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Impedances of electrochemical systems:
Terminology, nomenclature and
representation—Part I: Cells with metal
electrodes and liquid solutions (IUPAC
Recommendations 1994)

Abstract. This document provides an inventory of the parameters that are in use to describe
impedances of electrochemical cells. The definitions of these parameters are given, as well
as recommendations for their terminology and nomenclature. Where relevant, experimental
determination of a parameter and limitations to its validity are briefly discussed.
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INTRODUCTION

The method of impedance measurements is widely used in many fields of electrochemistry, e.g.
electrode kinetics, double-layer studies, batteries, corrosion, solid-state electrochemistry,
bioelectrochemistry (especially membranes). It is one of the linear response methods, which means
that the system is perturbed by a sine wave current or potential of such a small amplitude that the
response contains only the first-order terms of the Taylor-expanded non-linear current-voltage(-con-
centration) relationship.

Generally, two "modes" of performance of the method can be distinguished:

(i) Measurement of the impedance as a function of the frequency of a small-amplitude sinusoidal
potential perturbation superimposed on a direct potential bias. The impedance spectrum is
measured at varied values of the direct potential. This method is named "Electrochemical
Impedance Spectroscopy", or (less commonly) "Impedance Voltammetry".

(i) Superposition of a single-frequency sinusoidal potential on a scanned or stepped direct potential
and measurement of the responding sinusoidal current as a function of the direct potential. This
technique is named "Alternating Current Polarography"”, or (less commonly) "Alternating Current
Voltammetry". In this case essentially the reciprocal of the impedance, called admittance, is
obtained.

Closely related to the impedance technique are the other linear response relaxation techniques: the
galvanostatic and potentiostatic pulse techniques. The mathematics of these methods are most easily
treated by means of the Laplace transformation [see e.g. refs. 1-3], which has led to the definition of
the gperational impedance as the quotient of the Laplace transformed potential and the Laplace
transformed current. In terms of this concept, the methodology becomes similar or even identical to
that of the complex impedance obtained in the case of sine wave perturbation, though the latter has
still the advantage of instrumental rejection of higher order contributions and noise, and of the ability
to improve precision by signal averaging.

Another class of related techniques are the second grder response methods, like second-harmonics
alternating current polarography, [ref. 4], harmonic impedance spectroscopy [ref. 5], faradaic
rectification [ref. 6] and demodulation voltammetry [ref. 6]. The information obtained from these
methods, based on the non-linearity of the current-voltage characteristic, is highly complementary to
the first-order information.

Due to the variety of applicabilities and performances, stemming from different "schools", there is at
present a serious lack of uniformity in the literature concerning both terminology and nomenclature
used to characterize impedances of electrochemical systems. Also there is some controversy about the
meaning - or rather the meaninglessness - of the so-called "equivalent circuit".
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The purpose of this document is to make an inventory of the parameters that are in use to describe
impedances of electrochemical systems, and to compare their meaning. Concomitantly
recommendations are given of the preferred symbols, terminology and nomenclature.

The systems considered in this Part I are typically electrochemical cells with a working electrode

(sometimes called "indicator electrode"), a reference electrode and a counter electrode, in contact with

a liquid electrolyte solution. Unless stated otherwise,

- the experimental set-up is constructed such that exclusively the impedance of the working electrode
is measured;

- the solution contains a supporting electrolyte;

- the working electrode is a metallic conductor, or a non-metal with comparable conductivity;

- electrode surfaces are ideally homogeneous (effects of surface inhomogeneity will be treated
separately in section 10).

Major applications of such cells are in:
- fundamental electrochemistry;

- electroanalytical chemistry;

- corrosion science;

- electrodeposition;

- electrochemical synthesis;

- energy storage and conversion;

- bioelectrochemistry.

For some processes the representative impedance may depend on the geometrical shape of the
electrode. Then the following "ideal" cases will be distinguished:

- planar electrode;

- spherical electrode (radius rp);

- cylindrical electrode (radius rp);

- thin-layer cell; in this case there are two identical working electrodes.

For the basic quantities needed to define the impedance parameters we have empioyed as much as
possible the notations recommended in "Quantities, Units and Symbols in Physical Chemistry"
[ref.7]. A list of these quantities is given in Appendix A. A list of the impedance parameters is given
in Appendix B. Other IUPAC documents consulted are refs. 8 and 9.

As for references to the literature, this document is mainly based on textbooks, monographs and
reviews [refs.1-6, 10-18], from which further references to the original literature are available. Only
with regard to the relatively novel theories dealt with in Section 10, some references to recent
publications are added.
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1 GENERAL CONCEPTS

The concept of the electrical impedance was originally introduced to describe the response of electric
networks to perturbations with sinusoidally alternating currents or voltages. Networks consisting of
passive elements as a resistance (R), a capacitance (C), a self-inductance (L), are typically linear
systems, which means that the current response I(t) to an applied potential perturbation U(#) is
determined by a linear differential equation

dm1 dm-y d"u d"ly

by — + by —— + ..b,, I = a +a
0 g I gemT ™ 0 g T gen

+ ..a,U

From this equation it follows that, if U(#) is sinusoidal, i.e.

U(t) = AU = Up, sin (ax)
then I(¥) must be sinusoidal aiso:

I(t) = Al + Iy, sin (a¢ + ¥) = I, [cos ¥ sin a¥ + sin ¥ cos ax]

where ¥ is the phase angle, also called phase shift.

Fig. 1.1 Schematic representation of the voltage across and the current
flowing through the network

1.1 Impedance and admittance
Any impedance or admittance is defined by an amplitude ratio and a phase angle. This enables to treat
impedances and admittances as complex numbers.

The impedance is defined as
Z=27+iZ" (1.1)
Z'= (Um/Im) cot 19 (l.la)

Z'= Uy /Iy) sin ¢ (1.1b)
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It follows that
Z /2" =cos ¥

@7+ @?"” =121 = Ug11,

N.B. In the electrochemical literature the notation Z=Z'-iZ" is frequently employed instead of the
formal notation above. This is related to the fact that often in electrochemistry the value of ¢ is
negative, combined with the desire to have Z" positive. In view of the widespread importance of the
impedance method, also outside electrochemistry, the notation of eqn (1.1) should be preferred.

The admittance is defined as
Y=r+ir'=2" (1.2)
Y' = (In/Um) cos (-9) (1.2a)
Y' = (I;n/Un) sin (-89) (1.2b)
It follows that

Y/Y" =ZIZ" = - cot &
N2 w2112
{0+ @} =¥ = I/ Uy
v =z /{7 + @V}
v = -z" @3+ @V}

Impedances and admittances of networks can be calculated by means of Kirchhoff's laws:
a) elements in series (see Fig 1.2a):

Z=Z1+ Zy+ Zj (1.3a)
1 1 1 1

_ = —  — + — 1.3b
Y Y, Y, VY; (1.30)

b) elements parallel (see Fig. 1.2b):
1 1 1 1

= — 4 —+ — 1.4
Z 7, Z;  Zs (142)
Y=Y+ Yy+ ¥y (1.4b)

with due observance of the mathematical rules of complex numbers.

. g

21 2 z3 22

Fig. 1.2. a) Elements in series b) elements parallel
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1.2 Operational impedance and admittance

When the perturbation is not sinusoidal, but some other function of the time ¢, the response as a
function of time may be quite complex. It is found as the solution of (a set of) differential equations.
A relatively simple method to find this solution is the method of Laplace transforms. In formal
notation, with £ = the Laplace operator and s = the Laplace parameter:

U = U@, 2U) = Uls)
1=1 , () = I

By definition the operational impedance is, for small pertubations, i.e. a linear system:

Z(s) = AU(s) / Al(s) (1.5)
and the operational admittance
Y(s) = ZGs)"! = NGs) / AUG) (1.6)

It can be shown that, for s=iw, Z(iw)=Z and Y(iw)=7Y, where Z and Y are defined in eqns
(1.1) and (1.2), respectively. These equalities are particularly useful, a) to derive expressions for
impedances or admittances, b) to relate methodologies of different experimental techniques to one
another.

1.3 Impedance of electrochemical systems

According to the above definitions, the unit of the impedance is €, and of the admittance Q-! or S. In
the electrochemical literature the symbols Z and Y nearly always refer to the unit of interfacial area,
i.e. the units of Z and Y are Q m2 and S m2, respectively. Clearly this is brought about by replacing
the current I by the current density j in eqns (1.1) through (1.6). From here on this will also be
done in this document. Furthermore, the symbol E will be used for the potential of the working
electrode.

A problem with electrochemical systems is that usually the fundamental relationship between the
current density and the electrode potential is non-linear. For example, a faradaic charge transfer
process leads to a relationship containing exponentials of E. Also, the double-layer charging process
involves the double-layer capacitance, the value of which is a function of E. It is required, therefore,
that the perturbation be so small that the current-potential relation may be linearized. This restricts the
magnitude of Ep, in AE = Ep sin (a) to a maximum of ca 5 mV, provided that measuring devices
with harmonic rejection are used.The amount of 5 mV is to be considered only as a global indication.
The exact limit in some particular case has to be estimated a posteriorj from the experimental data, by
examining the extent of their potential dependency.
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A second complication is that the j(E) relation is frequently implicit, because of the presence of other
variables, like co and cr in the faradaic rate equation. The way to set up a derivation of the impedance

or the admittance is then as follows.
Let the j(E) relation be of the type

J=AE, X1, %2, s Y15 Y25 o) (1.7)

where x; = f; (/) and y; =f; (E). Then for a small perturbation Aj or AE we have from the first-order

Taylor expansion:
Aj = (-ai) AE + (,;i) Ax; + ;;ij Ay; (1.8)
oE Xi» ¥i X E,xj#i’y,' Vi E,x,-,yj;«.-i

Substitutions of Ax; = f;(Af) and Ay; = f(AE) lead to the explicit relationship between Aj and AE.

The partial derivatives are the parameters defining the admittance or impedance of the system. This
procedure will be the fundamental basis of this document.

In an electrochemical system a variety of processes can contribute to the current-potential relationship
and thus to the impedance of the system. Their effect results either into a representative parameter in
the impedance expression, or into a particular meaning of a parameter representing an other process.
In the Chapters to follow it will be tried to give a systematic survey of these effects, as much as
possible in an order of increasing complexity.

Not only is it necessary to categorize the symbols and nomenclature of the impedance parameters
themselves, but also of the most useful notation to describe their potential dependence.

1.4 Representation of data

For a long time, impedances of electrochemical systems have been measured using impedance
bridges, comparing the unknown impedance with that of an electrical circuit, usually consisting of
precision resistors and capacitors, placed either in series (Rs, Cy) or in parallel (Rp, Cp). This resulted
in the habit of reporting data in terms of Rs, Cs or Ry, Cp, respectively, as a function of @ or E. This
habit should be abandoned, because it is improper to assign frequency dependence to resistances and
capacitances. In fact this terminology is no longer commonly employed, since more and more
measurements are being performed using "network analyzers" or "frequency response analyzers".
These instruments give as primary data either IZl, 9 or Z', Z", with the relationships:

1ZI

]

2 2112 .
{@?+@] . 9 = axccot(Z/2")
Z =12l cos ¥ , Z" = |Zl sin 9
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Graphical representation of primary ("raw") impedance data can be quite useful from a diagnostic

point of view. The most common form of representation is the complex -plane diagram, i.e. the plot

of Z" against Z' at varied frequency @. An example is shown in Fig. 1.3a. Such a plot is known

under different names:

a)  "Argand diagram"; general for representation of complex numbers,

b)  "Nyquist diagram"; more particular in use for representation of complex transfer functions of
electronic control devices,

¢)  "Sluyters diagram"; more particular in use in electrochemistry, especially corrosion literature.

d) "Cole-Cole plot"; in analogy with the graphic representation of the dielectric constant.

In order to avoid confusion it will be preferable to use the terminology "complex-plane impedance
diagram”, ¢.q. "complex-plane admittance diagram".

An alternative for the complex-plane diagram is the so-called "Bode diagram", in which log IZ] and ¢
are plotted against log @ (Fig. 1.3b). Then the frequency-dependence is more clearly visible, and the
distinction impedance vs admittance is less relevant : log IY1 =-log |ZI.

]~

2 N ,
—Z' —=log ®

—log 121

Fig. 1.3 a) Complex-plane impedance diagram b) corresponding Bode diagram

The information obtained from these representations can be complementary: the Bode diagram will
(roughly) indicate the number of separate elements constituting the total impedance (strictly only if an
equivalent circuit applies, like the one in Fig 1.3a), whereas the complex-plane impedance diagram
reveals their possible nature, e.g. R, C, etc.

The use of a computer enables three-dimensional plots to be made of the impedance (or the
admittance), i.e. with the imaginary and the real components as well as log @ as the coordinates (see

Fig. 1.4).

Although it is true that two- and three-dimensional plots give rapidly a qualitative insight, their value
for quantitative analysis should not be estimated too highly. They are just of additional help to
examine internal consistency of a set of data points, and to compare the experimental behaviour with
theoretical curves obtained by fitting.
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log (@)

Fig. 1.4 Three-dimensional impedance plot [ref. 5]

N.B. Almost without simple exception electrochemical systems exhibit capacitive behaviour which
leads to negative Z". This has brought about the habit of plotting —Z" on the ordinate, in order to have
the impedance locus in the first quadrant.

Besides the frequency, the mean potential bias is an important variable in impedance studies. A great
deal of methodology available at present originates from the more analytical method of a.c.-
polarography, where actually the amplitude and the phase angle of the current response to an
alternating voltage perturbation are recorded at a single frequency, as a function of the mean potential,
Symbols and notations in this field are quite different from those in the impedance treatments. It will
be obvious, however, that in many cases the same phenomenon or process is being described. The
a.c. polarogram or more general, the a.c. voltammogram is suitable for diagnostic purposes, based
on the potential dependence of such phenomena or processes.

Quantitative interpretations, of course, rely on numerical data analysis, as a function of both the
frequency, w, and the mean potential, E. Sometimes in such analyses more specific graphical

methods are employed.

1.5 Modelling of cell impedances; equivalent circuits
The eqns (1.7) and (1.8) are the fundamental basis for the theory of cell impedances. They have to be
completed with models that explicitly represent the functions describing all Ax;'s and Ay;'s.
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Frequently it occurs that two or more independent processes contribute to the function (1.7)
describing the current density. Then it is more convenient to treat these processes separately, and to
combine them afterwards, by means of an equivalent circujt. The most well-known example is the
case where a charging current and a faradaic current pass an electrode/electrolyte solution interface,
while the total current is conducted by the electrolyte (Fig. 1.5a)

a) Cq

b)
Zc
— zR } —AAN\— ___
R
Q
ZE —A/w-\/\/—

Rct o
Fig. 1.5 a) Equivalent circuit b) Equivalent circuit after
ZR : solution impedance Randles and Ershler
Zc : double-layer impedance Symbols: see text

Zp : faradaic impedance

In Fig. 1.5a the three impedances are purposely unspecified. The diagram merely serves to represent
the assumption that the two interfacial processes proceed jndependently and parallel to each other, and
together in series with the conduction process. If, on the contrary, these processes mutually interact
(one then says they are coupled), assigning an equivalent circuit is much less obvious, and should be
either omitted or done with great care.

In some cases the impedance corresponding to a certain electrochemical process has a characteristic
behaviour in the same way as simple passive electronic elements like the resistor and the capacitor.
This holds for example for the conductivity, the faradaic charge transfer and the double-layer
charging represented by respectively R, Rct and Cy in the well-known Randles-Ershler equivalent
circuit (Fig.1.5b), which could be considered as an explicit version of the circuit in Fig.1.5a, valid
under certain conditions. This exampie already shows that such an equivalent circuit is rather
artificial: it also contains the Warburg impedance representing the diffusion of the electroactive

species:

Zw =ow'2-icarl2
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In fact, this impedance is equivalent to that of an infinitely large network ("transmission line") as
shown in Fig. 1.6.

—]:.Wr M

RS A M
TTTTT

Fig. 1.6 The equivalent circuit of the Warburg impedance

W =

The electrochemical community has accepted the Warburg impedance as a "basic element" of an
equivalent circuit. Extrapolating this to more complex cases, each impedance expression can be
“visualized", using both "accepted elements" and "elements to be designed". Such a tendency,
however, should be discouraged, unless its usefulness is obvious in a certain case.

It is definitely wrong to analyze experimental impedance data by just fitting to an equivalent circuit
corresponding to a network chosen by trial and error. The reason for this is that the impedance
response of several equivalent circuits can follow exactly the same function of frequency, only with
different meanings of the corresponding elements. In addition, a fit will always be successful if an
unlimited number of parameters is admitted. Without having an a priori model, the meaning of these
parameters is undefined [ref.5].

2 THE OHMIC RESISTANCE

2.1 Principles
The total current crossing a metal/solution interface, is conducted through the solution by migration of
ions. This process obeys Ohm's law up to very high frequencies.

The solution resistance, R, is proportional to the resistivity, p, and depends on electrode and cell
geometry:

(i) planar : R = pa 2.1
(ii) spherical : Ry =p ‘—z‘i—’gg 2.2)
(iii) cylindrical : R = pry In 2570 2.3)
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where a is the distance from the electrode surface of the point at which the ohmic potential drop is
(virtually) measured, and rg is the radius of curvature of the electrode. In eqns (2.1) - (2.3) the unit
of Ry is Qm?2.

The same current is conducted through the metal of the electrode and through the connecting leads by
transport of electrons. This gives rise to the metal resistance, Ry, which is added to R; to give the

ohmic resistance ~ Rgq

which appears in series with the

electrode impedance Z)
as depicted in Fig. 2.1.

—MN—— ZG|
279)

Fig. 2.1 Equivalent circuit showing the role of the ohmic resistance

2.2 Other notations that have been used

- series resistance, Rg; we recommend to employ Ry to denote the solution resistance.

- bulk or solution resistance, Ry, R ; not recommended because subscripts are less recognizable,
and metal resistance is not implied.

2.3 Limitations

- Theoretically, the solution ceases to behave as a resistance at very high frequencies (Debye -
Falkenhagen effect).

- In practice, the resistive behaviour is affected by non-ideality of the cell system, due to
inhomogeneity of the electrode surface, edge and screening effects, etc. [see also Section 10).
Also connecting wires are not ideal resistors, but involve some self-inductance, stray capacitance,
etc.

2.4 Experimental determination of R

a) If Z.| is a pure capacitance [see Section 3], directly from the impedance at any frequency: Ro=Z

b) If Z¢ is more complex [wZ" = flw)], by extrapolation of either Z' = flw) to ® = o or of the
complex plane plot to its locus at @ = ee:
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lim (Z)=Rq (2.4)

[1)] —
Sometimes it is favourable to employ devices that enable (by means of "positive feedback networks")
the potential drop across the ohmic resistance to be compensated. It should be realized that this

compensation necessarily is always less than 100%. The remaining fraction of it can be treated as if it
is the ohmic resistance.

2.5 Interference from the geometric capacitance
The electrochemical cell is always constructed of two (electronic) conductors, the working electrode
and the counter electrode, separated by an electrolyte solution. Thus there exists a

geometric capacitance Cg

where dg is the characteristic distance between the two electrodes, € is the relative permittivity of
the solution, and &g is the permittivity of vacuum. This capacitance appears in parallel with the series
connection of the electrode impedance and the solution resistance, as is shown in Fig.2.2.

Fig. 2.2 Equivalent circuit showing the role of the geometric capacitance.

Apart from exceptional cases, Cg has a very small value, typically 1011 F for usual electrochemical
cells. Therefore, it affects the determination of Rq only at quite high frequencies, i.e. beyond the
value for which @ Rg Cg << 1. However, see also Section 3.6.
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3 THE DOUBLE-LAYER CAPACITANCE

3.1 Principles
The surface layer of the metal bears an excess charge density, oM, in equilibrium with an excess

charge density, 05 = -oM, on the solution side of the interface. Generally, oM is a non-linear
function of the interfacial potential, E. Therefore, one has defined the

fifterential double-] , Ca

Cy = (3™ /BE)TP . (3.1)

At an ideal polarized electrode [ref.9], indeed, the potential may be changed independently of the
other variables, and thus, for a small potential excursion AE:

AoM =(doM/dE)AE = C4AE 3.2)
Ajc=d(AoM)/dt = C4d(AE)/ dt (3.3)
where jc is the (double-layer) charging current density. This leads to the

double-layerimpedance  Zc
Zc=-i(aCor! 34)

which specifies (part of) the interfacial impedance, according to Fig.3.1.

_.I

—AM—]
Ao Li7777

e o . b

Cd

Fig. 3.1 Equivalent circuit showing the role of the double-layer capacitance

3.2 Other notations
In the recommended symbol, the subscript d stands for "differential”. Frequently found alternative
symbols are:
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- C, without subscript; less recommended because it is the accepted symbol for a real capacitor in
electronic networks, with the definition C= Q/V.

- Cq), the subscript stands for "double-layer”; not recommended because this indication seems
superfluous.

3.3 Limitations

- Assignment of a single capacitance value per unit of interface area is only permitted if the metal
surface is homogeneous. Otherwise a distribution of capacitance has to be postulated, which
invalidates the representation of the total impedance by a resistance and a capacitance in series.
This complication will be considered in Section 10.

- Pure capacitive behaviour holds, if any relaxation of the solution part of the double-layer is
negligible. Influences of slow relaxation are treated in Section 7.

- Other interfacial processes can be represented by an impedance placed in parallel to the double-
layer capacitance, only if they do not affect the double-layer charging process to a significant
extent. See also Section 8.

3.4 Experimental determination of C4

a) If there is no other interfacial process: directly from the impedance at any frequency:
-Z'lo=C4.

b) When there are other interfacial processes: either by extrapolation of Z'/@ to @w= s, or of Y
t0o @ = oo, or by numerical fitting to a proper model.

3.5 Interference from the geometric capacitance

As in Section 2.5, the geometric capacitance Cyg will affect the correct determination of Cgq at high
frequencies. However, its influence on Z" in the circuit of Fig. 3.2 is more severe than on Z. This
influence becomes negligible foroR s (Cq Cg)12 << 1.

_MN Ml‘v I {

Fig. 3.2 Equivalent circuit showing the role of the geometric capacitance
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4 THE CHARGE TRANSFER RESISTANCE

4.1 Principles
This section is devoted to the occurrence of an electrode reaction of the general type

kf
voO +vp P +vg Q+ ... +ne T’ VRR + vgS + ..,

which may proceed by any kind of charge transfer mechanism, provided that the intermediates are
unstable. The nature of the reaction mechanism determines the expression for the rate equation, which
is, therefore, kept implicit as much as possible:

jF =f(Es COs CPy ..vs CRy CS )

The first order Taylor expansion gives

Ajr = (9jp /9E)AE + X (9jr / dcy)Acy (4.1a)

or
AE = (3 /3E)” {Afr - I @ /3cp) Acy (4.1b)

The summation term over all Acy's gives rise to mass transfer impedances, to be discussed in sections
5 and 6. The first term indicates that a part of the interfacial potential appears across the

charge transfer resistance Rt
Re = (3jp /9E)™! (4.2)

—AM— ey —
, ;
Ao Lw— Zmt =

Fig. 4.1 Equivalent circuit showing the role of the charge transfer resistance

4.2 Other notations
In the recommended symbol, R stands for "resistance" and the subscript ct for "charge transfer".
This symbol is widely accepted. Alternatives are:
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0; this symbol was widely accepted in earlier literature, but is less recommendable, because it is
less characteristic, and also because it is accepted as the symbol for surface coverage, and as a
time variable.

RR; this symbol is proposed in solid-state electrochemistry, denoting the "reaction resistance". Not
recommended, because the subscript R is frequently used to indicate that a parameter pertains to
the reduced component of a redox couple.

Rp; this symbol was used in connection to the earlier name "polarization resistance", which is
uncommon at present.

Ry ; this symbol is used in corrosion literature.

4.3 Explicit expressions for Rt
Treatments in the literature are usually restricted to (pseudo) monomolecular electrode reactions, i.e.

of the type

Ox+ne ¢ Red

Then, for a great deal of possible reaction mechanisms, the rate equation can be written [ref. 17]:

jo = =nt¢ [fco) (er)” - (c0)”(ex)] "] 7

¢ =(nF/RT) (E-EO) 4.4)

The reaction orders o, o', r and r' are related to the stojchiometric number v by

o-o=r-r=llv 4.5)

The potential dependence of the rate constant, ks, is defined by the operational charge transfer
coefficient;

o=-d(Inkp)/de (4.6)

From the definition, eqn (4.2), of the charge transfer resistance it follows that
Ryl = (*F2 IRk [ (70)°(cR)" + (v =) (c0)° (@R)"e?"] 4.7
The concentrations to be inserted into the term between the brackets are the mean surface

concentrations, holding at the applied mean potential, Eqc. At the equilibrium potential, Eeq, the
expression for Rt can be simplified to
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Ro™! = (n2F2 I RT)ks (co™)° (cg®) /v

= (nF IRT) jo! v (4.8)

where jo is the exchange current density.

The formalism expressed by eqns (4.3) to (4.8) is applicable to the following types of mechanisms
[ref. 17]:

(i) A series of consecutive monomolecular elementary steps, one of which is rate-determining,
Theno'=r'=0,v=1and o isaconstant, 0 < < 1.

(i) A series of consecutive monomolecular elementary steps, of which two or more are rate-
determining. Here also o'=#'=0, v= 1, but & becomes a function of the mean potential.

(iii) A series of consecutive monomolecular and bimolecular (e.g. dismutation of recombination)
steps, of which only one is rate-determining. The reaction orders and the stoichiometric number
are determined by the nature of the mechanism and & is a constant.

(iv) If the mechanism contains both monomolecular and bimolecular steps and more than one of
them is rate-determining, generally only an implicit formalism can be designed, and the
expression for R has to be derived for each particular case.

4.4 Potential dependence of Ret

If the electrode potential is different from the equilibrium potential, the mean surface concentrations
have to be derived from the appropriate description of the direct current (d.c.) process. The following
methodology is most useful.

a) A special notation is introduced for the
charge transfer resistance at a planar electrode under Nernstian d.c. conditions  Ret, N
For this case the mean surface concentrations are expressed by
Do’? £g = DgV% tgef = (Do2co* +Drl2eg* )/ (1+¢%) 4.9)

¢ = (nF/RT) (Ey, - Eyp2") (4.10)

The potential dependence of RN is given by
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b)

c)

4.5
a)

b)

c)
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Rr_ (0o’ D) (1+es) iref)

(Do/2co" + Dgl2e’)

(4.11)

o+r

This relationship holds, irrespective of the mode of d.c. perturbation. It is given here for the
"general case” (iii) in Section 4.3. In the literature, it is found only for the more common cases
(i) and (ii), i.e. v =1, 0=1 and r' =0 [refs. 2, 4]. The meaning of the symbols in eqn (4.11)
is given in Appendix A.

At a non-planar electrode {e.g. spherical, or cylindrical) and/or under non-Nernstian conditions
the potential dependence of R is expressed as

Ry = RyN/Flty) 4.12)

where F(ty) is an expression depending on the experimental conditions. Examples can be
found in the literature [refs.2, 4]. Alternatively, F(y,) can be obtained numerically by means of
digital simulation {ref. 12].

Under extreme conditions, d.c. mass transfer is non rate-determining ("d.c. irreversible" case).
Then automatically the faradaic potential region is split into a cathodic and an anodic part, so
that:

anodic: Ry L= (nF/RT) (v =a) ljg,l (4.13)

JEa = nF kge®" (co® (cg®"
cathodic: Ry l= (nFIRT) o I (4.14)

jF,C = nF kf (CO*)O(CR*)rl

Interpretation of R

Under Nemmnstian d.c. conditions and in the more common case of a linear rate equation (v=1,
o =1, r' = 0), the forward rate constant k¢ is obtained directly by using eqn (4.11); kf=f(E)
yields information on the reaction mechanism.

Under non-Nernstian d.c. conditions, but with a linear rate equation, both kf and & appear
explicitly in the expression for Re. Usually numerical fitting (to a pre-supposed model) is
required to evaluate k¢ (E) and o (E).

If not g priori a linear rate equation can be assumed, extreme care is needed to obtain the
reaction orders, & (E) and k¢ (E). It may occur that the results are not unambiguous [ref. 6].
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d) In these pre-supposed models non-specific and possible specific double-layer effects, being
potential-dependent, have to be accounted for. These effects may lead to anomalous values of
a,i.e. ¢ <0or a> 1. In extreme cases this results into negative Ry values, according to eqn
4.7).

e) Complicated rate equatioris can also result if the charge transfer reaction proceeds via adsorbed
states of O and/or R.

f)  If two or more independent faradaic processes occur simultaneously, their impedances appear
in parallel, as shown schematically in Fig. 4.2.

n 1
—wW— Zmt -

Fig. 4.2 Equivalent circuit in the case of two faradaic processes occurring simultaneously

If the mass transfer impedances are negligible, an overall Ry will be measured, corresponding to

Ryl = Rct,I—l + Rct,ll_l (4.15)

4.6 Experimental determination of Rey
a)  If the mass transfer impedance is negligible in the entire aw-range, from the semicircle in the
complex-plane diagram, or from the electrode admittance, see Fig. 4.3.

2z Yel'

Rct Z' ~— R — Yol

Fig. 4.3 Graphical determination of R in the absence of mass transfer control
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b) If the mass transfer impedance is not negligible (at all frequencies), by numerical fitting; a
model is needed for the frequency-dependence of Zp,.

N.B. In both cases the analysis is more complicated if the electrode surface is not ideally smooth
(see Section 10).

5 THE MASS TRANSFER IMPEDANCE

5.1 Principles

Any interfacial process, consuming and/or producing matter, involves mass transport of the species
concerned. Basically, the flux Jj of a species I is governed by the three possible processes: diffusion,
migration and convection, represented in this order in the flux equation:

J; = =Dy Vey — (2iF/RT) Dy ¢ Vo + ¢ ¥ (5.1)

where ¥ is the velocity of the medium. In addition, the species may be produced or consumed by a
homogeneous chemical reaction at a rate r1. Then

aCI/at = —VJI + (5.2)

The flux Ji at the electrode surface (rigorously, its vector component perpendicular to the surface) is
related to the rate of the interfacial reaction, v:

JI,O = Vv 5.3)
where the stoichiometric number, , is positive for a reactant, negative for a product.

General solutions of this set of equations are rather complex. If sufficient supporting electrolyte is
present, the second term in the flux equation can be neglected. Then the Laplace transformation can
be applied, finally resulting in a relationship of the type

Aci(s) = Vvifi(s) Av(s) (5.4)

where Acy(?) is the fluctuation in the interfacial concentration due to a small amplitude perturbation,
and Av(?) the corresponding fluctuation in the reaction rate. This relationship is needed to eliminate
Acy(s) from the Laplace transform of the Taylor-expanded rate equation:
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Av(s) = (0v/9E) AE(s) + X (av/acl) Acy(s) (5.5)
leading to
AR 1 {i— T @v/dcp) vifi(o)} (5.6)

Av(s)  (9v/9E)

This formalism is general but, in electrochemistry, it is usually applied to particular processes like
faradaic charge transfer (Section 6) or to adsorption of minority species (Section 7). In both cases a
current Aj proportional to Av is flowing, so that the right-hand side of equation (5.6) predicts the
corresponding impedance:

- AE(s) - 1
26 = o~ @ioem

{t = X @v/dcp) vifi(s)} (5.7)

Evidently Z(s) is a series connection of the impedance corresponding to the process itself and the
individual mass transfer impedances, as sketched in Fig.5.1.

—_ zprocess L th,A zmt,B — zmt,C —

Fig. 5.1 Equivalent circuit representing the impedance due
to a process involving three species A, B and C

Eqn (5.7) is of great importance for the understanding of the role of mass transfer in electrochemical
systems. It is one of the basic concepts in the unified approach to linear electrochemical systems,
designed by Rangarajan [Ref. 3]. For sinusoidal perturbations, s=i® is substituted into eqn (5.7) in
order to obtain the complex impedance.

5.2 Cases of diffusion control
Specifications of fi(s) and fi(iw) are known for a number of idealized cell geometries, i.e. models:

(i) Semi-infinite linear diffusion
fi(s) = (D)2 (5.82)
fiio) = @Dw)™V2 (1-i) (5.8b)

The corresponding mass transfer impedance is the

1853
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Warburg element  Zw;1
Zyy = o 2 (1-i) (5.9)

o1 = 2Dy)™V% @v/dep) (9j/IE)! (5.10)
In equivalent circuits the Warburg element is represented by the symbol shown in Fig. 5.2a.

(i) Semi-infinite spherical diffusi

1 12 . Dp
— = (D + =L 5.11
fl(s) ( IS) " ( a)
112
1' = (2&) (1+i) + L2) . 1/2 + (5.11b)
fiiw) 2 ro (2Dw)” (1-1) ro

The corresponding Zyy is a Warburg element in parallel connection with a "resistance”, having the
value (r / Dy) (v /dcy) (0j/9E)™" , see Fig.5.2b.

a) b) —aw
WA S,
VvV

Fig. 5.2 Equivalent circuit representation of the cases of (a) semi-infinite linear diffusion
and (b) semi-infinite spherical diffusion

(iii) Bounded diffusion

In this model convection (due to stirring) is accounted for by the boundary condition Ac=0 ata
distance & from the interface. The same boundary condition applies to a thin layer cell with identical
planar electrodes a distance 26 apart.

i ¥R [ )2 1]

f1(s) = (Dys) o [ 7, 1]

(5.12a)

sinh [(@y /2)"2] (1-i)+sin [(@m, /2)"] @+i)
cosh [(mb)llz] +cos [(arrb / 2)1/2]

fi(i®) = 2D)y™? (5.12b)

with
7 =4682/Dy
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Assigning an equivalent circuit is senseless in this case. A complex-plane plot of Zy, ~fi(iw) is
illustrative (Fig.5.3) in showing that deviation from Warburg behaviour arises at lower frequencies.

“Zmt

Fig. 5.3 Complex-plane representation of the mass transfer impedance in the case of
bounded diffusion. The numbers indicate the values of 7,

5.3 Coupled homogeneous reactions
If in the homogeneous solution an equilibrium exists of the type

ka ka
A - I —_— = KA
k_A k-a

this equilibrium is perturbed in the region where I has a concentration gradient due to the interfacial
process. Treatments in the literature usually assume that:

- the diffusion coefficients Dy and D are approximately equal : Dy=Dp = Dyp

- the diffusion is semi-infinite and linear.

Under these conditions
_ Kn - K -1/2
= DM2 I _2A V2 L DA (ks +k 5.13
f1® 1A {KA+IS KA+1(S atk-a) (5.13a)
. K ~1/2 .
filiw) ==—A— (2D @)™’ (1-i)

KA+1
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1/2 1/2
. » [(gz N 1)1/24_g:|| _ill: (gz +1)1/2_g]

MrwR| Al (2Da @) " - PRV (5.13b)
X (@)

g =(katkop)/ @

The mass transfer impedance is composed of two parts in series: the first part is of the Warburg type,
the second is characteristic for the presence of the chemical reaction. Sometimes the latter is named

Gerischer impedance  Zg,1
In eqn (5.13) the influence of the chemical reaction becomes (more) noticeable at lower frequencies.

If K is small, the complex-plane plot is difficult to distinguish from the one pertaining to bounded
diffusion. Some examples are shown in Fig.5.4.

“Zmt

Fig. 5.4 Complex-plane representation in the case of semi-infinite linear diffusion coupled
to a homogeneous reaction. The numbers indicate values of Ko

5.4 Limitations

Especially the validity of models describing mass transfer rely on the validity of the assumption that
the electrode surface is ideally homogeneous, and that edge effects, inevitably present in experimental
situations, are negligible. Generally, the inhomogeneity will have a characteristic scale of length,
which should be compared with the characteristic length (D/@)!/2 of the diffusional mass transfer
process, and/or (D/wg)!/2 of the coupled homogeneous reaction.
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When the condition, Dy = Da, mentioned in Section 5.3 is not fulfilled, the expressions given there
for fi(s) and fi(®) are not valid. Serious discrepancies should be expected if D1 and D, differ
considerably. No closed form solution for such a case is available.

6 THE FARADAIC IMPEDANCE

The formalisms in Sections 4 and 5 are now combined in order to make explicit the mass transfer
impedance coupled to the charge transfer process. Careful structuring of the matter is required,
because a variety of notations is found in the literature.

6.1 Principles
The serial connection of R¢ and Zyp, in Fig. 4.1 is named

faradaic impedance  Zp
Zp = Ry + Zpy (6.1a)

If the rate of a reduction reaction is denoted by v the faradaic current density will be jr = -nFvg.
From the Subsections 4.1 and 5.1 the general formulation for Zf is deduced:

= Ip vifi(s)
Zp(s) = Ry {1 + X 3 nF (6.1b)

The expressions for fi(s) in Subsections 5.2 and 5.3 can be written as

)—1/2 fI‘(S) (6.2)

fi(s) = (Drs
thus expressing deviation from "Warburg behaviour” by means of the dimensionless function f{'(s),
which is easily derived from the formulae in Sections 5.2 and 5.3. Further it is convenient to define
the

coupling parameter A

p7v2 YL IE (6.3)
nF aCI

A

so that
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Zg(s) = Ry [1 + 2 A fr'(‘)}

6.4)

The mass transfer impedance of any type for a species I involved in the electrode reaction is coupled
with the charge transfer resistance through the parameter A;, which is determined by the nature of the
rate equation.

Such a general approach is seldom encountered in the literature, except for the much more general
approach in [ref. 3). Rather the specific cases, discussed below, are treated, mostly restricted to the
reaction type O +ne- Z R , i.e. -vo= Vg =1.

6.2 Expressions for the coupling parameters, Ao and AR
The different types of rate equations considered in Subsection 4.3 will now be used to derive Ag and

AR.

@

(i)

(iid)

(iv)

er-Volmer:
AO = D0_1/2 kse'a"’ N A,R

DR—I/Z kg e(l )@

Linear:
2o = DoV k¢ ,

B
I

Jo = Do e ke o (B)” (&) - @ (G0 (E) ")

I = D e ke [r(R) () Y -Pe) @)
where & and ER are the mean surface concentrations.

Any rate equation, under Nernstian d.c. conditions

This is a very important case because, for & = ER €9, it can be proven that

= Or _ . %Y _ RT

-1
- . Y _ ¢ = R
(6] R ct
aco dcg nF

irrespective of the type of rate equation. Consequently,

= DR—I/2 kfe’p = Aoeg

6.5)

6.6)

(6.7a)

(6.7b)

(6.8)
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RT l -1 RT 1 -1
= R s 2, = R 69
Ao 2F2 D01/2 %o ct R Yy DR1/2 e ct (6.9)
The faradaic impedance in this case is
RT (_fo®) . fRG® ) .-
Zp(s) = Ry + + s 6.10
F®) ot 77 ( Do'? 2 ' DRV? o (6.10)

i.e. its mass transfer part is independent of the kinetics of charge transfer. Zm is given by

Rt (1+ €)@+ (L+ )R 12

VA = 6.11
L ) Do + Do’ (6.11)

6.3 The Warburg impedance; Randles -Ershler behaviour
In the case of semi-infinite linear diffusion of both the redox components, fo'(s) = fR'(s) = 1. The
mass transfer impedance Zyy (iw) in this case is called

Warburg impedance Zw

Zy = oo V2(1-i) (6.12)
Containing the

Warburg parameter ©

0 =Rt (Ao + AR) 272 =R/ p' (6.13)

In view of impedance or admittance analysis a dimensionless parameter may be introduced, named

imreversibility quotient  p
p=p'w/2=Ry/ (car'’?) (6.14)
leading to the notations
Zp = Zp + iZg = o0 (p+ 1~ i) (6.15a)
1/2 :
Yo =Yg +irg = £- _2*tlHi (6.15b)

c (p+1)2 +1
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~ZFIZg = Yp/Yp =cot¢ = p+1 (6.15¢)
If experimental data are in accordance with these equations the faradaic process is said to obey the
Randles - Ershler equivalent circuit, see Fig. 1.3b. In Fig. 6.1 the typical frequency dependence of
the faradaic impedance and admittance components is shown.

(a)

SRS @2

Fig. 6.1 Frequency dependence, in the case of Randles - Ershler behaviour, of
a) ZF' and ZF" (components of the faradaic impedance),
b) Ypand?Y F" {(components of the faradaic admittance).

6.4 Alternative and related notations

The principles outlined above are typically those of the impedance approach. Detailed derivations of
the same and similar cases are known from the a.c. polarographic approach. There the a.c. faradaic
current, I oy = AAJF, responding a perturbation Ep, sin a¥, is generally expressed by [refs. 4, 12]

2 1/2
Iy = IooF(ty) (VZ ) sin (ot + 9) (6.16)

+ U?
with
cot ¥ =V/U

Itey is the current amplitude corresponding to the case of "d.c. and a.c. reversible behaviour", i.e.
control only by semi-infinite linear diffusion; F(ty,) is a factor introducing deviation from this
behaviour in the d.c. sense (see Subsection 4.4), and V and U account for such deviation in the a.c.
part.

The following general identities can be established:

1/2 . 2p2 *
Tev _ (w) n’F* DgV2¢cq" + Dg!%cy” 6.172)

2 RT e + 2+ e

Vow-12= Zg (6.17b)
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Uosw2=Zg 6.17¢)
These equations are useful to transform the methodologies developed for a.c. polarograms into
expressions for the faradaic impedance. It should be emphasized, however, that the function F(tp)
may become extremely complex when there is d.c. control additionally by processes other than
diffusion, e.g. a coupled chemical reaction. This holds the more so in the case of the dropping
mercury electrode [refs. 4, 6].

6.5 Analysis of impedance data
The computation scheme to evaluate Zg and/or Yr from the total cell impedance is as follows:

-Ro recipr. -iwCy recipr.
Z(i0) = Zei (iw) = Yo (iw) — YR(iw) —> Zp(iw)

If a priori, Randles-Ershler behaviour can be presumed, it is also customary to fit Y to the three
parameters O, R and Cd. It is noted that Yo depends only on ¢ and R Then from the potential
dependence of ¢ and Rt information can be deduced concerning the form of the rate equation and the
reduction rate constant k¢ (E). If the rate equation is of the linear type, the irreversibility parameter
p' = Ro/o equals

- -1
p'= @D )" ke (14 ) (6.18)

independent of the bulk concentrations co” and cr* and of the mode of d.c. mass transfer. A non-
linear rate equation can lead to a concentration-dependent p' value.

Mass transfer complicated by a coupled chemical reaction in principle leads to a frequency
dependence different from "Randles-Ershler behaviour”. Its extent, however, depends on the
magnitude of the parameter g (see Subsection 5.3). Both for g>>1 and g<<1 "pseudo-Randles-
Ershler behaviour" will prevail. However, the presence of the chemical reaction will show up in the
potential dependence of "¢" and "Rt", i.e. the "pseudo Randles-Ershier parameters".

6.6 Limitations

The description of Zp(s) in terms of R¢, A1 and f}'(s) is general for electrode reactions not
complicated by:

- reactant adsorption (see Section 8)

- stepwise mechanisms with stable intermediates (see Section 9).



1862 COMMISSION ON ELECTROCHEMISTRY

As stated before (Subsections 4.3.4 and 4.4.3) it should be permitted to consider the electrode
surface as ideally homogeneous (see Section 10).

In order that the formalisms be applicable to experimental data, the latter have to be obtained at small
amplitude perturbations, such that the first order terms in the Taylor expansion of the rate equation,
JE=RE, co, cr), are dominating.

It is important to note that this also depends on the kind of technique employed. With a sinusoidal
perturbation, e.g. AE = Ep, sin ax, the Taylor expansion leads to terms like:

1st-order : sin (¢ + 91)
2nd-order : sin (2ax + 1;) and a rectification term
3rd-order : sin (3ax + ¥3) and sin (et + 93)

With modern devices, the response detector is tuned to the fundamental frequency, @, and
consequently only a possible 3rd-order contribution may contaminate the first-order response. This is
an important advantage of a.c. measurements in comparison with aperiodic techniques, e.g. pulse
techniques.

The exact limit for Ey, can, in principle, be calculated by demanding that the total contribution of 3rd-

order terms be negligible with respect to the total value of 1st-order terms. Obviously this will be d.c.

potential dependent. In the extreme case of only charge transfer control, a relatively simple, general
condition can be derived:

-1

1 &Ry

-1
¢ g2 En << R, (6.19)

7 THE ADSORPTION IMPEDANCE

This Section concerns the case where, in addition to a base electrolyte, a species A is present that
adsorbs at the interface under kinetic and/or mass transfer control. The double-layer charging process
(Section 3) is reconsidered taking account of this complication.

7.1 Principles
The net rate of adsorption, vy =dI /dt, is a function of the potential, E, the surface concentration,
cA, and the surface excess, I'a. A small excursion from the mean value, Av,, is written as

Av, = (0v, /OE)AE + (0v, /dcp)Acy + (0v, /0I5 )AT s (7.1)



Impedances of electrochemical systems 1863

In the Laplace space, Aca(s) and Av, (s) are related by eqn (5.4), while

ATA (™ = s ' Av, (s)

The excess charge density, oM, on the metal side of the interface depends on both the potential, E,
and the surface excess, I'A:

acM = (00™M/3E) . AE + (aoM/arA)E AT, (1.2)

I'a

Consequently the charging current, Ajc = d(AoM)/dt, is composed of two contributions, and the
corresponding (part of) the interfacial admittance has two parallel branches. One of these is purely
capacitive and is called the

high frequency capacitance  CHF
Cyp = (ach/aE)I_A (1.3)

The second branch is formed by the

adsorption impedance Z, =Y, >

(9™ Y (v, Y v, v, )
Z,y(5) _[_GI'A) (E)E) 1+ F fa@ - 3T, s (7.4)

which is a series connection of three elements:

the adsorption resistance R,

R, = (acrl"‘/arA)‘1 (v, /0E) (1.5)
the (adsorption) mass transfer impedance  Zmta

Zinta(s) = Ry (9va/0ca) fA() (7.6)

the adsorption capacitance C,

C, = —R,™! (v, /3T, 1.7)

The total double-layer charging process is functionally represented by the equivalent circuit of Zy(s)
parallel connected to CHF.
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| P

~—AM— zmt,a { }
Ra

Fig.7.1 Equivalent circuit obeyed by the adsorption impedance

In the literature, almost exclusively semi-infinite linear diffusion is supposed to be the only mass
transfer process, i.e. fa(s) = (Das)~1/2. Thereby, Zy » becomes a Warburg element, determined by
the

(adsorption) Warburg parameter G,

-112
)

Oa = R, (0va/0cp) (2Dy (7.8)

7.2 More explicit expressions for the adsorption impedance

If it is wanted to formulate the concentration and/or potential dependence of R,, 03, Cy and CHF, an
explicit rate equation for vy =f(E, ca, I'a), based on a mechanistic model, is needed. Such an
approach is rather uncommon. Instead, it is usually implicitly assumed that the a.c. perturbation is
superimposed on the equilibrium situation, i.e. the mean adsorption rate, v,, equals zero, or is at least
only diffusion-controlled. The mean values of I'a, ca and E are then related by an adsorption
isotherm, formulated as

T, =f(E cu)

In this case two simplifying relationships between the partial derivatives in the Taylor expansion of v,

hold:
(%) (QF_A)_I (2] - - (2 (7.9
oF oE cA aCA aCA E 81“A '
It follows that
_ M
Ca = (00 /arA)E (r/3E),, (7.9a)
0y Co = (D)2 (@rp/dcy), = 1p? (7.9b)

= (v, /or,)! = 1y (7.9¢)

=
-]
$?
|
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The quantities 7p and 7y are the relaxation times connected to the diffusion controlled and the
activation-controlled adsorption process.
The expression for C, is important because of its thermodynamic meaning. If one defines the

low frequency capacity CLF

CLp=doM /dE (7.10)
at constant temperature, pressure and solution composition (see also Subsection 3), it follows that
Cip=CHr+Cy or Ca=CLF-CHF (7.11)

In not too complex cases the isotherm can be formulated as s = f(Saca), i.e. the potential
dependence is incorporated in the adsorption coefficient S (E). Then, following the thermodynamic
arguments, further elimination of partial derivatives leads to

Cup=Cy+RTd21n By / dE2 (7.122)

Ca =(RT d In By /dEY cp (3 /3ch), (7.12b)

where Cy is the double-layer capacitance in the absence of the adsorbing species.

7.3 Other representations and notations

In the earlier literature on adsorption kinetics, a parallel combination of a capacitance, Cp, and a
resistance, Rp, was adopted as the equivalent circuit for the interfacial admittance. As both Cp and
Ry, then, depend on the frequency, such a representation is not functional, and the equivalent circuit
in Fig.7.1 is to be preferred.

Clearly, this circuit reduces to the capacity CHp for @ —» oo and to the capacity CLg for w—0.
Alternative, but less functional, notations are

insteadof Cyrp  : Cw
insteadof Crrp : Cp
instead of C, i AC

The notation of the complex adsorption impedance, Zy(iw) = Z,' +i Z,", is preferably

Z,(i0) = Ry + 0,07"% i (0,072 + ¢, ') (7.13a)
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or making use of the two time constants 7y and 7 p (see Subsection 7.2):

Z, (iw) = [anH + 02 rpl? —i (02 1pl2 + 1)] wlc,! (7.13b)

7.4 Analysis of impedance data
Raw data of the complex impedance are transformed by

-Rq recipr.
Z (i) —>Ze1 (i) = Yei (i)

In principle, Ye)(iw) has to be fitted to four unknown parameters, CHF, Ca, 0, and R,. This can be
done graphically, by extrapolation procedures, or numerically. A complex plane plot of Yej/@ vs
Y@ is useful for a preliminary estimation, as demonstrated in Fig. 7.2.

Y’e |/(l)

®=0
fo— D=° /

CHF CLF Yoo

Fig.7.2  Graphical representation of the adsorption admittance in the complex ¥/ -plane, for :

(1) pure activation control, (2) pure diffusion control, (3) control by both activation and
diffusion

7.5 Limitations

Most of the conditions for the several expressions to be valid, are mentioned already in the preceding
Subsections. More generally the theory is restricted to so-called physical adsorption up to a
monolayer, not complicated by e.g. phase transitions upon changing potential or concentration.

The adsorption capacitance C, can be strongly potential-dependent, especially in the region of the so-
called adsorption/desorption peaks. This demands a particularly low perturbation amplitude in order
to avoid contamination of the response by higher-order contributions.
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8 ADSORPTION OF ELECTROACTIVE SPECIES

Rather extensive treatments are known of cases in which the reactants and/or products of an electrode
reaction are substantially adsorbed at the electrode-solution interface. The most important
consequence is that the double-layer charging process and the faradaic process no longer occur
independently. One says that the two are coupled. The basic aspects of this concept are outlined
below. For simplicity, simple stoichiometry for the electrode reaction, O +ne R, is assumed.

8.1 Principles
Most generally, six processes with finite rates are involved:

- faradaic charge transfer VE = -jr/ nF = {E,cO.CR)

- double-layer charging : Jje=fE, I'o,IR)

- adsorption of O : vao=dlo/dt=fE,co.,]0.IR)
- adsorption of R : vaRr =dIR/ dt=fE,cr,IR,J0)
- mass transfer of O : JO,0=-VF- Va0

- mass transfer of R : JR,0=VF-VaR

Remark: the choice of the "independent variables” in the first four lines is to some extent arbitrary (or
prejudiced). If, for example, there were reasons to assume that the charge transfer proceeds
exclusively via the adsorbed states of O and R, a rate equation -jg/ nF = fE,I'0,IR) would be more
obvious. Most strictly, one may define -jg/ nF = f{E,co,cr,I 0,IR). This has no consequences for
the frequency dependence of the interfacial impedance per se, but only for the meaning of its
characteristic parameters.

A rigorous treatment, based on the six equations above, has been published in ref. 18. However, the
complexity of the problem demands for simpler treatments.

First it is usually assumed that the adsorption rates are purely controlled by mass transfer, or even by
just semi-infinite linear diffusion. As a consequence, the rate equations for v, o and v, r are replaced

by isotherms, i.e.

I'o=fE,co.IR) and IR = f(E,cr.T 0),
expressing that the surface excess of O and R depend on the potential, and the surface concentrations
of both O and R. The interfacial admittance representing this case is specified in Subsection 8.2.

A substantial further simplification is achieved in the so-called a.c. reversible case, where also the
faradaic current is purely controlled by semi-infinite linear diffusion. The rate equation for v, then,
is to be replaced by the Nernst equation relating E, co and cR:
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co/cr = exp ¢

It is important to realize that this reduces the number of independent variables: in the set E, co, cg one
varable is fixed by choosing the other two. It appeared profitable to define all processes in terms of
the variables E and y = Dg!/2co + Dr1/2cR. This case is further outlined in Section 8.3.

8.2 The a.c. non-reversible case
The entirely elaborated expression for the electrode admittance becomes very lengthy and complex.

A more transparent representation may be as follows

Yel = YF + Ya + YC 8.1)
ve k11 + G0t 2) 4 do(m + &)+ An(ro+ o) |
“1 1+ (Yo+&)s"* + (Yo% -Rd0)s |

(Ao7e + Arde)s"’? +[Ao(YedR - 1ROE)+ AR (Y08E - Yed0)] s (8.12)
1+ (Yo+8R)s"? + (00 - 1r0)s .

=1~

(ko - xR )s"? +[xo(rr + 8 )~ k& (Y0 +00)] s
1+ (r0+3)s" + (Y08 - 7R0) s

Ya=YF

_ (ko¥e +xrée )s'"% +[xo(redr + 7ROE) + KR (Y0%E = 1Ed0)] s

L+ (To+ &)™ + (Yodk ~Trdo) s @10

Yc = skg (8.1c)

The meaning of the symbols is

12 dj Jj
iy = 2o (2] ra= (%)
n 1 JE, cy €0» CR
1 -1/2 aO'M aO'M
xky = —D Kg=|——
LT [ acy E™eE
E, cy cO» CR

% = D\ (_a_&) Yg = nF (31" o)
aCI E, c} oE €O, CR
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or; an
wonff, e
=" a1 Jg, o E 3E Jg, cx

N.B. The symbols xj, 1 and &y are used here only as a short-hand notation. They will not be listed in
Appendix B.

Thus far, fitting of experimental data to eqn(8.1) has never been attempted. Eqn 8.1a gives a formal
description of the faradaic process, complicated by the fact that the adsorption process consumes part
of the mass transfer fluxes. Eqns (8.1b) and (8.1c) clearly show the coupling of the charging current
and the faradaic current.

8.3 The a.c. reversible case
Because this case has been found to be applicable to quite a number of systems, it is treated here in
more detail. In the Laplace domain, the set of equations to be solved is

(nF | RT) AE(s) =—1— Acg(s) - L Acg(s)
o R

oE oI
AIg(s) = (gar?o)w AE(s) + [%QJ Ayts)
E

ATR() = (%) AE(s) + (aa%) Ay()
14 E

s12DoV? Aco(s) = (nF)™! Ajp(s) —s AT o(s)

sY2DoY? Acg(s) = —(nF)™! Ajp(s) -5 ATR()
where I'= I'o + I'R, and ¢, cR are the mean surface concentrations, ¥ = Dgo!’2 ¢ + DR!/2 cR.

A tedious derivation is needed to arrive at the most transparent solution, in which the electrode
admittance is (or can be) expressed in the following way:

Yo () = Zw @ + Za()! + sCyp (8.2)
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The three elements have a striking analogy with the elements denoted similarly in Sections 5, 6 and 7.
They are defined as follows:

6] the Warburg impedance Zw

Zw = o (s/2)"112 (8.3)
0 =(RT/n?F2) (e$+2 + &%) y-12-112

(ii) the adsorption impedance Z,

Zy=0a (52712 + (Cy 8)! (8.4)
i.e. a serial connection of

the adsorption Warburg element 0(s/2)"1/2

0, =2-12 C;~1 @My (8.5)
and the adsorption capacitance Ca
oM (aro) nF (ar)
C, =3|—=—1| + nF - — 8.6
5 B ) =
(i)  the high-frequency capacitance ~ Cyr
Cur = QOMIBE)r+ nF (0o OE) - 8.7

Following similar arguments as in Subsection 7.2, C, and Cyr add up to the

low frequency capacitance CrLr= CHF+ Ca
aoM olo nF (oI
CLr = [——-J + nF( ) - — (—) (8.8)

The total interfacial impedance can be represented by a functional equivalent circuit (Fig.8.1a)

e e R
SR, F

a CHF
= off
\/\/F F+a

Fig. 8.1 Equivalent circuits in the case of reversible charge transfer and reactant adsorption.
(a) general, (b) low-frequency limit, (c) high-frequency limit
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The complex interfacial admittance is usually notated as

1/2

Y, (w) = — ({+1) + o(C - C + iwC 8.9
el ( ) 2 ( ) ( LF HF) Pl D) 5 HF ( )

u=20,(CLF - CHp) 02 =u' @2

8.4 More explicit expressions based on thermodynamic relations

The three elements CHF, Cy and &, (or CyF, CLF and u') appear to depend essentially on four partial
derivatives: (0(oM + nFI'0)/ OE)r, (0(cM+nFIQ)/0E)y, (0I'/ OE)y and (' / o). However,
usually the adsorption isotherms of O and R are formulated as I'o = f{oco) and I'r = A SR cr) with
the potential dependence incorporated in o and Br. This enables (9I"/ 0E)y and the two partial
derivatives of o™ + nFIQ to be eliminated. The resulting expressions are

- 2 ) (] ]
Cur-Cq = % ikl aR)z BrBo e +20 ﬁ°e¢+aR b L’ (8.102)
(Bo ¢? +Br) Bo ¢” +Br J
2

272 ¢

n?F? | apBo e +(og ~1)Br 1 — [ar)
CLp=-Cqyr = + . 8.10b

LE=-HE = pr { Bo €® +Br vl oV Jg ( )

u' =212 r/owe (8.10c)
with

ap = (RT/nF)dIn By /dE

of = (RT/nF)d®Inf; /dE?
Cjq is the double-layer capacitance in the absence of the species O and R, and y is the mean value of
. The more simple cases of adsorption of gnly O and R are obtained by inserting fr =0 or o =0,
respectively.

8.5 Analysis of impedance data
The raw data of the complex impedance are transformed by

-Rg recipr.
Z(iw) = Zg(iow) —>  Ye(iw)
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In the a.c. reversible case the presence of reactant or product adsorption is observed from the
characteristic frequency dependence of the functions Ye;'@w1/2 and (Y¢)" ~ Yo ). A fit to the four
parameters O, G, Ca and CHF, (or 0, ', CLF — CHF and CyF) is not always successful, because in
limiting cases either 6,(s/2)~1/2 or (Cy s)~! may be negligible in Z,. The correspondingly reduced
equivalent circuits (see Fig. 8.1) depend only on two parameters.

In order to obtain information on the adsorptive properties of O and/or R, it is very important to
study the admittance elements as a function of the d.c. potential.

8.6 Validity of the concepts
Most of the conditions are already mentioned in the previous Subsections, and furthermore the same
restrictions as mentioned in Subsection 7.5 apply. It should be noted that the prevalence of a.c.
reversibility, presumed in Subsections 8.3-8.5 may be difficult to be proven, since a slight effect of
charge transfer control will be obscured by the effects of reactant adsorption, especially on the
frequency dependence of Y.

9 EXTENSIONS TO ELECTRODE REACTIONS INVOLVING A STABLE
INTERMEDIATE

At present, impedance measurements are also applied to many practical systems, where the electrode
process may be much more involved than is presumed in the Sections before. It is not feasible and
not useful to treat every possible case in this document. Instead, in this Section a rather general
survey will be made of extensions to the previous concepts connected with the presumption that the
electrode reaction is of the type O + nje” 2 X, X + nge” Z R, where O is the reactant, R the
product, and X a relatively stable intermediate, which means that possible mass transfer and/or
adsorption of X has to be accounted for. Emphasis will be laid on the question whether the
occurrence of a stable intermediate can be inferred from the frequency dependence and/or the potential
dependence of the interfacial impedance or admittance. Further, it will be attempted to unify the
symbols to be used in such a way that similarities in the several models become as clear as possible.

Naturally, all the cases to be treated below will show limiting behaviour in two directions: the
intermediate may be completely stable, so that the system can be treated as if the two reactions
proceed independently in successive potential ranges; or the intermediate may be relatively unstable,
such that its mass transfer or adsorption is negligible, and the electrode reaction is, in fact, O + ne”
< R, with n = ny + ny1. The degeneration of the impedance expressions to these limiting cases will
not be considered explicitly, as they are easily inferred.
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9.1 Principles
In general, the relevant mathematics involve application of the customary procedures, i.e. 1st-order
Taylor expansion and Laplace transformation, to the equations describing the following phenomena:

(i) charge transfer:
Jrp = f(E.co.cx) 9.1a)
Jen = f(E.cx,cr) (9.1b)

or, in the a.c. reversible case:

niF 0 co
=" (E_E%) = m fQ 9.2
I = RT ( I ) n ox (9.22)
- mf g g0y 0
¢p= 2r (E-En’) = In ox (9.2b)

(ii) reactant adsorption:
I'oxRr = f(E,co.cx,CcR) (9.3)

(iii) mass transfer:

J F.l dI'g
Jog = - - —2 9.4
00 nIF ds (9.42)
Jp1 . Jem _ dIy
Jyg = —LBL L ‘EOD %X 9.4b
x.0 niF nyF dt (9.4b)
J F.II dI'g
Joo = JEO _ dIR 9.4c
RO ™7 0gF - @ (9.40)
(iv) double-layer charging:
i = doM _ df(ETo.Ix.TR) ©.5)
c dt d '

For the adsorption, the surface excesses are assumed to be in equilibrium with the surface
concentrations. For the sake of simplicity only semi-infinite linear diffusion is considered.
Restructuring the formulae for other modes of mass transfer can be pursued with not too great
difficulties (see also Section 5).
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It is reasonable to assume that the two faradaic currents pass the interface parallel to each other and

parallel to the charging current. The electrode admittance will be built up in that way, considering

several simplified cases separately.

9.2 Control by diffusion of O, X and R

In this case charge transfer is fast, so that the Nernstian relations under (i) in 9.1 hold, and reactant

adsorption is absent, so that all surface excesses equal zero, and the charging process is independent

of the faradaic process. The two faradaic currents are each determined by a Warburg admittance:

(n / "I)O'X,II +OR s1/2
YF.I (S) = —_—
000X 11 +000R +OXOR V2
oo + (n/nyjoxs sV
YF,H (s) = > e
O'oo'x,n +O00oO0R +GX,I°'R \/E
with
o = RT 1 . _ RT 1
= — X = p-
(o} n12F2 (2Do)l/2 o nn2F2 (pr)llz ex
RT 1 RT 1

= Or =

o = =
X1 nI2F2 (ZDX)1/2 ox

nn2F2 (ZDR)I/2 Z‘R

in which co,cx and cR are the mean interfacial concentrations, and n = ny + nyy.

(9.6a)

(9.6b)

(9.7a)

(9.7b)

Clearly, the two admittances are coupled, because they both contain the four o parameters. The total

interfacial impedance corresponds to the equivalent circuit of a double-layer capacitance parallel to a

Warburg impedance, depicted in Fig. 9.1.

| 16d
\ ./
WI+ I

Fig.5.1. Equivalent circuit in the diffusion controlled case
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The presence of a two-step mechanism with a stable intermediate can, therefore, not be inferred from
the frequency dependence. However, the Warburg coefficient, o, is dependent on the mean potential
in a particular manner:

GOGX,H +O0QO0R +0X,IGR
(n / nI)O'X'n +0OR+0p+ (n / nH)O'x‘I

=

-1
= FZR—fw/f (51 + nZef1™én + &™6n) (9.8)
v
with
= D01/2Co* + DXI/ZCX* + DR1/2CR*

<
*
|

o
N
il

(Do / Dx)" e

1/2

e = (Dy / Dg)"2 ¥

n = ny+ ng

9.3 Control by charge transfer and diffusion of O, X and R

If in addition to diffusion charge transfer is also rate-determining, the two rate equations under (i) are
involved. Again the charging process is independent of the faradaic process, and the latter is
determined by the parallel admittances Yg1 and Yr1:

1+ [(n / nI)Ax,H + A.R]S_I/2

1
Ypi(s)= - -
K. Rct,I 1+ (Ao + }‘X,I + AX,II + AR)s 1/2+ (Ao).x’n + AOA‘R + A’X,IA'R)S L
(9.9a3)
Yor ()= 1 l—[Ao+(n/nH)lx,I]s'1/2
P " Reen 1+ (Ao+Ax1+ Ax+ AR )52 + (Aohx m + AoAg + Ax AR )s !
(9.9b)
with
L (3J'F,1J 1 _ (31'17,11)
Rct,I oE co » €X Rct,l] oE ¢x » R
Ao = -Do7 (af_F_I) PO ' [aJF_n)
niF \ dego £, oy ngF \ dcx Jp cR
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B Dx—1/2 ajF, I B Do—l/2 ajF, I
Axy = - AR = ——— |7 —
, niF | dcx £, co ngF \ der Jg e

The explicit expressions for these partial derivatives depend on the form of the two rate equations,
i.e. on the mechanism of the two charge transfer processes [see Subsections 4.3 and 6.2].

The total interfacial admittance is characterized by five parameters, preferably written in the form of:

+5Cy (9.10)

V6 = 1 1+Bs2
el RCt,I RCt,H 1+ CS_1/2+D S_1

with

_ Ran [(n/n)Axm+ 2] + Reex [Ao+(n/nu)Ax)

B (9.10a)
Ruu + Red

C=12+ &1+ Axn+ A& (9.10b)

D = Aoixm + AdoArR + Ax AR (9.10c)

No meaningful equivalent circuit can be assigned to this expression. By inserting s = i® it can be
transformed to the complex interfacial admittance or impedance. Theoretically, the frequency
dependence is different from "Randles-Ershler behaviour". In practical situations, however, the
distinction is hard to make, unless data are available in a very large frequency range. Therefore, also
here the presence of the stable intermediate has to be inferred from the potential dependence of the
parameters.

9.4 Control by charge transfer, diffusion of O and R, and adsorption of the intermediate X

This case is realistic if the intermediate is not or sparingly soluble in the solution, or for some other
reason occurs as an adsorbate. The flux Jx o, therefore, is equal to zero, i.e. g1/ nuF) - (jr1/ miF)
=dI¥/dt

In theories dealing with cases of this type it is often neglected that the adsorbed intermediate may

affect the double-layer charging process, i.e. one keeps putting oM = fE) instead of oM = E,Ix).
This simplification is not necessary, because the correct expression for the charging current density,

. _doM _(3agM) e (aoM) dry
= T 3 )y, & \alx)p &
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is easy to combine with the derivation of the faradaic admittance. One obtains for the interfacial
admittance:

Yo(s) = Yg1(s) + Ypu(s) + sCyF 9.11)
i (=25 /1) (14 Ars™2) + (n/mp)yys™

Raq 1+(Ao+Ag)s T2+ (y +yg + Aodr)s ™1 + (Aoyy +yiAr)s ™ -
9.11a)

Yei(s) =

(1+ xx / ny) (1+Aos'l/2) + (n/nu)yls—1
Ren 1+(A0+AR)s V24 (v +yg + AoAr)s ™ + (Aoyy +yiAr)s ™
(9.11b)

Yen(s) =

with
Cyr = (9™ /BE)I_
X

Xx = F'l(aoM /9Ix )E

y =L[31'F_.I] m:._l__(ifu]
I nIF BI“X E,co nnF arx E.CR

and the other parameters have the same meaning as in Section 9.3. Note that, strictly, YF1 and Yr
are not purely "faradaic" admittances because of the incorporation of the parameter y, .

Scrupulous reorganization of the expressions above shows that the total admittance is characterized
by seven parameters in the expression

-1/2

_ -1
Yel (s) = {n‘ XX + nn+xxl 1+Bls +B2S

+sC 9.12
| mRar  moRem | 1+ G2 + Cos™! 4+ D572 HF )

with
B, = R Reum n/(nn+2x) + A0 Rey1 i/ (mi—2x) 9.120)
Re ni/ (nu+xx) +Re,1 mi/(n1-2x)
R ny +yiR n nl/{ny- ny +
B, = (ymRet,m 7 +Y1Rer,1 71 ) 1/ (n = 2x) (ro+ xx) (9.12)

Rew no/(nm+xx) +Ret, 1 n1/(n1-2x)
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C = }.0 + AR 9.12¢)
C; = y1+ yg + Ao (9.12d)
D = ).Oyn + yIlR (9.12¢)

Needless to say that there is no meaningful equivalent circuit for this expression. The presence of the
intermediate will be reflected by the potential dependence of all the parameters involved. Possibly in
this case the frequency dependence will be characteristic as well.

The formulations given here are exact and also quite general, leaving the substitution of explicit
expressions for the parameters open to individual cases. It is not even required that n1 and nyj are
integer numbers, which means that the expressions also apply to a mechanism involving so-called
partial charge transfer [ref. 6].

9.5 Control by diffusion of O, X and R, and reactant adsorption of O, X and R

As in Section 9.2, charge transfer is assumed to be non-rate controlling, but the diffusional fluxes
serve both the faradaic charge transfer and the accumulation or depletion of adsorbed O, X and R.
Not only are the principles of the derivation the same as in Subsection 8.3, but also the resulting
interfacial admittance is of the same form as in the simple one-step electrode reaction:

1 S1/2 1
Yo (8) = = + -
o o V2 o, V2 52+ (sC,)

T + SCHF 9.13)

However, the meaning of the parameters is more intricate. The Warburg parameter ¢ is given by the
expression in Subsection 9.2. The adsorption Warburg parameter 0, and the adsorption capacity Cs

are related by

0,V2 = C,7! O /9y); (9.14)
and finally C, is defined by

Ca=CLF - CHF 9.15)

o a(o'M + mFlg - nnFrR) _ npebl —npeSn F(BF) (9.16)
LF = 3E el + 1+ &1 \9E )y .
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_[9[e™ + niFro = nyFry)

Cur = 9.17
HF 3B ©.17)
r
with
F=To+TIx+IR (9.18)
¥ = Do2%cqy + DxV%cy + DR'%cy (9.182)

More explicit expressions based on thermodynamic relationships similar to those in Subsection 8.4
can be derived also for the present case. This will not be pursued here.

10 NON-TRIVIAL CONSEQUENCES OF SURFACE INHOMOGENEITY

A severe condition for the impedance expressions in Sections 2 to 9 to be valid is that the surface of
the working electrode be smooth and homogeneous. The ideal electrode, therefore, is a liquid one,
i.e. at room temperature mercury or a liquid amalgam, although even then edge or screening effects
will cause deviations from ideal behaviour. Sometimes solid electrodes can be prepared, purified and
polished to a high level of smoothness, but nevertheless they will remain irregular, at least on a
microscopic or atomic scale. On the other hand, electrode surfaces sometimes are roughened by
purpose, a special case being the porous electrode. It is becoming recognized, at present, that surface
non-homogeneity and surface roughness give rise to a remarkably systematic change in the frequency
dependence of the electrode impedance or admittance. Theoretical and experimental investigations
during the last decade [ref. 19] have shown that this can be understood and described using the
theory of fractals [ref. 20]. Although probably this matter is not yet fully settled, we treat in this
Section the main points of interest in relation to the foregoing Sections.

10.1 Principles

i)  An electrode surface can be irregular at least in two different ways. Either the surface is
geometrically rough (e.g. scratches, pores, etc.), or the surface is smooth, but its properties
(e.g. double-layer capacitance, rate of charge transfer) are non-uniformiy distributed.

(i) The basic consequence of an irregular electrode surface is a non-homogeneous current
distribution near to this surface, and thus a non-uniform potential drop in the adjoining
electrolyte solution. Therefore, its description requires coupling of the interfacial processes with



1880 COMMISSION ON ELECTROCHEMISTRY

the conduction of electricity in the solution up to a distance where the current distribution is
(virtually) homogeneous.

(iii) Mass transfer by diffusion to an irregular surface will also be non-uniform, if the diffusion
length, (#D)!2 is comparable to the typical scale of the irregularity.

(iv) When, as expected, the irregularities are random, only numerical simulations are suitable to
predict current-potential characteristics in individual cases. Generalizing descriptions, however,
are possible by assuming fractal models. This means that the morphology of the electrode
surface is supposed to be preserved on every scale of observation, a property usually called
"self-similarity”. Several types of such fractals can be distinguished {ref. 20] and for each type
the surface will have a certain fractal dimension, Dy, which is generally non-integer.

The frequency dependence of the electrode admittance is closely connected to this 'fractal dimension',
as will be briefly reviewed in the Subsections to follow.

10.2 Double -layer charging
Since long it was experimentally established that the admittance Y, representing double-layer
charging depends on the frequency according to

Yo (@) = Qliw)*™ o <1 (10.1)

This phenomenon was observed so widely that it became known as the ‘Constant Phase Element'
{CPE), which refers to the fact that the complex-plane plot of Yc and Z¢ = YC"1 is a straight line,
rotated by an angle ¢ = (7w /2) (1-ay) [see Fig. 10.1] Note that a; = 1 pertains to the normal
capacitive behaviour.

-Z' Yel
t —a N

‘—RQ—’ - ZI _ Yel'

Fig. 10.1. Complex plane diagrams of the CPE
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By use of the fractal theory it is derived that the electrode admittance of the ideal polarizable electrode
is of the form

Yo (@) = K% (inCyq)™ (10.2)

where K is the specific conductivity of the electrolyte solution. For Cy the value of the differential
double-layer capacitance should be introduced the electrode would have if its surface were smooth
and homogeneous. Three remarks are connected to this expression:

(i) Yc is emphatically said to be proportional to the right-hand side of eqn (10.2). The fractal
theory is not able to specify the proportionality factor, which may depend on geometrical or
morphological conditions.

(i) The empirical 'CPE coefficient' Q appears to be proportional to x1-%Cy% and cannot be
identified with the double-layer capacitance itself.

(iii) The 'CPE exponent' ¢ is related to the fractal dimension Ds of the working electrode, but this
relationship is not general, i.e. for a particular structure and a particular cell configuration a
particular relation holds. It seems that some unification is possible by distinguishing two or
more classes of geometrical symmetry [ref. 19]. However, at the present state of the art the idea
that the fractal dimension Dy can be unambiguously deduced from the CPE exponent is a
misconception.

It should be remarked that the fractal theory provides one of the possible explanations of the CPE;
alternative interpretations are possible for this phenomenon, e.g. based on dielectric relaxation
processes in the case of semiconductor or oxide-covered metal electrodes.

10.3 Charge transfer

In eqn (10.2) the term between brackets is, in fact, the double-layer admittance of the ideal electrode.
It has been shown that for any combination of purely interfacial processes this can be generalized to
[ref. 21]

Yo = &% (Yol ideal )af (10.3)

Consequently, if the double-layer charging is short-circuited by activation-controlled charge transfer
[see Section 4], one has immediately

Yo o K70 [Ry! + iG] (10.4)
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where R~! has its normal meaning, djg / oE.

The remarks in Section 10.2 apply also here. In addition, it should be noted that eqn (10.4) after
transformation of Y| to Z| leads to a typical asymmetric arc shape in the complex impedance plane,
(Fig. 10.2a) and not to the so-called 'depressed semi-circular arc', which seems to be observed in
many experimental studies.

a) b)
Z" 2z
@=co w=0
—> > > ““~u. [N Sp
[ z Ro e |z
Fig. 10.2a. Complex plane diagram Fig. 10.2b. Depressed semi-circular arc

of Z according to eqn (10.4), o= 0.8

10.4 Diffusional mass transfer

If the rate of some interfacial process is controlled by semi-infinite diffusion, it can be argued [ref. 5]
that the diffusion length, (D)2 or (D / w)!/2 is directly the 'yardstick' for the irregular surface. This
leads to the expression for the impedance Zw g, replacing the normal Warburg impedance:

Zw, & = o(ioy ™™ (10.5)

where o is unambiguously related to the fractal dimension Dy of the microscopically active surface
by

o =(1/2) (Dg- 1) (10.6)

Eqn (10.5) holds within a frequency range limited by the condition that (D/@)!/2 should neither be
much smaller than the size of the smallest irregularity, nor be larger than the size of the largest
irregularity of the surface. Beyond these limits, 'normal' Warburg behaviour will prevail [ref. 19].

10.5 Porous electrodes
Modelling of this special case of surface irregularity also requires idealization if simple mathematics
are desired. In terms of the fractal approach, it can be shown that an electrode consisting of (parallel)
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pores with uniform cross section obeys the eqns (10.1) - (10.5), discussed in the previous Sections,
with o equal to 1/2 [refs. 19, 21]. This result is consistent with the exact treatment of this case given
much earlier by de Levie [refs. 22, 23]. The proportionality factor, missing in the fractal approach,
turns out to be equal to unity.

10.6 Edge and screening effects

Emphasizing again that the expressions discussed in this chapter result from modelling the
consequences of non-homogeneous current distribution at irregular surface, it should be recognized
that at any kind of electrode the current distribution will be inhomogeneous near the edge(s) of the
electrode surface and at places where the surface is screened by non-conducting material. Effects
raised by this complication will be serious if the surface area is (relatively) small.
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APPENDIX A: SYMBOLS USED FOR BASIC QUANTITIES

Name Symbol SI unit
N i

distance a d x

thickness o

radius r

area A m?
fractal dimension Dy 1

time t s

angular frequency ® s
Laplace parameter s s

time constant T $
relaxation time T ]
pressure P N m2
temperature T K

gas constant R J K1 mol-!
chemical potential u J mol-!
bulk concentration c* mol m-3
surface concentration c mol m-3
mean surface concentration c mol m-3
a.c. part of ¢ Ac mol m3
surface excess r mol m2
a.c.partof I’ A mol m-2
adsorption coefficient B mol-! m3
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Name Symbol SI unit
flux J Jo mol m2 s
volume flow rate v m3 st
diffusion coefficient D m? sl

rate of homogeneous reaction r mol m-3 -1
rate constant k s'1 or various
equilibrium constant K various

rate of heterogeneous reaction v mol m2 51
rate of adsorption Va mol m2 s-1
rate of charge transfer VF mol m2 s
reduction rate constant k¢ m s
oxydation rate constant kb m s’
transfer coefficient o 1
stoichiometric number v 1

reaction order o, o, r r 1

charge number of electrode reaction n 1

charge number of ion z 1

Faraday constant F C mol!
quantity of electricity Q C

surface charge density oM Cm?2
electric current 1 A
alternating current Al = I, sin ax A

amplitude of alternating current I A

electric current density j Am?2
alternating current density Aj Am?
faradaic current density JjE Am?
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Name Symbol SI unit
charging current density jc Am?2
electric potential U ¢ A%
electrode potential E \"

mean electrode potential Ex v
alternating potential AE = E; sin ax A%
amplitude of alternating potential En v

standard potential EO v
reversible half-wave potential El/ v
equilibrium potential Eq v
conductivity K Sml
resistivity P Qm
electrical resistance R Q, or Q m?
capacitance C F, or Fm2
permittivity of vacuum £9 Fml
relative permittivity Er 1
self-inductance L H
impedance Z=Z'+izZ" Q, or Q m?
admittance Y=Y +iY" S, or S m2
phase shift, phase angle 39,0 1, rad
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APPENDIX B: SYMBOLS USED FOR IMPEDANCE PARAMETERS

Symbol SI unit Name Section
Ca Fm2 adsorption capacitance 7.1 72 83 95
G Fm2 differential double-layer capacitance 3.1
Cy Fm2 geometric capacitance 25 35
CHF Fm2 high frequency capacitance 7.1 72 83 94 95
CLr Fm2 low frequency capacitance 7.2 83 95
£1(8) sm! mass transfer function 51 52 53
F(tm 1 correction function for non- 44 4.6
Nernstian d.c. behaviour
g 1 (ka+kp) /o 53
Ty A a.c. faradaic current 6.4
Ley A a.c. reversible current 6.4
Jjo Am? exchange current density 4.3
JF. ¢ Am2 cathodic partial c.d. 4.3
JF, a Am? anodic partial c.d. 4.3
ka,k.a s-1 chemical rate constant 5.3
Ka 1 equilibrium constant 5.3
ke ms! reduction rate constant 41 43
kb ms! oxydation rate constant 41 43
ks ms-! standard rate constant 4.3
p { irreversibility quotient 6.3
p' s112 212/ (Ao + AR) = pw-112 6.3
S m2 s CPE parameter 10.2
Rq Qm? adsorption resistance 7.1 7.2
Rt Qm? charge transfer resistance 4 82 93
Re, N Qm? R ¢ atd.c. Nemnstian behaviour 4.4
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Symbol SI unit Name Section

Rm Qm? metal resistance 2.1

Rs Qm? solution resistance 2.1

Ro Qm? ohmic resistance 2.1

u 1 adsorption parameter, eqn (8. 9) 8.3

u v 1 correction factors for non-a.c. 6.4
reversibility

Y Y = Z -1 admittance 1.1

Y S m2 real component of Y 1.1

Y Sm? imaginary component of ¥ 1.1

1Y S m2 modulus of Y 1.1

Y(s) S m2 operational admittance 1.2

Ya S m?2 adsorption admittance = Z ,~! 7

Yei Sm2 electrode admittance 2.1

Yo S m2 double-layer admittance 1.5 3 10

YE S m2 faradaic admittance 15 6 8 9

Z Qm? Z' +iZ", impedance 1.1

z Qm? real component of Z 1.1

z' Qm? imaginary component of Z 1.1

1Z| Qm? modulus of Z 1.1

Z(s) Qm?2 operational impedance 1.2

Z, Qm?2 adsorption impedance 7 71 83

Zc Qm? double-layer impedance 1.5 10

Zel Qm? electrode impedance 2.1

Zr Qm? faradaic impedance 6 82 9 10

ZG Qm? Gerischer impedance 5.3
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Symbol SI unit Name Section
Zmt Qm? mass transfer impedance 41 5
Zmt, a Qm2 (adsorption) mass transfer impedance 7.1
Zw, 1 Qm? Warburg element 5.2
Zw Qm?2 Warburg impedance 1.5 6.3 8.3
Zw, fr Qm? Warburg impedance at fractal surface 10.4
o 1 transfer coefficient 4.3
or 1 (RT/ (nF) din 1/ dE 8.4
ay 1 day/dE 8.4
of 1 CPE exponent 10.2
B mol-! m3 adsorption coefficient 8.4
n mol m-2 surface excess 7 8 94 95
r mol m2 Il 83 95
m diffusion layer thickness 5.2
9 1, rad phase angle 1.1
Al 5172 coupling parameter 6.1 62 82 9.3
Vi 1 stoichiometric number 4.1 5.1
o) Qm! resistivity 2.1
oM Cm2 surface charge density 3.1
a Qm?sl/2 parameter of Zw, | 52 9.2
c Qm?sl72 Zoy =Ry T X212 6.3 83 9.2
Ca Qm?2sl2 adsorption Warburg parameter 7.1 7.2 83
Ca(s/2y12 Qm? adsorption Warburg impedance 8.3
B s 4681%2/Dq 5.2
G s 0a?Ca? 7.2
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Symbol SI unit Name Section

™ s R:Ca 7.2

Y1, Y1 s coupling parameter 9.4

Xx 1 F-1(doM/orx)g 9.4

v molm2sl2  TD{12¢y 8.1 83 95
v mol m2s1/2  mean part of 8.4

y* mol m2s1/2  equilibrium value of y 9.7

0 1, rad phase angle of faradaic impedance 6.3

o 1 (nF | (RT) (E - EO) 43 64

4 1 (nF | (RT) (E - Eij3) 44 64 65
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