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Abstract

This work describes the fabrication and the characterization of low-cost 2 V carbon/carbon power supercapacitors. Each cell had a
volume of 100 cm®. Three 2 V-supercapacitors were assembled and tested under different currents and at different temperatures. The
measurements have shown a specific power of 1.1 kW /kg, a volumetric capacitance of 25 F/cm® per electrode and a time constant of 2

S. © 1999 Elsevier Science SA. All rights reserved.
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1. Introduction

Supercapacitors have been extensively studied for many
years, since they are interesting for power applications
such as mobile telecommunication, back up power for
engines, starting and so on [1-4].

Three kinds of electrode materials can be used for
supercapacitors: high surface area activated carbons, metal
oxide and conducting polymers[5—7]. The objective of this
work is to fabricate low-cost supercapacitors for automo-
tive applications. To achieve this goal, it was decided to
use high surface area activated carbons due to their low
cost. In these types of supercapacitors, called Double
Layer Capacitors (DLC), the energy is stored in the double
layer formed near the carbon electrode surface, which must
be as high as possible. Meanwhile, the resistivity increases
with increasing the surface area and thus, it is important to
adjust the surface area to minimize the resistance. The
electrolyte may be aqueous or organic. The use of aqueous
electrolytes allows to obtain a low series resistance for the
supercapacitor, but limits its voltage to a value close to 1
V. In contrast, organic electrolytes allow the supercapaci-
tor to reach 2 or 3 V however with a higher series
resistance. The choice of the electrolyte depends on the
specific desired power and energy values.
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The objectives of this work are to fabricate a 12 V
Double Layer Capacitor by assembling 6 cells of 2 V each
in series. This paper describes the fabrication of the 2 V
cells.

2. Experimental
2.1. Electrodes

Norit SX Ultra activated carbon (1200 m?/g, 80 F/g)
was used as the active electrode material. An electronic
conductor was added to the activated carbon in order to
ensure good electronic conductivity. A mixture containing
the activated carbon material and the electronic conductor
was added to a solution of organic binder. After heating,
the mixture was spread out on a nickel-foam current
collectors. The electrodes were first heated in air and then
under vacuum.

The electrolyte used was a solution of acetonitrile (ACN)
containing 1.7 M NEt,MeSO,. This electrolyte has a good
conductivity (20 mS/cm) and does not contain fluorine
compounds.

2.2. Capacitance and resistance measurements

Cells were assembled in a prismatic way with a cellu-
losic separator in between. Supercapacitors were cycled
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Fig. 1. Cross-section of the supercapacitor.

2000 X under constant current between 0 and 2.15 V using
a Bitrode (time resolution: 1 s) and a Biologic VMP (time
resolution: 20 ms). The characteristics of the supercapaci-
tors remained constant during these cycles. Capacitance
was calculated from the slope of the V(1) plot. Resistance
measurements were calculated either using an Electro-
chemical Impedance Spectrometer Solartron Schlumberger
1255 (at 1000 Hz), or from the ohmic drop during cycling
with the Bitrode or the VMP apparatus.

3. Results and discussion
3.1. Cell assembly

The inner dimensions (in cm) of the cell case are
4.7 x 1.8 X 8.5. Current collectors used in this work were

25

Table 1
Characteristics of the supercapacitor SC#1 during cycling at constant
current (T = 25°C)

1A Vgs)  C(  Ryg M)  Ryggop, (MQ)
2 207 243 23 105
4 2.03 233 215 105

10 191 226 205 105

nickel foam strips of 2 mm in thickness. These strips were
pasted with the active material mixture of activated carbon,
electronic conductor and organic binder. Electrodes were
cut out of these strips. Nickel foil (200 wm thick and 3 cm
long) was then soldered onto the top of the electrodes to be
used as the end plates. The electrodes were then pressed in
order to decrease their thickness and to enhance the con-
tact between the active mass and the current collector. For
a better control of the thickness, electrodes were laminated
to achieve thicknesses between 450 and 850 pm.

Electrodes were soldered and placed in a polypropylene
case. The top of the case was welded with hot polypropy-
lene and then the case was filled with the electrolyte. Fig.
1 presents a cross-section of the cell.

3.2. SC#1 cell tests

A first supercapacitor SC#1 was assembled. The elec-
trode composition was 80% activated carbon, 15% elec-
tronic conductor, 5% Carboxymethylcellulose (CMC). This
composition confers a good level of conductivity associ-
ated with a volumetric capacitance close to 23 F/cm® per
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Fig. 2. Constant current charge—discharge cycles for the SC#1 cell. | =4 A.
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Fig. 3. Impedance spectrum of the SC#1 cell, between 2 kHz and 8 mHz.

electrode [8]. 20 electrodes were assembled (10 by polar-
ity) to form a prismatic cell.

3.2.1. Constant current cycling

Fig. 2 shows cycling curves between O and 2.15 V at 4
A (T=25°C) and Table 1 presents the characteristics of
the cell. For this cell, the resistance was measured in two
different ways. The first resistance noted R, corresponds
to that obtained during cycling. This resistance was calcu-
lated from the initial step voltage at the beginning of a
charge—discharge cycle. This ohmic drop was not cor-
rected for the capacitance voltage change (It/c) that oc-
curs before the acquisition of the first data point (1 s) in
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the charge or discharge. The second value of the resistance
at 1000 Hz is deduced from the impedance measurements
carried out for each cell.

The capacitance was found to be equal to 243 F at 2 A,
which corresponds to 75 F/g of activated carbon. This
value is near the theoretical capacitance of the Norit SX
Ultra (80 F/g), which shows that all the material is active.
The volumetric capacitance of one electrode is 21 F/cm?®
including the current collector, which is a rather low value.
The specific surface resistance calculated from the Ry
data is 13 ) cm?. Significant improvements will have to
be made to decrease this value.

The cycling of the supercapacitor up to 10 A shows that
asmall capacitance loss (6%) appears (Table 1), associated
with a decrease of the resistance, but the general behavior
is correct.

3.2.2. Impedance measurements

Fig. 3 presents the Nyquist plot of the SC#1 run in the
2 kHz and 8 mHz frequency range. The knee frequency
appears at 100 mHz, this being a rather low value [9]. In
theory, this frequency limits two different behaviors of the
supercapacitor, i.e., above the knee frequency the real part
of the impedance (the resistance) is frequency dependent,
while below this value, the resistance changes weakly with
frequency and the supercapacitor behavior tends to ap-
proach that of a pure capacitance. In our case, the capaci-
tive behavior below 100 mHz is not very pronounced, as
the slope of the plot in this frequency range is far from
being vertical. In the same way, it can be seen that the real
part of the impedance is strongly frequency dependent: the
low frequency resistance (8 mHz) is 34 m{}, that is to say
there is a factor of 3 between the low frequency value of
the resistance (at 8 mHz) and the high frequency vaue
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Fig. 4. Constant current discharge at different current (2, 4 and 10 A) and different temperatures (25, 0 and —18°C) for the SC#1 cell. Test sequence:

charge +1 until 2.15V /10 s rest/discharge — 1 until 0 V.
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Table 2
Characteristics of the SC#1 cell during discharge at different current and
different temperatures
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Table 3
Characteristics of the supercapacitor SC#2 during cycling at constant
current (T = 25°C)

Temperature 1 (A) Vg (V) C(P) Reye Ri000 H2 1A Vais (V) c) Reya Resr
0 mQ)  (mQ) (mQ) MQ)
0°C 2 201 211 29 12.8 2 21 272 17.5 11
4 1.89 202 275 12.8 4 2.06 264 17 11
10 1.59 199 255 12.8 10 18 255 16 11
—-18°C 2 2.04 190 40 16.6
4 197 182 36 16.6
10 1.79 182 32 16.6

(at 2 kHz). This can be explained assuming the electrolyte
penetration into the porous structure of the electrode,
which is here observed between 2 kHz and 100 mHz. To
minimize this factor, the thickness of the electrodes must
be decreased.

3.2.3. Low temperature cycling

SC#1 was cycled at different temperatures. Fig. 4
presents the cycling curves obtained at different currents
(2, 4 and 10 A) and at different temperatures (25, 0 and
—18°C). In these experiments, the supercapacitor is
charged under constant current up to 2.15 V. The current is
then turned off for 10 s before discharge is performed.
Table 2 gives the characteristics of the cell. The capaci-
tance decreases when the temperature decreases from 25 to
—18°C, with a loss which is approximately 20%. A slight
recrystallization of the salt into the pores of the electrodes
could explain this decrease in the capacitance. An interest-
ing observation is at low temperature, where the resistance
a —18°C is less than doubled as compared to 25°C. The
power loss at low temperature is not limiting the superca
pacitor performances.
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The tests carried out on SC#1 show that the electrode
thickness must be decreased in order to limit the fre-
guency-dependence of the resistance and to increase the
volumetric capacitance. In the same way, the resistance of
the cell must be decreased.

3.3. SC#2 cell tests

Taking into account the conclusions drawn from the
previous experiments, a second supercapacitor was assem-
bled. The thickness of the electrodes was decreased by
modifying the amount of active material and a 24-elec-
trode cell (SC#2) was assembled in a prismatic way (12
electrodes for each polarity). The composition of the elec-
trodes was 80% activated carbon, 15% electronic conduc-
tor, 5% PTFE, the latter replacing CMC in order to
improve the mechanical properties of the electrodes.

3.3.1. Constant current cycling

Fig. 5 presents the cycling of SC#2 between 0 and 2.1
V a 4 A (T=25°C), and Table 3 lists the characteristics
of the supercapacitor at different currents (2, 4 and 10 A).
The low current test on SC#2 was performed on a Bio-
logic VMP which is a multi-channel battery tester. The
VMP tester is capable of measuring voltage differences of
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Fig. 5. Constant current charge—discharge cycles for the SC#2 cell. | = 4 A. Test sequence: charge +1 until 2.15V /10 srest /discharge — | until O V.
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Fig. 6. Impedance spectrum of the SC#2 cell, between 2 kHz and 8 mHz.

a fraction of a mV and of taking data at rates of up to 50
Hz, which was particularly useful in determining the resis-
tance of the cell noted as Rggg in Table 3.

The capacitance of the cell is272 F at 2 A. Once again,
the capacitance loss for the different rates of discharge
between 2 and 10 A is less than 6.5%. This capacitance
corresponds to a volumetric capacitance of 23.5 F/cm?
per electrode. This value is higher than that obtained for
SC#1. The resistance measured during cycling at 2 A is
10 m{}, which corresponds to a specific surface resistance
of 8 Q cm?.
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Table 4
Characteristics of the SC#2 cell during discharge at different current and
different temperatures

Temperature (°C) | (A)

Vdi s (V) C (F) Rcy(:l F'zESFZ

m) MY
0°C 2 2.10 248 19 118
4 207 239 18 118
10 1.96 232 17 118
—-18°C 2 2.10 229 20 12.6
4 2.06 220 19 12.6
10 1.96 216 18 12.6

3.3.2. Impedance measurements

The impedance spectrum of the 24-electrode cell SC#2
in the 2 kHz and 8 mHz impedance range is presented in
Fig. 6. The knee frequency appears at 150 mHz, a value
higher than that observed for SC#1. The behavior of the
supercapacitor below frequencies of 150 mHz tends to the
be purely capacitive. The real part of the impedance isless
frequency-dependent than the one measured for SC#1.
Thereis afactor of 2.3 between the low frequency value of
the resistance (at 8 mHz) and the high frequency value (at
2 kHz). The smaller thickness of the electrode has de-
creased the frequency-dependence of the resistance signifi-
cantly. A hypothesis can be made: the penetration of the
electrolyte into the porous structure of the electrode is
more rapid, thus leading to a decrease in the resistance.

3.3.3. Low temperature cycling

SC#2 was cycled at different temperatures, under dif-
ferent constant currents. Fig. 7 presents the obtained cy-
cling curves. Tests were carried out in the same way as for
SC#1. Table 4 lists the characteristics of the cell during
discharge. The capacitance loss between 25 and —18°C is
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Fig. 7. Constant current discharge at different current (2, 4 and 10 A) and different temperatures (25, 0 and — 18°C) for the SC#2 cell. Test sequence:

charge +1 until 2.15V /10 s rest/discharge —1 until 0 V.
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Fig. 8. Supercapacitor SC#3. Weight of the supercapacitor: 134 g,
volume: 100 cm?,

16%, less than that observed for SC#1. The good behavior
of the cell at low temperatures is confirmed by the small
change in resistance. There is a factor less than 1.5 be-
tween the resistance at —18°C and the one measured at
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Table 5
Characteristics of the supercapacitor SC#3 during cycling at constant
current (T = 25°C). Weight of the supercapacitor: 134 g

| (A) Vdis (V) c (F) Rcycl RESR Pmax Emax
mQ) (mQ) &w/kg (Wh/kg
2 213 294 17 11 14
4 212 294 16 8 11 14
10 212 294 15 11 14

25°C. The same conclusions as for SC#1 can be drawn
from these measurements: the loss of power when operat-
ing at temperature down to —18°C is small.

The study of the 24-electrode cell SC#2 has shown that
improvements have been obtained as compared to SC#1.
However, the volumetric capacitance and the specific sur-
face resistance of the cell must be improved. One solution
may be to increase the number of electrodes to decrease
the resistance of the cell, while at the same the same time
taking care of the volumetric capacitance by adjusting the
amount of active material in the electrodes.

3.4. SC#3 cell tests

A third supercapacitor SC#3 was assembled taking into
account the previous conclusions, and is presented in Fig.
8. The composition of the electrodes was the following:
95% activated carbon, 5% PTFE. Previous tests carried out
on smaller cells with this composition showed that good
electronic properties in such electrodes could be obtained
by modification of the manufacturing process. The me-
chanical properties of these electrodes were as good as for
SC#2. A 28-electrode cell was assembled.
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Fig. 9. Constant current charge—discharge cycles for the SC#3 cell. | =4 A.
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Fig. 10. Impedance spectrum of the SC#3 cell, between 2 kHz and
8 mHz.

3.4.1. Constant current cycling

Fig. 9 represents the cycling of SC#3 between 0 and
21V a 4 A (T=25C) and Table 5 gives the character-
istics of the cell during the tests. The capacitance of the
cell remains constant during discharge at different currents,
i.e, a avaue of 294 F. Thisis an interesting result which
leads to a volumetric capacitance of 25.3 F/cm® per
electrode (including the current collector). The resistance
of the cell during cycling, Rgsg IS now equal to 8 m(2,
leading to a specific surface resistance of 6.5 () cm?. This
value makes the supercapacitor to reach a maximum spe-
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cific power value of 1.1 kW /kg and a maximum specific
energy vaue of 1.4 W h/kg (based on the total weight of
the cell). The time constant is now equal to 2.3 s, which is
now compatible with power applications.

3.4.2. Impedance measurements

The impedance spectrum of the 28-electrode cell SC#3
is represented in Fig. 10. The range of frequency is 2
kHz—8 mHz. The knee frequency is 250 mHz. This value
is higher than the ones previously obtained. Below 250
mHz the frequency-dependence of the resistance is weak
and the supercapacitor behavior tends to be purely capaci-
tive. At 2 kHz, the value of R is 7 m(, and reaches 14
m{() at 8 mHz. There is a factor of two between the low
and the high frequency value of R. Therefore, the fre-
guency-dependence of the real part of the impedance has
been limited. The decrease in the thickness of the elec-
trodes (and the increase in the number of electrodes)
associated with the change in the active material composi-
tion explains this result.

3.4.3. Low temperature cycling

SC#3 was cycled at different temperatures, under dif-
ferent constant currents, in the same manner as SC#1 and
SC#2. Fig. 11 presents the discharge curves at different
temperatures and different currents. Characteristics of
SC#3 measured during discharge are given in Table 6.
Temperature varies from — 18°C to 25°C and the discharge
currents are in the range of 2—-10 A. In this temperature
range, the capacitance loss for this cell was 18%, which is
a value intermediate between the losses found previously
(20-16%). The loss of maximum specific energy reaches
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Fig. 11. Constant current discharge at different current (2, 4 and 10 A) and different temperatures (25, 0 and — 18°C) for the SC#3 cell. Test sequence:

charge +1 until 2.15V /10 s rest/discharge — 1 until 0 V.
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Table 6

Characteristics of the SC#3 cell during discharge at different current and different temperatures

Temperature (°C) 1 (A) Vs (V) cE Reye (MQ) Prax (KW /kg) Enax (W h/kg) Resg (MQ)
0°C 2 2.14 264 18 0.930 1.260 9.2
4 214 271 16 0.930 1.260 9.2
10 214 266 16 0.930 1.260 9.2
—-18°C 2 214 239 20 0.820 1.130 105
4 2.14 239 19 0.820 1.130 10.5
10 214 239 18 0.820 1.130 105

24% when the temperature changes from 25°C to — 18°C.
An interesting observation is the change in the resistance
with respect to the temperature. From 25 to 0°C, Rggg
increases by 15%, that is to say, the resistance is multi-
plied by a factor of 1.15. This favorable behavior leads to
a maximum specific power value P, of 0.930 kW /kg at
0°C. The vaue of P, decreases to 0.830 kW /kg when
the temperature decreases down to —18°C, which corre-
sponds to a 16% increase in resistance. As compared to
25°C, the loss of specific power when operating at —18°C
is only 25%. Characteristics obtained for SC#3 make it
interesting for operating at low temperatures.

4, Conclusions

This study concerns the fabrication of low-cost pris-
matic carbon/carbon power supercapacitors. Three 2 V-
cells were assembled and tested. The composition of the
active material and the electrode thickness were adapted in
order to decrease the resistance of the supercapacitors and
to increase the volumetric capacitance. A 28-electrode cell
containing electrodes made up of 95% activated car-
bon,/5% PTFE on nickel foam gave interesting results. A
maximum specific power of 1.1 kW /kg and a maximum
specific energy of 1.4 W h/kg (based on the total weight
of the cell) were reached at 25°C. The cycling at different
temperatures has confirmed the supercapacitor behavior
between 25 and — 18°C. In this temperature range, the loss
of the maximum specific energy reached 24% while the
loss of the maximum specific power was 25%. The time
constant of the cell was 2.3 s, i.e., a value compatible with
power applications. The volumetric capacitance of the cell
was calculated as 25 F/cm® per electrode (including
current collector). Future work will consist in decreasing
the separator thickness, which is now higher than 100 pwm,

and test a new electrode composition which has recently
given good results which respect to resistance and volu-
metric capacitance on smaller cdlls.
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