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The electrode reaction of porous La0.6Sr0.4Co0.8Fe0.2O3−δ films deposited onto Ce0.9Gd0.1O1.95 (CGO) was
investigated by impedance spectroscopy within the temperature and oxygen partial pressure (pO2) ranges of
500≤T≤700 °C and 10−4<pO2<1 atm, respectively, using Ar and He as gas carriers. The electrochemical
impedance spectroscopy (EIS) measurements reveal a high frequency (HF) and a low frequency (LF) regions
in the Nyquist plane. The high frequency (HF) region was fitted with a Warburg-type impedance element,
and the low frequency (LF) region was reproduced with a resistance in parallel to a constant phase element.
Both, the slight dependence of the polarization resistance (RW) and the small variation of the apex frequency
(fv) of the HF Warburg-type element, on pO2, suggest that this contribution corresponds to the oxygen
diffusion in the bulk of the La0.6Sr0.4Co0.8Fe0.2O3−δ electrode material. The variation of the polarization
resistance of the LF region (Rrcpe) with pO2 indicates that as T increases, the limiting step evolves from
dissociative oxygen adsorption to oxygen gas diffusion in the pores of the mixed ionic/electronic conductor
(MIEC) electrode.
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1. Introduction

Transition metal oxides of general formula La1−xSrxCo1−yFeyO3−δ

(LSCF) with perovskite structure have been extensively investigated
as cathode in solid oxide fuel cells (SOFC) because they exhibit non
negligible oxide-ion conductivity (σi) together with high electronic
conductivity (σe) [1,2]. The ionic conductivity of these mixed ionic/
electronic conductors (MIECs) improves with increasing Sr and Co
content. However, compounds with large Sr content exhibit an order/
disorder transition [3,4], which is suppressed by partial substitution
of Sr2+ by La3+ [5]. Ionic conduction in LSCF materials yields an
extension of the electrochemical active zone beyond the triple
phase boundary (TPB) consequently reducing the polarization resist-
ance to lower values than those of electronic conductors such as Pt or
(La,Sr)MnO3 manganites [6–11]. In addition, LSCF compounds with
high Co content show good catalytic activity to the oxygen reduction
at intermediate temperatures [12] and chemical compatibility with
gadolinia-doped ceria (CGO) [13,14]. Thus, La1−xSrxCo1−yFeyO3−δ

perovskites with 0.2≤x≤0.6 and 0≤y≤0.2 are considered suitable
cathode materials for intermediate temperatures SOFC (IT-SOFC)
using either YSZ [15–17] or CGO [18–21] electrolytes.

The overall oxygen reduction mechanism at the cathode involves
several processes such as gas phase diffusion in the pores of the
electrode, oxygen exchange at the gas/electrode interface (adsorp-
tion, charge transfer, etc.), diffusion of oxygen ions through the
electrode material and the transfer of oxygen ions at the electrode/
electrolyte interface.

Different mechanisms have been proposed and discussed regard-
ing oxygen reduction in the literature, based on either experimental
data or computational modeling [6,7,17–19,21–24]. However, the
understanding of the oxygen reduction reaction at the cathode
material is still poor because of the influence of a large number of
variables such as electronic and ionic conductivities, microstructure,
temperature, atmosphere, polarization, and the occurrence of coupled
processes. For Co rich LSCF perovskites, oxygen reduction has been
investigated on dense [17,24,25] and porous [16,18,19,21] electrodes
deposited on YSZ [16,17,24] or CGO [18,19,21,25]. While the
contribution of the transfer of oxygen ions at the electrode/electrolyte
interface has been clearly observed for dense LSC electrodes on YSZ
[24], oxygen diffusion in the gas phase and in the bulk of the electrode
material is themost common limiting step for porous MIEC electrodes
[8,19,21,25].

This type of studies can be performed using electrochemical cells
with either two or three electrodes. The three electrodes cell allows
the application of a dc bias and, therefore the study of the electrode
reaction under either cathodic or anodic polarization. For example, far
from equilibrium phenomena can be triggered such as the creation of
oxygen vacancies in LSM electrodes under moderate cathodic
polarization [10,11]. Studies with dc bias can also be performed
making use of a cell with two electrodes built with microelectrodes
and extended counter-electrode [26,27]. The two electrodes symmet-
rical cell is a simple configuration used for studying the electrode
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Fig. 1. SEM micrographs of the cross-section of the La0.6Sr0.4Co0.8Fe0.2O3−δ films deposited on CGO.

Fig. 2. Upper view of a La0.6Sr0.4Co0.8Fe0.2O3−δ thick film (ℓ=20 μm).
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reaction around a steady state under zero polarization. The use of
atmospheres with controlled pO2 permits the identification of the
limiting steps of the electrode reaction from the relationship between
the polarization resistance and pO2 [11]. The aim of the present work
was to perform a detailed study of the electrode reaction of the porous
La0.6Sr0.4Co0.8Fe0.2O3−δ onto Ce0.9Gd0.1O1.95 making use of a symmet-
rical cell coupled to an accurate electrochemical gas blending system
[28]. We selected the La0.6Sr0.4Co0.8Fe0.2O3−δ composition taking into
account the low polarization resistance exhibited by this material
[21].

The EIS measurements revealed the presence of a high frequency
contribution (HF) and a low frequency (LF) one. The high frequency
response was fitted with a Warburg-type element associated to the
diffusion of oxygen ions in the bulk of the electrode. The low
frequency contribution was assigned to dissociative oxygen adsorp-
tion at lower temperatures and to oxygen gas diffusion in the pores of
the MIEC electrode at higher temperatures.

2. Experimental

La0.6Sr0.4Co0.8Fe0.2O3−δ (LSCF) samples were prepared by an acetic
acid based gel route [29] using SrCO3, La2O3, Fe(CH3COO)2·1.38H2O
and Co(CH3COO)2·4H2O as starting materials. Stoichiometric
amounts were weighed and dissolved in acetic acid. The mixture
was refluxed at T~80 °C with the addition of water and small amounts
of hydrogen peroxide until a clear solution was obtained. The solvents
were evaporated on a hot plate to form a red transparent gel. This gel
was then decomposed at 400 °C for 30 min. The resulting powder was
finally heated at 900 °C for 6 h.

Dense pellets of Ce0.9Gd0.1O1.95 (CGO) of approximately 11 mm in
diameter and 1 mm thick were obtained by uniaxially pressing
commercial CGO powder (PRAXAIR) and sintering at 1400 °C for 6h in
air. The ink for electrode deposition was prepared by mixing the LSCF
powders with ethanol, α-terpineol, polyvinyl butyral, and polyvinyl-
pyrrolidone in 40:30:27:2:1 ratio. The electrochemical cell was
prepared with the symmetrical configuration. Thick films were
deposited by spraying the cathode ink onto both sides of the polished
CGO substrate. Afterwards, these assemblies were heat treated at
1000 °C for 1h in air to promote a sufficient adherence between
electrodes and electrolyte. The electrode thickness was controlled by
the number of sprayed layers deposited onto the electrolyte.

The electrode thickness and morphology were determined by
scanning electron microscopy (SEM) by using a Philips 515 micro-
scope. Electrochemical impedance spectroscopy (EIS) measurements
were performed under zero dc polarization by using a potentiostat/
impedance analyzer Autolab (Echochemie BV) between 10−3 and
104Hz, at different temperatures (500, 600 and 700 °C) and varying
pO2 between 3×10−4 and 1 atm. An ac signal of amplitude equal to
50 mV was applied to the cell with respect to the linearity of
the electrical response. Platinum grids, slightly pressed on porous
electrodes, were used as current collectors. Impedance diagramswere
resolved by using the EQUIVCRT software [30]. The pO2 was
controlled by means of an electrochemical pump and measured
with an oxygen gauge [28]. The gas flow rate was fixed equal to 6 l/h.
In order to study the influence of the gas phase on the recorded
electrode characteristics, Ar and He were chosen as the carrier gases,
based on the fact that O2 diffusivity is higher in a He–O2 mixture.

The formation of the LSCF perovskite phase was verified by X-ray
diffraction (10≤2θ≤70°) by using a Philips PW 1700 diffractometer
with the Cu-Kα radiation and a graphite monochromator.
3. Results and discussion

Fig. 1 shows SEM micrographs of the cross-section of the
La0.6Sr0.4Co0.8Fe0.2O3−δ films on CGO after impedance measurements.
Regardless of the electrode thickness, a good adhesion between both
components was achieved. The electrode thicknesses (ℓ) determined
from SEM observations were 20, 30 and 85 μm, respectively.

Taking into account that the sprayed electrodes were deposited by
using the same ink and identical heating procedure for all investigated
cells, all samples exhibit a similar morphology. A micrograph of the
upper view of one La0.6Sr0.4Co0.8Fe0.2O3−δ thick film is shown in Fig. 2.
All studied samples are porous and LSCF grains are submicronic.
Thus, porosity and tortuosity are assumed similar and the main
varying microstructural parameter is the electrode thickness.

The XRD diffractograms obtained before and after the EIS
measurements were practically identical with diffraction peaks
corresponding to those of LSCF and CGO phases. No extra peaks due
to secondary phases were detected. We also verified that no
appreciable evolution of the impedance spectrum occurred, in spite
of the long time period of our EIS measurements. These observations
indicate that no reactivity took place between CGO and LSCF.



Fig. 3. (a) Impedance diagrams recorded at 600 °C (ℓ=20 μm) for different pO2 and gas carriers. (b) High frequency parts of the electrode characteristics. The numbers indicate the
logarithm of the measuring frequency.

Fig. 4. Equivalent circuit of the experimental impedances.
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Impedance diagrams recorded at 600 °C in different gas atmo-
spheres for the 20 μm thick electrode are given in Fig. 3(a) and (b).
The total polarization resistance Rpol, defined by the difference
between the intersections of the low and high frequency limits of
the electrode impedance with the real axis in the Nyquist plane,
depends on pO2, but also varies with the gas carrier. As pO2 decreases,
Rpol increases since the activity of the electroactive species like O2

decreases. Thus, for example, mass control transfer mechanisms begin
to be active. This effect is observed in the low frequency range.
Another interesting result concerns the high frequency part of the
recorded electrode impedance. As can be seen in Fig. 3b, all responses
almost coincide indicating that the shape of the corresponding
contribution does not depend on the gas atmosphere within the
experimental accuracy. This result suggests that the electrolyte
resistance, determined from the intersection of the high frequency
limit of the electrode impedance with the real axis in the Nyquist
plane, remains unchanged under the chosen experimental conditions.
The 45° straight line observed at high frequencies is similar in shape
to the well known finite-length Warburg impedance. Thus, this
contribution could be related to a diffusion process of oxygen ions
through the electrode material [21,24,31]. The occurrence of such
a high frequency contribution in the impedance response of a LSM-
YSZ composite electrode has been already ascribed to ionic transport
through YSZ [32].

Under pure oxygen, at the equilibrium, no oxygen concentration
gradient in the porous electrode is expected [33] and the contribution of
gaseous diffusion can be neglected. The impedance diagram recorded
under these experimental conditionswas fitted either with a Gerischer-
type or a Warburg-type element. The former element is dedicated to
the response of a porous electrode while the latter describes a dense
electrode material [18,19]. Nevertheless, the higher accuracy on fit-
ting experimental data was obtained with a Warburg-type impedance
described by the following expression [34]:

ZWðωÞ =
RT
4F2

1
SCV

thðl ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jω = Dv

p Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
jωDv

p ð1Þ

where R and F are the ideal gas and Faraday constants, S is the
electrode/electrolyte interface area, Cv is the oxygen vacancy
concentration at the electrode/electrolyte interface, Dv is the vacancy
diffusion coefficient and ω is the measuring angular frequency.
In case of a dense electrode, the parameter l is determined by the
electrode thickness. In this study, this parameter is likely to
correspond to an effective length wherein the electrode is electro-
chemically active, which is much lower than the porous electrode
thickness (ℓ) [8,18,19]. The corresponding polarization resistance
(Rw) is given by:

RW =
RT
4F2

1
SCv

l
Dv

ð2Þ

According to the behavior depicted in Fig. 3, the HF contribution
was always fitted with a Warburg-type impedance regardless of the
value of the oxygen partial pressure. Thus, the electrode impedances
were analyzed by means of an electrical equivalent circuit which
consists of a pure resistive element Relec representing the electrolyte
resistance connected in series with a high frequency (HF) finite-
length Warburg impedance (W) and a circuit element consisting of a
resistance in parallel with a constant phase element (Fig. 4). This last
combination is used to fit the low frequency (LF) range of the
impedance diagram which is highly sensitive to the oxygen partial
pressure. The resistances corresponding to both contributions are
referenced as RW and Rrcpe, respectively.

Within the experimental error, RW is an increasing function of pO2

and does not depend on the gas carrier (Fig. 5a). This further confirms
that the high frequency contribution cannot be related to any process
involving gaseous species. On the other hand, according to Eq. (2) and
assuming that the oxygen diffusion coefficient remains unchanged
within the pO2 range used in this study, the variation of RW with pO2

seems to be related mainly to the variation of the oxygen vacancy
concentration, Cv, with pO2. This result was confirmed through
independent thermodynamic measurements of the equilibrium pO2

as a function of the oxygen content for La0.6Sr0.4Co0.8Fe0.2O3−δ at



Fig. 5. (a): Variations of RW and 1/[Cv] vs. pO2 at 600 °C using He and Ar as gas carriers. (b): Variation of the apex frequency of the Warburg-type impedance “fV” vs. pO2 at 500, 600
and 700 °C.
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T=500 °C. Further details about this type of measurements are given
in [4,5]. In Fig. 5a can be observed that the log (RW) vs. log (pO2) curve
has the same slope as the log (1/[Cv]) vs. log (pO2) curve, clearly
indicating that the main variable affecting RW is the oxygen vacancy
concentration Cv. Thus, lower values of pO2 lead to an increase of the
oxygen vacancy concentration and therefore to higher ionic conduc-
tivity values and lower associated polarization resistance for the
electrode material [35].

Useful information can also be extracted from the apex frequency
of the Warburg-type element (corresponding to the minimum of the
imaginary part of the measured impedance in the Nyquist plane). As
shown in Fig. 5b, the apex frequency is nearly independent of the pO2.
This result confirms that the observed process is not mixed controlled
and can be thus related only to the diffusion of oxygen ions through
the LSCF electrode [7].

The LF resistance (Rrcpe) exhibits a stronger dependence with the
pO2, whatever the measuring temperature (Fig. 6). In general, the
experimental data can be fitted with a power law as follows:

Rrcpe = C × ðPO2
Þn ð3Þ

where C is a constant and n an exponent that depends on the kinetic
limiting step [11,15,24]. If n=−1, the limiting processes can be
oxygen diffusion in the gas phase or molecular adsorption on the
surface of the electrode and a value of −0.5 corresponds to a
dissociative adsorption of oxygen. In a porous electrode material, the
Fig. 6. Variation of Rrcpe vs. pO2 at different temperatures for different thicknesses (gas
carrier: Ar).
polarization resistance due to O2 diffusion in the gas phase can be
expressed by [34]:

Rdiff = 2
RT

ð4FÞ2
L

Deff
O2

ðpO2Þ�1 ð4Þ

where L is the length of the pore and Deff
O2

is the effective diffusion
coefficient for molecular oxygen.

Gas phase diffusion in porous electrodes can proceed by different
mechanisms. When interactions between diffusing molecules and the
pore walls are negligible (λ≪d, where λ is the average free length of
the O2 molecule and d is the pore diameter), normal gas bulk diffusion
predominates. On the other hand, Knudsen diffusion is the main
mechanism when collisions of the molecules with the pore walls
control the diffusion process (λ≫d). Since the average pore size of
investigated electrodes is of the order of 1 μm (Fig. 2), both
mechanisms were considered. The resulting effective diffusion
coefficient involves contributions of bulk and Knudsen processes
according to [36]:

1
Deff
O2

=
1

Dk
O2

+
L

Db
O2

ð5Þ

where DO2

k and DO2

b represent the diffusion coefficient related to both
processes.

By assuming a dissociative oxygen adsorption, the corresponding
polarization resistance is [16,24,36]:

Rads =
RT

ð2FÞ2
1
k
ðpO2Þ�1=2 ð6Þ

where k represents the rate constant for oxygen adsorption.
The first obvious result is that n depends on the measuring

temperature (see Fig. 6). At 700 °C, the experimental data was fitted
using a n=−1 value in Eq. (6), while at T=500 °C the best fit was
obtained using n=−0.5. The exponent value was found equal to
−0.7 for measurements performed at 600 °C. The variation of n with
the measuring temperature suggests a modification of the kinetic
limiting LF process. By increasing temperature, the limiting step
evolves from dissociative adsorption of oxygen to oxygen diffusion in
the gas phase of the porous electrode. It is worthmentioning that such
an evolution is not surprising since pore polarization is generally
evidenced at high temperatures [33]. Both processes (adsorption and
gas phase diffusion) have polarizations resistances with a thermal
activated behavior. Since the oxygen adsorption is related to the k
constant and oxygen gas diffusion to DO2

eff, the evolution of the



Fig. 7. Variation of Rrcpe vs. pO2 at different temperatures (gas carrier: He).
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limiting step with T suggests that the activation energy for diffusion
is lower than that of adsorption. Then, the pore diffusion is the
dominating process at high temperatures. Finally, at 600 °C, the value
of n can be related to a mixed kinetic control of the low frequency
process involving adsorption of oxygen and gas phase diffusion.

The results shown in Fig. 6 also underline that Rrcpe does not
depend on the electrode thickness, whereas as it was reported RW
increases with this parameter [21]. This clearly proves that the low
frequency process can be related to an interfacial process, at least at
the lowest temperatures. This is in agreement with a theoretical
analysis of a gas diffusion process in porous electrodes predicting that
an increase of the electrode thickness of 100 μm would result in an
increase of the electrode overpotential of less than 1–3 mV [37].
Therefore, Rrcpe is not sensitive to the electrode thickness.

Regardless of the measuring temperature, the magnitude of the
low frequency process decreases when He is used instead of Ar as gas
carrier (Fig. 7). At 700 °C, a first power pO2 dependency for Rrcpe was
recorded, in a perfect agreement with measurements performed in
the Ar–O2 mixture (Fig. 6). This result further suggests that the low
frequency rate limiting step is gas diffusion at high temperature. The
diminution of the polarization resistance is caused by the higher
effective O2 diffusivity in the He–O2 mixture than in the Ar–O2 one
(Eq. (4)). Below 700 °C, for a given temperature, the value of n in
Eq. (3) is higher when He is used as gas carrier. If one refers to Eq. (6),
one could still expect an exponent equal to −0.5 if the adsorption
process is the rate determining step at low temperatures, by assuming
that the rate constant does not depend on the gas carrier. At this stage,
the obtained results suggest that adsorption is likely to be enhanced in
the He–O2 mixture, and thus a mixed kinetic control of the low
frequency process is observed at lower temperatures than in the Ar–
O2 mixture. The higher n value determined at 600 °C is in agreement
with this assumption. The origin of this enhancement remains still
unclear.

4. Conclusions

The electrode reaction of porous La0.6Sr0.4Co0.8Fe0.2O3−δ thick
films deposited on dense Ce0.9Gd0.1O1.95 (CGO) pellets was investi-
gated in detail by complex impedance spectroscopy within the
temperature range, 500≤T≤700 °C, making use of gas mixtures of
controlled oxygen activity, 10−4<pO2<1 atm., and Ar and He as gas
carriers.

The use of these gas mixtures allowed us to separate in the Nyquist
plane a HF contribution practically not sensitive to the gas phase and
a LF contribution strongly dependent with pO2 and the gas carrier.

The HF region was fitted with a Warburg-type element and the LF
one with a circuit element consisting of a resistance in parallel with a
constant phase element.
The slight variation of the polarization resistance of the HF region
(RW) with pO2 showing a 1/Cv dependence, and the small variation
of the apex frequency (fv) with pO2 strongly suggest that this
contribution corresponds to the oxygen diffusion in the bulk of the
La0.6Sr0.4Co0.8Fe0.2O3−δ material.

The fitting of the polarization resistance of the LF region with a
Rrcpe = C × ðPO2 Þn law suggests that the limiting step evolves from
dissociative oxygen adsorption to oxygen gas diffusion in the pores of
the MIEC electrode as the temperature increases. The evolution from
oxygen adsorption to gas diffusion depends on the gas carrier. This
fact suggests that the rate constant for adsorption is higher for He as
gas carrier.
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