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a b s t r a c t

There are two important steps necessary for the optimization of electrochemical double-layer capacitors
(EDLC): maximizing the volumetric capacitance and minimizing the ohmic resistance. The application of
force during the assembly of an EDLC cell is one way to achieve this optimization. The effect of the appli-
cation of force on the performance characteristics of EDLC cells, assembled using porous activated carbon
electrodes, was determined. It was shown that applying force to the body of the cell during assembly only
eywords:
upercapacitor
tacking pressure
ccess surface
ransmission line model

provides a significant increase in the performance of the EDLC with the initial application. The results
showed that any increase in the applied force beyond that initial stage does not result in a subsequent
increase in performance and can result in a substantial decrease in the performance characteristics of
the EDLC cell. Furthermore, it was concluded that the substantial decrease shown was attributed to an
alteration of the physical structure of the porous material, which produced significant decreases in the

d the
mpedance accessible surface area an

. Introduction

There is a growing need for specialized electrochemical energy
torage devices for which a part of that can be met by electrochem-
cal double-layer capacitors (EDLC) or supercapacitors. The power
elivery performance of an EDLC fills the gap between dielectric
apacitors and traditional batteries which makes them well suited
or time-dependent electrical power output applications [1], such
s memory backup [2], cold-start vehicle assist [3], and solar cell
ower storage [4]. Furthermore, EDLCs also have potential as high-
ower energy sources that can supplement the traditional energy
ources for powering trains [4] and electric vehicles [4,5]. In any
dvanced application such as these, excellent rate performance and
igh capacitance are necessary requirements.

The energy storage mechanism of EDLCs derives from the forma-
ion of an electric double layer at the electrode/electrolyte interface
6], which is what provides the high-power capability of these sys-
ems. This electrostatic (non-faradaic) separation of charge also
rovides an EDLC with an exceptionally high rate of recyclabil-

ty, nearly hundreds of thousands cycles, without any noticeable
egradation of performance. This is in contrast to secondary bat-
Please cite this article in press as: G. Gourdin, et al., J. Power Sources (2010

eries, whose recyclability is far more limited. They are required
o undergo repeated chemical changes as part of their operation,
hich results in a significant degradation of the electrode materials

ver repeated charge/discharge cycles. However, as a consequence
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material resistance of the activated carbon electrodes.
© 2010 Elsevier B.V. All rights reserved.

of the nature of reversible electrostatic charging, EDLC systems
suffer from a more limited energy density as compared to typical
batteries [2,6].

As with any specialized device, EDLC cells should first be
optimized for their desired application. To obtain optimal per-
formance from an EDLC, there are two important factors to
consider: volumetric capacitance and ohmic resistance. The vol-
umetric capacitance is the capacitance per unit bulk volume of
electrode material and an important first step in achieving a high
volumetric capacitance for any type of electrode material is to min-
imize the distance between the working and counter electrodes
[1]. The other important factor, the ohmic resistance or equivalent
series resistance (ESR), can be reduced through improved physi-
cal contact between the electrodes and the porous separator [4].
For a sealed cell, both of these factors can be addressed by applying
force to the body of the cell during assembly to bring the electrodes
into strong, direct contact with both the porous separator and the
current collectors.

Certain observations can be made if capacitors are separated
into two general types. Simple capacitors can be described as those
that are constructed using flat plate electrodes separated by a
dielectric [6]. Any potential consequences that may arise from the
application of force during the construction of this type of capaci-
tor are not significant. However, unlike simple dielectric capacitors,
), doi:10.1016/j.jpowsour.2010.06.022

activated carbon is the preferred material for EDLC electrodes [7,8].
Activated carbon materials possess the high electric conductivity
and large specific surface area that is essential for the development
of high charge-storage capacitors [9,10]. However, activated carbon
materials are highly porous and compressible [11] and so the use

dx.doi.org/10.1016/j.jpowsour.2010.06.022
dx.doi.org/10.1016/j.jpowsour.2010.06.022
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Table 1
Typical specifications for single electrode.

Thickness 0.00125′′ (0.0318 mm)

Diameter 0.6941′′ (17.63 mm)
Area 2.441 cm2

Total Mass 0.08895 g
Ni mesh 0.06444 g
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f these materials as the electrodes presents a more complicated
ituation than simple plate electrodes.

The most apparent negative consequence to the performance
f the supercapacitor is that the pressure could change the mor-
hology of both the porous electrodes and the separator. Activated
arbon materials are highly porous and compressible [11]. It is pos-
ible with the application of sufficient force that carbon material
lectrodes would compress, possibly altering the physical struc-
ure of the material. This has two potential consequences for the
peration of an EDLC cell, which may not be evident outside that
articular environment: (1) a displacement of the electrolyte away
rom contact with the surface of the carbon electrodes and (2)

significant decrease in the accessible surface area of the car-
on material due to the restriction of the transport channels [10].
ince it is well established that the extant of accessible surface
rea and the pore size distribution of activated carbons influence
DLC performance [7,12], the loss of accessible surface area and
he displacement of electrolyte could result in a significant impact
n the performance characteristics of the electrochemical capaci-
or [13,14]. This gives rise to the question as to what is the limit, if
ny, to how much force could be applied to a cell.

Possible evidence to this effect was exhibited during the assem-
ly of an EDLC cell. The typical procedure for assembling an
lectrochemical cell is to decrease the gap between the two iden-
ical activated carbon electrodes in a stepwise fashion. The cell is
ypically sealed so that when the gap is decreased by a certain fixed
mount, the resultant decrease in volume in the internal chamber,
hich houses the electrodes and separator, compresses the elec-

rolyte producing a small pressure on both electrodes. Tests were
erformed on the cell before the pressure had been released and
hen compared to tests performed after the release of that pressure.
ig. 1 shows the cyclic voltammetry measurements of a supercapac-
tor cell taken before and after the release of pressure. These data
ndicate that the cell showed less favorable performance when the
lectrodes were under pressure than when the pressure within that
Please cite this article in press as: G. Gourdin, et al., J. Power Sources (2010

ell had been released. This phenomenon could be attributed to the
lteration of the porosity of the electrode or the separator.

The effect of increasing applied force during the assembly of
n EDLC prepared using activated carbon material electrodes was

ig. 1. Exp P3: cyclic voltammetry measurements of an EDLC cell taken before and
fter release of pressure.
Carbon (only) 0.02451 g
BET Specific surface area (YP-17D) 1516 m2 g−1

BET Specific surface area (M-20) 2100 m2 g−1 [15]

investigated. The work focused specifically on the effect of the
application of force on the performance characteristics of the cell.
The assembled electrochemical cells were subjected to increasing
force to minimize the gap between the electrodes and maximize
the contact with the separator. The performance characteristics of
the EDLC cells were determined at different stages during the pro-
cess. Two standard electrochemical methods, cyclic voltammetry
and AC impedance analysis, were used in these studies to deter-
mine the performance capabilities of the EDLC cells under different
conditions.

2. Experimental

2.1. Construction of the electrodes

Activated carbon materials were purchased from Kuraray
Chemical (YP-17D) and SpectraCorp USA (M-20). The carbon elec-
trodes were prepared by dispersing a Teflon (DuPont T-60) binder
into the powdered activated carbon at a concentration of 1% by
mass. The prepared dough was subsequently hot molded to a flex-
ible film using a roller press set to a final thickness of 0.005′′

(0.127 mm). The resulting carbon film was laminated onto a Ni
mesh (4Ni 7-100AN, Dexmet Corporation) using a heavy-duty roller
press set to a final thickness of 0.002′′ (0.051 mm). Electrodes were
punched out of the laminated material, dried at 120 ◦C under vac-
uum for 18 h, and then stored under an inert (argon) atmosphere
until required. The attributes for an average electrode were deter-
mined by taking the average of 12 electrodes and are reported in
Table 1.

2.2. Electrochemical cell

Electrochemical cells were constructed to perform the elec-
trochemical measurements. The design of the cell allows the
carbon electrode to be studied in two configurations: (1) a typi-
cal three-electrode configuration and (2) a face-to-face two-carbon
electrode configuration representative of a commercially manufac-
tured capacitor. A porous polymeric membrane (C200, Celgard) was
used as the separator and 1 M tetraethylammonium tetrafluorobo-
rate (TEATFB) in acetonitrile was chosen as the electrolyte [16,17].
The same type of carbon electrode was used for both the working
and counter electrodes in case three-electrode measurements were
performed. The design of the electrochemical cell is shown in Fig. 2.

For each experiment, the cell was assembled under an argon
atmosphere. Prior to assembly, the porous separator was immersed
in a small amount of electrolyte. A small quantity (200 �L) of the
electrolyte, 1 M TEATFB/ACN, was added to each cell half to wet the
reference electrode and the supporting nickel base current collec-
tors. The carbon electrodes were placed in position on the nickel
current collectors and each wetted with 100 �L of the electrolyte.
), doi:10.1016/j.jpowsour.2010.06.022

An additional 200 �L of electrolyte was added to the larger cell half.
The wetted porous separator was placed in position on one of the
electrodes and the two cell halves assembled. An additional 500 �L
of electrolyte was transferred into the cell cavity through the ven-
tilation hole. The total volume of electrolyte in the cell depended

dx.doi.org/10.1016/j.jpowsour.2010.06.022
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3.1. Cyclic voltammetry measurements

A cyclic voltammetry (CV) measurement of an ideal EDLC
operating in the two-electrode configuration should produce a

Table 2
Experiment list.

Experiment ID Type Carbon ID

P1 Pressure/no pressure comparison YP-17D
P2 YP-17D
P3 YP-17D

F1 Force stand YP-17D
F2 YP-17D
F3 YP-17D
F4 YP-17D
Fig. 2. Schematic view of EDLC cell. Cell body is constructed of Teflon.

n the configuration of the cell (see below). The gap between the
wo cell halves was reduced in steps using stainless steel shims of
xed sizes to control the degree of reduction in the gap distance
etween the two cell halves. After each reduction, the pressure
ithin the cell was released by loosening the vent screw. This pro-

edure allowed the electrodes within the cell to experience a slight
ressure during assembly, while also preventing that pressure from
ecoming high enough to damage the electrodes or separator.

The internal configuration of the cell was altered for the force
esting experiments by inserting three or four nickel spacers
0.010′′) between one of the nickel current collectors and its Teflon
ase. This design allowed the decrease in the internal gap between
he working and counter electrodes to be determined externally
hile an external force was applied to the cell. The external gap

etween the two cell halves was used to calculate the internal gap
etween the two electrodes using Eq. (1). The EDLC cell was then
ssembled using the stepwise procedure, while accounting for the
ncreased spacing between the two electrodes introduced with the
ddition of the spacers. The addition of the nickel spacers increased
he volume capacity of the cell and so an additional 200 �L of elec-
rolyte was added to the cell. A cell was considered completely
losed when the gap between the two cell halves was 0.000′′ or
qual to the combined thickness of the spacers that were added
rior to assembly (0.030′′ or 0.040′′). This stage marked the starting
oint for all experiments. The internal gap values reported in this
aper represent calculated distances between the surfaces of the
wo carbon electrodes.

apmm =
(

Gapin − SPh · f + 0.37′′ − hE · 2
)

25.4
mm
in

(1)

here Gapin is the external gap between two cell halves (inches);
Ph is the height of spacers added to interior of the cell (inches); f
s the factor to account for air gaps between stacked spacers, and
= 1.38 (3 spacers), f = 1.48 (4 spacers); hE is the average thickness
f carbon electrode; 0.37′′ is the natural gap between Ni current
ollectors.

.3. Experimental techniques and instrumental details

Linear sweep cyclic voltammetry tests were carried out on a cell
n the two-electrode configuration using an Ecochemie potentio-
tat/galvanostat (Autolab PGSTA 30) under a scan rate of 100 mV s−1

nd through a potential range of −2.0 to +2.0 V. Electrochemi-
al impedance spectroscopy measurements were also carried out
sing the same instrument with the frequency analyzer (FRA2)
Please cite this article in press as: G. Gourdin, et al., J. Power Sources (2010

odule set to a frequency range of 100 mHz to 10 kHz. The instru-
ent was computer controlled for both tests using the Nova

oftware (version 1.5), as provided by Ecochemie. All equivalent
ircuit fittings of the AC impedance data were performed using the
uilt-in tools of the Nova software.
 PRESS
Sources xxx (2010) xxx–xxx 3

2.4. Applied force conditions

To determine the conditions the cell has to be under to induce
a ‘collapse’ of an electrode, force was applied to an assembled cell
using a vertical hand wheel Force Testing stand (IMADA model HV-
110S) equipped with a digital force gauge (IMADA model DS2). The
cells used in these experiments were altered through the addition
of the nickel spacers, as described above. A cell was assembled to
its initial starting state and then force was applied to reduce the
gap between the two cell halves of the cell. This had the effect of
decreasing the volumetric capacity of the cell cavity and increasing
the pressure on the working and counter electrodes. In these exper-
iments the pressure within the cell was not released. The decrease
in the gap distance between the two cell halves was controlled
through the use of stainless steel shims of fixed size. Linear scan
cyclic voltammetry and FRA impedance measurements were per-
formed at each stage in the process. The force applied to the cell
and the gap between the two cell halves was also measured.

Due to the limitations of the Force Testing stand and the design
of the cells, another set of experiments was performed without the
use of the Force Testing stand. Instead a hand clamp was used to
apply force to an assembled cell. As before, stainless steel shims
were used to control the gap distance between the two cell halves.
Linear scan cyclic voltammetry and FRA impedance measurements
were performed at each stage in the process and the gap between
the two cell halves was recorded. If the measurements indicated
that the one or both of the carbon electrodes had ‘collapsed’, then
the pressure on the cell was immediately released.

3. Results and discussions

A total of 12 experiments were performed. Three of the exper-
iments directly compared the differences in the performance
characteristics of a cell while under pressure and while not under
pressure. At each stage during the assembly of a cell, two measure-
ments were taken: (1) after a decrease in the gap between the two
cell halves, which produces an increase in pressure within the cell
compartment and (2) after that pressure within the compartment
was released. All experiments exhibited behaviors as represented
in Fig. 1. The remaining nine experiments examined the effect of
increasing pressure on the performance characteristics of the EDLC
cell. Five of those experiments used the Force Testing apparatus to
apply a measured amount of force and the remaining four experi-
ments used a hand clamp to apply pressure to the cell. A list of all
the experiments performed is presented in Table 2.
), doi:10.1016/j.jpowsour.2010.06.022

F5 YP-17D

C1 Hand clamp YP-17D
C2 M-20
C3 YP-17D
C4 YP-17D

dx.doi.org/10.1016/j.jpowsour.2010.06.022
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Table 3
M0 Values for different tests from Exp C1.

Gapin Gapmm M0

0.030 0.015 0.29816
0.027 −0.061 0.29834
0.025 −0.112 0.29746
0.022 −0.188 0.29746
0.020 −0.239 0.29440
0.018 −0.290 0.29450
0.015 −0.366 0.29398
0.012 −0.442 0.29370
0.010 −0.493 0.29355
0.008 −0.544 0.29303
0.005 −0.620 0.29337
0.002 −0.696 0.29392

EDLC cells in this ‘collapsed’ state demonstrate a significant drop
in capacitance of the cell, producing an almost direct correlation
between potential and current. This indicates that cells in that
state are dominated more by resistive behavior than by capacitive

Table 4
M0 values for experiments in the ‘collapse’ state.

Exp ID Applied forcea (N) Gapmm Final M0

F1 1984 −0.747 0.2644
ARTICLEModel
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ymmetric voltammogram, which means that the portion of the
lot associated with discharging of the EDLC is a mirror image of
he portion of the plot generated during charging of the cell. This
roduces a voltammogram that is generally rectangular in shape
6]. This type of behavior is illustrated in Fig. 1, which shows that
he current is constant for a constant sweep rate of potential since
t is directly related to the capacitance, as shown in Eq. (2) [5,18,19].

q = C · V ⇒ ı

ıt
q = ı

ıt
(C · V)

ıq

ıt
= I = C

ı

ıt
V

I = C · s

(2)

here I is the current, C represents the total capacitance and s
tands for the potential sweep rate in Vs−1.

By comparing the CVs of the same cell under different pressured
tates, certain assumptions regarding the total capacitances associ-
ted with the cell can be made. The degree of rectangularity in a CV
s an indication of how close the performance of a supercapacitor
pproaches that of an ideal capacitor: the less rectangular the CV,
he more the supercapacitor cell is dominated by resistive behav-
or. Additionally it can be inferred that the magnitude of the sum
f the absolute values of the charging current and the discharging
urrent is representative of the total capacitance for the cell. An
ncrease in that difference corresponds to an increase in the total
apacitance for the cell, when the CVs are performed under the
ame constant scan rate. Although a calculated ‘Magnitude’ value
hould not be equated with the actual capacitance of a cell, this
alue can be used to quantitatively compare the different CVs of a
articular cell obtained under different conditions. In this work, a

Magnitude’ value was calculated using Eq. (3).

0 =
∣
∣I+0

∣
∣ +

∣
∣I−0

∣
∣ (3)

here Io+ is the current at V = 0 during charging of the capacitor, Io−

s the current at V = 0 during discharging of the capacitor and Mo is
he magnitude.

Two significant behaviors were observed in the CV measure-
ents of the EDLC cells used in these experiments. The results of

he force experiments showed that as more force was applied to an
DLC cell, the magnitude (M0) increased until a maximum value
as reached. After which the current difference, or magnitude,
ould either stop increasing and maintain a relatively constant

alue, or decrease as the force applied to the cell increased.
The typical cyclic voltammograms that were acquired in all

xperiments were similar to those illustrated in Fig. 1. The CV
easurements that constitute a set for each experiment were

btained after the gap between the cell halves was reduced by a
xed amount, as described above. This reduction corresponds to
decrease in the internal gap between the two electrodes and

n increase in the internal pressure. The internal gap and magni-
ude values were calculated using Eqs. (1) and (3), respectively, for
ach CV measurement from experiment C1 and are listed below in
able 3.

The data in Table 3 demonstrate that, with decreases in the inter-
al gap of the cell, the M0 (magnitude) value will at first increase,
nd then steadily decrease as the internal gap distance decreases.
his implies that the application of force to the cell will produce an
ncrease in the performance characteristics of a cell, as qualified by

0, but only for the application of a limited amount of force. These
ame calculations were performed for experiments F1, F3, F4, C2,
Please cite this article in press as: G. Gourdin, et al., J. Power Sources (2010

3, and C4 and those results are presented in Fig. 3. Despite the dif-
erences in the calculated M0 values, those experiments exhibited
he same overall behavior. The plots show only an initial increase
n the M0 value followed by a decrease in that value as the internal
ap distance decreases.
Fig. 3. Magnitude, M0, vs. internal gap distance plots for a selection of experiments.
Experiments that exhibited significant drops in performance due to a ‘collapse’ of
the electrode are identified.

The other significant behavior observed can be described as
a ‘collapse’ of the CV scan. This is noted by a dramatic alteration
of the CV scan away from the rectangular shape that is normally
associated with capacitive behavior and more towards a skewed
linear shape that is indicative of resistive behavior that more
closely follows Ohm’s law: V = IR. The state at which the CV departs
from the expected behavior represents a ‘collapse’ of one, or both,
of the carbon electrodes or the separator. This alteration of the CV
was exhibited in four of the nine experiments where force was
applied to the cell (see Table 4). The altered CV measurements from
two of these experiments, C2 and F1, are shown in Fig. 4. The CVs
obtained from the other two experiments, although not shown,
were very similar. The results in Fig. 4 show that CVs produced by
), doi:10.1016/j.jpowsour.2010.06.022

F4 467 −0.437 0.0497
C2 >920 −0.640 0.2499
C3 2175 −1.079 0.1884

a Applied force’ and Gapmm are the amount of force applied and the calculated
internal gap, respectively, at the step before the cell entered a ‘collapsed’ state.

dx.doi.org/10.1016/j.jpowsour.2010.06.022
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ig. 4. Cyclic voltammetry measurements of Exp C2, Test 9 and Exp F1, Test 11.

ehavior. The failure of the supercapacitor at high pressure could
ome as a result of a failing of the separator, i.e. penetration of the
eparator or electrolyte starving within the separator, which was
aused by the increase in internal pressure. However, the graphs
till show a gap between the charging and discharging curves,
ndicating that the EDLC cell still exhibits some capacitance. This
mplies that the separator has not completely failed and is still
artially functional. Table 4 lists the final M0 value and other
elevant data points associated with the previously described
xperiments at the stage the cell entered a ‘collapsed’ state.

.2. Comparison of distributed capacitances by AC impedance

The impedance response of an EDLC constructed with porous
lectrodes can be modeled using an equivalent circuit representa-
ion of a truncated transmission line [6,20]. The transmission line

odel is a distributed network that consists of n resistor–capacitor
RC) loops, as represented in Fig. 5. Since the mathematical equation
f the transmission line model has the same form as the diffu-
ion equation, the process taking place within an RC circuit may
e treated as electronic diffusion into a semi-infinite medium [15].
herefore, the modeled response of an RC transmission line net-
ork can be analogous to the depth an AC signal may penetrate
ith respect to the depth of the pores in a porous electrode.

In this study, the transmission line with infinite RC loops was
Please cite this article in press as: G. Gourdin, et al., J. Power Sources (2010

implified to an 8-loop transmission line model. In that simpli-
ed model, one can consider each RC loop as representing 1/8
f the total accessible surface area of a porous carbon electrode.
he impedance data generated for these experiments were fitted
sing an 8-loop model. The impedance data for one measurement

Fig. 5. Truncated transmission line network used for modeling
Fig. 6. AC impedance responses for activated carbon electrode in Test 8 of experi-
ment C1. Numerical fitting was based on the equivalent circuit shown in Fig. 4. Most
experiments gave similar results except those already noted in the test.

from experiment C1 is presented in Fig. 6 in the form of a complex
impedance plot. The fitting obtained using the 8-loop transmission
model is also shown in Fig. 6 and it is obvious that the model fits
the impedance data very well. These data are typical for each mea-
surement in all experiments, except where the cell had entered a
‘collapsed’ state. Since the capacitor elements are arranged in par-
allel in the transmission line model (Fig. 5), the total capacitance for
the cell can be calculated by summing up the capacitance values for
each of the sub-capacitors in the network. The total capacitance and
specific capacitance were calculated using Eqs. (4) and (5), where wt
is the weight of the carbon for one electrode obtained from Table 1.

Ctot = C1 + C2 + C3 + C4 + C5 + C6 + C7 + C8 (4)

Cspec = Ctot

wt
= Ctot

0.02451 g
(5)

Fig. 7 shows a plot of the specific capacitance values as a function
of the internal gap distance for experiments C1, C2, C3, F2, and F5.
Each experiment plotted in that figure shows an initial, but limited,
increase in the specific capacitance of a cell as the internal gap dis-
tance decreases. These results are a reflection of the behavior seen
with the M0 data and are further evidence that the addition of some
pressure to a cell does result in an improvement of its performance
characteristics, but only to a limited extent. Additional pressure to
), doi:10.1016/j.jpowsour.2010.06.022

a cell does not seem to offer any improvement and, in most cases,
can negatively affect its performance capabilities, as measured by
the specific capacitance, even to the extent of a sudden failure of
the supercapacitor. The “H” markers in Fig. 7 indicate the point of
maximum specific capacitance for each experiment with the over-

the impedance behavior of porous material electrodes.

dx.doi.org/10.1016/j.jpowsour.2010.06.022
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ig. 7. Specific capacitance vs. internal gap distance plots for a selection of
xperiments. Maximum specific capacitance (red marker) and overall decrease in
apacitance from the maximum are indicated. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this article.)

ll percentage decrease in specific capacitance noted at the end of
ach plot.

It has previously been established that the different pore sizes
n a porous electrode will have different time constants [8]. This
mplies that not all of the accessible surface area of a porous elec-
rode can be accessed within the same time frame. Thus, the total
apacitance will depend on the density of the charge or discharge
urrent. In addition, certain behaviors will arise as a result of the
nite resistance of the particles, the supporting electrolyte, and the

nter-particle contact resistance. The root causes of these phenom-
na are attributed to the inhomogeneity of the porous electrode
aterial. Therefore, the ionic diffusion rates inside the different

ized pores will vary, and so the double layers established on the
urface of the pores will also have different response times to the
odulating frequency of the AC signal. The surface area of the

maller pores will be projected by the lower frequency modulating
ignals. Therefore, an AC impedance analysis using the transmission
Please cite this article in press as: G. Gourdin, et al., J. Power Sources (2010

ine model is a good approach to evaluating the time-dependence
haracteristics of a porous electrode. In the simplified 8-loop trans-
ission line model, the indices of the different sub-capacitors

orrelate inversely to the accessible surface area associated with the
ifferent sized pores, largest to smallest. The change in the capaci-

Fig. 8. Capacitance values (% of total) of the individual sub-capacitors
Fig. 9. RC time constants as a function of the applied force obtained from experiment
F2.

tance of each individual sub-capacitor will represent a change in the
projected surface area under different conditions. Figs. 8 and 9 show
two graphs derived from the impedance data obtained from exper-
iment F2. Fig. 8 shows two plots of the capacitance values of the
individual sub-capacitors as a percentage of the total capacitance.
The figure is split into two plots to more clearly present the results
from each measurement in the experiment. Fig. 9 shows a semi-log
plot of the RC time constants as calculated. RC time constants rep-
resent the time for modulation signals to reach the internal surface
areas from the orifices of the pores. Both figures are plotted as a
function of the applied force.

It is important to note the changes in the distribution of the total
capacitance among the various pores sizes as illustrated in Fig. 8. It
can be seen that when there is no applied force, the surface areas of
the mesopores and micropores contributed to the majority of the
distributed capacitance, since the sub-capacitors associated with
those pores, Caps 5–8, represent more than 90% of the total capaci-
tance. After an increase in the stacking pressure, the distribution of
), doi:10.1016/j.jpowsour.2010.06.022

capacitance among those four distributed sub-capacitors changed,
although the total contribution of Caps 5–8 still accounted for more
than 90% of the total capacitance. Fig. 8 shows that the share of the
total capacitance from Caps 5–7 decreased as the stacking pressure
increased, while the share from Cap 8 increased. This share repre-

as a function of the applied force obtained from experiment F2.

dx.doi.org/10.1016/j.jpowsour.2010.06.022
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ents the 1/8 fraction of the total accessible surface area contributed
y the smallest pores. This change in the distributed capacitance
istribution could be caused by an alteration in the accessible sur-
ace area of the various sized pores. It would appear, then, that the
lectrochemical accessibility to the mesopores and the larger sized
icropores has decreased, which could come as a result of the loss

f electrolyte from within those pores. However, the accessibility
o the smaller sized micropores did not change as evidenced by the
ncrease in the share of the total capacitance associated with Cap 8.
hese results could be attributed to the “pore-filling” effect, which
ould imply that the electrolyte within the micropores would not

e squeezed out by the increase in the stacking pressure.
As shown in Fig. 9, the RC time constant for each RC loop also

ecreased with an increase in the stacking pressure. This implies
hat there was an improvement in the kinetics of the electro-
hemical accessibility to the surface area of the smaller pores.
herefore, it appears that increasing the stacking pressure reduces
he distributed resistance within the electrode porous matrix by
mproving particle-to-particle contact.

The cyclic voltammograms in certain experiments indicated
hat one, or both, of the carbon electrodes had entered what was
escribed earlier as a ‘collapsed’ state. The impedance data asso-
iated with those experiments differed significantly from what is
onsidered the normal impedance behavior of an EDLC, as shown
n Fig. 6 [4,6,21]. A brief evaluation of the post-collapse data indi-
ates that the distributed capacitance values are significant only
t very low modulating frequencies and decrease quite rapidly to
alues well below those obtained from the cells in the pre-collapse
tate as the frequency increases. In addition, the total resistance
alues are only a fraction of the resistance values exhibited in the
re-collapse cells. This analysis can clearly account for the electro-
hemical behavior of the post-collapse cells, as illustrated by the
Vs in Fig. 4. In effect, after the application of sufficient force, the
ells exhibited a significant reduction in total capacitance and a
ubstantially diminished resistance that gave rise to cell currents
hat correlate strongly with the applied potential.

A substantial decrease in capacitance, as observed in these
xperiments, could come as the result of a decrease in the total
ccessible surface area of the electrode. The total surface area of
n electrode is solely dependent on the degree of porosity of the
aterial. Under sufficient pressure, it would be expected that the

hysical dimensions of the transport channels within the elec-
rode material would shrink, or perhaps be sealed, and that the
verall accessibility of the pore cavities would decrease. This pro-
ess would not only decrease the overall capacitance, due to the
ecrease in the accessible surface area, but also the resistance
ssociated with pore depth. As the accessible surface area sharply
ecreases, the distributed capacitance drops and, based on the
ransmission line model, the device then responds to the sweep
otential with resistor-like behavior. Similar arguments could also
e made for the separator, for as the electrolyte is squeezed out,
now ‘dry’ separator could not provide sufficient ionic conductiv-

ty and the device would thus behave more like a resistor. Further
nalysis to pinpoint the cause of such a drastic ‘collapse’ is currently
n progress and those results will be reported later.

Not addressed here, but of equal importance, is the degree of
hich an electrode may or may not recover out of its ‘collapsed’

tate. Experiments unrelated to the work presented here indicate
Please cite this article in press as: G. Gourdin, et al., J. Power Sources (2010

hat a carbon electrode can recover out of its ‘collapsed’ state and
eturn to a state of near-optimal performance, after the release
f the stacking pressure. That “recovery” phenomenon is signif-
cant because it would rule out the possibility of penetration of
he separator, or at least in the cases of those cells that could

[
[
[

[
[
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recover to close to their original performance. Any variation in the
degree of recoverability of electrodes manufactured from different
types of activated carbon also needs to be explored in additional
research.

4. Conclusion

The goal of this work was to determine what effect the appli-
cation of force during the assembly of an EDLC would have on the
performance characteristics of a cell. Since force is routinely used
to assemble electrochemical cells to minimize the gap between the
electrodes and maximize the contact with the separator, the ques-
tion as to what are the limits to how much force could be applied
to an EDLC cell is an important one.

The results presented in this work indicate that the application
of increasing force on an EDLC cell only provides a limited increase
in the capacitance of the device, after which any additional force
does not provide any significant improvement. Furthermore, under
certain high-pressured conditions, the behavior of the EDLC cell
demonstrated a substantial drop in performance of the cell and
that it can be concluded that the application of force altered the
physical structure of the activated carbon electrodes resulting in a
decrease in the accessible surface area and a displacement of the
electrolyte [13]. The AC impedance response of an electrode in this
state supports these conclusions as seen by the change in the distri-
bution of the total capacitance and the decrease in the values of the
individual RC time constants. The impedance response also indi-
cates the influence of dispersive effects at low frequencies, which
is a characteristic associated with a thin, porous layer of material
bonded to a thicker substrate [22]. In addition, an evaluation of the
impedance data from the different experiments suggests that there
may be stages to the ‘collapsing’ process and that this needs to be
explored further.
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