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a b s t r a c t

In this study, transient equations based on chronoamperometry (CA), chronopotentiometry (CP), elec-
trochemical impedance spectroscopy (EIS) and imaginary capacitance analysis (ICA) are proposed using
two equivalent circuit models for the purpose of accurate estimation of the equivalent series resistance
(ESR) in electric double-layer capacitor (EDLC) electrodes. After examining transient equations based on
a simple resistance–capacitance series connection, alternative equations with a more complicated form
are proposed using the transmission line model. From these equations, it is theoretically predicted that
one-third of the electrolyte resistance within the pores contributes to the total ESR, irrespective of the
electrochemical analysis method employed. As EDLC electrode materials, mesoporous carbons with dif-
ransient analysis
quivalent series resistance
esoporous carbon

ransmission line model

ferent pore structure (size, surface area) are prepared by the direct template method. After fabrication of
EDLC electrodes using these materials, transient experiments using CA, CP, EIS, and ICA are conducted,
and a consistent ESR is obtained. From ESR comparison, it is observed that the increase in ESR is mostly
attributable to the electrolytic resistance in the pores and is highly correlated with the pore structure
of the carbon electrodes. Additionally, it is found that a mesoporous carbon electrode with a 2-h reac-
tion time exhibits an improved rate performance comparable with that of ordered mesoporous carbon

e tem
electrodes prepared by th

. Introduction

Electric double-layer capacitors (EDLCs) have been extensively
nvestigated for use in high-power sources due to their high charge
tilization (capacitance) and fast charge storage (rate capability)
1–5]. Generally, porous carbon with a high surface area has been
mployed as an EDLC electrode material because of the highly avail-
ble charge storage sites on the pore surfaces [2–4]. In regards to
nother important EDLC performance factor, the rate capability
f EDLC electrodes makes them attractive for high-power appli-
ations [4–8]. In particular, the resistance of EDLC electrodes, as
epresented by the equivalent series resistance (ESR), should be
inimized because the rate capability is inversely proportional
o the ESR [2–5]. As reported in many studies, the ESR in EDLC
lectrodes can be expressed by a series connection of all resis-
ance components relevant to charge transfer and electrolyte and
lectron transport [3–6]. Normally, the charge-transfer reaction
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plating of ordered mesoporous silica.
© 2010 Elsevier B.V. All rights reserved.

of EDLCs is negligible due to their intrinsic charge accumula-
tion, which occurs predominantly in the electric double-layer [3].
Furthermore, the electrode resistance of EDLCs induced by elec-
tron transport becomes insignificant because conventional EDLC
electrodes employ porous carbon materials with a high electri-
cal conductivity, or a conducting agent, such as carbon black or
graphite, is added during fabrication to enhance the electrical
conductivity [3,5]. Many studies have revealed that electrolyte
resistance is the major contributor to the ESR of EDLC electrodes
[2–4,9].

Generally, the electrolyte resistance in EDLC electrodes can be
classified into three types of resistance that are related to ion
transport in the pores of the porous materials within the elec-
trode layer and in the bulk electrolyte solution. In our previous
study [9], these resistances were obtained separately by thickness-
dependent imaginary capacitance analysis (ICA) using ordered
mesoporous carbon electrodes [9]. The derived equations required
exact control of the thickness and a well-defined pore structure

to calculate the number of stacked pores in the porous carbon
within the electrode. Furthermore, the equations could only be
applied for ICA due to the high complexity of the correspond-
ing equivalent circuit [9]. For very thin electrodes, the electrolyte
resistance within the electrode layer becomes negligible, and this

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yoonshun@krict.re.kr
dx.doi.org/10.1016/j.jpowsour.2010.01.086
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tiostatic condition), the following current transient (I(t)) with time
(t) is given as [23]:

I(t) = V0

R
e−t/(RC0) (1)
392 S. Yoon et al. / Journal of Pow

ndicates that the other two resistances are major contributors
o the ESR. After excluding the electrolyte resistance within the
lectrode layer in thin electrodes, the equivalent circuit describ-
ng the EDLC electrode was converted into a simple transmission
ine model (TLM). Although several researchers have employed the
LM for analysis of EDLC electrodes, there have been few stud-
es that employ a systemized approach to the estimation of the
SR using electrochemical transient analysis methods based on
he TLM [10–14]. Additionally, the application of derived transient
quations to porous electrodes with delicately controlled pores has
eldom been attempted. Hence, it is necessary to establish use-
ul transient equations based on the TLM for chronoamperometry
CA), chronopotentiometry (CP), electrochemical impedance spec-
roscopy (EIS), and ICA to understand the physical meaning of the
SR and to calculate its value accurately.

Hence, the purpose of the present work is to establish a theoret-
cal background and obtain transient equations that are the useful
or the estimation of the ESR of EDLC electrodes. To this end, tran-
ient equations for CA, CP, EIS, and ICA are proposed based on the
LM. The direct template method is employed for delicate control
f the pore structure of the carbon electrodes as it has proven useful
n the preparation of mesoporous carbon [5–7,15,16]. As an EDLC
lectrode material, mesoporous carbon with different pore struc-
ures (size, surface area) is prepared by the direct template method.
fter fabrication of the EDLC electrodes using these materials, tran-
ient experiments using CA, EIS, CP and ICA are conducted and the
SR is estimated.

. Experimental

Several reports in the literature have suggested use of the
irect template method for the preparation of mesoporous car-
on, and it has been shown that carbon materials prepared by
his method exhibit improved EDLC performance [5–7,17]. To
ynthesize porous carbon in this study, surfactant (cetyltrimethy-
ammonium bromide, CTAB) was dispersed in deionized water, into

hich tetraethylorthosilicate (TEOS) was added with NaOH. The
olar ratio of CTAB:TEOS:NaOH:H2O was 1:2:1:1100 [18–21]. The

olution was stirred at 40 ◦C for 2–16 h to generate a CTAB/silicate
emplate. In this process, CTAB and silicate are organized into self-
ssembled silicate micelles (SSM) during the reaction period [20],
nd it is known that cross-linking between SSMs is strengthened
ccording to reaction time. A separate solution of resorcinol (R)
nd formaldehyde (F) was prepared with Na2CO3 (as a polymeriza-
ion catalyst) in a molar ratio of R:F:Na2CO3:H2O = 10:20:1:100. The
olution was reacted for 0.5 h to produce RF oligomers in solution.
wo solutions were mixed at a molar ratio of R:TEOS = 1:1, stirred
igorously, and aged at 85 ◦C for 1 week. During this period, the
ilicate was transformed to silica via polymerization/condensation
nd the RF sol was converted into a gel [22]. The resulting pre-
ipitate (CTAB + SiO2 + RF) was filtered, dried in air at 85 ◦C, and
eat-treated at 1000 ◦C under an argon atmosphere for 1 h to
emove CTAB and to carbonize the RF gel. In the final step, silica
n the composite was removed by hydrofluoric acid. FE-SEM and
EM images were obtained with JEOL JSM-6700F and JEM-2010
quipment, respectively. The isotherms were collected at 77 K with
Micromeritics ASAP 2020 Gas Adsorption Analyzer.

To prepare the composite electrodes, a mixture of prepared car-
on, polytetrafluoroethylene (PTFE, as a binder) and Ketjenblack
CP-600JD (as the carbon additive for conductivity enhancement,
0:1:1 in weight ratio) was dispersed in isopropyl alcohol and

oated on a stainless-steel Exmet (apparent area = 2 cm2) that
erved as the current-collector [5–7]. The electrode plate was
ressed and dried under vacuum at 120 ◦C for 12 h. To minimize
he effect of inter-particle pores, loading of active materials was
s small as 2.5 mg cm−2 and the measured electrode thickness was
rces 195 (2010) 4391–4399

approximately 10 �m [9]. The electrode thickness was measured
using a micrometer (Mitutoyo Co.).

The chronoamperometry, chronopotentiometry and a.c.-
impedance measurements were taken with a three-electrode
configuration in 2.0 M H2SO4 electrolyte. A platinum flag and a
SCE (saturated calomel electrode) were employed as the counter
and reference electrode, respectively, and an Ivium® potentiostat
was utilized to apply a current step (10 mA), voltage step (10 mV)
and a sinusoidal voltage of 10 mV amplitude for a.c.-impedance
measurements. The frequency range was 106 Hz–5 mHz. The base
potential was chosen as 0.2 V to avoid a pseudo-capacitance effect
after stabilization below 2 �A at 0.5 V vs. SCE. Mathcad 2000
Professional (MathSoft Inc.) software was used for the numerical
calculations.

3. Theory

3.1. Simplest equivalent circuit model of EDLC electrodes

Schematic drawings of (a) the EDLC electrode structure and (b)
the simplest equivalent circuit describing the EDLC electrode are
presented in Fig. 1. In this model, the charge-transfer resistance
corresponding to the faradaic reaction is excluded for convenience.
Theoretically, the ESR is estimated by simple summation of all
resistance components connected in series and appears as a corre-
sponding voltage drop induced by perturbation of the current in the
EDLC system [2,3]. In Fig. 1, the ESR components are the electrical
resistance of the electrode (Relectrode), the total electrolyte resis-
tance (Relectrolyte) and the bulk electrolyte resistance (Rbulk); ESR
(R) = Relectrode + Rbulk + Relectrolyte. Based on this model, the transient
equations are given as follows.

When the potential step (V0) is applied to the electrodes (poten-
Fig. 1. (a) Schematic drawing of EDLC system to demonstrate resistance compo-
nent of equivalent series resistance. (b) Simplest equivalent circuit model of EDLC
electrodes.
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here R and C0 are the equivalent series resistance (ESR) and
apacitance of the electrode, respectively. Hence, in the chronoam-
erometry (CA) transient experiment, a simple exponential decay

s expected for electric double-layer charging [5–7].
In the case where a current step with a magnitude of I0 is applied

galvanostatic condition), the following describes the correspond-
ng potential transient behaviour (V(t)).

(t) = I0

(
R + t

C0

)
(2)

As shown in Eq. (2), a potential I0R, arises initially and, sub-
equently, a sloped line with increasing time is expected in the
hronopotentiometry (CP) transient experiment [23].

In the a.c.-impedance experiment (EIS), the frequency-
ependent impedance Z(f) is expressed as [2,3]:

(f ) = R − j
1

2�fC0
(3)

This relationship indicates that a simple vertical straight line
hould be observed in the Nyquist plot if the EDLC electrodes follow
he simplest equivalent circuit model described above in Fig. 1(b).
qs. (1)–(3) have very simple forms, which make it easy to calculate
he ESR and C0. Therefore, an analysis based on Eqs. (1)–(3) has been
sed for the characterization of the EDLC electrodes in many studies
5–7].

As shown in Fig. 1(b), however, the equivalent circuit model
hat is utilized is an oversimplification of the porous electrode sys-
em, which is usually composed of narrow and long pores because

icro or mesoporous carbon with a high surface area is generally
mployed as the electrode material [5–7,16]. Hence, a more realis-
ic equivalent circuit should be utilized for the correct description
f EDLC electrodes.

.2. Transmission line model of EDLC electrodes

The transmission line model (TLM) has been proposed by many
esearchers to describe porous systems more accurately [10–14].
n EDLC electrode using porous carbon is described schematically

n Fig. 2. For a very thin electrode, the electrolyte resistance at

he inter-particle pores can be disregarded, and the overall intra-
article pores are assumed to be arranged in the form of parallel
onnections, as shown in Fig. 2(a) [9]. In this figure, a case involv-
ng four pores (m = 4) within one particle (n = 1) is given, and the
orresponding equivalent circuit for the electrodes is presented

ig. 2. (a) Schematic illustration of thin electrode. Here, a case of four pores (m = 4)
ithin one particle (n = 1) is given. (b) Equivalent circuit of (a). (c) Transmission line
odel describing for one pore (Zp). The meaning of symbols is separately listed in
ppendix A.
rces 195 (2010) 4391–4399 4393

in Fig. 2(b). Here Zp is the impedance of one pore, and the other
notations are identical to those in Fig. 1. For the sake of clarity and
mathematical convenience, the influence of Relectrode is excluded.
According to the transmission line model proposed by de Levie [10],
Zp can be expressed as an equivalent circuit, as shown in Fig. 2(c),
and the resulting differential equation for the time (t) and position
(y) dependent overpotential (V(y, t)) is given as [10,13]:

∂2V(y, t)
∂y2

= �
∂V(y, t)

∂t
(4)

where y and � are dimensionless parameters corresponding to the
pore length and time constant, respectively. Additionally, the cur-
rent can be expressed as [10]:

I(t) = − 1
Rp

[
∂V(y, t)

∂y

]
y=0

(5)

where Rp is the electrolyte resistance within one pore. Under the
assumption of zero initial overpotential and no potential gradient
at the end of the pore (V(y, 0) = V(1, t) = 0), Zp is given as Eq. (6) using
the Laplace transform of Eqs. (4) and (5) [8–10], i.e.,

Zp(s) = V(s)
I(s)

= Rp√
�s

coth[
√

�s] (6)

where s is a parameter in the Laplace domain. Under the conditions
of parallel connection of the overall pores, the total impedance of
the electrolyte (Z(s)) can be expressed as:

Z(s) = Zp(s)
Np

= 1
mn

Rp√
�s

coth[
√

�s] = Rt√
�s

coth[
√

�s] (7)

where Np, n, and Rt are the total number of pores in the electrodes,
the number of particles in the porous materials, and the total elec-
trolyte resistance in the pores, respectively. In Fig. 2, one particle
with four pores is depicted (m = 4, n = 1 and Np = 4). Eq. (7) is uti-
lized to obtain the transient equations, which have a different form
according to the change in the external fluctuation conditions. From
these equations, Rt and ESR are estimated.

First, in the CA experiment, the applied potential step in the
Laplace domain is given by:

V(s) = V0

s(1 + �
√

�s)
(8)

The resulting current in the Laplace domain is expressed by:

I(s) = V(s)
Z(s)

= V0
√

�s

sRt(1 + �
√

�s)
tanh

√
�s (9)

According to the literature, the inversion of Eq. (9) produces
[13]:

I(t) = 2V0

Rt

∑
p

sin(p) exp(−p2t/�)
(1 + �) sin(p) + �p cos(p)

(10)

where � and p are parameters obtained from the relationships,
� = Rbulk/Rt and p tan(p) = 1/�, respectively. In Fig. 3(a), the graph
showing the relationship between I(t) Rt/V0 vs. t/� under the condi-
tion of Rbulk = 0 is given as a solid line. Additionally, the exponential
decay based on Eq. (1) is included as a dotted line for comparison.
From this comparison, it can be seen that the difference between
the two becomes larger with increasing time, which is indicative of
distributed behaviour caused by ionic penetration into the pores.
Since it is difficult to find the analytical relationship between Eqs.
(1) and (10), the correlation between Rt and Relectrolyte will be dis-
cussed later. Since Eq. (10) is too complex to use for practical

purposes, it should be converted into a simple and useful form.
For a tangent line from the zero point, the current is given by [13]:

I(t) = V0√
�Rt

(
�

t

)0.5
(11)
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Nyquist plot of Z(f) when Rt = 1 � and � = 1 s is illustrated in Fig. 4(a).
When f approaches a very low value (10−5 Hz), the real part of
the impedance converges to 1/3. In the EIS result for real EDLC
electrodes, however, distribution factors other than the surface
roughness are affected by the composite electrodes, and pore-size
ig. 3. (a) Typical current transient showing relationship between I(t) Rt/V0 vs. t/�
hen Rbulk = 0 (solid line). Simple exponential decay is shown as dotted line. (b) Typi-

al potential transient (V(t)/I0) vs. t/� when Rbulk/Rt = 0.1 and I0Rbulk = 0.1 is expressed
s solid line. Dotted line describes value of intercept in V(t)/I0 axis of Rt/3 + Rbulk.

Eq. (11) is utilized to obtain the value of Rt.
For the CP, the resulting equations in the Laplace domain (Eq.

13)) and time domain (Eq. (14)) are given using the external fluc-
uation condition expressed:

(s) = I0
s

(12)

(s) = Z(s) × I(s) = I0Rt

s
√

�s
coth

√
�s (13)

(t) = I0Rbulk + I0Rt

[
t

�
+ 2

�2

∞∑
k=1

1 − exp(−�2k2t/�)
k2

]
(14)

Fig. 3(b) presents a typical potential transient based on Eq. (14)
13]. As shown in this figure, Rbulk and Rt can be obtained from
he initial potential rise and interpolation line of the potential after
he 0.5t/� region, respectively. Interestingly, the intercept of the
(t)/I0 axis corresponds to Rt/3 + Rbulk, which has a meaning simi-

ar to the ESR (R) described in Eq. (2), ESR ≈ Rt/3 + Rbulk. From this
elationship, Eq. (15) is obtained [2,3], i.e.,

electrolyte ≈ Rt

3
(15)

This observation is discussed again in the section on a.c.-
mpedance analysis. In practical terms, the potential transient can
e expressed in the time range between 0 and 0.3� (0 < t < 0.3�),
hich produces [13]:
(t) = 2I0Rt

�

(
t

�

)0.5
(16)

Next, Eqs. (11) and (16) are employed to obtain Rt from the two
ransient experiments.
rces 195 (2010) 4391–4399

For EIS, Eq. (7) should be used after inserting j2�f in place of the
s parameter [24–26]. Hence, Eq. (17) is obtained easily, namely:

Z(f ) = Rt√
�2�fj

coth[
√

�2�fj] (17)

From the separation of Eq. (17) into real and imaginary parts for
the Nyquist plot, the real part of Z(f) is given as:

Zreal(f ) = Rt√
4��f

sinh
√

4��f − sin
√

4��f

cosh
√

4��f − cos
√

4��f
(18)

When the frequency (f) goes to zero, Eq. (19) is obtained [2,3],
i.e.,

Zreal ≈ Rt

3
(19)

From comparison between Eqs. (3) and (19), the ESR obtained
in the TLM converges to Rt/3 when Relectrode and Rbulk are disre-
garded. Hence, it is concluded that Eq. (15) also holds in EIS. The
Fig. 4. (a) Typical Nyquist plot of Z(f) when Rbulk = 0 � and Rt = 1 � and � = 1 s. Note
that when f goes to very low value (10−5 Hz), real part of impedance converges to
1/3. (b) Typical curve of Cim vs. log f using graphical analysis in condition of � = 1 s
and Rbulk = 0 �.
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nd length distribution most likely retard the appearance of a ver-
ical line in the low-frequency region, thus making it difficult to
stimate Rt by means of Eq. (19).

As reported by Jang et al. [8,9], imaginary capacitance analy-
is (ICA) has been proven suitable for the investigation of porous
ystems. Although the distributed factors addressed above exist in
he electrodes, analysis of a porous system using ICA was found to
e simple and easy. In the ICA, the imaginary part, (Cim(f)), of the
omplex capacitance, (C(f)), is given by:

(f ) = 1
2�fjZ(f )

(20)

im(f ) = − C0√
4��f

sinh
√

4��f − sin
√

4��f

cosh
√

4��f + cos
√

4��f
(21)

In Fig. 4(b), the peak-shaped curve of Cim is presented using
raphical analysis for the typical condition of � = 1 s and Rbulk = 0 �.
dditionally, Eqs. (22) and (23) were obtained from this curve anal-
sis [8,9].

0 = A

0.682
(22)

t = 0.273
fpA

(23)

Here, A and fp are the peak area in the Cim curve obtained by
umerical integration and peak frequency, respectively.

In summary, four transient equations based on CA, CP, ACI, and
CA are proposed to estimate the value of Rt in the theoretical sec-
ion. The ESR considering Relectrode and Rbulk in the TLM model can
e expressed conclusively, as follows.

SR = Relectrode + Rbulk + Relectrolyte ≈ Relectrode + Rbulk + Rt

3
(24)

If other resistance components exist in the EDLC system, they
hould be added for the ESR calculation. This is discussed later.

. Results and discussion

.1. Characterization of carbon material

The direct template method was employed for easy and inex-
ensive preparation of mesoporous carbon [5–7]. It has been
hown that carbon materials prepared using the direct template
ethod exhibit improved EDLC performance due to their out-

tanding mesoporosity and good pore connectivity [17]. In our
xperiment, the meso-structure of the surfactant/silicate template
s produced in advance within the solution phase. This template
olution was reacted for several hours to enhance the growth
f surfactant/silicate aggregates. After reaction of the template, a
arbon precursor consisting of resorcinol–formaldehyde (RF) was
dded to the template solution. This composite, consisting of sil-
cate + surfactant + RF, was polymerized, carbonized and etched
sing HF acid to produce mesoporous carbon. During the etching
rocess, the silica remaining after carbonization was converted into
esopores in the carbon materials [17]. In particular, the reaction

ime of the surfactant/silicate template before the addition of the
arbon precursor was varied from 2 to 16 h. During this reaction, the
ggregates of surfactant/silicate converted into pores in the carbon
ecame larger. Consequently, an increase of the carbon pore size
as expected with increasing reaction time [20].
Fig. 5(a) shows the change in the pore-size distribution (PSD)
f the carbon according to the reaction time. Additionally, Fig. 5(b)
resents the change in the BET surface area (ABET). For convenience,
he carbon materials prepared with reaction times of 2, 5, 7 and
6 h are named C2, C5, C7 and C16, respectively. As can be seen,
Fig. 5. (a) Change in pore-size distributions (PSD) of carbons according to reaction
time. Solid line, dashed line, dotted line and dash-to-dot line are C2, C5, C7 and C16,
respectively. (b) Change of BET surface area (ABET).

the pore size of the carbon materials increases and the correspond-
ing surface area decreases with increasing silicate reaction time.
This trend is attributed to growth of the silicate/surfactant aggre-
gates and to collapse of the pore structure. This gradual collapse
of the pore structure with increasing silicate reaction time is cur-
rently under investigation using other physical analysis tools. SEM
and TEM images of the carbon prepared with a reaction time of 2 h
are shown in Fig. 6. Tubular morphology and wormhole-like pore
morphology are observed and is characteristic of mesoporous silica
produced by the surfactant template method [20]. Hence, the pre-
pared carbon materials are suitable for EDLC electrodes because
of their highly porous nature and good mesoporosity [5–7], and
therefore EDLC electrodes were fabricated using these materials to
verify the proposed transient equations. After the transient exper-
iments, Rt and ESR values were obtained and compared, and the
relationship between the pore structure and ESR was examined.

4.2. Various transient analyses using prepared carbon materials

Before carrying out transient experiments, the EDLC perfor-
mance of the fabricated electrodes was investigated by means
of cyclic voltammetry (CV). The capacitance vs. voltage profiles
are shown in Fig. 7, and were obtained using CV at a scan rate
of 5 mV s−1. Here the capacitance is estimated by dividing the
observed current by the scan rate employed in the CV experiment.
As seen in the figure, a rectangular shape characteristic of EDLCs

is observed, indicating that the prepared mesoporous carbons are
suitable for use as EDLC electrodes materials. Since the capacitance
of the EDLC electrodes is roughly proportional to surface area, the
observed capacitance decreases in the order of C2 > C5 > C7 > C16,
which is similar to the change in the surface area, as shown in
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ig. 6. (a) SEM and (b) TEM image of 2 h reaction carbon. White scale bar represents
0 nm in TEM image.

ig. 5(b) [2,3]. A slight pseudo-capacitance induced by the charge-
ransfer reaction for quinine/hydroquinone is observed near 0.3 V
s. SCE, a characteristic that has generally been observed for carbon
lectrodes [27]. To avoid the effect of this pseudo-capacitive reac-
ion on the transient signal, 0.5 V vs. SCE was selected as the base

otential for the subsequent transient experiments.

EIS was conducted using an external sinusoidal voltage with
magnitude of 10 mV in the frequency region from 10−3 to

05 Hz after current stabilization at 0.5 V to within a few �A. From
hese results, the Nyquist plot for the carbon composite electrodes

ig. 7. Capacitance vs. voltage profiles obtained from cyclic voltammogram of EDLC
lectrodes fabricated by prepared carbon (scan rate = 5 mV s−1). Carbon used is
epicted within the graph.
Fig. 8. (a) Nyquist plot from a.c.-impedance analysis measured at 0.5 V vs. SCE. (b)
Cim vs. log f plot for carbon composite electrodes. Circle, inverse-triangle, rectangular
and diamond symbols are C2, C5, C7 and C16 electrodes, respectively.

was obtained and is displayed in Fig. 8(a). All of the electrodes
report almost the same intercept value on the Zreal axis of about
0.6 �, which is indicative of their identical EDLC cell structure.
The Relectrodes value of the porous carbon electrodes calculated
from the measured electronic resistivity of the composite elec-
trodes (�electrode) is approximately 10 � cm, the apparent surface
area (Aelectrode) is 2 cm2, and the electrode thickness (telectrode)
is about 25 �m. Using the relationship described in Appendix A,
the calculated value of Relectrode is 0.013 �. Similarly, Rbulk is esti-
mated from the resistivity of the bulk electrolyte in 2.0 M H2SO4
(�bulk = 1.47 � cm) as well as the gap between the working and ref-
erence electrodes (d = 0.58 cm). From the Nyquist plot, it is reported
that the intercept value of the Zreal axis corresponds to the summa-
tion of Rbulk and Relectrodes, which describes the very fast frequency
response of electron transport within the percolation network in
the electrodes and electrolyte transport in the bulk solution [5,28].
Therefore, the expected intercept value of the Zreal axis should
be 0.59 � (Rbulk + Relectrode), which perfectly coincides with the
observed intercept point in Fig. 7(a). Interestingly, a semicircle
(Rsemi) of very small size (∼0.1 �) appears after the Zreal intercept in
the high-frequency range from 105 to 103 Hz, This may be related to

phenomena similar to the slight pseudo-capacitive reactions on the
electrode surface [29]. Although an ideal EDLC should completely
utilize the electric double layer on the carbon surface, the capaci-
tive contribution of the surface charge-transfer reaction originating
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rom the trace amount of surface functional groups is inevitable
2,29]. After this semicircle, a sloped line appears with decreasing
requency, which is related to the electrolyte transport in the pores.
vertical line follows the sloped line, which is similar to the Nyquist
lot theoretically predicted using TLM, as shown in Fig. 4(a). From
q. (19), one can roughly estimate the value of Rt from the inter-
ept of Zreal obtained via the interpolation of the vertical line in the
ery low-frequency range. At first glance, an increase of Rt from C2
o C16 is observed qualitatively in Fig. 7(a). It is difficult, however,
o calculate the exact value of Rt from the Nyquist plot because of
ther distributed elements such as the electrode surface roughness,
ore-size distribution, and pore length distribution [11,12,30].

The EIS result was converted to ICA to measure Rt and �. In
ig. 8(b), the profiles of Cim vs. log(f) are presented, and peak-
haped profiles characteristic of charge storage in a porous system
re observed. Additionally, decreases of fp and A are observed with
ncreasing silicate reaction time, which is indicative of an increase
n � and decrease in C0. From the measured values of fp and A for
ach carbon electrode, C0 and Rt were calculated using Eqs. (22)
nd (23), respectively. The results are listed in Table 1. Interest-
ngly, the C0 values of the individual carbon electrodes are similar
o the specific capacitances in the cyclic voltammograms with con-

ideration of the electrode weight (Fig. 6) for C2, 87 F g−1 in the ICA
nd 81 F g−1 in the CV. The change of Rt is discussed later.

Two other transient experiments (CA and CP) were conducted
or the purpose of comparison with the ICA method. In Fig. 9, the

ig. 9. (a) Measured current transient (I(t)) plotted against (�/t)0.5. Here, circle,
nverse-triangle, rectangular and diamond symbols are C2, C5, C7 and C16 elec-
rodes, respectively. (b) Magnification in region from 0 to 0.3(�/t)0.5. Tangent line
rom zero point added as dotted line.
rces 195 (2010) 4391–4399 4397

result of the CA experiment is displayed. To acquire a clear tran-
sient signal, the surface charge of the electrodes was stabilized as
follows. After several cycles of the CV experiment, a constant anodic
current of 0.1 mA was applied from 0.7 to 0.5 V vs. SCE (CC (constant
current) mode) and the potential was kept constant at 0.5 V until
the measured current was stabilized to within a few �A (CV (con-
stant voltage) mode). After stabilization of the current, a potential
step with a magnitude of 10 mV was applied to the electrodes and
the resulting current transient was recorded every 10 ms. For con-
venient utilization of Eq. (11), the measured current transient (I(t))
was plotted against (�/t)0.5. Here the measured � obtained from ICA
was used for convenience. Rt was estimated using the tangent line
from the zero point; this procedure is shown in Fig. 8(b). A distinct
decrease of the slope from electrodes C2 to C16 is clearly observed,
reflecting the increase of Rt. The estimated values of Rt are listed in
Table 1.

For the CP measurement, a current step with a magnitude of
10 mA was applied to the electrodes after the same CC–CV sta-
bilization process. Fig. 10(a) shows the resulting Vmeas transient
signal vs. time (t) measured every 10 ms. As expected, based on
Fig. 3(b), an initial rise of the potential and subsequent straight line
are observed in Fig. 10(a). Estimation of Rbulk seems to be diffi-
cult, however, because it can depend on the sampling time and the
initial potential rise as it converges to Rbulk as the sampling time is
decreased. After extraction of the base potential (0.5 V vs. SCE) from
Vmeas, the potential transient (V(t)) was obtained, V(t) = Vmeas − 0.5.
For easy calculation of Rt, plots of V(t) against (t/�)0.5 are shown in
Fig. 10(b). Note that the time (t) from 0 to 0.3� should be utilized
for estimation with Eq. (16). When t = 0.3�, (t/�)0.5 = 0.55. Hence, the
range of (t/�)0.5 from the initial rise to 0.55 was used for the cal-
culation of Rt. In Table 1, Rt obtained from CP is listed to facilitate
comparison. Interestingly, the estimated values of Rt are similar,
irrespective of the measurement method.

In the three transient measurements, Rt increases with increas-
ing silicate reaction time. When considering the definition
(Rt = Rp/Np), the observed increase in Rt is probably due to a
decrease in the number of pores (Np) or an increase in the elec-
trolyte resistance within each pore (Rp). First, a decrease of Np may
have been caused by a decrease in the surface area with increasing
reaction time. Additionally, it is well-known that Rp is proportional
to the square of the pore diameter (Dp) and inversely proportional
to the pore length (lp); Rp ∝ lpDp

−2 [2]. Since Dp increases with
increasing silicate reaction time (Fig. 5(a)), an increase of Rp may
be due to an increase of lp, which is related to the gradual collapse
of the pores with increasing silicate reaction time. In our prelim-
inary experiment, it was confirmed that the collapse of the pore
structure became more severe from C2 to C16 based on the results
of small angle X-ray diffraction experiments. Hence, it can be con-
cluded that various factors pertaining to the pore structure, such as
the pore size, pore length and number of pores, can act together to
influence Rt.

According to the results of the three measurements, the ESR was
estimated from its definition, as follows:

ESR =
∑

k

Rk = Relectrode + Rbulk + Rsemi + Relectrolyte ≈ Relectrode

+ Rbulk + Rsemi + Rt

3
(25)

where Relectrode, Rbulk and Rsemi are 0.58, 0.01, and 0.1 � for con-
venience, respectively. After normalization using the apparent

electrode area (ca. 2 cm2), the calculated value of the ESR is listed in
Table 1. Interestingly, the estimated value of the ESR approximately
coincides with Zreal when f goes to zero in the Nyquist plot, demon-
strating the consistency of the three transient measurements of
the ESR employed herein. The observed ESR value of the carbon
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Table 1
Results of transient experiment with change of carbon.

Carbon fp/Hz A/F �/s C0/F cm−2 Rt/� cm2 ESRa/� cm2

ICA CA CP ICA CA CP

C2 1.6 0.295 0.25 0.213 1.16 1.44 1.20 1.78 1.88 1.80
C5 1.6 0.195 0.25 0.143 1.76 1.92 1.72 1.98 2.04 1.98

2
2

Relectr

e
w
e
(
b
d

F
(
b
0
a

C7 1.2 0.190 0.33 0.140
C16 1.2 0.185 0.33 0.135

a ESR was estimated from summation of Relectrode, Rbulk, Rsemi and Relectrolyte (ESR =

lectrode prepared with a reaction time of 2 h was 1.2–1.8 � cm2,
hich is comparable with that of the ordered mesoporous carbon
lectrode prepared using the MCM-48 (1.50 � cm2) HMS template
2.84 � cm2) [5,6]. The observed high-rate performance of the car-
on electrode prepared with a reaction time of 2 h is most likely
ue to the merits of the templating method for preparation of the

ig. 10. (a) Measured Vmeas transient signal vs. time (t) measured every 10 ms.
b) Profiles of potential transient (V(t)) vs. (t/�)0.5. V(t) obtained by extraction of
ase potential 0.5 V; V(t) = Vmeas − 0.5. (c) Profiles of V(t) vs. (t/�)0.5 in time range of
< t < 0.3�. Circle, inverse-triangle, rectangular and diamond symbols are C2, C5, C7
nd C16 electrodes, respectively.

(

.36 2.12 1.84 2.18 2.10 2.02

.92 3.08 3.08 2.22 2.36 2.42

ode + Rbulk + Rsemi + Relectrolyte = Relectrode + Rbulk + Rsemi + Rt/3).

mesoporous carbon, viz. its resulting high mesoporosity and good
pore connectivity [16]. Furthermore, the present direct templating
method is simple and inexpensive when compared with prepa-
ration of porous carbon using a solid ordered mesoporous silica
template [17].

5. Conclusions

For ESR estimation in EDLC electrodes, transient equations
based on two equivalent circuit models (simplest model and trans-
mission line one) have been established. In order to verify the
proposed equations, mesoporous carbon materials prepared by
direct templating method are utilized as EDLC electrodes and tran-
sient experiments are conducted using them. The ESRs are acquired
using the proposed equations and are then compared. The following
points summarize the findings.

(i) For the simplest equivalent circuit model based on series con-
nection of resistance and capacitance, the well-known simple
transient equations are given.

(ii) For the transmission line model, equations for the three
transient experiments (chronoamperometry, chronopoten-
tiometry, and a.c.-impedance) are proposed. From the obtained
equations, it is shown that one-third of the total electrolyte
resistance encompassing the ionic transport within the pores
contributes to the ESR.

iii) After preparation of mesoporous carbons with different pore
structures, EDLC electrodes have been fabricated and applied
to transient experiments. From the analysis using the proposed
equations, consistent and similar results of ESR are obtained,
irrespective of the transient methods.

(iv) Due to the merit of the template method in preparing meso-
porous carbon, the carbon electrode prepared with a reaction
time of 2 h exhibits an improved rate performance.
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Appendix A. Nomenclature

ABET BET surface area (m2 g−1)
Aelectrode apparent electrode surface area (cm2)
Vpore pore volume (cm3 g−1)
d electrodes gap between working and reference (cm)

Dp pore diameter (nm)
lp pore length (�m)
l length from the entrance of pore (mm)
y dimensionless parameter of pore length (y = l/lp)
I0 applied current during chronopotentiometry (mA)
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(t) resulting current transient during chronoamperometry
(mA)

0 applied potential during chronoamperometry (mV)
meas measured voltage signal in chronopotentiometry (V)
base base potential where transient experiment is conducted

(V)
(t) resulting potential transient (V(t) = Vmeas − Vbase) (V)

number of pores in one particle
particle number of porous materials

p total pore number of electrodes (Np = m × n)
electrode electrical resistance of electrode

(Relectrode = �electrodetelectrode/Aelectrode) (�)
bulk bulk electrolyte resistance (Rbulk = �bulkd/Aelectrode) (�)
semi resistance of semicircle in Nyquist plot (�)
electrolyte total electrolyte resistance of electrode (�)

equivalent series resistance (ESR)
(R = Relectrode + Rsemi + Rbulk + Relectrolyte) (�)
electrolyte resistance per unit pore length (� cm−1)

p electrolyte resistance within one pore (Rp = r × lp) (�)
t total electrolyte resistance in pores (Rt = Rp/Np) (�)

electrode electrode thickness (�m)
double-layer capacitance per unit pore area (F cm−2)

p double-layer capacitance in one pore (Cp = CA�Dplp) (F)
0 total capacitance of electrode (C0 = NpCp) (F)

parameter in Laplace domain
frequency (Hz)

p impedance of one pore (�)
overall impedance of total pores (�)
complex capacitance (F)

im imaginary capacitance (F)
peak area in imaginary capacitance plot (F)

p peak frequency in imaginary capacitance plot (Hz)
reek letters
time constant for pores (� = RpCp = RtC0) (s)

electrode electronic resistivity of composite electrodes (� cm)
bulk resistivity of bulk electrolyte in 2.0 M H2SO4 (� cm)

[
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