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The electric double layer capacitor (EDLC) should have an almost indefinite life, because the EDLC is
charged and discharged by the electrostatic adsorption and desorption of ions on electrodes whose pro-
cessing involves mass transfers without a chemical reaction. However, the actual life of an EDLC is finite,
such that its performance begins to slowly degrade and is significantly deteriorated at some point. We
have investigated this phenomenon in detail by analyzing changes in the species of the EDLC during its life.
We found that reactions on the positive and negative electrode occurred in phase with the consumption
of oxygen, carbon in the electrode materials, and anions in the electrolyte during EDLC charging to change
the electrode potentials and the abundance of ions on the electrodes. A product and/or disappearance
by the side reactions deteriorated the performance of the active materials. Here we suggest a life pro-
cess during the float charge of the EDLC and a directional concept for extending its life while comparing
experimental data with theoretical models of EDLC charging.
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1. Introduction

The electric double layer capacitor (EDLC) containing activated
carbon with an organic electrolyte has attracted much attention as
an energy storage device for hybrid electric vehicles (HEVs) and fuel
cell electric vehicles (FCVs) as well as lead-acid (Pb-acid) batteries,
nickel-cadmium (Ni-Cd) batteries, nickel-metal hydrate (Ni-MH)
batteries, and Li-ion batteries [1-3]. The principle of the EDLC s that
an electric charge is accumulated at the interface of the electrode
and electrolyte [4]. The EDLC storage capacity has been increased
by using a carbon with a higher surface area or by using an organic
electrolyte with a larger potential window than that of an aqueous
solution, because the surface area ratio of the materials can increase
the capacitance of the EDLC, and the storage energy of the EDLC is
proportional to the square of the voltage [5].

The EDLC has a high power performance because it is charged
and discharged by the electrostatic adsorption and desorption of
ions in the electrolyte on the electrodes, and the electrostatic
adsorption and desorption rates are much faster than the charge
transfer rate (reaction velocity) [6-8]. Also, the device’s life is
believed to be almost permanent because the EDLC charge pro-
cesses are only mass transfers without any chemical reactions [9].
However, the energy density of the EDLC is much lower than that
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of other secondary chemical batteries. Recent EDLC developments
have focused on efforts to increase its storage energy density with-
out reducing the high power performance [8,10,11]. Researchers
have tried to develop an activated carbon that has a high sur-
face area [12,13] by using a carbon fiber [14] and by controlling
the functional groups on the activated carbon [15] to increase the
EDLC capacitance. Many salts, for instance, tetraalkylammonium
salts, pyridinium salts, and phosphonium salts [16-18], and sol-
vents including esters and ethers [19,20] have been studied as
potential electrolytes.

Although these studies of the EDLC are very important and have
provided information that will help increase EDLC performance,
they are all based on the major premise that the life of the EDLC
is almost limitless, when in fact the life of the EDLC is limited and
it is much shorter than expected. As part of research into extend-
ing the life of the EDLC, many new materials have been studied
for use at high temperature or high voltage [21,22]. Investigations
into the EDLC processes are done by analyzing materials that have
changed in the electrodes by measuring the electrode potentials.
In this study, we investigated changes in the materials and in the
electrode potentials during the float charge of the EDLC.

A basic principle is that anions and cations, which have moved
from the bulk electrolyte, adsorb on the surface of the positive and
negative electrodes, respectively, when the EDLC s charged [6,7,11].
We might have been considered only the state that there are anions
on the positive electrode and cations on the negative electrode over
a long period of time. On the one hand, sealed Ni-Cd or Ni-MH
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batteries can change not only the capacities of the positive and/or
negative electrodes, but also the state of the charges of the positive
and/or negative electrodes. That is to say, in these sealed batteries
with a negative electrode whose capacity is greater than that of the
positive electrode and which have a reserve capacity for discharge
and a reserve capacity for charge [23,24], the reserve capacities
change during the cycle life [25]. The sum of the capacity that is
proper for reactions to store energy and a capacity that is proper
for side reactions during charge only has to be maintained between
the positive electrode and negative electrodes because the number
of electrons going to the negative electrode has to be equal to the
number of electrons that have been taken from the positive elec-
trode as the capacities consumed by both the positive and negative
electrodes are equal. If the charge reaction on the positive electrode
and the reaction on the negative electrode are different in quan-
tity, the states of charge in the positive and negative electrodes are
unable to remain in balance. However, the state of charge of the
positive electrode could become different from that of the negative
electrode in the EDLC.

We measured changes in the potentials of the positive and neg-
ative electrodes, inner pressure, and gas composition during the
float charge of the EDLC for various types of gases that were sub-
stituted in the sealed EDLC before the charging to determine the
states of charge of the positive and negative electrodes, which might
have been oxidized or reduced. Changes in the size, shape, sur-
face state, and composition of the elements of the positive and
negative materials during the float charge of the EDLC were also
carefully analyzed. Our results suggested that there was a reaction
mechanism during the float charge of the EDLC.

We found that side reactions occurred with the adsorption of
ions during the float charge and that the side reaction on the pos-
itive electrode utilized the carbon in the positive materials, the
anion in the electrolyte, and oxygen. The particular anion may have
formed an amorphous film on the positive materials to inhibit the
desorption and diffusion of ions. Because the positive and negative
potentials changed during the float charge by the side reactions,
the states of charge of the electrodes may change, as is also seen
in chemical secondary batteries. Here we propose a life process
during the float charge of the EDLC and a directional concept for
extending EDLC life by providing experimental data and theoreti-
cal models about the balance of the capacities and the changes in
the electrode potentials.

2. Experimental procedures

2.1. Cell preparation for the investigation of the influence of
atmosphere gas on EDLC performance

The float charge test at a constant voltage of 3.0V and 70°C was
selected for the investigation of EDLC performance [26]. The EDLC
samples were made according to the following procedure. Acti-
vated carbon (Kurarekohl YP, KURARAY Co., Ltd.), acetylene black
(HS-100, DENKI KAGAKU KOGYO KABUSHIKI KAISHA), polyvinyli-
dene fluoride, polyhexafluoropropylene copolymer P(VdF-HFP)
[—(CH,—CF;)n—(CF,—CFCF3);—] (KF-P#9305, Kureha Co.), and
poly(vinylidene)fluoride (PVdF) [—(CH,—CF;),—] (KYNER#461,
Atofina Japan K.K.) were mixed in N-methyl-2-pyrrolidone (NMP,
Wako Pure Chemical Industries, Ltd.) at 100:11.1:7.1:1.8 by weight.
The mixture was coated on both sides of etched Al (30CB, Japan
Capacitor Ind. Co., Ltd.), and the sheets coated with the materi-
als were dried, pressed, and used as the positive sheets. In the
same way, sheets coated with activated carbon, acetylene black,
polyvinylidene fluoride, polyhexafluoropropylene copolymer, and
poly(vinylidene)fluoride at 100:8.2:7.5:1.9 by weight were pre-
pared as the negative sheets.

The positive and negative sheets were cut into 130 mm x 70 mm
rectangles with a tab whose size was 30 mm x 10 mm. A 1.47-g
positive sheet and 1.86-g negative sheet were selected as the pos-
itive electrode and negative electrode, respectively. An element
with 17 positive electrodes and 18 negative electrodes alternately
stacked with polyethylene separators (NI040A, Nippon Sheet Glass
Co., Ltd.) and with the tabs of the positive and negative electrodes
welded to each other was constructed. The reference electrode was
an etched Al foil with Al ribbon welded to it [27]. The potential
of the reference electrode was kept constant because equilibrium
existed between the metal Al used for the ribbon and oxidized Al
used for the etched foil. The materials already used as the pos-
itive and negative substrates of the capacitor were chosen for the
reference electrode. Though we understand that the reference elec-
trode is not too common, the redox potential of Fc/Fc* vs. this
reference was stable during the voltammetry of the platinum elec-
trode in the electrolyte including ferrocene as an internal standard
(Fig. 1). The voltammograms of the positive electrode in the elec-
trolyte without the internal standard were plotted to compare the
potentials.

After drying at 120°C for 20 h while a reduced pressure of ca.
60 Torr was maintained, the element with the reference electrode
was inserted into a bag made of a thermoplastic film lami-
nated to an aluminum sheet (D-EL40H, Dai Nippon Printing Co.,
Ltd.), and then the electrolyte, which was prepared as a 20 wt%
N,N-diethyl-N-methyl-N-(2-methoxyethyl)Jammonium tetrafluo-
roborate (DEME-BF,) propylene carbonate solution [28,29], was
injected. Excess electrolyte was used to fill the space volume in
the bag containing the element and the electrolyte. Next, the bag
was maintained at a reduced pressure of ca. 60 Torr for 4 h, and the
extra solution was removed from it. A 120-g portion of the solution
was left in the element, and the element with a reference elec-
trode and electrolyte, in the bag, was used as the EDLC cell for test
measurement.

The cell was placed in a sealed aluminum container with valves
for substituting another gas and for connecting to a pressure sensor
(FP101A-D, Yokogawa Electric Corp.) for internal pressure measure-
ment, and with a gas sampler (SS-4CS-TW, Swagelok Company), as
shown in Fig. 2. After the EDLC sample was left at 70°C for 6 h, it
was charged at a constant current of 700 mA, which was equiva-
lent to ca. 1.0 C and a constant voltage of 3.0V as the float charge
test. Charging was stopped at arbitrary times, and the cell was dis-
charged at a constant current of 700mA to 1.0V to determine the
discharge energy of the EDLC. The sampled gas was analyzed for its
components using a gas chromatograph (GC-9G, Shimazu Corp.)
with an activated carbon column [30].

Earlier EDLC cells made of the same materials as the above EDLC
sample were constructed to measure the surface area and capac-
itance of the positive and negative materials before and after the
float charge of the EDLC. The surface areas of the positive and neg-
ative materials obtained after 0 h and 1000 h of float charge of the
cells were measured by a surface area and porosimetry analyzer
(TriStar 3000, Micromeritics Instrument Corp.). The reconstructed
cells with the positive and negative electrodes obtained after O h
and 850 h of float charge of the cells and new negative and posi-
tive electrodes, respectively, were made. The influence of the float
charge on each electrode was investigated by measuring this capac-
itance.

2.2. Cell preparation for the investigation of the changes in
positive and negative materials during the float charge of EDLC

Another type of EDLC sample was made for investigation of
the changes in the materials during the float charge. Activated
carbon (MSP 20, Kansai Coke & Chemicals Company), acetylene
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Fig. 1. Voltammograms of the platinum electrode in the electrolyte containing ferrocene as the internal standard. The plots of the positive electrode of the capacitor in the

electrolyte without the internal standard are given for comparison.

black (HS-100), and styrene butadiene rubber (AZ-9001, ZEON
Corp.) were mixed in a 0.8 wt% carboxymethylcellulose (DN-800H,
Daicel Chemical Industries, Ltd.) aqueous solution at 100:10.0:4.0
by weight for a positive material. Activated carbon (Kurarekohl
YP), acetylene black, and styrene butadiene rubber were mixed
at 100:7.2:2.5 by weight for a negative material. A 2.0-g sam-
ple of carboxymethylcellulose was used with 100g of activated
carbon. The mixture was coated on one side of an etched Al
(30CB, Japan Capacitor Ind. Co., Ltd.) and dried, and the pressed
sheets were cut into 20 mm x 50 mm rectangles (a 20 mm x 10 mm
area was left uncoated for tabbing). A 0.25-mg positive electrode
and a 0.24-mg negative electrode were selected for use in the
EDLC sample. An Al ribbon (width = 3.0 mm, thickness = 0.050 mm)
was welded to the tab of each electrode. A positive electrode
and a negative electrode were stacked face-to-face with a glass
sheet (AGM separators, t=0.200 mm, Nippon Sheet Glass Co., Ltd.)
and a reference electrode. A 40 wt% N,N-diethyl-N-methyl-N-
(2-methoxyethyl) ammonium bis(trifluoromethanesulfonyl) imide
(DEME-TFSI) propylene carbonate solution [31-33] was prepared as

Positive terminal

an electrolyte. The EDLC samples for testing were made by drying
the elements, injecting the electrolyte, and removing the extra elec-
trolyte as already described, and the bags containing the element
and electrolyte were sealed by hot pressing under reduced pres-
sure. In this EDLC sample, fluorine and sulfur are given from only
the THSI~ anions in the electrolyte.

After being left at 80°C for 6 h, the EDLC samples were charged
at a constant current of 6 mA (ca. 10C) and a constant voltage of
3.0V for the float charge test. After charging was halted at arbitrary
times, the samples were discharged at a constant current of 6 mA
or 2mA to 0.0V. An electrochemical measurement system (HZ-
5000, Hokuto Denko Co., Ltd.) was used for measurement of the
impedance through the electrolyte between the positive and refer-
ence electrodes and between the negative and reference electrodes
after the float charge [34].

One cell was carefully opened for sampling of the positive elec-
trode, the negative electrode, and the separator under a dew point
of ca. —40°C and under an Ar gas layer. The other EDLC samples
were continuously charged. The sampled electrodes were dried at
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Fig. 2. Illustration of the EDLC cell and the experimental instrument with an airtight container and a pressure gauge for the investigation of its life process.
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120°C for ca. 10h while being maintained at the reduced pres-
sure of ca. 60 Torr. The positive materials and negative materials on
each electrode were opened, powdered in a mortar, and dispersed
with acetone. The dispersion was dropped onto a 5.0 mm x 5.0 mm
square nickel (Ni) substrate and dried by evaporation of the solvent.

The positive and negative materials on the Ni substrate were
observed by a scanning electron microscope (SEM, S-4800, Hitachi
High-Technologies Corp.), and analyzed for their elemental compo-
sition using an energy dispersive X-ray microanalyzer (EDX, EX-320
with S-4800, Horiba, Ltd.). The chemical shifts on the surface of the
materials were analyzed using an X-ray photoelectron spectroscope
(XPS, JPS-90MX, JEOL, Ltd.) [15,35-38].

3. Results
3.1. Influence of atmosphere gas on EDLC performance

We measured the changes in the storage energy, potentials of
the positive and negative electrodes, and internal pressure of the
EDLC sample during the float charge at 70°C to study the perfor-
mance of the EDLC. The lengths of time when the EDLC samples
were charged to a constant voltage are shown on the horizontal
axis as the elapsed charge time. The influence of the gas atmosphere
on the performance of the EDLC was investigated by charging the
EDLC using a vented (the element of the EDLC sample was being
exposed to air all the time), sealed container whose inner gas was
substituted with dry air or Ar.

Changes in the discharge energy of the EDLC samples are shown
in Fig. 3a. The discharge energy was measured by discharging of the
EDLC at a constant current of 700 mA to 1.0V after the float charge
was stopped at an arbitrary time. We found that the discharge
energy of the EDLC sample with the vent drastically decreased,
while the sealed sample with dry air or Ar was maintained for a
relatively long period. The internal pressure of the sealed EDLC was
influenced by the atmospheric gas during the float charge of the
EDLC, as shown in Fig. 3b. The increase in the internal pressure of
the EDLC with Ar occurred later than the increase with dry air, as
the pressure of the former hardly changed for over ca. 1400 h from
a period when the pressure had slightly increased, while the pres-
sure of the latter kept increasing all the time. Two relatively large
increases of internal pressure occurred, at an early stage and after
the positive potential reached a plateau in the sealed EDLC samples
with dry air or Ar. We observed some electrode reactions generating
gas at these times. The positive and negative potential changes of
the EDLC samples were measured at a constant voltage of 3.0 V dur-
ing the float charge (Fig. 3c). The positive and negative potentials of
the vented EDLC and the sealed EDLC with dry air became signif-
icantly more positive after shifting more in the negative direction
during the initial 100 h. The discharge energy of the vented EDLC
decreased severely after its positive potentials reached and stayed
at about 3.0V vs. Al/AlOy. The positive potential of the sealed EDLC
with dry air slowly became more positive after exceeding about
2.5V vs. Al/AlOy. It then became more negative after reaching about
3.0V vs. Al/AlOy with a relatively significant decrease of discharge
energy. The potentials of the sealed EDLC with Ar changed only
slightly until ca. 600h and then subsequently gradually became
more positive. The gas in the EDLC influenced the rate of change in
the potentials, and the potentials of the EDLC provided the oxygen
or the gas like vapor water including oxygen atom changed fast. Our
results indicate that the discharge energy decreases significantly if
the positive potential reaches about 3.0V vs. Al/AlOx.

We sampled and analyzed the gas generated during the float
charge of the EDLC to determine its composition. Hydrogen and
carbon monoxide were detected in the sealed EDLC with dry air dur-
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Fig. 3. (a) Discharge energy changes, (b) internal pressure changes, and (c) positive
and negative potential changes of the EDLC samples under various atmospheric
conditions during the float charge at a constant voltage of 3.0V and 70°C.

ing an early stage of the float charge, and the proportion of carbon
monoxide increased while the oxygen content decreased during
charging (Fig. 4a). In other words, the reaction proceeded while
consuming oxygen. However, the proportion of carbon monoxide
increased in the EDLC with Ar, and increase occurred much later
than did that for the EDLC with dry air (Fig. 4b). While the life of
the sealed EDLC with dry air had been expected to be much shorter
than that with Ar, we also found that the performance of the EDLC
with dry air was maintained as long as that of the EDLC with Ar.
This means that almost all of the oxygen in the EDLC with dry air
might be consumed in about 1000 h of a float charge to maintain
its discharge energy, and thus the oxygen in the EDLC influences its
life.

Additionally, the weight of the aluminum sheet as the nega-
tive substrate decreased about 1 wt% after ca. 2000 h of the float
charge for the sealed EDLC with dry air, but the positive one hardly
changed or had an uncertain increase. Many holes were observed in
the negative electrodes after the float charge, because the negative
substrates were particularly corroded, as shown in Fig. 5.
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In an equivalent investigation, the specific surface area of the
positive material decreased more than did the negative material
after 1000 h of the float charge. The capacitance of the cell using the
positive electrode obtained after 850 h of the float charge decreased
more than did that of the cell using the negative electrode (Fig. 6).
The EDLC deteriorated during the float charge due to the perfor-
mance decline of the positive electrode that occurred with the loss
of its ability to adsorb ions.

3.2. Change in positive and negative materials during the float
charge of EDLC

We charged some EDLC samples so we could investigate the
changes in the positive and negative materials during the float
charge. Styrene butadiene rubber (SBR), which does not include

Negative material Aluminum

5555559855599 55 555595598

Negative electrode

a. Negative substrate
b. Negative materials
¢. Separator

d. Positive materials
e. Positive substrate

Positive electrode

and separator

Fig. 5. Photographs of the positive and negative electrodes during the float charge of the EDLC with an illustration to show the movement of the negative material to the

positive electrode.
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fluorine, was used instead of PVdF as a binder material of the EDLC
samples, and DEME-TFSI electrolyte was used instead of DEME-BF,4
for estimating the number of anions on the electrodes by analyz-
ing the amount of fluorine and sulfur present. These samples were
charged at a constant voltage of 3.0V at 80°C and were discharged
at an arbitrary time. One of them was opened, and the positive and
negative materials were analyzed.

The performance of the EDLC cells in this test depended on their
internal resistance. We noted changes in the discharge capacity of
the EDLC samples; the discharge capacity and potential changes
are shown in Fig. 7a and b, respectively. The discharge capacity was
significantly decreased at 100 hand 260 h. The positive and negative
potentials of the EDLC samples during the float charge became more
positive after shifting more in the negative direction at about 50 h.
While the rate of change in the discharge energy and the potential
did not reproduce the results obtained in the EDLC samples with
the airtight container described in Section 1, the order of the staged
potential changes proceeded in a similar manner. The discharge
capacity seemed to decrease when the electrode potentials during
the float charge became significantly more positive after ca. 100 h
and ca. 250 h.

Diagrams of the evolution of the impedance between the posi-
tive and the reference electrodes and between the negative and the
reference electrodes are shown in Fig. 8a and b, respectively. The
changes in the internal resistance of the EDLC samples during the
float charge depended on the positive electrode. The impedance
corresponding to the charge transfer resistance of the positive
electrode increased with the increase of the impedance in lower
frequency during the float charge. The impedance increased signif-
icantly after ca. 100 h. The rate of ion adsorption and desorption on
the positive electrode appeared to be slow. The impedance cor-
responding to the diffusion resistance of the negative electrode
increased.
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Fig. 8. Evolution of the impedance diagrams of the ohmic drop through the elec-
trolyte between (a) the positive and reference electrodes and (b) the negative and
reference electrodes of the capacitor samples after the float charge at a constant
voltage of 3.0V and 80°C.

Fig. 9 displays the scanning electron micrographs of (a) the posi-
tive materials and (b) the negative materials with the surface of the
substrate on which the electrode materials were pick away care-
fully after float charge of the EDLC samples. The activated carbon
with a grain size of ~10 pum and the conductive carbon with a much
smaller grain size can be seen in the positive and negative materials.
As seen in Fig. 9a, although the positive substrate was covered with
an amorphous film after 10 h, the film was not observed and the
surface became rough from ca. 50 h to ca. 250 h. The positive mate-
rials were covered with an amorphous-like material after ca. 100 h.
The amorphous material disappeared and the conductive carbon
could hardly be distinguished after ca. 250 h. The conductive car-
bon may have been used to form the amorphous material while
the positive and negative potentials became more negative during
the float charge. Forming the amorphous coating on the positive
materials may have increased the impedance between the positive
and reference electrodes. As seen in Fig. 9b, the size and shape of
the particles of the negative materials seem to hardly change until
after ca. 100 h. An amorphous-like material, which may be differ-
ent from the amorphous material coating the positive materials,
was found to cover the negative material after ca. 250 h. The for-
mation of the amorphous-like material on the negative electrode
suggested that the float charge caused the potentials to become
more positive when the impedance between the negative and ref-
erence electrodes was increased slightly from 100 h to ca.250 h.

The amount of species included in the positive and negative
materials after the float charge of an EDLC sample was measured
by EDX. The relative abundance of oxygen, fluorine, aluminum, and
sulfur as a ratio based on the abundance of the carbon element
is shown in Fig. 10. Data for the positive and negative materials
which did not include the electrolyte were plotted at Oh as the
basis for determining the relative abundance. As seen in Fig. 103, the
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Fig. 9. Scanning electron micrographs of (a) the positive materials and (b) the negative materials of the capacitor samples with the surface of the substrate after the float

charge at a constant voltage of 3.0V and 80°C.

abundance of oxygen in the positive materials kept increasing after
it slightly decreased from ca. 10h to ca. 50 h. Fluorine and sulfur
increased from ca. 50h to ca. 100 h, and their levels were main-
tained until after 250 h. The increase of fluorine and sulfur seemed
to form the amorphous-like material on the positive materials or
to increase the amount of TFSI~ anions in the positive electrode.
Aluminum slightly increased after ca. 250 h. As seen in Fig. 10b,
the abundance of oxygen in the negative materials increased from

ca. 50 h to ca. 250h at a faster rate than in the positive materials.
Fluorine and sulfur increased from ca. 100 h to ca. 250 h and their
increase seemed to correspond to formation of the amorphous-like
material on the negative materials or the increasing of TFSI~ anions
in the negative electrode. Because a small amount of aluminum in
the negative materials was found constantly from ca. 10h to ca.
250 h, aluminum of the negative substrate may dissolve and deposit
during the float charge.
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Fig. 10. Change in the relative abundance of oxygen, fluorine, aluminum, and sulfur
in (a) the positive materials and (b) the negative materials of the capacitor samples
after the float charge at a constant voltage of 3.0V and 80 °C. Relative abundance is
the ratio to the carbon amount.

We used XPS analysis to investigate the chemical shifts in the
surface of the carbon in the positive and negative materials after the
float charge of the EDLC samples. The XPS spectra of the carbon 1s
binding energy on the surface of the positive and negative materials
are shown in Fig. 11. Peaks or shoulders can be seen at ca. 284 eV,
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ca. 286 eV, and ca. 288 eV. The spectra at 284 eV and 286 eV were
identified as a C—Cbond and C—0 bond, respectively [15,36,37]. The
spectrum at 288 eV was identified as a C=C bond [38]. The peaks at
290eV and 292 eV show the presence of the CF, and CF; species,
respectively [39]. As seen in Fig. 11a, a shoulder at ca. 286 eV corre-
sponding to the C—0 bond in the positive materials decreased until
100 h of the float charge and then held steady until 250 h. A peak
at ca. 288 eV, which was considered to be the C=0 bond, seemed to
increase after 250 h. The CF, species were detected after 100 h when
an amorphous-like material was formed on the positive materials,
and decreased after 250 h. As seen in Fig. 11b, the C—0 bond in the
negative materials kept decreasing until after 250 h. The incorpo-
ration of the CF, and CF; species seems to have slightly increased
from 100 h to 250 h. Increasing and decreasing of the CF, and CF;5
species seemed to correlate with forming the amorphous coating
on the negative materials and changing the electrode potentials
during the float charge of the capacitor.

3.3. Potential change models in charging and discharging of the
capacitor with and without side reactions

If there are two types of reactions that consume electrons on
the positive and negative electrodes when a capacitor is charged,
thenin principle one is a type of electrochemical ion adsorption and
the other is a type of electroxidation for the positive electrode and
electroreduction of the negative electrode. The amount of electric
charge for charging the EDLC is the sum of the amount of charge for
the electrostatic charge by the adsorption of ions and the amount
of charge for the electrode reactions on the positive and negative
electrodes, respectively.

When the capacitor is charged at current I, the following equa-
tions might occur on the positive electrode and on the negative
electrode:

Positive electrode:

/Idt:/cpdp+Qox

(1)

(a) i : (b) ; .
Positive material : Negative material
Cls Cls
:
]
Z,
3T : 3T
= ,..:,.‘ after ca.250h & after ca. 250h
e E £z
w 1 1]
-, i =
2 1 a
s L ; after ca. 100h S 1 after ca. 100
after ca. SOh after ca. SOh
after ca. 10l after ca. 10h
L L L L
T T T T
300 290 280 270 260 300 290 280 270 260
Binding energy / eV Binding energy / eV

Fig. 11. X-ray photoelectron spectra of (a) the positive materials and (b) the negative materials of the capacitor samples after the float charge at a constant voltage of 3.0V

and 80°C.
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faradic reduction on the negative electrode.

Negative electrode:

/Idt:/Cndp-i-Qred (2)

where t is the charge time, C, and G, are the electrostatic capac-
itances of the positive active material and the negative active
material, respectively, p is the potential of the electrode, and Qux
and Q,¢q are the capacities for the electroxidation and electrore-
duction, which might occur on the positive electrode and the
negative electrode, respectively.

In the case of a system without any electrode reaction on the
positive and negative electrodes (Qox =0 and Q,¢q = 0), the variation
in the electrode potentials for charging and discharging the EDLC
does not change, because the electrons (from/to the power supply)
are used only by the adsorption of ions to the positive and negative
electrodes (Fig. 12a). This condition is idealized for the capacitor,
and we believe that the state of the positive and negative electrodes
will not be semipermanently changed. In the case of a system with a
certain irreversible electrode oxidation on the positive electrode or
when Qox is greater than Qeq ( | Cpdp is less than [ Cadp), the pos-
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Fig. 13. Suggested scheme for the phenomena during the charge with (a) the elec-
troxidation on the positive electrode and (b) the electroreduction on the negative
electrode in the life process of the EDLC.

itive and negative potentials are considered to shift more toward
the negative direction if the EDLC is repeatedly charged and dis-
charged (Fig. 12b). In the case of a system with a certain irreversible
electrode reduction on the negative electrode or when Qo is less
than Qeq (f Cpdp is greater than f Cndp), the negative potential is
maintained during the electroreduction on the negative electrode
during the charge of the EDLC (Fig. 12c). The positive and negative
potentials become more positive if the EDLC is repeatedly charged
and discharged. In this case, there may be thermal oxidation on the
negative electrode without electron transfer, because the species
that is able to be electroxidized must be present.

We studied the phenomena on the positive and negative elec-
trodes during the float charge of the EDLC in terms of the side
reactions and the positive and negative potential changes. Our
results suggested that there are two types of EDLC charge process,
as illustrated in Fig. 13. On the one hand, the positive electrode is
charged with the electroxidation, as shown in Fig. 13a. The electric
charges are used by the adsorption of ions to the positive electrode
and the electroxidation on the positive electrode. Oxygen, carbon,
which may be the conductive carbon in the positive materials, and
the elements in anions of the electrolyte appeared to cause the elec-
troxidation, and the products cover the positive materials while
generating CO and/or CO, gas. Then, that the rate of the ion desorp-
tion and the diffusion on the positive electrode becomes slow. The
potentials of the positive and negative electrodes shift in the neg-
ative direction during the float charge, because the state of charge
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of the positive electrode decreases. On the other hand, the neg-
ative electrode is charged with the electroreduction, as shown in
Fig. 13b. The electric charges are used by the adsorption of ions
to the negative electrode and the electroreduction on the negative
electrode. The products, which include oxygen and the elements
in anions of the electrolyte by the electroreduction, may cover the
negative materials. The potentials of the positive and negative elec-
trodes become more positive during the float charge, because the
state of charge of the negative electrode decreases. The perfor-
mance of the EDLC appears to deteriorate in response to the two
types of charge process, though the side reaction may be differ-
ent at various stages. The deterioration of the positive electrode
appeared to influence the performance of the EDLC during the float
charge.

4. Conclusion

We studied the adsorption of ions to the positive and the
negative electrodes and the side reactions, which were the elec-
troxidation on the positive electrode and the electroreduction on
the negative electrode, during the charge of the EDLC. The mate-
rials produced and/or diminished by the side reaction appeared
to deteriorate the performance of the electrode for the adsorption
and desorption of ions. And, the existence of the side reaction dur-
ing the float charge of the EDLC changed the potential and the state
of charge of the positive or/and negative electrode. The other side
reaction may be caused by the electrode potential is changed. The
two types of charge process may alternate during the life of the
EDLC, thus influencing its performance.

In this work, the product of electroxidation on the positive elec-
trode covered the positive materials to resist the desorption and
diffusion of ions on the positive electrode. The product included
oxygen, carbon, which may be the conductive carbon in the positive
materials, and the elements in the anions of the electrolyte.

It is important for extending the life of the EDLC to control the
side reactions that cause a loss of ability of adsorbing ions on the
electrodes and that change the electrode potentials to cause the
another side reaction.
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