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Abstract—The effect of minor surface modification on the performance of Ba, ;Sr,;Co,sFe,;,0; s membrane was evalu-
ated in the temperature region from 700 to 850 °C. Oxygen permeation experiments were conducted according to mem-
brane thickness (1.0 mm and 1.6 mm) and oxygen partial pressure (0.21, 0.42, and 0.63 atm) in the absence and in the
presence of carbon dioxide (300 and 500 ppm). The oxygen permeation flux of Ba,;Sr,Co,Fe,,O; s membrane in-
creased with increasing temperature and decreasing membrane thickness. The oxygen permeation flux through the mem-
brane of 1.0 mm thickness with Ba, ;Sr, Co,:Fe,,0; s-modified surface was ca. 1.23 ml/cm* min at 850 °C under air
feeding condition. It was found that the Ba,;Sr,;Co,sFe,,0; ;-modified Ba,;Sr,sCo,sFe,,0; s membrane has better
oxygen permeation flux than the pristine Ba,sSr,sCo,sFe,,O; s membrane. In summary, it has been demonstrated that
the surface morphology is an important factor in determining the oxygen permeation fluxes through Ba, ;Sr,:Co,sFe;,0; s

membrane under mixed-control conditions.
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INTRODUCTION

Mixed ionic-electronic conducting (MIEC) ceramic-based oxides
are an exciting class of materials with many potential applications
[1,2]. Ba,sSr,;CoysFey,0, 5 (BSCF) is an important MIEC mate-
rial of modern technology which has been widely used in different
areas of research, for example, in novel alkaline earth metal based
perovskite-type membrane for efficient oxygen separation and energy
appliances that generate electricity and heat from various fuels [3-8].

It is well known that the oxygen permeation flux properties of
the BSCF perovskite-type oxides could be modified by 1) tuning
the composition of the MIEC material [8,9], 2) improving the sur-
face exchange kinetics on the membrane surface through a surface
modification when the oxygen permeation is limited by oxygen sur-
face-exchange kinetics [10] and 3) reducing membrane thickness
when the oxygen permeation is mostly limited by bulk diffusion
across the BSCF membrane [11]. The oxygen permeation flux can
be increased by reducing the thickness (L) of the MIEC membrane
but in the case that L is smaller than the critical thickness (L), the
oxygen permeability is controlled mainly by the oxygen surface
exchange and this reaction becomes the rate determining step of
the overall oxygen permeation process [12]. On the other hand, ac-
cording to the Wagner equation, if the oxygen transfer is limited by
its bulk diffusion (L>L,), the oxygen permeation flux is inversely
proportional to the thickness of the MIEC membrane. For the same
microstructure, this regime is valid if one assumes that bulk prop-
erties of MIEC materials dominate the overall transport of oxygen
through the MIEC membrane. As a result, for MIEC membrane
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with a thickness L>L, the oxygen permeation process is bulk diffu-
sion limited with a marginal contribution of surface gas-exchange
processes. In this connection, it has been noted by Bouwmeester et
al. that the L. values increase with increasing temperature [12] where,
at the same time, the different values of L, can vary depending on
the composition, morphology and microstructure [13-16].

At the risk of oversimplification, Fig. 1(a)~(c) shows a schematic
representation about the effect of a membrane thickness on oxygen
permeation mechanism; bulk diffusion limitation (Fig. 1(a)), sur-
face-limited kinetics control (Fig. 1(c)) and mixed control region
(Fig. 1(b)). As expected, for an intermediate thickness regime (L=
L.), oxygen permeation flux is controlled by both elementary bulk
diffusion and surface exchange kinetics. With decreasing BSCF
membrane thickness, contribution of bulk diffusion resistance de-
creases, while contributions of surface reaction resistances increase.
Recently, it was found that the surface reaction resistance of the per-
meate side is 2-6 times larger than feed-side resistance and the re-
sistance contribution of bulk diffusion for overall resistance is more
than 98% with a membrane thickness of 4-5 mm [17].

There is, in addition, a small discrepancy but not negligible in
the different experimental results reported in the literature for the
thickness values of L.. Muydinov et al. [11] and Hong et al. [18]
concluded that the oxygen permeability is controlled mainly by the
oxygen diffusion in the bulk when the thickness is larger than 1.0-
1.1 and 0.55 mm thick in the BSCF and BSCF-coated BSCF mem-
branes, respectively. Yu et al. suggested that the oxygen permeabil-
ity is limited by the diffusion oxygen ions in the thick BSCF and
thus, in going to BSCF membrane below 1.0 mm thickness, oxy-
gen transfer is limited by a process other than diffusion across the
BSCF membrane [11]. Additionally, theoretical investigation indi-
cated that bulk diffusion and surface oxygen exchange reactions
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jointly controlled the overall oxygen permeation flux kinetics with
a BSCF membrane thickness between 0.75 and 1.1 mm [19] and
at thickness greater than 1.85 mm the oxygen permeability through
BSCF membrane is limited by bulk diffusion without any apparent
contribution of the surface exchange resistance at temperature of
700-900 °C [20].

In conclusion, as discussed above, it is well established that the
oxygen permeation flux through the BSCF membrane is determined
by the balance of the bulk diffusion to the surface exchange rates
because mixed-control conditions is basically a combination of both
resistances. The oxygen permeation through BSCF membranes with
a thickness of about 1.0 mm is found to fall in the transition region
(L=L,) where both bulk processes and surface reaction contribute
to the limitation of oxygen permeation flux. The present work will
focus on the oxygen permeation under conditions of mixed control
between bulk diffusion and oxygen surface-exchange reactions in
more detail. In this connection oxygen permeation experiments were
conduced according to BSCF membrane in the range of thickness
from 1.6 to 1.0 mm, surface modification of BSCF dense mem-
brane, oxygen partial pressure with carbon dioxide and temperature.
This work is devoted to investigate influence of surface modifica-
tion of BSCF membrane on oxygen permeation flux. The detailed
morphology analysis of surface modifications was made with scan-
ning electron microscope (SEM).

MATERIAL AND METHOD

All BSCF powder has been synthesized using polymerized com-

Bulk diffusion resistance

plex method. The method of preparation was described in detail
elsewhere [21]. The as-synthesized powders were compressed into
disks of 20 mm in diameter and 1.0-2.0 mm of thickness in a stainless
steel mold under a hydraulic load by unilateral press (model 25601
series, Specac Limited, UK.). The green disk was sintered at 1,100 °C
for 2 hr. The sintered BSCF dense disk was polished to smooth the
surface and to control the thickness with 600 grit SiC. BSCF films
were screen-printed on polished BSCF dense membrane disks using
the same powders prepared from the polymerized complex method
followed by high-temperature annealing (950 °C; 2 h). BSCF slurry
with ethanol was made by hand mixing using an agate mortar with
a pestle. The coating surfaces before and after lightly brushing off
to remove excess powder with another paintbrush are schematically
displayed in Fig. 1(d) and Fig. 1(e), respectively.

The crystal structures were characterized by x-ray diffraction (CukK,,
=1.5405 A) in the Bragg angle range from 20 to 70°. X-ray powder
diffraction measurements (Rigaku Co Model D/Max 2200-Ultima-
plus, Japan) were performed with a scan step of 0.05° at room tem-
perature. The morphology of membranes was analyzed using a scan-
ning electron microscope (SEM, Model 1530, LEO Co. Germany).

The experimental equipment for oxygen permeation test at high
temperature was described in our previous work [21]. The leakage
through membrane during oxygen permeation test was measured
for all runs at each temperature and the oxygen permeation fluxes
were corrected on the basis of the measured leakage using Eq (1):

JO, [ml/cm*min (STP)]={F,,., [ml/min] yO, [v%)]
—leakage correction}/A [cn’] )
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Fig. 1. Schematic representation of (a)-(c) surface exchange rate and the oxygen bulk diffusion resistance, (d) BSCF films deposited on
BSCF dense membrane and (e¢) BSCF-modified BSCF membrane.
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where F,,,, is the total flow rate of the permeation stream in which
the oxygen concentration is yO,. A is the effective membrane sur-
face area, and leakage correction means the calculating oxygen per-
meation flux from leakage. Permeation study was performed within
the temperature range of 700-850 °C at the steady state condition.
The temperature of the permeation cell test was increased step-by-
step from 700 to 850 °C to the desired temperature, using an incre-
ment of 50°C, at a rate of 1.0 °C/min. The details of the experi-
mental procedure have been previously described in Ref. [21]. The
feed side of the membrane was flushed with pure air (99.999%) in
the absence and in the presence of carbon dioxide (300 and 500 ppm).
The feeding and sweeping flow rates were kept at 20 ml/min, respec-
tively. Helium (99.999%) was used as a reference gas. The oxygen
content in the permeate stream was measured with a gas chro-
matograph (GC-TCD, Acme 6000, YoungLin, Korea).

RESULTS AND DISCUSSION

To make sure that the materials were single phase perovskite-
type with the cubic unit cell without any impurities, XRD was applied
for crystal structure analysis of BSCF powders. The XRD pattern
of the BSCF membrane heated at 1,100 °C for 2 h in synthetic air
is shown in Fig. 2. The positions of the allowed hkl reflections are
characteristic of the cubic crystal system [22]. Fig. 2 shows well-
defined (/10) peak at around 32° in the 20 scale. No extra peaks
were observed in the XRD patterns of BSCF surface membrane
and then there was no evidence for impurities. Additionally, the micro-
structures of BSCF membrane sintered at 1,100 °C are given in Fig.
2. As one can see from inset of Fig. 2, it is observed that the average
grain size is of the order of 10-50 pm. The BSCF membrane surface
looks very dense with no porosity and, in summary, it can be con-
cluded that the surface of BSCF membranes was dense and smooth.

Scanning electron microscopy has also been conducted to inves-
tigate the microstructural characteristics of the BSCF-modified BSCF
membrane before and after partially removing the BSCF powder
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Fig. 2. The XRD pattern of fresh BSCF membrane before sur-
face modification. Inset: SEM image of fresh BSCF mem-
brane before surface modification.

coated on the BSCF dense membrane, as schematically reported in
Fig. 1(d) and Fig. 1(e), respectively. SEM micrographs of BSCF-
modified BSCF membrane at different magnifications are presented
in Fig. 3. On SEM micrographs, BSCF film is visible as homoge-
neously dispersed BSCF powders on the surface of the dense mem-
brane. To further investigate the structure of this sample, we studied
the morphology of BSCF powder by SEM at two different magni-
fications as shown in Fig. 3(b), (). An electron micrograph of the
BSCF surface, Fig. 3(b), clearly demonstrated the porous nature of
the BSCF film. Moreover, it is observed that the BSCF film over
the whole BSCF membrane is composed of well-dispersed non-
spherical-type particles ranging in size from about 5 um to 10 pm
(Fig. 3(¢)).

The spatial distribution of the BSCF powder clusters was suc-
cessively observed by SEM. Fig. 3(d)«(f) shows the surface mor-
phology of BSCF-coated BSCF membrane after lightly brushing
with paintbrush. As a reference, Fig. 1(¢) shows the schematic repre-
sentation of BSCF-modified BSCF membrane used in this study.
Similarly, small granular ceramic particles existed on the top of dense
BSCF membrane (Fig. 3(d)) after brushing. This set of small gran-
ular ceramic particles is randomly distributed on the surface of mem-
brane. It is clear that the shape of BSCF-modified BSCF mem-
brane is less regular and the surface is not smoother compared with
that of the pristine BSCF surface membrane, ¢/ inset of Fig. 2. The
diameters of the granular BSCF clusters were estimated to be about
<20 pum (Fig. 3(d)).

Fig. 4 shows oxygen permeation flux of BSCF-modified BSCF
membrane with different thickness in the range of mixed-control
conditions with air (P,=0.21 atm) and helium (P,=10 ° atm) in feed
side and permeation side of membrane, respectively. According to
Arrhenius’ law, the oxygen permeation flux of the membranes in-
creased with temperature in both cases. As BSCF membrane thick-
ness decreased from 1.6 mm to 1.0 mm, the oxygen permeation
flux increased about 100% from ~0.6 ml/cm*min at 850 °C. A max-
imum oxygen permeation flux was about 1.23 ml/cm’-min at 850 °C
with a 1 mm thick BSCF-modified BSCF membrane. The present
results are in good agreement with the trend of the oxygen perme-
ation flux for the BSCF solid solution systems reported in the litera-
ture [23,24]. Moreover, it is generally believed that if only one mech-
anism dominates during the oxygen permeation in the examined
condition, the lines in the Arrhenius plot would be linear and paral-
lel. Consequently, if different mechanisms occur during the oxygen
permeation in different-controlled regimes, they would show unpar-
allel lines. It is also assumed that straight lines diverge in different
degrees from one to another regime, which imply that our mixed-
control conditions model for BSCF-modified BSCF membrane is
fundamentally valid to describe the partial overlapping between the
different bulk diffusion and surface exchange contributions. In fact,
as observed from Fig. 4, it can be note that the inclination of the
oxygen permeation flux increased with the increase of L from 1 to
1.6 mm thickness, whereas the apparent oxygen exchange resis-
tance contribution of surface reaction is very small (L>L). In this
last case, if the oxygen exchange resistance on the surface of BSCF
membrane is negligible, as also indicated in the introduction sec-
tion of this paper, it indicates that the oxygen permeation flux of
BSCF-modified BSCF membrane is controlled by bulk diffusion
with Wagner equation (Eq. (2)):
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Fig. 3. SEM images of BSCF membrane surfaces after BSCF surface treatment through screen printing ((a), (b), (c)) and after lightly

brushing off to remove excess powder ((d), (e), ().
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where R, T, F and L are the gas constant, Kelvin temperature, Fara-
day’s constant and the BSCF membrane thickness, respectively; o;
and o, are the ionic and electronic conductivities, respectively; and
P, and P, are the high and low oxygen partial pressures on the two
sides of the BSCF membrane, respectively. In other words, under
mixed-control condition, morphology effect such as very small mod-
ification of membrane surface also play a role and cannot be ignored.
The oxygen permeability was measured as a function of tem-
perature (850, 800, 750 and 700 °C) for a stepwise exposure to dif-

0
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ferent oxygen partial pressure (0.21, 0.42 and 0.63 atm). Fig, 5 shows
the dependence of oxygen permeation flux on the temperature and
oxygen partial pressure for (a) BSCF membrane and (b) BSCF-
modified BSCF membrane with 1 mm thickness under mixed-con-
trol conditions. Based on oxygen permeation flux measurements, it
was found out that the oxygen permeation flux increases significantly
with temperature under higher oxygen partial pressure conditions
in both cases, and it reached to ~3.0 ml/cm*-min at 850 °C exposed
to oxygen partial pressure of 0.63 atm (Fig, 5(b)) in the case of BSCF-
modified BSCF membrane. In addition, the highest oxygen per-
meation flux obtained for the pristine BSCF membrane was of ~1.4
ml/em’*min under high oxygen partial pressure (P0,=0.63 atm) at



Oxygen permeation performance of Ba, ;Sr,Co,sFe,,0; ; membrane after surface modification 239

E s L=1 mm
£ 1 T
E _ e
£ 5
9 e
2 -
— L=1.6 mm — —a

0.1 L L L L

0.90 0.95 1.00
1/T *1000 /K™

Fig. 4. Arrhenius plot of In JO, of BSCF-modified BSCF membrane
as a function of 1/T for two different membrane thicknesses
(L=1.0 and 1.6 mm) at oxygen partial pressure of 0.21 atm.
The data cover the temperature range from 850 to 750 °C.
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Fig. 5. Oxygen permeation flux of (a) BSCF membrane and (b)
BSCF-modified BSCF membrane (tested membrane thick-
ness: 1.0 mm) according to temperature (700-850 °C) and
oxygen partial pressure (0.21, 0.42 and 0.63 atm). Lines were
connected for visual guidance.
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Fig. 6. Arrhenius plot of In JO, of BSCF-modified BSCF membrane
(tested membrane thickness: 1.0 mm) as a function of 1/T
for three different oxygen pressures.

850 °C. In conclusion, the surface morphology of the BSCF mem-
brane can affect oxygen permeation flux if the permeation process
is limited also by surface exchange kinetics under mixed-control
conditions, which the overall oxygen permeation flux is determined
by the oxygen diffusion though the bulk and oxygen molecular-
ionic exchange reaction at surfaces of the BSCF membrane.

In the range of temperature considered in this work, Arrhenius-
type relations for the BSCF-modified BSCF membrane were qual-
itatively evaluated under different oxygen partial pressure. As shown
in Fig. 6, the calculated oxygen permeation fluxes, represented by
the solid curves, are again in reasonable agreement with the mea-
surement data (markers) and all the data fit well with the Arrhe-
nius-type dependence on the temperature. The oxygen permeation
fluxes of the BSCF-modified BSCF membrane increased with the
oxygen partial pressure at certain temperature. The increase of the
oxygen permeation flux with temperature, a thermally activated pro-
cess according to Arrhenius’s law, is due to higher mobility and con-
centration of ionic carriers in the BSCF materials [6,16,18,23]. At
700 °C and atmospheric pressure, the oxygen permeation flux of
the BSCF-modified BSCF membrane is ~0.8 ml/cm*'min, which
is about 1/3 of the value achieved at relatively high oxygen partial
pressure (Po,=0.63 atm) and temperature (850 °C). The results are
in good agreement with recent experiments by Lu et al. in dense
Ba,Sr,;Co, sFe,,0; ;membrane disks at different pressure [23].

It is known that carbon dioxide gas can adsorb on the active site
(i.e., surface oxygen vacancy, cluster, defects, efc.) of the membrane
[25]. To clarify this point, the oxygen permeability was also mea-
sured as a function of temperature (850, 800, 750 and 700 °C) for a
stepwise exposure to different oxygen partial pressure (0.21 and
0.63 atm) in the absence and in the presence of carbon dioxide (300
and 500 ppm). Fig. 7 depicts the effects of carbon dioxide concen-
tration in feed gas, pressure and temperature on oxygen permeation
fluxes through BSCF-modified BSCF membranes. As shown in
Fig. 7, the oxygen permeation fluxes increased with the increase of
operation temperatures and oxygen partial pressure. Oxygen per-
meation flux of ~1.5 ml/em’-min at 850 °C was obtained at high
oxygen partial pressure (0.63 atm) in the presence of carbon diox-
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Fig. 7. Arrhenius plot of In JO, of BSCF-modified BSCF membrane
(membrane thickness=1.0 mm) as a function of 1/T for two
different oxygen partial pressure (0.63 and 0.21 atm) with
carbon dioxide. The data cover the temperature range from
850 to 700 °C (I carbon dioxide=0 ppm, @ carbon diox-
ide=300 ppm, A carbon dioxide=500 ppm).

ide. Moreover, we note that the apparent activation energy (slope
of the line on Fig. 7) to oxygen permeation flux did not change with
pressure and concentration of carbon dioxide in the gas mixture.

In general, the Arrhenius plot should be a series of parallel straight
lines over the whole range of conditions if the strain-rates are con-
trolled by a unique thermally activated process. In this case, the ap-
parent activation energy of the overall process is equal to the activa-
tion energy of a single controlling process. From Fig, 7, it is known
that Arrhenius plots for oxygen permeation fluxes consisted of a series
of parallel lines. It indicated that values of pressure and/or carbon
dioxide concentration did not affect the activation energy of overall
process. From these results, it is confirmed that oxygen permeation
through modified BSCF membrane occurred by a single-step mech-
anism irrespective of carbon dioxide conditions.

In order to understand the BSCF membrane stability, we have
studied both pristine BSCF and BSCF-modified BSCF membrane
surfaces by SEM immediately after the oxygen permeation test.
Fig. 8 shows the surface and cross-sectional SEM photographs of
typical BSCF membrane texture after permeation test. The visual
inspection of the SEM images reported in Fig, 8(a) clearly indi-
cates the difference between fresh membrane (¢f inset of Fig. 2)
and BSCF membrane after oxygen permeation measurement. In
instance, the surface of feed side for the BSCF membrane without
any surface modification is different from the fresh BSCF mem-
brane, and it seems that there are some materials decomposed on
the surface near the grain boundary structure. Fig. 8(b) shows that
the morphology of permeate-side of BSCF membrane is quite homo-
geneous across the surface and quite uniform surface texture in com-
parison with as-prepared BSCF surface (cf, Fig. 2). Additionally,
Fig. 8(c) shows that the BSCF morphology is homogeneous across
the fractured cross section. A closer examination of the cross sec-
tion reported in Fig, 8(c) for the BSCF membrane reveals that there
are not many pores in the bulk membrane, indicating that the sinter-
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Fig. 8. SEM images of BSCF membrane without modification after
permeation test; (a) feed-side, (b) permeate-side and (c) frac-
tured cross section.

ing temperature (1,100 °C) was sufficiently high to obtain a dense
BSCF membrane.

Fig. 9 shows the SEM images of BSCF-modified BSCF mem-
brane; (a) feed-side, (b) permeate-side and (e) fractured cross sec-
tions after oxygen permeation test. It is obvious that the SEM image
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Fig. 9. SEM images of BSCF membrane with modification after
permeation test; (a) feed-side, (b) permeate-side and (c) frac-
tured cross section.

of feed side with surface modification after permeation test (Fig.
9(a)) was similar to that of feed side before permeation test (Fig.
3(d)). In fact, a large effect of carbon dioxide on the BSCF mor-
phology can be interpreted by a formation of the carbonates on the
BSCF membrane surface [10,25-27]. Nomura et al. studied the micro-

© o Perovskite BSCF
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Intensity /a.u.

o Feed-side
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Fig. 10. XRD patterns of BSCF membrane with surface modifica-
tion after permeation test.

structural change of perovskite-type oxides during their reactions
with carbon dioxide, and found that dense structure makes it diffi-
cult for carbon dioxide to diffuse into the particle [28]. Yang and
Lin reported an experimental and modeling study of the kinetics of
carbon dioxide sorption on La,,St,,Co,sFe, 50, sat 700-900 °C [29].
In particular, the authors found that the kinetics of carbon dioxide
sorption on La,,,Sr,,Co,sFe,s0; ;depends on the microstructure of
the La,,Sr,,Co,sFe,sO, ; particle and two different kinetics mech-
anisms were proposed for the materials with a dense and porous
structure, respectively. The perovskite-type oxide solid solutions
with a porous structure generally exhibit a much faster carbon diox-
ide sorption rate than those with a dense structure, and for the dense
perovskite-type oxide samples, the carbon dioxide sorption is accom-
panied with oxygen desorption [28]. However, in our experiment
on the basis of SEM results there is no evidence about the sorption
of carbon dioxide or carbonate formation due to reaction between
metal and carbon dioxide. This result also agrees with the XRD result
of same membrane after permeation test (Fig. 10).

The SEM image of the permeate side of BSCF-modified BSCF
membrane obtained after gas permeation test is shown in Fig, 9(b).
It is also obvious that the grain boundaries of the permeate side can
be easily observed though small hole was detected. The grain size
and morphology in Fig. 9(b) was almost same on comparison with
those of permeation side without modification (Fig. 8(b)) because
BSCF modification was conducted on one side of the dense mem-
brane.

Fig. 10 shows the XRD results for feed side and permeation side
of BSCF-modified BSCF membrane after permeation test. As shown
in Fig, 10, no additional peak such as carbonate or another impu-
rity was detected in both sides of BSCF-modified membrane even
though feed gas contained carbon dioxide. Especially, it notes that
the membrane with surface modification was more stable in the pres-
ence of carbon dioxide like ambient air condition.

CONCLUSION

In the present study, the oxygen permeation properties of BSCF-
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modified BSCF membranes was investigated as a function of tem-
perature (850, 800, 750 and 700 °C), BSCF membrane thickness
(1.0 mm and 1.6 mm) and oxygen partial pressure (0.21, 0.42 and
0.63 atm) in the absence and in the presence of carbon dioxide (300
and 500 ppm). Here the oxygen permeability of BSCF membranes
without any surface modification was studied experimentally for
comparison. The oxygen permeation flux of the BSCF membrane
and BSCF-modified BSCF membrane increased with temperatures
and oxygen partial pressures. The BSCF-modified BSCF membrane
exhibited higher oxygen permeation flux than that of the BSCF mem-
brane. The maximum oxygen permeation flux measured for BSCF-
modified BSCF membrane was ~3.0 ml/cm*min at 850 °C exposed
to oxygen partial pressure of 0.63 atm. The surface morphology is
an important factor to obtain higher oxygen permeation flux and
stability in the presence of carbon dioxide under mixed-control con-
ditions.
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