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Dense oxygen permeable ceramic membranes are promising

materials for separating oxygen from air and for syngas pro-

duction. The crystal structure, oxygen vacancy, microstructure,
thermal expansion behavior, electrical conductivity, and oxygen

permeability of two mixed-conducting ceramics: 5 mol%

SrAl2O4-doped SrCo0.8Fe0.2O3−d (SCF-SA) and SrCo0.76
Fe0.19Al0.1Ox (SCFA), with the same overall cation composi-

tion, were systematically investigated in this work. The main

phases of SCFA and SCF-SA are cubic perovskite and no

orthorhombic brownmillerite appears from 700°C to 900°C in
air, while SCF-SA presents minor unidentified phases. SCF-SA

shows lower electrical conductivity than SCFA. SCFA mem-

branes exhibit lower oxygen permeation flux than SCF-SA. At

850°C, the oxygen permeation fluxes of SCFA and SCF-SA
are 1.23 and 1.46 mL/cm2/min, respectively, under the oxygen

partial pressure gradient of 0.21 3 105/1 3 102 Pa.

I. Introduction

THE Sr(Co, Fe)3�d-based perovskites have been the sub-
ject of intensive studies for many years because of a

variety of interesting fundamental aspects, such as charge
disproportionation, oxygen nonstoichiometry, and high elec-
tronic and ionic conductivity at moderate temperatures.
These unique features make them appealing for prospective
applications in oxygen separation membranes, catalytic mem-
brane reactors, and solid oxide fuel cells.1–3 To meet the
requirements of these practical applications, the perovskite
materials must possess suitable oxygen permeability and suf-
ficient stabilities, such as the chemical and thermal stabilities
at elevated temperatures and in low oxygen partial pressure.

SrCo0.8Fe0.2O3�d (SCF), one of the typical Sr(Co, Fe)3�d-
based perovskite oxides, exhibits very high oxygen
permeation flux.4 Unfortunately, the chemical and structural
stability of SCF in low oxygen partial pressure is very lim-
ited. It is reported that SCF undergoes the phase transition
from oxygen-deficient perovskite to vacancy ordered ortho-
rhombic brownmillerite when the temperature cools down
below 790°C and the oxygen partial pressure is below or
close to 10 Pa.5,6 The crystal structure transition results in
the oxygen vacancies order–disorder phenomena and influ-
ences the thermal and chemical expansion, anion and elec-
tron transport, and oxygen flux.

To date, several ways have been proposed to improve the
structural stability of SCF, such as substituting A and/ or B
site cations with more stable metal ions and introducing

certain amounts of second phase oxides into the perovskite-
type oxides.7–10 In our previous work, we found that intro-
ducing small amounts of the second phase SrAl2O4 into SCF
could stabilize the crystal structure and the 5 wt% SrAl2O4-
doped SCF membrane was successfully operated in the par-
tial oxidation of methane (POM) reaction for more than
1200 h without cracking.11 It was found that SrAl2O4 and
SCF systems can form solid solutions completely when the
doping amount of SrAl2O4 was low (<9 wt%). Therefore,
based on 5 wt% SrAl2O4-doped SCF, we think we can sub-
stitute B site cations with Al to produce a new material by
mixing stoichiometric metal ions directly during the prepara-
tion process. Compared with the introduction of the second
phase to SCF, the mixing of metal ions at an atom level may
induce a different performance of this system.

In this work, therefore, the performance of two mixed-
conducting oxides: 5 mol% SrAl2O4-doped SrCo0.8Fe0.2O3�d

(SCF-SA) and SrCo0.76Fe0.19Al0.1Ox (SCFA), with the same
composition, were investigated in detail. The main purpose
of this work is to provide a facile route to optimize the
performance of existing mixed-conducting materials.

II. Experimental Procedure

(1) Sample Preparation
SCF, SrAl2O4, and SCFA, were prepared by the citric–EDTA
complexing sol–gel method.11 Analytical grade Sr2+, Co2+,
Fe3+, and Al3+ nitrates were used as the starting materials.
Stoichiometric amounts of nitrates were mixed into a certain
amount of deionized water under continuous agitation. The
necessary amount of EDTA dissolved in NH3�H2O, was then
dropped to the mixed metal nitrate solution, followed by the
addition of solid citric acid with stirring (mole ratio of total
metal ions to EDTA and to citrate = 1: 1: 2). NH3�H2O was
added to adjust the pH value to 6–7 to obtain a clear solution.
The solution containing the complex precursor was then
heated at 250°C for about 5 h with a combustion reaction and
formed a gel. The gel underwent a dehydration and decompo-
sition process, which led to a foam formation. Finally, the
products were calcined in air at 950°C for 5 h.

SCF-SA was prepared by mixing 5 mol% of SrAl2O4 with
SCF powders (ball-milled in ethanol for 24 h) and calcined
in air at 950°C for 5 h.

The powders were uniaxially pressed at 400 MPa to pre-
pare the green disk membranes with the diameter of 16 mm.
The membranes were then sintered in a furnace at 1200°C
for 5 h to form the densified bodies. The sintered membranes
were polished to 1.0 mm in thickness before use in the oxy-
gen permeation measurements and POM experiments.

(2) Characterization
X-ray diffraction (XRD) patterns were recorded using an
ARL X’TRA diffractometer at room temperature and a

T. Gur—contributing editor

Manuscript No. 31718. Received July 9, 2012; approved January 28, 2013.
†Author to whom correspondence should be addressed. e-mail:wqjin@njut.edu.cn

1285

J. Am. Ceram. Soc., 96 [4] 1285–1291 (2013)

DOI: 10.1111/jace.12248

© 2013 The American Ceramic Society

Journal



Rigaku D/max-2500/PC (Rigaku, Tokyo, Japan) diffrac-
tometer in air from 700°C–900°C with a heating rate of 20°C/
min with CuKa radiation. For in situ XRD, the sample was
stabilized by leaving it for 20 min at the target temperature
before each analysis. Rietveld analysis of the diffraction data
was performed using GSAS suite with EXPGUI frontend.
The Rietveld refinements were carried out on XRD patterns
of SCFA and SCF-SA according to ICSD 79022 (SrCo0.81-
Fe0.19O2.78, space group Pm-3m) and ICSD 153164 (SrAl2O4,
space group P63).12 The morphologies of sintered mem-
branes were examined by scanning electron microscopy
(SEM) (model Quanta-2000; FEI, Eindhoven, Holland). The
electrical conductivity of sintered specimens were measured
by a four-probe DC instrument (model 2440 5A; Keithley,
Cleveland, OH) in different atmospheres from 600°C to
900°C with a heating rate of 5°C/min, where the Ag paste
and Ag wires were used to connect the sample and instru-
ment. The sample was stabilized by leaving it for 30 min at
the target temperature before each analysis. The thermal
expansion behaviors of sintered specimens were measured
using the dilatometer apparatus (model DIL 402C; Netzsch,
Bavaria, Germany) in air from room temperature to 900°C
with a heating rate of 5°C/min. Thermal gravimetric (TG)–
differential scanning calorimetry (DSC) curves were simulta-
neously obtained in a TG apparatus (model STA 449C; Net-
zsch). Analyses were carried out under N2 at a flow rate of
30 mL/min from room temperature to 900°C with a heating
rate of 10°C/min. Oxygen temperature-programmed desorp-
tion (O2-TPD) experiments were carried out on a conven-
tional apparatus equipped with a mass spectrometer (LCD-
200; AMETEK, Berwyn , PA) to investigate the oxygen
desorption properties. The samples of approximately 0.15 g
were first treated at 800°C for 1 h in O2 and cooled to room
temperature in the same atmosphere, then swept with Ar at a
rate of 30 mL/min until the baseline on the recorder
remained unchanged. Finally, the samples were heated to
900°C at a rate of 10°C/min in Ar to record the spectra.

(3) Membrane Reactor Setup
The oxygen permeation and the partial oxidation of methane
(POM) experiments were performed on a high-temperature
apparatus, which was described in our previous work.13 The
membrane module used for POM is illustrated in Fig. 1. The
disk membranes were polished to the same thickness of
about 1.0 mm and sealed between two gold rings with the

edge of the disk was surrounded with ceramic sealant. The
effective area of the membrane for oxygen permeation was
about 0.283 cm2. Ni/Al2O3 was used as a catalyst for the
POM reaction. Before starting the measurement, the assem-
bly was heated from room temperature to 1040°C at a rate
of 2°C/min and held for 4 h to ensure the softening of the
gold rings. Air was introduced to one side of the membrane
at a flow rate of 100 mL/min, while He or methane was
introduced to another side (for oxygen permeation, He was
introduced at a flow rate of 30 mL/min; for the POM, the
total flow of He and methane was 20 mL/min) .The inlet gas
flow rates were controlled by a mass flow controller (Models
D07/ZM; Beijing Jianzhong Machine Factory, Beijing
China). A programmable temperature controller (Model AI-
708PA, Xiamen Yudian Automation Technology Co.,Ltd.,
Xiamen, China) was utilized to monitor the temperature
around the membrane. The effluent streams were analyzed by
two on-line gas chromatographs (model GC-8A; Shimadzu,
Kyoto, Japan) equipped with a 5 A molecule sieve column
and a TDX-01 column.

For oxygen permeation, methane was added as an internal
standard gas to calculate the oxygen flux. For POM, CH4

conversion and CO selectivity were calculated by:

XCH4
¼ FCH4;inlet � FCH4 ;outlet

FCH4;inlet
(1)

SCO ¼ FCO

FCH4 ;inlet � FCH4 ;outlet
(2)

where XCH4
is the conversion of CH4, SCO is the selectivity

of CO, Fi is the flow rate of species i, in mL/min. The oxygen
flux was calculated by the mass balance on the basis of the
components of CO, H2, CH4, CO2, O2, and H2O in exit
stream:

FO2;inlet ¼ FO2 ;outlet þ
1

2
FCO þ FCO2

þ 1

2
FH2O (3)

where FH2O can be calculated based on the hydrogen balance
as follows:

FCH4 ;inlet ¼ FCH4;outlet þ
1

2
FH2

þ 1

2
FH2O ð4Þ

Substitution of Eq. (3) into Eq. (4) yields

FO2 ;inlet ¼ FO2 ;outlet þ
1

2
FCO þ FCO2

þ FCH4;inlet � FCH4 ;outlet

� 1

2
FH2

ð5Þ
III. Results and Discussion

(1) Crystal Structure Analysis
Figures 2 and 3 show the in situ XRD patterns of SCFA and
SCF-SA from 30°C to 900°C in air. The main phase is a
cubic perovskite structure denoted by C. A hexagonal
SrAl2O4 denoted by H exists above 700°C for SCFA and
above 800°C for SCF-SA. The cubic perovskite structure is
stable in the whole temperature range without the ortho-
rhombic brownmillerite. For SCF-SA, minor impurity phases
denoted by asterisks exist in the temperature range from
700°C to 900°C.

Figure 4(b) shows the XRD patterns of SCF, SCFA, and
SCF-SA at room temperature and the diffraction peak of
doped SCF shift to lower angle, indicating the expansion of
crystal lattices. Tan et al.14 proposed that the maximum ionic
radius that can enter the SCF unit cell without changing its
geometric structure is 0.492 �A, which is smaller than theFig. 1. Disk-shaped membrane module used for POM reactions.
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ionic radius of Al3+ (r(Al3+) = 0.535 �A)15; thus perovskite
lattice parameter has been expanded with more Al3+

incorporation. A similar result was observed by Wu
et al.10At the same time, the A-site vacancy has a relation-
ship with the diffusion of Al3+ into the perovskite lattice,9,16

which also leads to the expansion of crystal lattice. Fig-
ure 4(a) shows the fitting plots of SCFA and SCF-SA at
30°C. The lattice parameter of SCFA [a = 3.8625(4) �A] is lar-
ger than SCF-SA [a = 3.8610(9) �A]. For SCFA, the precipi-
tation of SrAl2O4 resulted from the saturation of Al3+ in
SCF lattice.

(2) Oxygen Loss
Figure 5 shows the TG-DSC curves of SCF as a function of
temperature from 200°C to 900°C in nitrogen. There is an
abrupt weight loss (~1.18%) between 400°C and 530°C and a
plateau-like behavior between 530°C and 780°C which is
associated with brownmillerate formation.9 Also from the
DSC curve of SCF, there is an endothermic peak between
750°C and 780°C which is associated with the brownmille-
rite?perovskite transition. Above 780°C, there is continues
oxygen loss (~0.25%) to 900°C.

Figure 6(a) shows the TG-DSC curves of SCFA and SCF-
SA as a function of temperature from 200°C to 900°C in
nitrogen. The weight loss continued in the whole temperature
range investigated. At 900°C, the weight loss was 1.74% for
SCFA and 1.77% for SCF-SA, respectively. Both show less
weight loss than SCF, which means the less oxygen loss. This
result may attribute to the Al3+ diffusion into SCF lattice.
Due to higher Al–O bond energy (511 kJ/mol) than Co–O
(384.5 kJ/mol) and Fe–O (390.4 kJ/mol),17 the Al incorpora-
tion in B site improves the average bond energy of B–O for
SCFA and SCF-SA. There are no obvious endothermic/ exo-
thermic peaks on the DSC curve of both SCFA and SCF-SA
in the whole temperature range. Figure 6(b) shows the XRD

(a) (b)

Fig. 2. XRD patterns of (a) SCFA at 30°C–900°C in air, (b) zoom
of reflex at 2h = 20°–30° (C, cubic phase; H, hexagonal SrAl2O4

phase).

(a) (b)

Fig. 3. XRD patterns of (a) SCF-SA at 30°C–900°C in air, (b)
zoom of reflex at 2h = 20°–30° (C, cubic phase; H, hexagonal
SrAl2O4 phase; *, unidentified phase).

(a) (b)

Fig. 4. XRD patterns of (a) SCFA and SCF-SA at 30°C, observed
(black, 9), calculated (red solid line) and difference (blue solid line)
and (b) SCF, SCFA, and SCF-SA at room temperature.

Fig. 5. TG-DSC curves of SCF as a function of temperature from
200°C to 900°C in nitrogen.

(a) (b)

Fig. 6. (a) TG-DSC curves of SCFA and SCF-SA as a function of
temperature from 200°C to 900°C in nitrogen, (b) XRD patterns of
SCFA and SCF-SA after TG-DSC in nitrogen.
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patterns of SCFA and SCF-SA after the TG-DSC test in
nitrogen. The perovskite is the main phase and other minor
impurity phases can be clearly observed in both SCFA and
SCF-SA samples. One of these impurity phases is from Co–
O as marked in Fig. 5(b).

TG-DSC curves give the total weight loss. For a better
understanding of the oxygen releasing behavior, O2-TPD
experiments were conducted on SCF, SCFA, and SCF-SA
samples, with results shown in Fig. 7. The O2 desorbed from
perovskite oxides at 400°C < T < 700°C referred to the a-O2,
resulting from the oxygen species bound to the surface anion
vacancies.18 The O2 desorbed at T > 750°C referred to b-O2,
resulting from the oxygen species liberated from the lattice.18

Compared with SCF, a broad plateau-like a-O2 desorption
peak at 600°C–750°C was observed for SCFA and SCF-SA.
This is in accordance with the TG results. As for SCF-SA,
more b-O2 desorption can be found than SCFA, which
means the more oxygen vacancies in bulk.

(3) Morphology of the Membrane
Figure 8 shows the surface microstructure of SCF, SCFA,
and SCF-SA membranes. It can be observed that the surface
of all the membranes is dense and crack-free. The average
grain size is ~40 lm for SCF, ~25 lm for SCF-SA, ~10 lm
for SCFA, respectively. These results suggest that the intro-
duction of Al3+ into SCF lattice could suppress the grain
growth during sintering. Similar results are also reported by
Dong et al.11

(4) Thermal Expansion Behaviors
Figure 9 shows the total thermal expansion behaviors of SCF,
SCFA, and SCF-SA in temperature range 200°C < T < 900°C
in air. All dilatometric curves show an increase with increasing
temperature and exhibit sudden increase above 550°C. Ther-
mal expansion in the oxygen-deficient perovskites can be
attributed to two mechanisms. The first is the atomic vibra-

tions of the lattice, which is almost linear on heating. The
second is chemical expansion due to oxygen loss and the
decrease in the valence states for the transition-metal cations
with increasing temperature and decreasing oxygen partial
pressure. The obvious nonlinear expansion behavior is mainly
caused by the oxygen loss accompanied by the reduction in
Fe4+ and Co4+ to lower valence states to maintain the electri-
cal neutrality.19,20 Because the ionic radii of lower valence
states are larger than higher valence state counterparts, the
lattice parameters will increase and then unit cell volume will
expand, which causes the obvious increase in thermal expan-
sion.

Table I shows the average thermal expansion coefficients
(TECs) of SCF, SCFA, and SCF-SA in the various tempera-
ture ranges. In all temperature ranges, the TEC values of
doped SCF are lower than that of SCF. The differences in
the average TEC values are not obvious between SCFA and
SCF-SA. It concluded that Al3+ exists in the perovskite
phase for SCFA and SCF-SA inhibits the oxygen nonstoichi-
ometry variation and the relative chemical expansion.

(5) Electrical Conductivity Analysis
Figure 10 shows the variation in the total electrical conduc-
tivities of SCF, SCFA, and SCF-SA in the temperature range
600°C < T < 900°C in air. The electrical conductivities of all
samples decrease with increasing temperature, which demon-
strates a metal-like conductivity behavior. The electronic con-
ductivity of perovskite-type oxide is based on the small
polaron mechanism called the Zerner double exchange21 and
the transport of mobile charge carries between two neighbor-
ing B cations via the overlapping of the oxygen 2p orbital,22

Bnþ �O2� � Bðn�1Þþ ! Bðn�1ÞþO� � Bðn�1Þþ

! Bðn�1Þþ �O2� � Bnþ

The existence of higher valence cations at the B site and
lattice oxygen in bulk phase is favored for the transfer of the

Fig. 7. TPD of O2 profiles of SCF, SCFA, and SCF-SA as a
function of temperature from 200°C to 900°C.

(a) (b) (c)

Fig. 8. SEM images of the membrane surface: (a) SCF, (b) SCFA, and (c) SCF-SA. The membranes were sintered at 1200°C for 5 h.

Fig. 9. The total thermal expansion behaviors of SCF, SCFA, and
SCF-SA in temperature range 200 °C < T < 900 °C in air.
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electron hole. As temperature increases, oxygen vacancies
increase accompanied by the decrease of the electronic charge
carriers concentration for p-type conductor, the decrease of
lattice oxygen in bulk phase, and the higher valence states of
B ionic to lower valence states. These factors result in the
drop of the electrical conductivity of all samples as the tem-
perature increased in air.

The electrical conductivities decrease in the order of
SCF > SCFA�SCF-SA. There are many factors that affect
the carrier conduction, such as the amount of transition-
metal cations at the B site, oxygen vacancy concentration,
the B–O bond length, the existence of other phases and so
on. Compared with SCF, SCFA, and SCF-SA have stable
valence Al3+ in perovskite lattice, longer B–O bond length
due to its larger lattice parameter and a lower concentration
of oxygen vacancies. So, they display smaller electrical con-
ductivities.

Figure 11 shows the total electrical conductivities of all
samples at 600°C < T < 900°C in He. All samples were
heated to 900°C for about 0.5 h before testing. For SCF,
there is an abrupt change at 750°C which can be attributed
to the perovskite?brownmillerite transition.9 This result is in
accordance with TG-DSC data of SCF. When T > 750°C,

SCF shows a cubic perovskite phase and the electrical con-
ductivity increases as the temperature decreases. When
T < 750°C, SCF shows an orthorhombic brownmillerite
phase and the oxygen content of the brownmillerite phase
remains constant at 3�d � 2.5 in He. The electrical conduc-
tivity decreases as the temperature decreases which indicates
the charge carrier transport mechanism for the brownmille-
rite phase is thermally activated.

For SCFA and SCF-SA, there is a plateau-like behavior
below 770°C. That may be caused by the Al3+ diffusion into
perovskite lattice, which restrains the phase transition from
partially ordered perovskite into brownmillerite.

(6) Oxygen Permeability of the Membranes
The temperature dependence of oxygen fluxes through
SCF, SCFA, and SCF-SA membranes are shown in
Fig. 12. It can be found that the oxygen flux decreases
when the Al3+ doped into SCF. The decrease in oxygen
permeation flux of SCF below 775°C is associated with the
partial transformation of the perovskite component into
brownmillerite, which is in accordance with the conductiv-
ity in He and the DSC curve. The oxygen flux of SCF-SA
is larger than that of SCFA. At 850°C, the oxygen perme-
ation flux of SCFA is 1.23 mL/cm2/min, while SCF-SA is
1.46 mL/cm2/min. This trend is consistent with the result
from the O2-TPD. The oxygen flux through a perovskite
membrane is essentially controlled by two factors, one is
the rate of oxygen diffusion in the bulk of membrane, and
another is the surface exchange. The more a-O2 and b-O2

in SCF-SA results in the improved surface reaction and
bulk diffusion rates.

(7) Membrane Reactor
Figure 13 shows the influence of methane concentration on
the performance of SCFA for POM at 850°C. The oxygen
flux increases when the methane concentration increases
while methane conversion decreases. CO selectivity is inde-
pendent of methane concentration with about an average of
98%. When the methane concentration increases to 30% at
the fixed methane flow rate of 6 mL/min, there is an obvious
increase in oxygen flux up to 3.9 mL/cm2/min at a medium
methane conversion of 60%. The increase in oxygen flux can
be attributed to the increase of the driving force for oxygen
permeation as the methane concentration increases.

Figure 14 shows the temperature dependence of methane
conversion, CO selectivity, and oxygen permeation flux when
the methane flow is 6 mL/min. The oxygen flux and methane
conversion increase with increasing temperature while the CO

Table I. Average Thermal Expansion Coefficients of SCF,
SCFA, and SCF-SA Membrane in Air

Samples

a 9 106 (°C�1)

200°C–500°C 500°C–700°C 700°C–900°C

SCF 20.38 (5) 30.53 (5) 29.55 (4)
SCFA 16.49 (2) 27.45 (0) 27.79 (6)
SCF-SA 15.07 (7) 27.45 (2) 26.51 (2)

Fig. 10. The total electrical conductivities of SCF, SCFA, and
SCF-SA in temperature range 600°C < T < 900°C in air.

Fig. 11. The total electrical conductivities of SCF, SCFA, and
SCF-SA in temperature range 600°C < T < 900°C in He.

Fig. 12. Temperature dependence of oxygen fluxes through SCF,
SCFA, and SCF-SA membranes. Membrane thickness = 1.0 mm, the
air flow on the feed side was 100 mL/min. He was introduced to the
oxygen permeate side at a flow rate of 30 mL/min.
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selectivity slowly decreases but is still > 93%. POM was also
performed in a (SrFe)0.7(SrAl2)0.3Oz membrane reactor and
found poor CO selectivity of 7.6%–13.9%,23 where
(SrFe)0.7(SrAl2)0.3Oz was used both as a membrane reactor
and catalyst. Kniep et al. also reported different POM perfor-
mance in a SrCoFeOx membrane reactor with different
catalysts24 and found the larger effluence of catalytic activity
on CO selectivity, methane conversion, and oxygen flux. For
the POM reaction in this work, the methane was in excess
and the residual methane reacted with H2O and CO2 produced
from the complete oxidation of methane to form H2 and CO
(CH4 þH2O ! COþ 3H2;DH850�C ¼ 225:63 KJ/mol, CH4þ
CO2 ! 2COþ 2H2;DH850�C ¼ 255:35 KJ/mol). Secondly, the
incorporation of the Ni/Al2O3 catalyst was favored for CO
formation. Wu et al. also reported that the CO selectivity was
achieved up to 100% at 850°C for Al2O3-doped SCF.10 The
increase in oxygen flux with increasing the temperature is
caused by two factors: one is the increase in oxygen diffusion
and the surface exchange kinetics25 and the other is the
increase of methane conversion due to the increase in the cata-
lytic activities.24 There is an obvious increase in oxygen flux
and methane conversion between 750°C–800°C and between
850°C–900°C for POM, while for the oxygen permeation of
SCFA, there is no obvious increase in oxygen flux in such a
temperature range. Therefore, the increase in the oxygen flux
was mainly caused by the second reason.

The microstructure and phase compositions of the SCFA
membrane facing the CH4 side after reaction were character-
ized by SEM and XRD and the results are shown in Figs. 15
and 16, respectively. As can be observed from the SEM

image (Fig. 15), the membrane surface was eroded to a por-
ous structure where the original major perovskite phase
could not survive after POM reaction. The newly formed
phase is metal carbonates sourced from the reaction between
the metal oxides and CO2.

Our previous work11 showed that the perovskite main
phase of SCF-SA still exists after 1200 h POM reaction,
although the intensity of perovskite phase was significantly
reduced. It is concluded that SCF-SA shows better perfor-
mance than SCFA not only in oxygen permeability but also
in structural stability for the POM reaction.

IV. Conclusions

Two mixed-conducting oxides: SCFA and SCF-SA with the
same apparent composition were prepared. It was found that
the main phases of SCFA and SCF-SA were cubic perovskite
and SrAl2O, while SCF-SA presented some minor unidenti-
fied phases. SCFA has a larger lattice parameter than SCF-
SA. SCF-SA shows more weight loss, more b-O2 existence
than SCFA, which leads to a higher oxygen flux. Compared
with SCFA, SCF-SA displayed a lower electrical conductiv-
ity, but possessed a better structural stability for the POM
reaction.
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Fig. 13. Influence of methane concentration on the CH4

conversion, CO selectivity, and the oxygen permeation flux of the
SCFA at 850°C. Membrane thickness = 1.0 mm, the air flow on
the feed side was 100 mL/min. He and CH4 were introduced to the
oxygen permeate side at a total flow rate of 20 mL/min.

Fig. 14. Temperature dependence of CH4 conversion, CO
selectivity, and the oxygen permeation flux of the SCFA at 30%
methane diluted in helium: 20 mL/min. Membrane thickness =
1.0 mm, the air flow on the feed side was 100 mL/min.

Fig. 15. SEM image of the surface of SCFA membrane exposed to
CH4 after POM reaction.

Fig. 16. XRD patterns of the surface of SCFA membrane after
POM reaction.
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