
Modelling the porous cathode of a SOFC: oxygen reduction mechanism effect

J. DESEURE1, Y. BULTEL2,*, L. DESSEMOND2, E. SIEBERT2 and P. OZIL2

1LEMTA, UMR 7563, 2 Avenue de la Forêt de Haye, BP 160, 54504, Vandoeuvre-les-Nancy, France
2LEPMI, UMR., CNRS-INPG-UJF 5631 ENSEEG, BP 75, 38402, Saint Martin d’Heres, France
(*author for correspondence, tel.:+33-476-826580, e-mail: Yann.Bultel@lepmi.inpg.fr)

Received 14 February 2006; accepted in revised form 6 July 2006

Key words: ac impedance, composite cathode, modelling, oxygen reduction, SOFC

Abstract

A composite electrode comprising a porous mixture of solid electrolyte (typically yttria stabilized zirconia, YSZ)
and electronically conducting, electrocatalytic material (typically strontium doped lanthanum manganite, LSM) is
generally used to improve the cathodic performance of the solid oxide fuel cell (SOFC). The advantage of the
composite electrode is that the reaction zone is spread from the electrode/electrolyte interface into the electrode,
effectively resulting in a functionally diffuse interface where the charge transfer reaction occurs. The present study
proposes a one-dimensional dc and ac model that takes into account mass and charge conservation, transport of
species and reaction kinetics. It considers the porous electrode to be a homogeneous medium characterized by a
number of parameters, and in particular ionic conductivity and the diffusion coefficient. The influence of kinetic and
transport parameters as well as that of the microstructure on the shape of both polarization curves and impedance
diagrams is discussed.

1. Introduction

A composite electrode comprising a porous mixture of a
solid electrolyte (typically yttria stabilized zirconia,
YSZ) and an electronically conducting material (typi-
cally strontium doped lanthanum manganite, LSM) is

generally used to improve the cathodic performance of
solid oxide fuel cells (SOFC). Many studies have
demonstrated that composite cathodes exhibit much
lower overpotentials than single-phase electrodes by
virtue of the parallel paths of ionic and electronic charge
carriers [1]. Using a composite cathode enables the
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avads specific surface area of adsorption (m)1)
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a charge transfer coefficient (–)
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reaction zone to spread from the electrode/electrolyte
interface into the electrode and effectively results in a
functionally diffuse interface where the charge transfer
reaction takes place.
It is generally accepted that the performance of

composite cathodes in SOFC is largely governed by
interfacial kinetics, mass transport and ohmic drop.
Steady-state polarization studies of these electrodes are
therefore not sufficient to determine either the limiting
processes or the reaction mechanism. Electrochemical
impedance spectroscopy (EIS) is used to identify and
characterize the various phenomena involved in elec-
trode reaction with a view to optimizing the entire
process [2, 3]. However, most studies have focused on
the optimization of cathode structure and composition
rather than on kinetic mechanisms [4–8].
In an earlier study [9], a theoretical model was

proposed for a porous composite cathode. This pro-
vided a detailed description of electrode structure and of
the processes occurring therein, and considered the
activation and mass transport steps. The role of com-
position, porosity and grain size was first discussed
assuming a homogeneous electrode composition. The
relative roles of composition and porosity gradients in a
porous composite electrode [10] were then theoretically
predicted in order to gain a better understanding of the
behaviour of a graded electrode and its influence on
ionic current flow.
The aim of the present study is to simulate both dc and

ac responses under polarization of a composite cathode.
In the presence of a constant current, potential and
concentration gradients are observed within the compos-
ite cathode. In such a case, where a multi-step mechanism
is involved, only numerical solutions are available for
estimating current distribution and impedance [11]. The
theoretical elements of dc and acmodels are developed for
a composite cathode, taking into account both diffusion
and ionic ohmic drop. They are used in a quantitative
analysis of impedance spectra in which special attention
is paid to characterization of the processes occurring in
the gas diffusion electrode during the electrochemical
reaction. It should be noted that ionic and electronic
percolation thresholds are assumed in this model.

2. Dc and ac model for a composite cathode

2.1. Oxygen reduction mechanism

The composite electrode, deposited on dense YSZ and
without any composition or porosity gradients, consists
of a monodisperse porous mixture of ionic (YSZ) and
electronically conducting (M) grains surrounded by gas-
filled pores. Oxygen is transported through the porous
electrode by diffusion of molecular oxygen in the gas
phase. Diffusion of molecular oxygen is considered to be
predominantly of the Knudsen type given that the
average pore size dp is fixed at 1 lm [9]. This assumption
is consistent with the model of Adler et al. [12]. The flux

of oxygen vacancies in YSZ is a function of the electric
field while electron transport obeys Ohm’s law.
The adsorbed oxygen is formed from oxygen gas

according to a dissociative adsorption step that occurs
on the pore walls (regardless of particle nature):

O2 þ 2s! 2O-s ð1Þ

where s stands for an adsorption site and O-s for the
adsorbed oxygen.
The adsorbed oxygen is reduced at the three-phase

boundary with consumption of an oxygen vacancy V0
ÆÆ

from YSZ, creation of two holes hÆ in M and incorpo-
ration of an oxygen ion O0

X into YSZ:

O-sþ V��0 ! 2h� þOX
0 þ s ð2Þ

Assuming a Langmuir isotherm, a hypothesis that is
consistent for the high temperature range, the rate of
chemical dissociative adsorption (1) at the gas/M–YSZ
interface depends on the oxygen concentration cO2,
(assuming an oxygen partial pressure of 1 atm in the
gas channel) and on the relative coverage h of adsor-
bates O-s according to:

rads ¼ avadsC
2 kadscO2ð1� hÞ2 � kdesh

2
� �

ð3Þ

where kads and kdes are the adsorption and desorption
kinetic constants, avads the specific adsorption surface
area of the electrochemical reaction and G is the
maximum concentration of adsorbed species
(=10)5 mol m)2).
The charge transfer rate (2) is given by

re ¼ avtpbC

�
ke exp �

2aF
RT

g

� �
hcYSZ

v

�k�e exp
2ð1� aÞF

RT
g

� �
ð1� hÞ

� ð4Þ

where g is the electrode overpotential, ke and k)e are the
forward and backward electrochemical kinetic con-
stants, cv

YSZ the oxygen vacancy concentration in the
electrolyte (6� 103 mol m)3), a the symmetry factor and
avtpb is the specific electrochemical surface area.

2.2. Homogeneous model for a composite electrode

Figure 1(a) is a schematic representation of the com-
posite cathode used for model development, showing the
electrode sandwiched between the electronic conduc-
tor|gas distributor and the electrolyte pellet. In this
study, only the electrochemical behaviour of the com-
posite cathode is modelled; the additional resistances
related to current collector/electrode and electrode/
electrolyte interfaces are therefore not considered.
The composite cathode is treated as a homogeneous

medium characterised by an effective ionic conductivity
jeff dependent on electrode microstructural parameters
[9]. The homogeneous model [13] assumes that gas
partial pressure, concentration of adsorbed species and
overpotential are uniform over the geometrical surface
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area of the electrode. Ohmic losses in the electronic
conduction phase are ignored, given the appropriate
electrical connections, and this phase may therefore be
regarded as equipotential. The dc model developed by
Deseure et al. [9] is extended to include the dynamic
charging processes of the electrical double layer that
occur in parallel to the faradaic charge transfer pro-
cesses (Figure 1(b)).
This one-dimensional model of the composite cathode

is then developed by taking into account mass and
charge conservation, species transport and reaction
kinetics. The continuity equations for the variations in
the concentration of gaseous oxygen and covered sites
for a porous medium can be classically written as

@cO2

@t
�Dk

@2cO2

@y2
þ rads ¼ 0 ð5Þ

avadsC
@h
@t
¼ 2rads � re ð6Þ

The continuity equation related to the transformation
of ionic species into electronic current, via faradaic
processes and double-layer charging, is given by

avtpbCdl
@jgj
@t
� jeff @

2jgj
@y2
þ 2Fre ¼ 0 ð7Þ

Solving this set of equations provides the concentra-
tion and overpotential distributions and thus both
current density and impedance [11]. In the case of a
composite cathode, the gas phase diffusion of oxygen is
predominantly of the Knudsen type [9] for pore sizes of
less than 10 lm and the diffusion coefficient Dk may be
defined as a function of pore diameter, dp [14]:

Dk ¼ dp
e
3s

ffiffiffiffiffiffiffiffiffiffiffiffi
8RT

pMO2

s
ð8Þ

while the composite electrode (porous medium) should
be described as a stacking of spherical-shape grains [9,

14] with a specific adsorption surface area expressed in
relation to the diameter as

avads ¼
6

dg
ð1� eÞ ð9Þ

where dg is the grain diameter and e is the porosity of the
porous electrode. The specific electrochemical surface
area can be also corrected from the porosity according
to [9] as follows:

avtpb ¼ avtpb 0ð1�
e� efcc
1� efcc

Þ dg0
3

d3g
ð10Þ

In this expression, when porosity is lower than
the porosity of a face-centred cubic lattice (efcc ¼
1� ðp=3

ffiffiffi
2
p
Þ � 0:26), the electrochemical specific area

is fixed at avtpb_0, and the arbitrary value of electro-
chemical specific area (avtpb_0 = 106 m)1) for the initial
grain diameter (dg0 = 1 lm).
The expression of pore diameter [9] can be expressed

as follows:

dp ¼
4e

avads
ð11Þ

Finally, the effective ionic conductivity (jeff) depends
on electrode geometrical characteristics such as poros-
ity, tortuosity and the volume fraction of electrolyte ea
in the granular mixture:

jeff ¼ ea
1� e

s
j ð12Þ

3. Results and discussion

The following subsection discusses the influences of
transport phenomena and the oxygen reduction mech-
anism on the shape of both polarization curves and
impedance diagrams. In composite electrodes, activation
and diffusion limitations, as well as an ohmic drop

O2

YSZComposite

O2-

y y+dy0 L
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channel
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Zf,k
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R
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b

a

k Rk Rk

Fig. 1. (a) Schematic representation of a composite cathode and (b) transmission line for an active layer (Rj: ionic resistance, Zfk: Faradaic

impedance, Cdl: double-layer capacitance and Re: electronic resistance).
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contribution, can occur simultaneously [15]. Accordingly,
some limiting cases are also studied to gather informa-
tion on each separate effect. Mass and charge transport
phenomena are investigated assuming that the adsorp-
tion step remains at equilibrium (rads = 0), while the
oxygen reduction mechanism is studied by considering
both chemical and electrochemical processes.
Table 1 lists the standard values of the parameters

required to perform numerical simulations. The effects
of microstructure parameters will be examined at the
end of this discussion. Kinetic constants were chosen in
order to obtain cathodic current densities similar to
those recorded under SOFC working conditions. The
influence of some of these parameters will be discussed
in the following sections and compared with the
standard case.

3.1. Mass transport limitations: diffusion and migration

The effect of mass and charge transport within the
porous electrode cannot be easily demonstrated in the
absence of a limiting current. Therefore it is much more
difficult to distinguish the effects of gas diffusion and
ionic ohmic drop on the electrode performances from
those of the geometric parameters. Exponential activa-
tion behaviour was observed for kinetic control limited
by either electrochemical reaction or mass and charge
transport (rads = 0) [9]. For very slow electrochemical
reactions, oxygen reduction is under kinetic control and
thus diffusion and ohmic drop resistances are negligible
compared with charge transfer resistance, whereas
related resistances are no longer negligible.

When diffusion in the active layer controls process
kinetics, it is well known that no limiting current
behaviour occurs and that a doubling of the effective
Tafel slope is observed on steady-state polarization
curves [16]. Figure 2 shows impedance diagrams simu-
lated for various values of Dk ranging from 4� 10)5 to
10)8 m2 s)1. This latter parameter affects the shapes of
concentration profiles and complex plane plots. The
model provides insights into how gaseous diffusion
limitation acts on both dc and ac responses. Under
kinetic control (i.e. for a high diffusion coefficient or
low current density), diffusion is fast enough to supply
the reacting species to the triple phase boundary and
the concentration profile remains close to a constant
value in the porous cathode. In this simplest case, the
complex plane plot is reduced to a semicircle, which
corresponds, as expected, to the only charge transfer
resistance that is in parallel with the double-layer
capacitance (Figure 2). With increasing diffusion limi-
tations, a steeper concentration gradient is predicted
and an additional capacitive loop can be distinguished
on the low frequency side, in agreement with experi-
mental impedance diagrams observed for low oxygen
partial pressures and/or high temperatures [6, 17].
Nevertheless, a well-defined separation of the high
frequency (charge transfer) and low frequency (diffu-
sion) arcs can clearly be observed for a very small
double-layer capacitance [16]. Decreasing this capaci-
tance results in a shift in the apex frequency of the
charge transfer arc towards higher values, and the
diffusion impedance can thus be represented as a nearly
perfect semicircle [18, 19]. This means that the existence

Table 1. Standard physical and chemical parameters used for simulations

Parameters Parameters

Electrode thickness (L) 50 lm Adsorption kinetic constant (kads) 10)5 m4 mol)2 s)1

Electrode porosity (e) 30% Desorption kinetic constant (kdes) 10)2 mol)1 m2 s)1

Specific surface area of adsorption (avads) 4.2� 106 m)1 Forward kinetic constant (ke) 0.12 mol)1 m3 s)1

Specific electrochemical surface area (avtpb) 106 m)1 Symmetry factor (a) 0.5

Diffusion coefficient (Dk) 10)8 to 4� 10)5 m2 s)1 Temperature (T) 1073 K

Ionic conductivity (j) 2 to 200 S m)1 Pressure (P) 105 Pa

Double-layer capacitance (Cdl) 0.32 F m)2 Volume fraction of the electrolyte (ea) 50%
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Fig. 2. Simulated impedance diagrams of a composite cathode (|g| = 400 mV): influence of the diffusion coefficient (- - -:
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of a low frequency loop is directly related to the
oxygen concentration gradient in the composite cath-
ode. Under the operating conditions of a SOFC (high
oxygen partial pressure, temperature below 900 �C), O2

diffusivity is sufficiently high (typically Dk>10)8 m2

s)1) [17]. Moreover, since the magnitude of the double-
layer capacitance can be considered as a few 10s of
mF m)2 [20], one can expect that gaseous diffusion
impedance would not be shown, even under cathodic
polarization [21].
Figures 3 and 4 show potential distribution in a

composite cathode and the corresponding impedance
diagrams for various j values ranging from 2 to
200 S m)1. As shown in Figure 4, a 45� straight line is
obtained in the high-frequency range when ionic drop
resistance is increased. This behaviour can be attributed
to double-layer charging and ionic transport within the
composite electrode, processes which dominate the
overall electrode response. The occurrence of a high
frequency contribution in the impedance response of a
LSM–YSZ composite electrode has already been as-
cribed to ionic transport through the YSZ [6]. The
equivalent circuit signal is a RC-transmission-line as
shown in Figure 1(b). However, ionic ohmic drop effects
can be ignored at low frequencies. At this stage, it is

worth mentioning that diffusion limitation is negligible
for a thin composite cathode whereas a thicker com-
posite cathode can induce diffusion limitation as well as
an ionic ohmic drop, depending on the experimental
conditions. The magnitude of YSZ conductivity is
expected to be a few S m)1 in SOFC operating condi-
tions. The high frequency line related to ionic transport
limitation may thus be anticipated.

3.2. Effect of the kinetic mechanism

Let us now consider the entire two-step mechanism of
oxygen reduction (Eqs. 1 and 2) involving the diffusion
of O2 species in the gas phase and the adsorption of
intermediate species O-s on the material surface within
the porous electrode. When the electrode reaction rate is
controlled by both chemical and electrochemical steps,
the polarization curve exhibits Tafel-like behaviour
(activation polarization) at low overpotential and a
limiting current density related to oxygen adsorption at
high cathodic overpotential [9].
The impedance diagrams are in this case composed of

either one or two semicircles, depending on adsorption
kinetic constants and electrode overpotential (Figure 5).
For a very fast adsorption step, only one capacitive arc
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is observed, corresponding to the charge transfer resis-
tance connected in parallel with the double layer. When
the adsorption kinetic effect is increased (i.e. for a slow
adsorption step), an additional low frequency semicircle
appears, which is classically attributed to the concen-
tration impedance of the intermediate adsorbed species
O-s [2].

3.3. Effect of microstructure

As shown above, pore diameter (Eq. 11), specific adsorp-
tion surface area (Eq. 9) and effective mass transport
coefficients (Eqs. 8–12) can be calculated from composite
electrode composition (ea), porosity (e) and grain diam-
eter (dg). Kinetic constants were chosen in order to obtain
the same cathodic current densities as those observed in
the previous sections. Then, e and dg were varied in the
simulation. As demonstrated by dc simulations [9],
decreasing the grain diameter improves electrode perfor-
mance for increases in both the specific electrochemical
surface area and the adsorption surface. This result is in
agreement with the findings of Zhao et al. [22] for a
LSM–YSZ composite cathode. However, the effect of
mass and charge transport within the porous electrode
cannot be easily demonstrated since no limiting current
behaviour is observed in the porous electrode. Thus
calculations may highlight the occurrence of limiting
steps that occur inside the composite electrode.

Figure 6 shows simulated impedance diagrams for
different porosity values (1.5–25.5%). Grain diameter dg
was kept equal to 1 lm and effective ionic conductivity
was fixed at 2 S m)1. These diagrams emphasize the
competition between mass and charge transport.
Increasing porosity increases mass transport and causes
the low frequency arc to vanish, while polarization
resistance decreases. When ionic ohmic drop becomes
limiting, resistance polarization further increases with
porosity.
This result shows that electrode granulometry is a key

parameter, as has been suggested in experiments [23].
Moreover, as proved by dc simulation [9], the origin of
the limiting process depends on dg: for the lowest grain
diameters, the dissociative adsorption step dominates
the electrode process. This behaviour is in agreement
with the theoretical equations expressing adsorption and
electrochemical specific areas as a function of grain
diameter (Eqs. 9–11).
Simulated impedance diagrams for various dg values

are shown in Figure 7. For a fixed porosity, regardless
of the double-layer capacitance, polarization resistance
decreases with grain size. As for mass transport limita-
tions (Figure 2), at low Cdl values, two contributions
can be distinguished: a high frequency electrochemical
step and a low frequency adsorption step. The relative
magnitude of these contributions thus changes with
grain size. Following the discussion on the kinetics
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(Section 3.2), the electrochemical step becomes faster
than the adsorption step when grain size becomes
smaller, a result that was also confirmed by Deseure
et al. [9]. The charge balance equation (Eq. 7) shows
that the effective double-layer capacitance is propor-
tional to the specific electrochemical surface area. Thus
it is impossible to distinguish between the effects of
charge transfer and the adsorption step in the oxygen
reduction process.
Figure 8 shows that polarization resistance increases

with further decreases in grain size below 0.5 lm. This
phenomenon originates in the restricted mass transport
due to decreasing pore diameter. It was also difficult to
separate mass transport from charge transfer, making it
impossible to distinguish individual contributions.
Moreover, by taking into account the ionic ohmic drop
(Figure 6), the impedance response of the charge trans-
port limitation is almost identical to that of a classical
diffusion system (a 45� straight line).
Finally, EIS under polarization is not sufficiently

accurate for the elementary steps in the oxygen reduc-
tion process to be observed separately.

4. Conclusion

A one-dimensional homogeneous model was developed
to obtain insights into the performance characteristics of
a composite porous SOFC cathode, taking into account
the oxygen adsorption, charge transfer as well as mass
and charge transport processes (ionic migration, Knud-
sen-type gas phase diffusion). Applying this model
shows that, even if diffusion and migration processes
play a crucial role, the overall reaction is never
completely governed by these processes. Diffusional
limitation leads to a low frequency semicircle and ionic
ohmic drop to a high frequency straight line in a
complex plane plot. Thus, the contribution of gaseous
diffusion remains less than that of the ionic ohmic drop
process. Even when the ionic ohmic drop limitation is
difficult to detect on the polarization curves, a useful
indicator on the complex plane plot is the straight-line
feature in the high frequency region. The impedance
diagrams are then composed of either a single capacitive
arc or two capacitive arcs, depending on the adsorption
kinetic constants and the electrode overpotential.
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