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In this study, we propose a new tin-doped perovskite oxide, BaCo0.7Fe0.2Sn0.1O3-δ (BCFSn0.1), as 

promising alternative material of ceramic oxygen-permeating membrane. A high energy ball milling-

assisted solid-state reaction method is used for the material synthesis. The effect of tin doping on the 

structure, electrical conductivity, oxygen activity, oxygen bulk diffusivity and surface exchange 

properties of the materials, sintering behaviour, and oxygen permeability of the related membranes is 10 

systematically investigated via transmission electron microscopy (TEM), environmental scanning 

electron microscopy (E-SEM), thermo-gravimetric analysis (TGA), oxygen temperature-programmed 

desorption (O2-TPD) and electrical conductivity relaxation (ECR), and oxygen permeation test. The 

minor substitution of B-site cations in BaCo0.7Fe0.3O3-δ (BCF) with tin is found to be highly effective in 

improving oxygen flux of the resultant membrane. Under an oxygen gradient created by air/helium , 15 

BCFSn0.1 membrane reaches fluxes of 9.62 × 10-7 and 3.55 × 10-7 mol m-2 s-1 Pa-1[STP] respectively at 

900 and 700 °C, in a sharp contrast with the flux values of 4.42 × 10-7 and 2.84 × 10-8 mol m-2 s-1 Pa-1 for 

BCF membrane with the same thickness of 1mm. Favorable permeation stability is also demonstrated for 

the tin-doped membrane, and oxygen ionic bulk diffusion is the main rate-limiting step for oxygen 

permeation, implying a further increase in fluxes through reducing the membrane thickness. 20 

Introduction 

Oxygen permeating ceramic membranes have received 
considerable attention during the past two decades due to their 
outstanding features of continuous operation of separating 
oxygen from air with infinite selectivity, higher permeability 25 

compared to the microporous membrane and in particular the 
possibility of providing the cost-effective method for oxygen 
production for industrial usage. Conventionally, oxygen is a big 
gas market as it has been widely used not only in medicine and 
healthy but also in industrial applications and combustions which 30 

typically includes acid synthesis, steel and iron industry, metal 
welding process, mining to decompose rocks, waste treatment 
and chemical combustions. Now the climate change further boost 
the oxygen business since almost all large scale clean energy 
technologies require O2 as a feed gas. Currently, the cryogenic air 35 

distillation is the only viable method to produce oxygen from air 
for industrial scale application, which is expensive and energy 
intensive impeding the deployment of these clean energy 
technologies. In this context, ceramic membrane technology 
provides a promising alternative exemplified by the big 40 

investment on ionic transporting ceramic membrane for air 
separation by Air Product in USA. In addition to oxygen 
production, these robust oxygen permeating ceramic membranes 
can also be used in the oxidative reaction of hydrocarbons to 

value-added products with greatly reduced emissions or improved 45 

selectivity for aimed products.1-5 Oxygen permeation through 
dense ceramic membranes is via ion diffusion mechanism.6 In 
such a typical separation process, molecular oxygen from the 
oxygen rich side atmosphere is first adsorbed on the membrane 
surface with subsequent steps of the molecular oxygen 50 

dissociation to oxygen ion and electrons; then both charges 
diffuse through the membrane bulk to the other side of membrane 
surface driven by the oxygen partial pressure gradient across the 
membrane. On the other membrane surface, the oxygen ion and 
electrons are re-combined to form molecular oxygen and released 55 

to the surrounding atmosphere. The successful applications of 
mixed conducting membranes in practice are strongly dependent 
on several key factors in terms of operational stability, 
permeation flux, and material cost. 

During the past decades, many mixed conducting materials for 60 

oxygen permeating membranes have been developed. Most of the 
materials with high oxygen permeability are categorized in ABO3 
perovskite lattice structure containing larger alkaline earth metal 
element (Ba2+, Sr2+, Ca2+, Ln3+) in the A site and smaller 
transition metal element (Nix+, Cux+, Cox+, Fex+, Mnx+) in the B 65 

site.7-15 Ba2+ is one of the popular dopants for the A site of 
perovskite, because of its low oxidation state (2+, facilitating the 
formation of oxygen vacancy in the perovskite lattice), large ionic 
size (increasing the free lattice volume), low metal-oxygen 
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average bond energy (facilitating the oxygen movement inside 
the lattice), and high basicity (promoting the surface oxygen 
exchange reactions), while Cox+/Fex+ couple are often used in the 
B site to result in superior performance. Thus, the BaCoxFe1-xO3-δ 
related oxides have been extensively investigated as potential 5 

membrane materials for oxygen separation.16-20 
Perovskite oxides take several lattice structures. Among them, 

oxygen vacancy disordered cubic structure is preferred since 180o 
of the A-O-B bond best facilitates the electron hopping as well as 
all three dimensions favor the oxygen diffusion. Considering the 10 

non-cubic superlattice structure of BaCoxFe1-xO3-δ oxides,17 
doping the B-site of BaCoxFe1-xO3-δ with other elements to 
stabilize the oxygen vacancy disordered cubic perovskite lattice 
structure down to room temperature has been extensively 
attempted. Up to now, Zr4+, Ti4+, Nb5+, Bi5+, Ce4+, and Ta5+ have 15 

been proven to be the successful dopants.21-26 Among them, Nb5+ 
seems to be the most attractive dopant in terms of oxygen 
permeability and phase stability of the resulted membranes.23, 27 
However, Nb2O5, which is used as raw material, is relatively 
expensive, thus increasing the cost of membrane synthesis. In 20 

addition, the high oxidation state of Nb5+ will reduce the oxygen 
vacancy concentration inside the perovskite oxide lattice and 
tolerance of Nb5+ in perovskite structure is very limited.28 

An ideal dopant for BaCoxFe1-xO3-δ should possess low 
oxidation state to maximize oxygen vacancy concentration in the 25 

perovskite oxide lattice, wide availability with low price, low 
metal-oxygen average bond energy to facilitate oxygen diffusion, 
suitable cation size to match the requirement to form a cubic 
perovskite, and stable oxidation state to avoid thermal reduction 
and so on. Given these considerations, Sn4+ is a better dopant 30 

candidate with a cation size of 0.69 nm when in 6 coordination 
with oxygen. It also has a relatively low metal-oxygen bond 
energy of 548 kJ mol-1, in comparisons with 760, 662 and 753 kJ 
mol-1 for the respective Zr-O, Ti-O, and Nb-O, and easier 
sintering as SnO2 is frequently used as sintering aid.  Sn4+ is also 35 

advantageous with its lower material cost compared to Nb5+ and 
the good tolerance in  a cubic perovskite structure which can be 
maintained even for BaSnO3 with the total replacement of B site 
cation by Sn4+.29 

In this study, we reported a new perovskite-type oxide as the 40 

mixed conducting ceramic membranes for oxygen separation 
from air. The effects of tin doping on the structure, sintering, 
electrical conductivity, oxygen activity, oxygen bulk diffusivity, 
surface exchange properties and oxygen permeability of the 
resultant membranes were systematically investigated. The tin 45 

doped BCF (BaCo0.7Fe0.2Sn0.1O3-δ, BCFSn0.1) showed comparable 
permeation flux value and stability to state-of-the-art membrane-
Nb5+ doped BCF (BaCo0.7Fe0.2Nb0.1O3-δ) but with better sintering 
capability and lower cost mirroring that BCFSn0.1  is a promising 
material for oxygen supply for next-generation. 50 

Experimental Section 

Sample fabrication 

The BaCo0.7Fe0.3-xSnxO3-δ (x=0, 0.1) powders were prepared by a 
high energy ball milling-assisted solid-state reaction of the 
required stoichiometry of BaCO3, Co3O4, Fe2O3 and SnO2 (all in 55 

analytic grades). Starting raw materials were ball milled 

(FRITSCH pulverisette 6) in acetone liquid medium at a rotation 
speed of 400 rpm for 40 min. After drying, the primary powders 
were calcined at 950 °C for 5 h in air, followed by calcining at 
1100 °C for 10 h in air. The sintered powder was ball milled 60 

again for 30 min with the ethanol as the milling medium to get 
the qualified uniform powders. The as-obtained oxide powders 
were then compressed into disk-shape membranes in a stainless 
steel mold (15.0 mm in diameter) under hydraulic pressure of 
approximately 1.5×108 Pa. The green disks were sintered in air at 65 

1120 °C for 5 h. The pristine BSCF powder was prepared by the 
EDTA-citrate complexing method and the membranes were 
sintered at 1100 °C for 5 h for comparison with BCFSn0.1. 

Basic characterization 

The phase structures of the as-prepared materials were 70 

determined by X-ray diffraction (XRD) using a Bruker D8 
Advance diffractometer in the range of 2θ from 20  to 80o. 
Rietveld refinements on the XRD patterns were carried out using 
GSAS software. An in situ high-temperature X-ray diffractometer 
(HT-XRD, Philips, X’Pert Pr) was utilized to measure the 75 

structural evolution of powders across a temperature cycle from 
room temperature to 1000 °C in air with a heating and cooling 
rate of 5 °C min-1. The room-temperature oxygen 
nonstoichiometry was measured by the iodometry titration 
technique and the oxygen desorption properties of as-prepared 80 

materials were investigated by the oxygen temperature-
programmed desorption (O2-TPD) experiment. The thermal 
reduction capability was comparatively studied by thermo-
gravimetric analysis (TGA, Netzsch, STA 449 F3) in air. The 
pellet was previously sintered for the thermal expansion 85 

coefficient (TEC) test. The morphology of the membranes was 
observed using environmental scanning electron microscopy 
(ESEM, QUANTA-2000) and the particulate morphology of BCF 
and BCFSn0.1 oxide was examined using a JEOL JEM-2100 
transmission electron microscopy (TEM). 90 

Oxygen permeation measurement 

The oxygen permeation properties of as-prepared disk-shaped 
membranes were investigated by gas chromatography (GC) 
method using a high-temperature oxygen permeation apparatus. 
The as-synthesized BCF, BCFSn0.1 and BSCF membranes, after 95 

being polished on both sides to the thickness of 1.00 mm by 400 
mesh SiC abrasive paper, were fixed onto dense alumina with the 
silver paste used as the sealant. The sidewall of those membranes 
was also covered with the silver to avoid radical contribution to 
the oxygen flux. During the oxygen measurement, the 100 

temperature was slowly increased to 900 °C at the rate of 5 °C 
min-1 for the oxygen permeation test. Ambient air was applied as 
the oxygen rich side atmosphere and helium as the sweep gas 
with the flow of 100 ml min-1 [STP] to create an oxygen partial 
pressure gradient across the membrane. The oxygen permeation 105 

measurement was performed from 900 to 700 °C with the step of 
25 °C. Helium also act as the carrier gas to bring the permeated 
oxygen to gas chromatography (GC, Varian 3800) equipped with 
a 5 Å capillary molecule column and thermal conductivity 
detector (TCD) for quantitatively concentration analysis. 110 

The oxygen permeation flux was calculated by: 
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where CO and CN are the measured gas-phase concentrations of 
oxygen and nitrogen in the gas on the sweep side, respectively. F 
is the flow rate of the exit gas on the sweep side (ml min−1), and S 
is the membrane geometric surface area of the sweep side (cm2). 5 

(28/32)1/2 is square root of the ratio of N2 molecular weight 
versus O2 molecular weight, which is related with Knudsen 
diffusion coefficient. 

Results and Discussion 

Phase structure 10 

As shown in Figure 1(a) are the room-temperature XRD patterns 
of BCFSn0.1 and BCF, as synthesized by the mechano-activation 
promoted solid-state reaction method after the further calcination 
at 1100 °C. It is well known that perovskite oxides can take 
several lattice symmetry. For a perovskite oxide with an ideal 15 

cubic symmetry, the ionic size of A-site cation, B-site cation and 
oxygen ion should meet the requirement of RA+RO= √2(RB+RO), 
where RA, RB and RO are the ionic radius of A site cation in 12 
coordination with oxygen, B site cation in 6 coordination with 
oxygen and oxygen ion, respectively. The mismatch in RA and RB 20 

could introduce large strain inside the oxide lattice, resulting in a 
distortion of the oxide lattice with cubic symmetry, or the 
formation of low symmetry structures. For example, a 2H-
BaNiO3 structure was reported for some perovskite oxides at the 
condition of too large of the A site cation as compared to the B 25 

site cation (for example, (RA+RO)/√2(RB+RO)> 1.03).30 
Sometimes, the oxygen vacancy ordering within the oxide lattice 
could also happen, leading to the formation of some superlattice 
structure.31 For the undoped BCF parent oxide, the diffraction 
patterns can be well indexed based on a hexagonal structure, 30 

which is a quite common observation for perovskite oxides with 
large mismatch in the size of A and B site cations (too large of 
the tolerance factor). It should be mentioned that, the tolerance 
factor is closely related to the size of B site cations in BCF, where 
cobalt and iron cations have multiple oxidation states and spin 35 

states. Interestingly, by partial substitution just 10% of the B-site 
cations with Sn4+ (here the Sn4+ was designed for the partial 
substitution of Fex+ in BCF), the diffraction patterns changed 
significantly, and they can be well indexed based on an oxygen 
vacancy disordered perovskite lattice structure. We then further 40 

analyzed the phase structure of BCF and BCFSn0.1 by Rietveld 
refinement with the plots shown in Figure 1 (b) & (c). For the 
BCF sample, the structure can be refined well based on a 
hexagonal structure, space group P-3m1, with a=5.71 Å, b=5.71 
Å and c=11.94 Å, and α=β=90o, γ=120o, and the low R 45 

(Rwp=3.75%，Rp=2.53%，chi^2=3.694). As to the BCFSn0.1 
sample, the pattern can be well refined based on a cubic 
symmetry Pm-3m with a=b=c=4.09 Å, and the low R (Rp=2.07%
，Rwp=2.97%， chi^2=2.664) for BCFSn0.1 indicated a good 
fitting. 50 

The crystal structures of both samples were also analyzed by 
HR-TEM. As shown in Figure 2 are the corresponding TEM, 
HR-TEM, SAED and the simulated plots of crystal lattice in the  

 
 55 

Fig. 1 XRD patterns of BCF and BCFSn0.1 powders calcined at 1100 °C 
for 10 h under air (a), and Rietveld refinement plots of BCF (b) and 

BCFSn0.1 (c). 

crystalline fringe of image for BCF (a-d) and BCFSn0.1 (a'-d'). 
For the BCF sample, the asymmetric SAED patterns were in 60 

coincidence with its hexagonal structure as indicated by XRD. 
The diffraction fringes of distance d=0.456 nm matched pretty 
well with the distance of (101) fringe plane of a hexagonal 
structure. As to the BCFSn0.1, the SAED dots clearly 
demonstrated in more symmetric array, and the diffraction fringe 65 

distance of d=0.378 nm matched well that of (100) diffraction 
plane for a cubic perovskite. 

To demonstrate if the cubic structure after the doping of Sn4+ 
into BCF was metastable, we further conducted the phase  
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Fig. 2 The corresponding TEM, HR-TEM, SAED and the simulated plots 
of crystal lattice in the crystalline fringe of image for BCF (a-d) and 

BCFSn0.1 (a'-d'). 5 

structure analysis at different temperatures by HT-XRD in air. 
During the measurement, the sample was progressively heated up 
from room temperature to 1000 °C at a rate of 5 °C min-1 in air, 
and the test points of 200, 400, 500, 600, 700, 800 900 and 
1000 °C were selected. At each test point, a stabilization time of 10 

10 min was allowed. After the test at 1000 °C, the temperature 
was decreased to room temperature in a reverse manner to allow a 
complete thermal cycle. As shown in Figure 3 are the related 
HT-XRD patterns. At each temperature, BCFSn0.1 sample 
demonstrated the same diffraction pattern, which can be indexed 15 

well based on a cubic perovskite structure, suggesting the high 
thermal stability of the oxide after the doping. A progressive shift 
of the diffraction peaks to lower 2θ angle was observed with the 
increase of temperature was demonstrated, a sign of the lattice 
expansion, which is related to both thermally induced expansion 20 

and chemical expansion from thermal reduction and spin state 
transition of the B-site cations. 

In six co-ordination with oxygen, Sn4+ took a cation size of 
0.69 nm, which was slightly larger than Fe3+ in HS (0.645 nm) 
and much large than Fe4+ (HS, LS) and Fe3+ in LS. Assuming all 25 

the Sn4+ was substituted for low spin Fe4+ while the other cobalt 
and iron cations in BCFSn0.1 had the same valence state and spin 
state to that in BCF, the difference in tolerance factor between 
BCF and BCFSn0.1 was only 0.0079. Such a small variation in 
tolerance factor should not result in the big difference in phase  30 

 

 

Fig. 3 (a) HT-XRD patterns of BCFSn0.1 powder between room 
temperature and 1000 °C and (b) magnified HT-XRD patterns at 2-theta 

range of 28o to 34o. 35 

structure of BCF and BCFSn0.1. Thus, it is likely the Sn4+ doping 
also affected the oxidation state and spin state of the cobalt and 
iron. The average oxidation of cobalt and iron in BCF and 
BCFSn0.1 was then measured by chemical titration, which was 
turned out to be 3.73 and 3.32 respectively. Indeed, the 40 

introduction of Sn4+ effectively reduced the oxidation state of 
Co/Fe in BCF, which facilitated the formation of a cubic 
perovskite structure since the large Ba2+ in A site requires large 
cations in B site to create a proper tolerance factor. The effect of 
Sn4+ on the spin state transition of cobalt and iron is however not 45 

detected in experimental study due to limitations of appropriate 
apparatus. 

Basic properties 

An alternative way to stabilize the cubic structure of BCF is to 
dope the A site (Ba2+) with a cation of smaller size. A typical 50 

example is the successful development of Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF) by partial doping the A-site of SrCo0.8Fe0.2O3-δ with Ba2+, 
which is one of the perovskite oxides with the highest oxygen 
permeability. However, it is well known that BSCF had very 
large thermal expansion coefficient (TEC), reaching as large as  55 
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Fig. 4 The thermal expansion curve for BCF, BCFSn0.1 and BSCF 
samples. 

24×10-6 K-1,32 which was contributed from both pure thermal 5 

expansion and chemical expansion related to the spin state 
change and oxygen release/upload due to the partial thermal 
reduction of the of B-site cations. The large TEC sometimes 
could introduce large internal stress for the membrane under a 
large oxygen partial pressure gradient across the membrane, 10 

which is detrimental to the integrity of the membrane. A lower 
TEC is thus preferred. Shown in Figure 4 are the thermal 
expansion curves for BSCF , BCFSn0.1 and BCF oxides in air. A 
large transition at around 470 °C was observed for BSCF, and the 
TEC calculated for BSCF is 15.5×10-6 K-1 between room 15 

temperature and 400 °C, 22.9×10-6 K-1 between 470 and 840 °C, 
and 18×10-6 K-1 between room temperature and 1000 °C. For the 
BCFSn0.1 sample, the TECs are much smaller, and they are 13.2, 
17.8 and 15.1×10-6 K-1 correspondingly at above three 
temperature zones. However, a large transition at around 620 °C 20 

was observed for BCF, and the TEC calculated for BCF is 
12.8×10-6 K-1 between room temperature and 620 °C, 28.1×10-6 
K-1 between 620 and 960 °C, and 18.7×10-6 K-1 between room 
temperature and 1000 °C. To get more information about the 
difference in TECs of the three materials, their thermal reduction 25 

capability was comparatively studied by TGA with the results 
shown in Figure 5. BCFSn0.1 appeared weight loss at a low 
temperature of ~200 °C with almost no abrupt change, while 
BSCF started to dramatically loss weight at a relatively higher 
temperature and BCF showed a weight loss from extremely high 30 

temperature of ~700 °C. Among these three investigated 
materials, BCF showed the largest weight loss, while BCFSn0.1 
had the smallest weight loss. The observed TGA results are 
consistent with the TEC measurement, where BCFSn0.1 exhibited 
the lowest TEC values with almost no abrupt change of the slope 35 

too. The onset temperature of weight loss was closely related to 
the oxygen mobility and the total weight loss is related to the 
reducible capability of the transitional metals in the oxide 
materials. The present results suggest that the transitional metals 
in Sn4+-doped BCF is hard to be reduced, which is beneficial for 40 

the structure stability, as well as the oxygen mobility is much  

  
Fig. 5 The TGA curves of BCF (a), BCFSn0.1 (b) and BSCF (c). 

faster than the undoped BCF, which is in conformity with the 
oxygen mobility in hexagonal structure was much more difficult 45 

than that in cubic perovskite structure. 
Because of the charge diffusion mechanism for the oxygen 

permeation through mixed conducting membrane, the oxygen 
permeability is closely related to the oxygen mobility within the 
oxide lattice. Here O2-TPD was applied to get information about  50 
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Fig. 6 O2-TPD profiles of BSCF and BCFSn0.1. 

  5 

Fig. 7 ECR response curves of BCFSn0.1 at various temperatures after 
sudden change of oxygen partial pressure of the surrounding atmosphere 

from 0.21 to 0.1 atm. 

the oxygen mobility within the oxide. As shown in Figure 6 is 
the O2-TPD profiles of BSCF and BCFSn0.1. For the BSCF oxide, 10 

the oxygen release started at around 380 °C, and a large a peak 
( α peak) was observed between 400 and 700 °C, which is related 
to the reduction of Fe4+/Co4+ to Fe3+/Co3+. At 850-1000 °C, 
another small O2 peak (β peak) was also observed, which can be 
assigned to the reduction of Co3+ to Co2+. The much larger α peak 15 

of BSCF than BCFSn0.1 is in coincidence with the higher 
reducibility of cobalt and iron in BSCF than in BCFSn0.1, as 
demonstrated by TGA. Interestingly, a lower starting temperature 
for the oxygen release was observed in BCFSn0.1 (~ 300 °C) than 
in BSCF (~ 380 °C). It suggests the oxygen in BCFSn0.1 possibly 20 

possessed higher mobility than that in BSCF, especially at lower 
temperature. We then determined the Dchem and kchem values of 
BCFSn0.1 by conductivity relaxation. The sample was first 
equilibrated at selected temperature in air to achieve stable  

Table 1 The value of Dchem and kchem at different temperatures for 25 

BCFSn0.1. 

T (o C) 700 750 800 850 900 

Dchem×104
 (cm-2s-1) 1.41 5.22 9.82 10.34 11.98 

kchem×103(cm s-1) 1.43 5.91 12.86 12.92 15.39 

 

  

Fig. 8 SEM images of BCFSn0.1 (a, c) and BSCF (b, d), where a & b are 30 

from surface views and c & d are from cross sectional views. 

conductivity, then the surrounding atmosphere was suddenly 
changed to a Ar-O2 mixture gas with PO2 of 0.1 atm. A new 
oxygen vacancy concentration within the oxide lattice started to 
create. A conductivity relaxation was appeared before the oxide 35 

reached a new equilibrium of oxygen content with the 
environment. Based on the conductivity relaxation curve, Dchem 
and kchem could be derived. Shown in Figure 7 are the 
conductivity relaxation curves at different temperatures after 
sudden change of the atmosphere from air to 10% O2-Ar mixture 40 

gas. It was found the new equilibrium of electrical conductivity 
was reached in short time (1.2-6.4 min) after the change in 
oxygen partial pressure of the surrounding atmosphere, 
suggesting the high chemical diffusion coefficient and surface 
chemical exchange constant of the oxide. A higher temperature 45 

resulted in a shorter relaxation time, this is in well agreement 
with the increased surface exchange kinetics and bulk diffusion 
rate. Listed in Table 1 are the Dchem and kchem values at different 
temperatures for BCFSn0.1. A value of 1.03×10-3 cm-2s-1 was 
achieved for Dchem at 850 °C, which is comparable to that of 50 

BSCF, one of the materials with the highest oxygen 
permeability.33 

Shown in Figure 8 are the SEM images of BCFSn0.1 sintered 
at 1120 °C from surface and cross-sectional view; for comparison, 
the images of BSCF membrane were also presented (sintering at 55 

1100 °C). Both BSCF and BCFSn0.1 membranes were well 
sintered with large grains of the size of 10-20 µm according to the 
surface morphology. From the cross-sectional view, the BCFSn0.1 
membrane was well densified with a few isolated pores. As to 
BSCF membrane, although it was also well sintered as a whole,  60 
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Fig. 9 Temperature dependence of oxygen permeation fluxes through 
BCF, BCFSn0.1 and BSCF membranes. 

some enclosed holes with the diameter of 0.01-3 µm, much larger 5 

than that in BCFSn0.1, were also presented. According to TG 
curves as shown in Figure 5 (b) & (c), BSCF experienced large 
oxygen release from its oxide lattice during the heating process, 
some oxygens were likely enclosed during the sintering process 
to form enclosed pores in the sintered membranes. It was reported 10 

the enclosed pores could cause detrimental effect on the oxygen 
permeability of the oxide membrane.34 

Oxygen permeation performance 

The oxygen permeation behavior of the as-fabricated BCFSn0.1 
membrane was investigated by GC method. Shown in Figure 9 15 

are the oxygen permeation fluxes through BCFSn0.1 membrane 
with a thickness of 1.0 mm at different temperatures (700-
900 °C); for comparison, the permeation fluxes of a BSCF 
membrane and undoped BCF membrane with the same thickness 
were also presented. A flux of 9.62 × 10-7 mol m-2 s-1 Pa-1 [STP] 20 

was achieved for the BCFSn0.1 membrane, as a comparison of 
1.05 × 10-6 mol m-2 s-1 Pa-1 [STP] for the BSCF membrane. It 
suggests BCFSn0.1 membrane had comparable permeability to the 
BSCF membrane at high temperature. The temperature-related 
activation energy for oxygen permeation flux of the BCFSn0.1 25 

membrane was only 50 kJ mol-1 within the temperature range of 
700-900 °C, as a comparison of 70 kJ mol-1 for the BSCF 
membrane. It suggests BCFSn0.1 membrane is superior to BSCF 
membrane for lower temperature operation. For example, at 
700 °C, the BCFSn0.1 membrane still retained an oxygen 30 

permeation flux of 3.55 × 10-7 mol m-2 s-1 Pa-1, while the 
permeation flux of BSCF membrane decreased to only 3.32 × 10-

7 mol m-2 s-1 Pa-1. For the undoped BCF membrane, the 
permeation fluxes are much lower than that of BCFSn0.1 and 
BSCF membranes, reaching only4.42 × 10-7 and 2.84 × 10-8 mol 35 

m-2 s-1 Pa-1 [STP] at 900 and 700 oC, respectively. It clearly 
demonstrated the effectiveness of tin doping in improving the 
permeation performance of the BCF membrane, which can be 
ascribed to the stabilization of oxygen vacancy disordered cubic 
structure. 40 

  

Fig. 10 (a) Temperature dependence of oxygen permeation fluxes through 
BCFSn0.1membrane with different thicknesses, and (b) The permeation 

fluxes at 900 °C with different PO2". 45 

Both the surface exchange and oxygen bulk diffusion could 
limit the oxygen permeation through a ceramic membrane. 
Typically, the oxygen surface exchange process has higher 
activation energy than the oxygen bulk diffusion since the surface 
process involved oxygen dissociation. The relatively low 50 

activation energy for temperature-related oxygen permeation 
fluxes suggested the oxygen permeation through the BCFSn0.1 
membrane was likely rate limited by the bulk diffusion. To get 
direct information about the controlling step for oxygen 
permeation through BCFSn0.1 membrane, we also tested two 55 

membranes with the thickness of 0.8 and 1.5 mm. As shown in 
Figure 10 (a), a decrease in permeation flux with the increase of 
membrane thickness was observed. For example, at 900 °C, the 
permeation fluxes are 1.22 × 10-6, 9.62 × 10-7 and 6.36 × 10-7 mol 
m-2 s-1 Pa-1 [STP] for the membranes with the thickness of 0.8 60 

mm, 1.0 mm and 1.5 mm, respectively. The Jo2×d (mol m-2 s-1 Pa-

1 mm) for the three membranes are 9.76 × 10-7 (d=0.8 mm), 9.62 
× 10-7 (d=1.0mm) and 9.54 × 10-7 (d=1.5 mm) at 900 °C. The 
similar values for all three membranes of different thickness 
strongly supports that the oxygen permeation through thick 65 

BCFSn0.1 membranes was mainly controlled by the oxygen bulk  
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Fig. 11 The time dependence of permeation flux through the BCFSn0.1 
membrane at 850 °C. 

diffusion. According to the Wagner equation, the oxygen 5 

permeation flux can be expressed as  

 ( )
''
2

'2 2
2

ln

2 2 ln
ln

4

O

O

P

O ion O
P

RT
J d P

F L
σ= − ∫           (2),  

and the oxygen ion conductivity can be expressed as 

 
2

o n

ion ion OPσ σ= X (3) 

in relation to oxygen partial pressure of the atmosphere. where L 10 

is the thickness of the membrane, P′O2 and P′′O2 are the oxygen 
partial pressures of the oxygen-rich and oxygen-lean sides, 
respectively, and σion

o is the oxygen ion conductivity in the 
standard condition. It suggests under an oxygen bulk diffusion 
controlling, the Jo2 should be in power relation to PO2" with n of 15 

negative value, while it is in a positive value if the permeation 
was controlled mainly by surface exchange process. We then 
further studied the oxygen permeation through a BCFSn0.1 

membrane with a thickness of 0.6 mm by fixing the feed side 
atmosphere of ambient air and sweep side atmosphere of helium 20 

with different flow rates to create different oxygen partial 
pressures. As shown in Figure 10 (b) are the permeation fluxes at 
900 °C with different PO2". The fluxes can be well fitted to an 
experimental power equation of Jo2=aPO2"

n with R=0.9991. The 
obtained a and n values are a=-5.707 and n=-1.319, respectively. 25 

The negative value of n further supported the oxygen bulk 
diffusion controlling for the oxygen permeation through 
BCFSn0.1 membrane. A reduction in the membrane thickness 
should lead to a further increase in the permeation flux. 

To get information about the permeation stability of the 30 

BCFSn0.1 membrane, it was tested under the condition of ambient 
air as feed side atmosphere and helium at a flow rate of 100 ml 
min-1 [STP] at the sweep gas for a long period. Shown in Figure 
11 is the time dependence of permeation flux through the  

35 

  

Fig. 12 XRD patterns of the BCFSn0.1 membrane from both surfaces after 
145 h of permeation study at 850 °C. 

membrane at 850 °C. During the first 40 h, a slow decrease in 
permeation flux from an initial value of 8.64 × 10-7 mol m-2 s-1 Pa-

40 

1 [STP] to about 7.69 × 10-7 mol m-2 s-1 Pa-1 [STP] at 40 h was 
observed, it further reduced to 7.16 × 10-7 mol m-2 s-1 Pa-1 [STP] 
at 100 h, then the flux kept stable even after the test up to 145 h 
when the permeation study was mandatory stopped. Both sides of 
the tested membrane were examined by XRD to get information 45 

about the cause for the initial decrease in permeation flux. As 
shown in Figure 12, some phase transitions were observed at 
both sides of the membranes. It is common for most perovskite 
oxide membrane under the condition of presence of oxygen 
partial pressure gradient across the membrane. Anyway, the basic 50 

perovskite structure was well maintained for both sides, although 
the impurity phase at the air side is more serious. Interestingly, 
such impurity phases could not be indexed based on the potential 
carbonates. It is likely that phase transition occurred, led to the 
formation some superlattice structure which cannot be indexed 55 

based on well-known oxides. It suggests the BCFSn0.1 was more 
stable under a lower-oxygen-partial pressure atmosphere. 
Anyway, after the initial phase transition, a stable permeation 
flux was maintained. It suggests the superlattice still possesses 
oxygen-ion conductivity, although the membrane should have 60 

lower oxygen permeability than BCFSn0.1. 

Conclusions 

BaCo0.7Fe0.3-xSnxO3-δ (x=0, 0.1) oxides were prepared by a 
mechano-activation promoted solid-state reaction method and 
investigated as potential materials for air separation ceramic 65 

membranes. By partial substitution just 10% of the Fex+ in BCF, 
had a significant effect on the phase structure, sintering 
behaviour, electrical conductivity, oxygen activity, oxygen bulk 
diffusivity and surface exchange properties, and the oxygen 
permeability of the resultant membranes. Under an air/helium 70 

gradient, the permeation flux through a 1-mm thick BCFSn0.1 
membrane reached 9.62 × 10-7 and 3.55 × 10-7 mol m-2 s-1 Pa-1 
[STP] at 900 and 700 °C, respectively, which is higher than the 
permeation flux through a 1-mm thick BCF membrane. The 
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oxygen permeation flux through the BCFSn0.1 membrane was 
rate-limited by ionic bulk diffusion within the thickness range of 
0.6-1.5 mm. The decrease of membrane thickness was an 
effective way to further improve the oxygen permeation flux. 
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