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1. INTRODUCTION

Oxygen is the third-largest-volume chemical producedworldwide,1

and most of the industrial applications for oxygen require high-
purity oxygen. Oxygen-transporting membranes (OTMs) can
separate oxygen from air, which is a gas mixture containing ap-
proximately 78 vol %N2 and 21 vol %O2,

2 or from other oxygen-
containing gases. OTMs can theoretically produce oxygen at
purities of up to 100% and are believed to possess the potential to
reduce the cost of high-purity oxygen production compared to
the conventional cryogenic processes.3 Moreover, OTM reactors
have been developed for such potential applications as the partial
oxidation of hydrocarbons,4�8 the production of hydrogen by
thermal water splitting in combination with olefin and synthesis gas
production,9�11 and the decomposition of nitrogen oxides.12,13

High-purity oxygen can be obtained with the use of OTMs
when the oxygen partial pressure at one surface (feed side) is
higher than that at the opposite surface (permeate side). The
oxygen partial pressure difference can be achieved through
the elevation of the oxygen partial pressure on the feed side
by the compression of air to pressures higher than 1 bar, the
reduction of the oxygen pressure on the permeate side by a vac-
uum pump, a combination of both techniques, or the use of
steam as a condensable sweep gas on the permeate side.14 The
thermal activation of a membrane’s oxygen-transport properties

requires the OTM to operate at temperatures of approximately
700�950 �C. The authors of several studies on the high-purity
oxygen production have been reported using tubular membrane
geometries, instead of conventional flat disks, which are capillary
hollow-fiber15,16 or tube membranes17,18 that overcome the pro-
blem of high-temperature sealing by allowing the seal to be
placed in the cold zone.

In the past few decades, many OTMs with high oxygen per-
meabilities have been developed that are based on mixed ionic-
electronic conductors (MIEC) solid oxides, such as SrCo0.8Fe0.2-
O3�δ,

19 BaCo0.4Fe0.4Zr0.2O3�δ,
20 BaCo0.7Fe0.2Ta0.1O3�δ,

21

Ba0.5Sr0.5Fe0.9Al0.1O3�δ,
22 Ba0.5Sr0.5Fe0.8Cu0.2O3�δ,

23 and Ba0.5-
Sr0.5Co0.8Fe0.2O3�δ (denoted BSCF).24 Among these com-
pounds, BSCF, which assumes a cubic perovskite structure, has
been regarded as one of the most promising materials for oxygen
separation from air and for cathodes in solid-oxide fuel cells.25

Because of the high concentration of the mobile oxygen vacan-
cies in the perovskite lattice,26 BSCF exhibits a very high oxygen-
permeation flux over a wide temperature range.24 Zhu et al.18

have observed the stable oxygen permeation behavior of a BSCF
perovskite tube membrane under vacuum and elevated pressures
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Co0.8Fe0.2O3�δ (BSCF) dead-end tube membranes were investigated in
long-term oxygen production at 950 and 750 �C. At 950 �C, the BSCF tube
membranes exhibit good long-term phase stability and a stable oxygen
permeation flux. However, at the intermediate temperature of 750 �C, both
the oxygen permeation flux and the oxygen purity decrease continuously.
This behavior is related to the formation of two secondary phases that are a
hexagonal perovskite, Ba0.5(xSr0.5(xCoO3�δ, and a trigonal mixed oxide,
Ba1�xSrxCo2�yFeyO5, that evolved in the ceramic membrane made of cubic
BSCF perovskite during the dynamic flow of oxygen through it. Tensile stress
as a result of phase formation causes the development of cracks in the
membrane, which spoil the purity of the permeated oxygen. The partial
degradation of cubic BSCF perovskite in the intermediate temperature range
(750 �C)wasmore pronounced under the strongly oxidizing conditions on the oxygen supply (feed) side than on the oxygen release
(permeate) side of the membrane. The structural instability of BSCF is attributed to an unsuitable redox state of cobalt, that exhibits
an ionic radius that is too small to be tolerated by the cubic perovskite structure, which then becomes unstable. The phase stability of
cubic BSCF (i.e., the proper redox states of cobalt) can be maintained by operating the membrane in the high temperature regime
(950 �C).
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for high-purity oxygen production at 925 �C.However, Shao et al.24
and van Veen et al.27 have reported that stable oxygen permea-
tion is achieved only when the operating temperatures are higher
than 850 �C. During operation in the intermediate tempera-
ture (IT, i.e., approximately 500�850 �C) range, however, the
oxygen-permeation flux through the BSCF membrane has been
observed to decrease, which has been attributed in several
reports24,28�31 to a partial decomposition of the bulk cubic per-
ovskite phase. Shao et al.24 and Rebeilleau-Dassoneville et al.28

have observed reflections of noncubic phases in the X-ray dif-
fraction (XRD) patterns of BSCF after the samples were annealed
in the IT range. Based on the same experimental technique,
�Svarcov�a et al.30 have described the occurrence of hexagonal
perovskite (2H or 4H polymorphs) in addition to the cubic
phase. Arnold et al.29,32 have investigated the formation of cubic
BSCF in a sol�gel-based process by analyzing XRD powder
patterns that were obtained in situ in the IT range and from
quenched intermediate powders. They observed diffraction pat-
terns similar to those observed by �Svarcov�a et al.30 during partial
decomposition of BSCF in the same temperature range. They
also noted the reciprocity between the formation and decom-
position processes of BSCF. Using transmission electron micro-
scopy (TEM), Arnold et al.29 clearly showed that some phases,
that evolved in the IT range can be described as distorted poly-
types with different sequences of cubic and hexagonal close-
packed layers, that consist of oxygen and A-site cations (Ba or
Sr). These polytypes therefore constitute intergrown structures of
cubic and 2H hexagonal perovskite. Using TEM, Mueller et al.33

observed structural changes not only in the grain boundaries of
polycrystalline BSCF ceramic, but also in the BSCF grains them-
selves by the formation of extendedplatelets. Theymainly addressed
the grain boundaries and found barium and cobalt-enriched
2H hexagonal perovskite. Efimov et al.31 studied, by TEM, BSCF
powder and ceramic that had been exposed to IT. They found not
only barium- and cobalt-enriched hexagonal perovskite, which was
assigned an approximate stoichiometry of Ba0.6Sr0.4CoO3�δ, but
also barium-enriched and heavily cobalt-enriched trigonal 15R-
related Ba1�xSrxCo2�yFeyO5�δ. The first XRD diffractograms
taken by Shao et al.24 of a BSCFmembrane after it was dynamically
operated in an oxygen permeation flux for 400 h at 750 �C showed
significantly stronger reflection intensities from additional phases
on the feed (air) side as compared to the permeate (helium) side.
Microstructure investigations in the aforementioned studies, how-
ever, were made solely on BSCF powders or ceramic pellets after
they were annealed in a static (air) atmosphere.

In this report, we extend the work of Shao et al.24 and in-
vestigate the microstructure of a BSCF membrane, which devel-
oped during operation under a dynamic flow of oxygen in the IT
range, by scanning electron microscopy (SEM) analysis, TEM,
and XRD. We correlate the observed membrane microstructure,
which differs between the feed and permeate side, with the oxygen
permeation behavior (i.e., oxygen flux and oxygen purity). Dead-
end BSCF tube membranes were used for the high-purity oxygen
production using air or oxygen-enriched air as feed gases.

2. EXPERIMENTAL SECTION

Oxygen Production in Dead-End Membrane Reactor. The
Ba0.5Sr0.5Co0.8Fe0.2O3�δ (BSCF) tubes (400 mm long, 10 mm outer
diameter, 1 mm wall thickness) were purchased from Fraunhofer
Institute IKTS Dresden/Hermsdorf (Germany). One of the two ends
of the tube is closed by an approximately 1 mm thick disk of the same
BSCF material.34

Oxygen was produced in a dead-end membrane permeator as shown
in Figure 1. A stream of air, as a nitrogen/oxygen mixture, is supplied
from the left to the dead end of the tube and leaves the setup as oxygen-
depleted air. Oxygen permeates the MIEC tube walls via a flux of oxygen
anions, which is accompanied by counterflowing electrons. Permeated
oxygen leaves the setup to the right via the interior of the tube to the
right. In the experiment, parts of the tube membrane were coated by a
gold paste (Heraeus), except the 3 cm part near the dead end. The tube
segment was painted by the Au paste, which then was sintered at 950 �C
for 5 h. This procedure was applied 3-fold to obtain a dense gold film,
which the oxygen can not permeate. Inspection by light microscope of
the gold sealing after long-term permeation experiment revealed a still
hole- and crack-free dense layer. This is consistent with the good com-
patibility of gold sealant with perovskite membrane as reported by Tong
et al.35 for 2000 h long high-temperature experiments. The uncoated
part of our tube with an effective membrane area of 9.1 cm2 for the outer
membrane surface was placed in the middle of the oven, thus ensuring
isothermal conditions. Oxygen-enriched air with 50 vol. % O2 at an
elevated pressure of 5 bar was fed at a rate of 500 cm3(STP)min�1 to the
feed side. Flow rates were controlled by gas mass-flow controllers
(Bronkhorst). High-purity oxygen was produced at approximately 0.1
bar on the core/permeate side. This reduced pressure was achieved with
a vacuum pump (Pfeiffer vacuum MVP 015�4). The flow of the outlet
on the core/permeate side was mixed with neon (1.0 cm3 (STP)min�1,
99.995%) as an internal standardization gas, which allowed the deter-
mination of the absolute flux of the permeate gas by an online coupled
gas chromatograph (Agilent 7890A) that was equipped with a Carboxen
1000 column.

Figure 1. Permeator in dead-end geometry for the production of high-purity oxygen.
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The leaking of nitrogen and oxygen through pores or cracks is
assumed to be in accordance with the Knudsen diffusion mechanism.
Then, for the experiment with 50 vol % oxygen-enriched air at the feed
side, the fluxes of leaked nitrogen and oxygen are related by eq 1.

JLeakN2
: JLeakO2

¼
ffiffiffiffiffi
32
28

r
0:5
0:5

¼ 1:07 ð1Þ

The oxygen permeation flux JO2
(cm3 (STP) min�1 cm�2) can be

calculated by eq 2, in which the leakage of oxygen is subtracted by taking
into account the leakage of nitrogen.

JO2 ¼ CO2 �
CN2

1:07

� �
F
S

ð2Þ

Here, CO2
and CN2

are the oxygen and nitrogen concentrations esti-
mated from calibrated gas chromatograph. F is the total flow rate of the
outlet on the core/permeate side, and S is the effective surface for
permeation.
Tools for Microstructure Analysis. The XRD data were col-

lected in aθ/2θ geometry on a Bruker D8Advance instrument equipped
with a Cu Kα radiation at 40 kV and 40 mA. A receiving slit of 0.05 mm
was used and data were collected in step-scan mode in the 2θ range of
20� < 2θ < 80� at intervals of 0.02�. Scanning electron microscopy
(SEM) was performed with a JEOL JSM-6700F at a low excitation
voltage of 2 kV for imaging with secondary electrons and at 5 kV for
backscattered-electron channelling contrast imaging. Specimens for
the latter purpose were prepared using a Buehler VibroMet 2 vibratory
polisher. Transmission electron microscopy (TEM) was performed on
a JEOL JEM-2100F that was equipped with a Gatan Imaging Filter
(GIF 2001) and an Oxford Instruments INCA TEM 200 light-element
energy-dispersive X-ray (EDX) spectrometer. Scanning transmission
electron microscopy (STEM) imaging was performed on appropriate
bright- and dark-field detectors. TEM imaging, selected area electron
diffraction (SAED), and electron energy-loss spectroscopy (EELS) were
performed on the charge-coupled device (CCD) camera of the GIF.

3. RESULTS AND DISCUSSION

Permeation Behavior of Dead-End BSCF TubeMembrane.
The reliability of the dead-end BSCF tube membrane in the

production of oxygen was evaluated with a feed of 50 vol %
oxygen-enriched air at 5 bar and a reduced pressure of approxi-
mately 0.1 bar on the permeate side at 950 and 750 �C, as shown
in Figure 2. The oxygen-enriched air with different oxygen
contents can be produced by using either the organic polymeric

Figure 2. Long-term operation of oxygen production using a dead-end
BSCF tube membrane at 950 and 750 �C. Shell/feed side: 50 vol %
oxygen-enriched air at 5 bar with a flow rate of 500 cm3(STP) min�1.
Core/permeate side: O2 at approximately 0.1 bar. Inset B shows the
continuous decrease of the oxygen flux from the isothermal region A at
950 �C to the isothermal region C at 750 �C. For the associated XRD
results, see Figure 7; for SEM micrographs see Figure 8.

Figure 3. Backscattered-electron channelling contrast images of the
BSCF perovskite tube membrane cross-section after the long-term
permeation experiment shown in Figure 2 (100 h at 950 �C, 120 h at
750 �C): (a) Overview of shell/feed side showing an approximately
200 μm long crack running into the membrane from the left (shell/feed
side). The crack tip is marked by an arrow. (b) Area close to the shell/
feed side showing secondary phases criss-crossing BSCF grains. (c) Area
close to core/permeate side showing secondary phases in the grain
boundaries. Some phases are marked by arrows. Note that the closed
porosity of the ceramic membrane appears as black dots.
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hollow-fibermembranes36 or perovskite hollow-fibermembranes.15,37

At 950 �C, the oxygen-permeation flux and the oxygen purity
were found to be constant over a time period of 100 h. A high
oxygen purity of almost 100 vol % (gas chromatograph did
not detect any N2) and a stable oxygen permeation flux of
6.3 cm3cm�2min�1 were observed. The high oxygen purity in-
dicates that the gas leakage is negligible, even at a pressure
difference of approximately 6 bar, because of the perfect con-
nection between the BSCF tube and the BSCF disk that forms
the dead-end part of the membrane. Moreover, the dead-end
tube membrane’s geometry can solve the problem of high-tem-
perature sealing by allowing the use of silicon rings outside the
high-temperature zone. A stable performance of a dead-end
BSCF tube membrane with silver as sealant at 925 �C has also
been reported by Zhu et al.18

When the temperature was slowly decreased by 2 �Cmin�1

from 950 to 750 �C, the oxygen purity initially remains constant
at 100%, but the oxygen-permeation flux continuously decreases
from 6.6 to 2.8 cm3 (STP) cm�2 min�1 (inset in Figure 2). At
750 �C, the oxygen-permeation flux decreases continuously with
time from 2.8 cm3 (STP) cm�2 min�1 to 1.0 cm3cm�2min�1

after 120 h. This observation is in good agreement with the
findings of Shao et al.,24 van Veen at al.,27 and Efimov et al.31 At
750 �C, first the oxygen purity decreases slowly over 10 h. This
initial decrease of in the oxygen concentration may be due to a
low constant nitrogen flux that results from small sealing imperfec-
tions or membrane pin holes, which become increasingly signifi-
cant if the oxygen flux is decreased by a decrease in the
temperature. After approximately 10 h at 750 �C, a sudden
decrease in the oxygen purity is observed which is related to the
formation of small cracks in the membrane. The further growth of
the cracks causes a further decrease of the oxygen purity with time,
as shown in Figure 2. Cracks run radially from the perimeter (feed
side) into the tube membrane and can be observed in SEM
micrographs. After the permeation experiment shown in Figure 2
(100 h at 950 �C and 120 h at 750 �C) was completed, a cross-
section of the tube membrane was prepared by vibration polishing
to preserve the material’s crystallinity to the very surface of the
specimen so that backscattered-electron channelling contrast
imaging could be applied. Figure 3a shows an overview of the
shell/feed side with a crack approximately 200 μm in length. The
crack appears black in contrast, because no material is present in
the crack opening that could scatter the electrons to the detector.
The same holds true for closed porosity, which also is seen as black.
Microstructure Overview. At the higher magnification in

Figure 3b, orientation-dependent backscattered-electron channel-
ling contrast allows not only individual BSCF grains with sizes of
approximately 20�40 μm to be distinguished but also secondary
phases in the grain boundaries and, more significantly, those
running through the bulk grains. These secondary phases are pre-
dominantly observed in a region up to approximately 200 μm
below the shell/feed side, which constitutes the side with the
highest oxygen chemical potential in the permeation experiment.
Remember, cracks are observed in the same region. Obviously, the
formation of secondary phases leads to an accumulation of internal
stresses. At the core/permeate side, which is shown in Figure 3c,
the situation is different. Here, microstructure changes are essen-
tially restricted to the grain boundaries that are decorated by
platelike crystals. Almost no secondary phases run through the
BSCF grains.
Microstructure at the Core/Permeate Side.The situation at

the core/permeate side is shown in more detail in Figure 4a by

bright-field TEM. The distribution of secondary phases at the
boundary between BSCF grains 1 and 2 (A and B) is sketched in
the STEM micrograph of Figure 4b. Based on the elemental
distributions of Figures 4c to g, phase B is enriched in oxygen
and in cobalt but depleted in strontium, as compared to BSCF.
By quantification of the local EDX spectra, a 2:1 ratio of B-site to
A-site cations was observed. This ratio is consistent with a com
plex trigonal oxide of approximate composition Ba1�xSrxCo2�y-
FeyO5�δ, as reported by Efimov et al.31 The compositional
parameters of approximately x = 0.15 and y = 0.25, however, vary
locally. In theA regions, smaller crystallites with diameters less than
200 nm were formed. These crystallites decorate the interface
between the platelet of phaseB and grain 1, but are also observed to
the lower right. Their occurrence correlates with A regions that are
almost free of iron (see Figure 4g). The quantification results of
local EDX spectra show less than 1 at% iron. Enrichments of cobalt
(Figure 4f) and oxygen (Figure 4c) are observed. It is noteworthy
that barium and strontium content varies locally in the opposite
manner (compare Figures 4d and e). With reference to Efimov
et al.31 andMueller et al.,33 we postulate that hexagonal perovskites
Ba0.5(xSr0.5(xCoO3�δ (with x ≈ 0.1) were formed in region A.
Although a strontium-enriched hexagonal perovskite is not ex-
pected according to other investigators, Figures 4d, e, and g clearly
indicate that iron depleted regions correlate with different barium
and strontium contents.
The different phases in the grain-boundary region appear with

characteristic oxygen fine structures in the EEL spectra of
Figure 5a. The O�K fine structure from BSCF corresponds to
the room-temperature spectrum reported by Arnold et al.37 and
the one for the hexagonal perovskite (A) to the X-ray absorption
near-edge structure (XANES) observed by Harvey et al.39 Hex-
agonal perovskite is indicated by the absence of the Fe-L2,3 signal,
which can be seen only very weakly in Figure 5a. The oxygen fine
structure of Ba1�xSrxCo2�yFeyO5�δ (B) is published here for
the first time. Some interesting features are noted at the Co-L2,3
and Ba-M4,5 edges. The Ba-M5 white line appears constant at
788 eV for all phases and can be used as an internal standard (see
Arnold et al.38 and Efimov et al.31) to estimate shifts in the Co-L3
edge. For BSCF, differences between the maxima of Ba-M5 and
Co-L3 result in an estimate of 4.4 eV, which is smaller than the
value that can be read from the spectrum reported by Efimov
et al.31 This result suggests a stronger oxidation of cobalt in BSCF
in our experiment as a result of our use of high-pressure oxygen-
enriched air on the feed side of the membrane. The increased
oxidation of cobalt also explains why the shift of Co-L3 to the
right is only approximately 0.3 eV, compared to 0.7 eV in the
experiment by Efimov et al.31 More interesting is the observation
that the Co-L3 maximum for the hexagonal perovskite is shifted
by 1.0 eV to the right as compared to BSCF. This result indicates
that the oxidation state of cobalt is the highest in the hexagonal
phase, which leads us directly to the reason for the phase
decomposition of BSCF under the chosen operating conditions:
the decomposition is induced by an unsuitable valence and spin
state of cobalt, which is exposed to the strongly oxidizing con-
ditions in the IT range and is associated with a small ionic radius
that makes cobalt unstable in the cubic perovskite structure, as
reported by Arnold et al.29 and Efimov et al.31 The temperature-
dependent EELS experiment by Arnold et al.38 also suggests a 3+
valence and low-spin state of cobalt in BSCF in the IT range. Our
EELS observation (Figure 5b) of higher oxidation states of cobalt
in the grain-boundary phases, as compared to BSCF, correlates
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with the higher amount of oxygen observed in the EDXS
elemental distribution in Figure 4c.
Microstructure at the Shell/Feed Side. In agreement with

the SEM micrographs in Figure 3, the STEM bright-field micro-
graph of Figure 6a shows that, near the shell/feed side, micro-
structure changes are not restricted to the grain boundaries. In the
grain boundaries, the same phases are observed as those near the
core/permeate side. However, the hexagonal phase (A) is the
major component relative to the heavily cobalt-enriched trigonal
phase (B), which was observed to be wrapped by phase A. Both
phaseA and phase B form extended platelets and separate grains 3
and 4 in Figure 6a. However, they are also found running straight
through grain 4 almost parallel to the grain boundary. More
interesting, however, are the dense arrays of hexagonal perovskite
phase (A) that are seen in both grains, which differs from our
previous observations. The circle in grain 3 marks the area from
which the SAED pattern in Figure 6b was observed. The diffrac-
tion pattern shows common strong reflections from cubic BSCF
and hexagonal perovskite (A) and additional weak reflections that

are attributed only to hexagonal perovskite (A). The pattern was
indexed in the samemanner reported byMueller et al.,33 indicating
that the close-packed layers of the cubic and hexagonal perovskite
are arranged in parallel. Moreover, a comparison of Figures 6a and
b indicates that the hexagonal lamellae are grown along cubic
Æ110æc directions, which are denoted explicitly as [101]c and
[011]c here. The cubic Æ110æc directions coincide with the average
global directions of oxygenmigration in cubic perovskite.40 There-
fore, the hexagonal lamellae formed in our experiments correlate
with oxygen pathways in cubic BSCF. The hexagonal lamellae
intergrew coherently with the cubic BSCF grains as is evident from
in theHRTEMmicrograph in Figure 6c. The crystals are observed
in the projection along [111]c such that columns of equal amounts
of A-site and B-site cations are observed edge-on and appear as
bright spots. Columns of oxygen are located halfway between the
bright spots; however, they cannot be seen because of their weak
scattering. In any event, the brightness of the spots that represent
cationic columns varies locally, which suggests local compositional
variations.

Figure 4. TEM investigation near the core/permeate side showing a grain boundary region. (a) Bright-field TEM, (b) annular dark-field STEM with
grain-boundary phases labeled A and B. (c�g) EDXS elemental distributions (bright contrast correlates with high elemental concentration).

Figure 5. EEL spectra of BSCF and grain-boundary phases near the core/permeate side (see Figure 4b) showing (a) O�K, Fe-L2,3, Co-L2,3, and
Ba-M4,5 ionization edges; and (b) a close-up of the Co-L2,3 and Ba-M4,5 ionization edges.
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Discussion of BSCF’s Partial Decomposition. With the
findings concerning the local oxygen content and the cobalt
valence/spin state, as previously discussed in contextwith Figures 4
and 5 (core/permeate side), and 6 (shell/feed side), we can iden-
tify the appearance of the hexagonal perovskite arrays with mig-
ration channels of oxygen in cubic BSCFperovskite, which exhibits
the most strongly oxidizing local conditions. In addition, the
evolved microstructure strongly suggests that the ideal situation
of a rigid metal cationic framework has not been achieved, in that
only the anionic oxygen is mobile.41 Now, the cationic cobalt in
BSCF appears to migrate to regions of higher oxygen concentra-
tion (oxygen migration pathways). There, cobalt changes its
valence and spin state, and then the perovskite structure trans-
forms. To expand the findings of Arnold et al.29 and Efimov et al.,31

we identify an unsuitable valence and spin state of cobalt as the
main reason for the partial decomposition of BSCF while operat-
ing at 750 �C, as opposed to 950 �C. This view is supported by the
observation (see Figure 3) that the microstructure changes are
more severe at the oxygen-supply side (most strongly oxidizing
conditions) as compared to the permeate side. Moreover, ob-
servation that the partial decomposition is restricted to the grain
boundaries at the core/permeate side points out that the grain
boundary environment may be significantly different from the
grain volume. The preceding arguments lead then to the conclu-
sion that, at the core/permeate side, oxygen content in the grain
boundaries is higher than in the grain volume. Probably, here
oxygen is transported preferentially in the grain boundary regions.
More Aspects of Evolved Microstructure. The phases

identified by TEM analysis are also observed in the XRD patterns,
which were collected on scans of membrane surfaces. Figure 7
shows the XRD patterns of the BSCF membrane before and after
the aforementioned long-termoperation. The crystal structures on
both the feed and permeate sides of the starting BSCF membrane
are a pure cubic-perovskite phase (Figure 3a). After the long-term
operation, the cubic BSCF perovskite remains as the major phase.
However, a hexagonal perovskite Ba0.5(xSr0.5(xCoO3�δ (A) has
formed on the shell/feed side. Rebeilleau-Dassonneville et al.28

and Efimov et al.31 have observed the corresponding signals of

Ba0.5(xSr0.5(xCoO3�δ (A) inXRDpatterns and Efimov identified
the chemical composition of this phase by STEM-EDXS as Ba0.6-
Sr0.4CoO3�δ. Here, however, the barium and strontium contents
vary locally and the phase can be strontium-enriched (see
Figure 4d and e). On the shell/feed side, the content of trigonal
Ba1�xSrxCo2�yFeyO5�δ (B) is too small to be detected by XRD.
However, on the core/permeate side, in addition to besides Ba0.5(x

Sr0.5(xCoO3�δ (A), Ba1�xSrxCo2�yFeyO5�δ (B) is also clearly
seen as an additional phase. According to Efimov et al.,31 trigonal
Ba1�xSrxCo2�yFeyO5�δ (B) can be indexed in space group R3m
and is structurally related to BaCo10O17, which was reported by Sun
et al.42 Because of the structural similarity, Ba1�xSrxCo2�y-
FeyO5�δ (B) is assumed to give an XRD pattern similar to that
of BaCo10O17, even though only the structure of the latter phase
has been fully resolved thus far (ICSD collection code 240501).We
emphasize that the B-site (cobalt and iron) to A-site (barium and
strontium) ratio we observed in our analysis is too small to match a
stoichiometry of BaCo10O17. The main reflection of cubic BSCF
perovskite at approximately 32� seems to be broadened. The
additional intensities can be attributed to the aforementioned
additional phases of hexagonal and trigonal symmetry, which evolve
during the partial decomposition of the bulk cubic BSCF phase.
To sort our findings, lets have a look on Figure 8, which pre-

sents secondary-electron micrographs of the shell/feed side
surface, the cross-sectional area near the shell/feed side, and
the core/permeate-side surface of the BSCF membrane before
and after the oxygen-permeation experiment of Figure 2 (100 h
at 950 �C and 120 h at 750 �C). After the long-term oxygen-
permeation experiment in the IT range, secondary phases
protrude from the bulk grains at the surface of the shell/feed
side (see Figure 8d). In the corresponding broken cross-section
(Figure 8e), an approximately 1 μm thick grain-boundary phase
is clearly observed. According to the XRD results (see Figure 7b)
and the aforementioned TEM results (Figure 6), the secondary
phase is primarily the hexagonal perovskite Ba0.5(xSr0.5(x

CoO3�δ (A). At the core/permeate side (Figure 8f), decoration
of grain boundaries is clearly visible, the decorations are com-
posed of trigonal Ba1�xSrxCo2�yFeyO5�δ (B) and hexagonal
perovskite Ba0.5(xSr0.5(xCoO3�δ (A), as was analyzed in

Figure 6. TEM investigation near the shell/feed side showing a grain-
boundary region: (a) Bright-field STEM, (b) SAED pattern of encircled
area in a, and (c) HRTEM of hexagonal lamella in cubic BSCF along
[111]c. Lamella is located between the dashed lines.

Figure 7. XRD patterns of the BSCF tube membrane: (a) shell-side
surface (which is identical to the core-side surface) before permeation,
(b) shell/feed-side surface, and (c) core/permeation-side surface after
the long-term permeation experiment shown in Figure 2 (100 h at
950 �C, 120 h at 750 �C). For SEM micrographs, see Figure 8.
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context with Figure 4. In the vicinity of internal porosity,
hexagonal features (A) also appear inside the grains.

’CONCLUSIONS

The long-term phase stability and oxygen permeability of dead-
endBSCF tubemembranes (400mm long, 10mmouter diameter,
1 mm wall thickness) were studied under practice-relevant per-
meation conditions at 950 and 750 �C. A high oxygen purity of
almost 100 vol. % and a stable oxygen-permeation flux were
observed during the long-term operation for 100 h at 950 �C.
However at 750 �C, the oxygen-permeation flux continuously
decreases with time, and the BSCF tube membrane is structurally
unstable. The phase instability of BSCF is due to a partial
decomposition of the bulk cubic perovskite phase into a hexagonal
perovskite, Ba0.5(xSr0.5(xCoO3�δ, and a trigonal mixed oxide
Ba1�xSrxCo2�yFeyO5�δ. At the core/permeate side, the forma-
tion of secondary phases is predominantly restricted to the grain
boundaries. At the shell/feed side, which constitutes the region of
highest oxygen chemical potential during dynamic oxygen flux
through the BSCFmembranematerial, the formation of secondary
phases is most pronounced. Here, the secondary phase is mainly
the cobalt-enriched hexagonal perovskite, which is not only found
in grain boundaries, but also runs through the bulk grains, leading
to important internal stresses, that give rise to membrane cracking
at the oxygen-feed side. The stronger formation of secondary

phases at higher local oxygen chemical potentials during dynamic
oxygen flux suggests that the valence and spin state of the most
flexible redoxable cation (i.e., cobalt) is the key to an under-
standing of BSCF’s decomposition in the intermediate tempera-
ture range. The phase stability of BSCF (i.e., the proper redox
states of cobalt) can bemaintained by operating BSCFmembranes
in the high-temperature regime (950 �C).
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