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Abstract

Multi-dimensional finite element simulations of current distributions in mixed ionic and electronic conducting cathodes (MIEC)

are presented for the case that the cathodic oxygen incorporation into an electrolyte takes place through the bulk of the electrode.
The effects of the ionic conductivity and the surface reaction coefficient on the overall process are analyzed. Depending on these
material parameters different parts of the cathode are involved in the oxide ion transport to the electrolyte (from a very small region
close to the three phase boundary for a fast surface reaction up to the entire cathode for a very slow surface reaction). The

calculations also reveal which combinations of ionic conductivity and surface reaction coefficient are appropriate to achieve
acceptable polarization resistances. The influence of the particle size is discussed and interpolation formulae are given to estimate
the cathodic polarization in porous MIECs.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The electrochemical performance of a solid oxide fuel
cell (SOFC) strongly depends on the kinetics of the
cathodic oxygen reduction reaction.Mixed electronic and
ionic conducting cathodes (MIECs) facilitate an oxygen
reduction and incorporation in the electrolyte not only
via a surface path (oxygen adsorption, dissociation, sur-
face diffusion to the three phase boundary, ionization and
incorporation into the electrolyte) but also via a bulk
path: oxygen can be adsorbed and ionized on the MIEC
surface and incorporated into the cathode; under electric
load the oxide ions then diffuse through the cathode bulk
and are transferred into the electrolyte at the interface
between electrode and electrolyte.1�5 This bulk path
might considerably lower the polarization resistance of
SOFCs if the material and geometrical parameters of the
MIEC are chosen properly. Theoretical tools are there-
fore highly desired that allow one to predict the effects of
the relevant parameters on the polarization resistance.

Most calculations dealing with the polarization
resistance of MIECs are based on one-dimensional
considerations6�8 and therefore have a restricted validity
range. Recently, simulations of the two-dimensional
current distribution in mixed conducting cathode parti-
cles have been presented for the case that transport of
oxide ions in the cathode bulk is rate-limiting.9 It has, for
example, been discussed whether or not the electro-
chemically active zone of the cathode broadens if the
ionic conductivity of the electrode is enhanced. In this
contribution we extend these calculations to cases in
which the oxygen incorporation into the cathode sig-
nificantly influences the overall reaction rate. In parti-
cular the relation between geometry and polarization
resistance is discussed for different material parameters.
2. Model system and theoretical considerations

The two model geometries considered are shown in
Fig. 1. The first model cathode consists of ‘‘pillars’’
of 50 cylindrical-shaped mixed conducting particles
(particle diameter Lp, particle height Lp, ‘‘pillar’’ height
h=50 Lp, distance between two ‘‘pillars’’=2Lp, Fig. 1a
and c). In a second cathode every second ‘‘particle’’ is
thickened thus representing the ‘‘cross-beams’’ which
lead to the three-dimensional, percolating topology of a
porous SOFC cathode (Fig. 1b and d). The entire side
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walls of the ‘‘pillars’’ are assumed to be electrochemically
active. Owing to symmetry only a unit element (Fig. 2d)
has to be considered in the calculations. It is further
assumed that only the bulk path contributes to the over-
all oxygen reduction current and that two steps deter-
mine the electrochemical polarization, namely the
oxygen reduction reaction at the surface of the cathode
and the ionic transport through the MIEC. The surface
step is described by an area-related resistance R~ k (in
�cm2) and can be converted into an electrical surface
exchange coefficient kq via kq ¼ kTð Þ=

�
4e2R~ kc

�
. (Symbol

c denotes the oxide ion concentration and k, T, e are the
Boltzmann constant, temperature and elementary
charge, respectively.) The ionic transport in the bulk of
the MIEC is determined by the ionic conductivity of the
MIEC, �ion, which is related to the self diffusion coeffi-
cient Dq of oxide ions via the Nernst–Einstein equation
Dq ¼ kT�ionð Þ= 4e2c

� �
. The electronic conductivity in the

MIEC is assumed to be so large that only a negligible
gradient of the electrochemical potential of the elec-
trons is required to enable the electronic current to
flow from the current collector which covers the top
of the cathode to the free surfaces of the cathode
(MIECfs). As discussed in Ref. [9] div grad �~ Vð Þ ¼ 0
has therefore to be solved under the boundary condi-
tions rn�~ V MIECfsð Þ ¼ R~ �1

k ��1
ion 2eU� �~ V MIECfsð Þð Þ
and �~ V CEð Þ ¼ 0 in order to obtain the electrochemical
potential of oxygen vacancies (�~ V) in the sample. (CE
denotes the reversible counter electrode, rn is the
gradient normal to the surface, U the applied voltage;
the equilibrium electrochemical potential of vacancies
is set to zero.) From r�~ V the ionic current density
and thus the polarization resistance can be calculated.
Homogeneous �ion-values of 10�7–10�3 S/cm are used
and the electrolyte is regarded to be a pure ionic con-
ductor with conductivity �IC=10�1 S/cm. Since
�IC��ion the polarization resistance of the entire cell
corresponds to the cathodic polarization resistance.
The particle size Lp is varied from 500 nm to 4 mm
and the height of the cathode is 50 Lp, i.e. between 25
and 200 mm while the electrolyte is 3Lp thin. The finite
element package FLUXEXPERT (SIMULOG, France)
was applied to numerically calculate �~ V and the area-
related polarization resistance R~ pol. More information
on these calculations can be found in Ref. [9].
3. Results and discussion

Let us first consider the potential distributions in the
model cathodes for different kq and Dq (or R~�1

k and �ion)
values. Fig. 2 shows the �~ V distributions in geometry B
Fig. 1. (a) and (b): Sketches of the two model geometries (A and B) under consideration. (c) Magnification of three particles of the mixed

conducting cathode of geometry A. (d) Unit element of geometry B; for the sake of simplicity a cylindrically shaped electrolyte is used in the

calculations. The three arrows indicate the fractions of the unit element for which the potential distributions are plotted in Fig. 2.
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for four different cases: For a fast oxygen surface reac-
tion (low R~ k) the oxygen incorporation mainly occurs
close to the three phase boundary (3PB) (see Fig. 2a);
this situation has been discussed in depth in Ref. [9].
For a moderate surface reaction coefficient (Lpk

q/Dq�1)
the current-carrying region is broadened. However, it is
still mainly the first particle layer which is involved in
the oxygen reduction reaction (Fig. 2b): for Lpk

q=Dq ¼

1 more than 85% of the oxygen is incorporated at the
surface of the particle layer that is in contact with the
electrolyte. If the resistance of the oxygen surface reac-
tion further increases, more and more particle layers
contribute to the oxygen reduction reaction (Fig. 2c)
and for very high R~ k values (Fig. 2d) the entire cathode
is ‘‘active’’. The same considerations are also valid for
geometry A.

Fig. 3a illustrates the dependence of the polarization
resistance on the surface reaction resistance for Lp=1.6
mm and �ion=10�3 S/cm. Four regimes can be dis-
tinguished and each of them corresponds to one of the
potential distributions shown in Fig. 2: As long as R~ k is
low, the polarization resistance is constant (regime I)
and the oxygen incorporation into the MIEC occurs
close to the 3PB (Fig. 2a). In regime II R~ pol becomes
increasingly dependent on R~ k and the ionic current
penetrates into the first particle layer (Fig. 2b). Regime
III is characterized by the fact that more than one par-
ticle layer is involved in the oxygen reduction reaction
(Fig. 2c) and yields, to a good approximation, a pro-
portionality of R~ pol and

ffiffiffiffiffiffi
R~ k

p
. In regime IV, lastly,

R~ pol/R~ k results and the entire cathode surface is rele-
vant with respect to the oxygen reduction reaction
(Fig. 2d). For geometry B the resistances in regimes III
and IV are somewhat lower than for geometry A which
is not surprising since in these cases the larger surface
area of cathode B decreases the polarization. In regimes
I and II, however, only the particles in contact with the
electrolyte are relevant and both geometries lead to the
same results.

In Fig. 3b the influence of the ionic conductivity of
the MIEC on the polarization resistance is shown for
cathode A. As one might intuitively expect, the impor-
tance of �ion decreases with increasing R~ k (decreasing
kq): In regime I (cf. Fig. 3a) the transport of oxide ions
in the MIEC is rate-determining and R~ pol / ��1

ion results
while in regime IV �ion plays no role. The limits between
Fig. 2. Potential distributions of �~ V in parts of the cathode B for

different Lpk
q/Dq (=LpR~

�1
k /�ion) ratios: (a) 10

5, (b) 1, (c) 10�2 and (d)

10�7; Lp=1.6 mm, �ion=10�3 S/cm. The distributions are shown for

cross sections of fractions of cathode geometry B; the corresponding

fractions are indicated in Fig. 1d. Changes in the color correspond to

equipotential lines, the current flows perpendicular to these lines.

Obviously more and more of the cathode carries an ionic current if the

Lpk
q/Dq-value decreases. The potential difference between two lines is

1/20 of the maximum potential difference occurring in the bulk of the

cathode.
Fig. 3. (a) Area-related polarization resistance for different R~ k-values

and two geometries; Lp=1.6 mm, �ion=10�3 S/cm. Four different

regimes (I–IV) can be distinguished. Increasing R~ k leads to a decreas-

ing density of equipotential lines (cf. Fig. 2). The data points which

correspond to Fig. 2(a)–(d) are also indicated. (b) Area-related polar-

ization resistance for different �ion-values (geometry A) and R~ pol
calculated from Eq. (2); Lp=1.6 mm, �ion=10�3 S/cm. The dashed line

indicates the boundary between regimes II and III.
J. Fleig, J. Maier / Journal of the European Ceramic Society 24 (2004) 1343–1347 1345



the different regimes are governed by the ratio
LpR~

�1
k =�ion ¼ ðLpk

q=DqÞ: the transitions from regime I
to regime II and from II to III are at ratios of �1000
and 1, respectively while regime IV becomes relevant for
LpR~

�1
k =�ion 	 L2

p=h
2.

The particle size Lp considerably influences the polar-
ization resistance for high surface reaction rates (low
R~ k, regime I) while for increasing R~ k-values the effect of
Lp decreases. For each R~ k-value a slope a can be calcu-
lated from the log(R~ pol)�log(Lp) curve and this slope
(which corresponds to the exponent � in R~ pol/Lp

�) is
plotted in Fig. 4 for different kq/Dq ratios. The �-factors
again reflect, to a good approximation, the regimes
mentioned above: � >0.85 for high kq/Dq-values corre-
sponds to regime I and thus to the case that the entire
reduction reaction takes place close to the 3PB. A high
3PB length per area (i.e. a small particle size) can then
strongly decrease the polarization resistance. The expo-
nent �=1/2 for low kq/Dq-values, on the other hand,
reflects regime III with more than one particle layer
being electrochemically active and the transition from
�=1/2 to �>0.85 is equivalent to regime II in Fig. 3a.

Fig. 4 may be used to predict the geometry depen-
dence of the polarization resistance for different materi-
als. However, for many potential SOFC cathode
materials k/D-values are only available from chemical
diffusion or tracer experiments while here electrical
driving forces and thus electrical k- and D-values are
meant (cf. Ref [10]). Nevertheless, in Fig. 4b literature
values from tracer experiments11 (k*/D*) are included.
If k*/D* is identical with kq/Dq, La0.8Sr0.2MnO3 is in
regime II (only first particle layer active) while
La0.8Sr0.2CoO3 lies in regime III. Please note that the
surface path of the oxygen reduction reaction (see
Introduction) is neglected in this consideration which is
certainly problematic for La0.8Sr0.2MnO3.

12
An interpolation formula which describes the polar-
ization resistance of both geometries in the regimes I
and II (i.e. Lpk

q/Dq51) surprisingly well reads

R~ pol �
Lp

4��ion
þ

8

�

ffiffiffiffiffiffiffiffiffiffiffiffi
R~ kLp

�ion

s
ð1Þ

with �=1. The first term in Eq. (2) reflects the situation
of very fast oxygen reduction reaction at the cathode
and thus corresponds to current flow mainly close to the
3PB. This term can therefore be expected to strongly
depend on the exact shape of the 3PBs. ‘‘Wavy’’ or
fractal-like 3PB-lines and larger particle densities
enhance � and �-values of 2–4 are probably more rea-
listic in porous SOFC cathodes (cf. Ref. [9]).

For Lpk
q/Dq<<1 it turns out that, at least for geo-

metry A, the potential distributions are quasi-one-dimen-
sional and analytical calculations similar to those reported
for porous electrodes in liquid electrochemistry13 are
sensible. The solution of the corresponding differential
equation @2�~ V=@x

2 ¼ 4 �~ V � 2eUð Þ= Lp�ionR~ k

� �
leads to

the area-related polarization resistance

R~ pol ¼
8

��ion

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LpR~ k�ion

q
coth h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

LpR~ k�ion

s !
: ð2Þ

As shown in Fig. 3b, Eq. (2) shows very good agree-
ment with the numerical results in regimes III and IV
of geometry A.

From Eqs. (1) and (2) one can therefore estimate
which combinations of R~ k, �ion and Lp might lead to
reasonable SOFC cathodes with polarization resistances
of the order of 0.15 �cm2. These formulae are com-
plementary to that derived from one-dimensional con-
tinuum electrode models in Refs. [6,7]: Eq. (1) can be
used for large kq/Dq(=R~ �1

k /�ion) values (with only one
particle layer being active) while the equations in Refs.
[6,7] are valid only for comparably small kq/Dq values.
On the other hand, the continuum electrode models
explicitly take account of the porosity of the cathode. A
more detailed analysis and comparison with continuum
electrode approaches will be given in a forthcoming
paper.
4. Conclusions

Depending on the ratio of kq/Dq (=R~�1
k /�ion) of a

mixed conducting cathode, four regimes can be dis-
tinguished: For kq/Dq-values much larger than the
inverse particle size Lp (regime I) only small regions
close to the three phase boundaries are relevant with
respect to the oxygen reduction. A decreasing kq/Dq

ratio ‘‘activates’’ more and more of the cathode, i.e. the
area of the MIEC surface which is involved in the
oxygen reduction reaction monotonically increases: In
Fig. 4. Exponent � of the relation between polarization resistance and

particle size (R~ pol/Lp
�) for different R~ �1

k /�ion-ratios. Some data of

tracer experiments (k*/D*)11 are also indicated.
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regime II (Lpk
q/Dq-values between 1 and 1000) it is still

mainly the first particle layer which contributes to the
oxygen reduction; kqLp/D

q-values <1 lead to a pene-
tration of the ionic current into the cathode network
(regime III) and finally the entire cathode surface is of
importance (regime IV). Each regime exhibits a char-
acteristic dependence of the polarization resistance on
surface reaction coefficient, ionic conductivity and par-
ticle size. The ionic conductivity, for example, is most
important in regimes I and II; the influence of the particle
size decreases with increasing surface reaction resistance.
The calculations yielded interpolation formulae which
may be used to quantitatively estimate the polarization
resistance of MIECs.
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