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Studies of Electric Double Layer Capacitors Used
For a Storage Battery of Dye Sensitized Solar Cell Energy

Hee-Je Kim' , Jin-An Jeon*, Youl-Moon Sung**, Mun-Soo Yun*** and Jin-Young Choi*

Abstract - To design the effective usage of electric double layer capacitors (EDLCs) used for a
storage device of dye sensitized solar cell (DSC) energy, we first investigated the accumulation state of
electrical charges and the charge behavior in the EDLCs. Based on the results, the voltage
characteristics of EDLCs connected to DSC energy were evaluated. The results showed that the charge
accumulation region concentrated on the central part of the carbonaceous electrode in EDLCs and the
required times for charging and discharging were almost the same.
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1. Introduction

Photovoltaic power generation [1] is a useful technique
for the prevention of global warning and energy problems.
However, the generation of power is strongly influenced by
the weather, and therefore the stable supply of electric
power is difficult. To use DSC energy efficiently, a storage
battery that can deliver the stable electric power to the load
is required. One of the widely accepted storage batteries is
the sealed lead-acid cell, which has some superior
properties such as a long life cycle and superiority in terms
of good power characteristic to size ratio. However, when
the cell is under a remarkably cool condition, the electro-
motive force rapidly drops and then a higher replenishing
voltage is required. In a warmer condition, the risk of
overcharge becomes greater. In recent years, the fuel cells
[2] have attracted much attention and demonstrated a good
power capability; nevertheless the response to the instant-
taneous power is relatively poor. Therefore, we examined
the use of electric double layer capacitors (EDLCs) [3~7]
operating as a storage device for some DSC energy.

EDLCs, in which the double-layer is formed at the
interface between nanoporous carbonaceous electrode and
nonaqueous electrolyte solution, have attracted special
interest recently because of their superior properties such
as high power density, good cycle-ability and speedy
response for load fluctuations. The charge storage process
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due to the charge behavior influences such properties, i.e.,
the performance is not dominated by chemical reactions.
Therefore, to optimize the EDLCs connected to the DSCs,
it is necessary to investigate the accumulation state of
electrical charges and the charge behavior in the EDLCs.

In this article, we first focused on the investigation of the
charge distribution in EDLCs, which was useful to
understand the charging and the discharging process. The
charge distribution was measured by means of a pulsed-
electro-acoustic (PEA) method [8~10]. In this method, a
pulsed electric field first applies to a sample, and then the
produced elastic waves in proportion to the space charges
are detected using a piczoelectric sensor. At the develop-
ment stage of the PEA method, the measurement was
performed only in 1-layer dielectric. However, recently, the
experimental applications for some layers and their theore-
tical analyses are expanding rapidly [11]. In this study,
measurements of the charge distributions in EDLCs were
carried out during charging and discharging. Finally, the
voltage characteristics of EDLCs connected to DSCs were
examined.

2. Experiments and methods

Fig. 1 shows the schematic drawing of the EDLC sample,
which comprises two 400- m-thick nanoporous car-
bonaceous electrodes mixed with dielectric (poly-
tetrafluorocthene; PTFE) and carbon black. Carbon black
and PTFE were mixed in a mass ratio of 17:1:2. The
nonaqueous electrolyte was a mixed solution of propylene
carbonate (PC) and tetracthylammonium tetrafluoroborate
((C,Hs5)y)NBF,) in a mol ratio of 1:4. A 20- m-thick
cellulose separator was used between the two carbonaceous
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electrodes. The carbonaceous electrodes operating as the
polarized electrodes and the separator were arranged in a
hermetic Al container (30 m in thickness) operating as a
current collector. Then, the total thickness of the EDLC
sample, which was composed of 5-layers, was 880 m. Each
component had a sectional area of 314 mm’ The Al-
covered carbon layer was dried at 0.1 Torr (at 150°C) for 2
h and was spot-welded in the required size (15 mm in
diameter) as electrodes under Ar atmospheric pressure.
Carbonaceous materials were characterized by applying the
method of nitrogen adsorption. The BET (Brunauer,
Emmett and Teller) total surface area, the total pore volume
and the average pore diameter of the activated carbon were
2004m*/g, 1.24m’/g and 2.72 nm, respectively.
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Fig. 1 Schematic drawing of EDLC sample which
comprises two 400- m thick nanoporous car-
bonaceous electrodes mixed dielectric PTFE and
carbon black
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Fig. 2 Experimental arrangement for measurements of
charge distributions using the PEA system

The experimental arrangement for measurements of the
charge distributions using a PEA system is shown in Fig. 2.
The principle of the PEA method is briefly outlined as
follows: an electric pulse voltage together with a high DC
voltage is added to the EDLC sample sandwiched between
an upper and a lower electrode. Hence, acoustic waves are
generated by the charges on the electrode and in the EDLC
sample. The acoustic waves propagate in both upper and

lower directions, and they are converted into electric
signals by a piezoelectric transducer arranged at the back
of the lower electrode. The charge location can be
determined by the response time of the eclectric signal,
while the amount of charge is obtained from the magnitude
of the signal. The voltage (Vpc) of 2.5 V from a 1 DSC
panel was added to the EDLC sample through an upper Al
electrode 8 mm in diameter. The pulse voltage from a pulse
generator had a maximum value of 600 V and a pulse
width of 2.5 ms at a frequency of 400 Hz. Here, it is noted
that a semiconductor layer was formed between the upper
Al electrode and the EDLC sample. The semiconductor
layer adjusted the acoustic impedance on the interface
between the EDLC sample and the upper Al electrode. A
10-pm-thick Lithium Niobate (LiNbO) was used as a
piezoelectric transducer. The transformed voltage signal
was amplified 45 dB, and sent to a digital oscilloscope
connected to a personal computer. The reflection of elastic
waves on interfaces influences the interpretation of results
in the case where PEA measurement is carried out on a
sample constructed from some kinds of layers differing in
acoustic characteristics, which is described in Sec. 3. We
measured the charge distributions in EDLCs under various
charging times (z.) of 0 - 20 s and discharging times (¢;) of
0-20s.

Fig.3 Charging circuit of EDLC connected to 10
modules X 6 panels DSCs.

Fig. 3 shows the charging circuit of EDLCs connected to
DSCs. The number of EDLCs connected in series was 3,
and their total capacitance was 500 F. They were connected
to 10 modules X 6 panels of DSCs with the output voltage
of 12.5 V and the output power of 20 W. Fig. 4 shows an
appearance of DSC with photoelectric efficiency of 4%
under solar-light source (AMI1.5, 100mW/cm2). 1 DSC
panel was fabricated by using 10 DSCs parallel modules
with similar performance. In the same way, five more
panels were connected in parallel. In DSC panels
connected in series and parallel, the output voltage of 12.5
V and the output current of about 1.6 A was obtained. Just
after electrification, the discharge characteristic of the
EDLCs was examined by connecting a 20 W lump to the
EDLCs.
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Fig. 4 Appearance of DSC with photoelectric efficiency of
4% under solar light source of AM1.5, 100mW/cm?

3. Results and discussions
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Fig. 5 Charge distributions obtained during charging

The charge distributions in EDLCs, obtained during
charging are presented in Fig. 5. The transverse axis
denotes the vertical distance (L) from the upper Al
electrode, i.e., the in-depth variation. The length, which is
the distance between two vertical dotted lines, is equivalent
to the thickness of the EDLC sample. It can be seen that
the negative charge density was larger than the positive
density. For example, the negative charge density obtained
during charging had a maximum value of about 205 C/m’
near the collector layer (at L = 520 m) while the positive
charge density had a maximum value of about 61.1 C/m’
around the cathode layer (at L = 1400 m). It is also noted
that the polarized charge accumulation intensively occurred
in the narrow region around the porous carbon layer (at L =
520 - 1400 m).
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Fig. 6 Temporal variation of negative and positive charge
densities with ¢..

The temporal variation of negative and positive charge
densities with 7, is shown in Fig. 6. Each plot denotes the
absolute peak value of negative and positive peaks in the
charge distribution and is the average of five measurements
It seems that the charge density increases as f. increases
and saturates at £.>10 s.
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Fig. 7 Charge distributions obtained during discharging

The charge distributions in EDLCs, obtained during
discharging, are shown in Fig. 7. The remaining charge
density gradually decays as #, increases. The charge
densities at ;= 5, 10 and 20 s are about -130, -36.0 and -
0.025 C/m’, respectively. Thus, the charging and the
discharge process for EDLCs are almost achieved until ¢, =
t; > 10 s. Incidentally, the charge distributions shown in
Figs. 5 and 7 suggest that the charge distribution in the
EDLC:s is spatially uneven, i.e., hetero-charges distribution,
which is presumed to be caused by the mobility of the
positive and negative charges in the carbonaceous
electrode surface of the EDLCs during the charging and the
discharge. The charge mobility is closely concerned with
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the porous structure of the electrode materials, which did
not change chemically during the charging and the
discharging.

Incidentally, the electrostatic capacity of EDLCs is
generally obtained by the energy conversion method. An
example of oscilloscope trace of the discharge voitage
obtained from the EDLC sample is indicated in Fig. 8. The
DSC with voltage of 2.5 V and the current density of 5
mA/cm’ was carried out in this experiment.
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Fig. 8 Example of oscilloscope trace of the discharge
voltage obtained from EDLC sample. The DSC
with voltage of 2.5 V and the current density of 5
mA/cm’® was carried out in this experiment.

It seems that the discharge voltage curve contains two
voltage drop components. A sudden voltage drop (AVy),
which is associated with the internal resistive component,
is seen at the beginning of the discharge (~ 400 ms). AV,
was 0.3 V, which was equivalent to the current density of 5
mA/cm’. The capacitive component (A Veap) 18 related to the
voltage variation due to energy change in the EDLC. The
capacitance (C;) per sheet of carbonaceous electrode can
be described as follows, using 4V, during the discharge.

ig(A)xAty(s) ()

GO ) 2 X &V (V)

where i, is the discharge current and m is the mass of the
electrode made of activated carbon. The specific total
capacitance (Cs) in EDLCs can be calculated as C; = 2xC;
because two carbonaceous electrodes are in series
arrangement, In the case of Fig. 8, it was calculated as C, =
8.7 Fl/g. C; can also be estimated by the results of PEA
measurements. The whole weight of two sheets of the
carbonaceous electrodes was 140 mg, and the specific area

of the electrodes was about 1625 m”/g. Adding up the .

charge density from L = 520 to 1400 m, the area charge
density could be obtained. In the case of Fig. 5, the whole
area charge density was calculated as 8.92 x10° C/m’.
The entire amount of electrical charges was obtained by
multiplying the area charge density by the complete surface

area of the carbonaceous electrodes. C; could be estimated
by dividing V¢ into the whole amount of the electrical
charges, and its value in the case of Fig. 5 was calculated
as C;, = 9.36 F/g. The values of C,, obtained by two
different methods showed good agreement, differing only
by about 7%. When the PEA technique is performed on a
sample constructed from some layers differing in acoustic
characteristics, there is a possibility that the reflected
elastic waves from the interfaces influence the
interpretation of the experimental results. However, C;
obtained from the PEA method agreed well with that from
the energy conversion method although the resulting C; by
the PEA method was estimated through an integration
process of each charge distribution. This indicates that the
PEA evaluation on C; was not nearly affected by the
component of reflected elastic waves. In our experimental
conditions, two collectors were made of Al as with
electrodes used in a PEA device. The moving ions in an
electrolyte were mainly detected, and there was no metal
with the large acoustic impedance in the region bounded by
the collectors. Therefore, the influence of the reflected
elastic waves might be negligible. Even if the charge
distributions reported here included some ambiguous
factors due to reflected elastic waves, the ambiguity was
not as large as that which didn't give physical meanings on
the charge distribution. This enabled us to discuss the
charge behavior using the experimentally obtained results
shown in Figs. 5 and 7.
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Fig. 9 Voltage characteristics of EDLC connected to DSCs.
The dotted lines denote the voltage change obtained
using DSCs whose total currents were set to 2 and
25A.

Fig. 9 shows the voltage characteristics of the EDLCs
connected to the DSCs. The quantity of solar radiation was
100mW/cm’. The dotted lines denote the voltage change
obtained using DSCs whose total currents were set to 2 and
2.5 A, which are for indicating typical voltage
characteristics for a stable power source. As can be seen
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from this Fig, the required time for charging is almost the
same as that for full discharging. This is consistent with the
result obtained through measurements of charge
distributions. Additionally, the efficiency of the output
power against the input power was calculated as 98%.

5. Conclusion

We first investigated the charge distributions in EDLCs
in order to design the effective usage of the EDLCs used
for a storage device of DSC energy. The charge dis-
tributions during charging and discharging were measured
by means of a pulsed-electro-acoustic (PEA) method. The
distributions of positive and negative charges were
spatially uneven, which was due to the mobility of the
positive and negative charges in the carbonaceous
electrode surface of the EDLCs. It was also found that the
voltage characteristics of the EDLCs connected to the
DSCs were consistent with the result obtained through
measurements of charge distributions and the required time
for charging was almost the same as that for full
discharging
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