JOURNAL OF APPLIED ELECTROCHEMISTRY 22 (1992) 901-908

Ethylene carbonate-based organic electrolytes for
electric double layer capacitors

M. MORITA*, M. GOTO, Y. MATSUDA

Department of Applied Chemistry and Chemical Engineering, Faculty of Engineering, Yamaguchi University,
Tokiwadai 2557, Ube 755, Japan

Received 22 February 1991; revised 18 September 1991

A new electrolytic solution based on a mixed solvent of ethylene carbonate (EC) with sulfolane (SL)
or y-butyrolactone (y-BL) has been examined as an electric double layer capacitor. Fundamental
properties, such as electrolytic conductivity, viscosity, and thermal stability, were measured for
solutions containing quaternary alkylammonium salts as the supporting electrolyte. Maximum con-
ductivities were obtained for the solutions with mixed solvent of 20-40 mol % EC in the EC + y-BL
system: 1.2-1.3 x 1072Scm™! for EC + y-BL dissolving 0.5M Et,NBF, (Et = C,H;). The electro-
chemical and the thermal stabilities of the solution were dependent on the electrolytic salt as well as
the solvent composition. A stable discharge capacitance and a high coulombic efficiency were obtained
in a model capacitor using carbon fibre electrodes and the organic electrolyte of EC + y-BL/Et,NBF,

(or EC + y-BL/Et,NPF,).

1. Introduction

A capacitor in which electric charge is accumulated in
an electric double layer formed at an interface between
a polarizable electrode and an electrolyte is called an
electric double layer (EDL) capacitor. This type of
capacitor has been developed for a back-up power
source in various items of electronic equipment, since
it has a higher electric capacitance than condensers
with conventional dielectrics [1-3]. Improved proper-
ties, especially in capacitance and internal resistance,
are required for the capacitor to meet expanding needs
of modern microelectronics {4, 5]. The properties of
EDL capacitors depend on the electrolyte as well as
the polarizing electrodes [1, 5, 6].

Organic solutions are superior to the other aqueous
and solid electrolytes with respect to use in practical
EDL capacitors. Wide potential windows exist for
organic electrolytes which allow capacitors to be
made with high output voltages and high specific
capacitances. For example, Matsushita Electronic
Component’s ‘Gold Capacitor’ is a commercially
available EDL capacitor using an organic electrolyte,
typically propylene carbonate (PC) solution contain-
ing a tetraalkylammonium salt [2,5]. However, the
conductivity of an organic electrolyte solution is
generally lower than that of an aqueous electrolyte.
This may be a serious disadvantage for capacitors
using organic electrolytes, because the conductance
of the electrolyte relates closely to the equivalent
series resistance of the capacitor. Thus, the choice
of an organic electrolyte solution is of technical
importance in the development of high performance
EDL capacitors, as well as rechargeable lithium
batteries [7].
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In the present work we have examined ethylene
carbonate (EC)-based organic electrolytes for EDL
capacitors. EC is thermally and electrochemically
stable, and has a high permittivity (dielectric con-
stant), which contributes to a higher degree of dis-
sociation for electrolytic salts. Thus, EC has been
applied to the base solvent of the electrolytes for
rechargeable lithium batteries [8, 9]. In battery tech-
nology, high melting point solvents such as EC (m.p.:
39-40° C) have been mixed with proper co-solvents
to achieve operation at ambient temperatures [7, 10].
We have chosen sulfolane (SL) and y-butyrolactone
(y-BL) as the co-solvents of EC from the standpoint
of their electrochemical stabilities [11,12]. The
electrolytic conductivities of quaternary alkyl-
ammonium salts were measured in solutions with dif-
ferent solvent compositions. The thermal and electro-
chemical properties of the electrolytic solutions were
evaluated by an accelerated heating test and potential
sweep voltammetry, respectively. A model EDL
capacitor was constructed with the resulting EC-based
organic electrolyte sandwiched between two elec-
trodes made of an activated carbon fibre cloth. The
performance of the capacitor was investigated by
charge-discharge cycling under a controlled current
density.

2. Experimental details

Extra pure EC and y-BL (Mitsubishi Petrochemical,
‘Battery Grade’) were used as received. SL (Tokyo
Kasei Kogyo, GR grade) was used after purification
by distillation [13, 14]. The electrolytes were tetra-
ethylammonium (Et,N*) and tetra-n-butylammonium
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Fig. 1. Schematic illustration of the model capacitor. (a) Activated
carbon fibre cloth (ACFC; electrodes, (b) electrolyte/polypropylene
cloth separater, (c) lead wire, (d) Teflon case and (e) Teflon spacer.

(Bu,N*) salts of perchlorate (ClO; ), tetrafluoro-
borate (BF; ), and hexafluorophosphate (PFg ). These
were used after drying under a vacuum at 70-100°C
for 24 h. The electrolyte solutions were prepared in a
glove box filled with dry Ar. The water contents in the
resulting solutions were generally below 300p.p.m.
(mgkg™).

The electrolytic conductivity was measured by an
a.c. method (10kHz). The viscosities of the solvents
and the solutions were determined by using a modified
Ostwald viscometer [15]. Potential sweep voltammetry
was applied to determine the stable potential regions,
so-called potential windows, of the electrolytes. A
glassy carbon disk electrode (Yanaco, GC; 0.096 cm?)
was used as an indicator electrode. The reference and
counter electrodes were an SCE and a GC plate
(15cm?), respectively. The volume of electrolyte was
about 50 cm®. These measurements were carried out at
25°C.

The thermal stability of the electrolytic solution was
evaluated by an accelerated heating test. The solution
was enclosed in a sealed Pyrex glass tube and then
heated at 85° C for 500 h. Changes in the electrolytic
conductivity and the absorption spectrum of the
solution were measured.

A model capacitor was fabricated with a Teflon
cell case (inner size: 13mm diameter, 15 mm height).
The capacitor assembly is schematically illustrated
in Fig. 1. An activated carbon fibre cloth (ACFC)
was used as the polarizable electrode (apparent
surface area: 1.2cm? mass: about 27mg). This
ACFC was made from a phenolic resin and had a high
surface area (specific surface area: > 1000m’g™").
The current collector of the electrode was an Al
layer coated by plasma spraying at one side of the
cloth. A polypropylene non-woven cloth was used as
a separator, which was impregnated with the elec-
trolyte solution. The charge-discharge characteristics
of the model capacitor were measured under a con-
stant current cycling. The cut-off voltages of the
cell were 2V for charging and 1V for discharging.
The leakage current profile at a float voltage of
2V and the capacitance loss from self-discharging
were also examined by using the same model capaci-
tor. These capacitor tests were carried out in

a dry argon atmosphere at room temperature
(16-22°C).

3. Results and discussion

3.1. Fundamental properties of the electrolytic
solutions

Selective properties of the solvents, EC, SL and y-BL,
are listed in Table 1 and compared with those of PC,
the standard organic solvent for the electrolyte in
commercial EDL capacitors. These are aprotic sol-
vents. Their permittivities (dielectric constants) are
sufficiently high to dissociate the electrolytic salts
almost completely in the solution. However, the rela-
tively high viscosities of the solvents may be a dis-
advantage for the conduction of dissociated ions in
the solution. The melting points of EC and SL are
rather high, but their mixtures are liquids over wide
mixing ratios even at lower temperatures (~ 0°C).
The mixing ratios where the EC-based mixed solvents
are liquid at room temperature are 10-80mol % EC
for EC 4 SL and 0-80mol % EC for EC + y-BL.

The electrolytic conductivity is one property that
directly affects the resistance in the equivalent circuit
of the capacitor. The higher equivalent series resist-
ance causes a higher energy loss during charge-
discharge cycling of the capacitor. Thus, a higher
conductivity is required of the electrolyte solution.
The conductivities (k) of alkylammonium salts (0.5 M)
in EC + y-BL and EC + SL as a function of the
solvent composition are shown in Figs 2 and 3. In
the EC + y-BL system, conductivity maxima were
observed at EC concentration of 20-40 mol % although
their dependence on the solvent composition was
small. The preferred combination of the higher per-
mittivity of EC and the lower viscosity of y-BL may
contribute to the conductance in the mixed solvent
systems [16, 17]. On the other hand, conductivities in
the EC + SL system increased monotonically with
increase in EC concentration in the solvent. This con-
ductance behaviour is caused by the high viscosity of
SL.

Viscosities of the mixed solvent and the solutions
dissolving different salts (0.5 M) are shown in Figs 4
and 5. In both systems of EC + y-BL and EC + SL,
the viscosity profiles showed monotonic changes with
the solvent composition. The high viscosities of the
EC + SL-based solutions at low EC concentration
(high SL concentration) are responsible for their lower
electrolytic conductivities. That is, despite the systems
consisting of moderately concentrated electrolytes,
Walden’s rule apparently applied to the relation
between the conductivity and the viscosity of the sol-
ution for both mixed solvent systems.

With respect to the electrolytic salt, solutions with
higher viscosities gave lower conductivities. The
order of the conductivity, Et,NBF, > Et,NCIO, >
Et,NPF, > Bu,NBF, > Bu,NCIO,, seems to be
associated with the order of the ion size. The ionic
radius increases in the order Et,N* < Bu,N* for
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Table 1. Selected properties of the orgenic solvents

Relative permittivity (g,)

Viscosity (n)/107%P Donicity (DN)

Solvent Melting point (m.p.)/°C (1 atm)
Ethylene carbonate (EC) 3940

y-Butyrolactone (y-BL) —42

Sulfolane (SL) 28.86

Propylene carbonate (PC) —49.2

89.6*
39.1%
42.5%
64.4%

1.86* 16.4
1.751% 159
19.87% 14.8
2.530% 15.1

*at 40°C, T at 25°C,  at 30°C.

cations, and BF; < ClO; < PF; for anions [18].
The results shown in Figs 2 and 3 are consistent with
this order. This also suggests that the alkylammonium
cations and the Lewis acid anions are present at simple
free ions in these organic solvent systems. That is, no
ionic solvation will be taken into consideration for
these electrolyte systems because of their large ionic
radii [18-20].

A stable potential window, defined as a potential
region where no appreciable Faradaic current flows at
a polarizable electrode, is of practical importance for

-capacitor electrolytes, since it determines the maxi-
mum operational voltage of the capacitor. Figure 6
shows typical voltammograms measured at a GC elec-
trode in the organic solutions containing different
electrolytes. In this case, the mixing ratio of the sol-
vent was held constant at 50/50 by mol for EC + SL
and EC + y-BL, and the electrolyte concentration
was 0.5M. It is assumed that the electrochemical
decomposition of the solution substantially com-
mences at the potential where the Faradaic current
increases. In this work, the current density of
0.5mA cm™? or higher was used as a diagnostic cur-
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Fig. 2. Electrolytic conductivities of alkylammonium salits (0.5 M)
in mixed EC + y-BL at 25°C, (0) Et,NCIO,, (a) Et,NBF,, (O)
Et,NPF,, (®) Bu,NCIO,, (a) Bu,NBF,.

rent for the electrochemical decomposition. The
decomposition potentials for the anodic and the
cathodic limits (£, and E,, respectively) are sum-
marized in Table 2. It is apparent that the anodic
potential limit of the solution is determined by the
stability of the anion. The electrochemical stability of
the anion increases in the order ClO; < BF; <
PF; . On the other hand, it appears that stabilities of
both the cation of the electrolytic salt, and the solvent,
affect the cathodic stability of the solution. The results
shown in Table 2 reveal that the Bu,N* salts are more
stable than the Et,N* salts. Also, somewhat lower
E,’s of the Bu,N*/EC + SL solutions than those of
Bu,N*/EC + y-BL suggest that SL is less reducible
than y-BL. In any case, it is important that wide
potential windows over 4.5V are obtained for the
EC-based solutions dissolving these alkylammonium
salts.

The durability of the electrolytic solution was
evaluated by an accelerated heating method. Solutions
based on 50/50 (by mol) solvents were enclosed in
Pyrex glass tube ampules under a vacuum and then
heated at 85° C for 500 h. The electrolytic conductivity
and the u.v. spectrum of the resulting solution were
measured. Table 3 summarizes the conductivities of
the solutions before and after the thermal treatment.
The conductivities of the EC + SL solutions contain-
ing Et,N7 salts decreased slightly with the thermal
treatment, whereas the Bu,N™* solutions of EC + SL
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Fig. 3. Electrolytic conductivities of alkylammonium salts (0.5M)
in mixed EC + SL at 25°C. (0) Et,NCIO,, () Et,NBF,, (0)
Et,NPF,, (®) Bu,NCIO,, (a) Bu,NBF,.
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Fig. 4. Viscosities of mixed EC + y-BL dissolving alkylammonium (e)
salts (0.5 M) at 25° C. (O) Et,NCIO,, () Ft,NBF,, (®) Bu,NCIO,,
{ x) solvent. T
after heating gave insignificant increases in the con-
ductivity. On the other hand, in the solutions based on
EC + y-BL, especially in the Et,N* solutions, signifi- _' 3 _'2 _'] [') ; ;

cant changes in the conductivity were observed after
the thermal treatment. The increase in the conduc-
tivity with heating the solution was probably due to
generation of some conducting species, andfor to a
decrease in the viscosity of the solution by thermal
decomposition of the solvent. Thus, the results shown
in Table 3 suggest that the EC + y-BL-based sol-
utions are thermally less stable than the EC + SL-
based electrolytes.
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Fig. 5. Viscosities of mixed EC + SL dissolving alkylammonium
salts (0.5M) at 25°C. (0) Et,NCIO,, (») Et,NBF,, (®) Bu,NCIO,,
(x) solvent.

Potential / V vs. SCE

Fig. 6. Cyclic voltammograms at a GC electrode in mixed EC +
7-BL (50/50 by mol) dissolving alkylammonium salts (0.5M) at
25°C. (a) Et,NCIO,, (b) Et,NBF,, (c) Et,NPF,, (d) Bu,NCIO,,
(e) Bu,NBF,. Scan rate: 50mVs~".

Figure 7 shows typical w.v. spectra of the electro-
lytic solutions after thermal treatment. Hence, dif-
ferences in the absorbances before and after the
treatment (differential spectra) are recorded, for
the purpose of monitoring changes in the chemi-
cal structure of the solution. In Fig. 7a, the posi-
tive absorbance in the differential spectrum (A
absorbance) of EC + SL containing Et,NCIO,
(~ 240 nm) means generation of some u.v.-active com-
ponent by heating the solution, and the negative A
absorbance at ~280nm suggests that a u.v.-active
group contained in the original solution disappeared
after the thermal treatment. In contrast to this, the
Bu,NCIO, solution after heating showed little change
in the spectrum (Fig. 7b). These results are consistent
with the variations in the electrolytic conductivity; the

Table 2. Stable potential window* of the organic electrolyte solution

Edc - Eda (V/ SCE)

EC + SL EC + y-BL
Electrolyte (50/50 by mol) (50/50 by mol)
Et,NCIO, —-2.6-4+19 —2.7-4+2.0
Et,NBF, —2.6-+2.1 —2.7-4+2.0
Et,NPF, —2.8-4+24 —28-+21
Bu,NCIO, —-3.0-+19 ~28-+19
Bu,NBF, —2.9-+22 —2.8-+20

* Defined as a potential region where the Faradaic current does not
exceed 0.5mA cm~? at a smooth glassy carbon electrode.
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Table 3. Variation in the electrolytic conductivity with a thermal treatment at 85° C for 500 h
Electrolyte Conductivity, x{10>Scm™!

EC + SL (50/50 by mol) EC + y-BL (50/50 by mol)

Treatment Treatment

Before After Before After
Et,NCIO, 5.14 4.50 11.6 14.6
Et,NBF, 5.70 481 12.5 16.1
Et,NPF, 487 4.60 11.2 13.5
Bu,NCIO, 3.67 3.85 8.09 9.06
Bu,NBF, 3.94 4.44 9.42 9.84

Bu,N* solutions with minimal conductance changes
after the thermal treatment also showed insignificant
changes in the u.v. spectra. The major changes in
spectra (Fig. 7a) may explain the conductivity changes
after heating, as shown in Table 3. However, this did
not go for the y-BL-based solutions. The w.v. spectra
of EC + y-BL dissolving Et,N* salts showed little
change after the heat treatment, nevertheless rather
serious changes in the conductance were observed
(Table 3). Possible thermal deterioration in the
EC + y-BL-based electrolytes might not be reflected
in the u.v. spectra.

3.2. Capacitor performance

Because this type of capacitor is commonly used as a
power source [3], the charge-discharge properties of
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Fig. 7. Differential u.v. spectra of EC + SL (50/50 by mol) sol-
utions dissolving (a) Et,NCIO, and (b) Bu,NCIO, (0.5M) after
heating at 85°C for 500h. Reference solution: the same solution
before heating, whose absolute spectrum is shown as a dashed line.

the cell are the most important performance charac-
teristic for EDL capacitors. Figures 8 and 9 show
typical discharge performance for model capacitors
with different organic electrolytes subjected to con-
stant current charge—discharge cycling. The discharge
capacitance, C, was determined by the following
equation:

C = (bw)AV M

where i, is the discharge current, #, the time required
for discharging to the preset voltage, and AV the
voltage difference (here 1V). Discharge capacitances
of 5-16 F (per 1g carbon) were observed though the
electrolyte composition influenced much on the dis-
charge capacitance and its cycle transition. These
capacitances are equivalent to the energy densities of
1.4-4.4 Ahkg™' (with respect to the carbon electrode).
Higher capacitances were obtained for the cells using
Et,NBF, and Et,NPF, salts. The use of Bu,N™* salts
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Fig. 8. Discharge capacitances of the model capacitors with
EC + y-BL (50/50 by mol) dissolving alkylammonium salts (0.5 M)
as a function of the charge-discharge cycle. (0) Et,NCIO,, (a)
Et,NBF,, (O) Et,NPF;, (@) Bu,NCIO,, (o) Bu,NBF,.
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Fig. 9. Discharge capacitances of the model capacitors with
EC + SL (50/50 by mol) dissolving alkylammonium salts (0.5 M)
as a function of the charge-discharge cycle. (0) Et,NCIO,, (»)
Et,NBF,, (O) Et,NPF,, (®) Bu,NClO,, (a) By,NBF,.

lead to rather lower discharge capacitances. This dif-
ference in the capacitance is probably caused by the
difference in the amount of ion adsorbed at the carbon
electrode. Since the geometric size of the Et,N* cation
is less than the Bu,N* cation, the adsorbed amount of
Et,N™ will be higher than that of Bu,N* with respect
to unit surface area of the carbon electrode.

The model capacitors using the mixed EC + y-BL
solvent generally gave higher capacitances than those
using EC + SL. Relatively low capacitances in the
EC + SL-based cells seem to correspond to their low
conductances. The high viscosity of the EC + SL
system causes low tonic mobility, and makes the sol-
utions difficult to permeate the microporous structure
of the electrode. That is, the high surface area of the
carbon fibre electrode is not effectively utilized for ion
adsorption from the electrolytic solution with higher
viscosity.

The discharge capacitance of the cell with CIO,
salts decreased with repetitive cycling in both solvent
systems. This suggests that solutions of ClO; salts
electrochemically degrade and/or cause deterioration
of the surface properties of the carbon electrode
through electrochemical oxidation and reduction. The
percentage coulombic efficiency, #, is defined as

n = (Qp/Qc) x 100 2

where @, and Qc are the amounts of electricity for
discharging and charging, respectively. With respect
to the coulombic efficiency, values of 95% or higher
were obtained during the charge-discharge cycles in
the capacitors with Et,NBF, and Et,NPF,. However,
the efficiencies in the capacitors containing ClO; salts
were 80% or lower. The lower coulombic efficiencies
in the ClO, solutions mean that some irreversible
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Fig. 10. Correlation between discharge capacitance and cycling
current for the model capacitor with EC + y-BL (50/50 by mol)
dissolving alkylammonium salts (0.5M). (0) Et,NCIO,, (a)
Et,NBF,, (O) Ei,NPF,, (®) Bu,NCIO,, (a) Bu,NBF,, (x)
Et,NBF, in EC + SL (50/50).

process is occuring in these electrolyte systems during
the charge-discharge cycles.

Figure 10 shows the dependence of the capacitance
on the cycling current for the model capacitors with
EC + y-BL-based electrolytes. The discharge capaci-
tance decreased with increase in the cycling current.
This is probably due to a delay in the mass transport
during the charge-discharge cycling under higher cur-
rent densities. The different pore sizes in the active
carbon electrode create an electrical double layer
which can be modelled as a parallel combination of a
series of electrical equivalent circuits with different
impedances to describe the electrochemical processes
(ion transport, adsorption/desorption) [21]. When the
cycling current is sufficiently low, little polarization
occurs. In this case, the electrochemical processes
completely follow the electrical charging and dis-
charging. On the other hand, under higher current
densities, the electrochemical processes should not
follow the current flowing in the electrical equivalent
circuits with higher internal impedances. This was
supported by the fact that the slopes of the capaci-
tance-current relations in EC + SL were larger than
those in EC + y-BL, because the former electrolyte
system had a higher viscosity and a lower conduc-
tance.

Self-discharge characteristics of the model capaci-
tors with different electrolytes are shown in Fig. 11.
The discharging curves were recorded under open
circuit conditions after constant-current charging to
a cell voltage of 2V. For the capacitors with EC +
y-BL containing ClO; salts, the cell voltage rapidly
decayed on open circuit voltage after charging. The
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Cell voltage / V

Time / h

Fig. 11. Self discharge curves of the model capacitor with EC + y-BL (50/50 by mol) dissolving alkylammonium salts (0.5M). (O)
Et,NCIO,, (a) Et,NBF,, (00) Et,NPF;, (®) Bu,NCIO,, (a) Bu,NBF,, (x) Et,NBF, in EC 4 SL (50/50).

Bu,NBF, solutions also showed high rates of self-
discharge. In contrast with these, Et,NBF, and
Ei,NPF; salts provided better voltage retention for
both solvent systems. The leakage currents across the
model capacitors, measured at 3V floating, are sum-
marized in Table 4. The results showed that the elec-
trolyte with a higher leakage current generally leads
to a higher self-discharge rate. This suggests that
some common electrochemical reactions cause both
phenomena of the self-discharge and the leakage
current across the capacitor.

4. Conclusion

A new electrolyte system containing an EC-based
mixed solvent has been proposed for an EDL capaci-
tor. Fundamental properties obtained in this work are
summarized as follows:

1. High electrolytic conductivities were observed for
solutions with quaternary alkylammonium salts. The
maximum conductivities were 1.3 x 1072Scm™' for
EC + y-BL/Et,NBF, and 8.5 x 107*Scm™"' for
EC + SL/Et,NBF,. The conductance profile of the
solvent composition was correlated well with the
solution viscosity.

2. The electrochemical stability of the solution was
dependent on the anion of the electrolyte:
ClO; < BF, < PF;. With respect to the solvent,
SL is less reducible than y-BL. The EC + SL-based

Table 4. Leakage current in the model capacitor at a floating voltage
of 2V

Electrolyte Leakage current*/10* 4
EC + SL EC + y-BL
(50/50 by mol) (50/50 by mol)

Et,NCIO, 0.25 1.1

Et,NBF, 0.55 1.0

Et,NPF, 0.55 1.0

Bu,NCIO, 0.50 13

Bu,NBF, 0.80 40

* Measured at 180 min after charging.

electrolytes are thermally more stable than the
EC + y-BL-based electrolytes.

3. The model EDL capacitors consisting of active
carbon electrodes and organic electrolytes gave elec-
trical capacitances as high as 5-16F (g carbon)™’
(=14 — 44Ahkg™"). Stable charge-discharge per-
formance and good self-discharge characteristics were
obtained in the capacitors with EC + SL and
EC + y-BL containing Et,NBF, or Et,NPF,.

Acknowledgements

We are grateful to Matsushita Electronic Components
Co. Ltd and Yamaguchi Matsushita Electric Co. Ltd
for their cooperation.

References

{11 S. Sekido, Y. Yoshino, T. Muranaka, and H. Mori, Denki
Kagaku 48 (1980) 40.

[21 S. Sekido, T. Muranaka, Y. Yoshino, and H. Mori, National
Technical Report (Japanese) 26 (1980) 220.

[31 B. E. Conway, J. Electrochem. Soc. 138 (1991) 1539.

[41 A. Nishino, A. Yoshida, I Tanahashi, I. Tajima, M.
Yamashita, T. Muranaka, and H. Yoneda, ibid. 31
(1985) 318.

[51 1. Tanahashi, A. Yoshida, and A. Nishino, Denki Kagaku
56 (1988) 892.
[61 H. Yashima, T. Nogami, and H. Mikawa, Synthetic Metals
10 (1985) 229.
[71 1. T. Dudley, D.P. Wilkinson, G. Thomas, R. LeVae,
S. Woo, H.Blom, C. Horvath, M. W. Juzkow,
B. Denis, P. Juric, P. Aghakian, and J. R. Dahn,
J. Power Sources 35 (1991) 59.
[8] S. Tobishima, J. Yamaki, and T. Okada, Electrochim. Acta
29 (1984) 1471.
[91 J. Yamaki, J. Power Sources 20 (1987) 3.
[10] G. E. Blomgren, in ‘Lithium Batteries’, (edited by J. P.
Gabano) Academic Press, New York (1983) Chap. 2,
p- 13.
[11] R. L. Burwell, Jr. and C. H. Langford, J. Amer. Chem. Soc.
81 (1959) 3799.
[12] F.J. Kruger, H. Lauck, and E. Voss, Chem. Ing. Tech. 50
(1978) 284.
[13] M. D. Monica, L. Jannel, and U. Lamanna, J. Phys. Chem.
72 (1968) 1068.
[14] Y. Matsuda, M. Morita, K. Yamada, and K. Hirai, J. Elec-
trochem. Soc. 132 (1985) 2538.
{151 Y. Matsuda, M. Morita, and T. Yamashita, ibid. 131 (1984)
2821,
[16] F. Accascina, R. De. Lisi, and M. Goffredi, Electrochim.
Acta 15 (1970) 1209.



908

M. MORITA, M. GOTO AND Y. MATSUDA

17
(18]
[19]

Y. Matsuda, M. Morita, and K. Kosaka, J. Electrochem.
Soc. 130 (1983) 101.

Y. Matsuda, H. Nakashima, M. Morita, and Y. Takasu,
ibid. 128 (1981) 2552.

R. Fernandez-Prini, in Physical Chemistry of Organic

Solvent Systems’, (edited by A. K. Covington and T.
Dickinson) Plenum Press, London (1973) Ch. 5.

[20] Y. Matsuda, M. Morita, and F. Tachihara, Bull. Chem.
Soc. Jpn. 59 (1986) 1967.

[21] M. Tanahashi and 1. Tajima, Denshi Tsushin Gakkai
(Japanese) CPM85-98 (1985) 13.



