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Abstract The effects of pore length distribution (PLD)
and solution resistance, R, on the kinetics of double-
layer charging/discharging of the activated carbon fiber
cloth electrode (ACFCE) were investigated in a 30 wt%
H,SO,4 solution using nitrogen gas adsorption, a.c.
impedance spectroscopy, the current transient tech-
nique, and cyclic voltammetry. The impedance spectra
of the ACFCE were theoretically calculated based upon
the transmission line model in consideration of the pore
size distribution (PSD) and the PLD. From comparison
of both the experimental and theoretical impedance
spectra of the ACFCE, it is suggested that the deviation
from the ideal impedance behavior of a cylindrical pore
in the experimental impedance spectrum of the ACFCE
is mainly ascribed to PLD, rather than to PSD. The
cathodic current transients and cyclic voltammograms
were theoretically calculated based upon the transmis-
sion line model as functions of the standard deviation ¢
of the PLD and R,,. From the results, it is concluded
that ion penetration into the pores is closely related to
both ¢ and Ry, during double-layer charging/discharg-
ing of the ACFCE, that is, the larger ¢ and R, the
lower is the rate capability, thus causing higher retar-
dation of ion penetration into the pores.
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Introduction

Over the last two decades, electric double-layer capaci-
tors (EDLCs) have been considered as one of the most
attractive energy storage devices because of their high
power density, high capacitance, and high charging/
discharging rates [1, 2, 3, 4, 5]. Highly porous activated
carbons are widely used as the electrode materials in
EDLCs, due to such advantageous features as high
surface area, good electrical conductivity, and adequate
corrosion resistance. Unfortunately, however, these
advantages have proven not to be enough to realize the
high power application. That is, much of the active
surface is accessible only through the cumulative resis-
tance of the electrolyte inside the pore. Therefore, the
porous structure of the activated carbon becomes one of
the most important factors for the high double-layer
charging/discharging rates [3].

In previous work [6, 7] from our laboratory it has been
reported that the kinetics of double-layer charging/dis-
charging is crucially affected by pore size distribution
(PSD) of the activated carbon electrodes. Song et al. [8]
revealed that the non-ideal impedance behavior of the
porous electrode is attributable to the PSD, i.e. a wider
distribution of the pore size leads to more frequency dis-
persion in the impedance spectra. Momma et al. [2] also
reported that the activated carbon fiber electrode signifi-
cantly deviated from the ideal impedance behavior of a
cylindrical pore in the impedance spectrum; nevertheless,
it is well known that it exhibits a quite narrow PSD.

It is generally accepted that the porous carbon elec-
trodes widely used in EDLCs have both types of dis-
tributed characteristics: one from the PSD and the other
from the pore length distribution (PLD). Furthermore,
the solution resistance, R, between the reference elec-
trode and the front surface of the porous electrode af-
fects ion penetration into the pores [9]. This implies that
the PLD and Ry, also influence the kinetics of the
double-layer charging/discharging process of the ED-
LCs.



In this respect, the present work aims at investigating
the effects of the PLD and R, on the kinetics of double-
layer charging/discharging of the activated carbon fiber
cloth electrode (ACFCE). For this purpose, a.c. imped-
ance spectrum, potentiostatic current transient, and cyclic
voltammogram (CV) were measured on the ACFCE. In
addition, the potentiostatic current transients and the
CVs were theoretically calculated based upon the trans-
mission line model in consideration of the PLD and R, as
functions of the standard deviation o of the PLD and R,,.

Experimental

The ACFCE was prepared by heat treatment of the commercially
activated carbon fiber cloth (CH700-10: thickness=0.55 mm,
Kuraray Chemicals, Japan) in an electric furnace at 1000 °C for 2 h
in an atmosphere of argon gas in order to remove the surface acidic
functional groups (SAFGs) formed on the ACFCE.

The PSD and the surface area of the ACFCE were determined
by a gas adsorption analyzer (Micrometrics ASAP2010) with the
help of nitrogen gas adsorption at 77 K after degassing the ACFCE
at 200 °C for 12 h. The total Brunauer, Emmett, and Teller (BET)
surface area and PSD were calculated by using isotherms of
nitrogen gas from the BET equation [10] and the Horvath-Ka-
wazoe equation [11], respectively.

A three-electrode electrochemical cell was employed for the
electrochemical measurements. A platinum gauze and a saturated
calomel electrode (SCE) were used as the counter electrode and the
reference electrode, respectively. Prior to the electrochemical mea-
surements, the ACFCE was vacuum wetted, and the aqueous
solution of 30 wt% H,SO, was deaerated by bubbling with purified
argon gas for 24 h. The apparent area of the ACFCE exposed to
the electrolyte amounted to 1 cm?.

The a.c. impedance was measured using a frequency response
analyzer (Solartron, SI 1255 FRA) in conjunction with a potentiostat
(Solartron, SI 1287 ECI) with a 5 mV a.c. signal superimposed on an
applied potential of 0.1 V (vs. SCE) over the frequency range of 107>
to 10° Hz. The potentiostatic current transient was measured on the
ACFCE by application of a potential drop from 0.1 to 0.08 V (vs.
SCE) by using the potentiostat (Solartron, SI 1287 ECI). The cyclic
voltammetry measurements were performed in the potential range of
0-0.5 V (vs. SCE) with scan rates of 20 and 40 mV s™' using an
EG&G PARC model 263A potentiostat/galvanostat.

Results and discussion
Gas adsorption analysis

Figure 1a and Fig. 1b plot the cumulative pore volume,
V, and the differential pore volume, dV/dr, against the
pore radius, r, for the ACFCE obtained by the Horvath—
Kawazoe equation, respectively. The value of V' sharply
increased below an r value of 1.2 nm and reached a
constant value above an r value of about 3 nm. The total
pore volume, V,,, was measured as 0.6 cm® g™ '.

The PSD was concentrated in the range from 0.8 to
1.2 nm with an average pore radius, r,y., of 1.0 nm, as
shown in Fig. 1b. Since the sizes of nitrogen gas at 77 K
and hydrated ions in aqueous electrolyte are comparable
with each other, the pores accessible to nitrogen gas at
77 K are also available to aqueous electrolyte [12, 13].
Therefore, the parameters obtained by the nitrogen gas
adsorption method are acceptable to be used in the
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Fig. 1 Plots of a cumulative pore volume and b differential pore
volume against pore radius for the activated carbon fiber cloth
electrode (ACFCE), obtained by the Horvath—-Kawazoe equation

analyses of the electrochemical results in aqueous elec-
trolyte. The total BET surface area calculated using
isotherms of nitrogen gas from the BET equation was
determined to be 1170 m? g™".

A.c. impedance analysis

Figure 2 demonstrates the Nyquist plot obtained from
the ACFCE in a 30 wt% H,SO, solution (shown as
open circles). The impedance measurement was con-
ducted at an applied potential of 0.1 V (vs. SCE), where
any faradaic current arising from the oxidation and
reduction of the SAFGs or from the decomposition of
electrolyte is free [6].

The impedance spectrum measured on the ACFCE
consisted of a straight line inclined at a constant phase
angle to the real axis at high frequencies and an almost
vertical capacitive line at low frequencies. The straight
inclined line at high frequencies is attributable to the
semi-infinite ion migration through the pores. The
capacitive line at low frequencies is due to the accumu-
lation of ions at the bottom of the pores.
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Itis generally known [14, 15] that the shape of the pores
comprising the activated carbon fiber is cylindrical and
homogeneous throughout the bulk of the fiber. Moreover,
it can be assumed that the surface of the pores is homo-
geneous, because the SAFGs formed on the ACFCE,
which give rise to the surface inhomogeneity, are removed
by the heat treatment. In view of these circumstances, de
Levie’s transmission line model [16, 17, 18] was adopted
for theoretical calculation of the impedance spectrum.

When the interfacial impedance of a pore is repre-
sented by a double-layer capacitance, the impedance of a
pore, Z,, based upon de Levie’s transmission line model

is expressed by:
RN\ /oRC\
Zo=(1-(5ne) o040 (5) )

with:

1
R= m and C = CdzTCI" (2)
where R is the resistance of the electrolyte inside a pore
per unit pore length (Q cm™'); C is the double-layer
capacitance of the electrode/electrolyte interface per unit
pore length (Fcem™); o is the angular frequency
(rad s71); I, is the pore length (cm); k is the conductivity
of the electrolyte (Q~' em™'); and Cy represents the
specific double-layer capacitance per unit area (Q cm™).
If n pores of a porous electrode with the same r and /,
are located in parallel, the total impedance of the elec-
trode, Zy, 1 given by:

Zo
Ztot = 7 (3)

It is well known that the impedance spectrum of a
cylindrical pore has a phase angle of 45° in value at high
frequencies and a phase angle of 90° in value at low
frequencies. However, it is seen from Fig. 2 that the
phase angle of the impedance spectrum measured on the
ACFCE was larger than 45° in value at high frequencies
and smaller than 90° in value at low frequencies. Song
et al. [8] reported that such non-ideal impedance behavior
of the porous electrode composed of cylindrical pores is
ascribable to the PSD. In this regard, we first considered
the PSD of the ACFCE as the origin of the deviation
from the ideal impedance behavior of a cylindrical pore
in the impedance spectrum.

Considering the PSD, Z,, is given by:

0,1 i 0,1

where f(r) and f{(r)dr represent the distribution density
function of the pore size and the number of the pores
between r and r+dr, respectively. The C4 of the ACFCE
was determined to be 1.2 F cm™ at the lowest fre-
quency, i.e. 107> Hz in the impedance spectrum.
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Fig. 2 Nyquist plot of the impedance spectrum experimentally
measured on the ACFCE at an applied potential of 0.1 V (vs. SCE)
in a 30 wt% H>SOy solution. Dotted and solid lines represent the
impedance spectra theoretically calculated based upon the trans-
mission line model in consideration of the pore size distribution
(PSD) and the pore length distribution (PLD), respectively

The [, was fixed at the average pore length, /,,., which
is obtained [19] from:

Lave = V Riot Viomk (5)

where R, is the total resistance of the electrolyte inside
pores (2) and m is the mass of the ACFCE (g). Here,
R 1s three times the value determined by extrapolation
of the low-frequency branch toward the real impedance
axis [16, 17]. By taking the values R,=0.12 Q,
Vir=0.6cm® g7, m=0.014 g, and £k=0.85Q ' cm™,
l.ve was found to be 0.029 cm. The number of pores for a
given pore radius, n;, was obtained from division of the
whole pore volume by the single pore volume for a given
pore radius, 7 P laye, in Fig. 1.

The dotted line in Fig. 2 represents the impedance
spectrum theoretically calculated from Eq. 4 based upon
the transmission line model in consideration of the PSD.
It is noted that the experimentally measured impedance
spectrum for the ACFCE did not accord well in value
and shape with the theoretically calculated one. The
theoretically calculated impedance spectrum showed the
almost ideal impedance behavior of a cylindrical pore.

Remembering that the PSD of the ACFCE is quite
narrow, it is not surprising that the PSD of the ACFCE
hardly influences the deviation from the ideal impedance
behavior of a cylindrical pore in the impedance spec-
trum. Therefore, from now on, we will calculate theo-
retically the impedance spectrum based upon the
transmission line model in consideration of the PLD in



order to clarify the origin of the non-ideal impedance
behavior of the ACFCE.

It is assumed [8, 22] that the pore length /, takes a
log-normal distribution, f{x), given by:

-t Lol 4] e
with:
x=1In(lp/1o) (7)

where x denotes the natural logarithm of /, divided by an
arbitrary unit length /, to obtain a dimensionless quantity,
and pand o are the mean value and the standard deviation
of the distribution variable x, respectively.

On substituting:

y="t ®)

into Eq. 6, we obtain:
Viot 1

1 2
nrzlp\/z_neXp<_§y) (9)

Hence, Z,; becomes:
exp ! d

Ztlot:/_zij( & /_Z
(10)

Here, r is set at the r,,. value and the PLD satisfies
the following condition:

[l )

The theoretically calculated impedance spectrum in
consideration of the PLD is exhibited in Fig. 2, shown as
a solid line. From the comparison of the impedance
spectrum experimentally measured with that theoreti-
cally calculated, one finds that the impedance spectrum
calculated at u=-3.52 and ¢=0.7 fits best to that
experimentally measured. The chi-squared (%) value,
representing the square of the standard deviation be-
tween the experimental spectrum and the calculated one,
was determined to be 6.5x107>. It should be emphasized
that the experimentally measured and theoretically cal-
culated impedance spectra coincided fairly well with
each other, indicating that the PLD crucially influences
the deviation from the ideal impedance behavior of a
cylindrical pore in value and shape.

f) =

I Vo 1

Zo 2,21

(11)

Kinetic approach to the double-layer
charging/discharging of the ACFCE

In the presence of solution resistance R, (Q) between
the reference electrode (RE) and the working electrode
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(WE), the current of a pore, I(¢), at a given potential step
is expressed [20] as:

2AE & A
1(t
() SO]ZA2+A+W!2

p(—mﬁkrt / 2cdzg> (12)
with:

R, I
R and Ry = o
where AL is the potential step (V); R, is the resistance of
the electrolyte inside a pore (Q); /s is the distance be-
tween the RE and the WE (cm); and m,, represents the
nth positive root of (mtanm—A)=0.

When the PLD is considered together with R, the
total current, Itot(t) is written as:

Lot (1) f]
2AE 2 5
o f Rl = A +A+ 2 GXP(—mnkrt/2Cdlp>

J‘f} =exp(—3%)dy

where f{(y) and f(y)dy represent the density distribution
of the pore length and the number of the pores between
y and y+dy, respectively. The value of /; was measured
to be 0.12 cm and hence the resulting R, was calculated
to be 4.4x10'> Q. All other parameters for the theoret-
ical calculation of [,(7) are shared with those of the
calculated impedance spectrum.

The cathodic current transient theoretically calculated
based upon the transmission line model in consideration
of the PLD and R, is displayed in Fig. 3 (shown as a solid
line), along with that experimentally measured (shown as
open circles). The theoretical current transient was in
good agreement with the experimentally measured one.
From the quantitative coincidence of the theoretical cur-
rent transient with the experimental one, it is reasonable
to say that both the PLD and R, crucially influence the
current transient in value and shape.

Under the circumstances, we investigated the effect of
the PLD and R, on the kinetics of the double-layer
charging/discharging of the ACFCE. For this purpose,
the cathodic current transients and CVs were theoreti-
cally calculated based upon the transmission line model
as functions of ¢ of the PLD and R,,. To simplify the
theoretical calculation, we assumed that the cross-sec-
tional area of the ACFCE was the same and hence that
the n value was constant irrespective of ¢. In addition,
for any o, the PLD should satisfy the condition of
Eq. 11 with u fixed in order to take into consideration all
the pores comprising the ACFCE.

Figure 4a illustrates on a logarithmic scale the
cathodic current transients theoretically calculated from
Eq. 14 based upon the transmission line model as a
function of ¢ of the PLD. The initial current levels were
equal in value irrespective of o. For ¢ =0.1, the current
transient exhibited a slow decay, followed by a steep
decay. As ¢ increased, the slope of the current transient

A:

(13)

X

(14)
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Fig. 3 The cathodic current transient experimentally measured on
the ACFCE in a 30 wt% H,SO, solution by dropping the applied
potential from 0.1 to 0.08 V (vs. SCE). The solid line represents the
theoretically calculated cathodic current transient

was steeper in earlier time and the time to reach the
constant current of 5x10™> A was more prolonged.

In order to clearly observe the change in shape of the
current transient, we introduced ‘‘the derivative” of the
logarithmic cathodic current transient with respect to
logarithmic time, as shown in Fig. 4b. It is noticeable
that the plots of the derivatives versus logarithmic time
consist of two regions: region I where the absolute values
of the derivatives increased with increasing o, and region
IT where they decreased with increasing ¢. This means
that as ¢ increases, the current decays more rapidly with
time in region I, whereas it decays more slowly with time
in region II.

During the cathodic current transient, as the time
goes on, the ions penetrate into the pores and then reach
the bottom of the pores. If the radii of all the pores
are the same, the larger the pore length, the longer is
the time to reach the bottom of the pores. In region I,
the rapid current decay with increasing ¢ is due to the
dominant contribution of pores with a smaller length.
On the other hand, in region II the slow current decay
and more prolonged time to reach the constant current
of 5x107> A with increasing ¢ is due to the dominant
contribution of pores with a larger length.

Figure Saenvisages on a logarithmic scale the cathodic
current transients theoretically calculated from Eq. 14
based upon the transmission line model as a function of
R, 1. As Ry increased, the initial current level decreased in
value and the time to reach the constant current of
5x107° A was significantly prolonged. Also, it seemed that
the current decayed more slowly as R, increased.

The derivatives of the logarithmic cathodic current
transients theoretically calculated from Eq. 14 based
upon the transmission line model as a function of R,
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Fig. 4 a The cathodic current transients on a logarithmic scale and
b the derivatives of the logarithmic cathodic current transients
theoretically calculated from Eq. 14 based upon the transmission
line model as a function of standard deviation ¢ of the PLD. The
open circles in a represent the cathodic current transient experi-
mentally measured on the ACFCE

are presented in Fig. 5b. The absolute values of the
derivatives monotonically decreased with increasing
R, This indicates that, as Ry, increases, the current
decays more slowly over the whole time during double-
layer charging of the ACFCE, which is ascribed to the
higher retardation of ion penetration into the pores.
Now, we extend the kinetic investigation of double-
layer charging/discharging of the ACFCE to the case of
potential scanning. During the potential scan with a scan
rate v, in consideration of Ry, the I(7) is written [21] as:

I(t) = aovCq2nrly; o= fy — P, (15)
with:



S
“— m%[A2 + A+ ml]

o0 A2+m2 ( 5 ( 2 >
= ———|ex Skt [2C 12 sin’m,
B> ; <A2+A+m5 P / d ) 2

=1 exp(—mﬁkrt/2Cdlg) (16)

(17)
Considering the PLD, [,() is given by:
Lo(t) = [I(2
= [ (B1—B,)vCa2nrl, n'l/‘;l‘ \/—exp( Iy)dy  (18)

Figure 6 demonstrates the CVs obtained from the
ACFCE at scan rates of 20 and 40 mV s~ '. The CVs
were recorded in the potential range between 0 and
0.5V (vs. SCE), where no electrolyte decomposition
occurs. The experimental CVs (shown as open circles)
were in good accordance with the theoretical ones. It is
well known that the CVs for the ideal double-layer
capacitor, where the time constant is zero, are charac-
terized by a perfectly rectangular-shaped profile [21].
However, as seen in Fig. 6, the CV profiles for the
ACFCE at 20 and 40 mV s™' appreciably deviated from
a rectangular shape.

Let us compare the deviation of the CV profiles from
the ideal double-layer capacitor for the ACFCE with
various g and R,.. At infinite time, the /;,(7) reaches the
following steady-state current:

ot (00) = / vCy2mrl, —y2>dy (19)

lot 1 <_
w2l I \/2_71

The I (f) values were normalized with respect to
Iio((=°), as shown in Fig. 7. Figure 7a and Fig. 7b exhibit
the plots of the reduced current against the applied
potential theoretically calculated from Eq. 18 based
upon the transmission line model as functions of ¢
of the PLD and Ry, respectively, at a scan rate of
20 mV s~ It is noticeable that the deviation from the
ideal double-layer capacitor increased with increasing
both ¢ and R, . In particular, the reduced current for
the ACFCE with larger o and Ry, never reached unity,
i.e. the steady-state current, in the potential range under
investigation.

Here, we quantitatively estimated the rate capability y
as the quotient of the reduced charge for the ACFCE
divided by the reduced charge for the ideal double-layer
capacitor, which is given as:

llot
Qredl o f{[“)‘ }real
Qldeal {M} dt
f Tot(20) [ ideal

I JBppCmtxsdr]
vadZHrlp xf(y)dy

- | { [ (Bi—Bo)vCadnry x £ (y)dy

f vCa2mrlyxf(y)dy

real

} i
ideal

(20)
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Fig. 5 a The cathodic current transients on a logarithmic scale and
b the derivatives of the logarithmic cathodic current transients
theoretically calculated from Eq. 14 based upon the transmission
line model as a function of Ry,. The open circles in a represent
the cathodic current transient experimentally measured on the
ACFCE

where Q¢ 18 the charge for the ACFCE and Qjgea 1s the
charge for the ideal double-layer capacitor.

The rate capabilities y increased with increasing ¢ and
R, as summarized in Table 1. This indicates that the
ion penetration into the pores during double-layer
charging/discharging is more impeded with increasing
values of both ¢ and R, From these results, it is con-
cluded that ion penetration into the pores is closely re-
lated to both ¢ and Ry, during double-layer charging/
discharging of the ACFCE, that is, the larger o and R,
the lower is the rate capability 7.
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ACFCE with scan rates of 20 and 40 mV s~'in a 30 wt% H,SO,
solution. The solid lines represent the theoretically calculated CVs

Conclusions

The present work involves the effects of the PLD and
R, on the kinetics of double-layer charging/discharging
of the ACFCE by analyses of the a.c. impedance spectra,
cathodic current transients, and CVs. From the results
experimentally measured and theoretically calculated,
the following conclusions are drawn:

1. The Nyquist plot of the impedance spectrum experi-
mentally measured on the carbon electrode hardly
followed the ideal impedance behavior of a cylindri-
cal pore. From the comparison of the impedance
spectra experimentally measured and theoretically
calculated based upon the transmission line model in
consideration of the PSD and the PLD of the AC-
FCE, it is concluded that such non-ideal impedance
behavior of the ACFCE is mainly due to the PLD
rather than to the PSD.

2. The cathodic current transient experimentally mea-
sured on the ACFCE coincided well with that theo-
retically calculated based upon the transmission line
model in consideration of the PLD and R,. From
the results of the derivatives of the logarithmic
cathodic current transients theoretically calculated as
a function of ¢ of the PLD, it was found that as ¢
increased, the current decayed more rapidly with time
due to the dominant contribution of pores with a
smaller length in region I, whereas the current de-
cayed more slowly with time due to the dominant
contribution of pores with a larger length in region II.
Besides, as R increased, the theoretically calculated
cathodic current monotonically decayed more slowly

T T T T T T
a
1.0} 4
205} 1
=
c
)
=
>
O of .
e
o)
(&)
3
©
Q -05} .
o
1.0 F .
1 L 1 I 1 L 1 L 1 " 1
0 0.1 0.2 0.3 0.4 05
Applied Potential, E/V (vs. SCE)
T T T T T T T
0 M—M—me————————— b
i
' o5f -
~ . I
-— o ]
c r
70
= N N R,=10x10"Q R
1]
3 ol [/ /| —Ry=4ax102 /i[] ]
N ’ .
5 i | - R, =10x10"0 /]
§ 000 V----Rr =20x10%e " [
3 :
Q -05f .
o
1.0 .
1

0 o1 02 03 04 05
Applied Potential, E/V (vs. SCE)

Fig. 7 Plots of the reduced current against the applied potential
theoretically calculated based upon the transmission line model
as functions of a ¢ of the PLD and b of Ry, at a scan rate of
20 mV s'. The solid bold line denotes the ideal double-layer
capacitor where the time constant is zero

Table 1 The rate capabilities y calculated by dividing the reduced
charge for the ACFCE by the reduced charge for the ideal double-
layer capacitor

Standard Rate Solution Rate
deviation, ¢ capability, y  resistance, Ry ()  capability, y
0.1 0.90 1.0x10'? 0.94
0.7 0.86 4.4x10" 0.86
1.0 0.82 1.0x10" 0.74
1.5 0.73 2.0x1013 0.52




with time due to the higher retardation of ion pene-
tration into the pores.

. The CVs experimentally measured on the carbon
electrode were in fair agreement with those theoreti-
cally calculated based upon the transmission line
model in consideration of the PLD and R,. The rate
capability y, defined as the quotient of the reduced
charge for the ACFCE divided by the reduced charge
for the ideal double layer capacitor, decreased with
increasing ¢ and Ry,. This suggests that ion pene-
tration into the pores during double-layer charging/
discharging is more impeded as ¢ and Rj, increase.
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