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bstract

A new electrode model involving the fractal structure of activated carbon used as electrode material was proposed for an electric double layer
apacitor (EDLC). The fractal structure of activate carbon was simulated by branch pore structure of three sizes of cylindrical pores. Three sizes
f cylindrical pores were related to macro, meso, and micro pore, since the pore size of activated carbon has wide distribution with a few modes of
m order. The impedance spectrum of EDLC describes the locus of blocking electrode in low frequency range, and the curve at an angle of almost
5◦ to real axis in high frequency range on the Nyquist plane. The low and high frequency ranges of the impedance spectrum were defined as a
umped constant-type and a distributed constant-type, respectively. Computer simulation of electrochemical impedance with the present electrode

odel was carried out to understand the relation between the impedance and the electrode structure. The contributions of five parameters to
mpedance spectrum were discussed, i.e., depth of pore, diameter of pore, specific resistance, the interfacial impedance at electrode/solution, and
ranch number. The specific resistance p influenced on the shape of impedance spectrum in distributed constant-type range significantly. On other

and, the interfacial impedance at electrode/solution interface controlled the shape of the impedance spectrum in lumped constant-type range. In
he course of the curve-fitting to impedance spectrum of EDLC, the separated impedance spectra related to macro, meso, and micro pores were
btained, and the roles of these pores on electric capacity were discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

An electric double layer capacitor (EDLC) is an energy con-
ersion device that stores electric charge in the electric double
ayer at electrode/electrolyte interface. Activated carbon with
igh surface area is usually used as the electrode material since
he usable charge stored in EDLC mainly depends on the surface
rea. In addition, the usable charge is also related to the pore size
nd the pore structure. It was reported that the feature of high
apacitance in EDLC depended on the characteristics of pore of

m order (micro pore) [1–5]. If the ion radius of electrolyte is
arge comparing with the pore radius, the ions cannot penetrate
ompletely into the micro pore and all surface area cannot work
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o store the charge [1,6–9]. Therefore, it can be considered that
he pore structure of activated carbon is one of the important fac-
ors for capacitance of EDLC. For example, the roles of macro,

eso, and micro pores are different to store the charge.
Electrochemical impedance spectroscopy (EIS) allows the

nformation concerning electrochemical and electric properties
f electrode and electrolyte. Several time constants in electrode
eactions can be discriminated, and the electrode structure can
e analyzed by EIS. Therefore, many researchers have used EIS
o analyze structure of porous electrode [9–18]. Some groups
dopted transmission line model (TLM) to simulate the fre-
uency response in a pore of EDLC. For example, Qu and Shi
6] carried out the curve-fitting to impedance spectrum of EDLC

y the assumptions of cylindrical pore with distributed capaci-
ance and resistance in TLM. They [6] discussed the relationship
etween time constant of charge/discharge and cell voltage.
ong et al. [19,20] simulated impedance spectrum of EDLC
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Nomenclature

Parameter list of single pore
A cross-section area of a pore (cm2)
C∗∗

dl capacitance per unit area (F cm−2)
dX depth per segment (cm), dX = X/N
D diameter of a pore (cm)
m segment number
N number of partition (piece) (n = 1–N)
R∗∗

c reaction resistance per unit area (� cm2)
Rsol solution resistance (�)
Rsolseg solution resistance per one segment (�), Rsolseg =

R∗
soldX

R∗
sol solution resistance per unit length (� cm−1),

R∗
sol = ρ/A

X depth of a pore (cm)
Z impedance of a pore (�)
Zseg impedance per one segment (�), Zseg =

Z∗/dX (b)
Z* impedance per unit length (� cm), Z∗ =

Z∗∗/πD (a)
Z** impedance per unit area (� cm2)

Greek letters
ρ specific resistance (� cm)

Parameter list of a pore with repeated structure
Am cross-section area of a pore per segment of seg-

ment number m (cm2)
b branch number
C∗∗

dl capacitance per unit area (F cm−2)
dXm depth of a pore per one segment of segment num-

ber m (cm), dXm = Xm/N

Dm diameter per one segment of segment number m
(cm)

N segment number (n = 1–N)
R∗∗

c reaction resistance per unit area (� cm2)
Rsol,m solution resistance of segment number m (�)
R∗

sol,m solution resistance per unit length of segment

number m (� cm−1), R∗
sol,m = ρ/Am

Rsolseg,m solution resistance per one segment of segment
number m (�), Rsol,m = R∗

sol,mdXm

Xm depth of a pore of segment number m (cm)
Zm impedance of segment number m (�)
Z∗

m impedance per unit length of segment number m
(� cm), Z∗

m = Z∗∗/Dm

Zseg,m impedance per one segment of segment number
m (�), Zseg,m = Z∗

m/dXm

Ztotal total impedance of pore electrode (�)
Z** impedance per unit area (� cm2)

Greek letters
ρ specific resistance (� cm)
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Fig. 1. Conceptual scheme of pore of activated carbon.

y assuming cylindrical pore electrode, and proposed TLM with
ore size distribution (TLM-PSD). The simulated results of elec-
rochemical impedance with these models [6,19–20] are in good
greement with experimental ones geometrically. However, the
ores of activated carbon have complex branch structure as
escribed in Fig. 1, and it is considered that impedance anal-
sis model should involve the branch pore structure.

In the present paper, we propose a new conceptual model
f EDLC with branch pore structure. The single pore electrode
s represented by a cylindrical pore. The branch pore structure
f activated carbon was simulated by the repetition with three
izes of cylindrical pores in this model. These pores are related
o macro, meso, and micro pore in descending order. A great
umber of branch pores are located on the electrode, and the
lectrochemical impedance is assessed by sum of the branch
ores. Computer simulation of electrochemical impedance with
he present electrode model was carried out to characterize the
mpedance spectrum of EDLC. Furthermore, the contributions
f macro, meso, and micro pores to electrochemical impedance
f EDLC were studied by the curve fitting to impedance spec-
rum.

. Theory

.1. Lumped constant-type and distributed constant-type
quivalent circuits

The schemes of blocking electrochemical impedance that

xcludes Faradaic process are shown in Fig. 2 for (a) lumped
onstant-type equivalent circuit and (b) distributed constant-type
quivalent circuit. In the present paper, the lumped constant-
ype equivalent circuit can be expressed as a series of solution

ig. 2. Schemes of electrochemical impedance of EDLC. (a) Lumped constants
quivalent circuit and (b) distributed constants equivalent circuit.
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to express the equations by a matrix. Fig. 3 shows the rela-
tion between TLM and the current loops, I1 is total current, Ik
(k = 2–n) is current of loop k. The equations of the potential drops
for the current loops in TLM equivalent circuit are summarized
Fig. 3. Distributed constant e

esistance and capacitance. The distributed constant-type equiv-
lent circuit is composed of solution resistance and impedance
er one segment as depicted in Fig. 3. The impedance of
quivalent circuit (a) describes locus in parallel with the imag-
nary axis on complex plane. The real part is solution resis-
ance Rsol, and the imaginary part converges to zero with high
requency.

The impedance of equivalent circuit (b) has almost similar
hape to that of the equivalent circuit (a) in low frequency range.
nd it describes the locus of 45◦ to real axis in high frequency

ange. The reason is that the current distribution on the electrode
s non-uniform in high frequency range.

.2. Theoretical formula of impedance with cylindrical
lectrode by TLM

Levie [21] solved theoretical formula of TLM impedance for
nner wall of cylindrical electrode as follows:

=
√

R∗
solZ

∗ coth

√
R∗

solX

Z∗ (1)

∗ = Z∗∗

πD
(2)

∗
sol = ρ

A
(3)

here X is the depth of a pore, D the diameter of a pore, Z** the
mpedance per unit area, Z* the impedance per unit length, Z the
mpedance of a pore, R∗

sol the solution resistance per unit length,
the specific resistance, and A is the cross-section area of a

ore. Z** including Faradaic process such as redox capacitor is
epresented by formula (4), and Z** excluding Faradaic process
blocking electrode) is represented by formula (5).

∗∗ = R∗∗
c

1 + jωR∗∗
c C∗∗

dl
(4)
∗∗ = 1

jωC∗∗
dl

(5)

is the imaginary number unit, ω the angular frequency (=2πf, f
s frequency), R∗∗

c the reaction resistance per unit area, and C∗∗
dl

s the capacitance per unit area.
lent circuit of a single pore.

.3. Impedance simulation of single pore by using matrix
22]

In the present paper, impedance spectrum is basically simu-
ated by assuming cylindrical pore as depicted in Fig. 4(a). The
ylindrical pore is divided into N segments in the direction of the
epth, and each segment is defined as n = 1, 2, . . ., N from top
o bottom of the pore. Impedance per unit area Z** and solution
esistance per unit length R∗

sol were converted to impedance per
ne segment Zseg and solution resistance per one segment Rsolseg
y formulas (6)–(8),

seg = Z∗

dX
(6)

∗ = Z∗∗

πD
(7)

solseg = R∗
soldX (8)

here dX is depth of a pore per one segment (dX = X/N). An
quation related to current flow in the electrolyte and at the elec-
rode surface by Kirchhoff’s voltage law was derived in order
o express the impedance of pore electrode by TLM. There are
he mesh current method and the branch current method for the
alculation method by Kirchhoff’s voltage law. The mesh cur-
ent method was employed in this analysis because it is easy
Fig. 4. (a and b) Conceptual model for single pore electrode.
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s follows:

E =
{

N−1∑
n=1

Rsolseg + Zseg

}
I1 +

N−1∑
n=2

RsolsegIn

+ (Rsolseg + Zseg)IN

0 = RsolsegI1 + {
Rsolseg + 2Zseg

}
I2 − ZsegI3

0 = RsolsegI1 − ZsegIn−1 + {
Rsolseg + 2Zseg

}
In

− ZsegIn+1

(n = 2, 3, . . . , N − 1)

0 = {
Rsolseg + 2Zseg

}
I1 − ZsegIN−1

+ {
Rsolseg + 2Zseg

}
IN

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(9)

here E is the potential modulation of the electrode. These equa-
ions are expressed by a matrix M as follows:

E

0

0
...

0

0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

= M

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

I1

I2

I3

...

IN−1

IN

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(10)

here,

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

N−1∑
N=1

Rsolseg + Zseg Rsolseg Rsolseg . . . Rs

Rsolseg Rsolseg + 2Zsol −Zsol 0 · ·
Rsolseg −Zsol

. . .
. . .

... 0
. . .

. . .
. . .

Rsolseg
...

. . .
. . .

Rsolseg + Zsol 0 · · · 0 −Z

he currents I1–IN can be assessed by using inverse matrix M−1

f Eq. (11).

I1

I2

I3

...

IN−1

IN

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

= M−1

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

E

0

0
...

0

0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(12)

mpedance Z can be calculated from Eq. (13).

= E
(13)
I1

In order to confirm the suitability of the algorithm and the
alculation method of the present simulation, the impedance
alculated by Eqs. (12) and (13) is shown in Fig. 5 with the results
alculated by theoretical expression (1). Both plots are perfectly

p
a
i
d
o

Rsolseg + Zsol

0
...

0

−Zsol

Rsolseg + 2Zsol

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(11)

rode. (©) Calculation with the present method using matrix, (×) calculation
ccording to Eq. (1); (X) 75 nm, (D) 50 nm, (C∗∗

dl ) 2.0 × 10−4 F/cm2, and (ρ)
.0 × 108 Wcm.

dentical, indicating that impedance of distributed constant-
yped equivalent circuit can be calculated by using the matrix.
n this calculation, the segment number N was 200. The soft-
are for the matrix calculation was Matlab. Though the values
f R∗

sol, R∗∗
c , and C∗∗

dl were constant to calculate the impedance
n Fig. 5, the impedance of pore electrode which has other shape
xcept for cylinder can be calculated by the same algorithm.

.4. Impedance simulation of pore electrode with repeated
tructure

The electrode model with repeated structure is proposed to
xpress the fractal structure of porous carbon electrode. A single
ore of activated carbon is simulated by the cylindrical pore,

nd the fractal structure of activated carbon illustrated in Fig. 1
s expressed by the electrode model with repeated structure as
epicted in Fig. 6(a). The secondary pore is located at bottom
f the primary pore, and the third pore is located at the bottom
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Fig. 6. (a) Conceptual model for pore electrode with repeated structure, (b)
equivalent circuit for pore electrode with repeated structure, and (c) simplified
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quivalent circuit of pore electrode with repeated structure.

f the secondary pore subsequently. The equivalent circuit for
he repeated pore structure is shown in Fig. 6(b), where Zm is
he impedance of mth pore. The solution resistance Rsol,m of mth
ore is expressed by Eq. (14),

sol,m =
N∑

n=1

Rsolseg,m (14)

here Rsolseg,m means solution resistance per one segment of
th pore. The total impedance of pore electrode with repeated

tructure Ztotal is expressed by Eq. (15).

1

Ztotal
= 1

Z1
+ 1

Rsol,1 + 1/((1/Z2) + (1/(Rsol,2 + Z3)))

(15)

he equivalent circuits of three kinds of pores are shown in
ig. 6(c). The impedance of macro pore Zma is identical to that

r
a
t
1

Sources 164 (2007) 415–424 419

f primary pore Z1.

ma = Z1 (16)

he impedance of meso pore Zme is series of Rsol,1 and Z2.

me = Z2 + Rsol,1 (17)

n addition the impedance of micro pore Zmi is series of Rsol,1,
sol,2, and Z3.

mi = Z3 + Rsol,1 + Rsol,2 (18)

ranch number of meso pore against macro pore is defined as
1 and that of micro pore against meso pore is defined as b2. In
ase that b1 or b2 is larger than unity, Ztotal is expressed by Eq.
19).

1

Ztotal
= 1

Z1
+ 1

Rsol,1 + 1/(b1((1/Z2) + (1/(Rsol,2 + b2Z3))))

(19)

nd

ma = Z1 (20)

me = Rsol,1 + Z2

b1
(21)

mi = Rsol,1 + Rsol,2 + (Z3/b2)

b1
(22)

or example, the scheme of electrode model of brunch pore
tructure with b = 3 and the equivalent circuit are shown in
ig. 7(a and b). This model has the structure in which three meso
ores exist at the bottom of one macro pore and three micro pores
lso exist at the bottom of one meso pore. The equivalent circuits
f three kinds of pores are shown in Fig. 7(c). The impedance
f macro pore Zma is the same as Z1. The impedance of meso
ore Zme is composed of Rsol,1 and three Z2. Furthermore, the
mpedance of micro pore Zmi is composed of Rsol,1, three Rsol,2,
nd nine Z3.

. Experimental method

.1. Electrochemical impedance measurement

EDLC by HONDA R&D (Ultra capacitor) shown in Fig. 8
as used for electrochemical impedance measurement. Poten-

iostat (Hokuto, HG-501G) and frequency response analyzer
Solartron, SI 1254) were equipped to measure the impedance
pectra. The frequency range of impedance was from 10 mHz to
kHz, and the frequency of imposed signal was scanned loga-

ithmically at 5 point for each decade from the high frequency

egion. The measurements were carried out by galvanostat mode
nd the amplitude of the sinusoidal input current was controlled
o make the amplitude of ac potential response smaller than
0 mV.
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Fig. 7. (a–c) Conceptual model o

. Results and discussion

.1. Electrochemical impedance measurement of EDLC

Experimental result of electrochemical impedance of EDLC

t the bias voltage of 2.0 V is shown in Fig. 9. Impedance
pectrum can be divided into two frequency ranges, namely,
he distributed constant range above 100 mHz and the lumped
onstant range below 100 mHz. The real part of impedance is

n
q
i
a

electrode with branch structure.

onstant, and the imaginary part increases with the decrease of
he frequency at lumped constant range, indicating the block-
ng electrode behavior in the low frequency range. Impedance
eviates from the locus of blocking electrode at distributed
onstant range. It is considered that the current distribution is

on-uniform by porous structure of electrode in the high fre-
uency range. The solution resistance at high frequency limit
s approximately 0.002 �, indicating the low contact resistance
nd electrolyte resistance of the present EDLC.
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Fig. 8. Photograph of scheme of EDLC manufactured by Honda R&D.

.2. Computer simulation of electrochemical impedance
ith TLM

.2.1. Influences of various parameters on the simulated
esults of electrochemical impedance

The results of electrochemical impedance calculated by Eq.

15) are shown in Fig. 10. All impedance spectra described the
ocus of lumped and distributed constant-types in low and high
requency ranges, respectively. Fig. 10(a) shows the simulated
esults of electrochemical impedance with variations of depths

o
m
T
i

ig. 10. Dependence of various parameters on the simulated results of electrochem
ore depth. The values of pore depth are indicated in Fig. 9(a). Dma: 50 nm, Dme: 10

me: 15 nm, Xmi: 3 nm, (�) Xma: 37.5 nm, Xme: 7.5 nm, Xmi: 1.5 nm, (�) Xma: 18.7
he values of pore depth are indicated in (b), Xma: 75 nm, Xme: 15 nm, Xmi: 3 nm, C

nm, (�) Dma: 100 nm, Dme: 20 nm, Dmi: 4 nm, (�) Dma: 200 nm, Dme: 40 nm, D
re indicated in (c), Xma: 75 nm, Dma: 50 nm, Xme: 15 nm, Dme: 10 nm, Xmi: 3 nm, D
�) 2.5 × 107 � cm.
ange: 1 kHz–10 mHz, charging voltage: 2.0 V, and measurement temperature:
78 K.
f macro, meso, and micro pores. Depths of macro, meso, and
icro pores are defined as Xma, Xme, and Xmi, respectively.
he transition frequency shifts to low frequency side with the

ncreases of Xma, Xme, and Xmi. This result indicates that the

ical impedance of pore electrode with repeated structure (a) dependence of
nm, Dmi: 2 nm, C∗∗

dl : 2.0 × 10−4 F/cm2, ρ: 5.0 × l08 � cm, (©) Xma: 75 nm,
5 nm, Xme: 3.75 nm, Xmi: 0.75 nm and (b) dependence of diameter of a pore.
∗∗
dl : 2.0 × 10−4 F/cm2, ρ: 5.0 × l08 � cm, (©) Dma: 50 nm, Dme: 10 nm, Dmi:

mi: 8 nm and (c) dependence of specific resistance. The values of pore depth

mi: 2 nm, C∗∗
dl : 2.0 × 10−4 F/cm2, (©) 5.0 × l08 � cm, (�) 2.5 × 108 � cm,
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Fig. 11. Dependence of the equivalent circuit of electrode/solution inter-
face on the simulated results of electrochemical impedance of pore electrode
with repeated structure changed. (a) The case that equivalent circuit includes
Faradic process and consists of R** and C∗∗

dl . The value of ρ is written in
Fig. 10(a), Xma: 75 nm, Dma: 50 nm, Xme: 15 nm, Dme: 10 nm, Xmi: 3 nm,
Dmi: 2 nm, C∗∗

dl : 2.0 × 10−4 F/cm2, �: 5.0 × l08 � cm, �: 2.5 × 108 � cm,
and �: 2.5 × 107 � cm. (b) The case that equivalent circuit exclude faradic
process, Xma: 75 nm, Dma: 50 nm, Xme: 15 nm, Dme: 10 nm, Xmi: 3 nm, Dmi:
2 nm, R∗∗ : 6.0 × 104 � cm, C∗∗ : 2.0 × 10−4 F/cm2, ©: 5.0 × l08 � cm, �:
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because the ion migration is restricted in the pore whose size is
c dl
.5 × 108 � cm, and �: 2.5 × 107 � cm.

urrent distribution becomes non-uniform since the solution
esistance between top and bottom of pores increases with the
ncrease of X. In addition, the absolute value of impedance in
umped constant-type range decreases with the increase of X
ecause surface area of inner wall of pores increases. Fig. 10(b)
hows the simulated results of electrochemical impedance with
he variations of diameter of macro, meso, and micro pores.
iameter of macro, meso, and micro pores are defined as Dma,
me, and Dmi, respectively. The transition frequency shifts

o low frequency side with the decrease of D because the
olution resistance in the pores increases with the decrease
f the cross-section area. Furthermore, the absolute value of
mpedance in the lumped constant-type range increases since
he area of the electrode/electrolyte interface decreases with the
ecrease of D. Fig. 10(c) shows simulated results of electro-
hemical impedance with the variations of specific resistance
. The transition frequency shifts to low frequency side with

he increase of ρ because the solution resistance in the pores
ncreases. The value of imaginary part does not change depend-
ng on the ρ because the solution resistance influences on the
igh frequency impedance. Fig. 11 shows simulated results of
lectrochemical impedance of different interfacial impedance
t electrolyte/electrode interface. Open symbols (group (a))
enote the impedance when the interfacial impedance is com-
ose of the only capacitance C∗∗, and solid symbols (group
dl
b)) denote the impedance when the interfacial impedance has
he time constant of reaction resistance R∗∗

c and capacitance
∗∗
dl . The impedance spectra of the groups (a) and (b) agree

1
m
i

Sources 164 (2007) 415–424

n the distributed constant-type range. Contrary to this, the
mpedance spectra of groups (a) and (b) in lumped constant-
ype range describe vertical straight line and semicircle, respec-
ively. These results mean that the interfacial impedance of elec-
rode/electrolyte interface Z** controlled the shape of impedance
pectrum in the lumped constant-type range. It was found from
he simulated results in Figs. 10 and 11 that the interfacial
mpedance and pore dimension control the impedance in the
umped constant-type range and that the ρ and pore dimen-
ion control the impedance in the distributed constant-type
ange.

Simulated results of electrochemical impedance with vari-
us number of b are shown in Fig. 12. In the case (a) that
1 = 4, b2 = 16, the impedance describes the locus of lumped
nd distributed constant-types in low and high frequency ranges,
espectively and almost agree with that in Fig. 5. However,
he real axis and transition frequency is unclear. In the case
b) that b1 = 10, b2 = 100, the transition frequency cannot be
istinguished and the angle of straight line in the high fre-
uency range is smaller than 45◦. In the case (c) that b1 = 100,
2 = 10,000, the locus of semicircle appears in distributed con-
tant range. The reason is that the time constant of impedance
f micro pore Zmi is small value since the solution resistance
rom electrode surface to the micro pore (Rsol,1 + Rsol,2) is
mall.

.2.2. Curve-fitting of electrochemical impedance of EDLC
On the basis of the simulated results in Section 4.2.1, the

urve-fitting to electrochemical impedance of EDLC was carried
ut. The fitted result is shown in Fig. 13 with the experimen-
al results. The fitting parameters are as follows: Xma = 75 nm,

ma = 50 nm for macro pore, Xme = 15 nm, Dme = 10 nm for
eso pore, Xmi = 3 nm, Dmi = 2 nm for micro pore, C∗∗

dl = 3.0 ×
0−5 F/cm2, ρ = 2.5 × 109 � cm, b1 = 2, b2 = 10, and number
f pores is 2.0 × 1017. The resistance of solution bulk Rbulk
as assumed as 2.2 × 10−3 �, and was added to the calculated

mpedance. The simulated result of electrochemical impedance
ith this method is in good agreement with the experimen-

al one in Fig. 13. The diameter of a pore D is generally that
acro pore over 50 nm, meso pore 50–2 nm, and micro pore

nder 2 nm. Song et al. [20] carried out the curve-fitting to
mpedance spectrum of EDLC with mode radius 0.33 �m of
ore distribution by TLM-PSD. Since the pore size of activated
arbon has wide distribution with a few modes models of nm
rder [6,7], the electrode pore structure of EDLC was expressed
y three kinds of pores of nm orders in the present analysis.
he capacitance per unit area C∗∗

dl was 3.0 × 10−5 F cm−2 in
his simulation, and this value was similar to reported ones
.0 × 10−5 F cm−2 by Srinivasan et al. [11], 3.0 × 10−5 F cm−2

y Candy et al. [10] and 2.5 × 10−5 F cm−2 by Song et al. [20].
t was assumed that the specific resistance of electrolyte was
6.7 � cm in this simulation. This value is quite huge compar-
ng with the specific resistance of general organic electrolyte
–10 nm and the electric double layer also influences on the ion
igration in particular. In this simulation, the specific capac-

tance ρ in all pores was constant value, and more accurate
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ig. 12. Simulated results of electrochemical impedance of pore electrode with

ma: 50 nm, Xme: 15 nm, Dme: 10 nm, Xmi: 3 nm, Dmi: 2 nm, C∗∗
dl : 2.0 × 10−4 F

nalysis can be carried out to assume the different ρ for each
ore.

The merit of the present analysis is that the impedance spec-
ra for macro, meso, micro pores can be separated in course
f the curve-fitting to impedance spectrum. Furthermore, resis-
ance RM and capacitance CM for each pore are determined by
ollowing formulas:

M = Z′
M − jZ′′

M (23)

M = Z′
M (24)

M = 1

ωZ′′
M

(25)

n Eqs. (20)–(22), the subscript M represents the kind of pore;
= ma, me, and mi means macro, meso, and micro pores,
espectively. The RM, CM calculated by Eqs. (20)–(22) are
hown in Fig. 14. In Fig. 14(a), the resistance is constant value at
ow and high frequency range, and decreases with the increase
f frequency in the transition frequency range from 0.1 to 1 Hz.

w
f
i
o

h structure. The numbers of branch b are (a) 4, (b) 10 and (c) 100. Xma: 75 nm,
, ρ: 5.0 × l08 � cm, frequency range: (a–c) 10 mHz–10 kHz.

his transition frequency in Fig. 14(a) almost agreed with that
n Fig. 13. The order of resistance was Rmi > Rme > Rma in high
requency range because Rma corresponds to the bulk solution
esistance Rbulk and Rme and Rmi includes the solution resis-
ance in the pores in high frequency range. Resistance in low
requency range is larger than that in high frequency range
n Fig. 14(a). For example, Rma involves not only Rbulk but
lso the solution resistance in macro pore in low frequency
ange because the current flows to all inner wall of macro
ore for charge and discharge. The frequency-dependent capac-
tance for each pore is shown in Fig. 14(b). The capacitance
as maximum value in low frequency range, and decreases
ith the increase of the frequency. The order of capacitance

s Cma > Cme > Cmi in low frequency range. The ratio of low
requency capacitance of macro, meso, and micro pores is
7.05:2.49:1, and the ratio of surface area is 31.25:2.50:1,

hich is calculated from fitting parameters for each pore. There-

ore, it can be considered that the low frequency capacitance
s in proportion to the surface area with regardless the kind
f pore.
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Fig. 13. Experimental and fitted results of electrochemical impedance of EDLC.
The parameters for curve fitting are as follows. Xma: 75 nm, Dma: 50 nm,
Xme: 15 nm, Dme. 10 nm, Xmi: 3 nm, Dmi: 2 nm, C∗∗

dl : 3.0 × 10−5 F/cm2, ρ:
2.5 × 108 � cm, bme: 10, bmi: 50, and number of pore: 2.0 × l017.

Fig. 14. The result of resistance, capacitance, and time constant calculated from
Zma, Zme, and Zmi. (a) The results of relationship resistance and frequency:
(©) Rma, (�) Rme, and (�) Rmi; (b) the results of relationship capacitance and
frequency: (©) Cma, (�) Cme, and (�) Cmi.
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. Conclusions

A new electrode model with TLM was proposed for EDLC.
he impedance of EDLC described locus of blocking electrode

n low frequency range and the curve at an angle of almost 45◦
o real axis in high frequency range on the Nyquist plane since
urrent distribution becomes non-uniform in high frequency
ange by porous structure of electrode surface. Computer simu-
ation of electrochemical impedance with the present electrode

odel was carried out. The contribution of five parameters to
mpedance spectrum was discussed, i.e., depth of pore, diam-
ter of pore, specific resistance, the equivalent circuit of elec-
rode/solution interface, and branch number. The branch number
influenced on the shape of impedance spectrum in distributed

onstant-type range significantly. On other hand, the interfacial
mpedance at electrode/solution interface controlled the shape of
he impedance spectrum in lumped constant-type range. Depth
f pore X, diameter of pore D, and specific capacitance ρ influ-
nce the transition frequency. In addition, X and D influence
bsolute value of impedance in lumped constant-type range. On
he other hand, ρ does not influence absolute value of impedance
n lumped constant-type range. The resistance and capacitance
or each pore was determined as a function of frequency,
nd the efficiency of charge and discharge in each pore was
iscussed.
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