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Complex Capacitance Analysis on Leakage Current Appearing
in Electric Double-layer Capacitor Carbon Electrode
Jong H. Jang,a Songhun Yoon,a Bok H. Ka,a Yong-Ho Jung,b and Seung M. Oha,* ,z

aSchool of Chemical and Biological Engineering and Research Center for Energy Conversion and
Storage, Seoul National University, Seoul 151-744, Korea
bNessCap Corporation, 29-5, Suwon 442-380, Kyunggi-do, Korea

Complex capacitance analysis was done on the porous carbon electrode–electrolyte interface, where a minor leakage current is
involved in addition to the dominant capacitor charging current. Based on the transmission line model, imaginary capacitance
profiles~Cim vs. log f! were theoretically derived for a cylindrical pore and multiple pore systems of nonuniform pore geometry.
The parallelRC circuit was assumed for the interfacial impedance, whereR is the charge-transfer resistance for leakage current
and C the double-layer capacitance. The theoretical derivation illustrated that the resistive tail relevant to the leakage current
appears in addition to the capacitive peak, which was in accordance with the experimental data taken on the porous carbon
electrode. The electric double-layer capacitor~EDLC! parameters such as the extent of leakage current, total capacitance, and rate
capability were visually estimated from the imaginary capacitance profiles. The more quantitative EDLC parameters were obtained
by a nonlinear fitting to the experimental data.
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Electric double-layer capacitor~EDLC! utilizes the double laye
formed at the electrode–electrolyte interface, where electric ch
are stored on the electrode surface and ions of counter char
arranged in the electrolyte side. The most demanding featur
EDLC electrodes is the ideally polarized behavior over a wide
tential range. The practical EDLC electrodes, however, suffer fr
self-discharge at the charged state that is caused by le
currents.1-5 This nonideally polarized behavior should thus be m
mized to improve the charge–discharge efficiency and reliabili
commercial cells.

The leakage current appearing in EDLC electrodes can be
lyzed using ac impedance spectroscopy. When impedance da
analyzed using the conventional Nyquist plot, the vertical line in
low-frequency region that is observed for ideally polarized e
trodes becomes inclined with an increase in the leakage curre6-8

The extent of leakage current can thus be estimated from the d
of inclination. The problem here, however, is that the inclinatio
also observed even in ideally polarized electrodes when they h
nonuniform pore geometry that is common in most practical po
EDLC electrodes.9-12 In theory, the differentiation between the le
age current and nonuniform pore geometry for the cause of inc
tion is possible when the measurement is made at very low fre
cies. In the extremely low-frequency region, ideally polari
electrodes with nonuniform pore geometry give a vertical line on
Nyquist plot, whereas the leakage current is visualized as a
circle whose diameter reflects the charge-transfer resistance fo
age reaction. In practice, however, it is difficult to obtain dat
such a low frequency due to an instrumental limitation and
tremely long measuring time.

In this work, the complex capacitance analysis is done on
leakage current involved in porous carbon electrode. From
imaginary capacitance plot~Cim vs. log f! that is derived from th
experimental impedance data, the leakage current can be an
without the impedance data taken at extremely low freque
s,5 mHzd. Moreover, as the leakage current appears as a res
tail in the frequency region lower than that for the capacitive p
whose broadness reflects the nonuniform pore geometry, th
problematic features can be analyzed separately. The imagina
pacitance is theoretically derived based on the transmission
model, and its usefulness in estimating EDLC parameters is ve
by applying it to the porous carbon electrode.

* Electrochemical Society Active Member.
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Theory

An ideally polarized cylindrical pore.—Electrochemical cha
acteristics of porous electrodes differ from those of planar one
cause the electrolyte resistance in pores becomes larger w
increase in the distance from pore opening to the electro
electrode interface made deep inside pores. The transmissio
model ~TLM ! has been widely utilized to describe such a situa
where the electrolyte resistance in poressRpored and interfacial im
pedancesZi,Ad are taken as the basic circuit element~Fig. 1a!.9-22

The overall impedance has been derived by de Levie as Eq.
suming that the electrode resistance is negligible as compared
electrolyte resistance in pores.13 Here,Zi,0 andR0 are the interfacia
impedance and electrolyte resistance in a pore, respectively

Zsfd = ÎR0Zi,0sfdcothFÎ R0

Zi,0sfd
G f1g

If the electrodes are ideally polarized, the interfacial imped
per unit surface areasZi,Ad can be simplified as a capacitor~Fig. 1b!.
For a single cylindrical pore~radius: r, length: L!, the impedanc
and complex capacitance are derived as Eq. 3 and 4,22

Zi,0sfd =
1

j2pfC0
, R0 =

L

kpr2 f2g

Zsfd =
R0

Îj2pt1f
cothfÎj2pt1fg f3g

Csfd =
C0

Îj2pt1f
tanhfÎj2pt1fg f4g

t1 = R0C0 = 2SCA

k
DSL2

r
D f5g

Here, the time constantst1d is expressed as a combination of e
trochemical parameters~CA: double-layer capacitance per unit ar
k: electrolyte conductivity in pore! and pore geometry~r: pore ra-
dius, L: pore length!. R0 and C0 are the electrolyte resistance a
total capacitance for a pore, respectively. Note thatt1 characterize
the rate capability of EDLC electrodes as the capacitor cha
time becomes longer with an increase int1 value. By plotting the
imaginary part of complex capacitance as a function of frequ
~Cim vs. log f!, a peak-shaped curve is obtained, from which
total capacitancesC0d and time constantst1d for a single pore can b
estimated from the integrated peak areasAd and peak frequencys fpd
as expressed in Eq. 6,22
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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A = 0.682C0, fp = 0.404/t1 f6g

A nonideally polarized cylindrical pore.—When leakage cu
rent is involved in addition to capacitor charging current, the in
facial impedance of the electrode–electrolyte interface shou
expressed as a parallel combination of capacitorsCAd and resistanc
sRct,Ad ~Fig. 1c!. The interfacial impedance is

Zi,0sfd =
1

j2pfC0

1

1 + s j2pt2fd−1 f7g

t2 = RctC0 f8g

Here, another time constantst2d is defined as the product of to
capacitancesC0d and charge-transfer resistancesRctd for leakage
current; thereby, a largert2 reflects a smaller leakage current.
inserting Eq. 7 into Eq. 1, the overall impedance and comple
pacitance for a cylindrical pore are derived as follows

Zsfd = R0
1

Îj2pt1f

1

Î1 +
1

j2pt2f

cothFÎj2pt1fÎ1 +
1

j2pt2f
G
f9g

Csfd = C0
1

Îj2pt1f
Î1 +

1

j2pt2f
tanhFÎj2pt1fÎ1 +

1

j2pt2f
G

f10g
When the imaginary part of complex capacitance is plo

against frequency~Cim vs. log f!, the resistive tail that originate
from the charge-transfer reaction for leakage current is observ
the lower frequency region in addition to the capacitive peak th
associated with the capacitor charging~Fig. 2!. When t2 is suffi-
ciently larger thant1 ~e.g., t2/t1 . 105!, that is, the leakage curre
is negligible, the resistive tail and capacitive peak are compl
separated~Fig. 2a!. As t2 approachest1, however, the resistive ta
gradually shifts to the higher frequency direction to overlap with
capacitive peak. The capacitive peak in nonideally polarized
trodes shows the same property as that for ideally polarized
The areasAd and peak positions fpd of capacitive peak are propo
tional to the total capacitancesC0d and the inverse oft1 ~Eq. 6! as
simulated in Fig. 2b and c.

Nonideally polarized multiple pore systems.—As porous car
bons used in practical EDLC electrodes contain a large numb
nonuniform pores that differ in both radius and length,t should

Figure 1. ~a! The equivalent circuit for transmission line model that is c
posed of pore resistancesRpored and interfacial impedancesZi,Ad; ~b! the
equivalent circuit for interfacial impedance in the case of ideally pola
electrode; and~c! the equivalent circuit for nonideally polarized electro
Rct,A is the charge transfer resistance for leakage reaction.
1
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have a certain distribution rather than a single value~Eq. 5!. Con-
sidering this, the imaginary capacitance for multipore system
derived as follows

Cimsfd = E
0

`

CTLM- sRCd
0 sf,t1,t2dCtotpst1dd log t1 f11g

Here,CTLM- sRCd
0 s f,t1,t2d is a transfer function for nonideally pola

ized interface, which is defined as Eq. 12.Ctot andpst1d are the tota
capacitance of multiple pore systems and logarithmic distrib
function for t1 ~Eq. 13!, respectively

CTLM- sRCd
0 sf,t1,t2d

= ImF 1
Îj2pt1f

Î1 +
1

j2pt2f
tanhFÎj2pt1fÎ1 +

1

j2pt2f
GG

f12g

Figure 2. The simulated imaginary capacitance profiles~Cim vs. log f! for a
cylindrical pore.~a! The evolution of resistive tail as a function oft2 ~C0 and
t1 are fixed at 1 F and 1 s, respectively!; ~b! the relationship between to
capacitancesC0d and peak area~t1 and t2 are fixed at 1 and 104 s, respec
tively!; and~c! the shift of capacitive peak as a function oft1 ~C0 andt2 are
fixed at 1 F and 104 s, respectively!.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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pst1d =
dfCst1d/Ctotg

d log t1
=

1
Î2ps

expF−
1

2s2slog t1 − log t1,maxd2G
f13g

In this work,pst1d is assumed to be a log-normal function base
the fact that pore size measured by nitrogen gas adsorption
nique is commonly log-normally distributed. Here,pst1d is defined
by the maximumt1 st1,maxd and standard deviationssd that reflects
the degree of dispersion int1 ~Fig. 3a!.10-12,22As s increases, whil
Ctot and t1,max in Eq. 13 are fixed, the capacitive peak beco
lower and broader as simulated in Fig. 3b, but the resistive t
lower frequency region is not altered. The peak area and pea
quency are proportional to the total capacitancesCtotd and the in
verse of maximumt1 st1,maxd as indicated in Eq. 14

A = 0.682Ctot, fp =
0.404

b2

1

t1,max
f14g

Here, b is the empirical parameter that varies according to
broadness int1 distribution, which approaches unity as the distri
tion becomes narrower. Note that Eq. 14 is identical to Eq. 6 w
b = 1, which is pertinent to the single-pore system. Figure 3c sh

Figure 3. ~a! Log-normalt1 distribution as a function of standard deviat
ssd; ~b! the simulated imaginary capacitance plots with a variation ins; and
~c! the simulated imaginary capacitance profiles as a function oft2 while the
other variables are being fixed.
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the simulated imaginary capacitance profiles using Eq. 11-13, w
t2 is varied while the other variables are fixed. Ast2 decreases, th
resistive tail shifts to the higher frequency direction, similarly to
single-pore system. The extent of overlapping between the ca
tive peak and resistive tail is determined by the relative valu
t2/t1,max and broadness of the capacitive peak.

Experimental

The EDLC performance, including the leakage current beha
of a porous carbon called BP~Kuraray Chemical Co., Japan! was
examined using the complex capacitance analysis. The surfac
of BP measured by the Brunauer, Emmett, and Teller~BET! method
was 1748 m2 g−1 and the average pore diameter was 2.1 nm.23 For
the preparation of composite electrode, the mixture of BP, Ke
black ECP-600JD~as an additive for conductivity enhanceme!,
and sodium carboxymethylcellulose~as a binder, Aldrich Chem!
~75:20:5 in weight ratio! was coated on an etched aluminum foil~as
a current collector, apparent area = 1 cm2! by the slurry coatin
method. A three-electrode configuration was used in the ac im
ance measurement, where the same carbon composite ele
sapparent area = 18 cm2d and Li foil were used as the counter a
reference electrode, respectively. The electrolytes used in the e
ments were 1.0 M of quaternary ammonium tetrafluoroborates
solved in propylene carbonate~Tomiyama Chemical Co.!. The ac
impedance measurements were made over the frequency ra
106–5 3 10−3 Hz with ac amplitude of 10 mV~Zahner, im6e!,
while the dc potential was gradually changed from 3.0 to 1.0 V~vs.
Li/Li +!. To precondition the BP electrode, the potential was re
edly cycled between 3.0 and 1.0 V and maintained at each d
tential for an additional 2 h before the measurement. To evaluate
potential-dependent leakage behavior, the BP electrode was
ized at each dc potential and the potential decay was monitore
function of time at the open-circuit condition. The experimenta
impedance data were processed and analyzed with Mathcad
Professional~MathSoft, Inc.! software.

Results and Discussion

Figure 4 shows the Nyquist plot for the BP electrode that

Figure 4. Nyquist plots taken with the BP electrode as a function of ap
dc potential. The used electrolyte was 1.0 M Et4NBF4 dissolved in propylen
carbonate. Note that the deviation from verticality in the low-frequenc
gion becomes severe at more negative potentials.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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derived from the impedance data obtained at different dc poten
The near-to-vertical line appearing in the low-frequency regio
the 3.0 V plot suggests that the nonuniformity in pore geomet
not significant in this carbon. Considering that the measuremen
made with the identical electrode, and the pore structure of carb
not greatly affected by the polarization, it is concluded that the e
increasing deviation from verticality at more negative potentia
associated with leakage current.

The impedance data were converted to the complex capac
using Eq. 15, and the imaginary part is displayed as a functio
log f in Fig. 5. In the data processing, the high-frequency data
are related to the bulk electrolyte resistance and contact resis
were removed before the conversion

C*sfd =
1

j2pfZ*sfd
= −

Z9sfd
2pf uZ*sfdu2

− j
Z8sfd

2pf uZ*sfdu2
f15g

A typical capacitive peak is observed without resistive tail a
rest potential~3.0 V vs. Li/Li +!, indicative of a negligible leakag
current at this potential. As the potential moves to the negativ
rection, however, the resistive tail grows and the capacitive
moves to the lower frequency direction, leading to a gradual ov
between two components. It is found by visual inspection that(i) the

Figure 5. The imaginary capacitance profiles taken with the BP electro
a function of applied dc potential. The electrolyte used was 1.0 M Et4NBF4
dissolved in propylene carbonate. The experimental data are indicated
closed circles and the best-fitted ones as the dotted lines. Note the ev
of a resistive tail in the low-frequency region and the shift of capacitive
to the lower frequency direction with negative polarization.
Downloaded 21 Jul 2009 to 147.46.182.184. Redistribution subject to E
.

e

e

total capacitance is not largely changed~from the peak area!; (ii) the
rate capability becomes poorer~from the shift of peak frequency
the lower frequency direction!; and (iii) the leakage current i
creases~from the resistive tail! as the potential moves to the ne
tive direction. The ready prediction on the EDLC parameters
the imaginary capacitance plots is the strong point of this me
over the conventional Nyquist analysis.

The more accurate and quantitative EDLC parameters ca
obtained by a nonlinear curve fitting with Eq. 11 to the experime
imaginary capacitances. The imaginary capacitance profiles th
best-fitted to the experimental data are indicated as dotted lin
Fig. 5. The best-fitted parameters for total capacitancesCtotd, stan-
dard deviationssd, and two time constants~t1,max andt2! are listed
in Table I. Several features are immediately apparent in Fig. 5
Table I. First, the simulated values are in good agreement wit
experimental data below 1 Hz, but a discrepancy appears
high-frequency region that is caused by an incomplete remov
the high-frequency data in the data processing period. Secot2
decreases gradually as the potential becomes more negative,
tive of a smaller charge-transfer resistance for leakage reactio
more negative potentials~the last column in Table I!. The increase o
leakage current with cathodic polarization was further ascert
by the self-discharge experiment. As seen in Fig. 6, the
discharge reactions are negligible when the BP electrode is pol
at 2.0 V. If the self-discharge reactions were measurable, the p
tial would decay from 2.0 V to the rest potential~ca. 3.0 Vvs.Li/Li +

in this system!. When the polarization voltage moves to the nega
direction, however, the potential decay become more signifi

Table I. The best-fitted EDLC parameters obtained by complex
capacitance analysis on BP electrode.a

E
~V vs.Li/Li +! Ctot sF/g−1d s log st1,max/sd log st2/sd

1.0 48 ± 5 0.39 ± 0.08 1.4 ± 0.1 1.9 ± 0
1.25 51 ± 3 0.37 ± 0.05 1.31 ± 0.07 2.2 ± 0
1.5 59 ± 2 0.48 ± 0.03 1.21 ± 0.04 2.7 ± 0
2.0 46.1 ± 0.5 0.38 ± 0.02 0.68 ± 0.01 2.8 ± 0
3.0 47.2 ± 0.3 0.30 ± 0.01 0.28 ± 0.01 3.8 ± 0

a The used electrolyte was 1.0 M Et4NBF4 dissolved in propylene
carbonate.

e
n

Figure 6. The potential decay curves traced at the open-circuit conditi
a function of the charging potential. The electrolyte used was 1.0 M Et4NBF4
dissolved in propylene carbonate. Note that the decay from the ch
potential to the rest potential~3.0 V vs.Li/Li +! becomes more significant
more cathodic polarization, indicative of a larger leakage current.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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indicative of a larger leakage current. The leakage current appe
at the cathodic potentials may be associated with the electroc
cal reduction of electrolyte, impurities, or surface functional gro
on this carbon. Among these, the last possibility can be disca
because it is very likely that the surface active groups are partia
wholly removed when the imposed potential is more negative
the rest potential.

The third observation in Fig. 5 is the gradual shift of capac
peak to the lower frequency direction at more negative poten
As Eq. 14 reads, thet1,max values in Table I become larger as
potential moves to the negative direction. This implies that the
capability of BP electrode becomes poorer as the capacitor cha
time becomes longer with an increase int1 value. This feature i
likely caused by a decrease in the ionic conductivity inside por
more negative potentials because the parameters related to th
geometry~L andr! in Eq. 5 are invariant against electrode poten
To ascertain this premise, the following relation was derived f
Eq. 5

ksEd ~
CtotsEd

t1,maxsEd
f16g

The potential-dependent ionic conductivity in poresfksEdg that
was estimated from theCtotsEd and t1,maxsEd values in Table I i
presented in Fig. 7. The data were obtained with four different
trolyte solutions. At more negative potentials, the ionic conduct
in pores gradually decreases regardless of the quaternary amm
salt used. Several experimental and theoretical studies sug
that ionic conductivity in pores is lower than bulk ion conductiv
because of electrostatic interaction between ions and
surface.24,25In this particular system, it is very possible that the p
surface is negatively charged upon a negative polarization and
stronger attraction for the quaternary ammonium ions. This w
explain why the ionic conductivity and rate capability is lower at
V than at 3.0 V~vs.Li/Li +!. The extent of conductivity decrease
in the order of Et4N

+s ion radius: 0.343 nmd . Et3MeN+ s0.327
nmd . Et Me N+ s0.313 nmd . EtMe N+ s0.298 nmd,26 which is

Figure 7. The potential-dependent ionic conductivity in pores that is
malized by the value at 3.0 V~vs. Li/Li +!. The data were obtained in t
electrolytes prepared with four different quaternary ammonium salts
solved in propylene carbonate~1.0 M!, where Et = ethyl and Me = methy
2 2 3

Downloaded 21 Jul 2009 to 147.46.182.184. Redistribution subject to E
g
-

g

re

m
d

a

consistent with the fact that ion–pore-surface interaction is h
with larger ions.

Conclusion
The leakage current behavior of porous carbon EDLC elec

was examined using the complex capacitance analysis. It was
that the complex capacitance analysis provides several advanta
features over the Nyquist analysis:~i! The leakage current behav
appears as a resistive tail at lower frequency region than that f
capacitive peak. The appearance of tail and peak in differen
quency regions allows us to estimate the EDLC parameters w
the impedance data at the extremely low frequencies.~ii ! The exten
of leakage current can be estimated from the intensity of res
tail. ~iii ! The total capacitance and rate capability of EDLC elect
can be estimated from the integrated area and position of capa
peak, respectively. The more accurate and quantitative analy
possible by a nonlinear curve fitting. A limitation in the quantita
analysis may, however, be found when either the leakage curr
significant or the pore geometry~radius and length! has a wide dis
tribution because the resistive tail and capacitive peak are se
overlapped.

The complex capacitance analysis was made on the pra
EDLC electrode. The leakage current becomes intensified whe
porous carbon electrode~BP! is negatively polarized. Also, the ra
capability of this electrode becomes poorer with cathodic pola
tion, which is caused by a decrease in the ionic conductivi
pores.
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