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h i g h l i g h t s
� The crystal structure stability and the electrochemical response of the cubic perovskites La1�xBaxCo1�yFeyO3�d (0.7 � x � 0.9) has been studied.
� Fe content needed for long term stability has been determined.
� The electrode polarization resistance was studied as a function of T, pO2 and time.
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a b s t r a c t

The effects of the substitution of Co by Fe on the crystal chemistry and electrode reaction of the system
La1exBaxCo1eyFeyO3ed (0.7 � x � 0.9), are investigated. The incorporation of Fe stabilizes the cubic
perovskite and suppresses the structural transformation of La1exBaxCoO3ed from a metastable cubic
perovskite to a hexagonal phase below 900 �C. The linear expansion decreases with the replacement of
Co by Fe. The lowest expansion coefficient value, a w 20.5 � 10�6 K�1, was obtained for the samples with
Fe content y ¼ 0.6. AC impedance spectroscopy measurements on symmetrical cells reveal the presence
of an intermediate (IF) and a low (LF) frequency contributions at T � 600 �C. The LF arc varies with
the pO2, at 700 �C, according to a power law with exponent n ¼ �1, indicating oxygen diffusion
through the porous of the electrode. The minimum Rp value (0.6 U cm2 at 600�C) was obtained for
La0.3Ba0.7Co0.6Fe0.4O3�d. At constant temperature, T ¼ 750 �C, only the IF contribution varies at a rate of
3 � 10�4 U cm2 h�1, while the LF contribution remains constant. Experimental data suggest the growth of
the IF arc is caused by the mismatch in the expansion coefficients of the electrode and electrolyte.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Mixed conductor properties of perovskite oxides with Co in the
B site have been intensely investigated as cathode material for in-
termediate temperature solid oxide fuel cell (IT-SOFC) since high
oxide ion conductivity values were reported by Teraoka et al. [1,2]
in the system (La,Sr)(Fe,Co)O3�d and particularly for
SrCo0.8Fe0.2O3�d (si w1 S cm�1) [2]. This compound exhibits large
oxygen non-stoichiometry to charge compensate the cation Sr2þ in
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the A site, which is important to increase the oxide ionic conduc-
tivity. However, it is also responsible for the crystal structure
transformation from the cubic perovskite to the brownmillerite
phase Sr2Co1.6Fe0.4O2.5 with orthorhombic symmetry due to the
electrostatic interaction between oxygen vacancies [3e5]. The
substitution of half Sr2þ by the larger alkaline earth Ba2þ, obtaining
the compound Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF), was found to
improve both the stability of the cubic perovskite phase and the
oxygen permeability at high temperatures [6,7]. Furthermore, Shao
and Haile [8] have reported excellent performance of BSCF as
cathode material for IT-SOFC. However, recent studies [9e11] have
shown that the cubic crystal structure of BaxSr1�xCo0.8Fe0.2O3�d

compounds are metastable transforming to a mixture of the cubic
and a hexagonal phase when annealed at temperatures below
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900 �C during several days. More recently, the incorporation of a
low concentration of Nb in the B site has been explored in order to
stabilize the cubic phase in the Ba(Co,Fe,Nb)O3�d system [12,13]. It
was reported the compound BaCo0.7Fe0.2Nb0.1O3�d (BCFN) exhibits
good stability under reducing atmospheres [12], and high oxygen
permeation flux values [12,14]. On the other hand, the mixed
conductor properties of double perovskites LnBaCo2O5þd (Ln ¼ La,
Nd, Pr, Sm, Gd, Y) have also attracted much attention as potential
candidates for cathode IT-SOFC [15e18]. In particular, the cubic
perovskite phase of the series, LaBaCo2O5þd (LBCO), with the
biggest rare earth cation in the A site, La3þ, exhibits the highest
values of power density [17] and oxygen permeability [18]. These
results suggest that the incorporation of Ba2þ in the A site improves
the performance of the mixed conductor oxides used as IT-SOFC
cathode or dense ceramic separation membrane, as long as the
cubic perovskite is preserved. Recently, we have studied the phase
relationship and electrode polarization resistance of the composi-
tion line La1�xBaxCoO3�d with emphasis in the Ba content range
0.5� x� 1.0 [19]. The cubic perovskite was obtained for the furnace
cooled samples with 0.5 � x � 0.7. For the x ¼ 0.6 and 0.7, the cubic
perovskites have shown to be metastable in air below T ¼ 1000 �C
transforming to a mixture of the cubic perovskite with a hexagonal
phase, similarly to the behavior observed for BaxSr1�xCo0.8Fe0.2O3�d

[9e11]. Samples with x¼ 0.8 and 0.9 resulted in amixture of phases
with a predominant hexagonal phase. In spite of this, very low
polarization resistance values, Rp w0.065e0.075 U cm2 at 600 �C,
were obtained for samples with 0.5 � x � 0.7 using a graded
cathode [19,20].

With an aim to stabilize the cubic perovskite phase in the
La1�xBaxCoO3�d system, for the Ba content range 0.7 � x � 0.9, we
explored the substitution of Co by Fe. In this paper we have
determined the composition range for which the cubic phase sta-
bilizes and the effects of Fe doping on the crystal structure, thermal
expansion, and electrode polarization resistance of the cubic
La1�xBaxCo1�yFeyO3�d phases.

2. Experimental

La1�xBaxCo1�yFeyO3�d with 0.7 � x � 0.9 and 0.1 � y � 0.6,
Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF) and BaCo0.7Fe0.2Nb0.1O3�d (BCFN)
compounds were synthesized by a conventional solid-state reac-
tion technique. Required amounts of La2O3, previously dried over-
night at 1000 �C, in air, BaCO3, SrCO3, Fe2O3, Nb2O5 and Co3O4 were
mixed and ground with a mortar and pestle and heat treated at
850 �C for 8 h in air. Subsequently, the powders were ball milled
during 1 h using an agate milling media, pressed into pellets and
sintered at temperatures ranging between 1100 and 1150 �C for
12 h, in air. Afterward the samples were cooled at a rate of
1 �C min�1 to room temperature. The oxygen content of those
samples with cubic crystal structure was determined by iodometric
titration [21]. Measurements were repeated three times for each
sample, in order to estimate the error of the data.

X-ray diffraction (XRD) datawere collected at room temperature
with a Philips PW1700 diffractometer using Cu Ka radiation and a
graphitemonochromator from2q¼ 10e80� with a counting time of
1 s per 0.02�. The crystal structures of the samples were analyzed
by the Rietveld method using the FullProf Program [22].

The linear expansions of the La1�xBaxCo1�yFeyO3�d compounds
were measured on cylindrical samples of approximately 5.0 mm
diameter and 4e5 mm height, from room temperature to 900 �C,
using a LINSEIS L75PT Series dilatometer. All the samples were
heated up to 900 �C at 5 �Cmin�1, and, after a 1 h dwell were cooled
to room temperature at a rate of 1 �C min�1. They were then once
again heated to 900 �C at a rate of 1C min�1, in air. Experimental
data were corrected using Al2O3 as a standard.
The polarization resistance of the La1�xBaxCo1�yFeyO3�d elec-
trodes, in air, was studied by impedance spectroscopy measure-
ments on electrochemical cells using GDC as electrolyte and a
symmetrical configuration. Commercial Ce0.9Gd0.1O1.95 powder
from Praxair Specialty Ceramics was pressed into 12.5 mm diam-
eter disks, applying a uniaxial pressure of 500 kg cm�2, and
calcined at 1350 �C during 4 h, in air. After sintering, the electrolyte
disks were approximately 9.8 mm in diameter and around 0.5 mm
thick. Both sides of the electrolytes were cleaned with solvent
before spraying the electrodes. The inks for electrode deposition
were prepared mixing the corresponding ceramic powders with
ethanol, a-terpineol, polyvinyl butyral, and polyvinyl pyrridone in
appropriate ratio. To eliminate adherence problems to the elec-
trolyte a porous GDC layer was sprayed on the dense electrolyte,
and then the cell was heat treated at 1300 �C during 1 h. Subse-
quently, the pure La1�xBaxCo1�yFeyO3�d layer was sprayed onto the
porous GDC layer, the assemblage was heat treated at 1000 �C for
1 h, in air.

The impedance spectroscopy measurements were performed at
temperatures in the range 400 � T � 750 �C, in flowing air of
200mlmin�1, by steps of 50 �C. The data acquisitionwas performed
by an Autolab system PGSTAT-30 coupled to a module FRA2 in a
frequency range of 1 MHz and 10�3 Hz. An AC signal of 50 mV was
applied to the cell, under zero DC polarization. Gold grids, slightly
pressed on the porous electrodes using a mullite tube, were used as
current collectors. Impedance diagrams were analyzed using Z-
view2 software [23].

The microstructure and thickness of the porous layers and in-
terfaces were characterized by scanning electronmicroscopy (SEM)
using a Philips 515 microscope.

3. Results and discussion

The phase relationship in La1�xBaxCo1�yFeyO3�d samples with
high Ba content (x ¼ 0.7, 0.8 and 0.9) and Fe content in the range
0.1 � y � 0.6 was studied by XRD. The powder XRD patterns were
obtained after the samples were heat treated at 1100e1150 �C, in
air, during 12 h and cooled at the rate of 1 �C min�1 to room
temperature. For the samples La0.3Ba0.7Co1�yFeyO3�d with Ba con-
tent x ¼ 0.7 and Fe content in the range 0.1 � y � 0.6, the XRD
patterns were indexed according to the cubic perovskite phase (SG
Pm-3m). In the case of La0.2Ba0.8Co1�yFeyO3�d, the XRD pattern for
the sample with Fe content y ¼ 0.1 reproduces the one obtained for
the sample with pure Co in the B site (y ¼ 0) in our previous work
[19]. The peak reflections correspond to a mixture of phases con-
sisting of the cubic perovskite and a hexagonal phase, most likely
the 12H (SG P 63/mmc) [24], which was identified in our previous
work after a heat treatment of 8 days at T ¼ 850 �C [19]. On the
other hand, the XRD patterns of the samples with Fe content y�0.2
were indexed according to the crystal structure of the cubic
perovskite and no reflections belonging to secondary phases were
detected. Similarly, for the La0.1Ba0.9Co1�yFeyO3�d sample (x ¼ 0.9),
a mixture of phases was obtained for y ¼ 0.1 and 0.2, while for
y � 0.3 the patterns correspond to the cubic perovskite. For
instance, Fig. 1 shows the XRD data corresponding to the line
composition La0.1Ba0.9Co1�yFeyO3�d with the Fe content varying
from y ¼ 0.1 to y ¼ 0.6. In this figure, we plot the square root of the
intensity in order to eventually magnify low intensity reflections
from secondary phases.

In order to check the stability of the cubic phases obtained with
the substitution of Co by Fe, those samples whose crystal structure
resulted cubic were heat treated in air at 750 �C during 10 days. The
obtained XRD data for the angle range 20 � 2q � 50� are displayed
in Fig. 2 along with the XRD patterns corresponding to the com-
pounds BSCF and BCFN heat treated using similar conditions. Fig. 2a



Fig. 3. Oxygen content (3 � d) as a function of Ba and Fe content for
La1�xBaxCo1�yFeyO3�d samples with the cubic perovskite crystal structure. Solid sym-
bols correspond to samples cooled at 1 �C min�1 while open symbols correspond to
the samples annealed at 750 �C during 10 days.

Fig. 1. XRD patterns of La0.9Ba0.1Co1�yFeyO3�d samples with 0.1 � y � 0.6 after the
synthesis heat treatment at 1100e1150 �C.
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shows the XRD diffraction data for BSCF. In agreement with pre-
vious reports [9,11], the cubic phase is metastable transforming to a
mixture of the cubic perovskite with the 2H hexagonal phase.
Unexpectedly, we have found that thematerial BCFN containing Nb,
which has been proposed recently for high temperature electro-
chemical applications [12e14,25] is also unstable during long term
heat treatments at T ¼ 750 �C. Fig. 2b clearly shows the presence of
reflections indicating the formation of secondary phases in BCFN.
Fig. 2cef shows the XRD patterns for La0.1Ba0.9Co1�yFeyO3�d sam-
ples with 0.3� y� 0.6. In this case, only the y¼ 0.6 sample remains
single phase with the cubic perovskite crystal structure. As the Ba
content decreases from 0.9 to 0.7, the Fe content needed to avoid
the formation of secondary phases at T ¼ 750 �C decreases to
y ¼ 0.4 for x ¼ 0.8 and y ¼ 0.3 for x ¼ 0.7 (see Fig. 2gek).
Fig. 2. XRD patterns of La1�xBaxCo1�yFeyO3�d samples after the heat treatment at 750 �C, in
x ¼ 0.7 and y ¼ 0.0, 0.1, 0.2, 0.3 and 0.4. Solid squares indicate the reflections of secondary
The oxygen content (3 � d) of the single cubic perovskite phases
in the system La1�xBaxCo1�yFeyO3�d was determined at room
temperature by iodometric titration. Fig. 3 shows the variation of
the oxygen content as a function of the Ba and the Fe content. Solid
symbols correspond to the cubic perovskite phases cooled at a rate
of 1 �C min�1, while open symbols correspond to cubic perovskites
annealed at T ¼ 750 �C during 10 days. As the Ba content increases
from x ¼ 0.7 to x ¼ 0.9, the oxygen content of the samples for a
given Fe content decreases to charge compensate the higher con-
tent of Ba2þ. On the other hand, as the Fe content increase, so does
the oxygen content, indicating the stabilization of higher oxidation
states of Fe is easier than in the case of Co. The average oxidation
state of (Fe, Co) calculated from charge neutrality and the oxygen
air, during 10 days. a) BSCF; b) BCFN; cef) x ¼ 0.9 and y ¼ 0.3, 0.4, 0.5 and 0.6 and gek)
phases.
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content values determined by iodometric titration, always gives
values above 3þ for all these samples. Finally, the oxygen content
values of the samples annealed at 750 �C during 10 days are always
somewhat higher than those obtained for the samples cooled at
1 �C min�1.

The formation of crystal structures with different symmetry
(hexagonal, cubic, orthorhombic, tetragonal or rhombohedral) for
the ABO3 compounds is usually explained with the Goldschmidt’s
tolerance factor given by the equation:

t ¼ rA þ rO
ffiffiffi

2
p

ðrB þ rOÞ

where rA, rB and rO are the ionic radii tabulated by Shannon [26] for
the cations A, B and oxide ions, respectively. Fig. 4 shows the
variation of the tolerance factor with the Fe content for
La1�xBaxCo1�yFeyO3�d. The tolerance factor was calculated
approximating the Co and Fe oxidation states by 3þ and 4þ with
high spin configuration, respectively. This approximation is
consistent with the oxygen content values displayed in Fig. 3, the
charge neutrality relation and the fact that Fe oxidation states are
higher than the Co oxidation states. Solid symbols represent those
samples formed by a mixture of phases after the initial heat
treatment at 1100e1150 �C, while empty symbols indicates meta-
stable samples, initially with a cubic structure, which then trans-
forms to a mixture of phases as a consequence of the long term heat
treatment at 750 �C. Finally half filled symbols show those com-
positions with the cubic perovskite crystal structure after the long
term heat treatment at 750 �C. In Fig. 4, the experimental data for
the samples with x ¼ 0.5 and 0.6 and y ¼ 0, obtained in a previous
work [19], and the data for BaCoO3�d and BCFN are also included. In
this way the range of the tolerance factor where the cubic perov-
skite phases of the La1�xBaxCo1�yFeyO3�d system are stable, ac-
cording to XRD data, is clearly revealed and the boundary of this
region increases with the Fe content.

The variation of the cubic perovskite lattice parameter a with
the Fe content is shown in Fig. 5. While for the x ¼ 0.9 samples, the
lattice parameter clearly decreases with the substitution of Co by
Fe, for x¼ 0.8 this behavior is less evident and for x¼ 0.7 the lattice
Fig. 4. Variations of the tolerance factor t as a function of the Fe and Ba content for
La1�xBaxCo1�yFeyO3�d samples.-) solid squares indicate the compositions formed by a
mixture of phases after the heat treatment at 1100e1150 �C; ,) open squares indicate
single cubic phases that transform to a mixture of phases after the heat treatment at
750 �C during 10 days; ) Stable cubic phases after the heat treatment at 750 �C during
10 days.
parameter remains almost constant. Finally, the lattice parameter
increases with the Ba content. The diminution of the lattice
parameter awith the substitution of Co for Fe was already reported
for the perovskite phases Ba0.5Sr0.5Co1�yFeyO3�d with 0 � y � 1.0
[27] and BaCo1�yFeyNb0.2O3�d with 0 � y � 0.8 [14]. In these
perovskite phases, the incorporation of Fe3þ replacing Coþ2/þ3

cations reduces the oxygen vacancy concentration, which is
compensated by raising the Co oxidation state towards þ3 [14],
thus decreasing the ionic radii of the Co cations [26] and conse-
quently the lattice parameters. In the case of the
La1�xBaxCo1�yFeyO3�d samples, the average oxidation state of
(Fe,Co) is above 3þ. If we assume that the majority fraction of Fe
cations is 4þ, charge neutrality indicates the majority fraction of Co
cations is 3þ. Therefore, the incorporation of Fe4þ with smaller
ionic radii than Co3þ [26] would explain the reduction of the lattice
parameter with the increase of the Fe content. Fig. 5 also reveals
that the lattice parameter obtained for the samples heat treated at
1100e1150 �C are systematically higher than those obtained for the
samples heat treated during 10 days at 750 �C. This behavior can be
explained considering that samples heat treated at 750 �C sys-
tematically display larger oxygen content values, which reduces the
cubic perovskite lattice parameter.

The volume expansion of the La1�xBaxCo1�yFeyO3�d compounds
with cubic crystal structure was studied in the temperature range
40 � T � 900 �C, in air, through linear expansion measurements.
Fig. 6 shows the DL/L0 vs. T curves for these samples during a
cooling/heating run. DL represents the sample length change and L0
the length of the sample at the temperature of reference T ¼ 40 �C.
The linear expansion DL/L0 increases with the raise of temperature.
During heating, the slope of the DL/L0 vs. T curves clearly increases
after the temperature range of 350 � T � 400 �C. This is due to
oxygen atoms being removed from the crystal structure, which is
known as chemical expansion [28,29]. Thus, at low temperatures
the thermal expansion is the only contribution to the linear
expansion, while at high temperature both the chemical and the
thermal expansions are significant which causes an increment in
the slope of the DL/L0 vs. T curves. During the cooling/heating run
the presence of hysteresis was detected mainly around the tem-
perature value where the slope of the DL/L0 vs. T curves increases.
This effect is associated to the cooling/heating rate (1 �C min�1),
which is not slow enough to assure the equilibrium at each tem-
perature [19]. In Table 1 the expansion coefficient values a ¼ DL/
(L0 DT) obtained for the two temperature ranges 40 � T � 300 and
450 � T � 900 �C are listed. While the substitution of Co by Fe
δ

Fig. 5. Variations of the lattice parameter a as a function of the Fe and Ba content for
the cubic perovskite phases.



Fig. 6. Relative length change DL/L0 as a function of temperature for cubic phases of
the La1�xBaxCo1�yFeyO3�d system. a) Samples with x ¼ 0.3 and y ¼ 0.4, 0.5 and 0.6; and
b) samples with x ¼ 0.7, 0.8 and 0.9 and y ¼ 0.6.

Fig. 7. SEM micrograph of the electrode cross-section prepared with
La0.3Ba0.7Co0.6Fe0.4O3�d.
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clearly reduces the volume expansion of the samples in the whole
temperature range, the replacement of La by Ba lead to little vari-
ations on the expansion coefficient with no clear trend. As we have
discussed above, the substitution of Co by Fe reduces the oxygen
vacancy concentration, and therefore the chemical expansion
contribution, to charge compensate the raise of the transition
metals oxidation state. At low temperature the a values varies be-
tween 10 � 10�6 and 12 � 10�6 K�1, while at high temperature it
varies from 26.5 to 30.4 � 10�6 K�1 resulting in average values
between 20.3 � 10�6 K�1 for La0.3Ba0.7Co0.4Fe0.6O3�d and
24.7 � 10�6 K�1 for La0.3Ba0.7Co0.6Fe0.4O3�d.

The electrode polarization resistances of La1�xBaxCo1�yFeyO3�d

phases with stable cubic crystal structure were studied bymeans of
impedance spectroscopy measurements in the temperature range
450 � T � 750 �C, in air, using symmetrical cells. The electrodes
deposited on dense GDC pellets consisted of two layers: one of
porous GDC, approximately 5 mm thick, on the surface of the
electrolyte to avoid adherences issues [19,20] and a porous layer of
the perovskite phases La1�xBaxCo1�yFeyO3�d 30 mm thick. For
instance, Fig. 7 shows a SEM micrograph of the electrode cross
section of a cell prepared with the cubic perovskite
Table 1
Expansion coefficient values for La1�xBaxCo1�yFeyO3�d samples.

Samples Expansion coefficient (10�6 K�1)

40e300 �C 450e900 �C 40e900 �C

La0.3Ba0.7Co0.6Fe0.4O3�d 12.05 30.41 24.7
La0.3Ba0.7Co0.5Fe0.5O3�d 10.96 29.17 22.0
La0.3Ba0.7Co0.4Fe0.6O3�d 10.16 27.6 20.3
La0.2Ba0.8Co0.4Fe0.6O3�d 10.83 27.07 21.6
La0.1Ba0.9Co0.4Fe0.6O3�d 10.14 26.53 20.5
La0.3Ba0.7Co0.6Fe0.4O3�d. The image of the cathode reveals the
presence of ceramic grains of sizes in the 5e10 mm range. During
the sample preparation good adhesion and connectivity between
the electrode and the electrolyte were observed.

The behavior of the impedance data in the temperature range
450� T� 750 �C, in air, was found to be similar for all the electrode
materials tested. Fig. 8 shows the variation of the impedance
spectra with temperature for the La0.3Ba0.7Co0.6Fe0.4O3�d electrode.
Systematically, the impedance of the symmetrical cell becomes
positive at high frequency denoting an inductive contribution from
the device and leads. The impedance data reveal the presence of
three impedance arcs in the Nyquist plane each associated to a
different process. At low temperature, T ¼ 450 �C, two impedance
arcs are observed, a broad arc at the low frequency limit, labeled
intermediate frequency (IF) arc, and a small arc at the high fre-
quency region (HF). As the temperature increases, the polarization
resistance associated to the IF arc decreases and the apex frequency
moves towards higher values overlying the HF arc, which becomes
negligible. A third arc (LF) clearly appears on the low frequency
side, however, it is not detected at low temperatures, where it is
negligible with respect to the IF contribution. In addition, RLF po-
larization resistance shows little variation with temperature. Based
on these observations the impedance diagrams were reproduced
with an equivalent circuit consisting of a pure resistance in series
with an inductance in parallel with a resistance and three elements
(Ri, CPE) formed by a resistance Ri in parallel with a constant phase
element CPE ¼ 1/(B(ju)p); where B is a constant and p a parameter
that may vary from p ¼ 1 for a pure capacitor, to p ¼ �1 for a pure
inductance (see Fig. 8).

We will now discuss the contributions to the polarization
resistance observed for these electrodes with emphasis on the IF
and LF mechanisms. The analysis of the experimental data obtained
in air shows that the capacitance values of the IF arcs varies be-
tween 4 � 10�3 and 7 � 10�2 F cm�2 depending of the chemical
composition, but it shows little variation with temperature for a
given composition. Also, the apex frequency of the IF arc increases
with temperature from w10�1 Hz at 450 �C to w1.5 � 103 Hz at
750 �C indicating the relaxation time of this process is thermally
activated. Fig. 9 shows the Arrhenius plot of the intermediate fre-
quency polarization resistance, RIF, for all the electrode materials.
The calculated activation energy values fluctuate between 1.0 and
1.25 eV with no clear trend. On the other hand, the polarization
resistance RLF and the apex frequency of the LF arc remain almost



Fig. 8. Variations of the impedance diagram with temperature, in air, for La0.3B-
a0.7Co0.6Fe0.4O3�d. The solid line corresponds to the fit of the experimental data using
the equivalent circuit displayed at the top of the figure. The logarithm of the frequency
is indicated in the figure.
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unchanged at w0.04 U cm2 and 1 Hz, respectively, indicating that
the chemical compositionmainly affects the IF arc. Fig.10 shows the
impedance spectra at constant temperature, T ¼ 700 �C, for elec-
trode materials with different composition. It can be seen that the
shape of the impedance diagrams is similar for all the electrodes.
Noteworthy, the size of the LF arc remains almost constant, while
the polarization resistance of the IF arc tend to increase as either
the Fe or Ba content increases. This behavior confirms that the rate-
limiting mechanism corresponding to the IF arc is affected by the
chemical composition of the electrode. For instance, this could be
any one involving the electrode material as oxygen adsorption,
charge transfer at the gas/electrode interface, oxide ion bulk or
surface diffusion, charge transfer at the electrode/electrolyte
interface [30].

The variation of the impedance spectra with the oxygen partial
pressure was determined at 700 �C for all the electrodes in the
range 6.5 � 10�4 � pO2 � 1 atm. For instance, Fig. 11 exhibits the
evolution of the impedance diagrams for the La0.3B-
a0.7Co0.6Fe0.4O3�d electrode. The Z0 values of the spectra were
modified in such a way that the intersection of the experimental
data with the x-axis occurs at Z0 ¼ 0. The impedance diagram under
pure oxygen (pO2 ¼ 1 atm) consists of only one arc. As soon as the
pO2 decreases, a second arc at the low frequency side is revealed.
This behavior is consistent with the lack of an oxygen concentration
gradient in the porous electrode under a pure oxygen atmosphere
and consequently of the gas phase diffusion contribution to the
polarization resistance of the electrode [31]. After further
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Fig. 11. Variations of the impedance diagrams with the pO2 at 700 �C for
La0.3Ba0.7Co0.6Fe0.4O3�d.
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decreasing the pO2, both impedance arcs increase their size. Fig. 12
shows the dependence of the IF and LF polarization resistances
with the pO2 for La0.3Ba0.7Co0.6Fe0.4O3�d, which is a typical behavior
for these material electrodes. Usually, the log (R) vs. log (pO2/atm)
plots are analyzed using the power law:

R ¼ C � ðpO2Þn

where C is a constant and n an exponent related with the limiting
step of the electrode polarization [32e34]. For the low frequency
polarization resistance (RLF), the linear fit of the experimental data
yield a slope value of n w�1, which is consistent with a rate-
limiting process controlled by the oxygen gas phase diffusion in
the porous phase of the electrode [30,34,35]. This conclusion is also
Ω

Fig. 12. Variation of the polarization resistance for La0.3Ba0.7Co0.6Fe0.4O3�d with the
oxygen partial pressure (pO2). The log RIF vs. log (pO2) and log RLF vs. log (pO2) plots are
also included.
supported by the capacitance values ranging between 1.4 and
6 F cm�2 and the weak dependence on temperature of the LF
impedance arc expected for this contribution [36,37]. Regarding the
IF polarization resistance, it increases as the pO2 decreases. The
dependence of RIF with the pO2, revealed by the negative value of
the exponent nw�0.28, is opposite to the variation reported in the
perovskite La0.6Sr0.4Co0.8Fe0.2O3�d [34] for which the polarization
resistance is controlled by the oxide ion diffusion in the crystal
lattice, suggesting this is not the main rate mechanism controlling
the IF polarization resistance. An exponent value n close to �0.25
has been assigned to different mechanisms such as a convoluted
process involving adsorption and surface exchange [38] or surface
diffusion of oxygen intermediate species [39]. However, a more
detailed work is needed in order to determine the controlling
mechanism for this contribution to the polarization resistance of
these perovskites.

The variation of the total polarization resistancewith timewhile
the cell is at constant temperature, T¼ 750 �C, or after it is cycled in
the temperature range 400 � T � 750 �C is shown in Fig. 13 for the
La0.3Ba0.7Co0.6Fe0.4O3�d electrode. The profile temperature during
impedance measurements is displayed in Fig. 13a. The cell was kept
at constant temperature, T ¼ 750 �C, during approximately 160 h, it
was then cycled two times between 750 �C and 400 �C. Fig. 13b
shows the variation of the total polarization resistance of the
electrode with time and the contribution of the IF and LF processes
to the total Rp. Impedance data shows that the total polarization
resistance increases with time at a rate of 3 � 10�4 U cm2 h�1.
Noteworthy the low frequency arc shows no variation indicating
that the microstructure of the electrode remains unchanged with
time. On the contrary, the contribution of the IF process to the
polarization resistance systematically increases. After a period of
160 h, the cell was cycled two times between 400 � T � 750 �C.
Once again, impedance data show that the total polarization
resistance increases after each cycle (see points B and C in Fig. 13b)
due to the IF process. Fig. 13c shows the impedance spectra cor-
responding to times t ¼ 0, 50 and 155 h and after the last tem-
perature cycle where a continuous broadening of the IF arc is clearly
observed. This behavior, usually observed in cobaltites [40], sug-
gests the increase of Rp with time and after temperature cycling
could be related to a continuous degradation of the electrode/
electrolyte interface due to the mismatch in the expansion co-
efficients of these materials.

Finally, Fig. 14 shows the Arrhenius plot of the total polarization
resistance (Rp) obtained for the La1�xBaxCo1�yFeyO3�d electrodes, in
air. It can be observed that the incorporation of Fe increases the
polarization resistance of the electrode materials compared to the
values (w0.13 U cm2 at 600 �C) obtained in a previous paper [20]
for Fe free electrodes with a cell configuration similar to the one
used in this work. From all the compositions tested, the minimum
polarization resistancewas obtained for the La0.3Ba0.7Co0.6Fe0.4O3�d

material.

4. Conclusions

The effects of the substitution of Co by Fe on the crystal structure
stability and electrochemical behavior as cathode materials for IT-
SOFC of the system La1�xBaxCo1�yFeyO3�d for 0.7 � x � 0.9, have
been studied. It was found that the replacement of Co by Fe sta-
bilizes the cubic perovskite phase in the La1�xBaxCoO3�d system.
The Fe content needed to stabilize the cubic perovskite phase in-
creases from y ¼ 0.3 to y ¼ 0.6 as the Ba content increases from
x¼ 0.7 to x¼ 0.9. The total expansion (thermal and chemical) of the
stable cubic perovskite phases decreases with the replacement of
Co by Fe from 24.7 � 10�6 K�1 for La0.3Ba0.7Co0.6Fe0.4O3�d to
20.3 � 10�6 K�1 for La0.3Ba0.7Co0.4Fe0.6O3�d. Impedance



Fig. 13. Time dependence of the polarization resistance for the electrode prepared with the cubic phase La0.3Ba0.7Co0.6Fe0.4O3�d. a) Temperature profile used during measurements;
b) Rp vs. t, RIF vs. t and RLF vs. t plots. Points B and C indicates the polarization resistance after each temperature cycle; c) complex impedance spectra at t ¼ 0, 50, 155 h and after the
two temperature cycles. The solid lines correspond to the fit of the experimental data using the equivalent circuit included at the top of Fig. 8.
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spectroscopy measurements reveal three contributions to the
electrode polarization resistance, however only the contributions
at intermediate (IF) and low (LF) frequency are relevant at T
�600 �C. The LF polarization resistance varies with the pO2, at
700 �C, according to a power lawwith an exponent n¼�1, which is
expected for oxygen diffusion through the porous of the electrode.
The minimum polarization resistance (Rp ¼ 0.6 U cm2 at 600 �C)
was obtained for La0.3Ba0.7Co0.6Fe0.4O3�d. For this electrode, the
polarization resistance slowly increases as a function of time at a
rate of 3� 10�4 U cm2 h�1 at T¼ 750 �C. The raise of Rp is caused by
an increment of the IF contribution (RIF), while the LF contribution
(RLF) remains constant with time. This behavior was also observed
after carrying out two temperature cycles thus suggesting the
increment of Rp, and therefore of RIF, is associated to a continuous
deterioration of the electrode/electrolyte interface due to the
mismatch in the expansion coefficients of the electrode and elec-
trolyte. In summary, we think the identification of the stable cubic
perovskite phases in the system La1�xBaxCo1�yFeyO3�d and the
δ

Fig. 14. Arrhenius plot of the total polarization resistance, Rp, for La1�xBaxCo1�yFeyO3�d

electrode materials in air.
experimental information on its electrochemical properties may
help to design a better cathode material for IT-SOFC.
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