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The cubic perovskite Ba0.5Sr0.5Co0.8Fe0.2O3-δ (denotedBSCF) is the state-of-the-art ceramicmembrane
material used for oxygen separation technologies above 1150 K. BSCF is a mixed oxygen-ion and
electron conductor (MIEC) and exhibits one of the highest oxygen permeabilities reported so far for
dense oxides. Additionally, it has excellent phase stability above 1150K. In the intermediate temperature
range (750-1100 K), however, BSCF suffers from a slow decomposition of the cubic perovskite into
variants with hexagonal stacking that are barriers to oxygen transport. To elucidate details of the
decomposition process, both sintered BSCF ceramic and powder were annealed for 180-240 h in
ambient air at temperatures below 1123 K and analyzed by different transmission electron microscopy
techniques. Aside from hexagonal perovskite Ba0.6Sr0.4CoO3-δ, the formation of lamellar noncubic
phaseswas observed in the quenched samples. The structure of the lamellaewith the previously unknown
composition Ba1-xSrxCo2-yFeyO5-δwas found to be related to the 15R hexagonal perovskite polytype.
The valence and spin-state transition of cobalt leading to a considerable diminution of its ionic radius can
be considered a reason for BSCF’s inherent phase instability at intermediate temperatures.

Introduction

Cubic perovskite Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is
prominent in the family of mixed ionic and electronic
conducting materials.1,2 Owing to an exceptionally large
amount of mobile oxygen defects in the highly symmetric
perovskite lattice, BSCF exhibits very high oxygen-ionic
transport rates overawide temperature range.3,4 Its extraor-
dinary conducting properties combined with excellent
phase stability at high temperatures make BSCF very
promising for potential applications as semipermeable
membranes in major processes like the separation of
oxygen from air and the catalytic conversion of hydro-
carbons.5-8 Furthermore, the employment of BSCF as a
cathode material in solid-oxide fuel cells (SOFCs) has
also attracted a lot of attention.9 In 2004, Shao and Haile
reported the high power density of a symmetric single
SOFC using BSCF as electrodes and a samaria-doped ceria

(SDC) electrolyte at 773 and 873 K.1 Since then, BSCF has
been considered to be one of the most auspicious cathode
materials for use in SOFCs operated in an intermediate
temperature regime (IT-SOFC, T= 773-1073 K).10

Nevertheless, the wide applications of BSCF may be
inhibited because of two major problems. First, the poor
thermomechanical stability of theBSCF, namely low creep
resistance and large coefficient of thermal expansion
(CTE), can lead to the failure of the operation process
in the worst case. 3,8,11 Second, the desired cubic structure
of BSCF collapses at temperatures below 1123 K under
long-term condition. In 2000, Shao et al. observed a slow
decline of oxygen flux through a BSCFmembrane after a
long operation time at 1023 and 1098 K that was caused
by an inherent phase transition.4 A similar degradation of
the oxygen permeation performance at 973 and 1023 K
was also observed by van Veen et al. in 2003.12 In order to
elucidate this issue, Rebeilleau-Dassonneville et al. carried
out an in situ X-ray diffraction (XRD) experiment and
found the formation of noncubic phases in BSCF if
the temperature was kept below 1073 K.7 Moreover,
�Svarcov�a et al. investigated the long-term stability of
BSCF at and below the crucial temperature of 1123 K
by XRD.13 Slow decomposition of the single cubic
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perovskite phase into a 2H hexagonal polytype was de-
tected in aBSCFpowder that hadbeen annealed for 24h at
1023 K in ambient air. The phase transition process was
observed to be much more pronounced after annealing of
the BSCF samples for 240 h in flowing oxygen between
1073 and 1123 K. In this study, the hexagonal phase ratio
expanded with decreasing temperature. The oxidation of
the B-site cations (B = transitions metals), which leads to
a change of effective ionic radii and gives the structure
the Goldschmidt tolerance factor higher than one, was
declared the reason for the inherent BSCFphase instability
at intermediate temperatures.13,14 In 2009, Arnold et al.
reported the valence transition of cobalt in cubic BSCF
from the predominantly 2þ state at 1223 K to the mixed
2þ/3þ state at 298 K according to in situ electron energy
loss spectroscopy (EELS).15 Hence, they concluded that
the oxidation of cobalt cations combined with their
spin-state transition resulting in dramatic diminution of
their ionic radius is the real driving force of the BSCF
decomposition.15

Recently, Mueller et al. investigated the phase transi-

tion of cubic BSCF perovskite by combining XRD with

transmission electron microscopy (TEM).16 Their TEM

micrograph of a BSCF ceramic that had been annealed

for 8 days at 1073 K showed a grain boundary phase and

lamellae that ran through the grains. The grain boundary

phase was described as 2H-Ba0.5þxSr0.5-xCoO3-δ based

on energy dispersive X-ray spectroscopy (EDXS) and

selected area electron diffraction (SAED) along the c-axis.

The latter is not sensitive to different stacking sequences,

especially if they occur only at the very interface of the

cubic phase, which can be expected accordingly toArnold

et al.17 These lamellae were not addressed further. On the

basis of their analysis, Mueller et al. proposed a simplistic

phase diagram that put BSCF in amiscibility gap between

the cubic and hexagonal phases, which were the only

phases considered.16

�Svarcov�a has suggested that the decomposition of

BSCF might be reversible because annealed BSCF sam-

ples contain some of the same phases as the raw powder

obtained after annealing for 240 h at 1023 K.13 The rela-

tionship between the formation and decomposition pro-

cesses of BSCF was also discussed by Arnold et al., who

investigated the sol-gel synthesis of BSCF in detail.17

XRD and high-resolution transmission electron micro-

scopy (HRTEM) were applied to characterize crystalline

intermediate phases in raw BSCF powder. A phase attri-

bution of a sample quenched at 1023 K was provided in

that report. Aside from the cubic (3C) and 2H hexagonal

phases, the sample consisted of an additional phase of

lower symmetry, which was described as a disordered

hexagonal perovskite polymorph.

The findings of Arnold et al. offered inspiration to
conduct a transmission electronmicroscopy (TEM) study
of BSCF’s decomposition process. For this reason, both
sintered BSCF ceramic and powder were annealed for
180-240 h in ambient air at temperatures below 1123 K
and extensively analyzed by several TEM techniques.
Additionally, the functional properties of BSCF ceramic
were tested by time-dependent oxygen permeation experi-
ments under the aforementioned conditions.

Experimental Section

The BSCF powder was synthesized by a sol-gel route

using ethylenediaminetetraacetic acid (EDTA) and citric acid

as the organic ligand and network former, respectively. Given

amounts of Ba(NO3)2, Sr(NO3)2, Co(NO3)2, andFe(NO3)3 were

dissolved in water, followed by the addition of EDTA and citric

acid. The pH value of the solution was adjusted to the range of

7-9 with NH3 3H2O. The transparent reaction solution was

then heated at 423 K under constant stirring for several hours

until a purple-colored gel was obtained. The gel was then pre-

calcined in the temperature range of 573-673 K. Following, the

precalcined powders were ground and fired at 1223 K for 10 h.

To obtain the BSCF ceramic, the powder was uniaxially pressed

under 140-150 kN for 20 min into green bodies. The pellets

were then calcined for 10 h at 1423 Kwith a heating and cooling

rate of 3 K/min.

An oxygen permeation measurement was performed on a

dense membrane disk with a diameter of 16 mm and a thickness

of 1.1 mm in a high-temperature permeation cell according to

the method described elsewhere.18,19 The reactor temperature

was kept constant at 1023 K for more than 240 h. Air was fed at

a rate of 150 mL min-1 to the feed side; He (29.0 mL min-1,

99.995%) andNe (1.0 mLmin-1, 99.995%), which were used to

determine the absolute flux rate of the effluents, were fed to the

sweep side. The effluents were analyzed by gas chromatography

on an Agilent 6890 instrument equipped with a Carboxen 1000

column. Gas concentrations in the effluent stream were calcu-

lated from a gas chromatograph calibration.

A powder XRD sample was obtained from the BSCF ceramic

after annealing at 1023K for 240 h and subsequent grinding. The

XRDdatawere collected in aΘ/2Θ geometryon aPhilipsX’pert-

MPD instrument with monochromated Cu KR radiation at

40 kV and 40 mA and a receiving slit of 0.05 mm using a step-
scan mode in the 2Θ range of 15�-90� with intervals of 0.02�.

In order to obtain aTEMsample, the annealedBSCF ceramic

was cut into rectangular pieces of 1 mm� 1.5 mm� 3 mm. The

BSCF powder sample was epoxy glued between two pieces

of silicon wafer before cutting. Subsequently, the pieces were

polished onpolymer-embedded diamond lapping films to approxi-

mately 0.01 mm � 1 � 2.5 mm (Allied High Tech, Multiprep).

Finally, Arþ ion sputtering was employed at 3 kV (Gatan, model

691 PIPS, precision ion polishing system) under shallow incident

angles in the range of 4-8� until electron transparency was

achieved.

ScanningTEM(STEM)andTEM,aswell as SAED,were con-

ducted at 200 kV on a JEOL JEM-2100F-UHR field-emission

instrument equipped with an ultrahigh-resolution pole piece

that provided a point-resolution better than 0.19 nm (spherical
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aberration constant CS=0.5 mm; chromatic aberration con-

stantCC=1.2mm) and allowed high-resolutionTEM (HRTEM)

acquisition. A light element EDX spectrometer, Oxford Instru-

ments INCA-200 TEM, was used for elemental analysis. An

energy filter of the type Gatan GIF 2001 was employed to

acquire electron energy-loss spectra (EELS). HR-STEM high

angle annular dark field (HAADF) experiments were conducted

with an FEI Titan electron microscope equipped with an aber-

ration image corrector at 300 kV

Results and Discussion

The oxygen permeation performance of the BSCF cera-
mic was tested at 1023 K. As demonstrated in Figure 1,
the oxygen flux through the BSCF membrane decayed
continuously to about 50% after 240 h. This result was in
good agreement with the results reported by Shao et al.4

and van Veen et al.12 The degradation of the BSCF func-
tional properties at intermediate temperatures can be due
to several reasons. First, the concentration of mobile oxy-
gen vacancies in the perovskite lattice can be decreased
due to a change in oxidation state of the B-cations, as
recently reported.12,20 Second, the continuously decreasing
oxygenpermeationperformance ofBSCFunder long-term
conditions can be explained by the growth of noncubic
phases during operation, which might act as barriers, and
by a change of stoichiometry of the cubic phase.
Figure 2a,b shows the XRD data taken from the BSCF

powder as well as from ground BSCF ceramic after anneal-
ing at 1073K for 180handat 1023K for 240h, respectively.
Obviously, the cubic perovskite remained as the major
phase in both samples. However, the presence of noncubic
phases was evident on the basis of the weak additional
intensities between 25� and 28� and 42.5� 2Θ, which are
marked with an asterisk. Rebeilleau-Dassonneville et al.
observed additional reflections at the same positions in the
BSCF diffraction pattern during in situ XRD experiments
at temperatures below 1023 K.7 Thus, it may be con-
cluded that the noncubic phases arose before quenching
of the sample. Due to the restricted number of reflections
from the noncubic phases and those weak intensities, the

noncubic phases could not be identified by XRD in this
work either.
Nevertheless, with help of several TEMmethods, it was

possible to detect and analyze the noncubic phases in
the annealed BSCF powder and ceramic samples. ATEM
dark-field micrograph in Figure 3a shows an area of the
powder sample. An interface between two grains is clear
in this image. A HRTEM (Figure 3b) micrograph of the
marked grain showed a hexagonal symmetry of the grain
structure. Furthermore, the fast Fourier transform (FFT)
in Figure 3c can be explained by the reciprocal lattice of
hexagonal perovskite being viewed along the [0,1,0]hex
orientation due to a spacing of 0.49 nmbetween the (100)h
planes and (010)h planes. The chemical composition of
the hexagonal phase was determined by EDX spectros-
copy to be Ba0.6Sr0.4CoO3-δ. Hexagonal perovskites with
similar composition have been previously reported by
Gushee et al.21 and Taguchi et al.22 Accordingly, the tran-
sition of cubic BSCF into a hexagonal perovskite phase
after annealing at intermediate temperatures, as reported
by �Svarcov�a et al.13 and Mueller et al.,16 was confirmed
during the current TEM study.
Furthermore, the partial transformation of cubic BSCF

to noncubic phases, which had the shape of lamellae, was
observed in the treated powder sample. Similar lamellae
could be seen in the TEM micrograph of Mueller et al., but
they were not addressed further there.16 A HRTEM micro-
graph in Figure 4a shows one lamella and the parent phases.
The structure of the lamella, which was approximately
50 nm wide, consisted mainly of periodically ordered seg-
ments with a distance of 1.19 nm between them. As can be
observed in the SAED pattern of the corresponding
sample area in Figure 4b, which was acquired from the

Figure 1. Oxygen permeation flux through BSCF membrane as a func-
tion of time at 1023 K.

Figure 2. (a)XRDpattern of theBSCFpowder after annealingat 1073K
for 180 h. (b) XRDpattern of the BSCF ceramic after annealing at 1023K
for 240 h. The intensities corresponding to noncubic phases are marked
with asterisks. (c) The Bragg positions correspond to cubic perovskite
with a= 0.398 nm.
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selected sample area with a size of approximately 260 nm,
the lamella grew in the cubic perovskite grain oriented
along the [0,1,1]cubic direction. The segments of the lamella
were arranged parallel to the (111)cubic plane. The spacing
between the lamella segments was approximately equal to a
5-fold (111) spacing of cubic perovskite (d(111)=0.23 nm),
which corresponds to the spacing between cubic-close
packed AO3 layers. Hence, it can be concluded that one
segment of the lamella consisted of five close-packed
layers. Note that these five close-packed layers were not
necessarily all cubic-close stacked. Some of them may
have been hexagonal-close stacked, making the whole
structure a noncubic phase. Similar structures containing
five-layered segments were once described for hexagonal
perovskite polytypes of 5H BaCoO3-δ by Miranda et al.,
as well as 15R SrMn1-xFexO3-δ by Cussen et al.23,24 The

SAED pattern from the lamella shown in Figure 4c was
obtained by tilting of the sample. The intensity distribu-
tion of the diffraction data revealed the rhombohedral
symmetry of the lamella, which can be explained using a
hexagonal unit cell. The rhombohedral symmetry of the
lamella structure appeared if the close-packed layers were
arranged in a (cchch)3 stacking sequence along the chex
axis, as shown in the Figure 4d. Moreover, the lamella’s
diffraction pattern exhibited a distinct correlation with
the diffraction pattern of 15R SrMn1-xFexO3-δ with the
(cchch)3 stacking sequence viewed along the [0,1,0]hex
direction.24 Consequently, the lamella can be considered
a 15R related phase with a hexagonal unit cell. The lattice
parameter chex≈ 3.57 nmof the unit cell was estimated from
theHRTEMandSAED.Theparameterahex≈ 0.56 nmwas
estimated using the formula ahex = acubic((2)

1/2).25 The
relationship between cubic perovskite and hexagonal
perovskite polytypes in terms of the cubic-closed and

Figure 3. (a) STEM annular dark-field micrograph showing an interface between two grains in the BSCF powder sample annealed at 1073 K for 180 h.
(b) HRTEM micrograph of the marked grain. (c) Power spectrum of (b).

Figure 4. (a) HRTEM micrograph showing a lamella in the BSCF powder sample after annealing at 1073 K for 180 h. (b) SAED pattern from the
corresponding area. (c) SAEDpattern from the lamella achieved by tilting of the sample. (d) 15R structural model viewed along the [0,1,0] direction using
(cchch)3 stacking sequences of BO6 octahedra.
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hexagonal-closed stacking of AO3 was described by Katz
et al. in detail.26A possible pathway of the transition from
cubic perovskite to hexagonal polymorphs via a shear of
the AO3 layers has been reported by Arnold et al.15,27 In
terms of the cubic cell, the AO3 layers oriented perpendi-
cular to the [1,1,1] cubic zone axis form cubic-close pack-
ing. B-cations occupy the octahedral holes, and octa-
hedra generate a three-dimensional corner-sharing array.
The shear of some AO3 layers leads to the formation of
hexagonal-close packing and face-shared octahedral col-
umns along the [1,1,1] cubic orientation. The arrange-
ment of the five-layered sequences of the lamella par-
allel to the (111) cubic plane can be explained with this
pathway.
By STEMhigh angle annular dark-field (HAADF) and

EDXS experiments, anomalies of the lamellar chemical
composition could be observed. The STEM HAADF
micrograph inFigure 5a shows inhomogeneous elemental
distribution inside of the lamella in spots with a bright
Z-contrast. Figure 5b shows an EDX spectrum acquired
from a wide area of lamella labeled in Figure 5a. Using
Cliff-Lorimer quantification, a considerable accumula-
tion of cobalt of up to 63 atom % of the total value of
cations was detected in the lamella. A moderate enrich-
ment of barium of up to 30 atom % as well as a strong

depletion of strontium and iron was also observed. On
average, the amount of the B-cations exceeded the con-
tent of A-cations in the lamella by 2-fold. Thus, the EDX
spectroscopy delivered surprising results, because hexa-
gonal perovskite-related phases with such stoichiometry
are not known. In contrast, the spectrum of the matrix
phase (Figure 5c) showed the expected intensity distribu-
tion of element lines for the cubic BSCF perovskite.
Lamellar phases were also found in the BSCF ceramic

sample annealed at 1023 K for 240 h. One of them is dis-

played in the HRTEM micrograph in Figure 6a. The

lamella were mainly organized in periodically stacked

segments. Furthermore, in the middle of the lamella, a

thin area with a nonperiodic arrangement of the segments

was observed. The SAED pattern from the lamella and

the matrix acquired from the selected sample area with a

size of approximately 260 nm (Figure 6b) revealed that

the lamellae grew in the cubic perovskite grain oriented

along the [2,1,1]cubic zone axis. The segments of the

lamella were arranged parallel to the (011) cubic plane.

The spacing between periodic segments was 1.19 nm,

which is the same distance between segments of the lamella

found in the powder sample. By tilting of the sample, the

lamella were oriented along the [0,1,0]hex direction. The

intensity distribution in the SAED pattern in Figure 6c

shows rhombohedral symmetry of the lamellar structure.

The comparison of the diffraction data from the lamella

in the ceramic sample with the SAED pattern from the

Figure 5. (a) STEM annular dark-field micrograph with labeling of scanned areas for elemental analysis. (b) EDX spectrum of the lamella. (c) EDX
spectrum of the parent cubic phase. C and Cu lines appear due to a narrow TEM pole piece.

Figure 6. (a) HRTEMmicrograph showing the lamella in the BSCF ceramic sample annealed at 1023K for 240 h. (b) SAEDpattern from the lamella and
the matrix. (c) SAED pattern from the lamella achieved by tilting of the sample as compared to (b).
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lamella in the powder sample (Figure 4c) lead to the
conclusion that the lamellae were isostructural with each
other. However, the lamella formed in the annealed cera-
mic did not grow parallel to the close-packed layer of the
cubic matrix; the regular part of the lamella can instead
be explained by a 15R-related structure. Diffraction spots
that cannot be attributed to the 15R setting are likely
related to the stacking faults in the middle area of the
lamella in Figure 6a.
EDX spectroscopy investigations of the chemical com-

position indicated the presence of twice the amount of
B-cations compared to A-cations in the lamella in the
ceramic sample. In order to elucidate structural informa-
tion in accordance with the chemical composition of the
lamellae, which is unusual for hexagonal perovskite-
related compounds, high resolution (HR) STEMHAADF
experiments were carried out that determine the positions
of atoms by mass-density contrast distribution. The HR-
STEM HAADF micrograph in Figure 7a and Fourier
averaged HRSTEM micrograph in Figure 7b show
further lamella in the annealed ceramic sample. The lamella
is viewed along the [1,1,0]hex direction. In this projection,
it is clearly evident that the regular segments of the lamella
structure contain five layers: three layers consisting of
bright dots and two dark rows separated by chains
with lower contrast in between. The dots with a bright
Z-contrast relate to the positions of A-cations due to their
atomic weight, and the two dark rows indicate missing
A-cation positions. The Z-contrast intensity distribution
of the layers achieved from the marked area in the Fourier
averaged STEM micrograph is plotted in Figure 7c. The
average contrast ratio between the chain with medium
contrast and three layers with bright contrast was 0.67.
According to the relationship of the lamella structure to
the 15R setting and the results of EDX spectroscopy, the
three layers with bright contrast in Figure 7a,b relate
to columns containing A-cations (mostly barium) and
oxygen. The chain with medium contrast corresponds to
double B-cation (mostly cobalt) columns. The contrast
ratio between the columns was calculated as follows:
ratio=Z(Co þ Co)2/Z(Ba þ O)2=0.71, which is consis-
tent with themeasured contrast ratio. As suggested by the
Z-contrast pattern and intensity distribution, a structural
model of the five-layered segment of the regular part
of the lamella viewed along the [1,10] orientation, as
shown in Figure 7d, was proposed. The lamella structure
is assembled from three AO3 layers and two O3 layers,
which are in a quasi-close-packed arrangement along the
chex axis. B-cations occupy a quarter of the octahedral
sites between the layers, as in the perovskite structure.
Additionally, a quarter of the disordered octahedral sites
between the two O3 layers is occupied by extra B-cations.
In the structural model, the circles point to columns
with A-cation vacancies and the arrows mark the double
B-cation columns. The chemical composition of the lamella
can be described with the general formula of (A3B6O15)3,
corresponding to the 15R setting. According to results of
EDX spectroscopy andHRSTEM, aswell as the expected
presence of oxygen vacancies, an empirical formula of

Ba1-xSrxCo2-yFeyO5-δ of the lamella phase is proposed.
The report from Sun et al. concerning new barium cobaltite
Ba3Co10O17 gives a further insight into the development of a
Ba1-xSrxCo2-yFeyO5-δ structuremodel,becauseBa3Co10O17

exhibits the 15R related structure containing close-packed
BaO3 and an oxygen layer array with completely occupied
octahedral sites with cobalt cations in the oxygen layer.28

Figure 7. (a) HR-STEM annular dark-field micrograph of the lamella
viewed along the [1,1,0]hex direction. (b) Fourier averaged HR-STEM
micrograph from the area labeled in (a). (c) Z-contrast intensity distribu-
tion taken from the area labeled in (b). (d) Schematic representationof the
five-layered segment of theBa1-xSrxCo2-yFeyO5-δ structure as suggested
by the Z-contrast pattern. Circles mark A-cation vacancies, and arrows
point to double B-cations columns.

(28) Sun, J.; Yang,M.; Li, G.; Yang, T.; Liao, F.;Wang, Y.; Xiong,M.;
Lin, J. Inorg. Chem. 2006, 45, 9151.
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Furthermore, with the help of the HR-STEM HAADF
micrograph in the Figure 7a, the above-mentioned in-
homogeneous elemental distribution in the lamellae can
be explained. Obviously, in some areas of the lamella, all
barium sites in the close-packed layer remained occupied.
The significant difference between phases with hexa-

gonal stackingof close-packed layers from the cubic perov-
skites is the up to 10 pm closer B-site cation-oxygen
distances in the octahedral sites. Accordingly, smaller
cations favor occupation at the octahedral sites in thehexa-
gonal stacking. The ionic radius of multivalent B-cations
is strongly connected with their valence and spin state.29

Because the structure of the lamellae contains hexagonal-
close packed layers, an average higher valence of B-cations,
especially cobalt, compared to cubic perovskite is ex-
pected. In order to verify this assumption, EEL spectra
were acquired from the cubic phase and Ba1-xSrxCo2-y-
FeyO5-δ lamella of the ceramic sample annealed at 1023K
for 240 h corresponding to themarked areas in aFigure 8a.
The cobalt L2,3 and barium M4,5-edges from the cubic
phase and lamella are plotted in the Figure 8b. The EEL
spectrum of the lamella showed a significant increase in
the cobalt-L3/barium-M5 and cobalt-L2/barium-M4 inten-
sity ratios as compared to the spectra from the cubic phase.
This fact confirms the accumulation of cobalt in the lamella.
An additional feature of the EEL spectra from the lamella
was the shift of the cobaltL3-edge position at approximately
0.7 eV to a higher energy loss, which was determined using
the barium M5-edge (788 eV at maximum) as an internal
standard.15A reason for theL3-edge shift is the increase in
the average cobalt valence in the lamellae.30 Arnold et al.

determined the mixed 2þ/3þ valence state of cobalt with
absolute value of 2.6þ in the cubic BSCF perovskite at
room temperature by comparing the cobalt L3-edge of
cubic BSCF with those of well-known materials.26 How-
ever, the measured value of cobalt valence may be slightly
higher due to the long-term annealing at intermediate
temperatures, as reported by Kriegel et al.16 In compar-
ison, the valence state of cobalt in the Ba1-xSrxCo2-y-
FeyO5-δ lamella was close toþ3 and was measured in the
same way that the shift of the cobalt L3-edge was mon-
itored. Then, the predominantly valence state of cobalt of
3þ in the lamella phase can be estimated. The presence of
a certain amount of Co4þ in the lamella phase is expected
also.31 As a consequence of the rising valence of cobalt,
the amount of oxygen vacancies (δ) in the lamella should
be considerably lower than that in the cubic matrix.
Combined with the low crystal symmetry, the presence
of lamellae in BSCF can be considered to be unfavorable
for its oxygen conducting properties. Because lamellae
are several micrometers long, they can be considered
as barriers to ionic oxygen transport through a BSCF
membrane.
The findings of the EELS experiments confirmed the

driving force of the BSCF decomposition postulated by
Arnold et al.,15 who suggested that it was a temperature-
dependent change of cobalt valence coupledwith a partial
spin-state transition of cobalt ions.31,32 The oxidation of
cobalt leads to a diminution of its ionic radius fromCo2þ-
(high spin)=74.5 pm to Co3þ(high spin)=61 pm, Co3þ-
(low spin)=54.5 pm, and Co4þ(high spin)=53 pm.29 The

Figure 8. (a) HRTEMmicrograph with labeling of area for EELS. (b) Electron energy-loss spectra showing cobalt-L2,3 and barium-M4,5 ionization edges
of lamella and the cubic phase.

(29) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751.
(30) Yoon,W. S.; Kim, K. B.; Kim,M. G.; Lee, M. K.; Shin, H. J.; Lee,

J. M.; Lee, J. S. J. Phys. Chem. B 2002, 106, 2526.

(31) Harvey, A. S.; Y�ang, Z.; Infortuna, A.; Beckel, D.; Purton, J. A.;
Gauckler, L. J. J. Phys.: Condens. Matter 2009, 21, 015801.

(32) Harvey, A. S.; Litterst, F. J.; Y�ang, Z.; Rupp, J. L. M.; Infortuna,
A.; Gauckler, L. J. Phys. Chem. Chem. Phys. 2009, 11, 3090.
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small cobalt cations are not tolerated in the cubic perov-
skite structure because they favor occupying the face-
shared octahedral sites in the hexagonal stacking with a
closer B-O distance. The observation of Nagai et al.
suggests a labile cobalt valence and spin state as being
responsible for BSCF decomposition, because many
cobalt-based cubic perovskites break down via the
formation of hexagonal/cubic phase mixtures at tem-
peratures below 1173 K.33 Furthermore, the cobalt-free
iron-based cubic perovskites of the compositions (Ba0.5Sr0.5)-
(Fe0.8Cu0.2)O3-δ and (Ba0.5Sr0.5)(Fe0.8Zn0.2)O3-δ, which
are related to BSCF, show good stability under long-term
conditions at temperatures below1173K, owing to the less
flexible redox behavior of iron.34-36

We observed about 20 sample areas in both the BSCF
powder annealed at 1073 K for 180 h and the sintered
ceramic annealed at 1023 K for 240 h. We observed that
the growth of lamellae often occurred in various direc-
tions in the cubic perovskite grain. Such a situation is
obvious in the TEM bright field micrograph in Figure 9a,
which shows several micrometer-long lamellae arranged
in three different directions in the ceramic sample. The
matrix phase was characterized by the HRTEM micro-
graph in Figure 9b combined with the two-dimensional
fast Fourier transformation (FFT) from the correspond-
ing area (Figure 9c) to be a cubic perovskite grain, viewed
along the [0,1,1]cubic zone axis. Note that the lamellae grew
through the BSCF grain bulk and not along the grain
boundaries. The lamellae marked in Figure 9a with a
dashed line are also shown in Figure 9b under high resolu-
tion magnification. The FFT from the related area in
Figure 9d exhibited a reciprocal lattice of the Ba1-xSrx-
Co2-yFeyO5-δ structure viewed along the [1,1,0]hex orien-
tation. The segments of the lamella formed parallel to the
(100) cubic plane.The lamellamarked inFigure 9awith the
dotted line were located at an angle of approximately 25�.
Because the angle between the (100) and (311) cubic planes
amounted to 25.24�, the growth direction of the lamella
was indicated to be parallel to the (311) cubic plane. The
growth direction of the lamella marked with the dashed-
dotted line parallel to the (2,1,1) cubic direction was
determined analogously to the angle between the lamellae
of approximately 35� and the angle between the (100) and
(2,1,1) cubic directions of 35.26�. The formation of lamellae
along the (100), (211), and (311) cubic directions cannot be
explained by the shear of close-packed layers of the cubic
parent phase. A geometrical approach considering tilting
of the coordination polyhedrons does not provide a solu-
tion either. It appears that complex reconstructive trans-
formations influenced by the change of chemical compo-
sition occurred during the BSCF decomposition process.
Recently, Yi et al. attested high creep rates of BSCF at the

relevant temperatures. The creep was found to be con-
trolled by cation diffusion.11 Hence, the high cation mobi-
lity in the BSCF delivers a possible explanation for the
BSCF phase transition into compounds with unusual
compositions via complex pathways.
Due to the fact that the lamellae are cobalt enriched, the

presence of phases with low cobalt concentrations were
expected in the annealed BSCF samples. Indeed, cobalt-
depleted phases were detected by EDXS. Figure 10a
shows the STEMHAADFmicrograph that was acquired
from the detail of the sample area presented in Figure 9a
showing platelike phases adjacent to the lamellae. In the
elemental distribution by EDXS in Figure 10b, a strong
depletion of cobalt in the platelike phases is clearly
evident. Furthermore, the Cliff-Lorimer quantification
of the EDXS data indicated a slight accumulation of
strontiumof up to 60 atom%of the total value of cations,
as well as an absence of iron in these phases. According to
the EDXS results, the platelike phases are related to a
mixed barium strontium oxide with the stoichiometry
Ba0.4Sr0.6O. With help of EDX spectroscopy, a phase was
detected (marked by a rectangle in the STEM HAADF

Figure 9. (a) TEMbright-fieldmicrographof the annealedBSCFceramic
sample showing lamellae grown along different directions. (b) HRTEM
micrograph of the marked area in (a). (c, d) Two-dimensional fast Fourier
transformed related to the marked areas in (b).

Figure 10. (a) STEM annular dark-field micrograph showing platelike
phases adjacent to lamellae. Arrowmarks the lamella shown in Figure 11.
Rectangle marks the area of the Ba0.6Sr0.4CoO3-δ composition. (b) Cobalt
distribution by EDX spectroscopy using the Co KR1 line.
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micrograph in Figure 10a) that contained barium, stron-
tium, and cobalt in proportions similar to the hexagonal
perovskite Ba0.6Sr0.4CoO3-δ. Further, a lower amount of
cobalt in one lamella marked by an arrow in Figure 10a
compared to other lamellae was found by quantification
of the EDXS data. This lamella is shown in the HRTEM
micrograph in Figure 11. Obviously, the lamella con-
tained areaswith different structures. The areas “I” on the
edges of the lamella exhibited the 15R-related Ba1-xSrx-
Co2-yFeyO5-δ structure viewed along the [1,1,0]hex ori-
entation. The areas “II” in the middle of the lamella had a
cubic structure and are viewed along the [1,0,0]cubic zone
axis, different from the parent cubic phase oriented along
the [0,1,1]cubic zone axis. The presence of cubic phase in-
side the lamella explains its lower cobalt content and
emphasizes the complex transformation process of cubic
perovskite into the Ba1-xSrxCo2-yFeyO5-δ structure. It is
clearly seen that the diffusion of metal ions play a decisive
role in the decomposition process of BSCF. Hence, under
the present conditions, BSCF does not exhibit a rigid
cationic lattice in that only the oxygen is mobile. This ob-
servation supports the interpretation of high creep rates
in the intermediate temperature range by Yi et al.11

On the basis of the annealing times of the BSCF sam-
ples, we assume that the phases reached equilibrium at the
conditions under consideration. Figure 12 summarizes
the decomposition process of BSCF. The products of
BSCF phase transition, cobalt-enriched hexagonal perov-
skite Ba0.6Sr0.4CoO3-δ, 15R-related Ba1-xSrxCo2-y-
FeyO5-δ complex oxide, and barium, strontium mixed
oxide were detected in the TEM study. Because no phases
strongly enriched in strontium and iron were found in the
annealed BSCF samples, the remaining of strontium and
iron in the cubic perovskite may be proposed. Recently,
Y�ang et al. developed a phase map of a quasi-quaternary
Ba-Sr-Co-Feoxide systemat 1273K,whichwe adapted
in Figure 13.37 According to this phase map, the end
members of the quasi-quaternary system reject to form

the pure cubic phase. However, the cubic phase prevailed
after the mixing of Ba/Sr at the A-site and Co/Fe at the
B-site apart from barium- and cobalt-rich compositions.
Furthermore, the cubic perovskite can be considered as
more stable in the strontium- and iron-rich composition.
However, then, it might exhibit poorer transport proper-
ties as compared to the initial BSCF composition. Each of
the borderlines between the cubic phase field and multi-
phase compounds in Figure 13 is associated with a
miscibility gap, which occurs between phases of dissimi-
lar crystal structures according to the Hume-Rothery
rules.38 The results of the TEM study of BSCF decom-
position point out, that the multiphase compound’s area
to the right of BSCF expands in the direction of stron-
tium- and iron-rich composition in the intermediate tem-
perature range as marked by a dashed line in Figure 13;
i.e., the cubic phase field becomes narrowed as temperature
decreases from, e.g., 1273 to 1073 K or lower. At tempera-
tures below 1073 K, the parent BSCF phase is located in a
miscibility gap between cubic phase and multiphase com-
pounds, which is in good agreement with the report of
Mueller et al.16Looking again at theHume-Rothery rules,

Figure 11. HRTEM micrograph showing the presence of cubic phase
inside the lamella.

Figure 12. Schematic representation of the BSCF decomposition process.

Figure 13. Schematic phase diagram of the quasi-quaternary Ba-Sr-
Co-Fe oxide system. Adapted with permission from ref 37. Copyright
2009 International Union of Crystallography. The cubic phases are
marked with square symbols; triangle symbols relate to the multiphase
compounds. The borderlines each of which is associated with miscibility
gap are drawn tentatively as solid lines at 1273 K and as dashed lines at
temperatures below 1073 K.
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we may conclude that effective ionic radii influence the
location of the miscibility gap (i.e., the borderlines in
Figure 13). In this context, we emphasize that the multi-
phase formation is initialized by the coupled oxida-
tion and spin-state transition of cobalt cations dimi-
nishing their effective ionic radii, which are not tolerated
in the cubic perovskite structure. This view is supported
by the postulations given by �Svarcov�a et al. and Arnold
et al.13,15,17 In consequence, the cubic BSCF breaks down
into the above-mentioned phases involving diffusion of
the metal cations.

Conclusions

The current research attests the inherent phase instabil-
ity of BSCF during heating at intermediate temperatures.
We observed that cubic perovskite decomposed into
hexagonal perovskite Ba0.6Sr0.4CoO3-δ, lamellar-shaped
Ba1-xSrxCo2-yFeyO5-δ complex oxide, and Ba0.4Sr0.6O.
The structure of the previously unknown Ba1-xSrxCo2-y-
FeyO5-δ phase was found to be related to the structure of

the 15R hexagonal perovskite polymorph. The several
micrometer-long Ba1-xSrxCo2-yFeyO5-δ lamellae grew
along different directions through the parent cubic phase
and can be considered as barriers to oxygen transport due
to their shape, low crystal symmetry, and low amount
of mobile oxygen vacancies. A change in stoichiometry of
the cubic phase is another reason for the degradation of
the functional properties. The results of the TEM study
support the postulated reason for BSCF decomposition
at intermediate temperatures, which has been suggested
to be coupled to the valence and spin-state transitions of
cobalt ions.
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