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Electrochemical double layer capacitors of the BCAP0350 type (Maxwell Technologies) were tested
under constant load conditions at different voltages and temperatures. The aging of the capacitors was
monitored during the test in terms of capacitance, internal resistance and leakage current. Aging was
significantly accelerated by elevated temperature or increased voltage. Only for extreme conditions at
voltages of 3.5V or temperatures above 70 °C the capacitors failed due to internal pressure build-up. No
other failure events such as open circuit or short circuit were detected. Impedance measurements after

gl?l; ‘:evr.fad;;citors the tests showed increased high frequency resistance, an increased distributed resistance and most likely
Ultracapacitors an increase in contact resistance between electrode and current collector together with a loss of capac-
Aging itance. Capacitors aged at elevated voltages (3.3 V) exhibited a tilting of the low frequency component,

Leakage current which implies an increase in the heterogeneity of the electrode surface. This feature was not observed
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upon aging at elevated temperatures (70 °C).
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1. Introduction

Electrochemical double layer capacitors (EDLCs) or supercapac-
itors penetrated the market during recent years mainly in the area
of backup power such as for wind turbines, UPS, the door locks
of the Airbus 380 or in the Toyota Prius for backup of the electric
breaks. A noteworthy market break through within the automotive
industry is still in the future.

In many applications, the voltage of the system is significantly
higher than the voltage of a single supercapacitor cell. Therefore,
many capacitors have to be connected in series to form a module.
For the reliability and safety of a module, it is rather important to
know the aging behavior of the capacitor and especially its mode of
failure. For the operation of a module, it is of utmost importance to
know whether the capacitor end-of-life is characterized by a short
circuit or an open circuit state, for instance. For the performance of
amodule, voltage balancing is a major issue [1] along with possible
uneven temperature distribution across the module. In addition, it
would be helpful to predict the time and mode of capacitor failure
on the basis of performance data.

Approaches for testing supercapacitor lifetime and performance
are based on either cyclic, varying, or constant load patterns [2].
For the former, the effect of high currents of varying sign can be
evaluated, while for constant voltage tests the current is low and
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determined by side reactions (leakage current). In both cases, the
aging behavior is determined by the loss of capacitance and by the
increase of internal resistance. In general, the end-of-life criteria are
defined as either 20% capacitance loss or 100% increase in internal
resistance.

In this publication, we have investigated the aging of commer-
cial EDLCs under accelerated degradation conditions in order to
learn about the way these capacitors fail. The tests were ended
either when the capacitor developed an abrupt loss of performance
or when one of the standard end-of-life criteria was exceeded.

2. Experimental

The EDLCs tested in this work were provided by Maxwell Tech-
nologies, Switzerland, and had a nominal capacitance of 350F
(BCAP0350).

The constant load test set-up was designed for a maximum of
18 capacitors placed in a temperature chamber to ensure isother-
mal conditions. All capacitors were charged by only one 2-quadrant
power supply (ET system electronic GmbH), which was switched
to be successively connected to each of these capacitors. This type
of arrangement allows testing of many capacitors at different volt-
ages with one high quality power supply only, instead of using one
power supply for each capacitor. A 2-quadrant power supply was
chosen in order to be able to implement controled discharge steps
into the test program.

Initially, the discharged capacitors were charged to the
selectable maximum test voltage Uy with a charge current of 1-5 A
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and held at this constant voltage for a defined time, typically 1h
after the first charge. Afterwards, the capacitors were switched
to open circuit. A digital multimeter (Agilent 34970A with the
respective relais and data-logger cards) checked the voltage of each
capacitor in defined time intervals At of typically 30 min. When the
voltage U had dropped by a defined value of AUy (typically between
10 and 50 mV) below the maximum test voltage (U=Uy — AUp),
the respective capacitor was recharged with a predefined constant
recharge current Ire of typically 50-200 mA.

From the time t, needed for the recharge, it was possible to
calculate the capacitance C=It[(Ug — U) and the average leakage
current I =Iety /nAt. From the potential jump dU associated with
the switching of the recharge current I, the internal resistance
R=dU/Ie was calculated. Due to the limited data acquisition rate of
1 s the determined resistance is neither comparable to the ESR usu-
ally determined at 1 kHz nor to the so-called DC resistance, but falls
in between these two values. Similarly the limited data acquisition
rate causes some scatter on the capacitance determined from the
recharge time, which was in the order of minutes. As a consequence
of the above test procedure the capacitors’ test voltage is literally
not constant, but is allowed to drop by 2% at maximum before the
next recharge step. This 1% difference between average voltage and
nominal test voltage is neglected.

In particular, three tests were performed with up to five
capacitors each: performance at (i) nominal voltage and elevated
temperatures up to 85°C, (ii) room temperature (30°C) and ele-
vated voltages up to 3.5V and (iii) both elevated temperature and
voltage up to 3.0V and 70°C. The parameters recorded during
the tests were capacitance, internal resistance and leakage cur-
rent as functions of time. Electrochemical impedance spectra (EIS)
were recorded before and after the aging experiments using an
electrochemical workstation (Zahner IM6ex from Zahner-Elektrik,
Germany) in the frequency range between 1 kHz and 10 mHz.

3. Results

In the following, the degradation of the 350 F BCAP0350 capac-
itors is compared in terms of relative capacitance loss (%), internal
resistance and leakage current. In addition, for some capacitors,
EIS were recorded after the end of test. EIS characterization was
always performed after the end of the test with the discharged
capacitor at room temperature. Typically, the initial capacitance
was between 100% and 115% of the nominal capacitance, which
corresponds to up to 400F for the fresh capacitor. The mea-
sured internal resistance R was neither comparable to the 1kHz
resistance nor to the DC resistance usually referred to in data
sheets. As a consequence of the measurement procedure, R was
found to lie between these two values, being closer to the DC
value.

3.1. Reference

2.5V, 30°C: The performance of three capacitors was measured
under nominal working conditions at 2.5V cell voltage and 30°C.
Capacitance, internal resistance and leakage current are shown
in Fig. 1 as a function of time. For the time period of 2 months,
the capacitance dropped by about 10% and the internal resistance
increased by about 4%. Two different time domains may be iden-
tified in terms of the rate of aging. The high initial rate for t<50h
is followed by a significantly slower aging rate. The data scatter in
capacitance data in Fig. 1a is mainly due to the digital resolution of
the data acquisition unit.

During the test period of 2 months, the leakage current dropped
from 80 mA to 70 pA. After 70 h, a value of 0.4 mA was observed,
which is in good agreement with the value given in the data sheet.
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Fig. 1. Relative capacitance (filled symbols) and internal resistance (top) and leak-
age current (bottom) as a function of time. Load voltage 2.5V, temperature 30°C.

While the behavior of capacitance and internal resistance is well
expected, the results for the leakage current are very encourag-
ing. For applications in which the capacitor has a backup function
and needs to be fully charged during a long time, the leakage cur-
rent corresponding to the necessary trickle charge current becomes
rather small. After 2 months, the current is only 70 wA which corre-
sponds to 200 nAF~1.In other words, self-discharge under constant
voltage conditions decreases with time and eventually adopts very
small values.

Fig. 2 shows the electrochemical impedance spectra (EIS) before
(dashed lines) and after the constant voltage test for these nomi-
nal conditions. In agreement with the data recorded online, there
are only small differences between the spectra. Noteworthy is the
absence of a semi-circle in the EIS at high frequencies which indi-
cates good contact between activated carbon and current collector
and between carbon particles. The high frequency resistance of
0.35-0.4mS2 is smaller than the value determined during the load
test via current interruption. However, the low frequency value
between 0.5 and 0.6 mS2 agrees quite well with the data obtained
during the load test.

The deviation of the low frequency tail of the EIS from the
ideal capacitive behavior characterized by a vertical line has been
observed previously for EDLCs and other electrochemical sys-
tems, and is usually described by a constant phase element (CPE).
The presence of a CPE may arise from surface roughness [3],
non-uniformity of the double layer thickness [4], a distribution
in microscopic charge transfer rates or adsorption processes [5].
Pajkossy [6] and Kerner [7] have shown experimentally that even
surface roughness on an atomic scale can produce such CPE behav-
ior.
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Fig. 2. Nyquist plots of the three cells of Fig. 1 after the end of test. The dashed line
represents a new cell. The bottom figure shows an enlarged segment.

3.2. Effect of voltage

3.3V at 30°C: In order to establish the influence of increased
capacitor voltage on the aging, five capacitors were tested at a
voltage of 3.3V at 30°C. The end-of-life criterion for the capac-
itance of the five cells was reached after 100-200 h. The rate of
capacitance loss varied among the cells, but the respective abso-
lute capacitance remained within the 10% uncertainty given by
the manufacturer. Similarly, the internal resistance increased from
about 7-10mS2 after 650 h, which is clearly below the end-of-life
criterion. The respective leakage current decreased from 500 mA
to about 1 mA. After 650 h, one of the five cells (cell 3) exhibited a
drastically increasing leakage current. This event can be correlated
to the opening of the cell at the safety valve (see below).

The waves in the leakage current measured at 30 °C reflect day
time temperature variations exceeding 30°C which could not be
compensated by the oven (no cooling involved). The lack of data
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Fig. 3. Relative capacitance (filled symbols) and internal resistance (top) and leak-
age current (bottom) as a function of time for five capacitor cells. Load voltage 3.3V,
temperature 30°C.

for times between 340 and 400 h in Fig. 3 is due to a failure of the
data acquisition unit during a week end.

3.5Vat30°C: Ofthe five cells tested at 3.5 Vand 30°C, cells 1 and
3 opened at the safety valve after about 150 h and the respective
leakage current increased significantly (Fig. 4). The capacitance loss
of 20% was achieved after 50-150 h, depending on the cell number
and initial capacitance. During the time of the experiment (500 h),
the internal resistance increased from 9 to 16 m£2, which is still less
than the end-of-life criterion.

3.3. Effect of temperature

2.5V at 70°C: Aging of capacitor cells was also affected by the
operation temperature, which is given in the data sheets to fall
between —40 and +65 °C. The constant load test performed at the
nominal voltage of 2.5V and an elevated temperature of 70°C
showed no abrupt or catastrophic failure of the capacitors. After
1600 h, the capacitance was still above the 80% end-of-life limit and
was decreasing slowly. Similarly, the internal resistance increased
only by about 50%. The leakage current dropped to 400 p.A for all
cells with the exception of cell 3 which had twice this leakage
current.

After 1440 h, the decrease in leakage current observed in Fig. 5
is due to a decreased operation temperature, which was reduced
to room temperature at this time.

2.5V at 85°C: The same experiment was performed at 85 °C. The
capacitors aged similarly to the tests at 70°C, with a capacitance
loss of 20% achieved between 250 and 500 h. The leakage current
also decreased smoothly to about 1.5 mA after 500 h. The increase
in resistance was in the order of 90%.
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Fig. 4. Relative capacitance (filled symbols) and internal resistance (top) and leak-
age current (bottom) as a function of time for five capacitor cells. Load voltage 3.5V,
temperature 30°C.

10,01
10,008
. -
g E
] (=]
g 10,006 g
8 g
S [0004 g
®cell 1 Wcell 2 Xcell 3 ®celld Acell s
200 | T ——f0.002
Ocell 1 Ocell 2 Xeell 3 Ocell4 Acell 5
0.0 0
0 200 400 600 800 1000 1200 1400 1600 1800
Time (h)
0.1 8
{ Ocelll
Ocell 2
001 Xcell3 | |
" Ocell 4
<
=
[
g
3 0.001
&
E]
[}
3
0.0001 o
g
PN
%c
0.00001 =
240 480 720 960 1200 1440 1680 1920

Time (h)

Fig. 5. Relative capacitance (filled symbols) and internal resistance (top) and leak-
age current (bottom) as a function of load time for five capacitor cells. Load voltage
2.5V, temperature 70°C.
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Fig. 6. Relative capacitance (filled symbols) and internal resistance (top) and leak-
age current (bottom) as a function of time for five capacitor cells. Load voltage 3.0V,
temperature 70°C.

3.4. Combined effect of temperature and voltage

3.0V at 70°C: In one experimental series, both the voltage and
the temperature were set above the respective nominal values. All
of the five capacitors failed abruptly after different times by over-
pressure leading to an opening of the safety valve. The first event
occurred after 120 h (cell 4) while the last capacitor opened after
185h (cell 1). Simultaneously to the opening of the valve, both
the rate of capacitance loss and the internal resistance increased
notably. In agreement with the observations made above, opening
of the safety valve causes a rapid increase of the leakage current by
up to one order of magnitude (Fig. 6).

3.5. Impedance measurements

The impedance spectra of the capacitors tested at 3.3V and
30°C are reproduced in Fig. 7 after 650h and a capacitance loss
of 30%. The effect of aging at increased voltage is visualized by
the increased equivalent series resistance (ESR) from 3 to about
5mg2. In addition, a clear decrease of the slope in the low fre-
quency branch is observed, which could be interpreted in terms
of a parasitic side/parallel reaction (beginning of a semi-circle) or
as a decreased CPE, indicating inhomogeneities. The data obtained
for all five capacitors are very similar.

The effect of temperature on aging is also shown in Fig. 7, using
the impedance spectra of the capacitors tested at 2.5V and 70°C
recorded after 1700h and a capacitance loss of 20%. Again, an
increase of the ESR is observed, from 3 to 4 mS2. Also, the slope
of the low frequency part has decreased, albeit to a lesser extent
than for the spectra of capacitors aged at elevated voltage. For
aging at both elevated voltage and temperature, the 45° region
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Fig. 7. Nyquist plots of the 5 capacitors after the load test at 3.3V and 30°C and
after the load test at 2.5V and 70°C. The dashed curve represents a new capacitor.

of the Nyquist plot, representing the distributed resistance within
the porous electrodes is extended compared to the new capaci-
tor.

The impedance spectra of the capacitors after opening of the
safety valve at 3.0V and 70°C look significantly different (Fig. 8).
Obviously, failure by can opening has irreproducible effects on the
EIS spectra which may depend on the time the capacitors were used
after opening or on the magnitude of the leakage current which was
not the same for the different capacitors (see Fig. 6). All capacitors
show increased ESR between 25 and 700 m§2. The two capacitors
with the highest increase in ESR show clear semi-circles at higher
frequencies, which could be due to an increased contact resistance
between electrode and current collector, possibly due to current
collector oxidation.

4. Discussion

For any demanding application of electrochemical double layer
capacitors the mode of capacitor failure is of utmost importance
to guarantee the safety of the circuit. The failure of the passive
element should be predictable, not dramatic and it should occur
during a finite time - not abruptly. For the design of a practi-
cal application, it is important to note that most of the capacitors
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have initial capacitances well above (typically 10%) the nominal
capacitance of 350 F. Therefore, all capacitance values are given on
a relative scale with the initial capacitance as the 100% starting
value.

None of the forced temperature and voltage conditions caused
a sudden end of capacitor life by short circuit or open circuit. As
expected, forced load conditions made the capacitors age faster
with a factor of about 2 for 100 mV above nominal voltage or a
factor of 2 for 10°C increase in temperature. This is reflected in
Fig. 9, where the time to 20% capacitance loss based on real (not
nominal) capacitance is plotted for the performed experiments at
various voltages and temperatures. The data pointat 2.5V and 30°C
was extrapolated on a logarithmic time scale. These results are in
good agreement with previous measurements based on leakage
current [8,9]. However, as is evident from Fig. 5b, the amount of
leakage current is not necessarily a good measure for the capaci-
tance degradation. In Fig. 5b the leakage current of cell 3 is higher
than that of the other cells although the rate of aging is identi-
cal for all cells. While the reduction of the temperature to 30°C at
the end of the test causes a significant reduction of the leakage
current of most of the cells by more than an order of magni-
tude, the leakage current of cell 3 is only reduced by a factor
of two.

For the experiment performed at 3.0V and 70 °C the end-of-life
by 20% capacitance loss was reached before the capacitors opened
at the safety valve. However, opening of the safety valve does not
result in an immediate failure of the respective capacitor. The main
observation is an abrupt increase in leakage current, an acceler-
ated increase in internal resistance and an accelerated decrease of
capacitance. Therefore, it can be expected that the respective cir-
cuit with the failing capacitor can function for a certain time even
after can opening. Our results show that there is no way to predict
the opening of the gas discharge safety valve.

The event can only be detected immediately by the increased
leakage current. It should not be neglected that the electrolyte
which leaks out of the capacitor is harmful, but unwanted con-
tact with operators can be prevented by a reasonable housing of
the capacitor module. It should be kept in mind that can open-
ing always occurs significantly later than the end-of-life criterion
concerning capacitance has been met.

The reason for increased leakage current upon safety valve
opening is most probably due to contact with humidity and oxygen
from environmental air. Both components will result in parasitic
side reactions on the anode and/or cathode. Simultaneously, the
capacitance decreases slightly due to electrolyte loss/evaporation
through the opening. However, there will be enough electrolyte
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Fig. 10. A BCAP0350 capacitor (cell 2) tested at 3.0V and 70°C after safety valve
opening after 200 h.

soaked in the active material and in the separator within the
electrode coil to continue functioning of the capacitor within the
electric circuit. Indeed, the electrolyte loss can be monitored by the
weight loss of the capacitor. For the tests at 70 °C and 3.0 V the elec-
trolyte loss after the test was determined to be in the order of 13 g
for a total weight of about 56 g for the pristine capacitor. A picture
of the opened capacitor is shown in Fig. 10.

The impedance spectra recorded after the load tests confirm
the direct results of the online determination of capacitance loss
and resistance increase. There is a slight difference between the EIS
spectra recorded for the capacitors tested at 3.3 V and 30 °C (effect
of voltage, Fig. 7) and those tested at 2.5V and 70 °C (effect of tem-
perature, Fig. 7). While the increase in high frequency ESR from 3
to 4.5 mS2 for the test at 3.3V and to 4 mS2 for the test at 70°C are
comparable, the slope of the low frequency capacitive part is very
different. There is almost no change in slope of the low frequency
line for the test performed at nominal voltage of 2.5V and a tem-
perature of 70 °C, while for the test at nominal temperature of 30°C
and a voltage of 3.3V the slope decreases from 89.3 to 84.3. Such a
decrease may be interpreted as an increasing CPE contribution due
to increase in inhomogeneity at the electrode/electrolyte interface
[3-7].

After can opening, the EIS typically show a high frequency semi-
circle (Fig. 8) which can be assigned to a contact resistance. It
is likely that rupture of the safety valve leads to the accumula-
tion of humidity and oxygen in the capacitor, which may result
in passivation of the current collector. If some aluminum oxide
is formed on the current collector, a semi-circle will be visible in
EIS [10,11]. Similarly, during the accelerated aging test, the active
electrode part may be delaminated from the current collector [12]
giving rise to a semi-circle in the EIS. Unfortunately, it is not clear
whether the appearance of a semi-circle in the EIS is a conse-
quence of the can opening or is only due to the aging before can
opening.

5. Conclusions

Commercial electrochemical double layer capacitors based on
activated carbon and an acetonitrile based organic electrolyte were
tested under constant voltage conditions at various temperatures
and cell voltages. The main observations are summarized as fol-
lows.

All capacitors showed an initial capacitance significantly larger
than the nominal capacitance (up to 400F compared to 350F)
which falls within the 20% limit stated in the data sheet.

The leakage current during the constant voltage load test
decreased steadily with time, reaching values in the range of nAF~!
which is significantly lower than the data given after e.g. 72h in
some data sheets. This is of significant consequence for EDLC appli-
cations where the capacitor has to be trickle charged over a long
time.

The leakage current is not necessarily a measure for the rate of
degradation as was observed for the test at 2.5V and 70 °C (Fig. 5).

The 80% capacitance loss end-of-life criterion is always reached
faster than the criterion for the doubling of the internal resistance.

The failure of all capacitors occurred via can opening at the
pre-designed safety valve as a consequence of increased internal
pressure. Can opening was always preceded by the capacitor end-
of-life in terms of 20% capacitance loss.

The capacitors can be operated at 70°C and nominal voltage
for about 1600 h before the capacitance drops to 80% of the initial
value.

As a thumb rule, a factor of 2 can be assumed for the increase
in aging rate for an increase in voltage of 0.1V or an increase in
temperature by 10°C. It seems that the voltage increase leads to a
more significant pressure build-up than an increased temperature.
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