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A B S T R A C T

A three-layered La0.6Sr0.4Co0.2Fe0.8O3-δ membrane was prepared via a modified phase-inversion tape casting
method combined with warm pressing and screen-printing. The membrane comprised a thick porous support
with straight and large open finger-like pores, a dense separation layer with reduced thickness of 40 µm, and a
thin catalytic layer. Oxygen permeation performance was studied under various conditions, and compared with
that for a similar membrane, the support of which was fabricated by conventional tape casting and associated
with a distinctly different pore structure. Under an air/He gradient, an oxygen flux as high as 1.54 ml (STP)
cm−2 min−1 was achieved at 900 °C for the former membrane, about 2.5 times higher than that for the latter.
When pure oxygen was used instead of air as the feed gas, their oxygen permeation fluxes were only slightly
differed. The obtained results clearly indicated serious presence of concentration polarization in air feed gas in
the membrane made by conventional tape casting, which was markedly reduced in the phase-inversion derived
membrane. The significantly improved oxygen permeation performance of the latter membrane could be
ascribed to its unique pore structure, which allowed fast gas transport through the porous support.

1. Introduction

Mixed ionic and electronic conducting (MIEC) membranes have
been widely studied for their potential applications in high purity
oxygen production, partial oxidation of methane (POM) and oxy-fuel
combustion and solid oxide fuel cells (SOFCs) [1–4]. Amongst MIEC
membrane materials studied so far, perovskite-type oxides, such as
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), have received considerable attention
due to their high oxygen permeation fluxes and excellent stability [5–
13].

Practical applications demand membranes of high oxygen permea-
tion fluxes. Asymmetric membrane, consisting of a thin but dense
oxygen separation layer and a thick porous support layer, is highly
desired. The support layer can on the one hand enhance the mechanical
strength of the membrane, and on the other hand likely promote the
surface oxygen exchange rate. When the surface oxygen exchange rate
is sufficiently high, the oxygen permeation process will be rate-limited
by the bulk diffusion, and a thin dense layer would be most beneficial

for attaining high oxygen permeation fluxes. To this end, maintaining a
high oxygen partial pressure at the feed side is a key, which will not
only enhance the surface oxygen exchange rate [14], but also generate a
large driving force for the oxygen permeation. Therefore, the porous
support layer should allow fast gas transport, so as to avoid concentra-
tion polarization in the support.

For an asymmetric MIEC membrane, concentration polarization
results from insufficient gas transport in the gas phase, and particularly
in the porous support [15]. While the retained species (such as N2 in a
feed gas stream of air) may become concentrated, the oxygen partial
pressure would decrease at the feed gas-membrane interface.
Consequently, the driving force for the oxygen permeation as well as
the surface exchange rate would be reduced, resulting in decrease of the
flux. Minimizing concentration polarization is of crucial importance for
achieving high oxygen permeation performance. This goal may be
reached by properly engineering the pore structure in the porous
support in order to enable fast gas transport.

Recently, phase-inversion tape casting has been developed as an
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effective approach for preparation of high performance asymmetric
MIEC membranes. The oxygen permeation flux was much higher than
that of a similar membrane obtained by conventional tape casting
[16,17]. This was ascribed to the fast gas transport in the porous
support, which was greatly facilitated by the abundant presence of large
and straight finger-like pores [18,19]. It is noteworthy that opening-up
of the finger-like pores, which can be achieved by removal of the top
layer(s) by mechanical grinding or by using a sacrificial layer, plays a
significant role in obtaining the fast gas transport in the support [20].
Furthermore, the dense separation layer of the membrane prepared by
phase-inversion tape casting is typically as thick as ~150 µm. Higher
oxygen fluxes would be expected when the thickness of the dense layer
could be reduced. In this case, an extra catalytic activation layer is often
necessary on the bare side of the thin dense layer to enhance the
surface oxygen exchange rate.

In order to obtain highly oxygen permeable asymmetric membranes
with minimized concentration polarization and very thin dense separa-
tion layer, the present work developed a new fabrication method by
combining different techniques including phase-inversion tape casting,
warm pressing, and screen printing. The obtained membrane com-
prised a porous support with straight and large open pores to enable
fast gas transport, a dense separation layer with greatly reduced
thickness of ~40 µm, and a thin catalytic layer. The three different
layers were all made of the same material, LSCF. For comparison, a
similar membrane, which possessed almost the same support porosity
and thickness but distinctly different pore structure generated by
conventional tape casting, was also prepared. The gas transport
property and oxygen permeation performance of the two membranes
was studied under various operating conditions. The influence of pore
structure on the concentration polarization and oxygen permeation
performance was discussed and highlighted.

2. Experimental

2.1. Sample preparation

A modified phase-inversion tape casting method, similar to that
described in Ref. [21], was used to prepare the support layer of the
membrane. Two slurries of different composition were prepared for the
support body (slurry 1) and the sacrificial layer (slurry 2), respectively.
As presented in Table 1, slurry 1 contained LSCF powder as the main
constituent, whilst slurry 2 contained no LSCF but mainly graphite and
other pyrolyzable ingredients. Typical preparation procedures are as
follows. A polymer solution was obtained by dissolving polyethersul-
fone (PESF, Radel A-100, Solvay Advanced Polymers) and polyvinyl-
pyrrolidone (PVP, K30, Sinopharm Chemical Reagent Co.) in N-
methyl-2-pyrrolidone (NMP, CP, Sinopharm Chemical Reagent Co.).
LSCF (Rare-chem hi-tech co., ltd, China) and graphite (Shanghai
Shanshan Tech Co., Ltd) powders, with average particle size of
2.9 µm and 11.5 µm, respectively, were dispersed in the polymer
solution by stirring for 24 h. As illustrated in Fig. 1A, while slurry 2
was cast as the bottom layer with a blade gap of 0.4 mm, slurry 1 was
simultaneously cast as the top layer at a blade gap of 1.2 mm. The bi-
layer cast was immersed in a water bath for ~12 h, and solidified upon
completion of the phase-inversion into the green tape of Support 1.

In order to obtain a porous support (Support 2) of different pore
structure, one additional green tape was prepared by a conventional
tape casting route as described in Ref. [17]. A slurry, which contained
graphite as the pore former, was cast on a Mylar sheet with a blade gap
of 1.5 mm and dried in air for 24 h (Fig. 1B).

Green tapes for the dense layer of the membranes were prepared
separately also by tape casting [17]. The respective slurry was cast on a
Mylar sheet with a blade gap of 60 µm and dried in air for 24 h.

To obtain asymmetric membranes, a green tape for the dense layer
was jointed together with either the green tape of Support 1 from the
top side or that of Support 2 by warm pressing under a pressure of
34 bar at a mould temperature of 80 °C for 5 min. The pressed green
tape assembly was heated at 800 °C for 5 h to remove the polymers and
graphite, and further sintered at 1270 °C for 10 h in air. The as-
obtained sample was cut and ground into customized size. The
sintering procedure was pre-determined by thermal gravimetric ana-
lysis and differential thermal analysis (TG-DTA), similar to that
presented in [20].

To promote the surface oxygen exchange rate at the permeate side
of the membrane, an additional porous LSCF layer (Catalytic layer in
Fig. 1) was screen-printed on top of the bare side of the dense layer of
the asymmetric membranes, and sintered at 1000 °C for 2 h. The ink
used for the screen-printing mainly consisted of LSCF powders (same
as those mentioned above, particle size of 2.9 µm) and graphite. After
burn-out of the organic compounds, the Catalytic layer has the same
composition as the porous support and a similar estimated porosity of
~38%. These surface-activated asymmetric membranes were later on
subject to oxygen permeation measurements.

In order to study the gas transport property in the porous support,
two bare support bodies (Support 1 and Support 2), in the absence of
the dense layers and catalytic layers, were also made by directly warm
pressing and sintering the green tapes of Support 1 and Support 2
under the same conditions as used for preparing the asymmetric
membranes.

2.2. Characterization

A JEOL JSM-6700F scanning electron microscopy was used to
investigate the membrane structure at an accelerating voltage of 20 kV.
Prior to the measurements, samples were carefully cut to ensure a clean
break. Density of the samples was measured using the Archimedes
method in mercury, and the porosity was calculated from (1- ρ/
ρth)×100%, wherein ρth is the theoretical density of LSCF.

Gas transport through the porous support was verified as follows. A
disk shaped support of diameter 2.0 cm and thickness 0.8 mm was
fixed on a metal connector, and then covered by a refined cylinder.
Nitrogen was fed into the cylinder at a specified pressure controlled by
a high precision pressure gauge. Flow rate of nitrogen that permeated
through the support was measured by a soap bubble flow meter. The
pressure of downstream was ambient pressure (1 bar).

2.3. Oxygen permeation measurements

Oxygen permeation measurements were carried out in a home-built
test rig as illustrated in Fig. 2. A membrane, having a thickness of
approximately 0.8 mm and a diameter of 10 mm, was sealed between
two alumina tubes using glass rings at 900 °C. An O2/N2 mixture was
fed to the support side of the membrane, while helium was led over the
catalytic layer side of the membrane to sweep away the permeated
oxygen. During the measurement, various O2/N2 ratios were used to
set the desired oxygen concentration of feed gas. Composition of the
effluent stream from the permeate side was analyzed by an online gas
chromatograph (GC9750, Fuli). The oxygen partial pressure of the
effluent at the permeate side varied between 10−2 and 10−4 bar,
depending on the oxygen permeability of the membrane. The net
oxygen permeation flux could be deduced from the pO2 difference

Table 1
Composition of the slurries for the support prepared by phase-inversion tape casting (in
wt%).

Composition Slurry 1 (top) Slurry 2 (bottom)

LSCF 53.6 –

NMP 33.6 41.4
PESF 5.5 6.9
PVP 1.4 1.7
Graphite 5.9 50
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between inlet and outlet gases in junction with the gas flow rate. If any
leaks in the membrane or pinholes or cracks in the glass encapsulation
were present, the online gas chromatograph would detect nitrogen in
the effluent stream. The oxygen permeation flux was corrected for the
oxygen leakage using the corresponding nitrogen concentration [17].

3. Results

3.1. Microstructure of the porous supports

Fig. 3A shows a typical SEM image of the green tape for Support 1
prepared by phase-inversion tape casting. It can be seen that the
support consisted of three layers, a low porosity skin layer on the top, a
middle layer with straight finger-like pores of ~150 µm diameter, and a
graphite layer at the bottom. After a warm pressing treatment and
subsequent sintering at 1270 °C, the first two layers remained in the
ca.800 µm-thick support, whilst the bottom layer disappeared due to
burn-off of the sacrificial graphite (Fig. 3B). Note that when no
sacrificial graphite layer was used according to standard phase-inver-
sion procedures, a sponge-like layer would be formed instead at the
bottom of the membrane, keeping the finger-like pores from in contact
with the gas phase. But in the present work, the sponge-like layer was
not formed with the help of the graphite layer. As a result, the finger-
like pores were opened up, and became in direct contact with the gas

Fig. 1. Schematic diagram of the membrane preparation procedures.

Fig. 2. Experimental setup for oxygen permeation measurements.
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phase (Fig. 3C). The finger-like pores in the support were of several
tens micrometer in diameter, and the walls in between contained some
small pores. The porosity of the support was measured to be 39.5%. It
should be mentioned that the finger-like pores in the sintered support
became slightly tilted compared with those in the green tape, which
could be ascribed to the warm pressing treatment prior to sintering.

As a comparison, Figs. 3D–3F show the SEM images of Support 2
made by conventional tape casting. Apparently, the pore structure was
distinctly different from that shown in Fig. 3A-C. Unlike the case for
Support 1, neither the layered-structure nor the finger-like pores could
be observed for Support 2. Instead, the pores, which were of irregular
shape and had an average pore size of ~5 µm, appeared tortuous, and

Fig. 3. SEM images of Support 1 (A-C) and Support 2 (D-F), prepared by phase-inversion tape casting and conventional tape casting, respectively. (A, D) Cross-section of the green tape
of the Support 1 (A) and Support 2 (D); (B, E) cross section of the warm-pressed and sintered Support 1 (B) and Support 2 (E); (C, F) top-view of the sintered Support 1 (C) and Support
2 (F). Insets in (C) and (F) are close-up images of the marked areas.

Fig. 4. SEM images of the cross section of Membrane 1 (A) and Membrane 2 (B). The top layers represented the catalytic layers.
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were distributed evenly throughout the entire support. The porosity
and thickness of the sintered support were 37.8% and ~800 µm,
respectively, almost identical to those of Support 1.

Fig. 4 shows that both the sintered Membrane 1 and 2 had a three-
layer configuration, consisting of a porous support, a dense layer, and a
catalytic layer. In both cases, the thickness of dense layer and catalytic
layer was ca. 40 µm and 10 µm, respectively. In addition, good
adhesion between the adjacent layers can also be observed. It is
noteworthy that the low porosity skin layer, which was observed at
the top of the sintered Support 1 (Fig. 3B), was not more present in the
membrane assembly, because it had been integrated into the dense
layer after the warm pressing/sintering process.

3.2. Gas permeance of the supports

In order to examine the influence of pore structure on the gas
transport property, the gas permeance of the bare supports was
measured by applying a pressure difference across the supports. As
shown in Fig. 5, the gas permeance increased linearly with the average
pressure for Support 1, which indicates that both viscous flow and
Knudsen diffusion mechanism contributed to the gas transport through
the supports [22]. In contrast, the permeance of Support 2 was almost
constant irrespective of the average pressure, indicating that the gas
transport mainly took place by the Knudsen diffusion mechanism [23].
Most importantly, Support 1 exhibited significantly higher gas per-
meance within the entire range studied. Under an average pressure of
1.3 bar applied across the support (pressure difference of 0.6 bar), a
permeance of 7.9×10−4 mol/Pa m2 s was obtained for Support 1, which
was almost double that for Support 2. This result clearly indicates
much smaller resistance to the gas phase transport in Support 1, which
also agrees well with the different gas transport mechanism.

3.3. Oxygen permeation

To gain more insight into the impact of the pore structure of the
support on the oxygen permeation properties, the oxygen permeation
fluxes through the membranes were measured by exposing the support
side to a feed gas stream and the catalyst side to a He stream.
Performance under various conditions, including flow rates and oxygen
partial pressure (pO2) at the feed side, and temperature, were studied.

Fig. 6 shows variation of the oxygen permeation flux with the flow
rate of feed gas (air) for Membrane 1 and Membrane 2 at 900 °C. It can
be seen that for both membranes, the oxygen permeation flux increased
rapidly in the flow rate range below 100 ml min−1, and levelled off
afterwards. These results indicated that a flow rate of the feed gas
above ~100 ml min−1 could meet the requirement for oxygen permea-

tion under the given conditions. Therefore, the flow rate of the feed gas
was set to 150 ml min−1 in the follow-up experiments. It can also be
seen from Fig. 6 that the membranes exhibited distinctly different
oxygen permeation fluxes. The oxygen flux for Membrane 1, with a
plateau value at around 1.6 ml cm−2 min−1, was about 2.5–3 times
higher than that of Membrane 2 at all the flow rates studied.

Fig. 7 shows the oxygen permeation flux as a function of pO2 at the
feed side at 900 °C. Apparently, as pO2 was increased from 0.21 to
1 bar, the oxygen permeation flux of Membrane 1 increased mildly and
almost linearly from 1.6 to 2.3 ml cm−2 min−1 by a factor of 1.4. In
contrast, the flux of Membrane 2 exhibited a much larger dependency
on the oxygen partial pressure at the lower pO2. An increase by a factor
of 3 for the flux, from 0.6 ml cm−2 min−1 to 1.8 ml cm−2 min−1, was
observed as the pO2 was increased from 0.21 to 0.60 bar. In the higher
pO2 regime, the pO2 dependence of the flux of Membrane 2 appeared
smaller and became similar to that of Membrane 1. As a result, in
comparison with that of Membrane 1, the oxygen flux of Membrane 2
was remarkably lower by a factor of 2.5 at pO2=0.21 bar, but only
slightly lower by ~10% at pO2=1 bar. To gain more insight into the
oxygen permeation behavior, the oxygen peameance [24], namely,
oxygen flux divided by E=RT/4Fln(pO2’/pO2’’), the driving force for
oxygen permeation, was also plotted together in Fig. 7. It can be seen
that within the experimental errors, the oxygen peameance of
Membrane 1 was almost invariant irregarding the pO2, indicating that
the increase of oxygen flux with increasing pO2 predominantly resulted
from the increasing driving force. With regard to Membrane 2, the
permeance was found to rapidly increase at lower pO2 and level off at
higher pO2. This behavior suggested presence of concentration polar-

Fig. 5. Dependence of gas permeance on the average pressure for Support 1 and Support
2.

Fig. 6. Oxygen permeation flux as a function of flow rate of feed gas (air) at 900 °C.

Fig. 7. Oxygen permeation flux and oxygen permeance as a function of oxygen partial
pressure on the feed side at 900 °C.

Y. Meng et al. Journal of Membrane Science 533 (2017) 11–18

15



ization at low pO2 for Membrane 2, which was greatly reduced at high
pO2.

Fig. 8 shows the Arrhenius plots of oxygen permeation fluxes for
Membrane 1 and Membrane 2 in the range of 800–900 °C. For both
membranes the oxygen flux increased with increasing temperature. The
apparent activation energy of oxygen permeation in air feed gas was
123.7 ± 3.0 kJ mol−1 for Membrane 1 and 114.5 ± 1.5 kJ mol−1 for
Membrane 2, which slightly increased to 130.2 ± 1.9 kJ mol−1 and
127.8 ± 2.5 kJ mol−1 in pure oxygen feed gas, respectively.

4. Discussion

The present work successfully obtained a three-layer membrane
(Membrane 1) by a combination of various techniques, including a
modified phase-inversion tape casting method, warm pressing, and
screen-printing. The contained porous support was associated with
abundant presence of straight and large open pores, which allowed fast
gas transport, and the dense layer with a reduced thickness of 40 µm
was favorable for the oxygen separation. Its oxygen permeation fluxes
obtained under an air/He gradient was around 2.5–3 times higher than
that for a similar membrane prepared by conventional tape casting
(Membrane 2). In great contrast, however, as the feed gas was changed
from air to pure O2, the two membranes exhibited very similar oxygen
fluxes. Taking into account that they had almost identical porosity and
layer thicknesses, and that their major difference lay in the pore
structure in the porous support, the distinctly different oxygen
permeation behavior clearly indicated presence of severe concentration
polarization in Membrane 2 in the air feed gas, which however had
been greatly reduced in Membrane 1.

Concentration polarization is inherently related with the pore
structure in the porous support. The porous support obtained by the
modified phase-inversion tape casting, Support 1, possessed a lot of
large open pores that straightly ran through the entire support body.
The feed gas can reach the support/dense layer interface by just
travelling a distance approximately equal to the support thickness
and overcoming relatively small resistance, as schematically shown in
Fig. 9A. In contrast, the pores in the support obtained by conventional
tape casting, Support 2, were much smaller and tortuous, hence
rendering transport of the feed gas a longer distance and larger
resistance (Fig. 9B). Given the similar thickness and porosity for the
two supports, higher gas transport rate would be expected for Support
1, which accords with the observation in Fig. 5. The better gas transport
in Support 1 enabled to diminish accumulation of the retained nitrogen
and replenish oxygen at a faster rate, thus reduced concentration
polarization when air was used as the feed gas.

To highlight the influence of concentration polarization on the
oxygen permeation, the profiles of oxygen chemical potential across the

asymmetric LSCF membranes were also illustrated in Fig. 9. Oxygen
permeation process comprises a couple of consecutive steps, which
each leads to a partial drop of oxygen chemical potential, that is,
consumes a certain portion of driving force for the oxygen permeation,
due to the respective resistances. The different steps and corresponding
resistances are gaseous transport in the support (RSUPPORT), surface
oxygen exchange at the feed side (REX1), bulk diffusion (RBULK), surface
oxygen exchange at the sweep side (REX2), and gaseous transport in the
catalytic layer (RCATAL). When identical total driving force (such as air/
He) was applied on both Membrane 1 and Membrane 2, the latter was
associated with much more pronounced concentration polarization in
the support and thus a larger RSUPPORT, leading to significant con-
sumption of driving force in the support. As a result, the driving force
allocated to the other steps of oxygen permeation, in particular the bulk
diffusion, was smaller in Membrane 2, which accounts for its much
lower oxygen permeation flux in air relative to Membrane 1 observed in
Fig. 7. It is also worthwhile to note that concentration polarization may
also be present in the catalytic layer, but may not be significant due to
the much smaller layer thickness compared with the support.

Concentration polarization is highly dependent on the operation
conditions, which tends to become more pronounced at small gas flow
rate or low pO2. This may account for the low oxygen flux of Membrane
2 observed in air feed gas and especially at an air flow rate below
100 ml min−1 (Figs. 6–7). Furthermore, the oxygen flux of Membrane 1
quickly reached a rather high value of over 1.5 ml cm−2 min−1 with
increasing air flow rate, whilst that of Membrane 2 remained much
lower even at a high air flow rate of 300 ml min−1. These results
indicate that substantial reduction of the concentration polarization by
increasing the air flow rate was much easier for Membrane 1, which can
also be ascribed to the unique pore structure of Support 1. Above all,
reduction of concentration polarization is favorable for achieving
higher oxygen permeation flux, due to increase of the driving force
for oxygen permeation as well as promotion of the surface oxygen
exchange.

When concentration polarization partly or dominantly rate-limits
the oxygen permeation process, changes in the apparent activation
energy of oxygen permeation may take place. The Ea of oxygen
permeation for Membrane 2 (114.5 kJ mol−1), which was associated
with severe concentration polarization, was found to be only slightly
smaller than that for Membrane 1 (123.7 kJ mol−1) in the feed gas of
air. The Ea values reported in the literature for bulk diffusion of LSCF
scattered in the range of 74 kJ mol−1 −124.8 kJ mol−1, which partly
overlap with those reported for surface exchange (116 kJ mol−1–
241 kJ mol−1) [25–28]. As the Ea obtained in this work
(114.5 kJ mol−1 −130.2 kJ mol−1) fall in both ranges, a convincing
analysis of the rate-determining step of oxygen permeation based on
the Ea values was not possible in this work. Further study on the bulk
diffusion and surface exchange of LSCF is needed in the future in order
to tackle this issue.

The present study shows that concentration polarization, which is
common in membrane separation, can be remarkably reduced by
proper engineering of the pore structure via a modified phase-inversion
tape casting method. The fast gas transport in the porous support
greatly facilitated the oxygen permeation through the asymmetric
membrane. Moreover, by separately preparing the dense layer of the
membrane via a combination of tape casting and warm pressing, its
thickness was successfully decreased from ~150 μm to 40 µm,
guaranteeing a high oxygen flux of 1.54 ml cm−2 min−1 at 900 °C.
Further enhancement of the oxygen permeation performance may be
achieved by using even thinner dense separation layer, which can be
prepared conveniently by various techniques, such as tape casting and
drop coating [29].

5. Conclusion

An asymmetric LSCF membrane, consisting of a porous support

Fig. 8. Oxygen permeation flux as a function of temperature under air/helium or O2/
helium gradient.
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with straight and large open pores, a thin and dense separation layer,
and a catalytic layer, was prepared via a combination of phase-
inversion tape casting, warm pressing, and screen-printing. The
membrane exhibited an oxygen flux of 1.54 ml cm−2 min−1 at 900 °C
under an air/He gradient, which was 2.5 times higher than that for a
membrane prepared by conventional tape casting. The flux difference
remained almost unchanged at different air flow rates and tempera-
tures, but decreased with increasing oxygen partial pressure of the feed
gas. In a feed gas of pure oxygen, the oxygen fluxes of the two
membranes were differed by only 10%. These results clearly demon-
strated that concentration polarization was severely present in the
membrane made by conventional tape casting in air feed gas, but was
notably reduced in the phase-inversion derived membrane. The super-
ior oxygen permeation performance of the latter membrane was
correlated with the unique pore structure of the porous support.
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