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THEORY OF THE GALVANOSTATIC TRANSIENT
METHOD ON POROUS ELECTRODE

Part. 1. Theory of the overvoltage-time curve and determination
of the differential capacity of the electric double layer
and the time constant of an electron-transfer step.

By

Keiji KuNimaTsu®
(Received December 1, 1971)

Abstract

A theoretical treatment for the change of overvoltage ¢(¢) with time on porous electrode
in response to application of a step function of current I was developed in the region of
overvoltage much less than RT/F. ¢(t) was estimated as the change of the potential differ-
ence across the impedance at the electrode-solution interface on the basis of the Carson’s
integral equation. The electrode surface was assumed to consist of a flat part and N-
cylindrical-pores of different sizes. The impedance at the electrode-solution interface was
considered as a parallel combination of the impedance at the flat part and those of pores.
The impedance of a pore was estimated by regarding the pore as an one-dimensional trans-
mission line which consisted of the solution resistance, double layer capacitance and reac-
tion resistance of the electron-transfer reaction.

It was shown that the feature of the ¥(¢)—¢ curve on porous electrode is affected not
only by the time constant z of the electron-transfer reaction which is defined by a product
of the double layer capacitance and the reaction resistance of the reaction, but also by the
time constants of the pores. t,’s (£=1,2,---,N), each of which is defined by a product of
the double layer capacitance and the solution resistance in the pore.

The relation between log (I/#) and time was found to deviate from a linear one in the
initial region of time earlier than the largest one of the time constants of the pores, =,.
It was shown, however, that the differential capacity C of the double layer and r will be
determined from the linear relation between log(I/#) and time in the region of time later
than 7, on the basis of the equation

In{/$)=InC+t/r,
when ¢ is larger than r,. This case was shown to be the one for the hydrogen electrode
on evapolated films of Platinum, Nickel and Silver in alkaline solutions.

The above expressions for the impedance and the ¢(¢f)—¢ curve were found to have
simplyfied forms in the initial region of time earlier than r;/z, where 7; is the smallest one
of the r,’s. It was shown that ¢ and the differential capacity of the double layer at the
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flat part will be determined by the analysis of the initial region of ¢(#)—¢ curve where
time is less than ri/z on the basis of the simplified expressions for the ¢ (t)—¢ curve.

¢() and log (I/%) were calculated numerically as the functions of time respectively for
the case of uniform pore size, and the results were shown graphically.

Introduction

The galvanostatic transient method has been used to determine the
constituent elementary steps of the hydrogen evolution reaction and to elu-
cidate the mechanism of setting up of the hydrogen overvoltage®™. In this
method, the differential capacity C of the electric double layer at the
electrode-solution interface and the time constant = of the electron-transfer
step are determined from the initial region of the overvoltage-time curve

on the basis of Eq. (1)?
In(I/¢)=In C+t/z, (1)

where I, ¢ and ¢ denote respectively the polarizing current of a constant
value, the overvoltage and its time derivative. However, it has been found
that the log (I/¢)—t curve deviates from Eq. (1) on rough evapolated films
of Platinnm!?, Nickel® and Silver? in dilute alkaline solutions and that the
deviation tends to increase with the decrease of the solution concentration
and is not observed on smooth plate electrodes.

On the other hand, it has been pointed.out by several authors®” that
the roughness of the electrode surface affects the impedance at the electrode-
solution interface and that the change of the impedance brings about the
change of the feature of the potential-time curve or the frequency depend-
ence of the capacitive component of the interfacial impedance.

Thus, the analysis of the overvoltage-time curve based on Eq. (1) is
required to be reconsidered by taking into account the roughness of the
electrode surface, since Eq. (1) was derived from an uniformly flat surface
of the electrode. The present work is devoted to develop a theoretical treat-
ment of the overvoltage-time curve in the galvanostatic transient method
and to discuss how to determine the time constant of the electron-transfer
step and the differentical capacity of the double layer on the electrode with
a rough surface. Several authors have discussed this problem for some
special cases. The results and their applicability will be discussed in detail
in the following sections.

§ 1. The overvoltage-time curve on porous electrode
1.1 The time function of potential and Carson’s integral eguation
When a step function of current I is applied to an impedance, the time
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function of potential across the impedance is expressed by the Carson’s
integral equation. Applying this equation to an electrode system, W. LorRENzZ®
expressed the change of the electrode potential ¢(¢) with time in terms of
the impedance Z(s) at the electrode-solution interface as

Z(s))s = S”exp<—st)£§’l dt (2)

where s=jw, j=4 —1 and /2r is the frequency of the alternating current.
We will discuss the potential-time curve on the basis of Eq. (2) in what
follows.

Equation (2) is rewritten by the Laplace transform I of variable s, as

L{p@)} =I1Z(s)s. (3a)
The Laplace transform of the time derivative of potential is derived from
Eq. (3a), as

L{¢()} =1Z(s)~¢(0.).
Putting ¢(0,)=0 as the initial condition in this equation, we have

L{g} =12(s). (3b)

The potential ¢(¢) is thus reduced to overvoltage.
From Egs. (3a) and (3b), we have

o(t)= L™{IZ(s))s) (42)
and 6(t) =L IZ(s)) (4D)

where L™! denotes the inverse Laplace transform of variable s. As seen
from Eqs. (4a) and (4b), the problem of mathematical formulation of ¢()
and ¢(¢) 1s reduced to that of finding the expression for the impedance Z(s).
The impedance Z(s) will be given in what follows by assuming a distribu-
tion of pores of different sizes on the electode surface.

1.2 Impedance at the electrode-solution interface on porous electrode

When the electrode surface consists of a flat part and pores, the imped-
ance Z(s) at the electrode-solution interface is expressed by a parallel combi-
nation of the impedance of the flat part Z,(s) and those of pores Z,(s)’s, i.e.,

1 1 r o1
Z(s)  Zls) A Z(s) (5)

where the suffix f means the flat part of the electrode surface, 2 means the
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k-th pore and N is the number of the pores on the electrode surface.
Now, we estimate the pore impedance Z,(s) on the basis of the one-
dimensional transmission-line model assuming that the pore is of cylindrical
shape and has an axis normal to the electrode surface. According to this
model, the potential in the pore depends only on the position along the axis
of the pore and the k-th pore is expressed by the equivalent circuit in Fig.
1. Here, z is the distance from the orifice of the pore measured along the
axis, e the potential difference between the solution and the electrode at z,
i is the strength of the current passing through the cross section of the
pore at 2, Z,, and R, , are the impedance at the electrode-solution interface
and solution resistance both per unit length respectively and Z,, is the
impedance at the bottom of the pore.
Fudz erde . Soln._

Orifice. .
/] z Z+dz Metal

Fig. 1. The equivalent circuit of the %-th pore.

First, we express ¢ and ¢ at 2 as a function of R,, and Z, ;. As seen
from Fig. 1, we have the following equation for the gradients of ¢ and i
at the point 2

%= _iRl,k (6)
and i _ —elZ, . (7)
dz

Differentiating Eqs. (6) and (7), we obtain

de Ry,
dz? Z x

e=0. (8)

The general solution of Eq. (8) is
e=Aexp(zJ Rl,klzl,k)+BeXP(—z\/ Rl,k/Zl,k), (9)

where A and B are the integration constants.
The current ¢ is obtained from Egs. (9) and (6) as
1

1=— «/m {A exp (24 Ry 4/Z:. )—Bexp(—zy R],,(/ZI,,,)}. (10)
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The constants A and B are determined from the following boundary con-
ditions at the orifice and at the bottom of the pore

elz=0=E, (11)
and elz=1)=ilz=1)2Z, (12)

where /, is the length of the %-th pore. Using the values of A and B thus
determined, we have from Eq. (10) the current which flows into the 4-th pore

l,kZI,Ic +Zb.M/ Rl,kZI,/c COth(lkﬂ/ Rl,k/Zl,k) .
N/Rllc,Zl,k coth (lk\/ Rl,k/ZI,k)+Zb,k

The impedance of the &-th pore is defined as Efi(z=0), and hence we have
from Eq. (13)

i(z=0)= E/ R (13)

R .Z 427, 2}
Z — 1,k4-1,% b, kR s 14
#(5) 2047, . (14)
Where Z;(: = J Rl,kZI,k COth (lk Q/ Rl,k/Zl,k ) . (15)

It can be seen from Eq. (14) that Z,(s) is reduced to Z; by putting the
impedance Z,, infinite. Z} of Eq. (15) is identical with the expression for
the impedance of an infinite pore derived by DE LEVIE® and LEikis, SEBA-
sTIANov and KnoTz®.

On the other hand, the impedances Z,, and Z,, can be expressed by
the double layer capacitance and the time constant of the electron-transfer
step, as™

vak(s)*l = Cb‘k(s+fﬁl) , (16)
and Zl’k(s)_l = Cl’k(S+T71) » (17)

where C, . and C,, are the differential capacity of the double layer at the
bottom of the pore and that per unit length of the pore, respectively.
Introducing Eqs. (16) and (17) into (14) and (15), we can express Z,(s) as

_ Z/?(S) + Cb,lec/C/c
2= e e L 18)
where ZJ(s)= q/z-,c(_stL—k—z-W coth y . (s+77Y) . (19)

*) The time constant of the electron-transfer step changes in general depending on the
overvoltage and consequently on the position inside the pore. However, our consider-
ation will be confied to the region of overvoltage much less than RT/F. In this case,
the time constant of the electron-transfer step is regarded as constant independent
of the position in the pore.
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In Eqgs. (18) and (19), R, and C, denote respectively the solution resistance
and the double layer capactitance of the %-th pore and they are given by
R,=L,R, , and C,=[,C,,. The z, is given by 7,=R,C, which will be called
the time constant of the k-th pore in what follows.

The total impedance of the electrode-solution interface is given as the
parallel combination of Z;(s) and the Z,(s)’s by Eq. (5). Z(s) is expressed by
the double layer capacitance C; of the flat part and the time constant z, as

Z(s) ' = Cyls+27Y), (20)
in so far as the overvoltage is much less than RT/F.
The total impedance Z(s) is finally given from Egs. (5), (18) and (20) as
- _ Y Couals+H)Zs)+1
Z(s)\ = Culs+ 7Y+ & k
= Gt B T CLeRAIC

In the case of an ideal polarized electrode, the impedance Z(s) is reduced
to Z,(s) by putting z7!'=0 in Eq. (21), as

Cy.esZ3(s)+1

(21)

N
Zy(s) ' =Cps+ , 22
o(5) 7S kZ=:1 Z£(5)+Cb,kRk/Ck (22)
where Z)(s)= R, cothy ;s . (23)
JT]CS

Comparison of Z(s) and Z,(s) shows that Z(s) is obtained by replacing s with
s+77tin Zy(s), as

Z(s)=Zy(s+77Y). (24)

1.3 The overvoltage-time curve on porous electrode

Applying the inverse Laplace transformation to Eq. (24), we have a
general relation between the time derivatives of overvoltage in the presence
and absence of the electron-transfer reaction across the electrode-solution
interface on the basis of Eq. (4b)

¢() = ¢(2)-exp(—t/7), (25)

where 9,(#) and ¢,(f) denote respectively the overvoltage and its time deriva-
tive in the ideal polarized state. The ¢(#) will be readilly obtained from
¢o(£) on the basis of Eq. (25) if ¢(¢) is given.

When the electrode surface is geometrically flat, Eq. (25) is reduced to
Eq. (1), since ¢,(¢) is given by I/C.

The ¢ (£) will be given below as the inverse Laplace transform of Z(s)
on the basis of Eq. (4b).

The problem of inverse Laplace transformation of Zy(s) is reduced to
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that of finding the pole points of the function Z(s)-exp (sz) and the sum of
the residues at these points according to the JORDAN’s lemma and the
CaucHY’s residue theorem since Zy(s) is a single-valued function of s and
Zy(s)—~0 with the increase of s as seen from Egs. (22) and (23).

Now, Z,(s)™ can be expressed as the product of s and F(s), .e.,

1
Zy(s) = o (26)

h Fis)=C, + \ el s o
where (5) f /‘ZI Ck+Cb’kaks tanhx/T/cs ( )

The pole points of Z(s)-exp(st) are given as the solutions of the equation
5s:F(s)=0, i.e. s=0 and the solutions of the equation F{(s)=0,

v CulCyit JCL tanh yz5)

v CoCoxt :/C_ tanh ¥ 7,5 )
C;+ 23] =0. 28
7 Z“ Co+C, ./ tes tanh 4 z,s (28)
On the other hand, the residues of the function Z,(s)-exp (sz) are given by
F(0) ! at s=0 and by exp (s.t)/s.F'(s,) at the pole points given by Eg. (28),
where s, is the n-th root of Eq. (28) and F'(s,) is the derivative of F{(s) at
s=s,. Here, the s,’s are confined to the roots on the real axis since ¢,(z)
should be a real function. Thus, we have

o 1 o €exp (S'n,t)
(Po(t)“ I{ F(O) + nZ:l s B! (Sn) } (29)

Next, we will estimate s,F’(s,). For the second term in the right-hand
side of Eq. (29) to be convergent, the s,’s should be negative, and hence we
can put

NS =7 qn, q.; positive real value. (30)

From Egs. (27), (28) and (30), we have

s (5,) = - {C+ Alg.), (31)

¥ C.(C:+CiC, o+ CEitiqh)
where Alg,) =2 VoS APy T B (82)
9r) =1 (Crcos @uy 72 —Cougud 7i sinG, 4 7, f

and the g,’s are the positive roots of the equation

G+ 3 CulCusgidee cosglmatCusingde) _o (a3
=1 gyt (Creos gyt —Ch gty sing ;)
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F(0) in Eq. (29) is given from Eq. (27) as
N
F(0)=C;+ kZ=1(Cb.k+ Ch=0C, (34)

where C is the total double layer capacity at the electrode-solution interface.
Finally, we have from Eqgs. (29), (30), (31) and (34) the expression for &,(¢) as

s L > exp(—gqat)
Golt) = C+217LZ=}1 CorAla) (35)

Integrating Eq. (35), we have the expression for ¢,(¢) as

L prory oexp(ad (36)

n=1 qn {Cf+A(qn)}
Equation (35) indicates that the second term in the right-hand side due to
the presence of pores on the electrode surface disappears with the increase
of time and that a linear ¢,(£)—¢ curve is observed whose slope gives the
total double layer capacity.

On the other hand, in the case of the electrode on which the electron-
transfer occurs through the electrode-solution interface, ¢(¢) is obtained from

%o(¢) by Eq. (25) as

(t) = Texp (—2/2) {? 2% %}. 37)

oo(t) =

Integrating Eq. (37), we have the expression for 9(¢)

_ —exp(—tlr l—exp{—(&+7 )¢}
¢(t) =Ir {1 —exp(—¢/ )}+21nzl e Ay (38)

where r, is the reaction resistance of the electron-transfer step relevant to
the total surface area of the electrode and is related to the exchange current

io as 1‘0=RT/F io.
1.4 The relation between log (Z/¢) and time on porous electrode

From Eq. (37), we have the relation between log(I/¢) and time on porous
electrode, as

In (1/¢) = In C+ t/r— 1n{1+2c7;1 ‘g‘FJ’r(AEI;z ))} (39)

It can be seen that Eq. (39) is reduced to Eq. (1) with the increase of time.
Note that C and = will also be determined on porous electrodes on the basis

of Eq. (1).
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1.5 The case of uniform pore size

In the special case of uniform pore size, i.e.
CkZCp, Cb,k:Cp; Rk:Rp and Tr = Tp (k=1,2’...’N)
¢(2), ¢o(t) and In(I/¢) are reduced respectively to the following equations
o 1 —-exp{ — (qu + i&)t/fp}
T
o(t) = 1Ir, {l—eXp(—t/z-)} +211-,,Z
= (e 2)ler At

b

(40)
I o 1—exp(—qit/z,)
t)=—"—t+2[ L, 41
@o(2) C T2 Z1C+ A) (41)
and

In(I/¢) =1 ~Inf1+20% ER(=at/r) 42

n(/é)=1In C+¢c n{ £ og ), (42)

N°C%+ Cig)(CL+ C,C,+ Cig2)

h A ) = ( » ! » v , 43
where - Alg.) NC,(Ci+Cig) (43)
and the g¢,’s are the positive roots of the following equation

tan g = GG+ NGlg (44)

C,C,f—NC?

Equation (42) indicates that the second term due to the presence of pores
on the electrode surface affects the log (I/¢)—¢ curve and causes a deviation
from Eq. (1) to longer time when z, becomes larger. Thus, the deviation
from Eq. (1) increases with the increases of the specific resistance of the
solution, i.e, with the decrease of the solution concentration.

Several authors™®' have derived the overvoltage-time equation on a
porous electrode assuming the uniform pore size but neglecting the existence
of a flat part and the bottom of the pore. It will be seen that the equations
derived by these authore are obtained from Egs. (40) and (44) by putting
C;=C,=0 and N=1. PostEy and MorozuMI®® have given the overvoltage-
time equation on an ideal polarized electrode in the presence of the external
flat surface, which is obtained by putting C,=0 and N=1 in Egs. (41) and (44).

§ 2. Discussion

2.1 The features of ¢,(¢), ¢(f) and log (Z/¢) functions

In section 1, the expressions for ¢,(#), ¢(¢) and log(I/¢) functions were
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given taking into consideration the presence of pores on the electrode sur-
face. The features of these functions will be nuderstood better by performing
the numerical calculation of them as the functions of time. The results of
the numerical calculation of ¢,(¢), ¢(£) and log (I/¢) against #/z, are illustrated
in Figs. 2, 3 and 4, which were calculated for the case of uniform pore
size under the conditions given in Table 1.

TaBLE 1. Values of some parameters employed in
the numerical calculation

appearent surface area of the electrode 1 cm?
pore radius (r) 5% 10-3 cm
pore length (/) 102 cm
double layer capacity per unit area 20 uF
specific resistance of solution (in 10-3 N-NaOH) 465 K2-cm
time constant of the pore (rp) 3.72 msec
(mV)
8-
6 o
VL
< )
@ (t) v
\
4.—
20
1 L t |
[ 05 I 15 2
t/ 5

Fig. 2. Overvoltage-time curves in an ideal polarized state. The roughness
factor 5 and 1.4 correspond to the number of pores N=1.27x10¢
and N=1.27X103 respectively per appearent unit surface area.
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(mV)

. ] 1 ]
0 05 7 15 2

__—-—t/fp

Fig. 3. Overvoltage-time curves in the case r=rp.

In these calculations, true current density was kept constant (2 x 10-*Amp/cm?)
and hence the current strength increases with the increase of the roughness
factor of the electrode surface. As mentioned in the foregoing section the
influence of the pores on the time derivative of overvoltage decreases with
the increase of time and disappears in the region of approximately £>7, as
seen from Figs. 2 and 4.

2.2 The overvoltage-time curve in the initial time region

Now, we discuss here the initial part of the overvoltage-time curve ob-
served on the electrode with N-pores of different size where # is shorter
than r,/r and discuss what kind of parameters can be determined from the
overvoltage-time curve in the time region #<7;/r. We assume here that
the order of the time constants of the pores is 7, <70, < <7, <+ <7y
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=35

log (/)

-5

| 1 I
g 05 / L5 2

B f/rp

Fig. 4. The relation between log (I/$) and t/rp obtained from Fig. 3.

First, we discuss the ideal polarized electrode.
We have from Eq. (22) the expression for the impedance of the k-th
pore Z.(s) in the ideal polarized state

_ 29+ CouRiJCe (45)

z
A==z

where Z)(s) is given by Eq. (23) as

Z(s) = 4& coth 4 755 .

TiS

The impedance Z,(s) is reduced simply to Z{(s) in the time region t<z/r
as seen in what follows.
Now, we discuss Z2(s). Expanding coth 4 7,5 to a series, we have

cothyzrs =475 5 ————,
no—wo 7.5+ 0w

and hence
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1 e 1
o2

& s+
Tk

Zi(s)=

Applying the inverse Laplace transformation to the expanded form of ZJ(s),
we have

Lt {Z,‘,’ (s)} = —é— i exp(— n:j:z t). (46)

p n=—

In the time region ¢<z,/r, the summation in the right-hand side of Eq.
(46) can be replaced by an integral formula and calculated as

nimexp(— ”Z’z t) _ S:exp<— ";’:2 t)dn — Jont. (47)
Thus, we have from Egs. (46) and (47)

ZYs)= R/ tss . (48)
Introducing Eq. (48) into (45), we obtain

Zi(s) = R[y Tas = Zs). (49)

It can be seen that Eq. (49) coincides with the expression given by DE LEvIE?
for the impedance of an infinite pore.

Introducing Eq. (49) into (22), the expression for the total impedance
of a porous electrode is given by

N . .
Zo(s)_l = Cf5+ kZ:leQ/ S /.J Tr (50)
Applying the inverse Laplace transformation to Zy(s), we have ¢(¢) as
6ot) =L exp (Fo)-exfe(6V T ), (51)
r
where
1 N -
B=—"2Ci/Aze - (52)
Cf k=1
Integrating Eq. (51), we have
¢Aﬂ==7§?—kxpw%%edc@¢73+ZﬁJzﬁ_—1}- (53)
Differentiating Eq. (51), we obtain a relation between ¢,(¢) and ¢,(2)
Vg _ 1 Jtg(t) 1 (54)

1 g I BCHz

18
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This equation enables us to determine g and C, from the very initial part
of ¢,(£)—¢ curve where t<r/x.

It should be noticed here that the ideal polarized state will be realized
on each electrode in principle as described below. The polarizing current
consists of a Faradaic and non Faradaic components and in the very initial
time region much shorter than the time constant of the electron-transfer
step the former is neglisiblly small as compared with the latter. In this
region, the electrode can be regarded practically as an ideal polarized one.

In the case where an electron-transfer occurs through the electrode-
solution interface, we have an expression of ¢(#) in the time region t<z,/x

from Egs. (25) and (51)

00 =L exp{(F—c1) - exte (7). (55)
Integrating Eq. (55), we have
P = ﬁ—r‘) [exp{(,@z—r’l)t} cerfc (By )+B4 1 erf sz/—r—l].
(56)

From Eq. (55), we have
In (I/¢)+ B¢+ In{erfc (842 )} = In C,+ 2z (57)

This equation enables us to determine r ane C; from the initial part of the
©(t)—t curve if § is available, e.g. on the basis of Eq. (54).
The applicability of Egs. (54) and (57) will be discussed in detail in the fol-
lowing section.

In the case of uniform pore size, Eq. (56) becomes equivalent to that
which was derived by KsEnzHEK™.

2.3 The determination of the double layer capacity and the time con-
stant of the electron-transfer step by the analysis of overvoltage-
time curves

As seen from Eq. (38), the time function of overvoltage is strongly
affected by the time constants of the pores z,’s and of the electron-transfer
step 7.

Here, a criterion of the analysis of the overvoltage-time curve will be
discussed in two cases when 7 is smaller or larger than ry. As seen from
Fig. 4, in the case of uniform pore size Eq. (39) is practically reduced to
Eq. (1) in the time region #>7, and we have the linear relation between
log (I/¢) and time. This means that Eq. (39) is practically reduced to Eq.
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Fig. 7. The relation between log (I/#) and time on an evapolated
film of Platinum in NaOHagq. solution. pH=13.45.1:2)

log (1/¢) % "/
=

7

-6 1 L L | ) b
0 500 1000 500
t usec

Fig. 8. The relation between log (I/#) and time on an evapolated
film of Nickel in NaOHaq. solution. pH=11.7512
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Fig. 9. The relation between log (I/¢) and time on an evapolated
film of Nickel in NaOHaq. solution. pH=12.3.3
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Fig. 10. The relation between log (I/¢) and time on an evapolated
film of Nickel in NaOHaq. solution. pH=1295%

(1) in the time region ¢>7,y when N-pores of different sizes are distributed
on the electrode furface.

If ¢ is larger than ry, in the time region between z, and r Eq. (39)
will be practically reduced to Eq. (1). Thus, C and r will be determined
on the basis of Eq. (1). This is the case for the hydrogen electrode on
evapolated films of Platinum'?, Nickel® and Silver® in alkaline solutions.
Examples of the relations between log(I/¢) and time on evapolated films

17
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of Platinum and Nickel observed by MaTsupa, Notoval® and OHMORIP
are illustrated in Figs. 5-10. As seen from Figs. 5-10, the relation between
log (I/¢) and time deviates from a linear one in the initial time region and
the deviation tends to increase with decreasing solution concentration. We
can determine 7, as the time when the relation begins to deviate from a
linear one and 7 and C by the analysis of the linear portion on the basis
of Eq. (1) as has been done by these authors. The r, and = thus determined
are summerized in Table 2.

TABLE 2. The time constant of the electron-transfer step of
the hydrogen electrode reaction and that of the
pore on the evapolated films of Platinum and Nickel
in sodium hydroxide solutions

Pt Ni
pH 11.9 12.3 13.45 11.75 12.3 13.0
Ty (#sec) 300 150 40 450 150 50
t  (psec) 326 235 72.5 1770 589 226

It can be seen from these results that r is always larger than z5 on both
electrodes and in each solution.

On the other hand, in the time region #<7,/r the electrode will be
considered practically ideal polarized in this case as discussed above. Thus,
Eq. (54) is applicable for the determination of C; and .

If 7 is smaller than r,, it will not be posible to determine = and C on
the basis of Eq. (1), because Eq. (39) is not reduced to Eq. (1) in the time
region earlier than r, and the electrode will be practically in the steady state
in the time region later than zy. However, in the time region earlier than
o/z, Eq. (54) or (57) is applicable according as the ideal polarized state is
realized or not. Thus, C;, 8 and r will be determined.

KsenzHEK™™ has discussed also how to determine the kinetic paramaters
on porous electrodes. However, his equations for the determination of the
kinetic parameters on porous electrodes can not be applicable to the electrode
system in which the pseude capacitance plays a role in the setting up of
the overvoltage, because he used the overvoltage at the steady state assuming
that the change of overvoltage was caused by charging up of the double
layer throughout the course of the building up of overvoltage.

Equations (39), (54) and (57) are applicable to the electrode system in
which both the double layer capacitance and the pseude capacitance play
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a role for the setting up of the overvoltage, in so far as we observe the
initial change of overvoltage caused by charging up of the double layer.

The applicability of these equations are not confined to the electrode

with pores of circular cylinder, but they are applicable also to the electrode
with pores each of which has an axis normal to the electrode surface and
an cross sectional area which remains constant independently of the position
in the pore.
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