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The high-frequency region of the impedance diagram of an electrochemical cell can be deformed by
the inductance of the wiring and/or by the intrinsic inductance of the measuring cell. This effect can
be noticeable even in the middle frequency range in the case of low impedance systems such as
electrochemical power sources. A theoretical analysis of the errors due to inductance effects is
presented here, on the basis of which the admissible limiting measuring frequency can be evaluated.
Topology deformations due to the effect of inductance in the case of a single-step electrochemical
reaction are studied by the simulation approach. It is shown that an inductance can not only change
the actual values of the parameters (electrolytic resistance, double layer capacitance, reaction
resistance), but can also substantially alter the shape of the impedance diagram, this leading to
erroneous structure interpretations. The effect of the size and surface area of the electrode on its
intrinsic inductance is also evaluated.

Nomenclature i imaginary component of the
impedance without accounting for the
A linear dimension of the surface area influence of inductance ()
confined by the circuit (cm) Z imaginary component of the
Cy double layer capacitance (F) impedance accounting for the influ-
Cu measured capacitance ence of the additive inductance (Q)
d diameter of the mean effective current shape coefficient; f = 1 for a square
line (mm) and B = n'?/2 for circle (dimension-
Jrnax limiting (maximum) frequency of less)
measurement (Hz) &L relative complex error due to the in-
K, K, shape coefficients with values of 2n x fluence of inductance (dimensionless)
107% and 0.7 for a circle, and 8 x e relative amplitude error due to
10~° and 2 for a square (dimension- inductance (%)
less) o relative phase error due to inductance
L intrinsic inductance of the electro- (%)
chemical cell assumed as an additive 0 ratio between the effective inductance
element (H) time constant and the capacitive time
Rg electrolyte resistance (£2) constant (dimensionless)
Ry measured resistance (Q) w angular frequency (s ™)
Ry reaction resistance () W characteristic frequency at which the
Fo specific resistance (Qcm) inductive and capacitive parts of the
S electrode surface area (cm?) imaginary component of impedance
T, time constant (s) are equal (s™")
Z impedance (Q)
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1. Introduction

The development of impedance instrumenta-
tion for the high frequency range (10kHz to
1 MHz) revealed the problem of the effect of the
impedance of the electric leads and the intrinsic
inductance of the electrochemical system under
study on the results of the measured impedance.
This problem exists even in the lower frequency
ranges, when studying low-resistance systems
such as electrochemical power sources and simi-
lar industrial objects with an impedance in the
1 mQ region.

A basic method eliminating the inductance
of the wiring uses a four-point circuit in the
impedance measurement and has the connection
of the buffer pre-amplifiers for the voltage
measurement as close as possible to the object
under study. If this method is properly applied
the inductance and the impedance of the elec-
tric leads can be completely eliminated. How-
ever, even in this case the measured equivalent
impedance includes the inductance and the
intrinsic impedance of the wiring of the cell
as well as the inductance pertinent to the mean
effective current line electrode—¢lectrolyte-
reference electrode.

These two components determine the intrinsic
inductance of the cell under study which, in
principle, has distributed parameters, but as
a first approximation can be considered as an
element with lumped parameters. This assump-
tion is quite reasonable at frequencies in the
10-100 kHz range, where the inductance effect is
an additive quantity.

It is the aim of this paper to analyse the effect
of the additive inductance from two points of
View:

(1) a quantitative evaluation of the inductance
errors

(ii) an evaluation of the deformations of
the impedance diagrams due to inductance
effects to eliminate any erroneous structure
interpretations.

2. Quantitative treatment of the inductance
error

In the most general case an electric system can be
presented by the equivalent circuit shown in

Fig. 1. Electric equivalent circuit of the measured impedance.

Fig. 1. The impedance of this circuit is defined
by

Z = RM+j<wL~g}~é;> {1
In order to estimate the error due to inductance
effects, the imaginary components should be
compared with those of an ideal system with a
zero inductance. The relative inductance error
can be then expressed by

Z[Lm - Zlm

Z = —'LCy 2)

g =
This equation indicates that the error is pro-
portional to the square of the measuring fre-
quency and depends on the value of L, deter-
mined from the configuration of the system
under investigation, as well as on Cy;, which is a
specific quantity of the system. In the case of
model microsystems this error is small and is
noticeable only in the high frequency range,
whereas in the case of large real systems, where
Cy can reach several hundreds of Farads [1, 2],
the error becomes significant even in the lower
frequency range.

On the basis of the admissible value of the
inductance error the value of £, can be deter-
mined by the relation

fu = 5= /LGy G
2n

Fig. 2 presents the dependence of f,, on
the capacitance of the system for admissible
inductance errors g = 1% and g = 100%,
with inductance values close to those met in
practice, i.e. L = 1pH and L = 0.1 uH. The
plots reveal that systems with a capacitance of
50-100 uF can be measured correctly in the
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Fig. 2. Dependence of the limiting frequency on the capacitance and the error, &, calculated by Equation 3. (a) &, = 1%,
L= LuH; (b) g = 1%, L = 0.5uH; () & = 1%, L = 0.1 uH; (d) & = 100%, L = 1uH.

frequency range up to 10kHz. The relations (a)
and (b) in Fig. 2 imply that a reduction in the
value of L has an insignificant effect on the
increase of fi...

In the case of more complex impedance models
of the system under study (e.g. a polarized elec-
trode, a two-step reaction, etc.) Equations 1-3
also become more complex and the straight-
forward assessment of ¢, and f, ., becomes more
difficult. In addition to this, the increase in the
frequency can bring about a series of changes in
the ideal impedance diagram, which could lead
to erroneous structural identification. In order
to analyse these phenomena simulation investi-
gations were carried out.

3. Topology investigations

The topology investigations were performed by
computer simulation [3] in order to reveal the
structural deformations which could arise by
the influence of inductance on the plotted

impedance diagram. The simulations were
carried out in the 1 to 10° Hz range by variation
of the factor g, which is a function of the para-
meters included in the model, namely
L/IRC,

)

The factor g represents the ratio between the
inductance and capacitance time constants
(¢ = T¥T:) where Ti* = L/R, is the effective
time constant.

The observed topological changes in the
impedance diagram have been shown in a three-
dimensional presentation (—1I,, R., log w),
which considerably facilitates the assessment of
the structural deformation.

e

3.1. Ideal non-polarized electrode (INPE)

The electric equivalent circuit of this simplest
electrochemical system is shown in Fig. 3a. The
impedance is expressed by

Z R + joL

®)
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Fig. 3. (a) Electric equivalent circuit of an ideal non-
polarized electrode; (b) the impedance diagram.

The impedance diagram of INPE presented in
Fig. 3b reveals that the behaviour of the imagin-
ary component is purely inductive. The error
due to induction (amplitude and phase) is given
by
[(0*L* + R*)'?/R] — 1
¢y ~ oL/R (6)
while the limiting measuring frequency as a
function of &5 and e} is determined by

R

Fig. 4 illustrates the dependence of the limit-
ing frequency on the resistance of the system at
L = 1uH. The limiting frequency for systems
with resistances in the mQ range and an admiss-
ible error of 1% lies between 100 and 1000 Hz,
while for an error of 0.1% or 1° it drops to the
10-100 Hz range.

This is the case in the investigation of excep-
tionally low ohmic -electrochemical power
sources, e.g. the sodium-sulphur cell, where
the inductance effect becomes predominant even
before the appearance of the basic high-
frequency components of the impedance [4].

3.2. Ideal polarized electrode (IPE)
The total impedance of this system (Fig. 5) is

Ry +j<wL - ;1——\ (8)

In this case the capacitance component of the
impedance decays with increase of frequency

Smax L (62 + 2e4)"” and tends to zero. Above a definite frequency it
. can even change sign and begin to grow, i.e. it
Juax = (R[2L)e, (7} becomes an inductive component (Fig. 6a, b).
100k
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Fig. 4. Dependence of the limiting frequency on the resistance of the system at L = 1 uH: (2) & = 1%; (b) &k = 0.1%; (c)

gk = 1°(d) &k = 0.1°.
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Fig. 5. Electric equivalent circuit of an ideal polarized
electrode.

3.3. One-step reaction (Faradaic reaction)

Depending on the ratio of the parameters L, Cp,,
and R, (Fig. 7) the shape of the impedance
diagram can change, whereby one of the follow-
ing typical cases may be observed (Fig. 8a—).
The general expression of the impedance is

1

Z = R+ joL + (ijD n I/Rp> 9
Atlow L values (Fig. 8a) the impedance diagram
is represented approximately by a regular semi-
circle, close to that for L = 0, and by a high-
frequency part with inductive origin. In this case
one can observe points which are concentrated
in the vicinity of the frequency, wg, which
become more apparent in the I /logw plane in
the form of an inflection. The deviations of the
I, component from the regular semicircle
are insignificant and the error is given by
Equation 2. In this case the influence of the
inductance is weak, only parametric, the error
is small, and the semicircle can be treated as
inductance-free. The presence of concentrated
points is an indication that the system under
study pertains to this case, but numerical values
of the parameters can be obtained only after an
appropriate identification.

As the relative value of L is increased, the
shape and size of the semicircle are retained
but the concentrated points disappear (Fig. 8b).

-Im ~Im

jw

jw

Fig. 7. Electric equivalent circuit of one-step reaction.

In the 7, /logw presentation the inflection also
disappears and the curve intercepts the logw axis
very steeply. This leads to the conclusion that a
numerical identification from the (— 1) region
only is not reasonable in the case of a model
which does not take into account L, and the
three-dimensional presentation can be only used
to facilitate a qualitative evaluation.

As L is further increased the semicircle main-
tains its shape, changing only in size, but its
intercept on the real axis deviates from the value
of R (Fig. 8¢). The error in the calculation of Rg
due to the effect of L is given by

ke = 0(Rp/Ry) (10)
while that in the evaluation of R} is
Gp = —0 (11)
where
¢ = LIRGy (12)

On the basis of the factor ¢ the equation for
the characteristic frequency can be written as

1 1 1/2
g :"7: 5—1

These estimates (Equations 10-13) are valid
for values of ¢ in the 0-1 range. At values of ¢
approaching 1 the diagram is strongly deformed

(13)

@ R R b)

R Fig. 6. Impedance diagram of the ideal polar-
e ized electrode at (a) L = 0, (b) L # 0.
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(Fig. 8d), while at ¢ = 1 (wg = 0) its shape is parallel to the I, axis and have a typical S-shape.

so degenerated that only the + 7, component Thisshape is a direct evidence for the presence of

remains (Fig. 8e). a high-frequency process, hidden by the effect of
Figs 8f and 8¢ present the cases when ¢ > 1. inductance.

Typical deformations appear which initially are

L
1 [@1Re
a
|
1 [Ql Re
b
/ ,
1 [Q] Re
c
Fig. 8. Simulated impedance diagrams of one-step reaction model influenced by inductance; @ = 1-10% L = 1 uH; R =

0.29Q; Rp = 1Q. Variation of the factorg = f(L, Rp, Cp): (@) ¢ = 0.0001;(b) S = 0.01;{c)¢ = 0.1:(d)g = 0.5:(e)g = 1,
NDo=2(@¢e=5
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Fig. 8. Continued.
4. Dependence of the inductance on the the shape and size of the measured electrode.
configuration and surface area of the measured  From this point of view the cell can be con-
electrode sidered as a one-loop circuit, comprising the elec-

trode under study, the electrolyte, the reference
The effect of the cell inductance on the measured  electrode and at least part of the leads of both
impedance can be reduced by optimization of electrodes, whereby the circuit coincides with the
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Fig. 9. Dependence of the inductance on the linear dimension of a single-loop circuit for: (a) square shape with a linear
dimension a, wire diameter 1 mm; (b) rectangular shape with a linear dimension 2a, wire diameter 1 mm; (c) same shape and

dimension, wire diameter 5 mm.

mean current line determined by the cell con-
figuration. It is well known from theoretical
electrotechnics that the inductance of a single-
loop circuit is determined by its dimensions and
geometry as well as by the diameter of the wire
[6].

Fig. 9 illustrates the dependence of this induct-
ance on the linear dimensions of the circuit as a
function of the shape and diameter of the wire.
From the relationships in Fig. 9a, b it is evident
that at one and the same diameter the induct-
ance grows with the area encircled by the wire.
The wire diameter has also a considerable effect
on the inductance, which diminishes as the
diameter is increased (Fig. 9c).

In order to evaluate the effect of the surface
area of the electrode under study on the induct-
ance error, the following expression for the
resistance is introduced in Equation 11:

R = r)/S (14)

which yields an expression for the error as a
function of the electrode surface area

LS/T.r (15)

Expressions for the calculation of the induct-
ance of a single-loop circuit as a function of the
shape and dimensions of the circuit are given by
theoretical electrotechnics [6]. After introducing

k=

some simplifications the following equation can
be derived

L = K, Aln QK,Ald) (16)

By the combination of Equations 15 and 16 a
general equation for the inductance error as
a function of the electrode surface area is
obtained:

BK,

2K ;
_ 1,5 2
W= [S (05§ + In == + log ﬁ)]
(17

where T = R,Cp, and r, are electrochemical
parameters, and K|, K, S, d, and f are geo-
metric parameters.

After simplification it can be concluded that
the error is approximately proportional to the
square of the surface area of the electrode inves-
tigated.

5. Discussion

The effect of the intrinsic impedance of the cell
under investigation on the measured electro-
chemical impedance has been studied from two
points of view: a qualitative evaluation of the
parametric errors and an analysis of the struc-
tural alterations in the impedance diagram.
Analytical expressions have been derived for
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the estimation of the inductance error and for
Jfuax @t a preselected error value. It is estab-
lished that in the case of low resistance systems
fmax Shifts to the range of the middle and
low frequencies. Hence, one should be cautious,
especially when measuring high-capacity elec-
trochemical power sources, where significant
inductance errors can arise at frequencies as low
as 10-1000 Hz.

The analysis performed in this paper reveals
that a considerable increase of the useful
measuring frequency range can be achieved by
the miniaturization of the experimental cell
(e.g. by reducing the mean current line and,
especially, reducing the electrode surface area).
This leads to the use of model electrodes with
which it is possible to study fast processes. An
important role is assigned here to the configur-
ation of the experimental cell which, in the opti-
mum case, should be coaxial. The influence of
the external wiring can be also significant. This
problem is not considered in this paper, but has
been elucidated in detail by Gohr et al. [7]

The considerations presented here lead to
some important conclusions as regards experi-
mental methods and instrumentation. The
measuring frequency range should also include

the region where inductance is relevant. In this
way one can obtain data allowing for the appli-
cation of appropriate algorithms for the identi-
fication and correction of its influence. As a
result of this procedure f,,, can be increased
considerably.

In the study of fast processes which are
completely concealed by the effect of induct-
ance (Fig. 8e-g), it is necessary to develop
special instrumentation and methods permitting
investigations under predominant inductance
conditions.
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