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Study of the Electrode Polarization Resistance of Cobaltites with
High Ba Content as Cathode for IT-SOFC
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The phase relationships and the electrochemical behavior of cobaltites with high content of Ba, such as, La1-xBaxCoO3-δ with x
= 0.5, 0.7 and 1.0, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and BaCo0.7Fe0.2Nb0.1O3-δ (BCFN), were studied by XRD and impedance
spectroscopy varying the electrode configurations from a single porous layer to a graded-cathode using Ce0.9Gd0.1O1.95 (GDC) as
electrolyte. Regardless of the electrode material, symmetrical cells with graded-cathodes displayed the lowest polarization resistance
(Rp) values. The minimum Rp values were found to be 0.036 and 0.039 � cm2 at 600◦C, in air, for La0.5Ba0.5CoO3-δ (LBC) and
BSCF, respectively. The impedance spectra reveals mainly two processes, one at intermediate frequency (IF) in the range (0.1 ≤ f
≤ 5 × 103 Hz) and another at low frequency (LF) in the range (1 ≤ f ≤ 3 Hz). The variation of the parameter n (obtained from the
log(RIF) vs. log(pO2) plots) in relation with the electrode configuration, indicates the rate-limiting process goes from a mixture of
the ion transfer at the electrode/electrolyte interface and the charge transfer at the electrode surface to a mixture between this last
process and the dissociation of the oxygen molecule.
© 2017 The Electrochemical Society. [DOI: 10.1149/2.0681707jes] All rights reserved.

Manuscript submitted March 9, 2017; revised manuscript received May 1, 2017. Published May 9, 2017.

Fast oxygen exchange at the electrode surface, as well as a high
ionic and electronic conductivities are important requirements for
materials to be used as cathode material in intermediate-temperature
solid oxide fuel cells (IT-SOFC).1 These properties were initially
reported for the perovskite system (La,Sr)(Fe,Co)O3-δ

2,3 and exten-
sively investigated thereafter. More recently, other cobaltites with
Ba replacing La or Sr such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF),4–6

BaCo0.7Fe0.2Nb0.1O3-δ (BCFN)7 and La0.5Ba0.5CoO3-δ (LBC)8,9 have
also shown good performance as cathode material for IT-SOFC. The
large size of the Ba2+ cation (rBa = 1.60 Å)10 gives place to a low
migration energy for oxygen ions, and an increasing O-diffusivity
compared to (La,Sr)(Co,Fe)O3 perovskites.11 Additionally, Ishihara
et al.12,13 explored the electrochemical response of La1-xBaxCoO3-δ

with 0 ≤ x ≤ 1.0 in SOFC single cells prepared with Co doped
La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) as electrolyte. The minimum cath-
ode overpotential was obtained for the composition x = 0.6 at 600◦C.
On the other hand, Setevich et al.14,15 studied the phase diagram and
the electrochemical responses of the La1-xBaxCoO3-δ compounds by
using complex impedance measurements with GDC as electrolyte,
finding the lowest Rp = 0.05 � cm2 value for x = 0.7. More recently,
Rupp et al.16 have reported superior properties for La0.6Ba0.4CoO3-δ

compared to La0.6Sr0.4CoO3-δ electrodes for the oxygen reduction re-
action. However, the cubic crystal structure of samples with high Ba
content and Co in the B site tend to be unstable at T ≤ 900◦C.17

To resolve this problem, the addition of Fe and Nb at the B site
of the perovskite Ba(Co, Fe, Nb)O3-δ has been explored.18,19 It was
reported that BaCo0.7Fe0.2Nb0.1O3-δ (BCFN) exhibits good stability
under reducing atmospheres,19 high oxygen permeability flux val-
ues and good cathode performance for IT-SOFC.18,19 In the case of
the La1-xBaxCo1-yMyO3-δ compounds, the replacement of Co with Fe
or Nb stabilizes the cubic perovskite, although the electrochemical
performance of the electrodes is reduced.20,21 Another issue for per-
ovskites with high Co and Ba contents is the mismatch in the thermal
expansion coefficient between them and the electrolytes, which leads
to adhesion problems and delamination of the electrode accompanied
by the degradation of the cell performance.22 A commonly adopted
strategy to reduce the mismatch is the use of composite materials
by mixing the cobaltite and the electrolyte, which reduces the ex-
pansion coefficient of the electrode. In addition, several works have
indicated that the cathodic response improves when using a compos-
ite as electrode.5,15,23 However, if the electrolyte fraction forming the
composite is large enough, the polarization resistance (Rp) and the
electrical conductivity of the electrode will increase and decrease,
respectively.15,23 Another option is to use a graded-cathode, with lay-

zE-mail: fernando.prado@uns.edu.ar

ers that vary their composition from pure electrolyte to a pure electrode
material.14,15,24,25

In view of the high electrochemical performance reported for
cobaltites with high Ba content as cathode material for IT-SOFC,4–9

the polarization resistance to the oxygen reduction reaction (ORR)
of electrodes prepared with La1-xBaxCoO3-δ (x = 0.5, 0.7 and 1.0),
BSCF and BCFN are compared and studied. Moreover, to reduce
the expansion coefficient mismatch between the electrodes and the
electrolyte, various configurations from a single material to a graded
electrode were used for preparing symmetrical cells. For all the cases,
the polarization resistance of the oxygen reduction reaction was deter-
mined by means of complex impedance measurements, as a function
of temperature and oxygen partial pressure (pO2). The contributions
to the polarization resistance during the ORR were determined and
the variations with T and pO2 discussed as well as the performance of
the various chemical compositions and electrode configurations.

Experimental

Samples of La1-xBaxCoO3-δ with x = 0.5, 0.7 and 1.0 and BSCF
were prepared by an acetic acid-based gel route.26 Stoichiometric
amounts of La2O3, previously dried overnight at 1000◦C, in air,SrCO3,

BaCO3,Fe(CH3COO)2and Co(CH3COO)2.4H2O were dissolved in
acetic acid. Together with water and small amounts of hydrogen per-
oxide, each mixture was refluxed at T∼80◦C until a solution was ob-
tained. Then the solvents were evaporated and a dark gel was formed.
This gel was fired at 400◦C for 2 h and then heat treated at 750◦C
for 24 h, in air. Due to Nb2O5 not being soluble in acetic acid, we
prepared BCFN by solid state reaction (SSR). Therefore, required
amounts of BaCO3, Co3O4, Fe2O3 andNb2O5 were mixed and ground
with a mortar and pestle and heat treated at 850◦C in air. Subsequently,
the powder was ball milled during 15 min using an agate milling me-
dia, pressed into pellets and sintered at T = 1100◦C. In order to obtain
the BCFN following the acetic acid gel route, we dissolved the BCFN
sample obtained by SSR in acetic acid. Then the solution was evap-
orated and a dark gel was formed. This gel was fired at 400◦C for
2 h and then heat treated at 750◦C for 24 h, in air. All the samples
were additionally heat treated at 800, 900, 1000 y 1100 ◦C for 8 h,
and then cooled at a rate of 5◦C/min, in air. The GDC material was
synthesized using the combustion method. Stoichiometric amounts of
Gd2O3 and Ce(NO3)3 .6H2O were dissolved in acetic acid. The mix-
ture was refluxed at T∼80◦C until a clear solution was obtained. Then
temperature was raised to approximately 300◦C, at which the ignition
of the solution started. To investigate the reactivity, mixtures of the
cobaltites with GDC in 1:1 weight ratio were prepared using the mate-
rial obtained by the acetic acid gel route at 750◦C, and GDC supplied
by Fuel Cell Materials. These mixtures were annealed at 800, 900
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Figure 1. Scheme of the symmetrical cells electrodes used for impedance
spectroscopy measurements.

and 1000◦C for 8 h. The samples were analyzed by X-ray diffraction
(XRD) at room temperature with a Philips PW1700 diffractometer
using Cu Kα radiation and a graphite monochromator from 2θ = 10
to 80◦ with a counting time of 2 s per 0.02◦. The crystal structures
were analyzed by the Rietveld method using the FullProf Program.27

The polarization resistance of the electrodes was studied by EIS
(Electrochemical Impedance Spectroscopy) on electrochemical cells
using GDC as electrolyte and a symmetrical configuration. Commer-
cial GDC powder from Fuel Cells Materials with a specific area of
35 m2/g was pressed into 12.5 mm diameter disks, applying uniaxial
pressure of 100 kg/cm2, and sintered at 1350◦C for 4 h, in air. After
sintering, the electrolyte disks were approximately 9.8 mm in diame-
ter and around 0.3 mm thick. The inks for electrode deposition were
prepared mixing the corresponding ceramic powders with ethanol, α-
terpineol, polyvinyl butyral and polyvinyl pyrrolidone in 40:30:27:2:1
ratio. For the cobaltite layers we have used the materials prepared at
750◦C, while for GDC we have used GDC from Fuel Cells Materials
or prepared by the combustion method. Previous to the deposition onto
the electrolyte using an airbrush, the electrode material ink was stirred
to assure its homogeneity. The thickness of each layer was controlled
keeping constant the number of times the electrolyte was painted with
the airbrush. Figure 1 shows the four electrode configurations tested:

Cell A: The electrodes consisted of a single porous layer of
cobaltite sprayed onto dense GDC electrolyte.

Cell B: The electrodes consisted of a porous GDC layer sprayed
onto the dense electrolyte, and then heat treated at 1300◦C for 1 h, and
a second porous cobaltite layer sprayed onto the porous GDC layer.

Cell C: The electrodes were prepared using three layers: a porous
GDC layer similar to the one described in cell B, a layer of cobaltite
+ GDC in a 1:1 weight ratio and finally a porous cobaltite layer.

Cell D: The electrode configuration is similar to cell C. In this case
the GDC for the porous and composite layers were prepared by the
combustion method with a specific area of 70 m2/g.

In all cases, the electrode attachment to the electrolyte was per-
formed at around 900/950◦C for 8 h, which is the temperature that
yields the minimum polarization resistance at 600◦C, as is described
in Optimization of the heat treatment temperature for the cathode
preparation section. The EIS measurements were performed varying
temperature in the range 400 ≤ T ≤ 950◦C by steps of 50◦C and the
oxygen partial pressure (pO2) in the range 10−3 ≤ pO2 ≤ 1 atm by mix-
ing Ar and O2. The data acquisition was performed with 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 20 mV was applied to the cell,
under zero DC polarization. Platinum grids, slightly pressed on the
porous electrodes using a Al2O3 tube, were used as current collectors.
Impedance diagrams were analyzed using Z-view2 software.28

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

Results and Discussion

XRD characterization of La1-xBaxCoO3-δwith x = 0.5, 0.7 and
1.0, BSCF and BCFN.—The XRD characterization of the samples
becomes relevant when correlating the electrochemical response and
the phase relationship in the electrode, which varies with the heat-
treatment temperature. In the La1-xBaxCoO3-δ samples with x = 0.5
and 0.7, prepared at 750◦C, a mixture of cubic perovskite (space
group Pm3̄ m) and a 2H hexagonal phase (space group P63/mmc)29

was found. Figure 2a shows this result for LBC. As the heat-treatment
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Figure 2. XRD patterns of La0.5Ba0.5CoO3-δ sample synthesized by the acetic
acid-gel method after the heat-treatment at various temperatures. a) T = 750◦C
for 24 h, b-e) T = 750◦C for 24 h plus an extra heat-treatment for 8 h, in air,
at: b) T = 800◦C, c) T = 900◦C, d) T = 1000◦C and e) T = 1100◦C. For each
pattern the experimental data, calculated profile, the difference between them
and the positions of the reflections allowed for the cubic, 2H and 12H phases,
are included.
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Figure 3. XRD patterns of BaCoO3-δ sample synthesized by the acetic acid-
gel method after the heat-treatment at various temperatures. a) T = 750◦C
for 24 h, b-d) T = 750◦C for 24 h plus an extra heat-treatment for 8 h, in
air, at: b) 800◦C, c) 900◦C and d) 950◦C. For each pattern the experimental
data, calculated profile, the difference between them and the positions of the
reflections allowed for the 2H and 12H phases, are included.

temperature for electrode adhesion increased, the intensity ratio be-
tween the reflections of the cubic and the 2H hexagonal phases in-
creased denoting the growth of the perovskite fraction. This behavior
is shown in Figures 2a–2e for LBC. At 900◦C (Figure 2c) the ap-
pearance of the reflection at 2θ = 28.5◦ indicates the formation of the
12H hexagonal phase.30 After the heat treatments at 1100◦C the 2H
and 12H hexagonal phases fade away and the cubic perovskite LBC
with a = 3.880 (1) Å is obtained. The phase relationship evolution
of La0.3Ba0.7CoO3-δ is similar to that described for LBC in Figure 2,
although in this case the 2H and 12H hexagonal phase fractions are
higher at T < 1100◦C. For BaCoO3-δ a majority 2H hexagonal phase29

is formed at 750◦C, which coexist with small amounts of CoO and
BaCO3, while the cubic perovskite fraction is null (see Figure 3a). Af-
ter the heat-treatment at 800◦C, several reflections (2θ = 32◦, 41.8◦,
53.5◦, 56.9◦) split into two peaks. Revealing the presence of two 2H
hexagonal phases, the 2H1 phase with a = b = 5.599 (1) and c =

Table I. Reactivity products after a heat-treatment at 900 and
1000◦C for 8 h between the electrodes materials and GDC.

T (◦C ) LBC La0.3Ba0.7CoO3-δ BaCoO3-δ BCFN BSCF

900 - - - - BaCeO3
1000 BaCeO3 BaCeO3 BaCeO3 BaCeO3 BaCeO3

4.767 (1) Å and the 2H2 phase with a = b = 5.634 (1) and c = 4.766
(1) Å. At 900◦C (Figure 3c), only the 2H2 and the 12H hexagonal
phase BaCoO3-δ with δ ∼ 2.60 and lattice parameters a = b = 5.660
(1) and c = 28.530 (1) Å remains.23 Finally, after a heat-treatment at
950◦C, BaCoO3-δ was found single phase with a 12H hexagonal crys-
tal structure and lattice parameters a = b = 5.667 (1) and c = 28.497
(1) Å as is shown in Figure 3d. Variations in the crystal structure of
BaCoO3-δ are related to its oxygen content, which was reported to be
2H hexagonal, 12H hexagonal or cubic depending on 3-δ = 3, 2.6 or
2.2, respectively.29–31 The BCFN sample heat treated at 750◦C, shows
the coexistence of BaCoO3-δ, the 2H hexagonal phase and a cubic
phase of general composition BaCo1-y-zFeyNbzO3-δ. As the tempera-
ture of the heat-treatment increases, the cubic perovskite becomes the
majority phase coexisting with the 2H hexagonal and the perovskite
BaFeO3-δ phases. Finally, the sample heat treated at 1100◦C was found
single phase with cubic symmetry and lattice parameter a = 4.080 (1)
Å. For BSCF, the phase relationship evolution with the heat-treatment
temperature was described in a previous work.6

Chemical reactivity with GDC.—The chemical reactivity between
the cobaltites prepared at 750◦C and GDC was studied between 800
and 1000◦C by XRD measurements following the procedure described
in Experimental section. In Table I, the heat-treatment temperature and
phase formation are summarized. For La1-xBaxCoO3-δ with x = 0.5,
0.7 and 1.0 and BCFN, the appearance of BaCeO3 reflections reveal
chemical reactivity only at 1000◦C. This temperature is lower than
the value T = 1100◦C obtained for La1-xBaxCoO3-δ prepared by solid
state reaction,14 possibly due to differences in the microstructure of
the samples obtained by the acetate method. For BSCF, the perovskite
BaCeO3 shows up at 900◦C as was previously reported.6,32

Optimization of the heat-treatment temperature for the cath-
ode preparation.—The optimum heat-treatment temperature for the
cathode preparation was determined by monitoring the polarization
resistance (Rp) at 600◦C after the symmetrical cell was heat treated
between 750 and 950◦C. Figure 4 shows the complex impedance spec-
tra obtained at 600◦C, in air, for the LBC electrode. The impedance
spectra were shifted in such a way that the low frequency data points
intersect the x-axis at Z’ = 1 � cm2. Independently of the electrode
configuration and the heat-treatment temperature, the spectra consist
of two arcs, a low frequency (LF) and an intermediate frequency arc
(IF). As the heat-treatment temperature increases, Rp decreases as a
consequence of the IF arc shrinkage, while the LF arc remains almost
constant. This result clearly shows that the heat-treatment to adhere
the electrode to the electrolyte, enhance the kinetic of those processes
related to RIF. The optimum Rp value at 600◦C for cell A was obtained
after the heat-treatment was performed at T = 950◦C, while for cells
B, C and D the optimum temperature was T = 900◦C. For LBC (see
Figure 4) the lowest polarization resistance value, Rp ∼ 0.036 � cm2,
was obtained for cell D. The experimental data indicate Rp follow
the sequence D < C < B < A. A similar behavior was observed for
La0.3Ba0.7CoO3-δ, BaCoO3-δ, BCFN and BSCF6 during the cathode
preparation. For these cobaltites the optimum temperature was found
in the temperature range 900 ≤ T ≤ 950◦C regardless the electrode
configuration.

Microstructure.—Figure 5 shows SEM micrographs (1850 × ) of
the La0.3Ba0.7CoO3-δ electrodes cross section after impedance spec-
troscopy measurement for the different configurations. The thickness
and uniformity of the layers forming the electrodes can be observed
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Figure 4. Complex impedance spectra for La0.5Ba0.5CoO3-δ electrodes using
cells configuratios A, B, C and D. These impedance spectra were measured
at T = 600◦C in ambient air after the electrode was heat treated at various
temperatures between 750 and 950◦C.

in Figure 5a-5d after the cells were broken to expose the cross section.
No delamination was detected during impedance measurements. The
particle size of the electrode material La0.3Ba0.7CoO3-δ in the layers
is in the range 1–7 μm. These values are by far larger than those
observed for the particles of the sample prepared at 750◦C, which
presents nanometric size. As is expected, after the heat-treatment at
900◦C particle size is greatly increased reducing the electrode specific
area. Figure 6 compares the electrode microstructure before and after
the heat-treatment for bonding the electrode to the electrolyte, which
shows the ceramic grains growth. Note that the minimum Rp value
was obtained after the heat-treatment at T = 900◦C, that means after
the ceramic grains have increased. This result shows that in addition to
materials with high specific area, an optimal attachment between elec-
trode and electrolyte is needed to low the Rp value of the electrode.
Similar description for the electrode microstructure can be applied to
the other materials studied in this paper. Finally, the ceramic grains

Figure 5. SEM micrographs (1850 × )of the electrode cross section for cells
A, B, C and D prepared with La0.3Ba0.7CoO3-δ.

size of GDC forming the porous layer and the composite was in the
range between 0.1 and 0.5 μm.

Polarization resistance of La1-xBaxCoO3-δ with x = 0.5, 0.7 and
1.0, BSCF and BCFN electrodes.—In Figure 7 we compare Rp val-
ues obtained at 600◦C for the various electrodes after optimizing the
polarization resistance according the procedure described in Opti-
mization of the heat treatment temperature for the cathode prepara-
tion section. The lowest Rp values were found for the BSCF and
LBC electrodes, regardless the cell configuration. For BSCF the low-
est Rp value was 0.039 � cm2 using the cell C, while for LBC we
obtained 0.036 � cm2 using cell D. On the other hand, BaCoO3-δ

Figure 6. SEM micrographs of the microstructure of La0.3Ba0.7CoO3-δ sam-
ple heat treated at a) 750◦C, in air, for 24 h and b) 750◦C / 24 h + 800◦C / 1 h
+ 850◦C/ 1h + 900◦C / 1h, in air.
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Figure 7. Polarization resistance (Rp) values measured at 600◦C after deter-
mining the optimum heat-treatment temperature for electrode preparation. The
electrode were prepared using LBC, La0.3Ba0.7CoO3-δ, BaCoO3-δ, BCFN and
BSCF and symmetrical cells of the type A, B, C and D.

and La0.3Ba0.7CoO3-δ exhibit the highest Rp values for cell A which
decreases as the configuration changes toward the graded electrode of
cells C or D. Systematically the lowest Rp values were obtained for
cells C or D, whose electrodes were prepared using GDC with specific
areas of 35 and 70 m2/g, respectively. The variation in this parameter
causes no significant difference in Rp, this is likely due to the growth
of the GDC particles with temperature in the graded cathode. Figure 8
shows the Arrhenius plot of Rp for various electrodes in cells A, B, C
and D. In all cases, the polarization resistance strongly decreases with
increasing temperature up to T = 700◦C, while for T ≥ 700◦C it shows
little variation. The data displayed in Figure 8 show that BaCoO3-δ and
BCFN exhibit the highest Rp values with the exception of BaCoO3-δ in
cell C. On the other hand, LBC and BSCF systematically exhibit the
lowest Rp values for all the cells. As a function of temperature, small
differences were observed in the behavior and magnitude of Rp. How-
ever, the lowest Rp values were obtained for graded electrodes in cells
C and D. Considering the heat-treatment temperature to minimize Rp
for LBC, BSCF and BCFN was found near 900◦C, the majority phase

0.01

0.1

1

10

100

0.8 1.0 1.2 1.4
0.01

0.1

1

10

100

0.8 1.0 1.2 1.4
0.01

0.1

1

10

100
0.01

0.1

1

10

100 b)

Cell B

T (oC)

1000/T (1/K)

R
p

(Ω
cm

2 )

Cell C

c) d)

Cell D

a)
La

0.5
Ba

0.5
CoO

3-δ

La
0.3

Ba
0.7

CoO
3-δ

BaCoO
3-δ

BCFN
BSCF

Cell A

1000 800 600 400 1000 800 600 400

Figure 8. Arrhenius plots for the total polarization resistance Rp of electrodes
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cells configurations A, B, C and D.

forming the electrodes, according to XRD data (XRD characterization
of La1-xBaxCoO3-δwith x = 0.5, 0.7 and 1.0, BSCF and BCFN sec-
tion) is the cubic perovskite. Thus, for cell A these materials exhibit
the lowest Rp values as shown in Figure 7, while BaCoO3-δ, whose
main phase is hexagonal, shows the highest value. However when
considering cells B, C and D and their difference in the decrease of
Rp the trend is not clear. In particular the electrodes prepared with
BaCoO3-δ have shown adherence issues to the electrolyte. Thus the
use of either a porous layer of GDC or a graded cathode has improved
the adhesion of the electrode to the electrolyte reducing Rp. As men-
tioned in Chemical reactivity with GDC section, the cobaltites react
with GDC forming BaCeO3 at T ≥ 900◦C at the interface. The effect
of the BaCeO3 compound in the ORR was mentioned by Wang et al.33

who discussed a model for a BSCF/SDC composite where chemical
reaction takes place at the BSCF/SDC interface after a firing temper-
ature of 1000◦C. The authors indicated that the chemical reaction did
not affect the ORR performance of the electrode also causing a good
connection between the BSCF and SDC particles. The authors also
indicated that because of the smaller particle size of the SDC ceramic
grains in comparison to BSCF, it resulted in an increase of the effective
cathode surface area. This description of the electrode microstructure
is in good agreement with the morphology of the electrodes used in
this work as is shown in Figure 5. However, our data show that when
the heat-treatment temperature is higher than the optimal, the amount
of BaCeO3 and the size of the cathode ceramic grains increase and
starts to affect the performance of the electrodes. Thus, the optimum
heat-treatment temperature seems to regulate the amount of BaCeO3

needed to obtain low Rp values.

Variation of Rp with T and pO2.—Figure 9 shows the typical vari-
ation of the impedance spectra within the temperature range of 400
and 900◦C for the various electrode materials and cells type. As an
example the variation of the impedance spectra for BaCoO3-δ in a cell
B and LBC in a cell D are shown in Figures 9a and 9b, respectively.
At high temperature, T ≥ 700◦C, the LF arc with a characteristic
frequency that varies between 1 and 5 Hz is the main contribution to
the complex impedance. Between 500◦C and 700◦C a second contri-
bution shows up at intermediate frequency (IF). For this contribution,
the characteristic frequency varies between 1 and 5 × 103 Hz. At
temperatures below 500◦C a high frequency (HF) arc was detected for
some electrodes with a characteristic frequency of f > 104 Hz. In addi-
tion, a very low frequency arc denominated LF∗ was observed at T ≤
500◦C for a couple of electrodes with a characteristic frequency below
10−2 Hz. In particular, the features of this contribution indicate it is
not related to the LF contribution detected at T ≥ 700◦C. Taking this
under account, when fitting impedance data, we used the equivalent
circuit displayed in Figure 10. This circuit consists of an inductance
LC in parallel with a resistor RC representing the cables of the ex-
perimental setup in series with a RE resistor, representing the ohmic
resistance of the electrolyte, and in series with elements (Ri,CPEi) and
(Rj,CPEj) representing the impedance arcs HF, IF, LF and LF∗. The
HF arc was included in the equivalent circuit as a minor correction of
the intermediate frequency contribution in the low temperature range
(T ≤ 500◦C). The size of this arc is negligible and can be associated
with processes which take place in the electrolyte. On the other hand,
the LF∗ contribution was observed in the electrochemical response of
BSCF in cells A and B6 and BCFN in the cell A. It was also con-
sidered in the analysis of the data although the process associated
with it is not clear. Thus, hereafter we will focalize in the analysis
in the IF and LF contributions to the polarization resistance of the
electrodes. Figures 11 and 12 show the Arhenius plots for RP, RIF and
RLF as well as the characteristic frequency and capacitance of the IF
and LF contributions for the electrodes prepared with the perovskites
La0.3Ba0.7CoO3-δ and LBC, respectively. Data points for RIF and RLF

were obtained by fitting the impedance data, like those shown in
Figure 9, with the equivalent circuit displayed in Figure 10, while RP

corresponds to the sum of RIF and RLF. It can be seen that at low tem-
peratures RP ∼ RIF, while at high temperature (T ≥ 700◦C) Rp ∼ RLF.
Similar behavior was obtained for BCO, BCFN, and BSCF. In order
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Figure 9. Variation of the impedance spectra with temperature (400 ≤ T ≤ 900◦C) for the electrode BaCoO3-δ in a cell type B and LBC with the cell configuration
D. The solid line corresponds to the fit of the experimental data. The logarithm of the frequency is indicated in the Figure.

Figure 10. Equivalent circuit used for fitting impedance data. For T > 550◦C,
i = IF and j = LF while for T < 550◦C i = IF and j = HF or LF∗.

to understand the process associated to each impedance arc we also
carried out measurements as a function of pO2 in the range 1 × 10−3

< pO2 < 1 atm. Systematically, under pure oxygen, pO2 = 1 atm, the
impedance spectra consists only of one arc, which corresponds to the
IF process as was observed previously.6,20 As the pO2 decreases the
appearance of the LF process can be observed. In this case, both arcs
increase in size although the LF contribution grows faster than the IF
arc as the pO2 decreases. Figures 13 and 14 show the variation of RP,
RLF and RIF as a function of pO2 at T = 600◦C for La0.3Ba0.7CoO3-δ

and LBC electrodes, respectively. The other electrodes, BCO, BCFN,
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Figure 11. Arrhenius plots of the polarization resistances Rp, RIF and RLF
obtained for electrodes prepared with La0.3Ba0.7CoO3-δ. Figures a-d corre-
spond to cells A, B, C and D, respectively, while Figures 11e and 11f display
the Arrhenius plots for the apex frequency and the capacitance, respectively,
corresponding to the IF and LF contributions of the impedance spectra.

and BSCF, exhibit similar behavior. The variation of the polarization
resistance with pO2 is usually analyzed using the power law,

R = K × (pO2)n [1]

where K is a constant and the parameter n is related with the species
involved in the electrode reaction and the process responsible of the
electrode polarization34–37 (see Table II).

Low frequency (LF) contribution.—The experimental data dis-
played in Figures 11 and 12 shows that the polarization resistance
RLF slightly increases with temperature and is practically independent
of the material and electrode configuration. At T = 600◦C the value
of RLF is in the range 0.02–0.04 � cm2. The characteristic frequencies
are in the range 1 ≤ νLF ≤ 3 Hz (Figures 11e and 12e), while the
capacitance values are in the range 1.5 ≤ CLF ≤ 8 F/cm2 as is shown
in Figures 11f and 12f. Both νLF and CLF show little variation with
temperature. In regards to the effect of the pO2 on RLF, we listed in
Table III the values of the parameter n obtained from the slope of
the log (RLF) vs. log (pO2) curves, like those displayed in Figures 13
and 14, for the various electrode materials and cells. At T = 600◦C
we found that the parameter n for RLF is systematically close to −1
regardless of the cell type. The value of the parameter n, the slight
variation of RLF with temperature and the magnitude of νLF and CLF

indicate RLF can be associated to the oxygen gas diffusion through the
electrode pores.6,20,36,38–40

Intermediate frequency (IF) contribution.—In regards to the IF
contribution, experimental data displayed in Figures 11 and 12 show
its dependence on temperature, cell configuration and, as we described
in Optimization of the heat treatment temperature for the cathode
preparation section, markedly on the temperature of the preparation
heat-treatment. The polarization resistance RIF decreases with increas-
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Figure 12. Arrhenius plots of the polarization resistances Rp, RIF and RLF
obtained for electrodes prepared with La0.5Ba0.5CoO3-δ. Figures a-d corre-
spond to cells A, B, C and D, respectively, while Figures 11e and 11f display
the Arrhenius plots for the apex frequency and the capacitance, respectively,
corresponding to the IF and LF contributions of the impedance spectra.

ing temperature indicating the contribution is thermally activated. The
activation energies (Ea) of RIF calculated from the experimental data
for the various electrode materials and cells are listed in Table IV.
For LBC and BSCF the activation energy of RIF increases ongoing
from Cell A to cell D, although this trend was not confirmed by the
other electrodes. In average, the lowest activation energy Ea ∼0.84
(22) eV was obtained for BSCF, with variations from ∼0.6 eV for
cell A to ∼1.0 eV for cells C and D. The low values of Ea obtained
for cells A and B are related to the presence of an extra contribution
at low frequency and low temperature, described in a previous work
and identified as LF∗.6 For cells C and D this process disappears re-
sulting in Ea values closer to those already reported for BSCF.15,41–43

On the other hand, the highest value Ea ∼ 1.4 eV corresponds to
BaCoO3-δ, whose crystal structure is expected to be hexagonal in air
at the temperature range of the impedance measurements. For LBC,
La0.3Ba0.7CoO3-δ and BCFN the activation energy average is in the
range 1.1 ≤ Ea ≤ 1.18 eV. These values are close to that reported by
Amin et al.44 for LBC, Ea = 1.2 eV, but somewhat above the values
reported by Pang et al.,45 0.87 ≤ Ea ≤ 1 eV and Garces et al.,46 0.93
≤ Ea ≤ 1.01, also for LBC.

The lowest RIF values were obtained, in general, for cells C and
D corresponding to graded cathode electrodes. In contrast higher val-
ues were obtained, systematically, for cell A. The experimental data
shows RIF decreases with the electrode configuration following the
order A > B > C > D. This behavior is related with the incorporation
of a composite in cells C and D that helps reduce Rp

15,45,47 due to, for
example, the extension of the ORR region into the porous electrode.47

Finally, in these cells the pure cobaltite layer improves the current
collection in comparison to the composite.15,48 The apex frequency
of the IF arc, displayed in Figures 11e and 12e for La0.3Ba0.7CoO3-δ

and LBC, respectively, increases with temperature from ∼ 0.1 Hz
at 400–450◦C to ∼102–103 Hz at 800–850◦C indicating the relax-
ation time of this process is thermally activated. On the other hand,
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Figure 13. Variation of the polarization resistances Rp, RIF and RLF as a
function of log (pO2) at T = 600◦C for cells A, B, C and D with electrodes
prepared with La0.3Ba0.7CoO3-δ.

the range of variation of the capacitance, CIF, is mostly between
∼1 × 10−3 and ∼0.1 F/cm2, which are between 2 and 3 orders of
magnitude lower than CLF (see typical data in Figures 11f and 12f.
As a function of temperature, CIF shows no clear trend. In general,
for a given compound cells C and D tend to exhibit lower capacitance
values than cells A and B, although this order changes for BCFN.
Additionally, we calculated the parameter n for RIF from the log (RIF)
vs. log (pO2) data at 600◦C using Equation 1. The obtained values are
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Figure 14. Variation of the polarization resistances Rp, RIF and RLF as a
function of log (pO2) at T = 600◦C for cells A, B, C and D with electrodes
prepared with La0.5Ba0.5CoO3-δ.

Table II. Polarization resistance process and its associated
parameter n in Rp = K pO2

n.

Rp contribution n

O−
ad + e− + V ••

O ↔ Ox
o −0.25

O2 + 2e− ↔ 2 O−
ad −0.5

O2 ↔ O2,ad −1
O2 gas diffusion −1

listed in Table III. In this case for a given electrode material the param-
eter n changes with the cell type. This behavior is very clear for LBC,
BCO and BSCF where n varies from ∼−0.1 to −0.5 as the electrode
configuration is modified from cell A to cell D. This trend slightly
changes for La0.3Ba0.7CoO3-δsince the parameter n varies from −0.08
to −0.25, while for BCFN it results close to −0.4 for cells A, B and
C and then changes to −0.7 for cell D. As was detailed in Table II, a
value of n ≈ −0.25 corresponds to the charge-transfer and reduction
of the adsorbed atomic oxygen followed by the oxide ion incorpora-
tion into the electrode, n ≈ −0.5 is associated to the dissociation of
molecular to atomic oxygen at the surface of the electrode, and n ≈ −1
to the adsorption of molecular oxygen to the surface electrode.34,45,49

On the other hand, if the polarization resistance exhibits a negligi-
ble dependence with pO2, the process is associated to the oxide ion
transfer across the cathode/electrolyte interface.45,50 Our experimental
data indicates that for most of the electrode materials the parameter n
for RIF becomes more negative as the electrode arrangement includes
layers containing GDC, which increases the surface area of the elec-
trode but also the cobaltite/GDC interface. The value of n ∼ −0.1
obtained for most electrodes tested in cells A, suggest the process
controlling RIF, should be a mixture between the ion transfer at the
electrode/electrolyte interface and the process of charge transfer tak-
ing place at the electrode surface and comprises the oxygen reduction
and its incorporation to the lattice of the mixed conductor oxide.50

Note that for cell A, the electrode-electrolyte interface is limited to
the contact area between the electrode and the dense electrolyte. The
incorporation of the GDC porous layer in cell B increases both the
adherence and the contact area between the electrode and the elec-
trolyte leading to a more negative value for parameter n, suggesting the
limiting process for RIF shifts toward the charge transfer at the elec-
trode surface. This trend seems to increase in cells C and D where a
composite layer of cobaltite+GDC was incorporated using GDC with
increasing surface area. Thus, for these cells the exponent n shifts
closer to −0.5 suggesting the dissociation of the oxygen molecule to
atomic oxygen at the electrode surface followed by its incorporation
into the electrode is the limiting process in all these cobaltites with
high Ba content for cells C and D.

Conclusions

The electrochemical behavior of La1-xBaxCoO3-δ with x = 0.5,
0.7 and 1.0, BSCF and BCFN as cathode for IT-SOFC were stud-
ied. The phase relationship and formation of the cubic perovskite
was controlled and monitored by XRD. The optimum temperature
for electrode preparation was determined by impedance spectroscopy
and was found between 900 and 950◦C depending of the material.
The lowest Rp values were obtained systematically for graded cath-
odes (cells C and D) formed by GDC/GDC+cobaltite/cobaltite. For
instance, we obtained Rp = 0.036 and 0.039 � cm2 at 600◦C, in
air, for La0.5Ba0.5CoO3-δ(cell D) and BSCF (cell C), respectively. The
impedance spectra shows the presence of two processes taking place at
intermediate (IF) and low frequency (LF). The LF process was associ-
ated to the O2 gas diffusion through the electrode pores. Regarding the
RIF contribution, we found that the heat-treatment to attach the elec-
trode to the electrolyte, mainly enhance the kinetic of those processes
related to RIF. This process, that is dominant at T≤ 700◦C, exhibits
activation energy average values in the range 0.84 ≤ Ea ≤ 1.4 eV. The
minimum was found for BSCF, Ea = 0.84 eV, while the highest value,
Ea = 1.4 eV, corresponds to BaCoO3-δ. For LBC, La0.3Ba0.7CoO3-δ
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Table III. Parameter n values with their statistical errors for RLF and RIF at T = 600◦C for the various electrodes configurations.
LBC La0.3Ba0.7CoO3-δ BCO BCFN BSCF

RLF RIF RLF RIF RLF RIF RLF RIF RLF RIF
Cell A −1.08 (4) −0.16 (1) −0.84 (7) −0.08 (2) −1.24 (3) −0.20 (3) −1.01 (3) −0.45 (2) −1.17 (8) −0.07 (2)
Cell B −1.05 (4) −0.23 (1) −1.01 (3) −0.27 (1) −0.91 (4) −0.35 (3) −1.02 (3) −0.38 (2) −0.97 (4) −0.10 (2)
Cell C −1.01 (2) −0.37 (1) −1.04 (4) −0.24 (1) −0.93 (6) −0.43 (4) −0.81 (3) −0.48 (2) −1.06 (3) −0.30 (1)
Cell D −0.98 (2) −0.48 (4) −1.11 (8) −0.22 (1) −0.73 (4) −0.51 (2) −0.97 (2) −0.67 (4) −0.97 (3) −0.42 (2)

Table IV. Activation energies values in eV with their statistical errors obtained for the polarization resistance associated to the intermediate
frequency contribution RIF in air.

LBC La0.3Ba0.7CoO3-δ BCO BCFN BSCF

Cell A 1.05 (2) 1.13 (2) 1.41 (2) 1.00 (1) 0.58 (5)
Cell B 1.05 (2) 1.24 (3) 1.33 (2) 1.15 (6) 0.72 (6)
Cell C 1.31 (6) 1.21 (2) 1.16 (3) 1.02 (3) 1.04 (4)
Cell D 1.21 (4) 1.14 (2) 1.58 (12) 1.21 (5) 1.01 (2)

Average 1.15 (15) 1.18 (5) 1.40 (20) 1.10 (10) 0.84 (22)

and BCFN, Ea take values between 1.1 and 1.18 eV. The parameter
n obtained from the log(RIF) vs log(pO2) plots tends to vary from ∼
−0.1 to −0.5 following the order A > B > C > D. This suggests the
rate-limiting process changes with the electrode configuration from a
mixture of ion transfer at the electrode/electrolyte interface and the
charge transfer at the electrode surface to a mixture between this last
process and the dissociation of the oxygen molecule followed by the
incorporation of the oxide ion into the electrode.
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