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Abstract The present paper discusses the oxygen transport
properties, oxygen stoichiometry, phase stability, and
chemical and mechanical stability of the perovskites
Bao'58r0,5Coo,8Feo'203,5 (BSCF) and SI’COO.gFCQ'Zo:;,g
(SCF) for air separation applications. The low oxygen
conductive brownmillerite phase in SCF is characterized
using in-situ neutron diffraction, thermographic analysis and
temperature programmed desorption but this phase is not
present for BSCF under the conditions studied. Although
both materials show oxygen fluxes well above 10 ml/
cm®min at 7=1,273 K and pO,=1 bar for self-supporting,
200 pm-thick membranes, BSCF is preferred as a membrane
material due to its phase stability. However, BSCF’s long-
term stable performance remains to be confirmed. The
deviation from ideal oxygen stoichiometry for both materials
is high: 6>0.6. The thermal expansion coefficients of BSCF
and SCF are 24x10°° and 30x10°® K ™', respectively, as
determined from neutron diffraction data. The phenomenon
of kinetic demixing has been observed at pO,<10> bar,
resulting in roughening of the surface and enrichment with
alkaline earth metals. Stress—strain curves were determined
and indicated creep behavior that induces undesired ductility
at 7=1,073 K for SCF. Remedies for mechanical and
chemical instabilities are discussed.
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Introduction

Mixed ionic—electronic conducting oxides with the pe-
rovskite structure are of interest as ceramic membranes for
the energy-efficient separation of oxygen from air, for the
production of syngas from hydrocarbons, and as electrode
materials for solid oxide fuel cells. The primary research
objectives related to these materials are flux optimization;
increased chemical stability, especially under reducing
conditions; mechanical stability; and insight into the
transport mechanism, i.e., bulk and surface phenomena.
Two of the most promising materials for air separation
are SI'C0043F60_203,5 (SCF) and Ba()_s SI‘()_5CO().8 F€0_203,5
(BSCF). SCF was first reported by Teraoka et al. in 1985 to
have the highest oxygen permeability in the system Sry_,
La,Co;-,Fe,O;_; [1]. Later experiments were designed to
elucidate whether the bulk diffusivity or the surface reaction
process was the rate-limiting step for oxygen permeation.
Based on SCF membranes with thicknesses ranging
between 1 and 5 mm, Qiu et al. [2] concluded that the
surface effects were rate determining. This was substan-
tiated by the observation that the fluxes could be enhanced
through the application of thin, porous, so-called activation
layers of the same material on the membrane surface [3].
Neutron diffraction measurements on membranes operating
with air on the feed side and a mixture of CO and CO, on the
permeate side demonstrated that the lattice constant is close
to that in air across the membrane, suggesting an oxygen
stoichiometry profile that is shallow across the membrane
and steep at the low pO, surface [4]. This observation is
consistent with the rate-limiting surface reaction located at
the permeate side.

The high-temperature mechanical properties [5], phase
relation dependence on the pO, and temperature [4, 6], and
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oxygen nonstoichiometry [7-9] have been the subject of
other recent research activities. In addition, the dual-phase
membrane SCF-SrSnO; was developed [10] with the aim
to increase the thermochemical compatibility by reducing
the thermal expansion coefficient and inhibiting the growth
of the grains. An alternative approach is to study B-cation
substitutions, including Ag"* [11], Ca*", Ti*", and Zr** [12],
to enhance phase stability and improve oxygen permeabil-
ity. The rationale for the development of BSCF membranes
was the suggested chemical stability of this A-cation
substituted compound in 2000 [13]. It should be borne in
mind that these cobalt-rich materials are suitable candidates
for membranes for air separation. When highly reducing
conditions are present, as in the partial oxidation of
hydrocarbons, one should replace Co with less-reducible
cations, as in La,Sr,_Fe ,Ga; ,O3_5 [14, 15], or switch
over to oxygen excess compounds with the K,NiF,
structure, such as La,Ni,_ M, 04,5 [16].

In this short overview, we will bring together the in-
formation currently available on the compounds in the
system Ba,Sr;_,Cog gFeg,03_s, with an emphasis on the
x=0.0 and 0.5 members. Further, we will provide some
previously unpublished results.

Oxygen permeability

The applicability of perovskite-based membranes for air
separation largely depends on the oxygen flux, as this
determines the membrane surface area required and,
therefore, the initial capital cost. Bredesen and Sogge
[17] estimated a minimum value of 10 ml/cm®*min for
economic viability. Figure 1 shows the oxygen fluxes for
flat, self-supporting functional membranes of SCF, BSCF,
and Lag,SrggCoggFep,03-5 (LSCF). The membranes
were 200 pum thick with effective surface areas of 18 cm?.
A mixture of oxygen and nitrogen was fed to the
membrane with a total flow of 500 ml/min STP, while
helium (pO,~10" bar) was used as a sweep gas at 600 ml/
min STP. The partial oxygen pressure at the outlet of the
permeate side was dependent on the oxygen flux and ranged
from 0.02 to 0.28 bar. A more detailed description of the
measurement set up can be found in reference [18]. At

973 K (Fig. 1a), the flux increases on going from LSCF to
SCF, and finally to BSCF, independent of the partial feed
pressure of oxygen. As may be anticipated, the fluxes
increase when the temperature is increased to 1,273 K
(Fig. 1b). However, the difference in oxygen flux between
SCF and BSCF decreases significantly. The oxygen flux
through both membranes is higher than the 10 ml/cm?® min
target even with an oxygen partial-feed pressure three times
lower than that under industrial conditions, where a total air
pressure of 16 bar will be used [19].

The large difference between SCF and BSCF oxygen
fluxes at low temperature has been ascribed to the presence
of the vacancy ordered brownmillerite phase in SCF
(6=0.5) [20, 21]. This brownmillerite phase has been
reported to have low oxygen permeability [22] with the
observed reduced oxygen fluxes attributed to the coex-
istence of the brownmillerite and perovskite phases. The
transformation of the brownmillerite form of LSCF into the
cubic perovskite phase occurs at a temperature similar to
that of SCF [8]. The reported perovskite phase with this
composition has a smaller concentration of oxygen
vacancies (0.15<6<0.35 for 7=823 K and 10 ><pO,/bar<1)
than SCF (6>0.6) and BSCF (6>0.65) (see also Fig. 2). The
differences in flux at 1,273 K can thus be ascribed to
differences in oxygen nonstoichiometry. That is, decreased
oxygen content in the cubic perovskite leads to increased
flux. This will be discussed further in the next section.

The oxygen permeability of SCF was reported to be
dependent on the grain size [23]. A 30% decrease in oxygen
flux was observed when the grain size was increased from 4
to 14 um using disc-shaped samples with a thickness of
~2 mm. Two explanations have been proposed: that the
grain boundaries in the sample provide a faster transport
path for the oxygen diffusion or that the surface exchange
rate is enhanced by the grain boundaries. Contrary to this,
Wang et al. [24] observe an increase of oxygen flux with
increasing grain size for BSCF. This apparent disagreement
can only be resolved by carefully preparing samples with
different thicknesses and a controlled grain size of one
composition. A more general discussion on the influence of
the ceramic microstructure and the oxygen permeability has
been published by Kharton and Marques [25].
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Fig. 2 Oxygen stoichiometry 2.6
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Under certain conditions, SCF and BSCF can react with
H,0 and CO, to form hydrates and carbonates. This is
undesirable as the compounds formed have much lower
oxygen permeability than the original materials. Yi et al.
[26] report a reduced oxygen flux for SCF at 1,085 K only
when the feed gas contained both CO, and H,O. The flux
was almost unaffected at 1,175 K or when only one of these
components was present at 1,085 K. Such an effect has also
been observed for BaCog 4Fe 4Z1y,03_5 [27] where the
oxygen flux at temperatures <1,125 K was found to reduce

Fig. 3 Polyhedral representa-
tions of the cubic perovskite
(a) and brownmillerite (b)
phases. The circles represent the
positions of A-site cations

pO, (bar)

strongly in the presence of CO,, especially on the permeate
side.

Oxygen stoichiometry and phase stability

At high temperatures (>1,064 K), both SCF and BSCF
adopt the cubic perovskite structure as depicted in Fig. 3a.
In this structure, all Co/Fe cations are in regular octahedral
coordination and all oxygen sites are chemically equiva-
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lent. At lower temperatures and with reduced oxygen
partial pressure, oxygen vacancy ordering occurs in SCF,
resulting in a phase transition from cubic perovskite to
orthorhombic brownmillerite (Fig. 3b). In the brownmil-
lerite structure, ideal composition A,B,0s, the oxygen
vacancies are ordered along rows in the [1 0 1] direction of
the brownmillerite cell. This results in alternating layers of
BOg octahedra and BO, tetrahedra perpendicular to the b-
axis. Both polyhedra are distorted, especially the tetra-
hedra, and splitting of the B-cation sites can occur
(MclIntosh et al. submitted for publication). The ordered
vacancies in the brownmillerite phase are reported to be
immobile, leading to decreased oxygen anion permeability
[20]. Small deviations from the ideal oxygen stoichiometry,
A,B,0Os5, may introduce mobile vacancies into the
octahedral layer. However, recent high-temperature neu-
tron diffraction experiments have revealed that the con-
centration of these vacancies does not exceed 0.02 per
formula unit [6]. This is an order of magnitude lower than
the vacancy concentration in the perovskite [6, 28]. The
brownmillerite phase is not stabilized for BSCF, and the
compound maintains the cubic perovskite structure over
the same pO, and temperature range [28].

In Fig. 2, we compare the oxygen stoichiometry (3-0) of
SCF [6] with BSCF [28] at different temperatures and
partial oxygen pressures as determined by neutron diffrac-
tion studies. Under all measurement conditions, the oxygen
stoichiometry of SCF is higher than that of BSCF. The pO,
range where brownmillerite can be stabilized as a single

phase between 873 and 973 K is shown by the constant
oxygen stoichiometry, 3-9, of 2.5. Figure 2 also clearly
shows that in the single-phase perovskite region, the
oxygen stoichiometry of SCF is more dependent on
temperature than that of BSCF. This is likely one of the
origins of the smaller total expansion coefficient of BSCF
compared to SCF, as will be discussed below.

Bay 55105C00 6F€0 20,45

0, signal (a.u.)

400

Fig. 5 The relative oxygen release rate for Ba,Sr;_,Cog gFe 2035
upon heating in nitrogen at 10 K/min as determined by TPD. The
powdered samples were previously cooled in air at 0.5 K/min
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Fig. 6 Post test SEM micrographs of a BSCF membrane after being measured between 973<T/K<1,273 and 0.1<pO,/bar<1 for 3 weeks
with graphs (a) and (b) taken at a position close to and graphs (¢) and (d) at a position far away from the helium inlet

The formation of the brownmillerite phase can also be
recognized in thermographic analysis (TGA), differential
scanning calorimetry, and temperature programmed de-
sorption (TPD) measurements. In Fig. 4, we show the
oxygen stoichiometry of four samples in the system
Ba,Sr;_,CopgFep,03_5 as a function of temperature
during heating in grade 5.0 nitrogen. The samples were
previously cooled in air at 0.5 K/min from 1,373 K. The
TPD of oxygen measured under similar conditions is
presented in Fig. 5. Our TPD graphs are very distinct from
those reported earlier [13]. This can be attributed to
differences in the thermochemical history of the sample,
in sample and particle size, and in gas flow rates used.
Due to the slow cooling in air and the transfer of the
sample to a low-pO, environment at room temperature,
there is an excess of oxygen in the structure when
compared to that expected for equilibrium with a gas pO,
of 6x107° bar. We may then expect oxygen release upon
heating. Both Figs. 4 and 5 show that no release of any
oxygen occurs up to ~575 K as the nonequilibrium, or
“excess,” oxygen is kinetically trapped in the structure.
Under the current conditions, the kinetics become
sufficiently fast to allow for the equilibration of the
oxygen stoichiometry at ~575 K, where the TPD signal
shows a single peak, and the TGA shows a sudden
decrease in stoichiometry. Above 800 K, the brownmiller-
ite phase in SCF can be recognized by a zero-oxygen
release rate and an oxygen stoichiometry of 2.5. Only at

temperatures above ~1,050 K does oxygen release
resume. At the same temperature, an endothermic peak
is observed in the differential thermal analysis signal.
These observations are consistent with the order—disorder
transition from the brownmillerite to the perovskite phase.

The oxygen release, as determined in the TPD measure-
ments (Fig. 5), of the samples Ba,Sr;_.CogsFeq-,03 5
with x>0 did not reduce to O after the peak centered at
~700 K, and the oxygen content in these samples decreased
continuously, as can be seen from the TGA signal (Fig. 4).
For BSCEF, this is consistent with the observation from
Fig. 2 that BSCF adopts the cubic perovskite structure
under all conditions studied. The same can therefore be
inferred for the compounds Ba,Sr;_,Cog gFey,03_5 with
x=0.1 and 0.3.

One of the greatest challenges to overcome for the
application of the current materials is their limited stability
under a gradient of oxygen chemical potential and high
oxygen flux. As a consequence of differences in the self-
diffusion coefficients for the elements present under the
influence of a gradient of the chemical potential, significant
enrichment of the alkaline earth metals on the permeate
side may occur. This so-called kinetic demixing has been
observed for Lag ¢Sry 4Cog,Fey 303 5 [18] and Lag 3Sr, 7-
CoO3_5 [29]. In the case of BSCF, we observed a similar
enrichment near the helium inlet where the pO, is relatively
low in agreement with Van Veen et al. [30]. The surface in
this region (Fig. 6a,b) becomes very rough and the grain
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Fig. 7 Ring-on-ring stress— a b
strain diagrams for Al,O3 and
SCF at room temperature (a)
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boundaries appear to be etched away after 3 weeks of high-temperature X-ray diffraction experiments, is

testing between 973 and 1,273 K. This surface reconstruc-
tion has also been observed on a surface exposed to
methane by Wang et al. [31]. The SEM micrographs shown
in Fig. 6¢,d are taken far away from the helium inlet, where
the pO, is relatively high. The surface here is smooth and
very similar to that on the feed side, high pO,, after the
permeation experiment and to the surface before the test.
No significant deviation from the original composition was
observed. The posttest grain size appeared to be indepen-
dent of the location on the membrane and ranged from 10
to 20 pum.

The discussion above has been limited to partial oxygen
pressures higher than ~10 bar. At lower pO, the phases
present are expected to decompose. Li et al. [4] examined
the stability of SCF membranes at 1,173 K using neutron
diffraction techniques. They found that below a pO, of
~107" bar, the cubic perovskite phase decomposes into a
three-phase mixture consisting of two Ruddlesden—Popper
phases, Sr,,+1(Fe,C0),03,41-5 with n=2 and 3 and CoO
with the rocksalt structure.

Mechanical issues

The expansion behavior is an import issue when it comes to
the application of Ba,Sr;_Cog gFey,03_5 as a membrane
material and it is closely related to composition and phase
stability. In an industrial application, the ceramic material
must be connected to the material of the membrane module,
most likely steel. The thermal and chemical expansion
coefficients influence the compatibility of these materials
and place stringent demands on the seals. The compounds
Ba,Sr;_,Cog gFep,03_5 expand on heating and on partial
reduction. As a result, three types of expansion can be
distinguished. The total, chemical, and thermal expansion
coefficients are determined at constant pO,, constant 7, and
constant oxygen stoichiometry, respectively [32]. The
averaged total expansion coefficient in the temperature
range 300<T/K<1,300 in air of BSCF, as determined by

~12x107° K !, being significantly smaller than that of
SCF, 18x10° K, under the same conditions [24]. These
values compare to those determined by in-situ neutron
diffraction measured in the smaller temperature range of
875<T/K<1,175 of ~24x10® and ~30x107¢ K™' [6]. The
origin of the difference between the values determined by
these two methods can be found in the far-from-linear
behavior of the temperature dependence of the total
expansion coefficient, as can be concluded from dilato-
metry data [21]. Alternatively, a different choice of the
reference state results in somewhat different values. For
comparison, the values for plain carbon steel and stainless
steel 304 are 11.7x107¢ and 17.3x10°° K ', respectively
[33]. At low partial pressures, pO,<0.1 bar, the difference
between the two perovskites is even larger. The total
thermal expansion of SCF is influenced by the transition
from the brownmillerite phase to the cubic perovskite
phase. At this transition, the volume per formula unit
reduces by more than 1% [6], which is reflected by a
negative total thermal expansion coefficient over a limited
temperature range in dilatometry [21]. The lower total
expansion coefficient of BSCF may be related to a smaller
dependence of the oxygen nonstoichiometry on the tem-
perature. The possible formation of the brownmillerite
phase has important implications for the thermal cycling of
SCF membranes under pO, gradients. Very low partial
oxygen pressures, however, are not foreseen in SCF
applications, and therefore, chemical stability will be the
more important issue. Nevertheless, BSCF is preferred as a
membrane material in view of operational reliability in
membrane applications.

A further important issue is the mechanical integrity.
Under industrial conditions a pressure difference of about
16 bar is applied over the membrane at around 1,100 K
[19]. Full mechanical integrity is prerequisite. Ring-on-
ring tests (equibiaxial bending test) have been performed
on SCF discs in comparison with alumina reference
material at room temperature and 1,073 K. Discs of both
materials were about 40 mm in diameter and 0.6 mm thick



Fig. 8 Post ring-on-ring

test photographs of Al,O3

(a) and SCF (b) showing
low-strength and high-strength
failure modes, respectively

and were tested in triplicate. The results are depicted in
Figs. 7 and 8.

The elastic modulus of Al,O5 decreases from ~260 to
~210 GPa when the sample is heated from room temper-
ature to 1,073 K, and that of SCF from ~100 to ~70 GPa.
The tensile stress and ductility of Al,O; increases with
increasing temperature under the current conditions, and
the stress—strain relation remains linear. It is, however,
noted that alumina breaks in a low strength mode, induced
by single defects (see Fig. 8). We also observe an
increasing tensile strength and ductility with increasing
temperature for SCF. However, in this case the breaking
mode is of the high-strength type, indicating a very
homogeneous material. The stress—strain relation becomes
clearly curved at higher values. This is an indication for
creep in this material that induces undesirable ductility. The
resulting creep has also been studied by Majkic et al. for
SCF [5, 34, 35].

Conclusions

Structural, chemical, mechanical, and transport properties
of SCF and BSCF have been presented and discussed in
conjunction with the findings of other authors. The main
outcome of the present study on membrane materials for air
separation membranes is that, from a point of view of
required fluxes, both SCF and BSCF satisfy the minimum
demand for economic viability, 10 ml/cm*min. Both
compositions hold the promise of even larger fluxes
under higher, industrial, driving forces. This leaves ample
room for improvement in chemical and mechanical stabil-
ity which will likely lead to a slight reduction in flux.
Stabilizing additives to inhibit kinetic demixing and
reduction phenomena, as well as for reducing creep and
increasing strength, will be part of our research in the near
future. The dual-phase concept and doping with tin- or
zirconium-based oxides are seen as viable options to
achieve “industrial grade” membranes. From the point of
view of operational integrity, BSCF is preferred because, in
the operational window of temperature and pressure, no
phase transition to the vacancy-ordered brownmillerite
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structure is observed. However, the long-term stable
performance remains to be confirmed.
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