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A noble approach to measure the interfacial resistance is presented. This approach is

appropriate particularly for the systems having very high electrolyte resistance which results

in a long time constant and disenables conventional electrochemical methods. This method

consists of several current steps such that each step has same magnitude and duration. In

this method, the ohmic contribution can be eliminated via measuring the transient potential

response when a very small current step is applied repeatedly. A theoretical analysis of signal

response and method of analyzing such response to obtain the interfacial resistance are

presented.

1. Introduction

Determination of a interfacial polarizing resista-
nce(R,) constitutes a vital electrochemical experi-
ments. Numerous methods such as linear polariza-
tion!™®, AC impedance4'5) have been proposed to
measure R. In the linear polarization method, for
example, Rp can be determined by either potentio-
dynamic or galvanodynamic method where a pote-
ntial(or current) ramp is applied while the resul-
ting current(or potential) response is analyzed.

It should be noted, however, that the system
should attain steady-state for precise determina-
tion of Rp. A sweep rate(linear polarization) and
frequency(AC impedance) have a significant inf-
luence on the accuracy of measured RP‘"ﬁ) and
should be selected so that a steady-state proximity
can be maintained. A system'’s time constant, which
determines how fast the system attains steady-

state, varies with the electrochemical nature of po-

larizing interface. The time effect may be obtained
by representing the polarizing interface with an
electrical model consisting of an appropriate com-
bination of passive circuit elements. The simplest,
but mostly commonly used, model is the simplified
Randles circuit(Figure 1) consisting of the electro-
lyte resistance(R,), the double-layer capacitance
(C) and the polarization resistance(R,).

The time constant of polarizing interface is a
function of system’s electric component. As will
be shown later, it increases with C and resistances.
Hence systems having high electrolyte resistance
(metals in organic coating or concrete) and charge
transfer resistance(passive metal, kinetically slow
reactions) are subjected to problems of large time
constant and the measurement of Rp via conventio-
nal steady-state method becomes ineffective. In
other words, a very slow sweep rate(linear polari-
zation) or ultra low frequency(AC impedance) is

required to measure Rp of such systems. This
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For majority of metals in solution systems, the
R, polarixation resistance(R) is much greater thar
AN\ the electrolyte resistance(R,), and equation(4)
R,

Fig. 1 Randles equivalent circuit
R, : Electrolyte resistance
Rp : Polarization resistance
C : Double layer capacitance

study presents a noble mothod which is suitable

for such systems having large time constants.

2. Time Constant of Various
Electrochemical Methods

When an Randles circuit is subjected to a poten-
tial ramp, of magnitude AE, it exhibits the follo-

wing current response

AE CR.R
I -_—— + —pf— P
(t) Ro(R<R)) {R. Rpexp( t/ R.+E, )}

(1)

This response has two components of statio-

nary
AE
lo=—" (2)
R.tR,
and transitory
AER CR.R
L,= —J—(R8+Rpexp(-t/*—el~)
Re(Re+Rp) R.tR,
(3)

The current attains steady-state when the tran-
sitory component of response disappear, i. e, I;,=
0. Time constant (tg), therefore, can be written

as follow from equation(3) :

can be written as

e~ CR, (5)

Tg represents a time constant for potentiostatic
case.

Time constant for galvanostatic case can also be
obtained from the potential response. Potential re-
sponse upon current ramp exhibits simpler beha-

vior which can be represented as

E() =1[R.+R,{1—exp(-1/CR))}] (6)
and the time constant can be written as
tI:CRp (7)

Bearing in mind that R,>>R, for most of sys-
tems, a potentiodynamic method using a potential
ramp has an advantage over a galvanodynamic one
in that the time to attain steady-state is shorter
for the former(tg<<t;). Even for a potentiodyna-
mic method, however, a proper scan rate should
be selected to obtain reliable results.

It has been shown that an apparent Rp value
between Rp and (Re+ Rp) may be obtained depen-
ding on the scan rate. Generally the scan rate may
be such that the scanning time to apply AE=1* 10
mV is larger than 5~6t. Faster scan rate results
in underestimated Rp close to R, whereas slower
rate gives overestimated Rp close to (RC+RP).

A similar scan rate problem is encountered with
AC impedance method where a sinusoidal pertur-
bation is applied. The ratio AE/ALl i. e., impedance

Z, is a sinusoidal function which can be decompo-
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sed in a resistive term in phase with input signal
and a capacitive term with a phase shift of 90°.
Impedance vector describes a semicircle in a com-
plex plot when the frequency is varied from 0 to
w0, The parameters of this semicircle enable one
to calculate R, Rp and C.

It has been awared that the advantage of AC
impedance method is that it does not perturb the
system significantly because of it's AC nature that
does not produce transport phenomena. At very
low frequencies, however, a significant perturba-
tion is expected. Moreover, in systems of high inte-
rfacial resistance, frequency should be very low
like 103 Hz or lower in order to obtain kinetic
information. In this low frequency range, the equi-
librium potential becomes unstable due to the sub-
stantial transport phenomena effect.

Mansfeld 4 proposed a limit of low frequency
signal where Rp can be measured without a signifi-
cant contribution of transport phenomena as fol-

low

1 1
fnax = (1_—\’ R}%_4ReRP”4R§)

anR,C *  Rp

(8)

Since the limit frequency(f,,,) decreases with
increasing R, and Rp, impedance can not be used

for systems having high R.and Rp.

3. Galvanostatic Transient Linear
Polarization Method

Galvanostatic Transient Linear Polarization
(GTLP) method is proposed for systems where
the conventional methods(linear polarization and
AC impedance) can not be used to measure the
interfacial resistance due to high Rp and/or Rp.

The GTLP method consists of several current step

such that each current step has the same magni-
tude and duration. The current of the n™ step is
n times that of the first step (I,=nl;). The sche

matic representation is shown in Figure 2.

Current

(D

I» In=nl; tn=nt;

Time(t)

Fig. 2 The applied current signal of the GTLP me-
thod.
lirepersents the current of the iMstep.

The electrode potential upon external current
exhibits transient behavior as equation(6). The
electrode potential corresponding to the ith step
will be measured at time t; such that(t;—t;_,) <t,.
As a result, the measured potential, E;, is not a
steady potential as the duration of the applied sig-
nal is smaller than the time constant t;. From equa-

tion(6)

E;=I[Rp{1—exp(-t/CR)} +R ]+
E; exp(-t/CR)) (9

where E; and I; are the potential and current at
the i step and Ei_lexp(-t/CRp)is the overvoltage
present when I; is applied.

When polarization is started from the equilibrium

potential, E.,,
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Ei.1=E=0 (10) Note that in deriving equation(17), the following
At steady— state(t=c0 ) relationship is used
_ I (n-DI n-1
Eit=)=L(Rp+R,) (11) a1k P e (18)
In nIl n

The overpotential corresponding to I, is written

from equation(9)

E,=L,[Rp{1—exp(-t/CR) | +RJ+E,

exp(-t/CR,) (12)
similarly

Ep 1 =11 [Rp{1—exp(-t/CR)} +R.I+E, ,
exp(~t/CR}) (13)

En_2: In‘l[RP{ l“exp(‘t/CRp)} +R6J +En-3

exp(-t/CR)) (14)
E,=L[Rp{1—exp(-t/CR)} +R]+E,
exp(-t/CR,) (15)
and
E,=L{Rp{1-exp(-t/CR)} +R,] (16)
Combining equations(12)to(16),
En — Ian(l . e-2t/'f + IL_le't/T - IL_le't/t
In Iﬂ
_ I
+ ILZC—Zt/t_ ) + InRe(l + _"__le-[/t
I 1
n n
+IL"2e—2t/t_ =)
n
1 1 1
— InRP(l — el gt __e~nt/1:)
n n n
-1 n-2
FLR 1+ et 4 e
n n
1 vy
TN d! an

n

The deviation of the transient overpotential from
the syeady-state overpotential, An, can be obtained

from equations(11)and (17)
AN=Ey-)E,
=1,(Rp+R,) —E,
:IIRP(e-t/t+e—2t/t+ .. +e—nt/t)+

~IR{(n=De""+ (n-2)e P+ +

e—(n“l)t/r} (19)

In case when e'*<1, since t>t, equation (19

converges to a maximum value, A, -written as

RP - nRe Re
1— e-t/t + (1- e-l/t)Z }

Ap=Te'" (20

It should be noted, in the above equations, that
t=Xt; and equation(20) holds when the total ela-
pse ltime, t, is greater than system’s time constant,
t. Equation(20) shows that there is a maximum
in the difference between the transient and steady-
state overpotentials. Therefore, after A, is attai-
ned, the resulting non-steady-state overpotential
vs. applied current will become linear and yield
the same slope as for the steady-state relationship.
In other words, a non-steady-state potential beha-
vior which comprises a transient portion, can be
considered as a steady-state one since the differe-
nce between the two is maintained at a constant
value of A, after a certain time of t>t. Potential
response measured right after t;, the application

of a current step, can thereby utilized without wai-
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ting until steady potential response appears after
t. This method accelerates the collection of data
as overpotentials are measured in transient region
(Gt <),

4, Application of GTLP Method

Figure 3 schematically presents the approach to
determine the interfacial resistance from GTLP
method. The potential response curve (Figure 3-
(b)) to an applied current step (Figure 3-(a)) is
composed of three parts. An initial instantaneous
potential rise due to the electrolyte resistance, R,,
is followed by an exponentially increasing transient
part due to the capacitive nature of system. Finally,

a steady state maximum appears.

Putting t=0 and t=win equation(6)

E,=1IR, (21)
E, =En=I(R.TRp) (22)
AE=E,,, —E, where E, is the transient potential.

- _ -t/
AE=IR,+IR,~H{R,(1-e") +R.}
=R e"" (23)

Taking log on both sides and rearranging
log(AE) =log(IR)-t/t

which is a straight line in a plot of log(AE) vs.
time(Figure 3-(3)), with an intercept of log(IR,)
and a slope of (-1/CR,). The polarization resista-
nce, therefore, can be obtained through determi-
ning either the intercept or the slope. It should
be noted that the transient potential, measured at
time t;, is valid only when it is measured after the

total elapse time, t, is sufficiently greater than time

Lapp

0 Time(t)

E (b

Eqew) =1(Re+rp)

- Time(t)

log(AE) (c)

log(IRp)

-—

Stope =1/x=1/CR;

Time(t)

Fig. 3 Schematic repersentation of galvanostatic
charging curve analysis.
(a) Applied current signal
(b) Potential response with time
(c) Plot of log(AE) vs. time

constant, t, in order that equation (20) be satisfied,
Experimental validation of GTLP method will be

shown in the following works.
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