions. To investigate the mechanical properties of the
ionogel, stress−strain tensile tests were carried out. Figure 1g
shows the stress−strain curves of the ionogel according to
temperature. The crystallized ionogel exhibits rigid physical
properties by showing an elastic modulus value of 40.8 MPa
and an elongation of 15%, whereas the decrystallized ionogel
exhibits soft physical properties by showing an elastic modulus
value of 26.9 kPa and an elongation of 272%. The tensile cyclic
stress−strain curve of the ionogel up to a strain of 100% at 45
°C shows little physical deformation during 500 cycles,
demonstrating high robustness (Figure 1h). Furthermore, by
applying various sequential mechanical deformations to the
ionogel, it was verified that the ionogel is sufficiently robust
(Figure S2). Since polymers usually undergo rapid degrada-
tion, changes in electrochemical performance according to
phase transition were considered.16,17 During the phase
transition, negligible volume change was observed (Figure
S3). Moreover, the uniform distribution of IL ions did not
change during repeated phase transitions (Figure S4).
Therefore, the electrochemical performance degradation of
the electrolyte during phase transition caused by the volume
change and ion distribution change did not occur.

Selective Operation of SCs in Operating Mode and
Storage Mode. We synthesized phase-transitional SCs based
on the [EMIM]+[NO3]

− ionogel electrolyte with carbon
electrodes. The SC fabrication process is illustrated in Figure
2a. SCs were composed of Teflon tape as a flexible and
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moisture proofing substrate, aluminum foil as a current
collector, carbon electrodes, PDMS mold, and ionogel
electrolyte. The PDMS mold served as a framework for
fabrication of the bulky ionogel and prevented substrate
separation when the SCs were bent. When manufacturing the
ionogel electrolyte, in situ polymerization was performed to
ensure perfect bonding between the electrode and the surface
of the electrolyte18 so that the bonding surface did not deviate
during phase transition or bending. Figure 2b shows cross-
sectional SEM images of the electrolyte/electrode surface. The
image of the carbon electrode without the ionogel revealed a
highly porous carbon surface. When the ionogel electrolyte was
added, a strongly bonded surface of the ionogel and carbon
electrode was observed. To observe the porous polymer
network, the IL of the ionogel was replaced with deionized
water for 3 days and freeze dried. Then, SEM images of the
cross section of the dried ionogel were taken (Figure S5). We
classified SCs into an operating mode of supercapacitor
(SCOM) and storage mode of supercapacitor (SCSM) according

to the phase of the ionogel electrolyte. Figure 2c,d shows the
Nyquist plots for SCOM and SCSM. The plots reveal a semicircle
at high frequencies, a nonvertical line at intermediate
frequencies, and a sloping line at low frequencies. The
diameter of the semicircle is assigned to the sum of the
electrolyte resistance in the porous electrode and the electrode
resistance.19 The measured resistivity values were 2318.4 kΩ·
cm and 43.2 Ω·cm for SCSM and SCOM, respectively, for a
difference of about 53,600 times. Peculiarly, SCSM showed a
large nonvertical line following the semicircle with a value of
835.2 kΩ·cm. This tendency seems to be due to the large
diffuse layer resistance in the solid phase.20 Due to this
dramatic difference in resistance, the activation−deactivation
of the SCs is determined by temperature. The CV curve was
derived to evaluate the performance of the phase-transitional
SCs (Figure 2e,f). The SCs were measured at various
temperatures (25 and 35, 40, 45, and 50 °C) at a scan rate
of 50 mV s−1. The CV curves show that SCs perform very
poorly at 25 and 35 °C. They are activated as the temperature

Figure 2. Phase-transitional supercapacitors (SCs). (a) Fabrication process of phase-transitional SCs. (b) SEM images of the ionogel/electrode
interface of the SCs. A highly porous surface of the carbon electrode was observed. When the ionogel was polymerized on the carbon electrode, the
interface of the ionogel and the electrode was robustly bonded. (c) Electrochemical impedance spectroscopy (EIS) curves of a storage mode of
supercapacitor (SCSM) and an operating mode of supercapacitor (SCOM). Resistance of the SCs under ambient temperature of RT was 161 kΩ and
(d) dramatically decreased up to 3 Ω with phase transition of the ionogel at 45 °C. (e) Cyclic voltammetry (CV) curves of SCs under ambient
temperature from 25 to 50 °C. (f) Specific capacitance of a supercapacitor at different temperatures. The operating mode and storage mode were
separated by the phase transition. (g) Reversibility of capacitance according to the temperature cycles; red dot: 45 °C; blue dot: 25 °C. (h) Real-
time phase transition of the SC. After lowering the temperature from 45 to 25 °C, the phase transition started after 1 min and crystallization was
completed after 2.5 min.
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approaches the melting point and become fully operational
above the melting point of 41.3 °C. It is also shown that the
SCs are very stable at a high temperature of 50 °C. These
results are confirmed by the specific capacitance values at
different temperatures. At 25 and 35 °C, specific capacitances
are almost zero (0.02 and 1.04 F g−1, respectively). As the
temperature is gradually increased, the solid and liquid phases
coexist at 40 °C, resulting in a specific capacitance of 22.57 F
g−1. Finally, the specific capacitance exceeds 37.35 F g−1 above
the melting point. To compare the electrochemical perform-
ance of the pure IL electrolyte-based SC, a similar SC but with
an [EMIM]+[NO3]

− IL electrolyte was fabricated, and the
electrochemical performance was measured (Figure S6). Since
the ionogel is mostly composed of IL, IL-based SCs exhibit
similar performance to ionogel-based SCs. To confirm that the
activate/deactivate motion of the SCs is repeatable and
evaluate the cycling life, the specific capacitances were
measured by deriving the CV curve 50 cycles at 25 and 45
°C at a scan rate of 50 mV s−1. Then, the capacitance retention
was calculated based on the specific capacitance value at the
first cycle at 45 °C, as shown in Figure 2g. Active/inactive
motions are clearly observed during several cycles, and
capacitance retention was decreased about 10% after 45 cycles.
Figure 2h shows the real-time phase transition of the SC. The
temperature of SCOM at 45 °C was lowered to 25 °C. In the
ionogel electrolyte of the SC, the phase transition began after 1
min and crystallization was fully completed after 2.5 min.
Capacitive Performance of SCs in Operating Mode.

To measure the capacitive performance of SC, SCOM was
evaluated at 45 °C. At this point, the SC was fully operational
in the two-electrode configuration. Figure 3a shows the CV
measurements between 0 and 2 V at various scan rates from 5

to 200 mV s−1. The rectangular shape of the CV curves at all
scan rates indicates good capacitive behavior.21 At a high scan
rate of 200 mV s−1, the rectangular shape of the CV curve is
slightly distorted because there is insufficient time for
interactions between the electrode and electrolye.22 The
capacitive performance at different current densities was
further confirmed by the GCD curves (Figure 3b). All GCD
curves maintain a nearly symmetrical triangular shape at
different current densities (0.2, 0.5, 1, 2, and 4 A g−1) in the
potential window of 0−2 V, indicating a high degree of
reversibility in the charge/discharge process.23 Based on the
GCD measurements, the specific capacitance was calculated
according to the current density (Figure 3c). When the current
density was 0.2 A g−1, the capacitance was 25.2 F g−1, and the
capacitance gradually decreased as the current density
increased. Figure 3d reveals the relationship between the
energy density and power density of the SCs (Ragone plot).
The SCOM exhibited an energy density of 7.77 Wh kg−1 at a
power density of 4000 W kg−1. The energy density and power
density in this work are comparable to the performance of the
previously reported carbon electrode and IL such as
[Emim]+[OAc]−,24 [C4mim]+[OAc]−,25 [Emim]+[Cl]−,26

[EMIH]+[SO4]
−,27 [Pyr14]

+[Br]−,28 and [EMIM]+[BF4]
−29

based SCs (Figure 3d). The long-term cyclic stability of
SCOM was also examined using a cyclic charge−discharge
system at a current density of 0.5 A s−1, as shown in Figure 3e.
The capacitance retention reached 87.5% after 3000 cycles,
suggesting good electrochemical stability. Figure 3f shows the
curves of SCOM at different folding angles (pristine, 45°, 90°,
135°, and 0°). The shapes of the CV curve show a negligible
amount of change under all folding angles, indicating that the
capacitive property of the SCs is not significantly affected by

Figure 3. Electrochemical performance of phase-transitional SCs in operating mode. (a) Cyclic voltammetry curves of SCOM at different scan rates
from 12.5 to 200 mV s−1. (b) Galvanostatic charge/discharge curves and (c) specific capacitance at current densities of 0.2, 0.5, 1, 2, and 4 A g−1.
(d) Ragone plot of the power density versus energy density for SCOM. (e) Cyclic stability of SCOM under an applied current density of 0.5 A g−1.
The inset shows charge−discharge cycles at the first 10 and final 10 stages. (f) Cyclic voltammetry curves of SCOM under bending deformation.
Softness of the SCs and the robust interface of electrode/ionogel yielded stable electrochemical performance.
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folding stress.30 This is due to the flexibility of the ionogel. In
addition, since the electrode and electrolyte are combined into
one entity through in situ polymerization, there is no deviation
even when folded.
Self-Discharge Characteristics of SCs in Storage

Mode. We have explored SCSM that can suppress the
movement of ions to reduce the self-discharge, which is a
main drawback of SCs.31 There are three mechanisms that
describe the self-discharge: ohmic leakage, diffusion-controlled
faradaic process, and activation-controlled faradaic process.32,33

Among them, the diffusion-controlled faradaic process acted as
the main self-discharge factor in our SCs. The diffusion-
controlled model is expressed by eq 1, where m is the diffusion
parameter, the diffusion rate of the ions near the electrode
surface.34

= −V V m to (1)

The diffusion-controlled process is caused by the following
mechanism. (1) Impurities such as Fe2+/Fe3+ or O2 create a
shuttle effect.35 Then, faradaic reaction occurs by diffusion of
depolarizing impurities into the electrode, causing charge
leakage.36 (2) During charging, the local ionic concentration at
or near the carbon increases. After disconnection, some excess
ions diffuse to an equilibrium state, reducing the charge in the
carbon.33 At room temperature, the ionogel electrolyte
crystallizes to inhibit the diffusion of impurities and excess

ions. Therefore, the self-discharge of SCSM can be sufficiently
suppressed. Figure 4a shows a schematic illustration of ion
diffusion in SCOM and SCSM. After discharging, since excess
ions and impurities can move easily in SCOM, diffusion occurs.
Therefore, charges are reduced by faradic reaction by cation
impurities at the electrode and diffusion of excess ions. On the
other hand, ions are crystallized and much less diffusion occurs
in SCSM. Therefore, after charging at a high temperature, an SC
is capable of storing charge for a long time in room
temperature. To verify the effect of phase transition on self-
discharge, the SCs were charged to 1.85 V with a current
density of 0.02 A g−1 and held at this terminal voltage for 2 h at
45 °C. Under the same conditions, the GCD curve was derived
and it was found that the energy density value is 22.71 Wh
kg−1 (Figure S7). Then, self-discharge was measured in two
cases, SCSM at room temperature and SCOM at 45 °C, through
OCV for 24 h (Figure 4b). In order to minimize the activation-
controlled faradaic process, self-discharge caused by over-
charging,37 the voltage was set to 1.85 V based on the stability
window shown in the CV curve. According to the OCV curves,
57.79% of the initial voltage was maintained at 45 °C after 24
h, while 89.51% was maintained at room temperature. This
observation points to the outstanding performance over the
existing IL-based SCs (Table 1). Figure 4c shows a fitted graph
to which the diffusion-controlled model is applied. The self-
discharge curve has a linear relationship between V and t1/2,

Figure 4. Suppressed self-discharges of phase-transitional SCs in storage mode. (a) Schematic illustrations of charging and self-discharging
processes of SCSM and SCOM. Self-discharge was described with a diffusion-controlled model. (b) Self-discharging curves of an SC at 45 and 25 °C.
(c) Self-discharging curve of a supercapacitor at 25 °C. The curve is fitted by the diffusion-controlled model. The measured diffusion parameter m
is 7.16 × 10−4 V s−1/2. (d,e) Suppressed self-discharging of the SC enhances optical power duration of a green LED during a discharging process.
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and the correlation coefficient R2 is more than 0.99.
Furthermore, the diffusion parameter m is 7.16 × 10−4 V
s−1/2, much lower than that of the conventional SCs (3 ×
10−3∼19 × 10−3 V s−1/2).33 This result indicates that the
crystallized ionogel electrolyte effectively inhibits the move-
ment of ions and impurities. As a result, self-discharge by
diffusion was effectively suppressed. We represent the effect of
ohmic leakage through a fitted graph (Figure S8). Given that
the graph is poor fit, it is concluded that ohmic leakage is also
not a major factor. In order to demonstrate the practical
usability of the synthesized SCs, they were connected to LED
lights (Figure S9). Each SC was charged to 2 V for 2 h at 45
°C and then crystallized by lowering the temperature to room
temperature. Photographs of the green LED at each time point
are presented in Figure 4d, and the DC light power of green
LED output over time is plotted in Figure 4e. The LED light
remained on for more than 3 h. Since self-discharge was
minimized by controlling the ionic conductivity of the SCs,
most of the charging voltage could be used to turn on the LED.

■ CONCLUSIONS

In this study, we presented an SC based on a phase-transitional
ionogel electrolyte for a selective operating/storage mode. To
overcome various disadvantages of IL electrolytes, such as
leakage, corrosion, and packaging problems, a phase-transi-
tional IL and a polymer were combined using a photoinitiator
to fabricate the ionogel electrolyte. In the ionogel manufactur-
ing process, the bonding strength between the electrode and
the electrolyte was improved through in situ polymerization.
By controlling the phase with a change in temperature, the
ionogel can be made to be rigid and opaque below the melting
point, whereas it is flexible and transparent above the melting
point. The EIS data show a dramatic difference in resistance
depending on the phase, indicating the effective control of
ionic conduction. We investigated how the performance of the
SCs changes with temperature. The results of the CV test
confirmed that the phase-transitional SCs are activated/
deactivated and show significant differences in capacitance
with changes in temperature. To evaluate the capacitive
performance of the SCs, CV and GCD tests were performed
above the melting point in the operating mode. The SCOM
showed good capacitive behavior, high reversibility, stability,
and flexibility. In the storage mode, it was shown that self-
discharge was significantly suppressed through a diffusion-
controlled model. Therefore, it was confirmed that the LED
device was turned on for a long time. We expect that phase-
transitional SCs provide a better development and under-
standing of an energy storage device in the future.
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