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Four compositions of Ba,_,Sr.Co,_,Fe O;_; were studied for phase, oxygen uptake-release,

and transition metal (TM) oxidation states after solid state processing and with in situ heating
from 300 to 1273 K in air. X-Ray diffraction showed that all compositions except one had the
cubic perovskite structure at all temperatures; that with x, y = 0.2 was a mixture as prepared,

becoming predominantly cubic at high temperature. Thermogravimetry showed a reversible
oxygen absorption—desorption of approximately +1% from 700 to 1273 K. X-Ray absorption
and Mossbauer spectroscopy showed a majority TM* " valence, with at most 40% TM**.

Up to a temperature of 1073 K, the TM** was reduced to TM>*. Further heating of the
composition with x, y = 0.2 to 1233 K resulted in the reduction of Co®" to Co?". Results from

room temperature measurements confirm the thermally activated carrier hopping mechanism with
charge fluctuations, while the high temperature delocalized carrier conductivity occurs with a
small amount of TM reduction and without phase change for the initially cubic samples.

Introduction

In the search for solid oxide fuel cell (SOFC) cathodes to
operate at intermediate temperatures (e.g. 673-973 K),
perovskites (ABO;) are often targeted for tailoring of their
transport characteristics through materials engineering.
This can be accomplished by A- or B-site substitution
as well as oxygen stoichiometry control. In 2004,
Bag 5SrgsCogsFep,03_s was found to give a higher
SOFC power output than the current standard
Lag 4Srg ¢CoorFeps05_s.!  Since then, compositions  of
Ba;_,Sr.Co;_,Fe,O3_s (BSCF) have been more heavily
investigated with varying values of x and y for their structural,
electronic, and ionic properties. Compared to similar materials
at intermediate temperatures, BSCF has the advantage of
being a mixed ionic—electronic conductor with high ionic
conductivity and acceptable electronic conductivity.>™ Some
authors have shown that compositions of BSCF can remain in
a stable cubic perovskite structure with unusually high oxygen
deficiency (values of 6) and over a broad temperature range,>®
while a recent publication demonstrates the formation of a
hexagonal phase from the meta-stable cubic perovskite over
time at temperatures less than 1073 K;’ both findings have
implications on the structural stability of BSCF. Other
researchers have begun to address the usability of BSCF in
intermediate temperature applications where CO, is present
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because its adsorption and the subsequent formation of
carbonate material under such conditions adversely affect
SOFC performance.®

In SOFCs, the cathode is typically exposed to air and
temperatures of 673-973 K or higher. For BSCF, the oxida-
tion states of Co and Fe and the oxygen non-stoichiometry
affect the transport of electrons and ions through the material.
If BSCF is to be engineered for and ultimately applied to
SOFCs, we must first understand both its initial state and how
it behaves under representative SOFC conditions. A few
studies have already been undertaken to examine BSCF with
methods that include in situ heating and, as mentioned above,
different gas environments. X-Ray diffraction with heating to
1273 K in air and 1173 K in two low pO, gas environments
was utilized by Wang et al. to study Bag sSrg sCoggFeq 03 s
membranes, and the perovskite structure was found under all
conditions with reversible thermal expansion.” McIntosh e7 al.
measured X-ray and neutron diffraction patterns of
Ba 5Srg 5Cog gFey,03_s with heating to 1273 K in various
O, partial pressures and observed that the cubic phase was
stable over all of their test conditions, and that the 3—d oxygen
non-stoichiometry values ranged from about 2.15 to 2.35.°
Finally, in the work of Ovenstone et al., X-ray diffraction
patterns of Bag sSro sCo;_,Fe,O3_s (y = 0-1) with heating to
1273 K in low oxygen partial pressure environments
showed that all samples were structurally stable to 1273 K
with pO, > 1 x 107> bar, except y = 0, which underwent an
irreversible transformation from hexagonal to cubic symmetry
at about 1073 K. In a reducing gas mixture of H,—N, (4% H,)
the decomposition temperature of the BSCF increased with
increasing Fe content, occurring at 673 K for y = 0 and
1048 K for y = 1. Here, too, the phase changes were
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irreversible, though it should be noted that the cooling rate
was 15 K min—"."°

The purpose of this publication is to present results on the
state of BSCF under conditions similar to the operation of a
SOFC, as well as lower temperatures (300-800 K) that might
be utilized in micro-SOFCs.'' We examine for the first time the
X-ray absorption spectroscopy of BSCF over a temperature
range of 300-1233 K to determine the oxidation states of Co
and Fe with in situ heating in air. The structural stability of
BSCF over these temperatures was monitored with high
temperature X-ray diffraction in air, and the oxygen stoichio-
metry of BSCF was investigated with thermogravimetry in air.
The initial room temperature oxidation state and coordination
of the Fe cations were determined with Mossbauer
spectroscopy.

Experimental

Ba,_,Sr.Co;_,Fe, 035 (BSCF) powder samples were
prepared through solid state reaction of Fe,O; (99+ %),
Co0,0;3 (99+ %), SrCO; (99.9+ %), and BaCO; (99 + %).
The detailed process is described elsewhere.'? For this study,
four compositions were chosen for analysis with x = 0.5,
y=02x=05y=08x =02y =02 and x = 0.8,
y = 0.2. The mixed raw powders were planetary milled in a
zirconia jar at a speed of 300 rpm for 30 min, and then passed
through a 125 pm sieve to get finely ground raw powder. The
green powders were then calcined in a platinum crucible at
1273 K for 6 h with a ramp rate of 3 K min~' in a Nabertherm
muffle furnace in air. Until their characterization with the
following methods, the powders were stored in air in
closed jars.

X-Ray absorption spectroscopy (XAS) and X-ray diffraction
(XRD) measurements were taken on beamline BMO1B (the
Swiss—Norwegian Beam Lines) of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). To measure the
X-ray absorption, approximately 6 mg of each sample powder
were ground and mixed with boron nitride powder and pressed
into thin wafers. From the wafers, a slice of 1 mm x 10 mm was
cut and placed in a quartz capillary tube with 1 mm diameter.
The X-ray diffraction patterns were measured on powdered
samples loosely packed in capillary tubes of 0.5 mm diameter.
For both types of measurement the ends of the capillary tubes
were snipped off so that the samples would be open to air, and
synthetic air (O,—N,) was flowed through. During the XAS and
XRD, the samples were heated in situ from 300 K to a maximum
of 1233 K with an air blower positioned closely under the quartz
tube sample holders. Heating and cooling rates were an average
of 8 K min~'. The intermediate and maximum measurement
temperatures were based on regions defined by previous
temperature-dependent conductivity measurements (Fig. 1, to
be elaborated upon in a coming publication), and were selected
to coincide with the regimes of localized and delocalized charge
carriers. The XAS data were taken in transmission mode at the
Co and Fe K edges (ca. 7709 and 7112 eV, respectively) and a Co
or Fe metal foil was scanned simultaneously to obtain a reference
for the calibration of the X-ray energy. The intrinsic energy
resolution with use of the (111) cut Si monochromator was
1.4 ¢V, and the monochromator was detuned to 60% to reject
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Fig. 1 Arrhenius plot of total conductivity versus temperature for
all Ba;_,Sr,Co,_,Fe,O3;_; samples showing the transitions from
localized to delocalized charge carriers, the higher conductivity of
composition x = 0.8, y = 0.2, and the higher transition temperature
of composition x = 0.2, y = 0.2.

harmonics. A two-circle diffractometer equipped with six
counting chains was employed for the XRD data acquisition,
which allowed for pattern collection (20 = 4-35°) in under
15 minutes. The energy of the X-rays was 24.83 keV,
corresponding to a wavelength of 0.4994 A.

The XAS data were processed using the program Athena, a
component of the Ifeffit software suite.'> The data were
aligned to the metal foils, background-subtracted, and
normalized to the area 75-175 eV above the edge onset, which
was determined from the maximum in the first derivate of the
spectrum. The cubic lattice parameters of the BSCF powders
were calculated from several peaks between 10 and 30° 20 of
the XRD patterns.

Thermogravimetric (TG) measurements were measured
on a Netzsch STA 449 C thermobalance/differential scanning
calorimeter. About 640 mg of each sample were loaded into an
alumina crucible and heated from 300 to 1273 K at a rate
of 8 K min~! in a synthetic air environment, and the heating
program was cycled three times. The resulting weight loss was
calibrated against that measured from an empty crucible under
the same conditions.

S7FEe Mossbauer absorption experiments were performed in
a standard transmission geometry using a >’Co:Rh source with
sinusoidal velocity sweep. The thickness of the powder
absorbers corresponded to ca. 0.3 mg cm™> *’Fe. The hyper-
fine parameters were derived from least-squares fits of
Lorentzian resonance lines to the spectral data. In the present
paper we report only on the data collected at 300 K.

Results and discussion

In Fig. 2 the XRD patterns of Bag,SrggCoqgFey,03_s with
in situ heating and cooling from 300 to 1073 K are shown.

This journal is © the Owner Societies 2009
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Fig. 2 XRD patterns of Bag,SrysCoggFeg,03_s, where the cubic
perovskite peaks are indexed and some small peaks from a secondary
phase are marked with asterisks; H indicates heating, C cooling. Note
that the vertical scale is set to display the lower intensity peaks, with
the (110) peak cut off at the top.

These patterns are also representative of what is observed for
samples with x = 0.5: Bag sSrysCo;_,Fe,O3_s. Before any
heat is applied, the pure cubic perovskite phase (Pm3m) is
present, and the first eight reflections of this pattern are
indexed in Fig. 2. Until the maximum temperature of
1073 K, no change is seen in the XRD except for the peaks
moving to positions of smaller 20 because of thermal
expansion, so the diffraction patterns for the heating ramp
are not shown. At 1073 K, three small peaks appear, marked
with asterisks in Fig. 2. These peaks persist with cooling of the
sample, and are most likely due to the formation of carbonates
and/or simple oxides. Since only three peaks are observed and
their intensities are very low, a definitive phase identification is
difficult.

Table 1 shows the change in the cubic lattice parameter a
(A) with composition and temperature. Increasing amounts of
Ba and Co enlarge the unit cell. The thermal expansion of all
the BSCF compositions studied here is reversible, and the
linear coefficients of thermal expansion calculated from
the XRD data are also listed in Table 1. The calculation of

Table 1 Cubic lattice parameters at room and maximum
temperatures and linear coefficients of thermal expansion for all
Ba,_,Sr,Co,_,Fe,O3_s samples based on XRD measurements from
300 to 1073 K for x > 0.2 and 300 to 1233 K for x = 0.2

a/A (300 K) a/A (max. temp.) /K1

X y
0.8 0.2 3.90 3.97 232 x 107°
0.5 0.2 3.98 4.03 16.5 x 107
0.5 0.8 3.96 4.04 26.7 x 107°
0.2 0.2 4.03 4.10 17.3 x 107°

these values was done by measuring the change in the
(220) peak position with temperature and applying the formula
o = AL/(AT x Ly) where AL is the change in (220) plane
spacing, AT is the change in temperature, and L, is the original
(220) plane spacing at 300 K. No clear trend is present in the
thermal expansion coefficients (TECs), but the values calculated
here are in line with previous studies; note that the
whole temperature range in our experiments was used for the
calculation while others have claimed that the TECs of BSCF
vary with temperature by as much as 10-15%.%>'%!* From
studies on Lag gSro>Co;_,Fe, O3 it seems that the TEC should
increase with increasing Co content,'® but our values and those
of Zhu et al. are contrary to this.'® Such a disagreement could
be due to the rhombohedral crystal structure of the La-based
perovskite versus the cubic BSCF or a difference in the mechanism
of oxygen desorption between the material with a mixed
charge at the A site (La®", Sr?")(Co, Fe)O;_; and the
constant A-site charge of (Ba?", Sr>*)(Co, Fe)O;_s, where
the general perovskite formula is ABO;. Because the x = 0.5,
y = 0.8 sample has a larger TEC than that of the x = 0.5,
y = 0.2 sample, at 1073 K they have nearly the same lattice
parameter, which indicates that the former composition loses
oxygen more readily than the latter. The TEC minimum with
respect to the Ba—Sr ratio at 50 : 50 has been shown already™'®
and is consistent with findings for La;_.Sr Cog»Fe5O05.!”

The XRD patterns of Bao'gsr0'2C00'gFeo'203,5 with in situ
heating from 300 to 1233 K and cooling are notably different
from those of the other samples, as shown in Fig. 3. This
composition shows at least two phases over all temperatures.
The first eight peaks of the majority cubic phase, which is
always present, are indexed in Fig. 3(a). In comparing the
patterns at the starting room temperature and the maximum
temperature of 1233 K, the minority phases change and the
hexagonal phase that develops at 1233 K remains while the
temperature is cooled back to 300 K. Fig. 3(b) shows the
20 region around the most intense reflections of the primary
cubic and secondary hexagonal phases and it is apparent that
the fraction of the cubic phase increases with temperature.
Other authors have reported only the presence of the cubic phase
in high temperature XRD studies of BSCF, with the exception
of the x = 0.5, y = 0 composition, which transformed from
hexagonal to cubic at ca. 1073 K in 10~ bar pO,.'° However,
the range of these studies is limited to samples with x = 0.5.%°
The transformation to the cubic  phase of
Bay gSry,Cog gFep,0O5_s at higher temperature in air was
confirmed by heating a sample to 1173 K for 30 h and air
quenching to 300 K; the XRD pattern of this specimen (not
shown) was purely cubic.

The TG results over the second heating and cooling cycle
for Bag sSrgsCoggFep,05_s (representative of all composi-
tions) are shown in Fig. 4 as percent mass versus temperature
and are listed for all compositions in Table 2. The first heating
of each sample creates the largest mass loss, particularly above
1000 K. Upon cooling the samples regain about 1% mass. The
second thermal cycle—with ca. 1% mass loss and gain for
heating and cooling, respectively—is in good agreement with
previous reports showing a plateau with negligible mass loss
from 300 to 700 K followed by a steady decrease in mass above
700 K.>1%!6 The heating and cooling curves are nearly
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Fig. 3 (a) XRD patterns of BaggSrg,CoggFey,03_ s, where the
predominant cubic phase is indexed and the remaining peaks belong
to a related hexagonal transformation; H indicates heating, C cooling.
Note that the vertical scale is set to display the lower intensity peaks,
with the (110) peak cut off at the top. (b) The strongest XRD peaks,
showing the increase in the fraction of the hexagonal phase during
cooling.

reversible, exhibiting the fast absorption and desorption of
oxygen by BSCF.

The mass lost during heating in synthetic air from a totally
pure sample is due to oxygen desorption with vacancy
creation. Most of the loss of mass in the first heating cycle
corresponds to the desorption of loosely bound, non-lattice
oxygen species and contaminants such as hydroxyl or
carbonate groups that may have condensed on the powdered
samples that were stored in air or originated from starting
materials that had not fully reacted. Note that this does not

——————————
BaO.SSro_sCoo_BFe O
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Fig. 4 TG of Baj 5Sry5Cog sFey 035 (representative of all samples)
with a rate of 8 K min~!. The first heating cycle creates a significantly
larger loss of mass due to the evaporation of volatile species, while
further cycles show the reversible oxygen uptake and release.

Table 2 Percent mass lost during heating and regained during
cooling over the second temperature cycle in synthetic air for all
Ba,;_,Sr.Co,_,Fe,O;_; samples

X y Heating Cooling
0.8 0.2 —1.08% +1.01%
0.5 0.2 —1.12% +0.96%
0.5 0.8 —1.26% +0.95%
0.2 0.2 —1.15% +0.99%

affect the interpretation of the X-ray and conductivity data, as
the former are not sensitive to surface effects and would
respond proportionally to the percent mass of these
“contaminants,” and the latter were taken from samples heat
treated prior to measurement. That the Fe-rich sample with
x = 0.5 lost more mass than its Co-rich counterpart agrees
with the XRD thermal expansion results described above and
previous findings.>'® The mass loss that occurs above 700 K
during the second cycle is the result of lattice oxygen
desorption.

Méssbauer spectra were taken at room temperature for the
Ba,_,Sr.Co,_,Fe,O;_s materials with x = 0.5, y = 0.2;
x=05y=08x=02y=02andx = 08,y = 0.2
and additionally, for comparison, x = 0.5, y = 1.0. Fig. 5
shows a representative absorption spectrum with x = 0.5,
y = 0.8 and its spectral decomposition with three quadrupole-split
doublets.

The compositions x = 0.5,y = 0.8; x = 0.8, y = 0.2; and
x = 0.5, y = 1.0 have very similar paramagnetic patterns
consisting of three quadrupole doublets. Table 3 gives a
summary of the hyperfine parameters obtained from fitting
the Mossbauer data. Isomer shifts yield information on the
oxidation state of iron and quadrupole splittings on the
symmetries of electronic shells. The relative spectral areas
reflect the relative populations of the various iron species.
No attempt was made to correct for eventually different
Debye—Waller factors for iron in different sites. From the

This journal is © the Owner Societies 2009
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Fig. 5 'Fe Mossbauer absorption spectrum at 300 K of
Bag sSrg sCog,Feg305_5; the data are marked with dots, while the
thin solid lines are the spectral decomposition with three quadrupole-
split doublets.

isomer shifts, about 40% of the spectral weight can be
attributed to Fe*™ in only slightly distorted octahedral oxygen
coordination as concluded from the comparatively small
quadrupole interaction. Two additional sites with similar
spectral weights of about 25-30% each have charge states
between Fe*t—Fe’" and Fe’t-Fe? ™", respectively, as would
be caused by rapid charge hopping between these states, so
they are labeled with Fe® 9" and Fe®~®". The quadrupole
interaction is relatively big and is also indicative of some
valence contribution due to the non-integer oxidation state
in a severely distorted surrounding, e.g. in the neighborhood
of oxygen vacancies.

In contrast to these non-magnetic patterns, the composi-
tions of Ba,_,Sr,Co;_,Fe,O3_; with x = 0.2, y = 0.2 and
x = 0.5,y = 0.2 reveal magnetic hyperfine patterns already at
room temperature. For x = 0.2, y = 0.2 we find a super-
position of about 50% paramagnetic and 50% magnetically
ordered fractions in agreement with the XRD, which reveals a
phase mixture. The paramagnetic fraction is mostly Fe®*9 ™"
(isomer shift 0.18 mm s~!) with a smaller contribution by Fe®>*
(isomer shift —0.43 mm s~!, vanishing quadrupole splitting)
typical for octahedral coordination. From the isomer shift
(0.38 mm s~'), the again nearly vanishing quadrupole inter-
action, and magnetic hyperfine field (45 T), the magnetic part
can clearly be attributed to octahedral Fe*". The magnetic
hyperfine field reveals some distribution, which can be
connected to local distortions. For x = 0.5, y = 0.2 we also
find a superposition of at least three magnetic patterns (fields

between 42 and 46 T) from Fe’": however, additionally there
is a broad unresolved background with a shift corresponding
to Fe* ™ with about 50% spectral weight. Whether this signal is
due to a broad inhomogeneous distribution of magnetic
moments or has a dynamical origin cannot be decided from
these data.

Numerous Mossbauer studies on  well-crystallized
perovskite materials of a similar type have been reported in
the literature.'®*2° Like our samples, various oxidation states
of iron were found; however, they had highly symmetric
surroundings as implied from vanishing electric field gradients,
which is surprising in light of their five-fold oxygen coordina-
tions.'®?° But most of these studies were performed in the
magnetically ordered regime where a distribution of electric
field gradients with different sign and/or variable angles with
respect to the magnetic hyperfine field may have resulted in an
averaging of the quadrupole interaction. In the present
samples, no signal that can be associated with an undistorted
octahedral iron site is found. Quadrupole doublets with
parameters close to doublets 1 and 3 (Table 3) have been
reported for Ba-substituted LaFeO;,2! and were associated
with Fe*™ and Fe*" in an oxygen deficient neighborhood
(note that the quadrupole splitting reported in ref. 21 is
apparently defined as 4 = (1/4)¢’qQ whereas here the
conventional 0S = (1/2)e’gQ is used, with eg being the
electric field gradient and Q the nuclear quadrupole moment).
However, doublet 2 was not found.

Fig. 6 shows Fe (a) and Co (b) K edge spectra representative
of the Ba,_,Sr.Co,_,Fe,Os_5; powders. To show with
the greatest clarity the X-ray absorption near edge structure
(XANES) the compositions chosen for the figure are x = 0.5,
y = 0.8 foriron and x = 0.5, y = 0.2 for cobalt. Since XAS is
typically an averaging technique, the overall shapes of the
spectra in Fig. 6 are much the same, but the details reveal
important variations. Looking at the XANES, three main
features are noted. (1) The pre-edge peak with maximum near
7114 eV (7710 eV) for Fe (Co). This is indicative of Fe (Co)
Is — 3d quadrupole transitions that are weakly allowed under
imperfect octahedral symmetry and mixing of the metal 4p and
3d states, creating a dipole transition. (2) The K edge onset
results from the transition metal (TM) 1s — 4p excitation, but
can also be affected by local geometry around the absorbing
ion and can be correlated to the metal oxidation state, with
higher oxidation states resulting in higher energy onsets.
(3) The most prominent peak just above the edge onset,
sometimes called the white line, gives some information about
the disorder or oxygen vacancies surrounding the absorber
and also has been related to the metallic oxidation state. The
structure at higher energies is mainly reflective of multiple
scattering.?

Table 3 Hyperfine parameters of three iron sites in Ba;_,Sr,Co;_,Fe,O;_; with S1, 2, 3 isomer shifts against iron metal at 300 K; QSI, 2,
3 quadrupole splittings; and Al, 2, 3 relative spectral weights (error = 2%). Numeral 1 corresponds to Fe* ", 2 to Fe® ™" and 3 to Fe®=".
Results for samples with x = 0.5,y = 0.2 and x = 0.2, y = 0.2 are given in the text.

X y SI/mms™'  $2/mms™'  S3mms' QSI/mms!  QS2mms™!  QS3mms! Al (%) A2 (%) A3 (%)
08 02  —0.0155) 0.023(5) 0.421(5) 0.26(1) 0.85(1) 0.40(1) 44 26 30
0.5 08  —0.018(5) 0.094(5) 0.530(5) 0.24(1) 0.91(1) 0.43(1) 42 29 29
05 1.0  —0.031(5) 0.112(5) 0.585(5) 0.26(1) 0.98(1) 0.46(1) 51 26 23
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Fig. 6 Effect of changing temperature in situ on the XAS. (a) Fe K edge of Bag sSry sCo2Feg303_s. (b) Co K edge of Bag 5Srg sCog gFeq 03 _s.
For both K edges, a gradual change occurs up to the localized—delocalized charge carrier transition range (ca. 775 K), after which a more dramatic

change is observed, and the XANES is not fully recovered with cooling.

In the Fe K spectra in Fig. 6(a), which are characteristic of
all the BSCF compositions studied here, starting at 300 K and
increasing the temperature moves the edge onset about 1 eV
lower; cooling the sample again to room temperature does not
return the edge onset to its starting position. The intensity of
the main Fe K peak decreases in relation to that of the
additional higher energy peaks with heating and the overall
edge shape appears flattened, as if the applied heat damps the
oscillations of the XANES, and the structure is not recovered
with cooling. The pre-edge peak changes little and is centered
at about 7113.5 eV for all temperatures, putting the Fe average
oxidation state near Fe*" with some amount of Fe** ?* in
agreement with the Md&ssbauer results. In the case of fully
stoichiometric BSCF in the cubic perovskite structure, the
point group of the TMOg (TM = Fe, Co) octahedra is
centrosymmetric, and the pre-edge feature is due only to quad-
rupole interactions. However, with oxygen non-stoichiometry
(2.0 < (3 — 9) < 3.0), which is certainly present, the symmetry
around the TM cations will be non-centrosymmetric, resulting
in an increase of the pre-edge peak intensity. (The imperfect
octahedra are also found by Méssbauer spectroscopy.) In our
experiment, the pre-edge peak intensity cannot be directly
related to a change in TM oxidation state or coordination
symmetry, since both occur simultaneously.

In the Co K spectra in Fig. 6(b), representative of all
compositions except x = 0.2, y = 0.2, the edge onset shifts
to lower energies with increasing temperature; however, the
magnitude of the shift is dependent on the
Ba,_,Sr.Co;_,Fe,O3_5 composition. The edge shift ranges
from about 1 eV for x = 0.8, y = 0.2 to almost 4 eV for
x = 0.2,y = 0.2. A graphical summary of both the Fe and Co

edge onset values with respect to temperature and composition
is shown in Fig. 7, including the values for reference samples
LaFeO; and LaCoO;. The Co XANES shows an increase in
the intensity of the main K edge peak relative to the higher
energy structures as the temperature is raised to 1073 K and
then lowered again to 300 K. The temperature-dependent Co
K spectra for Bag gSry,CoggFeq,03_s are shown in Fig. 8.
For this sample, the maximum temperature during measure-
ment was 1233 K, 150 K higher than the other samples,
because the transition of its electronic behavior from localized
to delocalized charge carriers does not occur until almost
820 K and a return to localized behavior is observed above
1000 K (Fig. 1). The changes in the Co XANES for this sample
are similar to the others but much more pronounced: more
than a strong decrease in the edge onset energy and heightening
of the main peak, a shoulder develops at about 7722 eV.
Fig. 8(b) shows the pre-edge region of the spectra, where the
Co 1s — 3d transitions take place, and the peak here loses
intensity at higher temperature, which is a strong indication
that the Co has been reduced. Furthermore, the pre-edge peak
splitting increases, which could be the result of a larger crystal
field splitting of the 3d level into its t,, and e, components.
Based on the Fe edge onsets [Fig. 7(a)], which for all the
BSCF samples are slightly greater than that of LaFeOj at
300 K, the starting oxidation state is mostly Fe’ ™ but likely also
includes some Fe*". With heat applied to transition from the
localized (semiconductor) into the delocalized (metal-like)
region of conductivity, the lower edge onset values indicate
the reduction of Fe** to Fe*". Further reduction to Fe?* is
not observed and is not expected since this requires tempera-
tures of ca. 1833 K.?* At the Co edge [Fig. 7(b)], the onsets at
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Fig. 7 Comparison of (a) Fe K edge onset and (b) Co K edge onset
with changing temperature and composition. The legend in (a) applies
to (b), and the scale of the ordinate is the same for both plots. The
heating ramp is shown by open symbols, the cooling ramp by filled
symbols. The error bars are similar to the sizes of the data icons.

300 K are nearly equal to (x = 0.2,y = 0.2; x = 0.5,y = 0.8)
or a bit less than that of LaCoO5 (x = 0.5,y = 0.2; x = 0.8,
v = 0.2), indicating that the highest starting oxidation state is
close to Co® ™. It is expected that more of the Fe is 4+ than Co
since the former is more stable, but if the >’Fe Méssbauer
results are extended to the Co cations, a non-trivial amount of
Co*" is present. Increasing the temperature induces the
reduction of any Co** to Co®". Only one of the four samples
(x = 0.2, y = 0.2) was measured up to 1233 K, past the
required 1173 K temperature for transformation from Co®* to
Co**,* and this reduction is evident in the large edge shift and
change in XANES for this sample.”” Previous Fe and Co K
edge XAS studies have shown that a negative edge shift of
about 4 eV corresponds to the addition of one valence
electron.?®

It is interesting to note that at 300 K the BSCF composition
with the lowest Fe edge onset has the highest Co edge onset

A
CoK 7N

1003KH ---
1233KH —-
623KC —---
300KC ——-

Normalized absorption (arb. units)

BaO.Ser.ZCOO.BFeo.2OS-5

7710 7720 7730 7740 7750

—_
Q
~

X-ray energy (eV)

Co K pre-edge ) ,/

Normalized absorption (arb. units)

7706 7708 7710 7712
(b) X-ray energy (eV)

Fig. 8 Effect of changing temperature in situ on the XAS of
Bag Srp,Cog sFep205_s. (a) Co K edge XANES. (b) Co K pre-edge.

and vice versa; a reciprocity between the cations seems to take
place. The XANES in this data set is similar to previous XAS
analyses of oxidation states in Co- and Ni-based oxides,?’ in
which the intensity of the peak about 15 eV above the edge was
correlated to the formal TM oxidation state: the white line was
associated with unoccupied 3d” states, and the higher energy
peak with 3d"! or 3d" + L, where Ly, signifies a ligand hole.
Applying this hypothesis to our results, we see in both the Fe
and Co K XAS a decrease in the 3d"~! (TM*") and 3d”
(TM3**) + L, unoccupied states above the localized—delocalized
carrier transition temperature. However, this result is puzzling
as our previous measurements of the O K edge in BSCF
powders quenched from medium and high temperatures
showed a marked increase in the number of unoccupied
O states just above the Fermi level for the samples with
delocalized carriers.”® Remaining changes in the XANES that
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occur with heating represent the alteration of local cation
coordination and lowering of symmetry with oxygen loss.?

From the M&ssbauer and XAS data we can see that the
initial iron oxidation state is in part 4+, but predominantly
3+. The room temperature magnetic components of samples
with x = 0.2, y = 0.2 and x = 0.5, y = 0.2 reveal patterns
typical of Fe>* in octahedral sites; however, the reduced
magnetic hyperfine fields of less than 50 T have to be con-
nected to the presence of nearby oxygen vacancies. The other
paramagnetic compositions x = 0.5,y = 0.8; x = 0.8,y = 0.2
exhibit Fe** and two species of equal spectral weight, attrib-
uted to dissociated trivalent iron with mixed oxidation states.
Notably, these iron ions possess strongly distorted oxygen
surroundings as expected from defects related to oxygen
deficiency. That Fe and Co initially have oxidation states that
are mostly 3+ is consistent with our previous findings from
the soft XAS of BSCF powders quenched from 623 and
1173 K.?® The presence of multiple Fe cation sites in BSCF
at room temperature confirms the small polaron hopping
mechanism for semiconductivity.

As BSCF is heated from the localized carrier regime
(ca. 300700 K) to the delocalized (ca. >700 K) the only change
in the formal TM electronic state is the reduction of a small
amount of TM*" to TM?". The main charge carriers, electronic
holes, which are created in the semiconducting region with
increasing temperature are mainly of oxygen p character. This
again shows the stability of the Fe** and Co®" cations in the
perovskite structure despite an environment of high temperature
and high oxygen deficiency. The composition with x = 0.2,
y = 0.2is unique in that its transition temperature from localized
to delocalized charge carriers is significantly higher (at 820 K)
than the other compositions and it seems to revert to a semi-
conductor at about 1000 K (Fig. 1). As such, the XAS measure-
ments for this sample were taken up to 1233 K, enabling the
reduction of Co>* to Co?>™, which could occur in tandem with
the second electronic conductivity transition and phase change.

The lack of oxygen stoichiometry shown by the measure-
ment of mostly TM>* and imperfect octahedral coordination
of the TM cations results in the strong oxygen exchange
capability demonstrated by BSCF. That this material can
undergo a £+ 1% change in mass without any phase change
shows its robustness towards temperature-induced oxygen loss
and makes it promising for high temperature applications in
which oxygen ion diffusion along with electronic conductivity
is desired. However, in looking at the XAS results, it is clear
that the initial state of both the iron and cobalt cations is not
regained once the temperature cycle has been completed. Since
the same thermal ramp rate was used for all three in situ
techniques, this seeming anomaly cannot be due to inconsis-
tent measurements. More likely is the case that while oxygen
can be taken up by BSCF with cooling from high temperature
at a rate of 8 K min~', it cannot be chemically incorporated
into the compound to its full extent, and the transition metal
cations are left in their high temperature, slightly reduced
state. Over the course of one or two temperature cycles, our
studies have shown that this does not seem to have an impact
on the structural stability and total conductivity of BSCF, but
with longer term cycling, the material performance could
suffer when applied as a SOFC cathode.

Conclusions

For the first time, in situ high temperature X-ray absorption
measurements at the Fe and Co K edges were performed on
Ba,_,Sr.Co,_,Fe,03;_5 powders, with x = 0.5, y = 0.2;
x=05y=08x=02y=02and x = 08,y = 0.2.
These results showed that Fe is predominantly 3+ from 300 to
1233 K, and Co is predominantly 3+ from 300 to 1073 K, but
reduced to 2+ at higher temperatures. Room temperature
Maossbauer spectroscopy detected three different atomic sites
for Fe, again with a predominantly 3+ oxidation state. Two
compositions are paramagnetic (x = 0.5,y = 0.8 and x = 0.8,
y = 0.2) and the other two (x = 0.2, y = 0.2 and x = 0.5,
y = 0.2) already have magnetic character at 300 K. X-Ray
diffraction of BSCF was also done with in situ heating in air
and showed that all the samples that are initially cubic
perovskites remain so, while the one composition that started
out with multiple phases (x, y = 0.2) transforms into the cubic
phase with high temperature. The oxygen absorption and
desorption of BSCF, creating a mass gain and loss of 1%,
were measured with thermogravimetry. In view of engineering
materials for SOFC cathodes, BSCF compositions rich in
Sr and Co exhibit greater stability along with higher total
conductivity.
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