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The oxygen permeation performance of perovskite La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) hollow fibre 

membranes were enhanced by surface modification via coating Ba0.5Sr0.5Co0.9Nb0.1O3-δ (BSCN) 

porous layer. The hollow fibres were characterized by XRD, SEM, EDS elemental mapping 

and tested for air separation. Experimental results revealed that the BSCN porous layer had 

significantly improved the oxygen permeation flux of the coated LSCF hollow fibre 

membranes. Operated at 950 °C and under the oxygen pressure gradient of air/sweep gas, the 

maximum oxygen permeation flux of 1.92 mL cm-2 min-1 was achieved after the hollow fibre 

membrane was coated by BSCN porous layer in both outer and inner surfaces. In addition, the 

modified membrane showed high oxygen permeation stability under the investigated 

operational conditions. 

 

1 Introduction 

Oxygen is among the top five most produced commodity 

chemicals in the world1 and its market will rapidly expand in 

the near future as almost all major clean energy technologies 

need oxygen as the feed gas like the carbon capture and storage 

projects via integrated gasification combined cycle and oxyfuel 

combustion.2-5 Currently, the air separation units (ASU) in 

these projects to provide pure oxygen are performed by a very 

mature process-cryogenic distillation, a 100-years-old 

technique which is expensive and energy intensive.6 Thus, new 

cost-effective method for oxygen production is paramount to 

improve the economics of these clean energy technologies. 

Swing adsorption (SA) provides an option to produce oxygen in 

intermediate scale (20-100 tons day-1).6 Alternatively, dense 

mixed ionic-electronic conducting (MIEC) ceramic membranes 

have gained significant interest because of the cost-efficiency, 

high purity (100% in selectivity) of generated oxygen and 

environmental friendly process.7-15 Small pilot scale facilities 

have been commissioned using perovskites among which the 

largest has been built up by Air Products and Chemicals in the 

USA with a production capacity of five tons per day based on 

flat wafer-like membrane module.16 Wide application of this 

ceramic membrane technology has been restricted by either 

lower oxygen permeation flux or poor material stability under 

operating conditions.17 Much effort is devoted to explore more 

advanced membrane materials with inherent high oxygen 

permeation flux and stability; however, it is still difficult to find 

one single compositional membrane with ideal performance in 

both areas. Among the tested membrane materials, 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) perovskite presents the state of 

the art due to its excellent material stability.18,19 Previous 

studies revealed that LSCF membrane could maintain very 

stable oxygen permeation flux in long-term operational test for 

thousand hours.18 Compared to other membranes, the oxygen 

permeation flux value of LSCF is intermediate but the low flux 

problem can be overcome by using better membrane fabrication 

methods, which is the major motivation of this work.  

In general, the oxygen transport through MIEC membrane is 

jointly controlled by the bulk diffusion and two surface inter-

transferring reactions between molecular oxygen and oxygen 

ions;20,21 thereby, the performance improvement can be 

achieved via a thinner membrane or surface modifications.22-27 

For example, membranes in hollow fibre geometry can provide 

a much thinner ionic diffusion layer than thick disk-shaped or 

tubular membranes.28-30 In addition, hollow fibre membrane 

module can also offer a higher area/volume ratio, which would 

finally translate to the reduced ASU size when integrated to the 

cleaner power plant saving capital and operational cost. 31-34 

In this work, LSCF hollow fibre membrane was selected as 

the base material to explore novel surface modification method 

to further improve the oxygen permeation flux value. Recently, 

in the field of solid oxide fuel cells (SOFC), Nb doped SrCoO3-

based pervoskite like Ba0.5Sr0.5Co0.9Nb0.1O3-δ (BSCN) was 

found to be good cathode catalyst in promoting the air 

reduction process because of its higher surface exchange 

constant and stability than other perovskites.35,36 Due to the 

similarities of air reduction via surface reactions between the 

SOFC cathode and the MIEC membrane, the BSCN was used 

as the porous coating layer to enhance the air separation 

efficiency of LSCF hollow fibre membranes by improving the 

surface kinetics. 

2 Experimental  

BSCN oxide was synthesized by a mechano-chemical 

activation-promoted solid-state reaction with BaCO3, SrCO3, 

Nb2O5 and Co2O3 (all in analytical grades) applied as the raw 

materials for the metal sources.36 These chemicals, according to 
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the cation stoichiometry of the aimed composition of BSCN 

were well mixed using a FRITSCH Pulverisette 6 high energy 

ball miller in acetone liquid media at the rotation speed of 400 

rpm for 3 h. After drying, the precursor powder mixture was 

calcined at 950 °C for 10 h in air, and then further sintered at 

1100 °C for 5 h in air. After sintering, the powder was ground 

by ball milling and sieved. 

The LSCF hollow fibre membranes were fabricated by the 

phase inversion and sintering technique as detailed elsewhere.37 

In this study, the spinning solution consisted of 62.98 wt% 

LSCF powders, 6.30 wt% polyethersulfone (PESf) (RAdel A-

300, Ameco Performance, USA), 25.18 wt% 1-methyl-2-

pyrrolidinone (NMP) (AR Grade, >99.8%, Kermel Chem Inc., 

Tianjin, China) as solvent, 3.71 wt% polyvinyl pyrrolidone 

(PVP, K30) ( AR Grade, Mw = 10,000, Fuchen Chem Inc., 

Tianjin, China ) and 1.85 wt% deionized water as non-solvent 

additives. The viscosity of the spinning solution was measured 

at room temperature to be 55,800 mPa·s at the shear rate of 3 

rpm. The bore liquid for spinning was deionized water while 

tap water was used as the external coagulant. The hollow fibre 

precursor was dried and then sintered at 1300 °C for 4 h with a 

ramping and cooling rate of 2 °C min-1 in non-flowing air 

atmosphere to obtain the gas-tight membrane.  

To enhance the surface reaction rate, the coated BSCN 

porous layer on LSCF hollow fibre membrane was prepared by 

single dip coating procedure through immersing the hollow 

fibre membrane (with effective length of 5 cm) inside a 

suspension containing BSCN powders (35 wt%), acetone (26 

wt%) and ink-vehicle (39 wt%). The coated hollow fibers were 

heated to 1000 oC for 2 hours at a ramping rate of 5 oC min-1. 

Hollow fibre membrane coated by BSCN porous layer on outer 

surface, inner surface or both outer and inner surfaces will be 

referred hereafter as BSCN-O, BSCN-I, and BSCN-B, 

respectively.  

For oxygen permeation test, the gas tight LSCF hollow fibre 

membrane was connected on both sides with quartz tubes and 

placed inside a tubular furnace exposing the shell side of fibre 

to the ambient air with helium as sweep gas from the lumen 

side. Prior to the membrane assembly, the gas-tightness of the 

hollow fibre was verified by observation of gas bubble 

formation from the outer hollow fibre surface during immersion 

in water when pressurized using 2 bar compressed air. 

Permeation tests were conducted by varying the helium gas 

flow rate between 50-200 mL min-1 and temperature between 

750-950 oC. The composition of the permeate stream was 

analyzed using a Shimadzu GC-2014 with a 5A molecular sieve 

column and TCD detector. The permeate flow rate was 

measured by a bubble flow meter. The connecting area between 

the hollow fibre and the quartz tube was sealed by silver paste 

at room temperature followed by heating to 900 oC. The sealing 

procedure was repeated at least twice until nitrogen could no 

longer be detected. The air leak rate was <0.5% below the 

minimum detection limit of the Shimadzu GC-2014. 

The hollow fibre membrane was observed using scanning 

electron microscopy (SEM) (Zeiss EVO 40XVP). Gold sputter 

coating was performed on the samples under vacuum before the 

SEM characterization. Elemental mapping at the 

microstructural level was conducted by SEM (HITACHI S-

4800) with energy dispersive X-ray spectrometry (EDS). The 

XRD patterns of the BSCN powder and the LSCF hollow fibre 

membrane were recorded on an X-ray diffractometer 

(PANalytical X'Pert PRO MPD) using a Cu-Kα 

monochromatized radiation source and a Ni filter in the 2θ 

range of 10-80°. 

3 Results and discussion 

X-ray diffraction (XRD) pattern of the LSCF hollow fibre 

membrane is shown in Fig. 1a. The characteristic peaks of the 

rhombohedral perovskite phase were detected as reported 

elsewhere.38,39 In addition, the BSCN powder sintered at 1100 

°C exhibited strong diffraction peaks with respective 2θ angles 

(Fig. 1b) agreeing with the single perovskite-type phase with 

cubic lattice symmetry.36 
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Fig. 1 Typical XRD patterns of the LSCF hollow fibre membrane (a) 
and BSCN powders (b).  

 

Fig. 2 displays the morphology of BSCN perovskite powders 

calcined at 1100 °C for 5h. It is observed that the BSCN 

particles agglomerated after the calcination process. Such 

agglomeration may prevent the uniform dispersion of BSCN 

particles in the coating solution and cause defects in surface of 

the modified hollow fibre membranes. Therefore, the post-

treatment including ball-milling and sieving of the calcined 

BSCN powders is a critical step to break down the large 

agglomerates. 

 

 
Fig. 2 SEM images of BSCN powders calcined at 1100 oC for 5h. (A) 

Low magnification; (B) High magnification. 

 

SEM images of unmodified and BSCN-coated LSCF hollow 

fibre membranes are comparatively displayed in Fig. 3. The 

typical outer and inner diameter of the fresh membrane is 

around 2.11 and 1.58 mm, respectively, as measured from Fig. 

3A. The original membrane possesses a typical sandwich 

structure prepared by using water as the internal and external 

coagulants to prepare the hollow fibre precursors. Short finger-

like pores are present near the outer and inner walls of the fibre, 

while a thick and fully densified layer exists in the centre of the 

fibre. Figs. 3 B and C show the fully densified microstructure 

of the inner and outer surfaces with average grain size about 1 

µm. The complete gas-tightness of the membranes was verified 

by the gas leaking test under the pressure difference of 2 bar at 

room temperature. SEM images of LSCF hollow fibre 

membrane coated by BSCN layer are shown in Figs. D, E, and 
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F. It is found that porous BSCN layer with thickness of about 

50 µm (marked by the red arrow in Fig. 3D and red shapes in 

Fig. 3F) was successfully formed and firmly adhered on one or  

 
Fig. 3 SEM images of unmodified (A-C) and BSCN-coated (D-F) 

LSCF hollow fibre membranes. (A) cross sectional view; (B) inner 

surface; (C) outer surface; (D) BSCN-I, (E) BSCN-O and (F) BSCN-B. 
 

 

Fig. 4 SEM images with EDS mapping of the interface BSCN and 

LSCF outer surface 

 

both surfaces of the membrane, suggesting that the single dip 

coating method is effective to deposit porous layer on the 

surface of LSCF membranes. Technically, the thickness of the 

porous layer can be tuned by varying the concentration of the 

coating slurry as well as the coating times. It can also be seen 

that the agglomerate size of BSCN particles is larger than the 

grain size from the LSCF hollow fibre membrane. Hence, the 

porous BSCN layer provides not only more pathway for the 

diffusion of oxygen to or from surface of membrane, but also 

more surface area to facilitate the surface exchange reaction. 

Fig. 4 shows the EDS element mapping of the SEM image in 

the area of interface (marked as the red line in the SEM image) 

between BSCN and LSCF layer. As can be seen, some elements 

of Sr, Co and O are homogeneously distributed over the entire 

BSCN-O sample. However, La/Fe or Ba can only be detected in 

the LSCF or BSCN coating layer, respectively. However, a 

minor amount of Nb penetrated into the LSCF layer after high 

temperature treatment. This may cause the variation of the 

oxygen permeation performance of the coated LSCF 

membranes.   
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Fig. 5 Oxygen permeation through BSCN-coated and unmodified 

LSCF hollow fibre membranes. (Sweep gas rate of 100 mL min-1 in the 

fibre lumen). 
 

Fig. 5 presents the oxygen permeation fluxes against 

temperature for BSCN-coated LSCF hollow fibre membranes 

together with the unmodified LSCF hollow fibre for 

comparison purpose. The oxygen permeation is a temperature-

activation process and at room temperature the perovskite 

membrane displayed no permeation. These fluxes increased 

steadily with the temperature due to the enhancement of oxygen 

ionic bulk-diffusion and the surface-exchange rate. It also can 

be seen that all the BSCN-coated membranes exhibit noticeably 

higher oxygen permeation fluxes than the unmodified 

membrane. We also observed that at similar operating 

conditions, the flux improvement of BSCN-O was larger than 

that of BSCN-I. This reflects the surface (facing air side) 

reaction resistance of oxygen reduction is larger than the 

reverse reaction of oxygen ion oxidation in the permeate side. 

Major improvements in oxygen permeation flux are noticeable 

at low temperature regime. For instance, at 800 °C and the 

sweep gas rate of 100 mL min-1, the oxygen permeation flux 

through the unmodified LSCF membrane was 0.059 mL min-1 

cm-2; after surface modification, the value was improved to 

0.126, 0.185 and 0.383 mL min-1 cm-2 with the enhancement 

factor of 2.1, 3.1 and 6.5 with respect to BSCN-I, BSCN-O and 

BSCN-B, respectively. Noteworthy is that at this stage it is 

difficult to explain why at lower temperatures like 800 oC, the 

LSCF 

BSCN 
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improvement factor of surface modification on both sides is 

closer to the value of the multiplication of the two improvement 

factors from single modification of BSCN-I and BSCN-O. 

At temperatures higher than 900 oC, the surface modification 

(BSCN-B or BSCN-O) improved the oxygen permeation flux 

larger than 1 mL min-1 cm-2, a target specified for commercial 

consideration by Steele in 1992.40 However, this target could 

not be reached by using the unmodified membrane even the 

temperature was increased to 950 °C. High oxygen permeation 

at lower temperature will make the coated LSCF membrane 

closer for large scale applications. The fact that the oxygen 

permeation flux can be improved by coating a porous BSCN 

layer indicates that the coated membranes have two significant 

advantages over the unmodified one: (1) the BSCN layer can 

remarkably enhance the surface exchange reaction rate; (2) the 

porous layer provides more surface area and facilitates the 

diffusion of oxygen molecules.  
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Fig. 6 Percentage improvements of oxygen permeation for modified 
hollow fibre membranes as a function of temperature. 

 

The percentage improvements of oxygen permeation for the 

BSCN-modified hollow fibre membranes are plotted against 

operating temperature in Fig. 6. It can be seen that all modified 

membranes had a bigger improvement at lower temperature 

regime, indicating the relative limiting step of the oxygen 

permeation process changed with the operating conditions. At 

lower temperature, the surface exchange reaction was the main 

rate-determining step for the oxygen permeation process. 

However, as the temperature further increased, the relative 

limiting effect of the bulk diffusion gradually became more 

noticeable. As a result, the enhancement of oxygen permeation 

by surface modification was relatively reduced. Nevertheless, 

the modified membranes still gave much higher oxygen 

permeation fluxes than that of the unmodified membrane even 

the temperature up to 950 °C. Similar effect of coated LSCF 

layer on LSCF hollow fibre membrane was also reported by 

Tan et al.26 

Fig. 7 shows the oxygen permeation fluxes against sweep gas 

flow rates at different operating temperatures. The oxygen 

permeation flux increment with the increasing sweep gas rate is 

mainly due to the enlarged oxygen gradient by lowering the 

permeate side oxygen partial pressure. For example, at 950 °C, 

increasing the sweep gas rate from 50 to 200 mL min-1 slightly 

raised the oxygen permeation flux though the unmodified and 

BSCN-B membranes from 0.56 to 0.66 and 1.44 to 1.92 mL 

min-1 cm-2, respectively. Furthermore, the operating 

temperature plays a more important role in oxygen permeation 

than the concentration driving force for oxygen permeation in 

these membranes. For instance, the oxygen permeation flux 

though the unmodified and BSCN-B membranes increased 

dramatically from 0.04 to 0.66 and 0.21 to 1.92 mL min-1 cm-2, 

respectively, as the operating temperature increased from 750 

to 950 °C at constant sweep gas rate of 200 mL min-1. 
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Fig. 7 Effects of helium sweep rate on the oxygen permeation fluxes 
through unmodified (a) and BSCN-B (b) hollow fibre membranes. 
 

In comparison with the literature data as showing Table-1, 

the unmodified LSCF membrane possessed the same oxygen 

flux as that from the previous study.26 The oxygen flux of the 

coated LSCF membrane was largely improved but still less than 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) hollow fibre membrane. It 

should be noted that BSCF and LSCF are still the state of the 

art of the perovskite materials which present two typical 

membranes with highest flux/lower material stability and 

intermediate flux/higher material stability, respectively.   
  

Table 1 Comparison between oxygen permeation fluxes reported in 

previous studies and the present work. 

Hollow fibre 
Oxygen permeation flux* 

(mL·cm-2·min-1) 
Reference 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ 3.07 [41] 

LSCF 0.50 [26] 

LSCF 0.56 Present work 

BSCN-B 1.44 Present work 

*Sweep gas rate: 50 ml min-1; Temperature: 950 
oC 
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A long-term operation test was conducted on the BSCN-B 

membrane under the operating conditions of 900 °C and 100 

mL min-1 sweep gas rate. The oxygen permeation flux potted 

against the operation time is shown in Fig. 8. As can be seen, 

the membrane system reached steady state and gave a stable 

oxygen permeation flux value at 1.11 mL min-1 cm-2 for the 

entire operation period of 120 h at 900 °C. This implies that the 

BSCN-B membrane shows high stability at least under the 

investigated operational conditions. Membrane surface 

modification can also be completed via surface acid reaction to 

make the original dense and smooth surface more porous by 

etching away part of the surface layer.25 However, such etching 

strategy may damage the mechanical strength of the hollow 

fibre membrane. 
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Fig. 8 Oxygen permeation flux through the BSCN-B membrane as 

function of time at 900 oC. 

4 Conclusions 

The surface modification of gas-tight La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF) hollow fibre membranes was conducted by 

Ba0.5Sr0.5Co0.9Nb0.1O3-δ (BSCN) perovskite porous layer. It was 

found that porous BSCN layer can be successfully formed and 

firmly attached to the membrane surface. All the BSCN-coated 

membranes, especially the inner and outer surface modified 

one, exhibited noticeably higher oxygen permeation fluxes than 

the unmodified hollow fibre membrane. The results also 

indicate that the relative limiting step of the oxygen permeation 

process changes from the surface exchange reaction to bulk 

diffusion with temperature increase. Furthermore, the modified 

membrane also exhibited high oxygen permeation stability for 

the entire investigated 120-hour-operation at 900 °C without 

flux decay. 
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