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The oxygen permeation and stability of La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba, Ca) perovskite-type
membranes were studied at high temperatures and low oxygen partial pressures. The oxygen
vacancy diffusivity and concentration gradient calculated from the unsteady-state and steady-
state oxygen data for the three membranes decrease in the order of Sr > Ba > Ca. The activation
energies for oxygen permeation increase in the order of Sr < Ba < Ca. The oxygen permeation
data of the three membranes can be explained by the average bond energy, free volume, and
critical radius of the materials. After exposure to air at 1173 K for 10 h, part of La0.2Sr0.8Co0.2Fe0.8-
O3-δ transforms to La2O3, SrO, CoO, and Fe and the crystallite size of the perovskite phase
decreases. These changes were not observed for La0.2Ba0.8Co0.2Fe0.8O3-δ under the same conditions,
indicating that La0.2Ba0.8Co0.2Fe0.8O3-δ membrane is much more stable than La0.2Sr0.8Co0.2Fe0.8O3-δ
at high temperatures and low oxygen partial pressures.

1. Introduction

Mixed conducting membranes that exhibit high oxy-
gen ionic and electronic conductivities gained great
interest as clean, efficient, and economical means of
producing oxygen from air or other oxygen-containing
gas mixtures. They will be most competitive at small
and intermediate-scale levels in which flexibility of
operation is desired, and may eventually challenge the
present commercial status of cryogenics, pressure-swing
adsorption, and polymeric membranes.1-4 Another ap-
plication of mixed-conducting oxide membranes is found
in the field of chemical processing, including the partial
oxidation of light hydrocarbons, e.g. conversion of
natural gas to value-added products such as ethane/
ethene 5-10 and syngas.11-16

Among mixed conducting oxides, materials with oxy-
gen-deficient perovskite (ABO3) and perovskite-related
structures have received much attention for numerous
applications.17-26 Teraoka et al.27 were the first to report
very high oxygen fluxes through the A-site substitution
compositions, La0.6A0.4Co0.8Fe0.2O3-δ (A ) Sr, Ba, Ca)
series oxides, which become highly defective at elevated
temperatures and reduced oxygen partial pressure.
Stevenson et al.28 and Tsai et al.13 also have studied
oxygen permeability of A-site substitution perovskite-
type oxides. Their work focused on La0.4A0.6Co0.2Fe0.8O3-δ
(A ) Sr, Ba, Ca) oxides system. A comparison of oxygen
permeation properties of LaxA1-xCoyFe1-yO3-δ (A ) Sr,

Ba, Ca; x ) 0.2, 0.4, 0.6; y ) 0.8, 0.6, 0.4) reported by
these researchers is shown in Table 1.

As shown in Table 1, in the study of Teraoka et al.27

the oxygen permeation flux of A-site substitution de-
creases in the order, Ba > Ca > Sr. The results of Tsai
et al.13 agree with those of Teraoka et al.,27 But
Stevenson et al.28 obtained the different results with the
oxygen permeation fluxes decreasing in the order Sr >
Ba > Ca. Such conflicting results reflect the difficulties
in measuring the oxygen fluxes at high temperature,
and possible effects of different preparation methods on
the oxygen permeability of the perovskite-type mem-
branes.

Although the oxygen flux tends to be highest in
materials having high A-site substitution, other factors
need to be considered. In particular, the substitution of
Sr for the respective La decreases the high-temperature
phase stability in the low oxygen partial pressure
environment. One of the typical examples is SrCo0.8Fe0.2-
O3-δ, which has a high reported oxygen permeation rate,
3.1 cm3 (STP)‚min-1 cm-2 (temperature, 1123 K; mem-
brane thickness, 1 mm),29 but has both an abrupt first-
order phase transition at about 1063 K30 and a suscep-
tibility to reduction in the reducing atmospheres.14

The purpose of this study was to investigate further
the oxygen permeability and stability of A-site substitu-
tion, La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba, Ca), perovskite-
type membranes. Oxygen vacancy diffusivity and oxy-
gen vacancy concentration, activation energy, average
bonding energy, free volume and critical radii of the
A-site substitution perovskite-type oxides were calcu-
lated and used to explain the different oxygen perme-
ation fluxes. The membrane stability was also studied
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by an in situ high-temperature X-ray diffraction
(HTXRD) in air and argon atmosphere.

2. Experimental Section

2.1. Powder and Membrane Preparation. Com-
positions with the system La0.2A0.8Co0.2Fe0.8O3-δ (A )
Sr, Ba, Ca) were synthesized by solid-state reaction of
the constituent cationic salts (the Second Chemical
Industry of Shanghai, purity of 99.9%). In the prepara-
tion of the oxides, appropriate amounts of La2O3, Sr-
(CO3)2 (or Ba(CO3)2 Ca(CO3)2), Co2O3, Fe2O3 were mixed
and ball-milled in pure water for 24 h. After being dried
at 353 K for 24 h, the mixture was ground and sintered
in air at 1173 K for 5 h. The heating and cooling rates
were controlled at 2 K/min. The sintered powder was
sifted to an average particle size of about 8 µm.

The membranes were prepared by isostatic pressing.
A die was used for the shape-forming process, which
includes loading, pressing, and ejecting. A total of 12
tons of oil pressure was applied on the plunger of the
die by the press, which resulted in a pressure of 400
MPa on the powders. After 5 min, the pressure was
released and the die was removed from the press.
Results showed that 1-2 g of powder produced a 1- to
2-mm-thick, 16-mm-diameter green disk. The green
disks of LSCF were sintered in air at 1523 K for 10 h.
The heating and cooling rates were controlled at 2
K/min.

2.2. Powder and Membrane Characterization.
The crystal structures of the resulting membranes were
determined by an in situ HTXRD analysis using Cu KR
radiation (PAD X, Scintag Inc.). Each sample was tested
at several temperatures in oxygen-rich atmosphere (in
air) and oxygen-lean atmosphere (in argon) using a Pt
holder. The heating rate was 4 K/min, and the sample
was stabilized at every temperature for 1 h. A range of
diffraction angles from 20° to 90° were used. Data
collection was accomplished using DMSNT software
(Scintag Inc., Cupertino, CA), and data analysis was
undertaken using Jade software (Materials Data Inc.,
Livermore, CA).

Thermogravimetric analysis (TGA, model SDT2960)
was performed on powder specimens from room tem-
perature to 1573 K using a heating and cooling rate of
5 K/min. Buoyancy corrections were performed using a
platinum standard. The TGA measurements were per-
formed in air and N2 atmosphere.

The membrane surface morphology was examined by
high-resolution scanning electron microscopy (HR-
SEM) (JEOL JSM-6300). Surface element analysis of
the membranes was performed by energy dispersive
spectroscopy (EDS) (U. S. Kevex-Sigma). The densities

of the sintered membranes were determined by the
Archimedes method. These densities exceeded 90% of
the theoretical one in all cases.

2.3. Oxygen Permeation Measurement. The mem-
brane permeation module used in this work is shown
in Figure 1. A sintered membrane disk was polished to
the thickness of interest and then mounted on a quartz
tube using a gold ring seal. A pressure of approximately
0.1 MN/m2 was applied by releasing a spring from the
bottom of the ring to provide close contact for quartz/
gold/membrane joints while the temperature was con-
trolled at 1293 K for 10 h. A tubular furnace whose
temperature could be controlled with (1 K by a micro-
processor (model AI-708PA, Xiamen Yuguang Electron-
ics Technology Research Institute, China) was used for
heating. A heating rate of 1.5 K/min was used to form
the bonding. The furnace was then cooled to the tem-
perature of interest at a 1.5 K/min cooling rate. Experi-
mental results showed that the airtight sealing could
be sustained at temperatures from 473 to 1273 K and
pressure drops up to 0.02 MPa between permeate and
retentive sides, depending on the strength of the per-
ovskite-type membranes.

In oxygen permeation experiments, the flow rates of
the inlet gases were controlled by mass flow controllers
(models D07-7A/ZM, Beijing Jianzhong Machine Fac-
tory, China). Air was introduced into the upstream of

Table 1. Comparison of Oxygen Permeation Properties of LaxA1-xCoyFe1-yO3-δ (A ) Sr, Ba, Ca; x ) 0.2, 0.4. 0.6; y ) 0.8,
0.6, 0.4) Reported in Literatures

studies powder synthesis membrane
thickness

(cm)
JO2 (900 °C)

(cm3/cm2 min) Ea (kJ/mol)

Teraoka (1988) solid-state reaction La0.6Sr0.4Co0.8Fe0.2O3-δ 0.2 0.62 86.3
La0.6Ba0.4Co0.8Fe0.2O3-δ 0.2 2.11 57.2
La0.6Ca0.4Co0.8Fe0.2O3-δ 0.2 1.80 75.0

Tsai (1998) modified citrate pyrolysis La0.4Sr0.6Co0.2Fe0.8O3-δ 0.055 0.11 105.6
La0.4Ba0.6Co0.2Fe0.8O3-δ 0.055 0.72 72.4
La0.4Ca0.6Co0.2Fe0.8O3-δ 0.055 0.19 95.3

Stevenson (1996) glycine-nitrate combustion La0.4Sr0.6Co0.2Fe0.8O3-δ 0.2 0.55 91.7
La0.4Ba0.6Co0.2Fe0.8O3-δ 0.2 0.45 86.8
La0.4Ca0.6Co0.2Fe0.8O3-δ 0.2 0.07 67.5
La0.2Sr0.8Co0.2Fe0.8O3-δ 0.2 0.68 82.0
La0.2Ba0.8Co0.2Fe0.8O3-δ 0.2 0.42 62.7

Figure 1. Schematic of high temperature oxygen permeation
module.
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the membrane. Helium as the sweep gas for the
permeating oxygen was fed to the downstream of the
membrane. Both upstream and downstream were main-
tained at the atmospheric pressure. The effluent streams
were analyzed by gas chromatography (model Shimabzu
GC-7A), which was equipped with a 2 m 5 Å molecular
sieve operated at 40 °C, with H2 as the carrier gas. The
oxygen permeation flow through the membrane was
calculated from the flow rates and the oxygen concen-
trations of the effluents. Details of the schematic of the
oxygen permeation system was reported in previous
publications.33,34

3. Results and Discussion

3.1. Perovskite-Type Powder and Membrane.
Perovskite-type powders synthesized in this study are
summarized in Table 2. Lattice parameters and theo-
retical densities (shown in Table 2), were calculated
from the X-ray powder patterns. The relatively lower
sintered density might be caused by the closed porosity,
which can be seen by high-resolution scanning electron
microscopy. The closed porosity might be caused by the
grain growth or by air trapped during the pressing.
However, measurement of the nitrogen permeation rate
confirmed that open porosity did not exist.

3.2. Oxygen Permeation. Figure 2 shows oxygen
permeation flux for La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba,
Ca) membranes as a function of time after the down-
stream was shifted from air to helium (upstream was
air). The oxygen permeation flux, starting at a much
higher value, decreases with time and eventually levels
off. Such unsteady steady oxygen permeation flux after
the start of permeation measurements was reported by
several groups.12,30-34 Zeng et al.31 pointed out that the
excessive amount of the oxygen permeated from the
membrane before the steady state equaled the difference
of the oxygen in the membrane between the steady state
of oxygen permeation and initial state before perme-
ation. During this unsteady-state process, the oxygen
vacancy concentration Cv and oxygen permeation flux
JO2 can be obtained34:

where C and D are the concentration and diffusivity of
a charged species with subscripts v indicating the
oxygen vacancy; superscripts ′ and ′′ represent the
upstream and downstream membrane interfaces, L is
the membrane thickness, and t is the time.

Equation 2 indicates that the measured oxygen flux
includes two parts: the time-independent, steady-state
contribution; and a time-dependent contribution due to
the loss of the oxygen in the membrane material.

Table 2. Perovskite Membranes

membrane
thickness

(cm)
crystal

structure
lattice parameter

(Å)
theoretical density

(g/cm3)
sintered density

(g/cm3)

La0.2Sr0.8 Co0.2Fe0.8O3-δ 0.2 cubic 3.820 6.03 5.48
La0.2Ba0.8Co0.2Fe0.8O3-δ 0.2 cubic 3.875 6.91 6.36
La0.2Ca0.8Co0.2Fe0.8O3-δ 0.1 cubic 3.780 5.05 4.85

Cv ) C′v + (C′′v - C′v)
x

L
+

∑
1

∞

sin
nπx

L
exp(-Dvn

2π2t/L2) × 2cosnπ

nπ
(C′v - C′′v) (1)

JO2
)

Dv(C′′v - C′v)

2L
[1 + ∑

1

∞

2 exp(-Dvn
2π2t/L2)] (2) Figure 2. Transient process of oxygen permeation through

perovskite-type membranes at 1173 K and the partial pressure of
0.21/1 × 10-3 atm (helium flow rate, 30 mL/min.): (a) La0.2Sr0.8Co0.2-
Fe0.8O3-δ; (b) La0.2Ba0.8Co0.2Fe0.8O3-δ; (c) La0.2Ca0.8Co0.2Fe0.8O3-δ.
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Equation 2 shows that when t ) 0, JO2 f ∞. Thus,
initially very large oxygen permeation flux could be
observed. The permeation flux decreases with time, with
the rate depending on the diffusivity of the oxygen
vancancy and membrane thickness, as shown by eq 2.
Equation 2 also shows that when t f ∞, the oxygen
permeation flux at steady state can be obtained:

which is consistent with the results of Zeng et al.31

Although theoretically it takes an infinite time for
oxygen permeation flux to reach the steady state,
practically we can define that the steady state is reached
when the actual permeation flux is about 1% larger or
smaller than the steady-state value. The equilibrium
time tequil can be measured experimentally. Then the
diffusivity can be calculated from eq 2 by:

Table 3 gives the equilibration time, the oxygen
permeation flux at the steady state, and the calculated
diffusivity. As listed in Table 3, the oxygen permeation
flux and diffusivity for the perovskite-type membranes
with A-site substitution decrease in the order: Sr > Ba
> Ca, which agrees with the study of Stevenson et al.,28

but is different from those of Teraoka et al.27 and Tsai
et al.13

The oxygen vacancy concentration difference (∆Cv) (or
oxygen vacancy gradient, ∆Cv/L) of the membranes can
be calculated from eq 3, because the oxygen permeation
flux at the steady-state and oxygen vacancy diffusivity
are known. TGA is the other method to determine ∆Cv,
Figure 3a and 3b shows TGA results of La0.2A0.8Co0.2-
Fe0.8O3-δ (A ) Sr, Ba, Ca) membranes in air atmosphere
and in N2 atmosphere (oxygen partial pressure of 1 ×
10-3 atm). Values of δ and ∆Cv of La0.2A0.8Co0.2Fe0.8O3-δ
(A ) Sr, Ba, Ca) membranes at different temperatures
can be obtained from the figure, assuming that δ is the
same at room temperature in air and N2 atmospheres.
∆Cv is related to δ by:

where δN2 and δair are δ at air atmosphere and N2
atmosphere, respectively. Vm is the molar volume of the
membrane.

For La0.2Sr0.8Co0.2Fe0.8O3-δ and La0.2Ba0.8Co0.2Fe0.8O3-δ
membranes, values of ∆Cv obtained by the two methods
at the temperature of 1223 K are very similar. There is
a small difference for La0.2Ca0.8Co0.2Fe0.8O3-δ membrane

probably because the oxygen permeation of La0.2Ca0.8-
Co0.2Fe0.8O3-δ membrane was low and the equilibrium
time of this membrane was difficult to determine
accurately. The resulting oxygen vacancy concentration
differences of La0.2Sr0.8Co0.2Fe0.8O3-δ and La0.2Ba0.8Co0.2-
Fe0.8O3-δ membranes are very similar and higher than
that of La0.2Ca0.8Co0.2Fe0.8O3-δ membrane.

Figure 4 plots steady-state oxygen permeation flux
for La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba, Ca) membranes
at different temperatures. As shown in Figure 4, the
oxygen fluxes become substantial above a critical tem-
perature due to the order-disorder transition of the
oxygen vacancy.31 For La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr,
Ba,) membranes, the critical temperatures are 750 °C
and 800 °C, respectively. There is no obvious critical
temperature for La0.2Ca0.8Co0.2Fe0.8O3-δ membrane. The
critical temperatures of perovskites also can be seen
clearly from the TGA analysis in Figure 3 that around
the temperatures the weights of samples changed
rabidly. Figure 5 shows Arrhenius plots of the oxygen
permeation flux data at temperatures higher than 800
°C. Regression analysis gives the following equation for

Table 3. Oxygen Permeation Properties of Perovskite Membranes

membrane
equilibration

time (min)
steady state JO2 (950 °C)a

(cm3/cm2 min) Ea (kJ/mol) Dv (cm2/s)

La0.2Sr0.8Co0.2Fe0.8O3-δ 20 0.81 106.0 1.71 × 10-5

La0.2Ba0.8Co0.2Fe0.8O3-δ 40 0.40 123.3 8.54 × 10-6

La0.2Ca0.8 Co0.2Fe0.8O3-δ 120 0.12 144.0 2.85 × 10-6

a Oxygen partial pressure, 0.21/1 × 10-3 atm; helium flow rate, 30 mL/min.

Figure 3. TGA results of La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba, Ca)
membranes: (a) in air atmosphere; (b) in N2 atmosphere; (1)
La0.2Sr0.8Co0.2Fe0.8O3-δ; (2) La0.2Ba0.8Co0.2Fe0.8O3-δ; (3) La0.2Ca0.8-
Co0.2Fe0.8O3-δ.

JO2
)

Dv(C′′v - C′v)
2L

(3)

[∑
1

∞

2 exp(-Dvn
2π2tequil/L

2)] ) 0.01 (4)

∆Cv )
δN2

- δair

Vm
(5)
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the experimental relationship between JO2 and T:

The activation energies for oxygen permeation of
La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba, Ca) membranes are
also listed in Table 3. The activation energies of
La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba, Ca) perovskite-type
membranes decrease in the order of Sr > Ba > Ca.
Membranes with a lower oxygen permeation flux exhibit
a higher activation energy for oxygen permeation.

3.3. Relationship between Crystallographic-
Related Parameters and Oxygen Transport Rate.
The perovskite crystallographic-related parameters as-
sociated with oxygen transport include the average
metal-oxygen bond energy (ABE) of the perovskite

lattice, the degree of openness, or “free volume” (VF),
and the critical radius (rc).35 Crystallographic lattice
parameters obtained by X-ray powder diffraction were
used to calculate free volume and critical radius. The
effective radii for cations and anions were obtained from
the literature.36

For ideal cubic perovskite in which the A-site cations
are 12-coordinated and the B-sites are 6-coordinated,
the average perovskite bond energies are given by:37

where A′ and B′ are the substituting A-site cation and
B-site cation, respectively. The equations applied to A′
and B′ are analogous to A and B. ∆(A - O) and ∆(B -
O) are calculated by:

where xA and xB are the molar fraction of metals A and
B, respectively; ∆HAmOn and ∆HBmOn are the heats of
formation of AmOn and BmOn at 298 K, respectively38,39;
∆HA and ∆HB are the heats of sublimation of metals A
and B at 298 K, respectively, and DO2 is the oxygen
dissociation energy (500.2 kJ/mol).

The critical radius represents the saddle point formed
by two A-site and one B-site cations through which the
mobile anion must pass.35 For the calculation of critical
radius, rc, the following equation can be used:

where rA and rB are the radii of ion A and B, respec-
tively, and a0 is the lattice parameter for the cubic
structure.

Free volume (VF) of the lattice obtained by subtracting
the ionic volumes of cations and O2- in the unit cell from
the overall unit cell volume,

where rO is the radius of O2-.
The calculated ABE, critical radius (rc), and free

volume (VF) of the La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba,
Ca) perovskite lattice at room temperature are listed
in Table 4. In general, the higher the ABE, the higher
the activation energy for perovskite, because the ABE

Figure 4. Temperature dependence of the oxygen permeability
of the perovskite-type membranes at the partial pressure of 0.21/1
× 10-3 atm (helium flow rate: 30 mL/min): (b) La0.2Sr0.8Co0.2-
Fe0.8O3-δ; (9) La0.2Ba0.8Co0.2Fe0.8O3-δ; ([) La0.2Ca0.8Co0.2Fe0.8O3-δ.

Figure 5. Arrhenius plot of the oxygen permeation flux of
perovskite-type membranes at the partial pressure of 0.21/1 × 10-3

atm (helium flow rate, 30 mL/min): (b) La0.2Sr0.8Co0.2Fe0.8O3-δ;
(9) La0.2Ba0.8Co0.2Fe0.8O3-δ; ([) La0.2Ca0.8Co0.2 Fe0.8O3-δ.

Table 4. The Relationships between Average Bonding
Energy, Free Volume, and Critical Radius for Perovskite
Membrane

membrane

average
bond energy

(kJ/mol)

free
volume

(Å3)

critical
radium

(Å)
Ea

(kJ/mol)

La0.2Sr0.8Co0.2Fe0.8O3-δ 286.46 13.765 0.79 106.04
La0.2Ba0.8Co0.2Fe0.8O3-δ 285.70 11.031 0.625 123.34
La0.2Ca0.8Co0.2Fe0.8O3-δ 288.14 13.17 0.732 143.99

JO2
) 0.021 exp(-1.06 × 105/RT)

(La0.2Sr0.8Co0.2Fe0.8O3-δ) (6)

JO2
) 0.058 exp(-1.23 × 105/RT)

(La0.2Ba0.8Co0.2Fe0.8O3-δ) (7)

JO2
) 0.015 exp(-1.44 × 105/RT)

(La0.2Ca0.8Co0.2Fe0.8O3-δ) (8)

ABE ) ∆(A - O) + ∆(A′ - O) + ∆(B - O) +
∆(B′ - O) (9)

∆(A - O) )
xA

12m(∆HAmOn
- m∆HA - n

2
DO2) (10)

∆(B - O) )
xB

6m(∆HBmOn
- m∆HB - n

2
DO2) (11)

rc )

3
4
a0

2 - rA
2 + rB

2 - x2a0rb

2rA - 2rB + x2a0

(12)

VF ) a0
3 - 4

3
π(rA

3 + rB
3 + (3 - δ)rO

2 ) (13)
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may be related to the dissociation of the surface oxygen
as well as to the oxygen transport in the bulk. On the
other hand, the higher the free volume, the lower the
activation energy for perovskite, because the free vol-
ume provides activation volume for the transport of ions.
Two factors should be thought about at the same time
to determine the activation energy and oxygen perme-
ability for perovskite. The Ca-substitution compound
had the larger free volume, but had the highest ABE,
which might eliminate the positive effect of the larger
free volume on oxygen transport, so the activation
energy is the highest. The Ba-substitution compound
has the lowest ABE, but has the smallest free volume,
which might eliminate the lowest ABE, so the activation
energy is also high. The Sr-substitution compound has
the lower ABE and the highest free volume, so the
activation energy is the lowest. Also La0.2Sr0.8Co0.2-
Fe0.8O3-δ perovskite-type oxide has the largest critical
radius, so the diffusivity and oxygen permeation flux is
the highest.

The difference in oxygen permeation fluxes among the
work of Teraoka et al.,27 Tai et al.,13 Stevenson et al.28

and our groups is that the former two groups reported
a lower oxygen permeation flux for La0.2Sr0.8Co0.2Fe0.8O3-δ
than La0.2Ba0.8Co0.2Fe0.8O3-δ, and the latter two groups
reported the opposite result. The free volume and
critical radius data at room temperature were used in
the work of Tsai et al.13 and earlier in this work to
explain the oxygen permeation rate. To examine more
accurately the effects of the crystallographic parameters
on the oxygen transport properties, it is more important
to measure the values of these two parameters at high
temperatures.

Crystallographic lattice parameters were obtained by
X-ray powder diffraction at high temperatures, assum-
ing that iron radii do not change as the temperature
increases. Figure 6 shows temperature dependence of
lattice parameter of perovskite-type membranes. De-
pendence of the unit cell volume on the oxygen content
of the sample (by TGA data) has been established by
comparing the lattice parameters (by XRD data). The
results show that La0.2Sr0.8Co0.2Fe0.8O3-δ and La0.2Ba0.8-
Co0.2Fe0.8O3-δ perovskite-type membranes expand as
oxygen is removed. Figures 7 and 8 show temperature
dependence of critical radius and free volume of per-
ovskite-type membranes. It can be seen from the figures
that critical radius and free volume of La0.2Sr0.8Co0.2-
Fe0.8O3-δ perovskite-type membrane are still higher
than those of La0.2Ba0.8Co0.2Fe0.8O3-δ membrane at high

temperatures. Thus the conclusion obtained earlier
based on the room-temperature, crystallographic-
related parameters is still valid.

3.4. Chemical Stability. The high-temperature phase
stability of LaFeO3 and LaCoO3, has been studied by
Nakamura et al.40 At 1473 K, undoped LaFeO3 was
stable in the perovskite phase above a critical oxygen
activity of 10-13.5. The dissociation of LaFeO3 (into
La2O3 and Fe) occurred in one simple step. On the other
hand, LaCoO3 was much less stable under reducing
atmosphere. It transformed to La2O3 and Co after
formation of several intermediate phases. In the study
ofTaietal.41thethermochemicalpropertiesofLa1-xSrxCo0.2Fe0.8O3-δ
(x ) 0, 0.2, 0.4) appear to follow the boundaries set
between the two end members, LaFeO3 and LaCoO3,
but the electrical properties are closer to those of
LaFeO3. The Sr content (x < 0.4) does not seem to have
a significant effect on the temperature phase stability.

Because the oxygen permeation flux of La0.2Ca0.8Co0.2-
Fe0.8O3-δ membrane is very low, here we only analyze
the phase stability of two more oxygen-permeable
La0.2Sr0.8Co0.2Fe0.8O3-δ and La0.2Sr0.8Co0.2Fe0.8O3-δ mem-
branes. X-ray diffraction patterns of La0.2Sr0.8Co0.2-
Fe0.8O3-δ and La0.2Ba0.8Co0.2Fe0.8O3-δ powders crashed
by the membranes at various temperatures in air are
shown in Figures 9 and 10. As shown, both La0.2Sr0.8Co0.2-
Fe0.8O3-δ and La0.2Ba0.8Co0.2Fe0.8O3-δ membranes are

Figure 6. Temperature dependence of lattice parameter of
perovskite-type membranes: (b) La0.2Sr0.8Co0.2Fe0.8O3-δ; (9)
La0.2Ba0.8Co0.2Fe0.8O3-δ.

Figure 7. Temperature dependence of critical radius of perovs-
kite-type membranes: (b) La0.2Sr0.8Co0.2Fe0.8O3-δ; (9) La0.2Ba0.8Co0.2-
Fe0.8O3-δ.

Figure 8. Temperature dependence of free volume of perovskite-
type membranes: (b) La0.2Sr0.8Co0.2Fe0.8O3-δ; (9) La0.2Ba0.8Co0.2-
Fe0.8O3-δ.
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very stable at temperatures up to 1223 K in oxygen-
rich atmosphere (air).

X-ray diffraction patterns of La0.2Sr0.8Co0.2Fe0.8O3-δ
and La0.2Ba0.8Co0.2Fe0.8O3-δ powders crashed by mem-
branes at various temperatures in argon are shown in
Figures 11 and 12. Phases of the two membranes at high
temperatures are listed in Table 5. For La0.2Sr0.8-
Co0.2Fe0.8O3-δ membrane, at the temperatures higher
than 1023 K, new XRD peaks (La2O3, SrO, CoO, Fe)

appeared near the XRD peaks of the perovskite phase.
This indicates that part of the perovskite phase has been
transformed to La2O3, SrO, CoO, Fe. Compared with
those in the air (Figure 9), the XRD peaks of the
La0.2Sr0.8Co0.2Fe0.8O3-δ perovskite phase become less
intensive and broader, indicating a decrease in the
crystallite size of the perovskite phase. However, the
XRD patterns and peak broadness of La0.2Ba0.8Co0.2-
Fe0.8O3-δ membrane after exposure to Ar at various

Figure 9. X-ray diffraction patterns of the La0.2Sr0.8Co0.2Fe0.8O3-δ membrane at various temperatures in air: (P) Perovskite.

Figure 10. X-ray diffraction patterns of the La0.2Ba0.8Co0.2Fe0.8O3-δ membrane at various temperatures in air: (P) Perovskite.
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temperatures remain essentially the same. No new
phases are formed in this membrane after these treat-
ments. This shows that La0.2Ba0.8Co0.2Fe0.8O3-δ mem-
brane is more stable than La0.2Sr0.8Co0.2Fe0.8O3-δ mem-
brane at high temperature and low oxygen partial
pressure.

4. Conclusions

La0.2A0.8Co0.2Fe0.8O3-δ (A ) Sr, Ba, Ca) perovskite-
type membranes were prepared by the solid-state
method with desired properties and high oxygen per-
meation flux. The oxygen vacancy diffusivity and con-
centration gradient could be calculated from the oxgyen
unsteady-state and steady-state oxygen permeation
data. They decrease in the order of Sr > Ba > Ca for
these three perovskite-type membranes. The activation
energies for oxygen permeation of La0.2A0.8Co0.2Fe0.8O3-δ
(A ) Sr, Ba, Ca) membranes are 106.4, 123.3, 144.0 kJ/
mol, respectively.

Sr-substitution compound has the highest oxygen
permeation fluxes because of the lower average bond
energy, highest free volume, and largest critical radius.

Figure 11. X-ray diffraction patterns of the La0.2Sr0.8Co0.2Fe0.8O3-δ membrane at various temperatures in argon: (P) Perovskite; (/)
La2O3; (#) CoO; (O) SrO; ($) Fe.

Figure 12. X-ray diffraction patterns of the La0.2Ba0.8Co0.2Fe0.8O3-δ membrane at various temperatures in argon: (P) Perovskite.

Table 5. Phases of Membranes at High Temperature in
Argon

membrane
temperature

(K) phases

La0.2Sr0.8Co0.2Fe0.8O3-δ <923 perovskite
>923 perovskite, SrO,

La2O3, CoO, Fe
La0.2Ba0.8Co0.2Fe0.8O3-δ <923 perovskite

>923 perovskite
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At high temperatures, the critical radius and free
volume of La0.2Sr0.8Co0.2Fe0.8O3-δ perovskite-type mem-
branes are higher than those of La0.2Ba0.8Co0.2Fe0.8O3-δ
perovskite-type membranes, which confirms the conclu-
sion mentioned above based on room-temperature crys-
tallographic data.

La0.2Sr0.8Co0.2Fe0.8O3-δ membrane is not stable at
high temperature and low oxygen partial pressure
atmosphere. Under these conditions part of La0.2Sr0.8-
Co0.2Fe0.8O3-δ was transformed to La2O3, SrO, Co, Fe,
and the crystallite size of the perovskite phase de-
creased. These changes were not observed for La0.2Ba0.8-
Co0.2Fe0.8O3-δ membrane under the same conditions,
indicating better stability of this membrane at high
temperature and in low oxygen partial pressure.

Acknowledgment

This work was supported by the National Advanced
Materials Committee of China (NAMCC, no. 715-006-
0120), and the National Natural Science Foundation of
China (NNSFC, no. 59789201). We also would like to
acknowledge the support of the U. S. Department of
Energy, Basic Energy Sciences, Division of Materials
Sciences (USDOE/BES/DMS) on high temperature X-
ray diffraction analysis.

Nomenclature

a0 ) lattice parameter for the cubic structure (Å)
rA ) radius of ion A (Å)
rB ) radius of ion B (Å)
rO ) radius of O2- (Å)
rc ) critical radius of the perovskite-type oxide (Å)
t ) time (h)
tequil ) equilibration time (min)
ABE ) average metal-oxygen bond energy (kJ/mol)
Cv ) oxygen vacancy concentration (mol/cm3)
C′v ) oxygen vacancy concentration of the oxygen up-

stream (mol/cm3)
C′′v ) oxygen vacancy concentration of the oxygen down-

stream (mol/cm3)
DO2 ) oxygen dissociation energy (kJ/mol)
Dv ) oxygen diffusivity (cm2/s)
Ea ) activation energy for diffusion of oxygen (kJ/mol)
JO2 ) oxygen permeation flue (mL/cm2 min)
L ) the membrane thickness (cm)
R ) gas constant
T) temperature (K)
VF ) free volume of the lattice (Å3)
Vm ) molar volume of the membrane (Å3)
δ ) nonstoichiometry of oxygen in mole formula
δN2 ) δ at N2 atmosphere
δair ) δ at air atmosphere
∆Cv ) the change of oxygen vacancy concentration (mol/

cm3)
∆HA ) heat of sublimation of metal A at 298 K (kJ/mol)
∆HAmOn ) heat of formation of AmOn at 298 K (kJ/mol)
HBn ) heat of sublimation of metal B at 298 K (kJ/mol)
∆HBmOn ) heat of formation of BmOn at 298 K (kJ/mol)
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