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ABSTRACT

We carried out the partial substitution of the B-site in BaFeOs_; perovskite with divalent cations to
develop novel oxygen-permeable materials. We demonstrated that the partial substitution of Cu or Ni
by more than 10% resulted in the stabilization of the cubic perovskite structure even at room
temperature in a highly oxygen-permeable phase, as revealed by the X-ray diffraction (XRD) analysis.
The Cu substitution was more effective for the stabilization, because the introduction of Cu in the lattice
more effectively made the Goldschmidt tolerance factor (t) close to 1.0. Ni- and Cu-substituted
BaFeOs;_s membranes showed higher oxygen permeabilities than their parent BaFeOs;_s membranes
particularly at lower temperatures around 600-700 °C owing to the stabilization of the cubic phase.
Among the fabricated membranes, a BaFeggsCug1503_s membrane (1.0 mm thickness) showed the
highest oxygen permeation flux (1.8 cm® min~! cm~2 at 930 °C) under an air/He gradient. The results
indicated that Cu-substituted BaFeO5_s is promising as a material for Co-free membranes with high

oxygen permeabilities.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Oxygen permeation through ceramic membranes based on
mixed electron-ion conducting materials, which can be utilized
for selective separation of oxygen from air to produce oxygen-
enriched air, has attracted technological and scientific interest
since the discovery of the phenomenon [1]. Among oxygen
permeation materials developed thus far, a variety of Co-based
membranes such as SrCo;_,Fe, O3 [1-3], SrCo; _,Nb,O5 [4], and
Ba; _SrxCo; _,Fe, 05 [5] are the most promising in terms of their
high oxygen permeabilities.

Recently, we developed another series of oxygen-permeable
membranes based on Fe-based perovskite-type oxides. We showed
that partially A- or B-site substituted BaFeOs_; such as
Ba;_,LaFeO;_s [6] and BaFe,_,Zr,03;_; [7] have high oxygen
permeabilities, even at lower temperatures around 700 °C. Co-free
BaFeOs_s-based membranes are preferable in terms of low cost
and high stabilities under reducing atmospheres. It is known that
BaFeOs _; transforms its crystal structure depending on the oxygen
vacancy concentration in its lattice; it forms 6H- and 12H-type
hexagonal structures for ¢ <0.35, but transforms into a cubic
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structure for higher ¢ values [8-10]. These ¢ values are dependent
on the temperature and atmospheric pressure. In the 6H-type
structure, face-shared double FeOg octahedra are corner-linked to a
single FeOg octahedron, as shown in Fig. 1 [9,11], which is in
striking contrast to the cubic structure, wherein each FeOg
octahedron is three-dimensionally corner-linked. It has been
reported that BaFeOs;_; shows almost no oxygen permeability
below the temperature, at which phase transition starts to occur
[6,7]. However, the thermal desorption of oxygen from the
BaFeOs_; lattice at higher temperatures results in the formation
of the cubic phase, significantly improving the oxygen permeability
[6,7]. The difference in the oxygen permeability of BaFeOs_;
between the two phases is probably, due to a significantly lower
mobility of oxygen ions in the hexagonal structure than in the
cubic structure having three-dimensional oxygen diffusion paths,
as shown in Fig. 1. Thus, the improved performance of the partially
A- or B-site substituted BaFeOs_; is likely due to the successful
stabilization of the cubic perovskite phase by the proper introduc-
tion of substituting cations in BaFeOs _.

It is well accepted that for ABOs perovskites, the cubic phase is
stable under the condition that the Goldschmidt tolerance factor
(t), expressed as follows, is in the range 0.75 <t < 1.0
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Fig. 1. Crystal structures of (a) 6H-type hexagonal BaFeO5_ ; (space group: P63/mmc; lattice constants: a=5.683 A, c=13.916 A [11]) and (b) ideal cubic perovskite (space
group: Pm-3m; lattice constant: a=4.020 A). Octahedra and green balls represent FeOg units and Ba ions, respectively. The crystal structures were drawn with VENUS, 3D

visualization software developed by Dilanian and Izumi.

where r,, 15, and rp are the radii of the A-site cation, B-site cation,
and oxide ion, respectively. For BaFeOs_;, t is estimated to be
1.066, slightly larger than the optimum value. This is due to the
relatively large ionic radius of Ba. Thus, the replacement of A- or
B-site with smaller or larger cations, respectively, would stabilize
the cubic perovskite structure. Indeed, the partial replacement of
A- or B-site in BaFeO5_s with Sr [12] or Ce [13], respectively, has
been shown to be effective for the stabilization. The reported
results suggest the possibility of further upgrading the oxygen
permeability of BaFeOs_s-based membranes via an optimized
composition control.

In this study, we selected divalent Ni®* (0.69 A) and Cu®*
(0.73 A) as substituting cations, because of their larger ionic radii
than those of Fe3* (0.55 A) and Fe** (0.585 A). Furthermore, for Fe
sites, the substitution of divalent cations should increase the
oxygen vacancy concentration in the lattice via charge compensa-
tion. The doping of Cu [4,14-17] or Ni [14,17-20] into Co-, Ti-, and
Ga-based perovskite-type oxides has already been demonstrated
to yield improved oxygen permeabilities. Here, we show the
oxygen permeability of the partially B-site substituted
BaFe;_yM,03s_s (M=Cu or Ni) along with the effect of partial
substitution of Cu or Ni on the crystal structure.

2. Experimental

We prepared BaFe; _,M,03_s (M=Cu, Ni; y=0-0.15) powders
by a pyrolysis method as follows. The constituting metal nitrates

Table 1
Sintering temperature of fabricated membranes.

Sample no. Composition Sintering temperature/°C
1 BaFeo.975Ni0.02503 5 1020
2 BaFe(.95Nio.0503 5 1020
3 BaFeo9Nip103 -5 1150
4 BaFeq g5Nio.1503_5 1175
5 BaFeo 95Cuo.0503 -5 1175
6 BaFeo oCuo.105 -5 1175
7 BaFeg g5Cuo.1503_5 1075

or acetates were dissolved in water and the resultant solution
was evaporated to dryness at 350 °C. The dried powder was
calcined at 850 °C for 5 h in air. Then, we ground and crushed the
calcined powder in ethanol with a planet-type ball-mill for 15 h.
After drying, the ball-milled powders were press-formed at
4.0 MPa into a disk (diameter: 2 cm), and then sintered at from
1020 to 1175°C for 5h in air. The sintering temperature
depended on membrane composition, as shown in Table 1. For
sintering, the cooling and heating rates were set to 2 and
4°Cmin~"!, respectively. The above procedure yielded well-
sintered membranes, as shown in the optical images of repre-
sentative membranes (Fig. 2). Nitrogen permeation tests also
confirmed their gas tightness.

The crystal structures of the obtained membranes were
characterized on a high-temperature X-ray diffractometer (HT-
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Fig. 2. Optical microscope images of (a) BaFeg gsNig.1503_s and (b) BaFeg gsCug 15
03 _ s membranes.

XRD), using Cu Ko radiation (RINT2100, Rigaku Co., Ltd.) from
room temperature (RT) to 900 °C. For XRD measurements, sample
disks fabricated at 1020-1175 °C were used, and the scan rate
was set as 2° min~ . For HT-XRD measurements, the temperature
was slowly increased from RT to 600, 700, 800, and 900 °C
and was maintained constant at each designated temperature for
more than 1 h before measurements were taken.

The oxygen permeability through the membranes was mea-
sured, using an apparatus reported elsewhere [7]. The surface of
the membranes was polished with an emery paper (#80) to adjust
their thicknesses to 1.0 mm and to reduce or eliminate any surface
effects on the oxygen permeation, through differences in the
membranes, by controlling their surface porosities with the same
conditions. We fixed the membrane to a quartz tube by welding
with a silver ring at 960-965 °C. For permeation tests, synthetic air
(200 cm® min—') and He (150 cm?® min—"') were each flowed to one
side of the membrane. The oxygen concentration in the He flow
was below 0.05 ppm. We monitored the amount of oxygen passing
through the membrane from the air side to the He side, using a
thermal conductivity detector (TCD) connected to a gas chromato-
graphy system. The measurement was performed at 530-930 °C.

We used a temperature-programmed desorption (TPD) tech-
nique to examine the oxygen desorption properties of the
BaFe; _,M,03_ s powders. A sample powder (1.0 g) was embedded
in glass—wool packed in a quartz reactor, heat-treated at 1000 °C
for 1 h under a flow of synthetic air (50 mLmin~'), and then
cooled to RT in the same atmosphere. After switching the
atmosphere to a helium flow (50 mLmin~'), the sample was
heated at a constant rate of 10 °C min ' and the oxygen desorbed
was monitored using a TCD.

Intensity (a.u.)

y=0
(t=1.085)
A L
.ﬁﬁ ad ANA AAﬁALAAAA
20 40 60 80
26 / degree

Fig. 3. XRD patterns of BaFe;_,Ni,O3_s (y=0-0.15) membranes. The tolerance
factor (t) is noted in parentheses.
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Fig. 4. Oxygen permeability of BaFe;_,Ni,O5_s (y=0-0.15) membranes (1.0 mm
thickness) as a function of temperature.

3. Results and discussion
3.1. Crystal structure and oxygen permeability of BaFe;_,Ni,O3_;

Fig. 3 shows the XRD patterns of BaFe;_,Ni,O3_; (y=0-0.15)
membranes along with their tolerance factors. The crystal
structure of the parent BaFeOs;_;s (y=0) can be assigned to a
hexagonal phase, as reported in the literature [11]. The crystal
structure remained unchanged in the substitution range
y=0.025-0.05, but the cubic phase appeared in the substitution
range y=0.1-0.15. The formation of the cubic phase after
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increasing the substitution amount is likely due to a decrease in t.
However, the peak ascribable to the hexagonal phase remained in
the XRD pattern, even at the highest substitution amount
(¥=0.15). No impurity phases were detected in these patterns.

Fig. 4 shows the oxygen permeation fluxes of BaFe;_,Ni,O3_;
(y=0-0.15) membranes (1 mm thickness) as a function of tempera-
ture. The oxygen permeability of the parent BaFeOs;_; was almost
negligible below 800 °C, but abruptly increased around 800 °C due
to phase transition from hexagonal to triclinic and cubic
structures, as confirmed by the HT-XRD analysis [6]. The trend
of the oxygen permeation through BaFeOs_; as a function of
temperature was rather different from the reported results, where
a slight change in the composition, particularly in the oxygen
content, might induce this difference. In contrast, the membrane
with the lowest Ni substitution amount (y=0.025) showed a
gradual change in the oxygen permeability around 700 °C. In
contrast, the membranes with higher Ni substitution amounts
(y=0.05-0.15) showed no such abrupt changes in the oxygen
permeation flux. For the membranes with y=0.1 and 0.15, the
cubic phase stabilized even at RT, as shown in Fig. 3. The cubic
phase stabilization should increase the oxygen permeability
particularly at lower temperatures. However, the membranes
with y=0.025 and 0.05 also showed improved oxygen perme-
ability, although they had hexagonal phases that might have
fewer paths for oxide ion diffusion. Thus, it is possible that the
phase transformation from hexagonal to cubic phase occurred for
Ni-substituted membranes with y=0.025 and 0.05.

To obtain experimental proof for the above idea, we examined
the crystal structure of BaFeggsNipos03_s (y=0.05) using HT-
XRD, as shown in Fig. 5. The membrane showed the cubic
structure from 600 to 900 °C, without detectable peaks ascribable
to the hexagonal phase. The results indicated the stabilization of
the cubic phase at moderately high temperatures via the
introduction of a small amount of Ni into the lattice. The Ni
introduction likely lowered the phase transformation tempera-
ture of BaFeOs_;s from around 800 °C to below 600 °C. However,
note that the increase in the Ni substitution amount degraded the
oxygen permeability, as observed for membranes with y=0.1 and
0.15. This result is contradicted by the fact that the cubic phase
stabilized even at RT and by the expectation that the oxygen
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Fig. 5. HT-XRD patterns of a BaFeg gs5Nip 503 _s membrane (y=0.05) from 600 to
900 °C.

vacancy concentration increased via the larger Ni substitution.
The exact reasons for these findings are not yet clear, but the
formation of undetectable impurity phases at the grain boundary
or a change in the oxide-ion mobility after introduction of larger
amounts of Ni might decrease the oxygen permeability.

3.2. Crystal structure and oxygen permeability of BaFe;_,Cu,03_;

Fig. 6 shows the XRD patterns of BaFe;_,Cu,03_s (y=0-0.15)
membranes along with their tolerance factors. As seen for the Ni-
substituted membranes, the crystal structure remained un-
changed at a lower substitution amount (y=0.05), but an increase
in the substitution amount (y=0.1-0.15) successfully stabilized
the cubic phase. The stabilization was accompanied by a decrease
in t, as in the case for an Ni substitution. Preferably, for the higher
Cu substitution, no peaks ascribable to the hexagonal phase were
detected in the XRD patterns, which is in contrast to the Ni
substitution. The results indicated an enhanced effect of Cu
substitution on the cubic phase stabilization, because the
substitution of Cu more effectively made ¢ close to 1.0 even with
a smaller amount of substitution, because of its larger ionic radius
as compared with Ni. However, further introduction of Cu failed
to obtain dense-disk membranes, because of the melting of the
membranes.

Fig. 7 shows the oxygen permeation fluxes of BaFe; _,Cu,03_;
(y=0-0.15) membranes (1 mm thickness) as a function of
temperature. All membranes showed higher oxygen permeabil-
ities than the original membrane (y=0), particularly at lower
temperatures around 600-700 °C. The membrane with a lower Cu
substitution amount (y=0.05), which had a hexagonal structure
at RT, also showed improved oxygen permeability. The phase
transition from hexagonal to cubic phases occurred below 600 °C,
as in the above case for membranes with lower Ni substitution
amounts. All Cu-substituted membranes showed similar oxygen
permeabilities, although we observed slight increases in the
oxygen permeation fluxes at the highest substitution amount
(y=0.15). The obtained oxygen permeation fluxes were higher
than those of the Ni-substituted membranes, indicating the more
effective role of Cu in stabilizing the cubic perovskite structure
even with lower substitution amounts.

Intensity (a.u.)
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Fig. 6. XRD patterns of BaFe;_,Cu,0;_s (y=0-0.15) membranes. The tolerance
factor (t) is noted in parentheses.
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Fig. 7. Oxygen permeabilities of BaFe;_,Cu,0;_s5 (y=0-0.15) membranes
(1.0 mm thickness) as a function of temperature.
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Fig. 8. TPD chromatograms of oxygen from BaFe;_,Cu,O3_; (y=0.1 and 0.15)
powders.

TPD measurements provide very useful information on the
oxygen sorptive—desorptive properties of membranes [21-23]. To
confirm the high oxygen permeation properties of Cu-substituted
membranes, we investigated the temperature-dependent oxygen
desorption from the membranes, using the TPD technique.
Fig. 8 shows the TPD chromatograms of oxygen from the
BaFe; _,Cu,05;_; (y=0.1 and 0.15) powders. The chromatograms
were characterized by the appearance of two oxygen desorption
peaks, denoted as « and f3, at lower (200-700 °C) and higher (700-
900 °C) temperature regions, respectively. It has been reported
that for Co and/or Fe-containing perovskite-type oxides, o
desorption corresponds to the desorption of oxygen incorporated
in oxygen vacancies in the lattice, accompanied by the reduction of
Co** (and/or Fe**) to Co®* (and/or Fe**). In contrast,  desorption
corresponds to the reduction of Co>* (and/or Fe**) to Co?* (and/or
Fe*) [22,24,25]. Thus, for BaFeO;_s-based membranes, « and f
desorptions are associated with the reduction of Fe** to Fe>* and
Fe3* to Fe?*, respectively. It is possible that the reduction of Cu?*
to Cu® also took place in f desorption, particularly for the
membrane with a higher Cu substitution amount, as shown by

a sharp 8 peak in its TPD chromatograph. Also, f desorption at
700-900 °C associated with the reduction of Cu?>* to Cu* has been
reported for Cu-doped ceria [26] and Cu-doped LaCoOs [27].

The oxygen desorption started to occur near 200 °C, which is
quite low as compared with Co-containing membranes. The total
amounts of oxygen desorbed were 381 and 368 umolg~' for
BaFeg 9Cug.105_s and BaFeg gs5Cug 1503 _ 5, respectively, which are
far larger values than those obtained for a surface monolayer.
These results indicated that oxygen was desorbed mainly from
the bulk. The observation of large o desorption peaks was a clear
indication that the membranes contained a large amount of
oxygen vacancies even at lower temperatures. These vacancies
must be responsible for the enhancement of the oxygen permea-
tion fluxes at lower temperatures. Note that there was no
significant difference in the shape of the o desorption peaks and
the amounts of desorbed oxygen between the two membranes
with different Cu substitution amounts (y=0.1 and 0.15). Similar
oxygen sorptive-desorptive properties likely resulted in no
significant difference in the oxygen permeabilities between the
two membranes. However, a slight increase in permeation fluxes
around 900 °C was observed with the highest Cu substitution
(y=0.15), as noted above. This result might be due to the creation
of additional oxygen vacancies in the lattice, resulting from the
reduction of Cu?* to Cu* (f desorption) around 900 °C.

The obtained results indicated that Cu-substituted BaFeOs _; is
promising for Co-free, cheap oxygen-permeable membranes with
high performance. The BaFeg g5Cug 1503 _ s membrane showed the
highest oxygen permeation flux of 1.8 cm® (standard temperature
pressure) min~ ' cm~2 at 930 °C under an air/He gradient, a value
comparable with those for Co-based membranes. In addition, the
obtained permeation fluxes for Cu and Ni-substituted membranes
were similar to those obtained for Zr- and La-substituted
BaFeOs_ s membranes [6,7], thus confirming an effective material
design of partial A- and/or B-site substitution in BaFeO5;_s with
other cations. Although the Ni-substituted membranes showed
comparably high oxygen permeation fluxes, they experienced a
phase transition from hexagonal to cubic phases. We expected the
phase transition to bring about shrinkage and expansion of the
membranes, resulting in the degradation of their stabilities during
heat cycle operation. Thus, the stabilization of the cubic
perovskite structure and suppression of the phase transition via
Cu substitution are preferable for the stability of the membranes.
However, the introduction of a larger amount of Cu would
degrade the stability due to the reduction of Cu?*to Cu* at
elevated temperatures. Further optimization of the membrane
composition is necessary for the improvement of their stabilities
for practical use.

Another way of improving the oxygen permeability is by
controlling the microstructure of these membranes. We previously
reported that the oxygen permeability of BaggslLagosFeOs_s
membranes depended on their microstructure; a decrease in the
grain size by a wet chemical method, using chelating agents, led
to an improvement in the oxygen permeation fluxes [28]. Thus,
microstructural control likely upgrades the performance of
Cu-substituted BaFeOs;_s membranes.

4. Conclusion

The partial substitution of Ni and Cu on the B-site in BaFeOs5_;
stabilized the cubic perovskite structure at RT, depending on the
substitution amount. The cubic perovskite phase effectively
stabilized when the substitution amount was increased, accom-
panied with a decrease in t. Ni- and Cu-substituted BaFeO;_;
membranes showed higher oxygen permeabilities than the parent
BaFeOs_s membrane, particularly at lower temperatures around
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600-700 °C due to the stabilization of the cubic phase. Among the
fabricated membranes, a BaFeggsCug 1503_5 membrane (1.0 mm
thickness) showed the highest oxygen permeation flux of 1.8 cm®
(standard temperature pressure) min~! cm~2 at 930 °C under an
air/He gradient. TPD measurements revealed that Cu-substituted
membranes desorbed a large amount of oxygen from the bulk at
lower temperatures, which may be the reason for the high oxygen
permeability at lower temperatures.
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