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Abstract

It is shown how one can derive the impedance of a polarized electrode surface from
irreversible thermodynamics. The oxygen electrode is studied as an example. A
Nyquist diagram is constructed for the case that the electrode conducts by electrons
only, and the electrolyte conducts by oxygen ions or vacancies. The electrode surface
contributes to the diagram with two semi-circles. One semi-circle is due to production
of dipoles from adsorbed oxygen atoms. The other is due to the dipole moment of the
ion-electron hole pair.

1. Introduction

The frequency dependent impedance of a system is de®ned as the ratio between an
oscillating applied voltage difference, ��, and the resulting electric current, I, that is
passing the system

Z � ÿ��

I
�1�

A linear response is normally measured. Because the measurement can be done with
high precision and relatively ease, the method is an important tool for investigation of
electrochemical systems. Impedance spectra are normally constructed from electric
circuit theory. An equivalent circuit is chosen for the expected phenomena, and the
impedance of the circuit is compared with experimental results, see for instance
McDonald [1].

In this work we shall arrive at the potential drop and the impedance using irreversible
thermodynamics. Irreversible thermodynamics describes transport processes by linear
¯ux-force relations and should therefore be well suited to ®nd a description. In view
of the small amplitudes of the oscillating ®eld (about 10±15 mV), all transport
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coef®cients can be taken as constants. The system has a ¯at interface between two
bulk phases. The bulk phases, as well as the interface, conduct charge and are, to a
varying degree, polarizable in the oscillating electric ®eld.

The electrode region is therefore composed of three different subsystems: the bulk
electrode, the (two-dimensional) electrode surface, and the bulk electrolyte, see
Figure 1. In the simple example that we analyze, the bulk electrode conducts
electrons only, the bulk electrolyte conducts ions only, and the surface is the region
where the reaction between the two conducting particles takes place. We consider
¯uxes of mass and charge only (no heat ¯ux).

Consider as an example the reaction cathodic reduction of oxygen.

1

4
O2�s� � 1

2
O�s� �2�

1

2
O�s� � eÿ�s� � 1

2
O2ÿ�s� �3�

where s means surface. Oxygen molecules have access to the surface by the electrode
being porous. We assume that the access of oxygen to the surface, as well as the
absorption of atomic oxygen is not rate-limiting. The af®nity of the total reactions is
then:

As � 1

2
�s

O2ÿ ÿ �s
eÿ ÿ

1

4
�s

O2
�4�

An electrode surface is called polarized if the reaction is slow, and as such `̀ resists''
the electric current [1]. It is unpolarized if this is not the case. We shall ®nd the
meaning of this statement in terms of irreversible thermodynamics. We shall see that
a chemical reaction that produces dipoles at the surface from an atom, with a
relatively high resistance, gives rises to a large semi-circle in a Nyquist diagram for

Fig. 1. The three open themodynamic systems at an electrode surface.
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the surface. The faster relaxation due to separation of charge conducting species gives
a smaller semi-circle at higher frequencies.

Fùrland and éstvold [2] used electroneutral components in their thermodynamic
description of the electrochemical systems. We shall follow their example and
describe also the chemical reaction at the electrode surface by electroneutral mass
variables. By doing this we can achieve a separation of events that are independent,
reaction and conduction. In the reaction (2), we therefore consider the oxygen ion-
electron hole pairs as neutral electric dipoles. A dipole is in other words a dissociated
oxygen atom. Mass variables of the system are thus oxygen molecules and dipoles. In
the oscillating eletric ®eld the dipoles have a corresponding oscillating polarization.
The polarization is central for interpretation of the impedance. The total polarization
of the surface, Ps, has also other contributions (see Sec. 2).

The extensive thermodynamic variables of the surface are the polarization and the
independent absorptions. We de®ne the adsorption (excess concentration) of dipoles,
in terms of the adsorption of oxygen ions, with a corresponding simultaneous
adsorption of electron holes (de®cit of electrons), in the following way

ÿs
p � 2ÿs

O2ÿ � ÿÿs
eÿ �5�

The adsorptions are given in moles, Ni, per area 
, of the electrode surface. The
dipole adsorption is an independent thermodynamic component (variable), for which
the chemical potential is operationally de®ned by

�s
p �

@Gs

@Ns
p

 !
Ns

O2
;T;Ps

�6�

where Ps is the polarization of the surface, and T is the temperature. The chemical
potential of the dipole is related to the chemical potentials of the charged
components. Using equation (4) one ®nds:
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in terms of the chemical potentials of the adsorbed oxygen ions and electrons.

The thermodynamic state of the polarized surface, can according to this discussion be
described by three extensive variables; the chemical potential of the adsorbed oxygen,
�s

O2
, the chemical potential of the adsorbed dipoles, �s

p, and the polarization of the
surface, P s. Equilibration of the reaction (2) reduces the number of independent
components, and thus the number of independent adsorptions.

With this choice of variables, we have after adsorption of oxygen atoms, two
processes. The ®rst of these is the reaction (2), the production of dipoles at the
surface. The next process is the charge separation polarization. We shall see that these
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two processes are not consecutive, but are coupled as de®ned by irreversible
thermodynamics.

2. Polarization of the Interface and its Surroundings

The polarization densities in the bulk electrode, Pc, in the electrolyte, Pe, and at the
surface, Ps, are due on the one hand to separation of free charge carriers ( j), and on the
other hand to atomic or molecular polarization (m) (charges which are bound). We write

Pi � Pi
j � Pi

m �8�

for each phase, i� c, e and s. De Groot and Mazur [3] indicate the possibility that the
polarization is a sum of contributions of different origin, but they do not discuss this
in any detail. In particular they do not consider the Pi

j contribution, which is important
here. The purpose of this section is therefore to ®nd how Pi

j is related to Ej. The
relaxation of the atomic and molecular polarization contributions is fast. For the
frequencies, considered in the impedance experiment, we therefore have [4]:

Pc
m � �cEc; Pe

m � �eEe; Ps
m � �sE

s �9�

in terms of the susceptibilities, �c, �e, �s, and the electric ®elds, Ec, Ee, Es, for the
electrode, the electrolyte and the surface, respectively. While Ec and Ee have the
dimension V/m, Es has the dimension V. The dimensions for the susceptibilities is the
same, C/Vm. The surface electric ®eld is the integrated excess of the electric ®eld
through the surface. By de®nition this integral is also equal to minus the electric
potential jump across the surface

Es � ÿ�s� �10�

In the electroneutral bulk phases, i� c or e, the electric displacement ®eld satis®es the
following Maxwell's equation:

div Di � div �"0Ei � Pi� � 0 �11�

where "0 is the permittivity of vacuum (8.85410ÿ12C/Vm). This implies that the
displacement ®eld is constant in the bulk phases. At the surface it may be shown [5]
that the displacement ®eld has no excess, so that

Ds � "0Es � Ps � 0 �12�

This implies that

Ps � ÿ"0Es � "0�s� �13�

The origin of the potential jump across the surface is therefore the total surface
polarization. In the absence of excess surface charge one may furthermore show [6]
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that the normal component of the displacement ®eld is continuous through the
electrode surface. To summarize we ®nd that the displacement ®eld has no peak at the
surface and is constant throughout the system.

In order to determine the displacement ®eld, we use that it is equal to the
displacement ®eld in the outer circuit (the electric wires connecting the system to the
oscillating potential source). The outer circuit is a very good conductor. As a
consequence the electric ®eld, as well as the resulting displacement ®eld, is
vanishingly small in the outer circuit. For the displacement ®eld this implies that it is
everywhere in good approximation zero and that

Pi � ÿ"0Ei �14�

is not only valid for the surface, i� s, but also in the electrode, i� c, and the
electrolyte, i� e. Together with equations (7) and (8), this results in

Pi
j � ÿ"0Ei ÿ Pi

m � ÿ�"0 � �i�Ei � ÿ"iE
i �15�

for i� c, e and s, where the "i's are the dielectric constants, for frequencies large
compared to those used in the impedance measurements, but small compared to
atomic or molecular frequencies, in the three regions.

3. Balance Equations

Since the system is electroneutral, the electric current density, j, is constant
throughout the system. The diffusion of oxygen through the porous electrode is
assumed to be fast so that, as a result, the chemical potential of oxygen inside the
pore, �c

O2
, is constant. The exchange of oxygen with the surface is also assumed to be

fast. As a consequence the chemical potential of the adsorbed oxygen is given by the
time independent bulk value (in J/mol),

�c
O2
� �s

O2
� �O2

�16�

The ¯ux of oxygen up to the electrode surface is therefore completely determined by
the oxygen used in the reaction at the surface,

Jc
O2
� 1

4
rs �17�

where rs is the reaction rate. Both ¯uxes are scalars with the dimension mol/m2 s.
The variation of the molar adsorption of the dipoles at the electrode surface is given
by:

@

@t
ÿs

p � ÿ
1

F
� j� jdispl;e� � rs �18�

84 D. Bedeaux, S. Kjelstrup

J. Non-Equilib. Thermodyn. � 1999 �Vol 24 �No. 1



where F is Faraday's constant. This equation says that dipoles, in the way they are
de®ned here, are removed by the total electric current, which is the sum of the normal
current and the electric displacement current, while they are produced by the cathodic
reaction. The displacement current for the electrolyte will be found in Section 4.
These ¯uxes as well as all other ¯uxes that follow have as their frame of reference the
positive ion lattice of the electrolyte. The attached surface between the bulk phases
does not move in this frame of reference.

4. Bulk Polarization

The time dependence of the polarization of the dipoles produces entropy. In a
homogeneous, isothermal conductor the entropy production rate, �, of a polarizable
material is given (in J/K m3 s) through [3]:

T� k � j ÿ d

dx
�k

� �
� dPk

j

dt
�Ek ÿ Ek

j;eq� �19�

where k� c or e. The atomic and molecular contributions to the polarization, who in
principle contribute with terms that are analogous to the second one on the right hand
side, relax very quickly so that their contribution to the entropy production is
vanishingly small. The equilibrium electric ®eld is de®ned in terms of the entropy
change due to a reversible change of Pk

j . Since Pk
j is due to separation of charges in a

conducting phase (or band), the corresponding equilibrium electric ®eld is zero

Ek
j;eq � 0 �20�

Substitution in the entropy production gives

�k � j ÿ 1

T

d

dx
�k

� �
� dPk

j

dt

1

T
Ek � j� dPk

j

dt

 !
1

T
Ek �21�

The resulting ¯ux equation becomes

Ek � �k j� dPk
j

dt

 !
�22�

where �k is the speci®c resistance. It is the total current, jtot, or the sum of the electric
current that is measured in the external circuit, j, and the electric displacement
current, jdispl;k � dPk

j =dt, that satis®es Ohm's law:

jtot � j� dPk
j

dt
� lkEk �23�

where lk � 1=�k is the speci®c conductivity of the material.
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In the experiment, a voltage with a frequency ! is applied to the specimen,
���t� � ��exp�ÿi!t�. The electric current and the various polarization densities are
similarly proportional to exp(ÿi!t). The time rate of change of the polarization or the
polarization ¯ux, dPk

j =dt, is therefore equal to

dPk
j

dt
� ÿi!Pk

j �24�

Substitution in Ohm's law gives

Ek � �k�jÿ i!Pk
J� �25�

Together with equation (15) this gives

Ek � j�k

1ÿ i!�k

�26�

where

�k � "k�k �27�

is the relaxation time. Using equations (9) and (15) one obtains for the polarization
densities

Pk
m �

j�k�k

1ÿ i!�k

and Pk
j � ÿ

j�k

1ÿ i!�k

�28�

By integrating the electric ®eld over the continuous phase, which has a thickness dk,
we obtain the potential difference across the phase

�k� � ÿdkEk � ÿ dk�k

1ÿ i!�k

j �29�

Using j � I=
, where 
 is the cross section of the cell, the resulting contribution to
the impdedance, cf. equation (1), is

Zk � ÿ�k�

I
� �k

1ÿ i!�k

dk



�30�

The impedance can be split in a real and imaginary part,

Zk � Z 0k � iZ 00k �31�
where

Z 0k �
�k

1� �!�k�2
dk



and Z 00k �

!�k�k

1� �!�k�2
dk



�32�
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The imaginary part vanishes when !!0, or when !!1. The real part is always
positive and has a ®nite value in the low frequency limit. It is zero in the high
frequency limit, meaning that there is no polarization of the material in this limit. By
plotting Zk in the complex plane for all frequencies ! one obtains the Nyquist
diagram. Equation (32) gives a semi-circle in the ®rst quadrant. This is illustrated in
Figure 2. The value in the low-frequency limit, which is to the right on the real axis, is
equal to the total resistance, Rk � �kdk=
. The high frequency limit, to the left on the
real axis, is zero. The frequency that corresponds to the maximum of the curve,
!k;max, gives the relaxation time of the bulk polarization, �k � 1=!k;max. The
relaxation time characterizes the nature of the polarization.

The equivalent circuit for the above impedance is an ohmic resistor with resistance
Rk � �kdk=
, parallel to a capacitor with capacitance Ck � "k
=dk [1]. It follows
that the relaxation time is now equal to �k � RkCk, the normal expression.

5. Surface Polarization

5.1. The excess entropy production rate for the surface

The excess entropy production rate for the surface, � s, is, for a constant temperature,
given by [7,8]:

T�s � ÿj�s�ÿ rs As � dPs
j

dt

1

"0

�Dÿ Dj;eq;s� �33�

This expression contains excess thermodynamics variables which are integrated out
over the surface thickness. It has the dimension W/m2. The electric force conjugate to
the electric current, j, is therefore the difference in the electric potential between the
two sides of the surface, or the surface potential drop. The electric current density is
constant through the system, since neither the surface nor the bulk phases accumulate
charge. The surface furthermore has an entropy production rate due to the reaction
rate times the af®nity of equation (3). The conjugate force to the polarization ¯ux of
the surface, dPs

j=dt, is written using the displacement ®eld rather than the electric
®eld [9]. We have from Section 2 that D and Dj;eq;s are continuous throughout the
layered system [9], so that the average value of D is D itself. The displacement ®eld is

Fig. 2. A Nyquist diagram. The imaginary part of the impedance, Z00k, is plotted against the
real part, Z0k, in arbitrary units.
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here zero, giving ®rst the reduction �Dÿ Dj;eq;s�="0 � ÿDj;eq;s="0. We can ®nd an
expression for the equilibrium displacement ®eld from the Gibbs equation, in which it
is de®ned as the internal energy change due to a reversible change in Ps

j . A change in
the surface polarization, Ps

j , means that a charge within the electroneutral surface is
displaced from one side to the other. The charge passes through a varying electric
®eld. The reversible change in the excess surface internal electric energy by the
process, is equal to the integrated electric ®eld, Es, times the charge. This product can
also be written as the product of the equilibrium displacement ®eld and the change in
polarization, see the equation below. We must multiply the charge with the distance it
has been moved, ds, to obtain the change in polarization. It follows that the electric
®eld for the surface, Es � ÿ�s�, must be divided by the thickness, ds in order not to
change the electric energy. The identity that determines the equilibrium displacement
®eld is therefore

ÿ�dPs
j �Dj;eq;s � ÿ�dPs

j �Es=ds

giving

Dj;eq;s � ÿ"0Es=ds � "0�s�=ds �34�
The force conjugate to dPs

j=dt thus becomes the average electric ®eld. Again we
assume that the atomic and molecular contributions to the polarization, which in
principle contribute terms analogous to the second one on the right hand side, relax
very quickly so that their contribution to the entropy production is vanishingly small.
By substituting this result into the excess entropy production rate, we obtain:

T�s � ÿ j� 1

ds

dPs
j

dt

� �
�s�ÿ rs As �35�

The ®rst term in the excess entropy production rate for the surface becomes similar to
that for the bulk. The displacement current for the surface can now be identi®ed with

jdispl;s � 1

ds

dPs
j

dt
�36�

and the total electric current is

jtot � j� 1

ds

dPs
j

dt
�37�

5.2. The ¯ux equations for the surface

The ¯ux equations that result from the excess entropy production rate are:

jtot;s � ÿls
jj�s�ÿ ls

jr As �38�

rs � ÿls
rj�s�ÿ ls

rr As �39�
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where the ls
ij-coef®cients are conductivities of the surface and the Onsager relation,

ls
jr � lsrj, applies. The set of two ¯uxes describe the interacting (coupled) processes at

the electrode surface. The ®rst equation describes conduction through the surface.
The main force for conduction is the electric potential drop. The second ¯ux
describes the reaction at the surface. The main force for the reaction is the af®nity.
The reaction may occur, without necessarily a further dissociation. The two
phenomena are not consecutive; they are coupled. The Onsager relation describes that
there is a symmetry in the interaction of the processes.

While the main coef®cients are always positive, the coupling coef®cients can be
positive or negative. The main coef®cient lsrr describes the ease at which dipoles are
formed from oxygen. It can be determined when the potential drop is zero. The
coef®cient ls

jj can be understood as the electric conductivity of the surface. The
production of electric current from an accumulated pool of dipoles, when As 6� 0, is
described through ls

jr. The coupling coef®cient ls
rj describes the likelihood for

formation of dipoles when a net current is passing the surface, that is when the
af®nity is zero.

We shall solve these equations in the inverted form:

�s� � ÿ�s
jj j� 1

ds

dPs
j

dt

� �
ÿ �s

jrr
s �40�

As � ÿ�s
jr j� 1

ds

dPs
j

dt

� �
ÿ �s

rrr
s �41�

The surface resistance coef®cients, �s
ij, can be found from the conductivity

coef®cients. The main coef®cient �s
jj is the resistance of the electrode to give electric

current. The coef®cient matrix is also now symmetric, �s
jr � �s

rj. The main coef®cient
�s

rr is the resistance to production of dipoles in the absence of a net electric current (as
during a measurement of the electromotive force). Absence of coupling between the
¯uxes is unlikely because the production of dipoles is bound to have an effect on the
surface polarization, and therefore also the time rate of change of Ps.

5.3. The impedance of the surface

The time derivative of the dipole adsorption can be related to the time derivative of
the af®nity in the following way:

dÿs
p

dt
� @ÿs

p

@�s
p

 !
ÿs

O2
;T ;Ps

d�s
p

dt
� ÿs

p;eq

RT

d

dt
�s

p ÿ
1

4
�s

O2

� �
� ÿs

p;eq

RT

dAs

dt
�42�

where we used the ideal expression for the chemical potential of the dipoles at the
surface. The basis for this approximation is a ®xed chemical potential of oxygen at
the surface. It is likely that the chemical potential of oxygen at the surface is
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controlled by the chemical potential of oxygen in the pores of the bulk electrode
material. (We have assumed that this equilibration is fast). The af®nity in the equation
therefore refers to this background activity of the oxygen gas in the pores. The time
derivatives dPs

j=dt and dAs/dt are given by

dPs
j

dt
� ÿi!Ps

j and
dAs

dt
� ÿi!As �43�

Substitution in the ¯ux equations, and using equation (18), gives

�s� � ÿ�s
jj jÿ i!Ps

j

ds

� �
ÿ �s

jr

j

F
ÿ i!

ÿs
p

RT
As

� �
As � ÿ�s

jr jÿ i!Ps
j

ds

� �
ÿ �s

rr

j

F
ÿ i!

ÿs
p

RT
As

� � �44�

where we used that the displacement current in the electrolyte is negligible in the
frequency range that is relevant for the surface. By solving this equation together with
equation (15), one ®nds

�s�

j
� ÿ �s

jj � �s
jr=Fÿ i!�ÿs

p=RT� �s
jj�

s
rr ÿ ��s

jr�2
� �h i

=D

As

j
� ÿ �s

jr � �s
rr=Fÿ i!

i!"s

dsF

� �
�s

jj�
s
rr ÿ ��s

jr�2
� �� �

=D

�45�

where D is the determinant

D � 1ÿ i! �s
rr�ÿs

p=RT� � "s�
s
jj=ds

h i
ÿ "s!

2 �s
jj�

s
rr ÿ ��s

jr�2
� �

�ÿs
p=RT ds�

�46�

The roots of this second order polynomial in the frequency, yield two relaxation
times, �s � �ÿ; and �f � ��

�� �
2"sÿ

s
p �s

jj�
s
rr ÿ ��s

jr�2
� �

dsRT��s
rr�ÿs

p=RT� � "s�
s
jj=ds�

� 1�

�������������������������������������������������������������������
1ÿ

4"sÿs
p �s

jj�
s
rr ÿ ��s

jr�2
� �

dsRT��s
rr�ÿs

p=RT� � "s�s
jj=ds�2

vuuut
0BB@

1CCA
ÿ1 �47�

The relaxation times have been de®ned such that �s > �f . Using these relaxation
times, the determinant may be written as

D � �1ÿ i!�f ��1ÿ i!�s� �48�
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The full solution of the problem can be simpli®ed. If we assign the resistance of a
polarized surface to the electrode reaction (2) we have that �s

rr � "s�
s
jjRT=ÿs

pds. By
expanding the square root in equation (47), the times for slow (� s) and fast (� f )
relaxation reduce to

�f � "s �s
jj�

s
rr ÿ ��s

jr�2
� �

=ds�
s
rr � "s=ls

jjds

�s � �s
rr�ÿs

p=RT�
�49�

so that �s � �f . The potential jump and the af®nity satisfy the relations:

�s�

j
� ÿ 1

lsjj

 !
1

1ÿ i!�f

ÿ �s
jr�Fÿ1 � �s

jr=�
s
rr�

1

1ÿ i!�s

As

j
� ÿ �

s
jr � �s

rr=F

1ÿ i!�s

�50�

The potential difference depends on both relaxation times. The af®nity, as given
by the second expression, has only a slowly relaxing component. An increase in
As leads to a reduction in j. The equations describe that slow oscillations in As and j
are in phase with one another. The resulting contribution to the impedance of the
surface is

Zs � ÿ�s�

I
� 1

ls
jj

1

1ÿ i!�f

� �s
jr�Fÿ1 � �s

jr=�
s
rr�

1

1ÿ i!�s

" #
1



�51�

The surface impedance can be split in a real and an imaginary part, which are found
to be

Z 0s �
1

ls
jj

1

1� �!�f �2
� �

s
jr�Fÿ1 � �s

jr=�
s
rr�

1� �!�s�2
" #

1




Z 00s �
1

ls
jj

!�f

1� �!�f �2
� !�s�

s
jr�Fÿ1 � �s

jr=�
s
rr�

1� �!�s�2
" #

1




�52�

The surface impedance gives two semi-circles in a Nyquist diagram, one for low
frequencies and one for high frequencies. A small semi-circle, largely due to the
surface polarization, is obtained for high frequencies. It is characterized by the
conduction coef®cient, ls

jj. A larger semi-circle is obtained for low frequencies.
This semi-circle depends on ÿs

p=RT through � s. It is likely that the diople
concentration at the surface varies with the state of polarization (a constant applied
potential). One would then except a shift in the relaxation time according to the
dipole concentration variation. It is interesting that it depends on the temperature. The
low frequency semi-circle arises from the af®nity.
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The full solution can also be simpli®ed for a fast reaction. We can then use the
following conditions; �s

rr � "s�
s
jjRT=ÿs

pds. By expanding the square root of equation
(47), the relaxation times reduce to

�f � ÿs
p �s

jj�
s
rr ÿ ��s

jr�2
� �

=�s
jjRT � ÿs

p=ls
rrRT

�s � �s
jj�"s=ds�

�53�

The slow-relaxation time is again much larger than the fast-relaxation time �s � �f .
While the slow component was determined by �rr in equation (49), it is now
determined by �jj. In other words, the largest resistance coef®cient can be associated
with the slowest relaxation mode. In the last case, the slow relaxation must mean a
dif®cult split of the dipole into charged particles. In equation (49) the slow relaxation
was due to slow production of dipoles from oxygen atoms.

The potential jump and the af®nity of equation (45) become

�s�

j
� ÿ �

s
jj � �s

jr=F

1ÿ i!�s

As

j
� ÿ�s

jr

1� �s
jr=�

s
jjF

1ÿ i!�s

ÿ 1=Flsrr

1ÿ i!�f

�54�

Now the potential jump has only one semi-circle in the Nyquist plot, in the lower
frequency range. The contribution is slow, and is much larger than the corresponding
contribution to the af®nity. This is the reason to call the surface unpolarized, and
describe the mathematical solution as less physically relevant for interpretation of
experimental results.

This means that the solution provided by equations (49, 50) are the relevant ones for
interpretation of experiments on electrode surfaces. They associate the polarized
surface with a slow electrochemical reaction, as is normal. Examples of semi-circles
for the polarized surface, combined with those for the bulk, are shown in Figure 3 and
are further discussed below.

Fig. 3. Nyquist plot of predicted bulk and surface contributions to the impedance of the model
electrode described in the text.
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6. The Stationary State Polarization

When the surface is polarized by a potential to a stationary state situation, rs� j, the
excess entropy production rate is reduced to

T�s � ÿj �s�� As

F

� �
�55�

An important difference between this case and the ®nite frequency case is that the
af®nity is no longer an independent thermodynamic force. The ¯ux-force relationship
becomes:

j � ÿelsjj �s�� As

F

� �
�56�

where

elsjj � ls
jj ÿ

ls
jrl

s
rj

ls
rr

�57�

The surface potential drop becomes

�s� � ÿAs

F
ÿ j=elsjj

� RT

4F
ln PO2

ÿ RT

F
ln ÿp ÿ As;o

F
ÿ j=els

jj

�58�

where As;o is the af®nity of the standard state. The surface resistance of the polarized
surface, 1=els

jj, must be found by plotting the potential drop versus the electric current
for a known af®nity. It cannot be found from equation (50) by taking the zero
frequency limit. Because of this, the stationary state behaves fundamentally different
for the ®nite frequency case. One may expect for a range of current densities that the
af®nity is constant (even zero, when the current density is small). This means that one
may also expect that the surface potential drop is proportional to the oxygen pressure,
and that the slope of the zero-frequency impedance versus ln pO2

at 850�C (1120 K) is
24 mV per decade.

The polarization of the surface is given in terms of the potential drop, cf. equation
(12).

Ps � ÿ"0
As

F
� j=els

jj

� �
�59�

The polarization is linear in the current density. When there is no electric current, the
polarization is given in terms of the af®nity. A change in the potential difference for
zero current and constant oxygen pressure, therefore means a change in the
polarization by a changing dipole adsorption. The same change in polarization can
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also be obtained by changing the oxygen pressure while one keeps the potential
difference constant and the electric current zero.

7. Discussion and Conclusion

7.1. The total impedance

The total impedance of the electrode, the surface and the electrolyte is according to
the above analysis:

Z � Zc � Zs � Ze �60�
The results of this equation are shown in Figure 3 for the condition:

�cdc � �ede � �s
jr=F �61�

where dc and de are of the same order of magnitude. The resistance is mainly due to
the surface. The dominant contribution in the surface resistance follows from
equation (50) and is given in terms of the cross coef®cient. The resistance of the
electronic conductor is very small compared to the resistance of the ionic conductor.
Since the dielectric constants are of the same order of magnitude one has for the
relaxation times

�c � �e � �f � �s �62�
Since the contributions to the total impedance from the bulk electrode, the surface
and the electrolyte contain very different resistances and relaxation times, distinct
semi-circles appear in the Nyquist plot. The plot starts at zero, as discussed in
connection with Figure 2. Contributions from frequencies outside the frequency range
investigated in an experiment will result in a ®nite limiting value of the real part of
the impedance at the high frequency side. The contribution from the bulk electrode
hits the abscissa at the value �cdc: Then the contribution due to the electrolyte takes
over. The next touching point with the x-axis is at �cdc � �ede. The two semi-circles
due to the surface will appear for even lower frequencies (or higher relaxation times).
We have drawn a small semicircle to illustrate the relatively fast relaxation of the free
charges ��f � and a big semicircle that represents the slow relaxation ��s� between
atoms and dipoles.

The results presented in Figure 3 were derived for some special conditions. The more
general solution, equations (43±46) may alter the semi-circles. There may be an
overlap of the two for instance.

7.2. The method

We have shown above how impedance measurements of interface layers can be
understood and described in a new way. We have taken as an example a simple
electrode reaction, other reactions can be described the same way. More complex
cases can be dealt with by including more terms in the entropy production rate. We
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have shown how the analysis compares with the standard method of analysis for the
bulk phase. While the standard method starts with well established concepts from
electric circuits, our approach has a physical chemical starting point. The
thermodynamic variables of the system and their conservation equations, together
with the entropy production rate of each part of the system give a unique
determination of the Nyquist diagram. Impedance diagrams, as they derive from
electric circuit theory, cannot be used to conclude on the physical phenomena that
take place in the system. A thermodynamic analysis will of course have the same
de®ciency. But the more chemical starting point, which separates between surface
effects and bulk effect, may serve as a better basis for discrimination between likely
and unlikely models.

The most important feature of the theory, that is presented her for the ®rst time, is the
systematic procedure prescribed for derivation of surface impedances. In the common
procedure one picks and combines circuit elements in a way that best describe the
observed experimental results. We, on the other hand, derive a theoretical expression
for the impedance as a consequence of certain thermodynamic properties. When
independent variables are used in the description, we can take advantage of Onsager
reciprocal relations, and reduce the number of unknown coef®cients.

In our analysis we ®nd that coupling between surface reaction and conduction is
essential in explaning the surface polarization. It is the interaction of the two
oscillating phenomena at the surface that produces the second semi-circle. The
common Butler Volmer equation gives an exponential relation between the
overpotential of the electrode and the electric current. In view of this, one may
®nd it surprising that we are able to predict the same type of semi-circles for the
impedance from a theory which uses linear relations between ¯uxes and forces. The
recognition of the surface as a separate open thermodynamic system is crucial in this
respect. Outside the surface, there is no coupling between a scalar chemical reaction
and the vectorial electric force. At the surface, coupling becomes possible, because it
is the scalar component of the vectorial force that is relevant [5, 7, 9]. With the
amplitude one has for the potential oscillations in the experiment, the coef®cients of
the ¯ux equations can be taken as constants. The coef®cients do, however, depend on
the state of the surface, and are expected to vary for instance with surface
polarization.

By use of irreversible thermodynamics, we have obtained detailed results for the
relaxation times and the surface transport coef®cients. The slow relaxation time may
for instance depend on the dipole concentration and temperature, see equation (47).
This prediction can be checked by experiments, and more con®dence to the model
can be achieved. Wang et al. [10] report two semi-circles for the surface. They relate
them to two `̀ electrochemical resistances'', one for dissociative adsorption of oxygen
molecules and one for the transfer of oxygen ions into the electrolyte. These
resistances have some counterpart in our coef®cients �s

jj and �s
rr, but they have a

different interpretation. In our analysis, the process of adsorption does not play a role
for �s

rr. It is the polarization of the already adsorbed atom which gives rise to the
polarized surface. An allocation of �s

jj to a resistance for transfer into the electrolyte
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conforms better with our results. In our analysis this coef®cient represents the split of
the dipole formed by the free charges in the surface. Wang et al. also report a
dependence of their results on the oxygen pressure, but were unable to reduce these
data in a quantitative manner. Our equations provide the means to do so. We aim to
follow up by a systematic analysis of experiments on this system.

Use of irreversible thermodynamics may therefore facilitate and enhance interpreta-
tions of impendance diagrams, by providing an alternative and more detailed route to
the expermental results.
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