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Abstract

An electrochemical capacitor using an ionic plastic crystal of N,N-dimethypyrrolidinium
fluorohydrogenate (DMPyr(FH).F) as a solid electrolyte has been successfully operated with
activated carbon electrodes at 298 K. Typical square-shapes for electric double-layer
capacitors are observed in the cyclic voltammogram within the narrow potential regions. In
the wide potential regions, the redox reactions involving fluorohydrogenate anions occur on
both the positive and negative electrodes. The galvanostatic charge—discharge test confirms
stable operation of the electrochemical capacitor using the present ionic plastic crystal. The
capacitances of the positive and negative electrodes are 263 and 221 F g* (capacitance per
gram of electrode weight), respectively, at the 300" cycle when the cell is charged up to the
voltage of 2.5 V with a current density of 238 mA g . The ac impedance test shows that ions
in the ionic plastic crystal form double-layer between electrolyte and internal surface of the
pore of activated carbon. The open-circuit voltage decreases proportionally to the square root
of time within the first 10 s after galvanostatic charging, which confirms that the ions in the
ionic plastic crystal inhomogeneously distributed in the pore of activated carbon migrate to be

homogeneous under a diffusion-limited process.
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1. Introduction

Electric double-layer capacitors store electric energy by formation of double-layer
between an electronic conductive electrode and an ionic conductive electrolyte. Their
non-Faradaic charge—discharge mechanism generally offers high power density and long
cycle life. Performance of capacitors is evaluated by the power density of IV and energy
density of 1/2CV?, where C, I, and V denote the capacitance, current density, and operation
voltage which has a strong correlation with ionic conductivity and electrochemical stability of
electrolytes [1-4]. Another type of electrochemical capacitor, pseudocapacitor, is also widely
studied. Charge storage of pseudocapacitor is based on reversible electrochemical reactions
on redox active electrodes such as metal oxides (RuO,, Fe;Os and MnO;) [5-7] and
electrically conductive polymers (polyaniline and polythiophene) [8,9]. These materials
exhibit fast charge transfer reactions and high diffusivity of redox active species in electrodes.

Replacement of liquid electrolytes to solid electrolytes for electrochemical capacitors
offers prevention of electrolyte leakage, flexible and thin configuration of devices, volumetric
stability during the cell operation, and easy packing and handling [10-12]. Gel polymer
electrolytes have been widely studied as solid electrolytes because they have preferable
features as solid electrolytes for electrochemical capacitors [10-13]. Gel polymer electrolytes
are formed by mixing the polymer host, solvent, and salt, where the polymer host acts simply
as a stiffener for the low molecular weight solvent working as a medium for the mobility of
cationic and anionic species [14]. lonic conductivities of gel polymer electrolytes utilizing
aqueous solvents, organic solvents, and ionic liquids (ILs) for electrochemical capacitors
range between 10° — 10' mS cm®, 10— 10° mS cm™, and 10! — 10° mS cm™, respectively
[10,12,13,15-17]. These values are lower than those of liquid electrolytes by an order of
magnitude.

lonic plastic crystals (IPCs), which entirely consist of ions and show negligible vapor



pressure, non-flammability, and good thermal and electrochemical stability, are studied as a
new class of solid electrolytes for electrochemical devices such as batteries, fuel cells, and
dye-sensitized solar cells [18-23]. lonic plastic crystal is a mesophase formed between an
ionic crystal and IL and characterized by a long-range positional order and rotating motions of
component ions [24,25]. Entropy of fusion is usually quite small for IPCs, reflecting the
rotational modes of the component ions. The rotational behavior contributes to the formation
of defects, which gives a liquid-like feature such as a fast ion diffusion in either matrix or
doped materials and gives plastic mechanical properties [26,27]. While organic salts based on
nonaromatic ~ onium  cations, such as  pyrrolidinium, tetraalkylammonium,
tetraalkylphosphonium, and trialkylsulfonium cations, often form room temperature ILs, those
with short alkyl chains sometimes exhibit IPC phases around room temperature [18-27]. So
far, there is no report on utilization of IPCs as solid electrolytes in electrochemical capacitors.
Although some IPCs have ionic conductivities of 10" — 10° mS cm?' (eqg,
N-ethyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)amide (EMPyrTFSA) with a
small amount of LIiTFSA dopant and N,N-diethyl-N-methyl-N-(n-propyl)ammonium
trifluoromethyltrifluoroborate (N1223CF3BF3) with a small amount of LiCF3BF; dopant)
[18,20,28], further improvement in ionic conductivity is required for electrochemical
capacitors to lower internal resistance and enable operation at a high current density.

Our recent studies showed that IPCs based on fluorohydrogenate anions exhibit high
ionic conductivities, (e.g., 5 mS cm* at 323 K for tetraethylphosphonium fluorohydrogenate
and 103 mS cm?® at 298 K for N,N-dimethylpyrroridinium fluorohydrogenate
(DMPyr(FH)2F)) [29,30]. These values are comparable to those of typical ionic liquid
electrolytes and interesting candidates as solid state electrolytes. It is worth mentioning that
electrochemical capacitors using activated carbon electrodes and fluorohydrogenate IL

electrolytes have larger capacitances and voltage dependence of capacitance than those of



conventional ILs and organic electrolytes [31-34]. This behavior results from two different
Faradaic reactions at the positive and negative activated carbon electrodes contribute to the
redox capacitances [34]. The present study reports the first all solid-state electrochemical
capacitors using an neat IPC electrolyte. The above-mentioned highly conductive
fluorohydrogenate IPC, DMPyr(FH).F, was used as solid electrolyte in combination with

activated carbon electrodes.

2. Experimental
2.1 Electrolytes and electrode materials

The electrolytes, DMPyr(FH),F and EMPyr(FH),3F, were synthesized by the reaction
of the starting chloride (DMPyrCI (Yoyu Lab.) and EMPyrClI (Yoyu Lab.)) and anhydrous HF
(Daikin Industries, Co. Ltd., >99%), as reported in the literature [30,35]. The
1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,, Kanto Kagaku) IL was dried at
393 K prior to use. Activated carbon sheet electrodes with 0.5 mm thickness, composed of 85
wt% of activated carbon made from phenol resin (surface area: 2000 m? g™, mean pore
diameter: 2.14 nm, and total pore volume: 1.10 cm® g %), 10 wt% of PTFE, and 5 wt% of
carbon black, were dried under vacuum at 453 K overnight. For the charge—discharge test, ac
impedance test, and self-discharge test, the sheet electrodes were cut into discs (weight: 21.0
mg and diameter: ~10 mm) both for positive and negative electrodes. The sheet electrodes
were cut into discs (weight: 5.0 mg and diameter: ~5 mm) for cyclic voltammetry. Although
DMPyr(FH),F IPC can be formed into a self-supporting disc (Fig. S1, Suppelementary
contents), it was once melted and impregnated into the activated carbon electrode under
vacuum above its melting point (325 K) in the present study for better contact with the
electrodes. Then, it was cooled down to room temperature where it forms IPC. Impregnation

of the other IL electrolytes was performed under vacuum at room temperature.



2.2 Electrochemical measurements

Electrochemical measurements were performed at 298 K under an Ar atmosphere with
the aid of a VSP electrochemical measurement system (Bio-Logic). A three-electrode test cell
was assembled with a pair of activated carbon sheet electrodes, vitreous carbon current
collectors, PTFE separators, and a Ag foil quasi-reference electrode. The Ag foil was inserted
between two separators and the potentials of the positive and negative electrodes were
separately monitored during electrochemical measurements. Before starting electrochemical
measurements, the potentials of the electrodes were monitored overnight to confirm their
steadiness.

The galvanostatic charge—discharge tests were performed in the three-electrode cell for
300 cycles at different current densities of 238, 476, and 2380 mA g, where the cell was
charged up to a voltage of 2.5 V. The charging voltages were controlled based on the voltage
between the positive and negative electrodes. Cyclic voltammetry was carried out in the
three-electrode cell at a scan rate of 0.2 mV s *. The ac impedance tests were performed in the
two-electrode cell (without Ag quasi-reference electrode) at the applied ac amplitude of 10
mV within the frequency range of 10 kHz to 2 mHz. The self-discharge tests were performed
by monitoring the cell voltage for 24 h after constant current charging up to 1.0 V at 238 mA
g or constant voltage charging at 1.0 V for 1 hour in the two-electrode cell. Two ILs,
EMPyr(FH).sF and EMImBF,, were used as electrolytes to compare the results of the

impedance tests and self-discharge tests.

3. Results and discussion
3.1 Double-layer formations and redox reactions on activated carbon electrodes in

fluorohydrogenate IPC



Fig. 1 shows cyclic voltammograms of the activated carbon electrode in DMPyr(FH).F
IPC for the negative potential region between —1.6 and +0.5 V vs. Ag QRE. In the potential
region above —0.5 V, a square shape corresponding to the formation of the electric
double-layer is observed. In this region, more DMPyr" cations are present on the surface of
the activated carbon electrode than (FH),F anions are. As shown in the previous study for
DMPyr(FH)20F IPC, only (FH),F works as a charge carrier in the IPC phase and the
long-range migration of DMPyr” cations does not occur [30]. A conceivable explanation about
the double-layer formation in this potential region is that (FH),F around the surface of the
activated carbon electrode migrates away from the electrode and DMPyr™ in the vicinity of
the electrode comes close to the surface by exchanging itself with anions. A cathodic current
due to a Faradaic reaction is observed below —0.5 V vs. Ag QRE. In correspondence to this,
an increase in anodic current is observed in the following anodic scan (coulombic efficiency
of 97% when the reverse potential is 1.6 V vs. Ag QRE). In this potential range,
electrochemical behavior of the activated carbon electrode in DMPyr(FH)2F IPC is similar to
that of EMPyr(FH).3sF IL, and the redox reaction in DMPyr(FH).F IPC is considered to
involve the reduction of (FH),F and adsorption of atomic hydrogen to the activated carbon
[34].

Fig. 2 shows cyclic voltammograms of the activated carbon electrode in DMPyr(FH),F
IPC for the positive potential region between 0 and +1.9 V vs. Ag QRE. When the potential
sweep is reversed at +0.5 V vs. Ag QRE, a square shape corresponding to the formation of the
double-layer is observed. Because of the large diffusion coefficient of the anion in the IPC
phase of DMPyr(FH),F (3.44 x 107 cm? s at 298 K) [30], the (FH),F diffuses to the
electrode and is adsorbed on the electrode during the anodic scan. An anodic current due to a
Faradaic reaction is observed above +0.7 V vs. Ag QRE. The corresponding cathodic current

is observed in the following cathodic scan (coulombic efficiency of 93% when the reverse



potential is 1.1 V vs. Ag QRE). As in the case of electrochemical capacitors utilizing
EMPyr(FH).sF IL, this redox reaction in the positive potential range is the oxidation of

carbon accompanied by absorption of (FH),F or F into the activated carbon [34].

3.2 Galvanostatic charge—discharge characteristics

Fig. 3 shows charge and discharge capacitances of the electrochemical capacitors
utilizing DMPyr(FH),F IPC during the 300 galvanostatic charge—discharge cycles up to the
voltage of 2.5 V with a current density of 238 mA g*. Stable operation of this electrochemical
capacitor was confirmed during this test. During the initial three cycles, the charge
capacitances for both the positive and negative electrodes are considerably higher than the
discharge capacitances due to the irreversible redox reactions between anions and activated
carbon. The respective coulombic efficiencies at the 1%, 2™, and 3" cycles are 65.7, 86.6, and
90.7% for the positive electrode, and 83.4, 91.8, and 94.5% for the negative electrode. They
are, however, improved to 99.1 and 98.9% at the 20" cycle for the positive and negative
electrodes, respectively. After the 20" cycle, the coulombic efficiencies exceed 99% for both
the electrodes, and the capacitances of the positive and negative electrodes at the 300" cycle
are 263 and 221 F g, respectively. It is worth mentioning that electrochemical capacitors
using EMPyr(FH)2sF IL showed the capacitances of 290 and 246 F g at the positive and
negative electrodes at the 300" cycle, respectively [26]. Although the replacement of the
electrolytes from fluorohydrogenate IL to fluorohydrogenate IPC slightly decreases the
capacitance, the values obtained for fluorohydrogenate IPC are still quite large compared to
the case of the typical IL EMImMBF, (168 F g%, single-electrode capacitance calculated from
the cell capacitance in ref. 32).

Fig. 4 shows the charge—discharge curves of the cell, and activated carbon positive and

negative electrodes in DMPyr(FH),F IPC at the 1%, 10", and 300" cycles. The potentials of



the positive and negative electrodes reach +1.0 and —1.5 V vs. Ag QRE, respectively, during
the charge—discharge tests when the cell is charged to 2.5 V. As shown in Figs. 1 and 2, both
the Faradaic reactions occur in these potential ranges. The redox reactions in addition to the
double-layer capacitances contribute to the large capacitances obtained in the galvanostatic
charge—discharge test.

Fig. 5 shows the capacitances obtained during the 300 galvanostatic charge—discharge
cycles to 2.5 V at different current densities of 238, 476, and 2380 mA g . The different
behavior of the positive and negative capacitances during the first 10 cycles is presumably
due to the irreversible electrochemical reactions, penetration of electrolytes, and activation of
carbon on the activated carbon electrode. The respective capacitances at large current
densities of 476 and 2380 mA g* at the 300™ cycle were 215 and 115 F g for the positive
capacitance, and 199 and 79 F g for the negative capacitance, respectively. Since both the
redox reactions do not follow the high rate charge—discharge, the capacitances decrease with

increase in the charge—discharge rate.

3.3 The electrolyte resistance in the pore of activated carbon electrode

By means of an ac impedance analysis, the electrolyte resistance is separated into the
resistance of the bulk electrolyte (Rpuik) and the resistance of the electrolyte from the top to the
bottom of the pores (Rpore) in the activated carbon. A transmission model of the porous
electrode gives a typical behavior of double-layer capacitors characterized by the Nyquist plot
in which a slope with a phase angle of —45° (eg. 1) in the high frequency range and a locus in
parallel with the imaginary axis (eg. 2) in the low frequency range appear [36,37].
Z = Rouik + (Rpore / 2 @ Ca)™ (1)) (1)
Z = Rpuik + Rpore / 3—J [ @ Caq 2

where Z, o, Cq, and j denote impedance, angular frequency, double-layer capacitance, and



imaginary unit, respectively. Figs. 6 (a) and (b) show Nyquist plots of impedance spectra for
electrochemical capacitors utilizing DMPyr(FH),F IPC, EMPyr(FH).sF IL, and EMImBF, IL, of
which conductivities at room temperature are 10.3, 74.6, and 13 mS cm?, respectively [3,30,35].
The shape of Nyquist plot for electrochemical capacitors using DMPyr(FH).F IPC confirms the
formation of double-layer between the DMPyr(FH).F IPC and the activated carbon forming the
pore as in the cases for EMPyr(FH),sF and EMImBF,4. The values of Rpuk and Rpore have been
determined to be 2.4 and 26.6 Q for DMPyr(FH),F, 1.3 and 6.6 Q for EMPyr(FH).3F, and 2.5
and 31.4 Q for EMImBF.. The Ryoe Values roughly reflect the ionic conductivities of the
electrolytes. The Rpuk values do not show a relation with the ionic conductivities of the
electrolytes because the Ryuk value contains the contribution from other factors such as contact

resistance and the difference in distance between the two electrodes.

3.4 Migration of ions in the pore of activated carbon electrode

The diffusion behavior of ions composing DMPyr(FH).F IPC in the pore of activated
carbon was investigated by monitoring the open-circuit voltage (Vo) after galvanostatic charging.
When an activated carbon electrode is galvanostatically charged, the gradient of the applied
potential along the depth direction in the pore gives an inhomogeneous distribution of charge,
depending on the depth in the pore. While the activated carbon at the top edge of the pore is
charged sufficiently, the one at the bottom in the pore is not. Just after the galvanostatic charging,
an open-circuit voltage decreases by homogenization of the charge distribution in the pore (i.e.,
the diffusion of ions in the pore). In the diffusion-limited process of ions during the
homogenization, the open-circuit voltage decreases proportionally to the square root of time (t*/2)
[38]. Figs. 7 (a), (d), and (g) show time dependence of V.. in electrochemical capacitors using

DMPyr(FH).F IPC, EMPyr(FH).3sF IL, and EMImBF, IL, respectively, after charging up to 1 V

at a current density of 238 mA g *. The respective IR drops of the cell due to the bulk electrolyte



resistance are 11, 6, and 9 mV, respectively. Figs. 7 (b), (e), and (h) show the relation between

Ve and t*2, and Figs. 7 (c), (f), and (i) are the magnifications of (b), (e), and (h) in the range of

tl/ 2 1/2

< 10. The linear decrease in V.. against t7“ during the early 10 seconds is observed for

DMPyr(FH).F IPC in Fig. 7 (c), indicating the migration of ions in the pore certainly occurs in
the IPC phase as in the case for EMIMBF; IL (Fig. 7 (i)). The linear decrease in V, against t*2 in
this time region is not clearly observed for EMPyr(FH).sF due to its low Ryee. When the

electrochemical capacitors are charged by a constant voltage mode, the migration of ions in the

pore is not observed for any electrolyte as seen in Fig. S2 (Supplementary contents).

4. Conclusion

The behavior of the activated carbon electrode in DMPyr(FH),F IPC was investigated by
charge—discharge tests, cyclic voltammetry, and ac impedance spectroscopy. In cyclic
voltammetry, the square shapes corresponding to the formation of electric double-layer were
observed for both positive and negative activated carbon electrodes in a narrow potential range.
The formation of electric double-layer was also confirmed by impedance spectroscopy based on
the transmission model. The redox reactions on both the electrodes occur in a wide potential
range as reported for EMPyr(FH),sF IL. Stable operation of the electrochemical capacitor using
DMPyr(FH),F IPC was confirmed for 300 cycles and the capacitances of the positive and
negative electrodes at the 300" cycle were 263 and 221 F g, respectively. Just after
galvanostatic charging, the ions in DMPyr(FH),F IPC inhomogeneously distributed in the pore

of activated carbon, then they migrate to be homogeneous under a diffusion-limited process.
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Figure captions
Fig. 1 Cyclic voltammograms of an activated carbon electrode in DMPyr(FH),F IPC at 298 K.

Scan range: —1.6 and +0.5 V vs. Ag QRE. WE: activated carbon. Scan rate: 0.2 mV s .

Fig. 2 Cyclic voltammograms of an activated carbon electrode in DMPyr(FH).F IPC at 298 K.

Scan range: 0 and +1.9 V vs. Ag QRE. WE: activated carbon. Scan rate: 0.2 mV s .

Fig. 3 (a) Charge and (b) discharge capacitances of the activated carbon positive (o) and negative
() electrodes in DMPyr(FH),F IPC during 300 charge—discharge cycles at a current density of

238 mA g at 298 K.

Fig. 4 Charge—discharge curves of the capacitor cell and activated carbon positive and negative
electrodes in DMPyr(FH),F IPC at the 1%, 10", and 300" cycles at a current density of 238 mA

g at298 K.

Fig. 5 Discharge capacitances of the activated carbon (a) positive and (b) negative electrodes in

DMPyr(FH),F IPC (o: 238 mAg ", o: 476 mAg™, and <>: 2380 mA g ) at 298 K.

Fig. 6 Nyquist plots of the impedance spectra for electrochemical capacitors using (¢)
DMPyr(FH).F IPC, (m) EMPyr(FH),3F IL, and () EMImMBF, IL at the rest potential at 298 K,

where (b) is the magnification of (a). The frequency ranges from 10 kHz to 2 mHz.

Fig. 7 Plots of Vot and V-t after galvanostatic charging for electrochemical capacitors
utilizing DMPyr(FH),F IPC [(a), (b), and (c)], EMPyr(FH).sF IL [(d), (e), and (f)], and

EMImBF, IL [(g), (h), and (i)], respectively, where (c), (f), and (i) are the magnifications of



dotted parts in (b), (e), and (h).
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