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Abstract

The utilization of ethylene carbonate (EC)-based solutions has been examined as the electrolyte of aluminium electrolytic capacitors, The
electrolytic conductivities of alkylammonium salts in the solutions containing propylene carbonate (PC), y-butyrolactone ( BL) or sulfolane
(S) as a co-solvent varied with both the solvent composition and the ion size of the salt. The maximum conductivity of 0.5 M tetraethylam-
monium hydrogen maleate (TEAM), 9.8 1073 S cm ™', was obtained in a 20 mol% EC + 80 mol% BL composition. The thermal stability
of the electrolyte solution varied also with the electrolyte composition; the solutions containing higher mol% EC tended to be unstable towards
thermal stimulation. The anodic behaviour of the formation of aluminium oxide was briefly examined in the EC-based electrolytes containing
small amounts of water. The oxide films formed in the TEAM solutions were highly resistant to corrosion, suggesting that the present
electrolyte system has a high ability for the oxide film restoration in the capacitor.
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1. Introduction

The extensive progress in the electronics technologies
demands advanced capacitors with high performance. The
conventional aluminium electrolytic capacitors used ethylene
glycol-containing ammonium borate (high-voltage type)
[1,2] and y-butyrolactone (BL)-containing alkylammonium
salts (low-voltage type) [2-5] as the electrolyte solutions.
Recently, new types of aluminium electrolytic capacitors with
solid conductors have been developed [6,7]. However,
organic electrolyte solutions have still been important for
large size capacitors with high electric capacities [2,8,9]. In
this respect, it is necessary to search improved electrolyte
solution systems consisting of organic solvents. Among the
physicochemical properties, the following [2] are of special
importance for the electrolyte solutions of high performance
capacitors: (i) high ionic conductivity; (ii) wide operation
temperature range (including high thermal stability), and
(iii) high ability towards the self-restoration (healing) of the
aluminium oxide film. We proposed a new electrolyte system
based on ethylene carbonate (EC) as the main solvent for
aluminium electrolytic capacitors [10,11]. The EC-based
solutions containing lithium salts have also been investigated
as stable electrolyte solutions for rechargeable lithium bat-
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teries [ 12]. As EC is solid below room temperature (melting
point: 36.2 °C), a co-solvent with a lower melting point is
needed. In the present paper, we attempted to use BL, pro-
pylene carbonate (PC), and sulfolane (S) as the co-solvents.
The basic properties were investigated for the solutions
containing tetracthylammonium salts. That is, the electrolytic
conductivity and thermal stability of the solution, and the
anodic formation of aluminium oxide in the solution were
investigated as a function of the electrolyte composition.

2. Experimental

The solvent EC was extra pure grade (Mitsubishi Chemi-
cal, battery grade) and used as received. The co-solvents PC,
BL and S were of commercial grade and used after purifica-
tion by usual methods described in Refs. [ 13—-15]. The elec-
trolytic salts were tetraethylammonium (Et,N* =TEA™*)
salts of hydrogen maleate ( cis-HOOCH=CHCOO ™ =M")
and of hydrogen phthalate (o-HOOCC.H,COO™ =P7).
These were synthesized from Et,NOH and the corresponding
organic acids, purified by re-crystallization and dried under
a vacuum below 100 °C [11]. The electrolytic salts were
dissolved in pure or mixed solvents under a dry argon atmos-
phere. The salt concentration was usually 0.5 M. Hereinafter,
the electrolytic solutions are expressed as TEAM/EC + PC,
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Table 1
Selected physical properties of the solvents

Solvent Melting point (°C, 1 atm) Relative permittivity, € Viscosity, nX 107 % (P) Donicity, DN
Ethylene carbonate (EC) 39-40 89.6° 1.86° 16.4
Propylene carbonate (PC) —492 64.4° 2.530" 15.1
y-Butyrolactone (BL) —42 39.1° 1.751° 15.9
Sulfolane (S) 28.86 425¢ 9.87°¢ 14.8

*at 40 °C.

*at25°C.

¢at30°C.

TEAP/EC + S, etc. The water content in the solution was less
than 200 ppm, unless otherwise noted.

The electrolytic conductivity was measured with a con-
ventional a.c. impedance bridge (ANDO: DRZ-2M, 10kHz)
at 25 °C. The thermal stability of the electrolytic solution was
estimated by an accelerated method [16]. The solution was
enclosed in a glass tube under a dry argon atmosphere and
then heated at 85 °C for 500 h. The conductivity and the
absorption spectrum were measured.

The anodic formation of the aluminium oxide film was
examined in the EC-based electrolytes using a conventional
beaker cell. A glassy carbon plate and a silver wire were used
as the counter electrode and the pseudo-reference electrode,
respectively [10].

3. Results and discussion

The selected physical properties of the solvents, EC, PC,
BL and S, are listed in Table 1. These are aprotic polar sol-
vents which have sufficiently high permittivity (dielectric
constant) to dissociate the electrolytic salts in the solutions.
However, high viscosities of the solvents, especially in PC
and S, may be a disadvantage for the conduction of resulting
dissociated ions. The melting points of EC and S are rather
high, but mixtures of EC + S were liquid over wide mixing
ratios, even below room temperature. The concentration of
the EC compositions, where the mixed solvents containing
0.5 M salts remain liquid at room temperature, were generally
0-80 mol%.

Figs. 1 and 2 show, respectively, the conductivities («) of
TEAM and TEAP (0.5 M) as a function of the solvent com-
position. In the EC + PC and EC + S systems, the conductiv-
ities of both maleate and phthalate increased with the EC
content in the solvent, while the conductivities in the EC + BL
system showed a maximum at the solvent compositions of
about 20 mel% EC. Since the co-solvent S has the highest
viscosity of all examined ones, the ionic conduction in the
solutions containing S are mostly governed by the viscosity
of the system. Thus, the conductivities in EC+ S increased
with EC content in the solvent. In this case, some solvent—
solvent and solvent—ion interactions possibly affect the cur-
vature in the relation (i.e. negative deviation from a straight

line) [16]. As PC has a molecular structure similar to that of
EC and its viscosity is only a little higher than that of EC, the
conductivities in EC + PC show almost linear increases with
the EC contents but their extents are rather small. Similarly,
the difference in the viscosity between EC and BL is quite
small, which leads to little change in the conductivity with
the solvent composition in the EC + BL system. However,
possible solvent—solvent interaction in this system might be
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Fig. 1. Conductivity of 0.5 M TEAM in mixed EC + co-solvent at 25 °C:
(a) EC+PC; (b) EC+BL,and (¢) EC+S.
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Fig. 2. Conductivity of 0.5 M TEAP in mixed EC + co-solvent at 25 °C: (a)
EC+ PC; (b) EC+BL, and (¢) EC+S.
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responsible for the appearance of the conductivity maximain
the mixed solvents of about 20 mol% EC [17].

With respect to the salts, the conductivity of maleate
(TEAM) was generally higher than that of phthalate
(TEAP). This is mainly due to a difference in the anion size
(M~ <P7) [5,10,16]. The maximum conductivity of
9.8 107 *Scm ™! for TEAM/EC + BL (20 mol% EC) was
about 10 times higher than that for ammonium borate (0.5
M) in ethylene glycol, an electrolyte solution for high volt-
age-type aluminium capacitors, but somewhat lower than
those of alkylammonium perchlorates in EC+BL [17].

Figs. 36 show the results of the accelerated thermal sta-
bility tests for the electrolytic solutions. Changes in the elec-
trolytic conductivity after the thermal treatment (85 °C, 500
h) are summarized in Fig. 3. The electrolytic solutions con-
taining PC showed reduced conductivities after heating. This
is probably due to the thermal decomposition of PC, which
might cause a decrease in the amount of the effective solvent
component in the solution. Solutions based on mixed
EC + BL and EC + S also gave lowered conductivity after the
thermal treatment, while solutions consisting the neat BL or
S solvent showed little change in conductivity after heating.
These suggest that the EC component in the mixed solvent
systems is not so stable towards such a thermal treatment.
Slight increases in conductivity after the heat treatment
observed for the solutions consisting of neat BL or S might
be based on the generation of some conducting speciesand/or
the decrease in the viscosity of the solvent [17], but we can
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Fig. 3. Variation in conductivity at 25 °C after thermal treatment, at 85 °C
and 500 h: (a) TEAM, and (b) TEAP.

regard the conductivity of those single solvent systems as
essentially unchanged. This indicates that BL and S are ther-
mally more stable than EC, and that the salts TEAM and
TEAP are stable themselves under this thermal condition
[2,18].

UV-VIS spectra of the electrolytic solutions were meas-
ured to monitor changes in the chemical structure of the
electrolytic solution after the thermal treatment. Typical
results are shown in Figs. 4-6, where the differences in the
absorbance before and after the thermal treatment were
recorded (the reference was the same solution before heat-
ing). In Fig. 4, the positive absorbance in the differential
spectrum (A absorbance) of TEAM/EC + S means genera-
tion of some UV-VIS-active species by heating the solution,
and the small negative A absorbance (about 350 nm) for
TEAM/S suggests that a UV-active group contained in the
original solution disappeared slightly after the thermal treat-
ment, This might correspond to the small change in conduc-
tance after the thermal treatment, as shown in Fig. 3. The
TEAP solution based on S or EC+S gave similar results
(Fig. 5). However, the A absorbance intensity, especially at

! \\
3+ { \
i \
| \
2+ | \
g ! \a
_g 1+ ! AN
S \ ! N
B N b >
b N ~
SO~
-
2 | ! J L ! t )
200 400 600 800

Wavelength / nm

Fig. 4. Differential UV-VIS spectra of EC + S containing 0.5 M TEAM: (a)
EC+S (80 mol% EC), and (b) S (0 mol% EC). Reference solution: each
solution before thermal treatment.
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Fig. 5. Differential UV-VIS spectra of EC + S containing 0.5 M TEAP: (a)
EC+S (80 mol% EC), and (b) S (0 mol% EC). Reference solution: each
solution before thermal treatment.
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Fig. 6. Differential UV-VIS spectra of EC +BL containing 0.5 M TEAM
and TEAP: (a) TEAM/EC + BL (80 mol% EC); (b) TEAMA/S (0 mol%
EC), and (¢) TEAP/EC+BL (80 mol% EC). Reference solution: each
solution before thermal treatment.
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Fig. 7. Voltage-time curves for aluminium electrode in EC + S (50 mol%)
containing 0.1 M TEA salts, current density: 1.0 mA cm ™% (a) TEAM/
EC+S with 600 ppm H,O; (b) TEAM/EC + S with 2700 ppm H,0; (c¢)
TEAP/EC + S with 1300 ppm H,0, and (d) TEAP/EC + S with 2500 ppm
H,0.

the longer wavelength region, was less for TEAP/EC+S
than for TEAM/EC + S. The BL-based solutions without EC
gave no spectrum change after the heat treatment (Fig. 6(b) ),
but the solutions consisting of mixed EC + BL showed sig-
nificant absorbance change, suggesting the thermal decom-
position of EC (Fig. 6(a)). Solutions containing PC showed
marked spectrum changes, proving that PC was thermally
decomposed during the heat treatment. Consequently, the
results obtained in UV-VIS spectra are generally consistent
with the discussion deduced from the conductivity measure-
ments (Fig. 3). That is, the carbonate solvents (EC and PC)
are thermally less stable than BL and S, and that the electro-
lyte salts (TEAM and TEAP) are intrinsically stable under
this thermal condition.

The anodic oxidation behavior of aluminium was exam-
ined briefly in the EC-based electrolytes. Fig. 7 shows typical

voltage-time relations during constant-current polarization
in EC + S containing TEAM and TEAP (0.1 M). Generally
the voltage (potential of the aluminium anode versus the
silver reference electrode) increases almost linearly with the
polarization time because of the growth of an insulating oxide
film on the aluminium surface. The anodic dissolution of the
aluminium substrate and/or the oxide film causes the satu-
ration of the voltage. The anodic decomposition of the elec-
trolyte has also been reported for the TEAP/BL system
[3,18]. The break-down of the protective film leads to the
oscillation of the voltage. It is apparent from Fig. 7 that certain
levels of water concentration in the solution are needed for
the growth of thick protective films. That is, the anodic polar-
ization in TEAM/EC+ S(50 mol% EC) containing 2700
ppm water kept the oxidation voltage of 170 V or higher,
whereas the voltage saturation and/or the film break-down
occurred at about 160 V in the TEAM solution containing
600 ppm water. The same trend was observed in other elec-
trolytic solutions. These results proved that the present elec-
trolyte system has more or less the ability to restore the
protective oxide film during the operation of the capacitor.
The use of TEAP salt as the electrolyte, however, tended to
decrease the maximum oxidation voltage (Fig. 7, curves (c)
and (d)). Thus, the fiim restoration ability 1s lower in the
solution containing TEAP than in TEAM solutions [3,11].

4. Conclusions

A new electrolyte system consisting of mixed organic sol-
vents has been proposed for aluminium electrolytic capaci-
tors. Fundamental properties obtained in the present work are
summarized as follows:

1. High electrolytic conductivities were observed for the
solutions containing tetraethylammonium salts. The max-
imum conductivities were 8.4 X 10~ *Scm ~ ' for TEAM/
EC+PC, 9.8x107° S cm™' for TEAM/EC+BL and
5.7x107*S cm ™! for TEAM/EC +S.

2. The carbonate solvents EC and PC were thermally less
stable than BL and S, and the electrolyte salts (TEAM
and TEAP) themselves were stable during the heat treat-
ment at 85 °C for 500 h.

3. The anodic oxidation voltage of aluminium electrode kept
170 V or above in the solutions of TEAM/EC +BL con-
taining 2700 ppm water, suggesting that good restoration
properties for the aluminium oxide film are expected in
this electrolyte system.
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