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Abstract The electrochemical response of
Bag 551 5Cog gFen »05.5 (BSCF) electrodes prepared by an acetic
acid-based gel route has been investigated by impedance spec-
troscopy (IS) as a function of temperature (400 < 7<900 °C) and
oxygen partial pressure (1 x 10 <pO, < 1 atm). Several elec-
trode configurations were studied using Ceq ¢Gdy 101,95 (GDC)
as the electrolyte. These consisted of one BSCF layer (cell A), a
BSCEF layer with an intermediate porous GDC layer (cell B), and
graded electrodes using a composite BSCF+GDC, with varia-
tions in the surface area of GDC (cells C and D). The optimum
heat treatment for the electrode assemblages was determined to
be around 850-900 °C. Analysis of the impedance spectra shows
that at 7> 600 °C a low frequency (LF) contribution, associated
to the gas phase diffusion is systematically the rate-limiting step.
All the electrodes show an intermediate frequency (IF) arc related
to mixed processes. For cells A and B, the IF response is related
to the oxide ion transfer at the electrode/electrolyte surface and
the charge transfer at the electrode surface, while for cells C and
D the mixed process involves the charge transfer and the molec-
ular oxygen dissociation at the electrode surface.
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Introduction

Transition metal oxides with the perovskite crystal structure
have been extensively studied in order to develop oxygen
separation membranes and the cathode for intermediate tem-
perature solid oxide fuel cells (IT-SOFC) [1, 2]. In particular,
Bay 5Sr 5Cop gFen ,05.5 (BSCF) was initially developed to be
used as an oxygen separation membrane [3]. The replacement
of half the Sr*" by the larger alkaline earth Ba®" in the A-site
of the perovskite SrCoq gFey,05_s leads to both an increase in
the oxygen permeation flux across dense ceramic membranes,
a quantity related to the oxide ion conductivity of the material
[4] and to the stabilization of the cubic perovskite by
preventing the crystal structure transformation from the cubic
perovskite to the orthorhombic brownmillerite [5-7].
Furthermore, Shao and Haile [8] have reported an excellent
performance of BSCF as cathode material for IT-SOFC.
However, the pioneer work of Shao et al. [3] and later studies
[9, 10] have pointed out the lack of long-term stability of the
cubic BSCF at intermediate temperatures (7 < 850 °C) in air.
The cubic phase results unstable and gradually transforms into
a mixture of a cubic perovskite and a hexagonal phase [9, 10].
Also, the expansion coefficients of cobaltites [11] and BSCF
[12] are larger than those of the electrolytes [12], causing the
degradation of the electrode-electrolyte interface by thermal
cycling and therefore reducing the performance of the cell [13,
14]. In spite of these issues, the polarization resistance [8, 15]
and the power density values [8, 16—18] obtained for BSCF at
intermediate temperatures are among the lowest and the
highest, respectively, reported in the literature.

To reduce the expansion coefficient mismatch, a couple of
strategies may be applied. One of these is the use of a com-
posite [16, 19], a mixture of the oxide-mixed conductor and an
electrolyte, or a graded electrode, where the composition of
the cathode varies by steps from pure electrolyte to the oxide-
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mixed conductor material [15, 20, 21]. Experimental data in-
dicate that while the use of a composite material as electrode
generally improves the polarization resistance [22—24], it re-
duces the electrical conductivity of the cathode [16, 21]. In
any case, the optimum electrolyte/mixed conductor ratio for
these configurations is affected by several factors such as the
microstructure, preparation method, and chemical reaction be-
tween the materials forming the composite [25]. For the par-
ticular case of the composite BSCF+Sm ,Ce,0; 9 (SDC),
the area specific polarization resistance at 7 = 600 °C was
reported to be lower (0.064 Q cm?) than that of BSCF
(0.099 Q cm?) in spite of the formation of a secondary phase
at the electrode/electrolyte interface when the cells were pre-
pared at 7> 1000 °C [16].

Due to the relevance of BSCF as cathode material and the
alternative of using the composite BSCF+GDC in order to
improve the electrochemical performance of the cathode, we
have evaluated and compared the electrochemical response to
the oxygen reduction reaction of various electrode configura-
tions, all prepared with BSCF, which was synthesized by an
acetic acid-based gel route. By means of impedance spectros-
copy, we determined the optimum heat treatment temperature
for the preparation of the electrodes. The contributions to the
polarization resistance due to the oxygen reduction reaction at
the electrode as a function of 7, pO,, and the electrode design
are also discussed.

Experimental

The BSCF material was prepared by an acetic acid-based gel
route [26]. Stoichiometric amounts of SrCOs, BaCO;,
Co(CH;C00),.4H,0, and Fe(NO3)3;.9H,O were weighed
and dissolved in acetic acid. Together with water and small
amounts of hydrogen peroxide, the mixture was refluxed at
T ~ 80 °C until a clear solution was obtained. The solvents
were then evaporated until a dark gel was formed, which was
first dried and later decomposed at 400 °C for 2 h. The
resulting powder was fired at 750 °C for 24 h in air. We
denominated this material BSCF-750. The cubic phase forma-
tion was monitored as a function of temperature performing an
additional heat treatment at 800, 900, 1000, and 1100 °C dur-
ing 8 hin air. After each heat treatment, the sample was cooled
to 20 °C at a rate of 5 °C/min. The CeyoGdy 10495 (GDC)
material was synthesized by the combustion method.
Stoichiometric amounts of Gd,0; y Ce(NO3);.6H,O were
dissolved in acetic acid, the mixture was refluxed at
T ~ 80 °C until a clear solution was obtained. Subsequently,
the temperature was raised to approximately 300 °C, at which
the ignition of the solution started.

X-ray diffraction (XRD) data were collected at room tem-
perature with a Philips PW1700 diffractometer using Cu Ko
radiation and a graphite monochromator from 26 = 10° to 80°
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with a counting time of 1 s per 0.02°. For crystal structure
analysis of the BSCF sample heat treated at 1100 °C, XRD
data were collected at room temperature with a counting time
of 10 s per 0.02° and analyzed by the Rietveld method using
the FullProf Program [27].

Linear expansion data were obtained on cylindrical sam-
ples of approximately 5.0 mm diameter and 7 to 10 mm
height, from room temperature to 900 °C, using a LINSEIS
L75PT Series dilatometer. Measurements consisted of a
heating/cooling cycle between room temperature and 900 °C
at 1 °C/min. Experimental data were corrected using Al,O3 as
standard.

The polarization resistance of the BSCF electrodes was
studied by impedance spectroscopy measurements on electro-
chemical cells using GDC as electrolyte and a symmetrical
configuration in air. Commercial Cej9Gdg 10, 95 powder
from Fuel Cell Materials was pressed into 12.5-mm-diameter
disks, applying uniaxial pressure of 200 kg/cm?, and sintered
at 1350 °C during 4 h in air. After sintering, the electrolyte
disks were approximately 9.8 mm in diameter and around
0.3 mm thick. The inks for electrode deposition were prepared
by mixing the corresponding ceramic powders with ethanol,
a-terpineol, polyvinyl butyral, and polyvinyl pyrrolidone in
appropriate portions. Four electrode configurations were
tested:

Cell A: The electrodes consisted of a single layer of the
BSCF material heat treated at 750 °C sprayed onto dense
GDC electrolyte.

Cell B: The electrodes consisted of two layers, the first
made of porous GDC from Fuel Cell Materials (surface area
35.6 m?%/g) sprayed on the dense electrolyte and then heat
treated at 1300 °C during 1 h. A second layer made of the
BSCF material heat treated at 750 °C was sprayed onto the
first layer.

Cell C: In this case the electrodes consist of an arrange of
three layers, one of porous GDC similar to the one described
in cell B, one of composite material prepared with BSCF+
GDC ina 1:1 weight ratio sprayed onto the porous GDC layer,
and finally a BSCF layer sprayed onto the composite layer.

Cell D: The electrode configuration is similar to cell C.
However, in this case, the porous GDC and the composite
layers were prepared with GDC obtained from the combustion
synthesis method (surface area 69.0 mz/g).

Figure 1 shows the schematic of the four electrode config-
urations used for testing the polarization resistance. After the
electrodes were deposited on the electrolyte, the symmetrical
cells were heat treated at 750 °C during 1 h, in air, and subse-
quently cooled to 600 °C at a rate of 1 °C/min to determine the
polarization resistance. The optimum heat treatment tempera-
ture for the electrode preparation was obtained by repeating
this procedure between 750 and 950 °C by steps of 50 °C and
finding the minimum polarization resistance value. Then, im-
pedance spectroscopy measurements were performed varying



J Solid State Electrochem

Fig. 1 Schematic of the electrode
configurations used for Cell A CellB
impedance spectroscopy I, B5CF
measurements. Porous GDC and I CSCF Porous GDC
composite layers in Cell D were Dense GDC Dense GDC
prepared with GDC obtained by — PorousGDC
the combustion method BRCF I EscF
CellC Cell D
I CSCF T
N Composite e  Composite
Porous GDC Porous GDC
Dense GDC Dense GDC
Porous GDC Porous GDC
S composite N composite
I - I -
the temperature in the range of 400 < 7' < 950 °C by steps of
50 °C and the oxygen partial pressure (pO,) in the range ?.)z 1100 °C Ba,Sr,.Co, Fe 0O,
107 <p0O, < 1 atm by mixing Ar and O». The data acquisition R, =112
was performed by an Autolab system PGSTAT-30 coupled to 360
a module FRA?2 in a frequency range of 1 MHz and 10> Hz. S
An ac signal of IQ mV was appl.ied to the cell, under zero DC R JL N i ] .
polarization. Platinum grids, slightly pressed on the porous A
electrodes using an Al,O; tube, were used as current collec- ! ! ! ! ! ! !
i . . d) 0 o BSCF
tors. Impedance diagrams were analyzed using Z-view2 soft- 7= 1000 °C o 2HBaCo0
ware [28]. A Unknown 3
The microstructure and thickness of the porous layers and
interfaces were characterized by scanning electron microsco- — | a L o ]'E . " g
py (SEM) using a Phillips microscope 515. S _/L__.h._.k) A A N\ A
- |c
E' 7=900°C
>
=
n
Results and discussion S o o o
E L&l e zal X
Phase formation, chemical compatibility, and expansion b)
coefficient determination
Figure 2 shows the XRD patterns of the BSCF material pre-
pared at 750 °C and subsequently heat treated at various tem-
peratures (800, 900, 1000, and 1100 °C) during 8 h, in air. At
750 °C the chemical reaction is not yet complete and the
BSCF-750 sample consists of a mixture of three phases: the
2H-hexagonal phase BaCoO; [29], a cubic phase of general
composition Sr,Ba;.,Co,.,Fe,Os3.5, and an unknown phase
with hexagonal symmetry [9, 10]. As the temperature in-
creases, the fraction of the 2H-hexagonal phase decreases, ' ! ' ! ' | ' ! '
20 30 40 50 60 70

finally vanishing at 900 °C, while the unknown phase is elim-
inated at 1000 °C. At 7> 1000 °C, the sample becomes single
phase, forming the cubic perovskite BSCF. Figure 2 shows the
Rietveld refinement of the XRD data for the sample heat treat-
ed at 1100 °C using the cubic space group Pm-3m. The ob-
tained lattice parameter was a = 3.987 (1) A.

Reactivity tests were carried out on samples of BSCF-750
mixed with GDC in a 1:1 weight ratio and heat treated in the

26, Cu Ko [degree]

Fig. 2 BSCF cubic phase formation as a function of the heat treatment
temperature monitored by XRD measurements. a Starting material heat
treated at 750 °C during 24 h, in air, b—e The starting material heat treated
at 800, 900, 1000, and 1100 °C, respectively, during 8 h. For the sample
heat treated at 1100 °C (e), the experimental data (), calculated profile
(-), peak position (]), and the difference between observed and calculated
profiles obtained from Rietveld analysis are included
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temperature range 800 < 7'< 1000 °C during 8 h in air. The
XRD patterns of these samples are shown in Fig. 3. After the
heat treatment at 800 °C, no evidence of chemical reactivity
was detected (Fig. 3a, b). At 7> 900 °C, minor reflections
corresponding to the formation of the perovskite BaCeO; are
clearly revealed at 20 ~ 41.2° and 51°, along with the forma-
tion of the cubic BSCF perovskite. The intensities of BaCeO3
reflections increase with temperature and, at the same time,
BSCF reflections shift to higher angles indicating a decrease
in its Ba content [16, 30]. The absence of reflections of Co/Fe
oxides suggests that the BSCF phase could be slightly defi-
cient in the A site [31].

The use of the composite BSCF+GDC between the elec-
trolyte and BSCF helps to reduce the volume expansion, par-
ticularly the chemical expansion contribution [32] at temper-
atures above 400 °C, relieving adherence issues between the
electrode and the electrolyte. This effect is shown in Fig. 4,
where AL/Lg vs. T curves for pure GDC, the composite
BSCF+GDC, and BSCF in the temperature range of
30 < 7T'<900 °C, in air, are displayed. Clearly, as the content

BSCF-750+ GDC
T=1000 °C

@ GDC
o BSCF

A BaCeO,
O CoO

sqrt (/) [a.u.]

26, Cu Ko [degree]

Fig. 3 XRD patterns of BSCF-750 mixed with GDC from Fuel Cell
Materials and heat treated during 8 h, in air, at a no heat treatment, b
800 °C, ¢ 900 °C, and d 1000 °C. The y-axis represents the square root of
the intensity to magnify the presence of minor reflections
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of GDC increases, the chemical expansion contribution of
BSCF is progressively reduced. In Table 1, we have listed
the linear expansion coefficient values for the temperature
range 80 < 7'< 300 °C, where the thermal expansion contri-
bution predominates, and 400 < 7' < 900 °C, where both the
thermal and chemical expansion contributions are relevant.
Finally, the total linear expansion was determined for
80 < T'< 900 °C, obtaining 18.6 (2), 15.0 (1), and 12.0
(1) x 10 K! for BSCF, the composite BSCF+GDC and
GDC, respectively, in agreement with previous reports [19].

Optimization of the heat treatment temperature
for the cathode preparation

The optimum heat treatment temperature for the assemblage of
layers with BSCF-750 was monitored by impedance spectrosco-
py. Figure 5 shows the complex impedance spectra obtained at
600 °C for the four different cell configurations after the elec-
trodes were heat treated at various temperatures between 750 and
950 °C. In this figure, the impedance spectra were shifted so that
the low-frequency data intercept the x-axis at approximately
Z' = 0. Systematically, the impedance spectra at 600 °C consist
of two arcs, a low-frequency arc-denominated LF and a second
arc in which we assigned to the intermediate frequency range and
denominated IF. The LF arc barely changes with the heat treat-
ment temperature; the same happens with the apex frequency,
which remain at around 2 Hz. On the other hand, the polarization
resistance due to the IF process at 600 °C strongly decreases as
the electrode preparation temperature increases reaching the min-
imum value after the heat treatments at 850900 °C, which is in
agreement with the formation of the majority phase BSCF in the
electrode (see Fig. 2). The Rp values obtained for cells A, B, C,
and D at 600 °C were in the range 0.039 < Rp < 0.05 Q cm?,
which is unexpectedly narrow considering the variations in

20
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0.2 4

00"
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T[°C]

Fig. 4 AL/Ly vs. T curves for BSCF, the composite BSCF+GDC, and
pure GDC in the temperature range 30 < 7"< 900 °C, in air
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Table 1 Linear expansion coefficient o« = AL/(LyxAT) (K™") for
BSCEF, the composite BSCF+GDC, and GDC. The values of o were
calculated for the temperature ranges 80-300, 400-900, and 80-900 °C

COmpOund 0689]300 X 106 0(490];900>< 106 “89]900 X 106
K) XK X
BSCF 11.6 (1) 23.0 (1) 18.6 (2)
BSCF+GDC (1:1)  10.6 (2) 17.4 (2) 15.0 (1)
GDC - — 12.0 (1)
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Fig. 5 Impedance spectra at 7= 600 °C in air after the assemblage of
layers forming the electrodes were heat treated at various temperatures
between 750 and 950 °C. The —Z" values were conveniently shifted to
clearly show the experimental data

electrodes configuration. The Rp value for cell A (0.05 Q cm?) is
slightly larger than the values obtained for cell C prepared with a
graded electrode (0.039 Q cm?). Although the difference is very
small, this tendency was also reported for Lag 4Bag sCo0O5.5 [21].
Since the lower Rp values were obtained after the heat treatments
at around 850-900 °C, the formation of a small fraction of
BaCeO; at the interface BSCF/GDC is expected due to chemical
reactivity. Yung et al. [30] have concluded that the formation of
BaCeO; at the electrode/electrolyte interface is caused by the
segregation of Ba from the crystal structure of BSCF due to the
influence of temperature or cathode polarization, which tend to
increase the electrode polarization resistance. On the other hand,
Wang et al. [16] reported the formation of a negligible amount of
the perovskite (Ba,Sr,Sm,Ce)(Co,Fe)O; and BaCeO; at the in-
terface of BSCF/Ce9Smg ;0495 (SDC) when the electrode is
heat treated at 900 < 7'< 1000 °C, and the authors suggested it
may contribute to reducing the interfacial resistance [16]. Our
results show that the IF arc tends to increase when the heat
treatment is carried out at temperatures above the optimum value,
which suggests either that the formation of BaCeOs is not ben-
eficial for the electrochemical response of the electrode or that the
growth of the ceramic grains of BSCF decreases the active sur-
face for the oxygen reduction reaction as suggested by Wang
et al. [16].

Microstructure

The particle morphology of the layers forming the electrodes
was observed by SEM microscopy. All the interfaces show
good adhesion and connectivity. No delamination was ob-
served, and the thicknesses of the layers were uniform.
Figure 6 shows SEM micrographs of the electrodes cross-
section of cells A-D after impedance spectroscopy measure-
ments. In this figure, the thicknesses of the electrodes are
approximately 30 um and the sizes of the BSCF particles
are in the range 1-5 um, which is larger than the submicronic
particles of the BSCF-750 material used to prepare the elec-
trodes. The growth of ceramic grains takes place during the
heat treatment at 850—900 °C where the electrodes are formed
and the different layers attach to each other. Although this
process reduces the electrode specific area of the BSCF mate-
rial, it helps to obtain the minimum Rp value for the oxygen
reduction reaction. On the other hand, the particle size of GDC
used in the porous and composite layers remains in the range
0.1-0.5 pum with the variation of the heat treatment
temperature.

Electrochemical measurements
The impedance spectroscopy measurements as a function of 7
and pO, were performed on cells heat treated at 900 °C for

which the minimum Rp values were found (“Optimization of
the heat treatment temperature for the cathode preparation”
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Fig. 6 SEM micrographs
(x1850) of the electrodes cross-
section for configurations A, B,
C, and D prepared with BSCF

DenselGDE '

1";. . - d T \:' g
MR 1S MIBSCRANR
< 2
105um.Composite
TIMAROTOUS GDE

DenselGDE

section) and the majority phase corresponds to the cubic pe-
rovskite BSCF (“Phase formation, chemical compatibility and
expansion coefficient determination” section).

Variation of the impedance spectra with temperature

The variation of the impedance spectra with temperature in air
shows overall similar behavior for the four cells, although
some differences were observed at low temperatures. As an
example, Fig. 7 displays the impedance spectra for cell C in
the temperature range 400 < 7°< 800 °C. At 7> 550 °C, the
impedance data consist of two arcs previously denominated IF
and LF (see (“Optimization of the heat treatment temperature
for the cathode preparation” section), with the LF contribution
remaining almost constant with temperature. At 7 < 550 °C,
the LF contribution becomes negligible compared to the IF
arc; however, a third contribution denominated LF* and ther-
mally activated was introduced to explain the low-frequency
data at low temperature. A similar behavior was observed for
cells A and B, while for cell D the LF* contribution was not
detected. At low temperatures, we also observed a small arc at
high frequency (v > 10%) probably associated to a process
taking place at the electrolyte, which we neglected in our
analysis. Therefore, the equivalent circuit used to fit the im-
pedance data consists of a pure resistance (Rg) in series with
an inductance (L) in parallel with a resistance (Ryy) to simulate
the electrolyte and the inductive contribution from the device
and leads (see Fig. 8). Additionally, we added two elements
(R;, CPE)) in series representing processes taking place at the
electrode depending of the cell configuration and the temper-
ature range. Figure 9 shows the Arrhenius plot for Ry g, R
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and Ry p«. The total polarization resistance Rp, also included in
Fig. 9, was obtained from the addition of R f, Ry, and Ry p+. At
high temperatures, 7> 700 °C, the LF response is the largest
contribution for the four cells and at lower temperatures,
550<T<700 °C, itis of the same order as the IF contribution;
however, both arcs remain clearly distinguishable. Ry  has the
particularity that it slightly increases with temperature and its
value for 7> 550 °C is in the range 0.025-0.035 Q cm?. Also,
the apex frequency and the capacitance exhibit little variations
between 1.5 and 3 Hz and 2.6 and 4.6 F/cm?, respectively.
These values were shown to be independent of the electrode
design and also of the heat treatment temperature used
for the cell preparation (see Fig. 5). Therefore, these data sug-
gest that both the microstructure and the potential secondary
phases present as a result of the final heat treatment barely
affecting the Ry contribution. In the temperature range
500 < 7<700 °C, the IF response becomes visible, indicating
a thermally activated process. The calculated activation ener-
gy values for Rjr were 0.59 (5), 0.77 (5), 1.08 (4), and 1.2 (1)
eV for the electrodes A, B, C, and D, respectively. Our data
show that Rir depends on the heat treatment temperature
(“Optimization of the heat treatment temperature for the cath-
ode preparation” section) and also on the electrode configura-
tion, in view that at 7 < 550 °C, the lowest Ry values were
obtained for cells A and B. The apex frequency of the IF
contribution for all the cells varies approximately from
10 Hz at low temperatures up to 5 x 10° Hz at high tempera-
tures, almost three orders of magnitude. On the other hand, the
capacitance Cir increases when the cell configuration varies
from cell D to A. The highest capacitance values
Cp~1x 107" F/em? were found for cell A, while the lowest
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Fig.7 Variation of the impedance spectra in the temperature range 400—
900 °C in air for a BSCF electrode with the configuration of the cell C.
The solid line corresponds to the fit of the experimental data. The
logarithm of the frequency is indicated in the figure

values Cjp ~ 5 x 1072 F/em? correspond to cell D. The lower
Ry values obtained for cells A and B correlates with the pres-
ence of the LF* contribution which rises from cell C to A. LF*
is thermally activated and its characteristic frequency reaches
values as low as 0.01 Hz at 400 °C. For the Ry g+ contribution,

Fig. 8 Equivalent circuit used to L
fit the impedance spectra. For

cells C and D, R; = Ry and

Rj = Ry . For cells A and B at Ry
T>550°C Ri = RIF and RLF while

at 7<550 °C R; = Ry and Ry p«

the obtained activation energy values were 1.39 (1) and 1.47
(2) eV for cells A and B, respectively. Figure 9a—d shows that
at high temperatures Rp ~ Ry g, while at low temperatures
Rp ~ Ry« for cells A and B and Rp ~ Ryr for cells C and D.
Previous results on cells type B prepared with
Lag3Bag7CoggFep 4035 [14] show Rp is approximately four
to ten times larger than the values obtained for BSCF, while
for a cell C prepared with Lag;Bag,Co03_5 [15], the Rp
values are of the same order. However, the impedance data
was described in both cases with the same processes used in
this work for BSCF.

Variation of the impedance spectra with the oxygen partial
pressure

Aiming to understand the origin of the arcs forming the im-
pedance spectra, we have carried out measurements keeping 7’
constant and varying pO, in the range 1 x 10 <pO, < I atm.
As an example, Fig. 10 shows the Nyquist diagram for the cell
D at T=600 °C. According to the previous section, only the IF
and LF responses are expected at this temperature. The im-
pedance diagram under pure oxygen (pO, = 1 atm) consists of
only one arc with an apex frequency of ~750 Hz that corre-
sponds to the IF response. As soon as the pO, decreases, a
second contribution becomes visible at the low-frequency
side, the LF response. Both contributions tend to increase as
the pO, decreases, although the LF arc grows visibly faster.
The lack of the LF response for pO, = 1 atm is consistent with
the absence of the O, phase diffusion contribution due to the
lack of an oxygen concentration gradient in the porous of the
electrode [33, 34]. As the oxygen concentration decreases, this
contribution becomes visible and its polarization resistance
increases as is displayed in Fig. 10. The analysis of the polar-
ization resistance data as a function of the pO, is usually made
using the power law:

R=pO,”" (1)

where 7 is an exponent related with the species involved in
the cathode reaction and the process responsible of the elec-
trode polarization [35, 36]. Figure 11 shows the log (R/Q cm?)
vs. log (pO,/atm) data for the polarization resistances Rp, Ry
and Ry at 7= 600 °C for cells A, B, C, and D, obtained using
the equivalent circuit shown in Fig. 8. Noteworthy, the linear
fit of the log (R #/Q cm?) vs. log (pO»/atm) data gives slope

Re R; R;
VAV —
— —
CPE, CPE;
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Fig. 9 Arrhenius plot of the total
polarization resistance Rp for cells 14
A, B, C, and D using BSCF as
electrode material and also of the
polarization resistances Ry, Ry,
and Ry g+ obtained from the fit of
the impedance spectra

Cell A

1] CellB

08 09 10 11 12 13 14 15
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o
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n S
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1] Ea=135eV
24
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values close to n ~—1 for all the electrode configurations, this
is in agreement with the existence of a process controlled by
the oxygen gas phase diffusion [14, 33, 37-39]. Additionally,
the capacitance values obtained for this contribution, which
are between 1.5 and 4 F/cm?, and their weak dependence on
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Fig. 10 Variation of the impedance spectra as a function of pO, at 600 °C
for cell A
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temperature are expected characteristics for this process [23,
39, 40]. Using Eq. 1, we also calculated from the data
displayed in Fig. 11 the parameter n for the Rjr contribution.
The obtained values were n = —0.07(2), —0.10(2), —0.30(2),
and —0.43(3) for cells A, B, C, and D, respectively. A value of
n =~ —0.25 is usually assigned to charge-transfer process in-
cluding reduction of the adsorbed atomic oxygen followed by
the oxide ion incorporation into the electrode, n = —0.5 to the
dissociation of molecular oxygen to atomic oxygen at the
surface of the electrode, and n» = —1 to the adsorption of mo-
lecular oxygen to the electrode surface [35, 41, 42]. A weak
dependence on pO, at high frequencies was ascribed to the
oxide ion transfer across the cathode/electrolyte interface [41,
43]. Our data show that the parameter n of the R;r contribution
tends to become more negative as the number of layers
forming the electrode increases, which correlates with the in-
crement of the electrode surface area and the BSCF/GDC
interface. Thus, while the contact areas between electrode
and electrolyte for cell A are constrained to the surface defined
by the dense electrolyte, it is reasonable to assume that for cell
B, the introduction of an irregular porous layer of GDC be-
tween the electrode and the dense electrolyte slightly increases
the BSCF/GDC interface area giving place to a minor varia-
tion on n. This progression was strengthened in cells C and D
with the fabrication of graded cathodes through the introduc-
tion of a BSCF+GDC composite layer using GDC with in-
creasing surface area. For these cells, the parameter n reaches
the values —0.30(2) and —0.43(3). Thus, the inclusion of the
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composite layer is responsible for the change of the rate-
limiting mechanism from a mixed kinetics between the oxide
ion transfer across the electrode/electrolyte interface and
charge transfer at the electrode surface (n ~—0.1), to a mixed
kinetics between charge transfer and molecular oxygen disso-
ciation at the electrode surface (n ~ —0.4). The larger
BSCF/GDC interface area seems to be responsible that the
oxide ion transfer is not the limiting step of the IF process
for cells C and D, regardless of the chemical reactivity at the
interface during the heat treatment at ~900 °C.

Variation of the impedance spectra with T and pO, for cells A
and D

At T=600 °C, the LF* contribution results negligible for cells
A and B. Thus, we have measured the impedance spectra at
T =450 °C in a cell type A to study the behavior of the LF*
and IF contributions as a function of pO,. The variations of
Rig, Rypx, and Rp are shown in Fig. 12. The values of the
parameter n were n = —0.54(3) and —0.11(1) for the LF* and
the IF responses, respectively. The capacitance values of the
LF* contribution were stable at Cy g« ~ 1.3—1.5 F/cm?. These
values are very large; however, as the LF* contribution was
found thermally activated we ruled out the molecular oxygen
diffusion at the gas phase. In addition, the low characteristic
frequency values of the LF* arc, which vary from 7 x 10> to

-1 0 -é -2 -1 0
log (pO Jatm)

0.24 Hz as the pO, increases from 1 x 10~ to 0.45 atm, makes
the assignment of the LF* contribution uncertain.

We have also studied the electrochemical response as a
function of pO, at various temperatures of cell D, which
shows the lower Rp value [21]. Figure 13 shows the variation
of Rp, Ry, and Ry ¢ with pO, at 450, 600, and 850 °C and the
parameter 7 value for the LF and IF responses. One more time,

Cell A

0.5 +

log (RIQ cm?)

0.0

log (pO,/atm)

Fig. 12 Variation of Rp, Ry +, and Ryr as a function of pO, for electrode
A at 450 °C
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Fig. 13 Variation of Rp, Ry g+, and R;- as a function of pO, for electrode
D ata 450 °C, b 600 °C, and ¢ 850 °C

independently of the temperature, we have obtained n ~—1 for
Ry, which confirm that this arc corresponds to the gas phase
diffusion contribution. On the other hand, the parameter n for
the IF response tend to be more negative with the increase of
temperature. The computed values were n = —0.21(2),
—0.44(3) for 450 and 600 °C, respectively. These data indicate
that the rate-limiting step varies with temperature from charge
transfer at the electrode surface at 450 °C to molecular oxygen
dissociation at 600 °C. At 850 °C, the impedance data for the
IF arc are negligible compared to the LF response; therefore,
the errors in the parameter n value may hamper a correct
assignment. This behavior is in agreement with previous
works, where the absolute value of n tends to increase with
temperature [17, 38, 41].

@ Springer

Conclusions

The precursor of the BSCF material was prepared by an acetic
acid-based gel route and heat treated at 750 °C. At this tem-
perature, a cubic perovskite coexists with a 2H hexagonal
phase. The pure cubic perovskite Bag sSrg sCog gFeg 2035
was obtained at 1000 °C. The chemical reactivity with GDC
was detected by XRD at 7> 900 °C due to the appearance of
small reflections of BaCeOj3. Four electrode configurations,
from a single layer to a graded cathode of BSCF, were used
to study the electrochemical response by impedance spectros-
copy. The optimum heat treatment temperature for the elec-
trodes was monitored by impedance spectroscopy. The mini-
mum polarization resistances were obtained after the heat
treatment at 850-900 °C during 1 h in air. The total polariza-
tion resistance values at 600 °C were as low as Rp = 0.04—
0.05 © cm? for the four cells. These data show that low values
of Rp can be obtained when the electrode configuration and
the heat treatment temperature for the electrode assembly are
optimized. The impedance spectra consist of a low-frequency
(LF) and an intermediate-frequency (IF) complex impedance
arc. A third process was identified at low frequency (LF*) for
cells A and B at low temperatures. The polarization resistance
Ry ¢ predominates at high temperature and it corresponds to
molecular oxygen gas phase diffusion. This contribution
shows no variation with the cell configuration. At lower tem-
peratures, the IF response is the rate-limiting step for cells C
and D with a composite layer. Impedance spectra as a function
of the pO, show that the parameter n changes from ~ —0.1
(cells A and B) to —0.4 (cells C and D). This result indicates
the IF contribution shifts from a mixed kinetics between the
oxide ion transfer across the electrode/electrolyte interface and
charge transfer at the electrode surface (n ~—0.1) for cells A
and B, to a mixed kinetics between charge transfer and mo-
lecular oxygen dissociation at the electrode surface (n ~—0.4)
for cells C and D. This behavior could be related to the in-
crease of the electrode/electrolyte area when the cell changes
from type A to D.
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