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a b s t r a c t

An ionic liquid, 1-ethyl-3-methyl imidazolium bis(fluorosulfonyl)imide (EMI-FSI), has been applied to an
electrolyte for electric double layer capacitors (EDLCs). The electrolyte exhibited high ionic conductivity
comparable to that of a conventional organic electrolyte. EDLC prepared with EMI-FSI showed excellent
ccepted 28 August 2008
vailable online 6 September 2008

eywords:
onic liquid
lectric double layer capacitor

rate capability although the electrolyte is a neat ionic liquid; this performance was observed irrespective
of the presence of a binder in an activated carbon-based electrode. The self-discharge was suppressed
by using EMI-FSI. A cycling durability test showed that the cell with EMI-FSI kept over 90% of the initial
capacitance even after 10,000 cycles.

© 2008 Elsevier B.V. All rights reserved.
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is(fluorosulfonyl)imide

. Introduction

Ionic liquids have attracted a lot of attention as electrolyte for
lectric double layer capacitors (EDLCs) from the viewpoints of
heir high ionic carrier number and non-flammable property. Many
esearchers have reported on EDLCs prepared with ionic liquid
lectrolytes [1–9]. However, ionic liquids generally have high vis-
osity so that the ionic conductivity is lower than that of common
rganic electrolytes composed of a quaternary ammonium salt and
rganic solvent, and hence cause the deterioration of power den-
ity in EDLCs. The decrease in viscosity of ionic liquids is, therefore,
ssential for improvement of EDLC performance.

Recently, ionic liquids based on imidazolium salts have
een widely investigated because they have relatively low vis-
osity and high ionic conductivity [1–4,10–12]. Our group as

ell as Matsumoto et al. reported on ionic liquids based on
is(fluorosulfonyl)imide (FSI) for rechargeable Li batteries [13,14].
he ionic liquids were found to have quite low viscosity and
igh ionic conductivity when compared with those based on
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is(trifluoromethylsulfonyl)imide (TFSI). EMI-FSI-based electrolyte
ontaining Li ions exhibited practical ionic conductivity, and a
raphite/Li cell with the electrolyte showed excellent cycleability
14]. Their systems inevitably need a Li salt, which causes consid-
rable deterioration of the ionic conductivity when compared to
hat of the corresponding ionic liquids without a Li salt. On the
ther hand, we can enjoy the intrinsic high ionic conductivity of
SI-based ionic liquids in EDLC because it does not need a Li salt.

In this paper, we report on the application of neat EMI-FSI to
DLC. The key performance was evaluated by using a two-electrode
ell, and compared with that of other electrolytes including a typical
rganic-solvent electrolyte. More specifically, we investigated the
ischarge capacitance at various current densities, self-discharge
ehavior, and cycle durability.

. Experimental

EMI-FSI (Dai-ichi Kogyo Seiyaku Co.) and EMI-TFSI (Kanto
hemical Co.) were used as ionic liquid electrolytes. For compar-

son, 1.96 M triethylmethylammonium tetrafluoroborate dissolved

n propylene carbonate (TEMABF4/PC: Tomiyama industries) was
sed as typical organic electrolyte.

Activated carbon fiber cloths (ACFCs: Nippon Kynol ACC-5092-
0 SSA: ca. 1800 m2 g−1) were used as electrode material. Activated
arbon powder sheets (AC sheets: Japan Gore-Tex MSP-2000) were

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:masaishi@ipcku.kansai-u.ac.jp
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Table 1
Characteristics of various electrolytes at 298 K

Electrolyte Viscosity (mPa s) Ionic conductivity
(mS cm−1)

Molar concentration
(mol dm−3)
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MI-FSI 17.9 15.5 4.94
MI-TFSI 28.0 8.4 3.88
EMABF4/PC 4.2 15.3 1.96

lso used as electrode material including a binder. Their electrode
aterials were cut into disks of 1.13 cm2 and then were adhered to

luminum foils using carbon paste. The resulting electrodes were
ried in a vacuum at 393 K for 12 h in order to remove residual mois-
ure. Two-electrode cells made of stainless steel cases were then
ssembled with a pair of the electrodes and separator (GB-100R:
oyo Roshi Kaisha) in a grove box filled with argon (dew point:
elow 213 K).

Charge–discharge tests were performed in the range from 2.5 to
0 mA cm−2 between 1 and 2 V using HJ1001-SM8 (Hokuto Denko
o.); the current was changed every 10 cycles. Discharge capac-

tance specified as a gravimetric value of each electrode (C) was
alculated from the equation: C = 2It(Vw)−1, where I is the current
alue, t is the discharge time, V is the applied cell voltage, and w
s the mass of a single electrode. After cycling, the cells were kept
t 2 V for 3 h and then self-discharge characteristics were obtained
n an open circuit. Long cycle tests (10,000 cycles) were performed
t a constant-current density of 20 mA cm−2 between 1 and 2 V.
C impedance measurements were carried out using a Solartron SI
260 impedance analyzer; the applied AC amplitude was 10 mV and
he frequency range was from 20 kHz to 10 mHz. All measurements
ere carried out at an ambient temperature, 298 ± 2 K.

. Results and discussion

Table 1 lists the viscosity, ion conductivity and molar con-
entration of EMI-FSI, EMI-TFSI and TEMABF4/PC. EMI-FSI has
onsiderably low viscosity and high conductivity when compared
o those of EMI-TFSI, and the conductivity is comparable to that
f a typical organic electrolyte, TEMABF4/PC. Ionic liquids gener-
lly have high molar concentration. Besides the common property,

MI-FSI has relatively low viscosity, and hence high ion conductiv-
ty.

Fig. 1 shows charge–discharge curves at 10th cycle with a cur-
ent density of 2.5 mA cm−2 for EDLCs containing ACFC electrodes

ig. 1. Charge–discharge curves of EDLCs with ACFC electrodes and electrolytes:
EMABF4/PC and neat EMI-FSI at 10th cycle.
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ig. 2. Rate capability of EDLCs with ACFC electrodes and various electrolytes.

nd TEMABF4/PC or neat EMI-FSI as an electrolyte. In the present
tudy, we applied 2.0 V as a maximum cell voltage because the
elf-discharge from 2.5 V for a cell with EMI-FSI was relatively fast.
lthough the origin has not so far been clear, this might be due

o some impurities in EMI-FSI or minor decomposition of EMI-FSI.
hen we operated 3 or more cells between 1 and 2 V, however,

ariability in their capacitance and internal resistance was within
%, suggesting that obtained data in 1–2 V cycling are reliable.

The cell with EMI-FSI exhibited a typical charge–discharge
urve of EDLC in the almost same way observed for the cell with
EMABF4/PC as shown in Fig. 1, where their coulombic efficiencies
ere above 99%. Fig. 2 shows discharge capacitance (F g−1) at var-

ous current densities, i.e., rate capability, of EDLCs containing the
bove electrolytes together with neat EMI-TFSI. Although the cell
ith EMI-TFSI could not operate over 40 mA cm−2 due to its large IR
rop, the cell containing EMI-FSI exhibited excellent rate capability
espite a neat ionic liquid, and the performance was comparable
o that for TEMABF4/PC because of the high ionic conductivity of
MI-FSI.

Nonetheless, there is a further issue that we must not ignore.
hat is the affinity of electrolytes for electrodes, which is a crucial
actor for EDLC performance [15–18]. ACFCs are composed of only
arbonaceous material while AC sheets contain a binder to keep AC
articles in the electrode. When the electrodes containing a binder
re used, EMI-FSI might lack the affinity for the electrode due to
he presence of a binder. Thus, we should investigate the influence
f the binder for the cell performance. Figs. 3 and 4 show Nyquist
lots and rate capability for AC sheet electrodes, respectively. As
resented in Fig. 3, the behaviors for EMI-FSI and TEMABF4/PC were
lmost the same, suggesting that EMI-FSI has good affinity similar
o TEMABF4/PC for AC sheet electrodes. As can be expected from
his result, the rate capability for EMI-FSI was comparable to that
f TEMABF4/PC (Fig. 4), suggesting that the cell with a neat EMI-FSI
lso has good rate capability even in the presence of the binder.
o the best of our knowledge, EMI-FSI is an exclusive ionic liquid
hat can exhibit an excellent rate capability comparable to a prac-
ical EDLC electrolyte, e.g., TEMABF4/PC, among neat ionic liquid
lectrolytes that have ever been reported.

To check the reliability of cells with EMI-FSI, self-discharge
ehavior was investigated. As shown in Fig. 5, the voltage decay

f the cells with ionic liquid electrolytes was lower than that of
EMABF4/PC, suggesting that self-discharge is suppressed by using
onic liquid electrolytes. There have been several reports about the
auses of self-discharge [19,20]. Conway [19] suggested that a major
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Fig. 3. Nyquist plots of EDLCs with AC sheet electrodes.
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Fig. 4. Rate capability of EDLCs with AC sheet electrodes.
ause is some shuttle reaction of slight impurities such as water.
hen water is decomposed to generate O2, the resulting O2 would

iffuse for a negative electrode and be reduced to reproduce water.
s a result, the shuttle reaction could cause self-discharge. The
ater content (w/w) of EMI-FSI and TEMABF4/PC were 32.2 and

Fig. 5. Self-discharge behaviors of EDLCs with various electrolytes.
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Fig. 6. Capacitance retention ratio as a function of cycle number.

8.7 ppm, respectively. As can be seen in Table 1, the viscosity of
onic liquids is much higher than that of TEMABF4/PC. The high vis-
osity would, therefore, prevent reactive species causing a shuttle
eaction between electrodes.

Long cycling tests were performed to evaluate the cycle dura-
ility and then we calculated the capacitance retention ratio
sing the following formula: Cx/C0 × 100, where Cx is discharge
apacitance at each cycle and C0 is that at the first cycle. Fig. 6
hows the capacitance retention ratio for EMI-FSI and TEMABF4/PC,
espectively. After 10,000 cycles, both of the cells retained a capac-
tance of over 90%, suggesting that the neat EMI-FSI electrolyte
s as stable as, or rather better than TEMABF4/PC over the long
ycling.

. Conclusions

An ionic liquid, EMI-FSI, was applied to an electrolyte for EDLC.
t has high ionic conductivity comparable to a conventional organic
lectrolyte, TEMABF4/PC, without any solvent. This EDLC showed
xcellent rate capability comparable to that with TEMABF4/PC.
uch an excellent performance was obtained for electrodes both
ith and without a binder. Furthermore, self-discharge was rather

uppressed by using EMI-FSI. EDLCs with EMI-FSI as well as
EMABF4/PC retained over 90% of the initial discharge capacitance
ven after 10,000 cycles. From the present results, EMI-FSI can be
egarded as a promising electrolyte for EDLC.
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