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Abstract A tubular membrane made of Zr0.8Y0.2O1.9

(60 vol%) and La0:8Sr0:2CrO3�δ was prepared by a
standard ceramic process. Oxygen permeation through the
membrane tube was examined by exposing its outer shell to
air and sweeping its inner wall with pure helium or CO
balanced with helium. An oxygen flux of 9.2×10−9 mol
cm−2 s−1 was measured at 950°C under air/He gradient, and
a larger flux of 3.2×10−8 mol cm−2 s−1 at 930°C under air/
CO gradient. The membrane tube was found to exhibit
excellent stability under highly reducing atmosphere and
elevated temperatures. The oxygen permeation rate is
likely to be increased through the modification of the
surface and reduction of the membrane thickness.
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Introduction

Dense membranes made of materials that can conduct both
oxygen ions and electrons allow oxygen to permeate in the
presence of oxygen partial pressure difference. The most
investigated dense membranes are those of oxygen-
deficient transition metal oxides of ABO3�δ perovskite
structure, in which oxygen ions are transported via the
jumping of oxygen vacancies while electrons (holes) are
conducted along the B–O–B networks in the oxides. A
typical example of perovskite oxygen-permeable material
is La1�xSrxCo1�yFeyO3�δ [1].

The dense oxygen-permeable membrane may find
applications in oxygen separation from air and in manip-

ulation of oxygen-consuming industrial chemical process.
For example, the membrane-based reactor promises to
significantly reduce the cost of conversion of methane to
syngas [2, 3], an intermediate for production of liquid fuels,
hydrogen, and other value-added chemicals. For such an
application, the membrane is required to possess both high
permeability and sufficient chemical and structural stabil-
ities under stringent operation conditions. It has been found
difficult for a single-phase material to meet all these
requirements; improvement in one aspect of the material is
often at the expense of the other aspect. One possible way
round this problem is to use dual-phase composites as the
membrane, in which oxygen ions and electrons transport
through respective phases. A number of dual-phase
composites have been examined [4–8]. But, due to the
use of noble metals as an electronic conductor, most of
these composite membranes are not promising for practical
application.

Yttrium-stabilized zirconia and doped lanthanum chro-
mite have long been used as the respective oxygen ionic
conductor and electronic conductor in solid oxide fuel
cells. Both materials exhibit excellent stability under
stringent conditions with one side exposed to air and
highly reducing fuel at elevated temperature. Therefore, it
is reasonable to expect that composites made of these two
oxides be permeable to oxygen and stable under stringent
operation conditions. In this work, composite of Zr0:8Y0:2
O1:9 60 vol%ð Þ � La0:8Sr0:2CrO3�δ was prepared, and
its oxygen permeability and stability were examined.

Experimental

Zr0.8Y0.2O1.9 (denoted YSZ) powder was prepared using a
coprecipitation method, and La0:8Sr0:2CrO3�δ (denoted
LSC) powder was prepared using a solid-state reaction
method. YSZ and LSC powders with a volume ratio of
60:40 were thoroughly mixed by ball milling, and then
were isostatically pressed into a tube under a pressure of
300 MPa, followed by sintering at 1,550°C for 10 h in air.
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The phase composition of the sintered tube was analyzed
by XRD (Rigaku D/Max-γA), and its surface morphology
was examined by SEM (JEOL JSM-6700F). The density of
the tube was determined using the Archimedes method.

The experimental setup for oxygen permeation measure-
ments is schematically shown in Fig. 1. A sintered tube
(inside diameter 0.65 cm, wall thickness 1.23 mm, length
1.32 cm, inner wall surface area 2.7 cm2) was sealed
between two dense alumina tubes using Pyrex glass rings at
1,000°C (Before sealing, the outer shell and two ends, of
the tube were polished.). And to ensure the gas tightness, a
pressure was loaded vertically by a spring attached to the
upper alumina tube. To establish the oxygen partial
pressure difference required for oxygen permeation, the
outer shell of the tube was exposed to the ambient air, and
its inner wall was swept with a gas stream of helium or
helium-diluted CO (volume ratio of CO to helium 20:80) at
a rate of 30 cm3 min−1. The composition of the effluent gas
was analyzed by an online gas chromatography (Shimadzu
GC-14C). The amount of oxygen that mechanically leaked
from the airside of the membrane was subtracted from the
total oxygen flux using the method described in [9]. And
the leakage was below 1% in most of cases.

Results and discussion

Phase composition and microstructure

The sintered tube has a relative density over 98%. SEM
observation (Fig. 2a) also confirms that the tube has been
well densified after sintering at 1,550°C. Examination of
XRD patterns shows that the sintered sample consists of

YSZ and LSC phases. Apparently, no significant reaction
between YSZ and LSC oxides has occurred during high-
temperature sintering, for all the XRD peaks in Fig. 3 can
be assigned to either YSZ or LSC oxide. Besides, the good
chemical stability of the two constituent oxides in the
composite, both phases possess good mechanical compat-
ibility, as their thermal expansion coefficients are close
[10].

Oxygen permeation

Oxygen permeation through the as-prepared dual-phase
composite tube was brought about at elevated temperatures
by exposing the outer shell of tube to the ambient air and
sweeping the inner wall with pure helium or helium-diluted
CO. An oxygen permeation flux of 9.2×10−9 mol cm−2 s−1

was measured at 950°C under the air/He gradient. And
when the sweeping gas was changed from helium to highly
reducing CO, a much larger flux of 3.2×10−8 mol cm−2 s−1

was obtained (at 930°C). This is because in the latter case,
the permeated oxygen readily reacted with highly reducing
CO, resulting in a much lower oxygen partial pressure and,
thus, a much larger driving force for oxygen permeation.

Figure 4a shows the Arrhenius plots of oxygen perme-
ation flux under air/He and air/CO gradient. For compar-
ison, oxygen permeance, defined as permeation flux
normalized to the driving force, is presented in Fig. 4b.
Note that a dual-phase composite membrane-based oxygen
permeation cell is essentially an internally short-circuited
electrochemical cell; thus, the driving force for oxygen

permeation can be expressed as E ¼ RT
4F ln

PO2
hð Þ

PO2 lð Þ ; where F

is the Faraday constant, pO2 hð Þ and pO2 lð Þ are the oxygen
partial pressure at feed and permeate side, respectively [6].
From Fig. 4, it can be seen that the oxygen permeation flux
under the air/He gradient is always lower than that under
the air/CO gradient, whereas for the permeance crossover
occurs. The temperature dependence of oxygen permeation
is different for the two gradients. The associated activation
energies for the measured oxygen permeation flux are 141
and 73 kJ mol−1 for respective air/He and air/CO gradients,
and the corresponding activation energies for the oxygen
permeance are 147 and 84 kJ mol−1, respectively.
The difference in permeance as well as the activation

energy between the air/He and air/CO gradients is an
indication that the rate-limiting step is different for the two
gradients. It is known that oxygen permeation through the
membrane consists of exchange of oxygen at the surfaces
of the membrane and transport of oxide ions and electrons
in the bulk of the membrane. It has been established that
when the overall oxygen permeation process is limited by
the bulk transport, the permeance is related to the
ambipolar conductivity σamb according to FO2 ¼ σamb

4FL ;
where σamb ¼ σiσe

σiþσe
; σe and σi are the respective electronic

and oxygen ionic conductivity, L the thickness of the
membrane [6]. With these in mind, one can conclude that at
least for one of the air/He and air/CO gradients, and very
probably for both, the overall oxygen permeation process isFig. 1 Experimental setup for oxygen permeation
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not limited by the transport of oxide ions and electrons in
the bulk of the membrane, but by the surface oxygen
change. This is because the oxygen permeation processes
under the air/He and air/CO gradients involve the same
bulk transport process, and if they were all in the bulk-
controlled region, there would be no difference in the
values of the permeance and activation energy between the
two gradients.

Indication of the rate-limiting step also arises from
the comparison for YSZ–Pd composite. With compo-
sites made of YSZ (60 vol%) and Pd at 950 °C, the
oxygen flux scaled to the membrane thickness of
1 mm was 2×10−7 mol cm−2 s−1 under air/CO gradient,
and 4×10−8 mol cm−2 s−1 under air/He gradient [5, 11].
These values are 4–5 times larger than those observed
for YSZ–LSC membranes under similar conditions.
The difference in the measured oxygen permeation flux
between the YSZ–Pd and YSZ–LSC composite can be
attributed to difference in the surface activity between
the Pd and LSC phase. For the dual-phase composites,
the surface oxygen exchange, a key step in oxygen
permeation, is believed to take place only at the three-
phase boundaries (TPB) of gas/oxygen ion conductor/
electron conductor. For the YSZ–Pd composite, owing

to the catalytic activity of Pd, the surface process is
fast. But for YSZ–LSC composite, the surface process
is low because LSC has been known to be inactive
toward the surface reaction. As a matter of fact, there
are increasing research activities in exploring lantha-
num–chromite-based anode material. And it has been
shown that doping of LSC phase at B-site with Mn
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Fig. 3 SEM pictures of YSZ–LSC composite. a Fresh membrane
and b inner wall of the membrane tube after exposure to reducing
atmosphere at elevated temperatures for 500 h
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Fig. 4 Arrhenius plot of a oxygen permeation and b permeance for
YSZ–LSC composite. □ Denotes the data obtained under air/helium
gradient and ▪ the data for air/CO gradient

Fig. 2 XRD patterns of YSZ–
LSC composite. a Fresh
membrane and b inner wall of
the membrane tube after
exposure to reducing atmo-
sphere at elevated temperatures
for 500 h. Δ Denotes
Zr0.8Y0.2O1.9 and
○ La0:8Sr0:2CrO3��
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leads to an improvement in electrochemical activity
[12]. One can expect a higher oxygen permeation flux
when these doped LSC oxides are used for making
composite membrane. The other way of improving the
surface oxygen exchange activity is to prepare a
nanodispersed composite membrane that should pos-
sess a much larger TPB. In principle, these approaches
can be applied to improving the surface oxygen
exchange activity for YSZ–LSC composite. And as
long as the surface process has been promoted to such
a degree that it is much faster than the bulk transport,
then further increase in oxygen permeation should
come from the promotion of the latter. For oxygen
permeation flux in proportional to the reciprocal
thickness of the membrane in the bulk-controlled
region, use of thinner membranes is favorable.

Stability of the membrane

The dual-phase membrane exhibits excellent stability. The
membrane tube was found to remain intact after operation
for ∼500 h at elevated temperature with its inner wall
exposed to He, CO, CH4, and H2 and outside shell to air.
Figure 2b gives the XRD pattern taken from the inner wall
of the used membrane tube. It can be seen that the XRD
patterns are almost same as those taken before oxygen
permeation measurement. Figure 3b presents the SEM
picture taken on the inner wall of the used membrane tube.
It is shown that the surfaces of the grains have been
corroded to some extent, but the grain shape remains
unchanged.

Conclusions

The YSZ–LSC composite possesses appreciable oxygen
permeability at elevated temperatures, especially under a
large oxygen partial pressure gradient. An oxygen perme-
ation as large as 3.2×10−8 mol cm−2 s−1 is obtained under
air/CO gradient at 930°C. The YSZ–LSC composite
exhibits excellent stability under stringent operation
conditions, holding promises for membrane reactor
applications.
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