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Abstract

Perovskite Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF) is a promising mixed conducting ceramic membrane material for air separation. In this work,

BSCF powder was synthesized by a modified Pechini sol–gel technique at relatively lower temperature. The O2 permeation through a series of

BSCF membranes has been tested at different temperatures and various O2 partial pressure gradients. Theoretical investigation indicated that bulk

diffusion and the O2 exchange reactions on membrane surfaces jointly controlled the O2 permeation through BSCF membranes with thickness of

between 1.1 and 0.75 mm. To further improve the O2 fluxes, effective efforts are made on membrane thickness reduction and surface modification

by spraying porous BSCF layers on both surfaces. When the membrane thickness was reduced from 0.75 to 0.40 mm, the O2 fluxes were increased

by 20–60% depending on the operating conditions. The surface modification further improved the O2 flux by another 20–40%. The high O2 fluxes

achieved in this work are quite encouraging with a maximum value reaching 6.0 mL min�1 cm�2 at 900 8C.
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1. Introduction

Global climate change is connected with the rising atmo-

spheric concentration of carbon dioxide from fossil energy use.

The production of electricity with no carbon emissions to the

atmosphere will become the essential elements of the future

power infrastructure transformation. Oxygen production by air

separation is of great importance, as most large scale clean coal

energy technologies require oxygen as feed gas [1]. For example,

if pure oxygen instead of air is used in power plants, the major

constituent of the waste gas produced during the combustion

process would be CO2, which can be readily and economically

captured for geological storage. Current tonnage O2 production

is based on cryogenic distillation, a 100-year-old technology,
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which is expensive and energy intensive because it operates at

very low temperature and at elevated pressures. Coupling a

cryogenic air separation unit at the front end of a coal gasifier

or oxyfuel power plant is unpractical because of its lower power

generation efficiencies. Dense mixed ionic and electronic con-

ducting (MIEC) ceramic membranes can continuously deliver

100% pure O2 under O2 concentration gradient without the

requirement of external electrical loadings, offering the potential

to tackle these energy penalties and improve the viability of CO2

zero emission technology [2–6]. In addition, these MIEC

membranes are also of interest as membrane reactors for these

high temperature oxidative processes (i.e., gas partial oxidation)

to improve the product yield/selectivity beyond what the reaction

equilibrium allows [7–9].

From an application point of view, membranes must

possess sufficiently high oxygen permeability and good

structural stability to withstand real process conditions (i.e.,

low O2 concentration, light hydrocarbon reducing environ-

ment, presence of CO2 and H2O vapor). To address these

problems, Teraoka et al. developed high oxygen permeation
d.
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flux membranes from SrCo0.8Fe0.2O3 perovskite [10]. The high

permeation flux was attributed to the high concentration of

oxygen vacancy in the lattice due to the total substitution of

La3+ metal ion by Sr2+ in the A-site of perovskite. Although

this material lacks of sufficient chemical and structural

stability in practical operation conditions, their breakthrough

work inspired the research community to explore new pero-

vskite membranes with improved phase stability and oxygen

permeability by optimizing the metal oxide composition in

ABO3 perovskite structure [4,11–20]. One example is the

composition of Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF), developed

from SrCo0.8Fe0.2O3�d by partial substitution of Sr with Ba

which possesses a larger ionic radius [4]. It has been found that

the BSCF perovskits exhibit not only the highest oxygen

permeation flux among these mixed conducting ceramics, but

also enhance the phase stability at high temperatures.

Most of previous studies in this area were focused on material

synthesis, composition optimization, characterization, stability

test and the exploration of oxygen permeation mechanism. In this

work, we investigated the oxygen permeation behavior through

thicker BSCF plate membranes and provided the proof of

concept of the effective ways to further improve the oxygen

fluxes by reducing membrane thickness and surface modifica-

tion. We used the modified Pechini sol–gel technique to prepare

the BSCF powder with pure perovskite phase as the starting

membrane material. Ethylenediaminetetraacetic acid (EDTA)

and citric acid were used jointly as chelating ligands to bind the

metal ions and form a stable complexing solution.

2. Experimental

2.1. BSCF membrane synthesis

Ba0.5Sr0.5Co0.8Fe0.2O3�d powders investigated in this study

were synthesized through a sol–gel process based on an EDTA-

citrate complexing method. Appropriate amounts of Ba(NO3)2,

Sr(NO3)2, Co(NO3)2�6H2O and Fe(NO3)3�6H2O (analytical

grades) were used as the raw materials for metal sources.

Details of the synthesis procedure have been described

elsewhere [21]. The disk-shaped membranes to be used in

the oxygen permeation tests were prepared by uni-axial

pressing method. Weighed amount of BSCF powder was

pressed using a 15 mm stainless steel die under a pressure of

280 MPa. Then the green disks were sintered at 1100 8C for 5 h

in air at a heating/cooling rate of 5 8C min�1. The sintered

membranes have a diameter of 14 mm and were polished to the

different thickness ranging from 0.4 to 1.1 mm. The relative

density of membranes was measured by the Archimedes

method. For surface modification, the porous BSCF layer was

spray-deposited on the sintered membrane surface. The BSCF

slurry used for spraying was prepared by mixing 5 g BSCF

powder, 47 mL isopropanol, 10 mL glycol and 3 mL glycerol.

After ball-milling for 1 h in a High Energy Ball Miller, the

slurry was spay-deposited on both sides of the membrane

surfaces. Then the surface modified membranes were dried at

150 8C for 1 h and then calcined at 1000 8C for 2 h in air with a

heating/cooling rate of 2 8C min�1 to burn out the organic
materials and generate the porous BSCF layer on both sides of

the membrane surfaces.

2.2. Membrane characterization and oxygen permeation

test

The crystal structure of the synthesized powders was

characterized by X-ray diffraction (XRD, Bruker D8 Advance)

using Cu Ka radiation. The morphological and compositional

features of the prepared membranes were examined using

an environmental scanning electron microscopy (ESEM,

QUANTA-2000). The oxygen permeation fluxes of the

membranes were measured with a gas chromatography method.

Membranes were sealed with a silver paste onto the quartz

support tubes. The sidewall of the membrane disks was also

covered with the sealant to avoid leakage and radial con-

tribution to the oxygen flux. Ambient air was used as the feed

gas (oxygen rich-side atmosphere) and helium with various

flow rates as the sweep gas (oxygen lean side atmosphere). A

gas chromatograph (CP 3800, Varian) equipped with a 5 Å

molecular sieve capillary column was used to in-situ analyze

the composition of the outlet gas.

3. Results and discussion

3.1. BSCF membrane synthesis

With the condensing process by water evaporation, a deep-

purple transparent gel was obtained. Because no precipitation

occurred over the entire condensation process, the composi-

tional homogeneity of metal ion distribution on the atomic

level in the aqueous solution could be well maintained in the

resulting gels. This gel was transformed into the BSCF

precursor powder by heating the gel at 250 8C for 24 h. BSCF

perovskite with desired structure was obtained by heating the

precursor powder at high temperatures. The crystalline phase

development as a function of calcining temperature is depi-

cted by the XRD patterns plotted in Fig. 1. The sample

calcined at the temperature of 500 8C is the mixture of metal

oxides, carbonates and other unidentified intermediate phases.

At 800 8C or above, the XRD spectra exhibit the patterns

having seven strong diffraction peaks with respective 2u

angles and lattice planes of 22.28 {1 0 0}, 31.72 {1 1 0},

39.24 {1 1 1}, 45.52 {2 0 0}, 56.60 {2 1 1}, 66.36 {2 2 0},

and 75.72 {3 1 0}, which have previously been related to the

cubic perovskite phase of BSCF as shown in Fig. 1(b–d) [4].

In this work, the BSCF powder used as the starting membrane

material was prepared at 900 8C. By contrast, a sintering

temperature of 1150 8C and a processing time of 10 h are

required by the conventional solid-state reaction method for

the same purpose. The present research shows a substantial

decrease of the processing time and temperature required for

the formation of the desired single-phase perovskite structure.

Using the prepared perovskite powder as the starting mem-

brane material, most of the sintered membranes are gas tight

and have the relative density larger than 95% tested by the

Archimedes method.



Fig. 1. XRD patterns of the powders by calcination of the BSCF precursor

powder at different temperatures (!, *, ^, and ~ stand for the peaks of

perovskite, Co3O4, SrCO3, and some unknown phases, respectively).

Fig. 2. Effect of operating temperature on the oxygen fluxes through mem-

branes (a) and Arrhenius plot (b) (!: Membr-I with thickness 1.1 mm; &:

Membr-II with thickness 0.75 mm).
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3.2. O2 permeation through BSCF plate membranes with

thickness of 1.1 and 0.75 mm

O2 permeation through two BSCF membranes with

thickness of 1.1 (Membr-I) and 0.75 mm (Membr-II) was

tested by introducing air flow as feed gas and He as sweep gas

separately in the two sides of the membranes. At high

temperatures, oxygen will permeate from the air side to the

permeate side having sweep gas because of the oxygen

concentration gradient across the membrane. At the He sweep

gas flow rate of 100 mL min�1, the effect of temperature on O2

permeation flux was investigated from 550 to 900 8C. At

temperatures below 600 8C, the O2 fluxes were very small and

appreciable high oxygen permeation can only occur at

temperatures above 700 8C. Fig. 2a shows that the operating

temperature dependency on O2 fluxes through two samples

is in almost linear trend. The improvement of O2 fluxes

with temperature is due to the enhancement of oxygen

diffusion and surface reaction rate at high temperatures. For

example, the oxygen fluxes through Membrane-I was

increased by 1.41 mL min�1 cm�2 from 1.65 (750 8C) to

3.06 mL min�1 cm�2 (900 8C) and through Membrane-II by

1.54 mL min�1 cm�2 from 1.93 (750 8C) to 3.47 mL min�1

cm�2 (900 8C). Fig. 2b shows Arrhenius plots of oxygen

permeation through the two membranes. Activation ener-

gies for oxygen transport through Membranes-I and -II

under the conditions of Fig. 2a are 43.5 and 41.2 kJ/mol,

respectively.

O2 flux through dense mixed ionic and electronic perovskite

membranes are essentially controlled by two factors: the rate of
oxygen diffusion through the bulk of membrane and the two

surface reactions for oxygen exchange. Under the bulk

diffusion controlling step, the oxygen permeation flux through

a membrane exposed to a chemical potential gradient can be

generally described by Wagner’s equation,

JO2
¼ � RT

42F2L

Z lnP00
O2

lnP0
O2

sionsel

sion þ sel

d½lnPO2
� (1)

where sion, sel, F, L, P0O2
and P00O2

stand for the oxygen ionic

conductivity, electronic conductivity, the Faraday constant, the

membrane thickness, the oxygen rich-side and oxygen lean-

side partial pressure, respectively. Eq. (1) illustrates that the

permeation flux is also influenced by the material property

(oxygen ionic and electronic conductivity). In our previous

work, the maximum electronic conductivities of BSCF under

air atmosphere can reach around 40 S cm�1, while the oxygen

ionic conductivity of BSCF is only about 1.4 S cm�1 at 900 8C
[22,23]. With the overwhelming electronic conductivity over



Fig. 3. Experimental and modeling results of the effect of oxygen partial

pressure in the permeate side on the oxygen fluxes through two membranes at

900 8C ((a) Membr-I (~: experimental); (b) Membr-II (&: experimental)).
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oxygen ionic one in BSCF, Eq. (1) can be simplified as

Jo2 ¼ �
RT

42F2L

Z lnP00O2

lnP0O2

siond½ln Po2� (2)

The relationship of sion and oxygen partial pressure can be

expressed by the empirical equation of

sion ¼ sO
ionPn

O2
(3)

Combining (2) and (3) gives

JO2
¼ b

L
½P00O2

n� P0O2
n� ¼ a½P00O2

n� P0O2
n� (4)

Where

b ¼ � sO
ionRT

42F2n

On the other hand, according to the theoretical work by Xu and

Thomson [24], when the membrane thickness is far less than the

critical thickness, the O2 permeation is mainly determined by

the surface-exchange kinetics. The following equation can be

derived for O2 permeation fluxes:

JO2
¼

krðP0O2
0:5� P00O2

0:5Þ
ðP0O2

0:5þ P00O2
0:5Þ (5)

Where kr is the surface exchange rate constant.

From the value of n in Eq. (4), the rate limiting step of the O2

permeation can be roughly identified. For n < 0, bulk diffusion

of the oxygen ion is the rate-limiting step, while for n � 0.5, the

reaction of molecular oxygen with the membrane surfaces is the

rate-controlling step. For 0 < n < 0.5, the oxygen permeation

is jointly controlled by both surface reactions and bulk

diffusion.

Fig. 3 displays the effects of oxygen partial pressure in the

permeate side on O2 permeation at 900 8C. As can be seen,

decrease in O2 partial pressure by increasing sweep gas rates

resulted in higher oxygen fluxes. For instance, increasing the

He flow rate from 20 to 260 mL min�1 lowered the O2 partial

pressure from 0.031 to 0.0058 atm and improved the O2 fluxes

through Membr-I from 2.33 to 3.52 mL min�1 cm�2. Eq. (4)

can be used to describe the oxygen permeation behavior

through two thicker BSCF membranes at the investigated

temperature range. For comparison purpose, two typical

theoretical results from Eq. (4) by regression analysis based

on the Least Squares were also presented as the solid lines in

Fig. 3. The modeling results fit very well with the experimental

data for two membrane samples examined. The observation of

positive values of 0.33 and 0.12 indicates that both processes of

bulk diffusion and surface reactions jointly influenced the O2

permeation process. In this case, to further improve the O2

fluxes through the BSCF membranes, efforts should be placed

on the membrane thickness reduction and surface modification.
3.3. Oxygen permeation through BSCF membrane with

reduced thickness (0.4 mm) and surface modification

Membr-III with thickness of 0.4 mm was prepared with

similar surface morphologies as these of Membr-I and II.

Membr-III exhibited much improved performance in terms of

permeation rate. Fig. 4 shows the P00O2
dependence of oxygen

permeation fluxes. Compared to Membr-II, Membr-III further

improved the oxygen flux by 20 to 60% depending on the

operating temperatures. For example, at 800 8C and He gas rate

of 100 mL min�1, the oxygen fluxes through Membr-II with

thickness of 0.75 mm was 2.43 mL min�1 cm�2; at similar

conditions, the O2 flux through Membr-III were improved by

38% and reached 3.35 mL min�1 cm�2. To give another

example as shown in Fig. 4b, at 900 8C and similar O2 partial

pressure in the permeate side (P00O2
) of 0.02 atm, Membr-III gave

O2 flux of 5.1 mL min�1 cm�2 in contrast to the lower value

of 3.2 mL min�1 cm�2 by Membr-II. The better performance



Fig. 4. Effect of operating temperature (a) and oxygen partial pressure in the

permeate side at 900 8C (b) on the oxygen fluxes through Membr-III (Membr-III

with thickness 0.4 mm).
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of Membr-III is closely related to its thinner thickness which

provides less mass transport resistance for oxygen ion diffusion.

The thickness of plate membrane is often much larger than the

critical thickness at which the oxygen permeation is equally

determined by the surface-exchange kinetics and bulk-diffusion.

In this case, to maximize the oxygen flux, BSCF membranes

should be prepared as thin as possible. However, under our

laboratory conditions, BSCF plate with 0.4 mm thickness was

the thinnest membrane which can be prepared by pressing

method. For the fabrication of ultra-thin BSCF plate membranes,

coating technology has to be employed.

As discussed above, when the BSCF membrane thickness is

less than 1.1 mm, the surface reactions between molecular

oxygen, lattice oxygen, oxygen vacancies and electron-holes

already play an import role in the determination of oxygen

permeation rate. Therefore, membrane surface modification to

promote the reaction kinetics will also be effective to increase

the oxygen permeation rate. Surface modification can be

achieved by coating a more porous layer with higher surface

area or by deposition of catalyst of superior O2 exchanging

properties. In this work, Membr-III was further coated with
porous layer of the same BSCF material. This avoids the

unfavorable reaction between the two different materials

employed or the peeling off of the porous layer due to the

mismatch of different thermal expansion. Fig. 5 shows the SEM

pictures of Membr-III and its modified BSCF membrane

(Sample IV) surface and cross-sectional views. Fig. 5a shows

the polished surface of Membr-III is quite smooth and the grain

boundary of BSCF particles cannot be distinguished. It should

be noted that the membranes are not 100% densified and there

are still many isolated pores along the cross section area;

however, there is no connected porosity across the membranes.

After spray coating, the porous BSCF layer with thickness of

15 mm, consisting of agglomerated 3 mm-sized particles,

integrates well to the original membrane surface as shown in

Fig. 5b (marked with blue rectangles).

The effect of surface modification on oxygen permeation

was further investigated as depicted in Fig. 6. Compared to the

original membrane (Membr-III) with similar densified thick-

ness of 0.4 mm, the performance of the membrane after the

deposition of porous layer (Membr-IV) in oxygen permeation

was improved by 20 to 40% with relatively larger improvement

at lower temperatures. For instance, at 700 and 900 8C, the O2

permeation fluxes were increased from 1.68 to 2.35 and 5.0 to

6.0 mL min�1 cm�2, respectively. Such significant improve-

ment on oxygen permeation flux of BSCF is due to the surface

modification with porous layer which enlarges the surface area

for oxygen exchange reaction.

So far, a series of perovskite oxides with a general

stoichiometric formula of AyA0ð1�yÞBxB0ð1�xÞOð3�aÞ have been

reported to possess appreciably high oxygen permeation rate

[4,10–20]. The A, A0, B and B0 elements can be selected from

La, Sr, Ba, Ca, Zr, Mg, Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Ga, Zr,

or Z and x/y is ranged from 0–1. Among the mixed

conducting plate membranes tested in the literature, the O2

fluxes achieved in the present work are the highest. For

BSCF hollow fibre membranes with a thickness of 0.25 mm,

Liu and Gavalas reported a maximum oxygen flux of

2.8 mL min�1 cm�2 at 900 8C [25]. The fluxes measured in

the current study was up to 6.0 ml min�1 cm�2 with mem-

brane thickness of 0.4 mm and surface modification. The

contamination by sulfur during the preparation is one of

possible reasons for the lower permeation rates of these

BSCF hollow fibres [25].

It has been suggested that when the permeation flux

through a mixed conducting ceramic membrane is larger

than 10 mL min�1 cm�2 [STP] (7.44 � 10�6 mol cm�2 s�1)

[26,27], the membrane can be considered for large-scale

application to replace the traditional cryogenic method which is

energy-intensive and cannot be economically applied for clean

energy deliveries. According to the theoretical prediction in

Fig. 3b, when the O2 pressure in the permeate side is less than

10�5 atm (i.e., by applying vacuum), the O2 flux through

M e m b r - I I I w i t h 0 . 4 m m - t h i c k n e s s w i l l r e a c h

9.0 mL min�1 cm�2. Based on the result of surface modifica-

tion, the O2 flux through Membr-IV operated at this condition

can be up to 11 mL min�1 cm�2 approaching the target of

commercial interest.



Fig. 5. SEM micrographs of the BSCF membranes ((a) Membr-III with thickness of 0.4 mm; (b) Membr-IV after surface modification of Membr-III by spray

coating).

Fig. 6. Effect of operating temperature on the oxygen fluxes through Membr-IV.
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4. Conclusion

High quality BSCF powder to be used as membrane material

with pure perovskite phase was prepared via a modified Pechini
sol–gel technique. O2 permeation was experimentally and

theoretically investigated based on a series of BSCF plate

membranes. Theoretical analysis implied that oxygen permea-

tion was jointly controlled by surface modification and bulk

diffusion when the BSCF membrane thickness was less than or

equal to 1.1 mm. Reducing membrane thickness to 0.45 mm

improved the fluxes by 20–60% compared to the membrane of

0.75 mm thickness. Membrane modification was achieved by

spraying a porous BSCF layer on both surfaces with thickness

of 15 m. O2 fluxes through the surface modified membrane were

further improved by 20–40% depending on the operating

conditions. The maximum flux achieved in this work reached

6.0 mL min�1 cm�2 at 900 8C, which is the highest value

among all the plate membrane reported in the literature. The

encouraging permeation value together with the good opera-

tional stability reported in previous work makes the

Ba0.5Sr0.5Co0.8Fe0.2O3�d material interesting as a mixed

conducting ceramic membrane for large-scale applications.
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