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Oxygen vacancy concentration variation,

diffusivity and thermo-chemical stability of

La0.2Ba0.8Co0.2Fe0.8O3–δ membranes
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Perovskite type La0.2Ba0.8Co0.2Fe0.8O3−δ (LBCF) powders were synthesized by modified
citrate pyrolysis and LBCF membranes were prepared by isostatic pressing. The oxygen
vacancy concentration variation of the LBCF powders becomes substantial above 973 K due
to order-disorder transition. The unsteady-steady oxygen permeation flux of the LBCF
membrane decreases with time and it takes about 40 min to get the steady state. In the
temperature range of 1073–1223 K, the oxygen vacancy diffusivity of the LBCF membrane
increases almost a magnitude and the increasing of oxygen permeation flux is mainly
attributed to the increasing of oxygen vacancy diffusivity. An in-situ high-temperature X-ray
diffraction was used to study the stability of the LBCF membrane, indicating that it has
good thermochemical stability at elevated temperatures and low oxygen partial pressures.
C© 2000 Kluwer Academic Publishers

1. Introduction
Over the past several years, A-site and B-site doped per-
ovskite type oxides (AxA′1−xByB′1−yO3−δ) have been
investigated because of their mixed conducting behav-
ior [1–7]. At elevated temperatures, these solid-solution
compositions exhibit substantial ionic and electronic
conductivity. Although the ionic conductivity in these
materials frequently accounts for less than 1% of the
overall electrical conductivity, the magnitude of that
conductivity can be quite large relative to other oxy-
gen ion conductors, such as yttria-stabilized zirconia
(YSZ). This mixed conducting behavior results in a
spontaneous flux of oxygen through dense sintered
membranes when they are placed in an oxygen par-
tial pressure gradient (feed:P′O2

, permeate:P′′O2
) at el-

evated temperatures. Major potential applications of
perovskite type dense membranes in chemical and
petroleum industries are as membrane separator for
oxygen from air [8–10] or as membrane reactors for
partial oxidative reactions [11–15]. The dense mem-
brane technology for air separation is economically at-
tractive when integrated with a hot-turbine system [16].
Membrane reactor applications have focused on partial
oxidation of hydrocarbons, e.g., upgrading natural gas
to ethylene and ethane or syngas.

Most work in oxygen permeation through dense per-
ovskite type membranes was focused on Sr doped
LaCoxFe1−xO3−δ oxides because of its high oxygen
permeation fluxes. However, the substitution of Sr for
the respective La decreases the high-temperature phase
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stability in low oxygen partial pressure environment.
One of the typical examples is SrCo0.8Fe0.2O3−δ,which
has a high reported oxygen permeation rate, 3.1 cm3/
min·cm2 (temperature: 1123 K, membrane thickness:
1 mm) [1], but has both an abrupt first-order phase
transition at around 1063 K [17] and a susceptibility
to reduction in the reducing atmospheres [18].

In this work we mainly concentrated on a Ba doped
material on the A-site, i.e., La0.2Ba0.8Co0.2Fe0.8O3−δ
(LBCF) oxide. Oxygen vacancy concentration varia-
tion and diffusivity of the oxide were calculated by the
TGA analysis and oxygen permeation flux study. Ther-
mochemical stability of the LBCF membrane was in-
vestigated by anin-situhigh-temperature X-ray diffrac-
tion (HTXRD) analysis.

2. Experimental procedure
2.1. Powder preparation and

characterization
LBCF powders were prepared by the modified citrate
pyrolysis method involving the following processes.
Stoichiometric amounts of corresponding metal nitrates
were dissolved in nitric acid (70%) with the acid to
metal mole ratio of 2 : 1. Ammonia (30%) was then
gradually dropped into the stirred nitrate solution to
adjust the pH value of the solution to be 8–9. The gel-
type homogeneous phase was then poured into a beaker
and evaporated at around 473 K. Bubbles were formed
vigorously and the solution became thicker. Cations
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Figure 1 Apparatus used for oxygen permeation measurement. (1A, 1B) gas cylinders; (2A, 2B) gas regulators; (3A, 3B) purifying traps; (4A, 4B,
4C) mass flow controller; (5) permeation reactor; (6) furnace; (7) cooler; (8) six-way valves; (V1∼ 6) flow control valves.

were mixed on a molecular level before a spontaneous
combustion was initiated by the ammonium. The mouth
of the beaker was covered with a fine sieve to prevent
the loss of fine powders. To obtain homogeneity, parti-
cles were calcined for 5 h in air at1303 K with typical
heating and cooling rates of 2 K/min.

Thermogravimetric analysis (TGA, Model
SDT2960) was performed on powder specimens from
room temperature to 1573 K using heating and cooling
rates of 5 K/min. Buoyancy corrections were performed
using a platinum standard. The TGA measurements
were performed in air and N2 atmosphere (oxygen
partial pressure of 1× 10−3 atm).

2.2. Membrane preparation and
characterization

The disk-shaped membranes were prepared by isostatic
pressing. Detailed procedures for this membrane prepa-
ration had been given previously [19]. The membrane
surface morphology was examined by high-resolution
scanning electron microscopy (HR-SEM) (JEOL, JSM-
6300). The densities of the sintered membranes were
determined by the Archimedes method, using ethanol.
These densities exceeded 90% of the theoretical in all
cases.

2.3. Oxygen permeation flux measurement
The oxygen permeation rates through the membranes
were measured on the apparatus shown in Fig. 1. The
membrane separator is shown in Fig. 2. A sintered
membrane disk was polished to the thickness of 2 mm
and then mounted between two quartz tubes (φ 6 mm
ID/12 mm OD). A quartz tube (φ 16 mm ID/19 mm OD)
surrounding the two quartz tubes formed the shell side
of the separator, which was surrounded by a tubular
furnace. The temperature was measured by a type K
thermocouple encased in an alumina tube. A micropro-
cessor temperature controller (Model 708PA, Xiamen
Yuguang Electronics Technology Research Institute,
China) was used to control the temperature to within
±1 ◦C of the set points. The flow rates of the inlet
gases were controlled by mass flow controllers (Mod-
els D07-7A/ZM, Beijing Jianzhong Machine Factory,
China). Air was introduced as the upstream gas of

Figure 2 Oxygen separator.

oxygen source. Helium as the sweeping gas for the
permeating oxygen was fed to the downstream of the
membrane. Both upstream and downstream gases were
maintained at the atmospheric pressure. The effluent
streams were analyzed by gas chromatography (Model
Shimabzu GC-7A), which was equipped with a 2 m 5 A
molecular sieve operated at 40◦C with H2 as the carrier
gas. The oxygen permeation flux through the membrane
was calculated from the flow rates and the oxygen con-
centrations of the effluents.

2.4. Thermochemical stability study
The thermochemical stability of the resulting mem-
branes was determined by anin-situ high-temperature
X-ray diffraction (HTXRD) analysis using Cu Kα radi-
ation (PAD X, Scintag Inc.). Each sample was tested
at several temperatures in oxygen-rich atmosphere
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(in air) and oxygen-lean atmosphere (in argon) using
a Pt holder. The heating rate was 4 K/min, and the sam-
ple was stabilized at every temperature for 1 h. A range
of diffraction angles from the degree 20◦ to 90◦ was
used. Data collection was accomplished using DMSNT
software (Scintag inc., Cupertino, CA) and data analy-
sis was undertaken using Jade software (Materials Data
Inc., Livermore, CA).

3. Results and discussion
3.1. SEM results
Fig. 3 shows surface and cross-section SEM pho-
tographs of the LBCF membrane. Grain boundaries
were visible in the Figures. Closed porosity can be seen
in the surface photo. Nitrogen permeation rate measure-
ment confirmed that open porosity did not exist.

3.2. Oxygen vacancy concentration
variation

Fig. 4 shows TGA results of LBCF powders in
air and N2 atmosphere (oxygen partial pressure of
1× 10−3 atm). From the Figure, deviation from ideal
oxygen stoichiometry (δ) and oxygen vacancy concen-
tration variation (1Cv) of the LBCF powders at differ-
ent temperature can be obtained, assuming thatδ is the

Figure 3 SEM photographs of the LBCF membrane. (a) surface;
(b) cross-section.

Figure 4 TGA results of the LBCF powders: (a) in air; (b) in N2.

same at room temperature in air and N2 atmosphere.
1Cv is related toδ by:

1Cv = δN2 − δair

Vm
(1)

whereδN2 and δair are respectivelyδ of the oxide at
air and N2 atmosphere.Vm is the molar volume of the
oxide. According to the TGA results,δN2 − δair can be
given by:

δN2 − δair ≈ M

16

(
1WN2%−1Wair%

)
(2)

where 1WN2%, 1Wair% are respectively weight
change percents of the oxide in N2 and air atmosphere.
M is the molar mass (g/mol) of the LBCF oxide.

Substitution ofVm= M
ρ

and Equation 2 into Equa-
tion 1 yields the oxygen vacancy concentration,

1Cv ≈ ρ

16

(
1WN2%−1Wair%

)
(3)

For the LBCF oxide, the theoretical density (g/cm3), ρ,
can be obtained from the TGA and HTXRD results. As
will be stated in Section 3.4, the weighth decreases and
lattice parameter increases with the increasing temper-
ature. Therefore, the theoretical density is a function of
temperature. The values can be calculated to be 6.91
and 6.13 g/cm3 at the temperature of 303 and 1223 K,
respectively.

Fig. 5 shows the calculated oxygen vacancy con-
centration variations of LBCF powders in air and N2
atmosphere as a function of temperature. As shown,
when the temperature is less than 1073 K, the oxy-
gen vacancy concentration variations increase with the
increasing temperature and become substantial above
973 K due to order-disorder transition of the oxygen
vacancy [14, 17]. When the temperature is higher than
1073 K, the oxygen vacancy concentration variations
are high and almost keep unchanged with the changing
temperature.
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Figure 5 Temperature dependence of the oxygen vacancy concentration
variation of the LBCF membrane.

3.3. Oxygen permeation flux and oxygen
vacancy diffusivity

Fig. 6 shows oxygen permeation flux of the LBCF mem-
brane as a function of time after the downstream gas was
shifted from air to helium (upstream was air). The oxy-
gen permeation flux, starting at a much higher value,
decreases with time and eventually levels off. By a sim-
ple quantitative analysis on the transient permeation
phenomenon using an oxygen vacancy concentration
transfer model, the oxygen permeation fluxJO2 can be
obtained:

JO2 =
Dv(C′′v − C′v)

2L

[
1+

∞∑
1

2e−Dvn2π2t/L2

]
(4)

whereDv is the oxygen vacancy diffusivity,C′′v , C′v are
the downstream and upstream oxygen vacancy concen-
trations, respectively.L is the membrane thickness, and
t is the time.

Figure 6 Time dependence of the oxygen permeation flux of the LBCF
membrane.

Equation 4 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. When
t = 0, JO2→∞. Thus, initially very large oxygen per-
meation flux could be observed. The oxygen perme-
ation flux decreases with time, with the rate depending
on the oxygen vacancy diffusivity and membrane thick-
ness, as shown by Equation 4. Equation 4 also shows
that whent→∞, the oxygen permeation flux at steady
state can be obtained:

JO2 =
Dv(C′′v − C′v)

2L
(5)

The transient period toward steady-state oxygen per-
meation of La-Sr-Co-Fe membranes were investigated
by several groups [6, 14, 17, 19]. In this study, the tran-
sient time of LBCF membrane was found to be about
40 min. The following oxygen fluxes were obtained in
the steady-state, so Equation 5 can be used to describe
the oxygen permeation flux.

Fig. 7 shows oxygen permeation fluxes through
the LBCF membrane at different temperatures
(P′O2
= 0.21 atm,P′′O2

= 1× 10−3 atm). As shown, the
flux increase with the increasing temperature and be-
come substantial above 1073 K, which is in agreement
with the result of1Cv.

Fig. 8 gives the calculated oxygen vacancy diffu-
sivity of the LBCF membrane as a function of tem-
perature (P′O2

= 0.21 atm, P′′O2
= 1× 10−3 atm) using

Equation 5. As shown, the oxygen vacancy diffusiv-
ity increases with the increasing temperature and there
is almost a magnitude increase from 1073 to 1223 K.
Therefore the increasing oxygen permeation flux of the
LBCF membrane can be explained as follows. When
the operation temperature is less than 1073 K, both
oxygen vacancy concentration variation and diffusiv-
ity enlarge the oxygen permeation flux. When the op-
eration temperature is higher than 1073 K, since the
oxygen vacancy concentration variation almost keeps
unchanged, the increasing of oxygen permeation flux

Figure 7 Temperature dependence of the oxygen permeation flux of the
LBCF membrane (P′O2

= 0.21 atm,P′′O2
= 1× 10−3 atm).
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Figure 8 Temperature dependence of the oxygen vacancy diffusivity of
the LBCF membrane (P′O2

= 0.21 atm,P′′O2
= 1× 10−3 atm).

mainly attributed to the increasing of oxygen vacancy
diffusivity.

3.4. Thermochemical stability
Fig. 9 shows X-ray diffraction patterns of LBCF mem-
branes at various temperatures in air. As shown, The
LBCF membrane is stable at temperatures up to 923 K
in oxygen-rich atmosphere (air). However, at the tem-
peratures higher than 923 K, new peaks appeared near
the characteristic peak (P(200) and P (220)) and the
characteristic peak was not obvious, which was due
to the thermal expansion of Pt holder. Eliminating the
influence of the Pt holder, The LBCF membrane is
phase stable up to 1223 K in air atmosphere. Crystallo-

Figure 9 XRD patterns of LBCF membrane at various temperatures in air. (P) Perovskite.

Figure 10 Temperature dependence of lattice parameter of the LBCF
membrane.

graphic lattice parameters were obtained by X-ray pow-
der diffraction at high temperatures shown in Fig. 10.
As can be seen, lattice parameter of the LBCF oxide
increases about 2.3% (3.88Å to 3.97Å) as the temper-
ature changes from 303 to 1223 K.

Fig. 11 shows X-ray diffraction patterns of LBCF
membranes at various temperatures in argon (oxygen
partial pressure of 1× 10−3 atm). As shown, the XRD
patterns and peak broadness of LBCF membrane after
exposure to Ar at various temperatures remain essen-
tially same. No new phases are formed in this mem-
brane after these treatments. This shows that LBCF
membrane is more stable at high temperature and
low oxygen partial pressure. During the oxygen per-
meation measurement, the upstream and downstream
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Figure 11 XRD patterns of LBCF membrane at various temperatures in argon. (P) Perovskite.

oxygen partial pressure were respectively about 0.21
and 1× 10−3 atm), which was similar to the conditions
of the in-situ HTXRD analysis in air and argon atmo-
sphere. Therefore, The LBCF membrane is suitable for
long-term oxygen separation.

4. Conclusion
The oxygen vacancy concentration variations of the
prepared LBCF powders increase with the increasing
temperature and become substantial above 973 K due
to order-disorder transition. It keeps almost unchanged
when the temperature is higher than 1073 K.

The unsteady-steady oxygen permeation flux of the
LBCF membrane decreases with time and it takes about
40 min to get the steady-state. The steady-state fluxes
increase with the increasing temperature and become
substantial above 1073 K.

There is almost a magnitude increase of the oxygen
vacancy diffusivity of the LBCF membrane from 1073
to 1223 K. In this temperature range, the increasing
of oxygen permeation flux is mainly attributed to the
increasing of oxygen vacancy diffusivity.

The LBCF membrane is very stable at temperatures
up to 1223 K in oxygen-rich and low oxygen partial
pressure atmosphere. Its good thermochemical stabil-
ity indicates that it is suitable for long-term oxygen
permeation operation.
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