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Recently, ionic plastic crystals (IPCs) have been actively investigated to develop all-solid-
state rechargeable batteries, such as lithium-ion batteries. Herein, we report
supercapacitors assembled with mesoporous carbon electrodes and an IPC
electrolyte, N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide ([C2mpyr][FSA]).
[C2mpyr][FSA] with a 10mol% lithium bis(fluorosulfonyl)amide (LiFSA) dopant was used
as the solid electrolyte in the supercapacitors. The charge–discharge tests of the
supercapacitors were performed at various C-rates in the voltage range of 0–2.5 V at
25°C. The capacitance of the cells was 12.3 Fg−1 at a lower C rate (1C = 8.9 mA g−1). The
capacitance retention of the supercapacitors wasmaintained at approximately 100% up to
20C, which was comparable to that of the cells containing organic electrolyte solutions.
The advantage of using solid electrolytes was the fabrication of bipolar cells using two pairs
of mesoporous carbon electrodes and a [C2mpyr][FSA]/LiFSA composite. The
charge–discharge tests of the bipolar cells were also performed in the voltage range of
0–5.0 V at 25°C. The capacitance of the bipolar cells was 6.4 Fg−1 at a lower C rate. The
bipolar cells exhibited a typical charge–discharge profile for 1,000 cycles, confirming their
stable cyclic performance. Thus, IPC electrolytes are interesting materials for developing
all-solid-state high-voltage supercapacitors.
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solid electrolytes

INTRODUCTION

An electrochemical capacitor, also known as a supercapacitor, is a device that stores electric
energy by forming an electric double layer at the electrode/electrolyte interface (Pandolfo and
Hollenkamp, 2006;Simon and Gogotsi, 2008). Supercapacitors utilize the non-Faradaic process
of charging and discharging the electric double layer and are generally characterized by high
power density and a long cycle life, which are highly desirable for many applications, such as
hybrid electric vehicles (Miller and Burke, 2008). Therefore, supercapacitors are considered one
of the most important electrochemical storage devices in addition to other storage devices, such
as Li-ion batteries, fuel cells, and solar cells. However, problems associated with the usage of
liquid electrolytes, such as flammability and electrolyte leakage, require improvements.
Nevertheless, these issues can be addressed by replacing liquid electrolytes with solid
electrolytes. Furthermore, solid electrolytes make the devices thin and flexible. Although gel
polymer electrolytes have been actively studied as solid electrolytes for supercapacitors (Naoi
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and Morita, 2008;Cheng et al., 2018), they are composed of a
polymer matrix, solvent, and salt, and the leakage of liquid
electrolytes may occur.

Plastic crystals (PCs) are solid materials with regular long-
range crystal lattices, possessing local orientational or rotational
disorders with respect to molecular or ionic species. Molecules in
their PC phase have a higher degree of freedom than those in the
normal crystalline state, exhibiting high plasticity and diffusivity
of constituents. Ionic plastic crystals (ICPs) are soft solids with
plasticity. These materials have characteristics different from
those of conventional solid electrolytes; hence, research in this
field has become more active. Remarkably, Cooper et al. and
MacFarlane et al. previously reported that IPCs containing
ammonium and pyrrolidinium salts acted as Li-ion conductors
(Cooper and Angell, 1986;MacFarlane et al., 1999). In addition to
lithium-ion conductors, IPCs have recently attracted attention as
sodium-ion (Chimdi et al., 2015;Makhlooghiazad et al., 2018),
proton (Yoshizawa-Fujita et al., 2007;Yoshizawa-Fujita et al.,
2022), and iodide ion conductors (Armel et al., 2011).
Furthermore, IPCs are attractive materials because the
chemical and physical properties of a compound can be
altered by changing the combination of cations and anions
that comprise IPCs, enabling the development of IPC-based
solid electrolytes suitable for various electrochemical devices.
The potential use of IPCs in electrochemical devices has also
been demonstrated for rechargeable batteries, fuel cells, and solar
cells (Pringle, 2013;Zhu et al., 2019).

A previous study reported the development of a
supercapacitor using N,N-dimethylpyrrolidnium
fluorohydroganate ([C1mpyr][(FH)2F]), an IPC, as a solid
electrolyte (Taniki et al., 2014). The ionic conductivity of
[C1mpyr][(FH)2F] is 1.03 × 10–2 S cm−1 at 25°C, which is
comparable to that of ionic liquids. In addition, the
charge–discharge tests of a supercapacitor with combined
[C1mpyr][(FH)2F] and activated carbon electrodes showed that
the capacitances of the positive and negative electrodes after 300
cycles were 263 and 221 Fg−1, respectively. Furthermore, the
alternating current (AC) impedance measurement results
suggested the formation of an electric double layer between
the electrolyte and the surface of the pores of the activated
carbon, demonstrating that the supercapacitor using IPC
operated stably by charging and discharging the
supercapacitor. This study demonstrated the effective
replacement of liquid electrolytes with solid electrolytes using
IPCs as a solid electrolyte for electrochemical capacitors.
However, the anion of [C1mpyr][(FH)2F] contains hydrogen
fluoride and requires specific care during its usage.

In our previous study, we showed that IPCs based on
pyrrolidinium cations and bis(fluorosulfonyl)amide (FSA)
anions exhibited relatively high ionic conductivities above
10–5 S cm−1 at 25°C when a small amount of Li salt was
added to the IPCs as the dopant (Yamada et al., 2019).
Furthermore, we demonstrated that Li batteries using
N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide
([C2mpyr][FSA]) with a small amount of a LiFSA dopant as
solid electrolytes successfully operated at 50°C (Wang et al.,
2017;Zhou et al., 2017). These results impelled us to develop

supercapacitors with [C2mpyr][FSA] as a solid electrolyte. It has
been reported that [C2mpyr][FSA] exhibited solid–solid phase
transitions at −70 and −22°C and a high melting point of 205°C
(Yoshizawa-Fujita et al., 2014). Zhou et al. also investigated the
phase transition behaviors of [C2mpyr][FSA] with various Li
salt contents (Zhou et al., 2017). Minimal changes in the
solid–solid phase transition temperatures were observed with
the addition of 10 mol% LiFSA, while the melting point
decreased to 140 °C. Although the solid–solid phase
transitions were distinct at 20 mol% LiFSA, the melting point
could not be distinguished in the differential scanning
calorimetry curves, suggesting that the composite was a
mixture of solid and liquid phases. In this study, [C2mpyr]
[FSA] doped with 10 mol% LiFSA was prepared as a solid
electrolyte and further used with mesoporous carbon
electrodes to fabricate all-solid-state supercapacitors.
Additionally, we investigated the electrochemical properties
and performance of the cells with the electrolytes and
electrodes mentioned above.

EXPERIMENTAL

Materials
N-Methylpyrrolidine (98%) was procured from Tokyo Chemical
Industry Co. Ltd., (Chuo-ku, Tokyo, Japan), while iodoethane
(>98.0%) and acetonitrile (AN, 99.8%) were procured from
FUJIFILM Wako Pure Chemical Corporation (Chuo-ku,
Osaka, Japan). The reagents were purified via distillation
before use. Lithium bis(fluorosulfonyl)amide (LiFSA, 99%) was
procured from Kishida Chemical Co., Ltd. (Chuo-ku, Osaka,
Japan). Dimethyl carbonate (DMC) (99.9%) and a
triethylmethylammonium tetrafluoroborate (TEMABF4)/
propylene carbonate (PC) solution (1.8 M) were procured
from Tomiyama Pure Chemical Industries, Ltd. (Chuo-ku,
Tokyo, Japan). Mesoporous carbon was procured from TOYO
TANSO Co., Ltd. (Nishiyodogawa-ku, Osaka, Japan). The
vapour-grown carbon fibre (VGCF®) was procured from
Showa Denko K.K. (Minato-ku, Tokyo, Japan). Poly(vinylidene
difluoride) (PVDF) was procured from Kureha Corporation
(Chuo-ku, Tokyo, Japan). All solvents were purchased from
Kanto Chemical Co., Inc. (Chuo-ku, Tokyo, Japan), or
FUJIFILM Wako Pure Chemical Corporation (Chuo-ku,
Osaka, Japan) and purified by appropriate means, if necessary.

N-Ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide
([C2mpyr][FSA]) was prepared following a previously reported
method (Yoshizawa-Fujita et al., 2014). The [C2mpyr][FSA]/
LiFSA (10 mol%) composite was prepared by mixing [C2mpyr]
[FSA] and LiFSA at approximately 25°C in dichloromethane.
After mixing for 1 h, the [C2mpyr][FSA]/LiFSA composite was
dried in a vacuum at 40°C for 2 days.

Fabrication of Supercapacitor Cells
Figure 1A shows the fabrication process of the supercapacitor
cells. Mesoporous carbon, VGCF®, and PVDF were mixed at
100:9:10 (by weight ratio) in N-methylpyrrolidone (NMP),
and the composite solution was cast on an aluminium foil. The
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coated aluminium foils were dried at 80°C for 1 h and pressed
at 3 kN cm−1. The carbon electrodes were cut into discs (area:
1.0 cm2). The loaded mass of the electrode active material was
0.9 mg cm−2. The [C2mpyr][FSA]/LiFSA composite was
dissolved in DMC or AN, and a 10 wt% solution was
prepared. Each solution was cast on the carbon electrodes
to fill the pores of the electrodes, which were then dried in a
vacuum at 80 °C for 12 h. Subsequently, the carbon electrodes
and a separator filled with the [C2mpyr][FSA]/LiFSA
composite were assembled and dried in a vacuum at 120°C
for 12 h. Laminate cells were prepared in an Ar-filled glove
box (H2O < 1 ppm, O2 < 1 ppm) to minimize moisture
contamination. Furthermore, a bipolar cell was fabricated
in this study to develop all-solid-state high-voltage
supercapacitors. Figure 1B illustrates a schematic of the

bipolar cell fabricated using two pairs of mesoporous
carbon electrodes and [C2mpyr][FSA]/LiFSA.

Measurements
The cross-section milling of the electrodes was performed
using an ion milling system (IM4000PLUS, Hitachi High-
Tech (Minato-ku, Tokyo, Japan)). The cross section of the
electrodes filled with the [C2mpyr][FSA]/LiFSA composite
was observed using scanning electron microscopy (SEM; S-
5500, Hitachi High-Tech (Minato-ku, Tokyo, Japan)).

Complex impedance measurements were performed
between 10 and 1 MHz (applied voltage: 10 mV) using an
impedance analyser (VMP3, BioLogic (France)) at 25°C. The
temperature was controlled using a constant-temperature
oven (MC-811T, Espec Corp. (Kita-ku, Osaka, Japan)). The

FIGURE 1 | (A) Fabrication process of supercapacitor cells, and (B) schematic of a bipolar cell.

FIGURE 2 | SEM images of the cross-section of the electrodes filled with the [C2mpyr][FSA]/LiFSA composite when acetonitrile was used as a solvent. (A) 2000-,
(B) 10000-, and (C) 50000-fold.
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charge–discharge tests were conducted using a battery
charge–discharge system (TOYO SYSTEM Co., Ltd.
(Fukushima, Japan)).

RESULTS AND DISCUSSION

Observation of Electrodes
The pores of the electrodes must be filled with electrolytes to
achieve high performance for the charge/discharge of
supercapacitors. Hence, two kinds of solvents (AN and
DMC) were used to investigate the effect of the solvent
species on the pore filling of the electrodes. These solvents
were selected because they can dissolve IPCs and have a
relatively low boiling point. Figure 2 shows the SEM
images of the cross section of the electrodes filled with the
[C2mpyr][FSA]/LiFSA composite when AN was used as the
solvent. The SEM images at any magnification in the range of
2000- (Figure 2A), 10000- (Figure 2B), and 50000-fold
(Figure 2C) showed that the electrode pores were
thoroughly filled with the electrolyte. However, when DMC
was used as the solvent, many voids were observed in the pores
of the electrode, even at low magnification in the SEM image
(Supplementary Figure S1). A significant difference was
observed between the AN and DMC solutions. The boiling
points of AN and DMC were 82 and 90°C, respectively, and
were almost similar. This difference is based on the solvent
properties (for example, viscosity and the dielectric constant).
Thus, the best result was obtained in the AN solution.

Charge–Discharge Tests
The charge–discharge tests of the supercapacitors assembled with
[C2mpyr][FSA]/LiFSA were performed at various C-rates (1 C =
8.9 mA g−1), where the supercapacitors were charged up to 2.5 V
at 25°C. A TEMABF4/PC solution (1.8 M) was used as the
electrolyte for comparison. Conventional supercapacitors

employ solvent-based electrolytes to achieve high ionic
conductivity, even at sub-zero temperatures. A combination of
onium salts and organic solvents has been mainly utilised in
supercapacitors (Ue, 1994b;Ue et al., 1997;Xu et al., 2001). In this
study, the capacitance of the supercapacitors was 12.3 Fg−1 at a
lower C rate. Figure 3A shows the C-rate dependence of
capacitance for the supercapacitors assembled with TEMABF4/
PC and [C2mpyr][FSA]/LiFSA at 25°C. The capacitance retention
of the TEMABF4/PC system was maintained at 100% up to
approximately 20 C, after which capacitance gradually
decreased with an increasing C rate. In contrast, the [C2mpyr]
[FSA]/LiFSA system exhibited almost similar C-rate dependency

FIGURE 3 | (A) C-rate dependence of capacitance for supercapacitors assembled with TEMABF4/PC and [C2mpyr][FSA]/LiFSA, and (B) Nyquist plots of AC
impedance spectra for supercapacitors assembled with TEMABF4/PC and [C2mpyr][FSA]/LiFSA. The inset image shows the high-frequency region for TEMABF4/PC.

FIGURE 4 | Cyclic performance of supercapacitors evaluated using
charge–discharge tests at a constant rate of 16 C in the voltage range of
0–2.5 V.
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as that of the TEMABF4/PC system up to 500 C. The capacitance
of the [C2mpyr][FSA]/LiFSA system was above 10 Fg−1, even at
500 C. This C-rate dependency is linked to the difference in ionic
conductivity between the two electrolytes. The ionic conductivity
of the [C2mpyr][FSA]/LiFSA composite is 7 × 10–6 S cm−1 at 20°C
(Zhou et al., 2017), which is much lower than that of the
TEMABF4/PC solution (>10–2 S cm−1 at 25°C) (Ue, 1994a).

Figure 3B shows the Nyquist plots of the AC impedance
spectra for the supercapacitors assembled with TEMABF4/PC
and [C2mpyr][FSA]/LiFSA at 25°C. The measurements were
conducted before the charge–discharge tests, and the inset
shows the high-frequency region of TEMABF4/PC. The
Nyquist plots were different for both systems. The resistances
of the supercapacitors at a high frequency were 1.4 and 20Ω for
the TEMABF4/PC and [C2mpyr][FSA]/LiFSA systems,
respectively. These values roughly reflect the ionic
conductivities of the two electrolytes. The supercapacitors
assembled with TEMABF4/PC and [C2mpyr][FSA]/LiFSA
behaved as pure capacitance at low frequencies, characterised
by a vertical line parallel to the imaginary axis. However, the
vertical line was shifted largely along the real axis toward more
resistive values at medium frequencies for the supercapacitor
assembled with [C2mpyr][FSA]/LiFSA. This tendency is
associated with a difference in the electrolyte penetration
inside the micropores of the electrode (Taberna et al., 2003;
Itagaki et al., 2007).

The charge–discharge tests evaluated the cyclic performance
of the supercapacitors at a constant rate of 16 C, where the
supercapacitors were charged up to 2.5 V at 25°C, as shown in
Figure 4. During 1,200 charge–discharge tests, capacitance
retention was maintained at approximately 100% for both
electrolytes, and no decrease in capacitance was observed. The
stable cyclic performance of the supercapacitors was confirmed
during the test. The results indicate that [C2mpyr][FSA]/LiFSA
performs as a stable solid-state electrolyte in the supercapacitors
with mesoporous carbon electrodes in the voltage range of
0–2.5 V.

Bipolar Cell
The advantage of solid-state electrolytes is the fabrication of
bipolar cells. In addition, it has been reported that
N,N-diethylpyrrolidinium bis(fluorosulfonyl)amide ([C2epyr]
[FSA]) doped with 5 mol% LiFSA, a similar composite of
[C2mpyr][FSA]/LiFSA, exhibits high electrochemical stability
with an electrochemical window of 5.4 V vs. Li/Li+ (Yamada
et al., 2019). These results are related to the development of all-
solid-state high-voltage supercapacitors. A bipolar cell was
fabricated using two pairs of mesoporous carbon electrodes
and [C2mpyr][FSA]/LiFSA, as shown in Figure 1B. Figure 5A
illustrates the charge–discharge curves of the bipolar cell
assembled with [C2mpyr][FSA]/LiFSA at a constant rate of
4 C. The bipolar cells were charged up to 5.0 V at 25°C. The
bipolar cell with [C2mpyr][FSA]/LiFSA demonstrated a typical
curved charge–discharge profile with a negligible IR drop at the
potential switching point. The capacitance of the bipolar cell was
6.4 Fg−1 at 4 C, which is the half to that of a single cell. The bipolar
cell was galvanostatically cycled at 16 C between 0 and 5.0 V for
1,000 cycles. Figure 5B shows the cyclic performance of the
bipolar cell by charge–discharge tests at a constant rate of 16 C at
25°C. The stable cyclic performance of the bipolar cell was
confirmed during 1,000 charge–discharge tests.

CONCLUSION

In conclusion, supercapacitors were fabricated using mesoporous
carbon electrodes and an IPC, [C2mpyr][FSA]. The two solvents,
AN and DMC, were used to investigate the effect of the solvent
species on the pore filling of the electrodes. Remarkably, the two
solvents showed significant differences. The electrode pores are
thoroughly filled with the electrolyte when using AN, while a
large number of voids are observed in the pores of the electrode
when using DMC. Hence, the choice of solvent species is essential
for preparing mesoporous carbon electrodes filled with IPCs. The
charge–discharge tests of the supercapacitors assembled with

FIGURE5 | (A)Charge–discharge curves of the bipolar cell assembledwith [C2mpyr][FSA]/LiFSA at a constant rate of 4 C, and (B) cyclic performance of the bipolar
cell evaluated using charge–discharge tests at a constant rate of 16 C.
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[C2mpyr][FSA]/LiFSA were performed at various C-rates, where
the supercapacitors were charged up to 2.5 V at 25°C. The
supercapacitors with [C2mpyr][FSA]/LiFSA exhibited almost
similar C-rate dependence of capacitance to that of the
TEMABF4/PC system up to 500 C. Subsequently, the
capacitance of the [C2mpyr][FSA]/LiFSA system rapidly
decreased compared to that of the TEMABF4/PC system.
Therefore, further improvements in the ionic conductivity of
IPC electrolytes are required to achieve improved capacitance at
higher C-rates. An all-solid-state high-voltage supercapacitor
with [C2mpyr][FSA] was also developed. Bipolar cells were
fabricated using two pairs of mesoporous carbon electrodes
and a [C2mpyr][FSA]/LiFSA composite. The bipolar cell with
[C2mpyr][FSA]/LiFSA exhibited a typical curved
charge–discharge profile in the voltage range of 0–5.0 V.
Furthermore, the stable cyclic performance of the bipolar cell
was confirmed during 1,000 charge–discharge tests. Thus, this
study demonstrates that [C2mpyr][FSA], a pyrrolidinium salt-
based IPC, can be utilised in supercapacitors. As a next step, the
development of lithium-ion capacitors (Naoi and Simon, 2008;
Simon and Gogotsi, 2020) will be an interesting topic because
[C2mpyr][FSA]/LiFSA functions as a lithium-ion conductor.
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