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Abstract

The phase stability, oxygen stoichiometry and expansion properties of SrCoq gFeq,03-5 (SCF) were determined by in situ neutron diffraction
between 873 and 1173 K and oxygen partial pressures of 5x10™% to 1 atm. At a pO, of 1 atm, SCF adopts a cubic perovskite structure, space
group Pm3m, across the whole temperature range investigated. At a pO, of 10~ ' atm, a two-phase region exists below 922 K, where the cubic
perovskite phase coexists with a vacancy ordered brownmillerite phase, Sr,Co; ¢Feo 405, space group Icmm. A pure brownmillerite phase is
present at pO, of 1072 and 5x 10~ % atm below 1020 K. Above 1020 K, the brownmillerite phase transforms to cubic perovskite through a two-
phase region with no brownmillerite structure observed above 1064 K. Large distortion of the BOg (B=Co, Fe) octahedra is present in the
brownmillerite structure with apical bond lengths of 2.2974(4) A and equatorial bond lengths of 1.9737(3) A at 1021 K and a pO, of 102 atm.
SCF is highly oxygen deficient with a maximum oxygen stoichiometry, 3 —d, measured in this study of 2.58(2) at 873 K and a pO, of | atm and a
minimum of 2.33(2) at 1173 K and a pO, of 5x10 * atm. Significant differences in lattice volume and expansion behavior between the

brownmillerite and cubic perovskite phases suggest potential difficulties in thermal cycling of SrCo gFeq ,0;_5 membranes.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Among novel technologies under development as cost-
effective alternatives to conventional oxygen production
methods, mixed ionic—electronic conducting ceramic mem-
branes offer great promise. These oxygen-transport mem-
branes (OTM) selectively separate oxygen from an air supply,
or other source, at elevated temperature under an oxygen
chemical potential gradient. The materials for this application
must exhibit high ionic and electronic conductivities between
oxygen partial pressures, pO,, of 107> to 1 atm at
temperatures between 1000 and 1300 K. The crystal structure
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and composition of the chosen material are important
parameters influencing anion and electron transport, surface
kinetics and mechanical properties. To ensure constant long-
term performance, the material should maintain structural,
chemical and mechanical stability.

Perovskite oxides with composition La;_,Sr.Fe;_,Co,03-;
are of particular interest for this application [1]. Within this
series, SrCoqgFeq,05-s (SCF) has received considerable
attention due to its high ionic and electronic conductivity [1]
and, consequently, high oxygen flux [2,3]. Oxygen transport in
these materials occurs via a vacancy hopping mechanism
among equivalent oxygen sites. The oxygen sites are located
around Fe/Co-cations with octahedral coordination in the cubic
perovskite structure. However, a transition to the vacancy
ordered brownmillerite structure, Sr,Co; ¢Fep40s, has been
shown to occur in SCF [2-7] below a pO, of 0.1 atm and
temperature of 1020 K. The brownmillerite structure consists of
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alternating layers of octahedrally and tetrahedrally coordinated
Fe/Co-cations. Although the concentration of oxygen vacancies
in the brownmillerite structure is high, oxygen transport rates
are reduced as the vacancies are locked in the tetrahedral layers.

The phase diagram and oxygen stoichiometry of SCF has
previously been examined using thermo-gravimetric analysis
(TGA) and high temperature X-ray diffraction (HTXRD) [4,5].
In addition, Harrison et al. [6] utilized room temperature
neutron diffraction to determine the oxygen non-stoichiometry
and structure of the cubic perovskite and brownmillerite phases
of SCF samples cooled under controlled pO, [6]. Li et al. [8]
examined the stability of SrCogFe(,0;-5 membranes at
1173 K. They found that below pO, of ~10"'* atm, the
cubic perovskite phase decomposes to a three-phase mixture
consisting of two Ruddlesden—Popper phases, Sr,.i(Fe,
C0),0@Gni1-s) with n=2 and 3 and CoO with the rocksalt
structure. Measurements on membranes suggested a shallow
oxygen stoichiometry profile across the membrane with lattice
parameters close to that in air.

The oxygen stoichiometry of perovskite oxides is typically
determined by controlled atmosphere thermo-gravimetric
analysis (TGA) [4,9,10] or coulometric titration [11,12]. Both
of these techniques require determination of the oxygen
stoichiometry of the starting material by other methods,
typically reduction in hydrogen or iodometric titration. The
high temperature oxygen stoichiometry is then calculated from
changes relative to this state. In contrast to this, the oxygen
stoichiometry of each data point in powder neutron diffraction is
determined independently with no requirement for sample
calibration. Indeed, in situ powder neutron diffraction enables
the simultaneous and absolute measurement of the oxygen
stoichiometry, crystal structure, and, in the case when two or
more phases are present, the relative abundance of the phases.
These measurements are made as a function of pO, and
temperature in the range of interest to application. We have
previously used this technique to study the oxygen non-
stoichiometry and chemical expansion behavior of the related
material Bagy 5Srg 5sCog gFep,03-5 (BSCF) [13]. The aim of this
study is to determine the phase stability and oxygen non-
stoichiometry of SCF in the pO, and temperature operational
window of oxygen separation membranes, 10~> to 1 atm and
873 to 1173 K.

2. Experimental

Phase pure commercial SrCoqgFey,0;-s (SCF) powder
(Praxair specialty ceramics, Woodinville, WA, USA) was
sintered at 1373 K for 10 h before cooling at 1 K/min to
room temperature. The powder was then sieved to a particle size
between 38 and 200 um. A small particle size is desirable to
facilitate rapid equilibration. Neutron diffraction measurements
were carried out on the GEM beam line at the ISIS facility,
Rutherford Appleton Laboratories, Chilton, UK. Full details of
the experimental procedure and sample holder used have been
reported elsewhere [13]. A quartz sample holder was designed
which allowed powder samples, ~1.5 g, to be continually
flushed with gas calibrated to have an oxygen partial pressure

ranging from 10 to 1 atm (CK Gas Products Ltd., Hook, UK).
The outlet pO, was continually monitored by a Nernstian sensor
(Systech Instruments, Oxford, UK).

Data was collected on banks 3, 4, 5 and 6 of the GEM
detector array, with d-spacing ranges of 0.5—1.85, 0.54-2.705,
0.74—4.1 and 1.3-7.15 A respectively. Diffraction patterns were
collected during slow heating ramps, 1.33 K/min, between 873
and 1273 K, while continually flushing the sample with the
calibrated gas mixture and monitoring the outlet pO,. The data
sets are referred to in the following by this constant outlet pO,.
The measurement time for each diffraction pattern was
dependent on the intensity of the incoming beam and resulted
in a temperature spread between 5 and 10 K for each
measurement. In the following, data is plotted against the
final measurement temperature. The measurements were made
in descending pO, starting at 1 atm. Before measurements at
pO, of less than 0.1 atm, the sample was oxidized at 1173 K and
cooled to 873 K in 0.1 atm of oxygen. This was to ensure
oxidation of the sample at low temperatures.

Equilibration of the sample with the gas-phase was rapid at
1, 107" and 1072 atm of oxygen, similar to that previously
reported for Bag 5SrysCoggFeg,03-5 (BSCF) [13]. As with
BSCEF, oxygen release from the sample as the temperature was
increased hindered measurements at the lowest pO,. As such the
measurements for a pO, of 5x 10 % atm were performed by
feeding a gas with pO, of 10~ > atm. The temperature ramp rate
was decreased to 0.25 K/min to control the outlet pO,,
and therefore sample equilibrium, between 4x10™* and
5x10~* atm throughout the temperature ramp. The decreased
temperature ramp enabled increased counting time per mea-
surement and resulted in reduced estimated standard deviations
of the structural refinements for these data sets.

Rietveld [14] refinements were carried out using the GSAS
package [15]. An initial fit obtained at room temperature was
used as the starting point for the first high temperature
measurement, 873 K in 1 atm of oxygen. Structural
refinements were performed sequentially using the structure
obtained from the previous refinement as the starting point for
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Fig. 1. Observed (dots), calculated (top line) and difference (bottom line)
powder neutron diffraction patterns of SCF at 927 K and a pO, of 1 atm. Vertical
lines indicate the peak positions for the cubic perovskite Pm3m (#221) space

group.
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Table 1
Refined parameters of the crystal structure of SrCoggFey,0; 53 at 927 K in
pO,=1 atm

Atom  Site x y 4 Occupancy ~ Thermal parameters (A%)
*100
Uso Ui U
Sr Ib 05 05 05 1 2.69(5) - -
Co/Fe 1la 0 0 0 1 242 (6) - -
(¢} 3c 05 0 0 0.843 (3) - 294 (9) 5.07 (6)

Space group Pm3m a=3.92125(3)A; V=60.2939(4)A%,

pe=5.134 glem’.

(#221),

the current. The refined structural parameters for the cubic
perovskite structure, space group Pm3m, were the lattice
parameter, isotropic thermal parameters for the A and B
cations, the anisotropic thermal parameters for the O anion
and fractional occupancy of oxygen. No correlations larger
than 0.5 between this fractional occupancy and any of the
other refined parameters were observed. The refined structural
parameters for the orthorhombic brownmillerite structure,
space group Icmm, were the cell parameters, fractional
coordinates for all atoms, the ratio of Co to Fe on the Co/
Fe(1) and Co/Fe(2) sites, isotropic thermal parameters on the
A-site and Co/Fe(2) site and anisotropic thermal parameters
on all other sites. The oxygen stoichiometry was fixed at 2.5.
Attempts to refine this value led to scatter within one
estimated standard deviation, 0.02, of 2.5 with no improve-
ment in the quality of fit parameters.

For both structures, the total occupancy of the cation sites
was fixed according to the known chemical composition while
the thermal parameters of atoms on equivalent sites were
constrained to be the same. Two-phase refinements were carried
out using the above parameters for each phase with the addition
of the relative fraction of the two phases. Further refined
parameters are the scale factors and o ! profile parameters in a
W.LF. David function were refined for each pattern in both
structures. Shifted Chebyschev functions with 24, 28, 34 and 36
terms were required to accurately describe the background for
the cubic structure and 30, 30, 34, 34 for the brownmillerite
structure for GEM banks 3, 4, 5, and 6 respectively. The
coefficients of these Chebyschev functions were refined.
Estimated standard deviations on the reported values for lattice
parameter and oxygen stoichiometry are derived from the least

Table 2
Rietveld fit parameters of the crystal structure of SrCog gFe 0,53 at 927 K in
p0O,=1 atm

Bank d-range (A) Rwp (%) rp (%) Dyw—d
3 -1.3-7.2 3.92 3.96 0.830
4 —0.75-3.50 2.67 2.92 0.512
5 —0.55-2.55 2.86 2.85 0.604
6 —0.49-1.85 2.85 248 0.607
Sum 0.49-7.2 2.92 3.06

«*(red)=1.432 for 136 variables.

Refined parameters: 1 fractional occupancy, 1 cell parameter, 4 thermal
parameters, 4 scale factors, 4 profile coefficients in a W.L.LF. David function,
being a convolution of the Ikeda—Carpenter and pseudo-Voigt functions,
24+28+34+36 background parameters in shifted Chebyshev functions.
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Fig. 2. Observed (dots), calculated (top line) and difference (bottom line)
powder neutron diffraction patterns of SCF at 923 K and a pO, of 5x 10 * atm.
Vertical lines indicate the peak positions for brownmillerite, lcmm (#74) space
group.

square fit. For the lattice parameters, these were smaller than the
symbols used in the figures.

3. Results

Fig. 1 shows a representative neutron diffraction pattern
for the cubic phase of SCF measured at 927 K and a pO, of
1 atm. The Rp and Ryp values shown on the figure are for
the individual pattern where »* is the total for the structural
refinement. The pattern shows the data collected for bank
number 4 covering a d-spacing of 0.75 to 3.5A. The high
background level, due to the quartz sample holder, is
subtracted from the data. All of the peaks could be indexed
using a cubic perovskite unit cell with space group Pm3m.
Details of the refined structural parameters are presented in
Table 1. The lattice parameter and oxygen stoichiometry
under these conditions were refined to 3.92125(3) and 2.52
(3)A respectively. The weak reflections at d-spacings of 1.9
and 2.2 A are attributed to the experimental apparatus. They
are present in the diffraction patterns of both the perovskite
and brownmillerite phases and also in the patterns recorded
for BSCF using the same setup [13]. Quality of fit
parameters for this pattern are presented in Table 2. The fit
quality was comparable for all of the data presented in this
manuscript.

Table 3
Refined parameters of the crystal structure of Sr,Co; gFep4Os at 923 K in
pO,=5x10"* atm

Atom Site  x y z Occupancy

Sr 8h 0.0098(4) 0.1119(1) 0.5 1

Co/Fe(l) 4a 0 0 0 0.716/0.284(5)
Co/Fe(2) 8i —0.066(1) 0.25 —0.037(3)  0.442/0.058(2)
O(1) 8g 0.25 —0.0049(2) 0.25 1

0(2) 8h 0.0386(7) 0.14302) 0 1

0(3) 8i 0.8674(8)  0.25 0.6245(8) 0.5

Space group Iemm (#74), a=5.61007(8)A, b=15.9858(2)A, c=5.50854(8)A;
V=494.01(1)A>.
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Table 4
Anisotropic thermal factors of the crystal structure of Sr,Co; gFep 405 at 923 K
in pO,=5x10"* atm

Table 6
Selected bond length (A) and angles (°) of Sr,Co; ¢Feq4Os at 923 K in
pO,=5x10"* atm

Atom Thermal factors, A%* 100
Uiso Un U Us; Uiz U

Sr 1.75(3) - - - _ _
Co/Fe(1) - 1.2(2) 7.0(3) 1.9(2) =0.0(2) -
Co/Fe(2) 092) - — - _ _

o(l) - 2.4(1) 2.3(1) 1.81(7) - 0.05(9)
0(2) - 3.5(2) 2.8(1) 3.8(1) 1.3(1) -

0(3) - 2.9(2) 2.02) 2.0(2) - -1.3(1)

Fig. 2 shows a representative neutron diffraction pattern for
the brownmillerite phase of SCF measured at 923 K and a
pO, of 5x10°* atm. As with Fig. 1, the Rp and Ryp values
shown on the figure are for the individual pattern where % is
the total for the structural refinement. The pattern shows the
data collected for bank number 4 covering a d-spacing of 0.75
to 3.5A with the background subtracted. All of the peaks
could be indexed on an orthorhombic brownmillerite unit cell,
Sr,Coj gFeg 405, with space group Icmm. Details of the
refined structural parameters are presented in Tables 3—5, and
selected bond lengths and angles are presented in Table 6.
The lattice parameters under these conditions were refined to
a=5.61007(8), b=.9858(2) and ¢=5.50854(8) A. No weak
super lattice reflections, analogous to those reported by
Harrison et al. [6], were observed.

The phase diagram of SCF in the 7—pO, space investigated
consists of three regions; cubic perovskite, oxygen vacancy
ordered brownmillerite and a two-phase transition region. The
lattice parameters for the cubic perovskite region are shown in
Fig. 3. At a pO, of 1 atm, the cubic perovskite phase is stable
over the whole temperature range investigated. Two phase
regions exist between 873 and 925 K at a pO, of 10” " atm and
between 1021 and 1058 K at a pO, of 10~ 2 atm. The extent of
the two-phase region at a pO, of 5% 10~ * atm could not be fully
resolved due to a neutron beam outage, but is estimated to exist
between 1020 and 1060 K. The edges of the two-phase regions
were determined as the point at which two-phase refinements
lead to poorer quality structural refinements when compared to
single phase refinements. The trends in refined phase fractions

Table 5
Fit parameters for the structural refinement of Sr,Co; gFep 405 at 923 K in
p0O,=5x10"* atm

Bank d-range (A) Ryp (%) p (%) Dyw—d
3 1.3-7.2 1.99 1.96 0.679
4 0.75-3.50 1.26 1.11 0.543
5 0.55-2.55 1.29 1.19 0.609
6 0.49-1.85 1.73 1.32 0.435
totals 0.49-7.2 1.48 1.41

%*(red)=1.906 for 167 variables. No serial correlation in fit at 90% confidence
for 1.973 <Dy —d<2.027.

Refined parameters: 14 atomic positions, 2 fractional occupancy, 3 cell
parameters, 12 thermal parameters, 4 scale factors, 4 profile coefficients in
function 2 W.LF. David function, being a convolution of the Ikeda—Carpenter
and pseudo-Voigt functions, 30+30+34+34 background parameters shifted
Chebyshev function.

Sr—0(1)x2 2.684(2) Co/Fe(1)-0O(1)x4 1.9672(1)
Sr—O(1)x2 2.635(2) Co/Fe(1)-0(2)x2 2.296(2)
Sr—0(2)x2 2.8034(4) Co/Fe(2)-0(2)*2 1.818(3)
Sr—0(2) 2.583(3) Co/Fe(2)-0(3) 1.758(8)
Sr-0O(3) 2 2.445(2) Co/Fe(2)-0(3) 1.911(9)
O(1)—Co/Fe(1)-O(1)  88.86(6)/91.13(6)  Co/Fe(1)—O(1)—Co/ 175.4(1)
Fe(1)
O(1)-Co/Fe(1)-O(2)  88.5(1)/91.5(1) Co/Fe(1)-0(2)-Co/ 155.1(3)
Fe(2)
Co/Fe(2)-0(2)-Co/ 12.9(1)
Fe(2)
0(2)-Co/Fe(2)-0(2)  140.4(5)
0(2)-Co/Fe(2)-O(3)  103.3(4)/100.1(6)
0O(3)-Co/Fe(2)-0O(3)  106.2(5)

are in agreement with this criterion. At lower temperatures the
SCF exists in the vacancy ordered brownmillerite phase.

Fig. 4a and b shows the polyhedral and 50% probability
thermal ellipsoidal representations of the structure detailed in
Tables 3 and 4. In the interests of clarity, the polyhedra and
ellipsoids are shown in the fully ordered brownmillerite
structure, space group /bm2. The refined space group, Icmm,
represents incomplete ordering of the brownmillerite structure
[6,16]. In this structure, the tetrahedral layer is disordered with
splitting of the Co/Fe(2) and O(3) sites allowing two possible
orientations of each tetrahedron. Fig. 4c shows a 50%
probability thermal ellipsoid representation of the split Co/Fe
(2) and O(3) positions and corresponding bonds and orienta-
tions of a tetrahedron in the Jemm space group. The unoccupied
Co/Fe(2) and O(3) positions and bonds for each orientation are
shown partially shaded.

Two-phase structural refinements were performed in the
transition regions of the phase diagram. Fig. 5 shows the lattice
parameters and percentage brownmillerite phase for a pO, of
10" atm between 873 and 1173 K. The lattice parameters of the
brownmillerite phase are scaled to a/v2, b/4, and ¢/V2 to aid
comparison with the cubic unit cell. No pure brownmillerite
region was observed in this pO, and temperature range.
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Fig. 3. Lattice parameter vs. temperature for the cubic perovskite phase
SrCog gFeg 2055 pO,=1 (1), 10~ (O), 1072 (A) and 5x 10~ * (©) atm.
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Expansion of both phases in the two-phase region is apparent
with the lattice parameters increasing as the temperature is
increased. In addition, the fraction of brownmillerite phase
decreases with increasing temperature. There is a rapid shift in
the brownmillerite lattice parameters towards that of the cubic
phase at the final point in the two phase region, 916K, 14.93(6)
wt.% brownmillerite. This data proves the presence of the two-
phase region suggested by Liu et al. [4] and Grunbaum et al. [5]
on the basis of TGA studies.

The brownmillerite to perovskite transition is shifted to
higher temperatures at lower pO,. Fig. 6 shows the lattice
parameters and percentage brownmillerite phase for a pO, of
10" atm between 873 and 1173 K. Below 1021 K SCF exists
as a pure brownmillerite phase. As the temperature increases

Co/Fe(2)

837

above 1021 K, the weight percentage of brownmillerite
smoothly decreases, reaching zero at 1064 K where only the
cubic phase is present. As with the data at higher pO,, the lattice
parameters of the brownmillerite phase shift towards those of
the cubic unit cell at the high temperature edge of the two-phase
region.

The change in lattice volume occurring upon phase transition
is shown in Fig. 7a. The cell volume of the brownmillerite phase
is significantly larger than that of the coexisting cubic phase in
the two-phase region, 1.265(2)% at 1021 K. The bond lengths
within the octahedra, shown in Fig. 7b, demonstrate the large
distortion present in the brownmillerite phase octahedra. The
Co/Fe(1)—0(2) apical bond is significantly longer than the Co/
Fe(1)-O(1) equatorial bond. At the upper temperature edge of

b)
0(1) Co/Fe(1)

o) f/ \ \

\\ / ‘
) ;&& CoFe |\ T
[/ 3 \ /]

Fig. 4. Crystal structure of the SrCo; cFeg 405 brownmillerite phase shown in Fig. 2 and detailed in Tables 3, 4, 5 and 6. a) Co/Fe—O polyhedra, b) thermal ellipsoids
and c) detail, rotated out of the page, showing the two possible tetrahedron orientations across the split O(3) and Co/Fe(2) positions in the lcmm (#74) space group.
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the two-phase region this elongated bond decreases in length
towards the octahedral bond length in the cubic phase. The
equatorial bond is of similar length, and shows similar
temperature dependence, to the octahedral bond within the
cubic phase.

Fig. 8 shows the rapid transformation of the perovskite phase
into the brownmillerite phase upon cooling the sample. The
sample reaches 1173 K at a pO, of 10”2 atm and is cooled to
873 K within the time-span of one measurement, 6min. The
SCF structure is completely converted from 100% cubic
perovskite to 100% vacancy ordered brownmillerite within
this short time. The brownmillerite lattice parameters reach a
plateau within 10min of reaching 873 K. This demonstrates
both the rapid equilibration of the sample in our system and the
difficulty in quenching samples from high temperature.

As previously mentioned, the two-phase region at a pO, of
5x10"* atm was obscured due to a beam outage. The lattice
parameters refined from the data collected are presented in Fig.
9. A comparison of this set with that at a pO, of 1 02 atm, Fig. 6,
suggests that the two-phase region would span the entire period
of beam outage, however, this cannot be fully ascertained.

Finally, Fig. 10 shows the oxygen stoichiometry of the
perovskite phase of SCF determined from the structural
refinements. Refinements of the oxygen content in the

brownmillerite phase did not lead to any improvement in the
quality of fit parameters and introduced scatter around the ideal
value of 2.5. The oxygen stoichiometry in the brownmillerite
region was set to 2.5 in the refinements and is, therefore,
represented by a line. In addition, attempts to refine the oxygen
content of the cubic perovskite phase in the two-phase region
led to convergence instabilities; the oxygen content was
therefore fixed at 2.5 for the cubic perovskite in the two-
phase regions.

4. Discussion

The use of in situ powder neutron diffraction techniques
allows the phase transition from the brownmillerite to
perovskite phase to be studied in detail. This transition occurs
through a significant two-phase region. Within which, the
brownmillerite phase fraction decreases smoothly with increas-
ing temperature. Previous studies report the stability regions of
the brownmillerite determined by TGA or XRD [4,5]. These
techniques allow the limits of the brownmillerite stability region
to be determined, but not the behavior within the transition
region itself. A pure brownmillerite phase exists below 1020 K
at pO, of 1072 and 5 x 10~ * atm. However, at the higher pO, of
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0.1 atm, the brownmillerite phase is present in equilibrium with
the perovskite phase between 873 and 925 K. The transition to
the pure cubic perovskite phase with increasing temperature is
complete by 922 K at a pO, of 10™ " atm and by 1065 K at pO,
of 1072 and 5% 10 * atm, in accordance with [4,5].
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upon cooling of the sample for a pO, of 10”2 atm.
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Fig. 9. a) Lattice parameters a/v2 (A), b/4 (0), and c¢/¥2 (W) for the
brownmillerite phase and a (A) for the cubic perovskite, vs. temperature for a
PO, of 5x10°* atm.

The occurrence of this two phase region may be compared to
related systems. A fully disordered perovskite phase, a
brownmillerite phase and two intermediate stoichiometry
intergrowth structures, SrFeO,-s and SrFeO, g have been
reported for the system SrFeO;_;[17,18] . Comparison with the
Sr—Co—O system is complicated due to the formation of
SreCos0,5 [19].

The oxygen stoichiometry of the perovskite phase deter-
mined in this study is significantly lower than previously
reported [4,5]. The reason for this discrepancy is not
immediately apparent but may be related to difficulties in
measuring the absolute stoichiometry of the starting material by,
for example, reduction in hydrogen when using TGA or
coulometric titration. In support of the work presented here,
neutron diffraction is a sensitive and accurate technique and the
quality of fit parameters obtained from our structural refine-
ments are very good. Furthermore, refined oxygen stoichiome-
tries for the brownmillerite phase were within one standard
deviation of the ideal value, 2.5. These results prove that the
appropriate scattering length for oxygen has been used. One
possible reason for the disagreement in oxygen stoichiometry
with literature data is a lack of equilibration of the cubic
perovskite phase during our measurements. However, a lack of
equilibration is expected to lead to increased oxygen stoichi-
ometry as the sample was previously annealed in air and
measurements were performed in order of increasing temper-
ature and decreasing pO,. In addition, short equilibration times,
especially at higher values of pO,, have been demonstrated in
Fig. 8 and for our previous measurements [13].

Further substantiation of the oxygen stoichiometries deter-
mined in this study can be found in the brownmillerite—
perovskite transition at a pO, of 10~ " atm. This pO, is close to
the upper limit of brownmillerite phase stabilization [4,5] and it
may be expected that the perovskite phase close to this
transition point has an oxygen stoichiometry close to 2.5. Our
measurements show a smooth transition from the brownmiller-
ite phase, with ideal oxygen stoichiometry of 2.5, to a pure
cubic perovskite structure with refined oxygen stoichiometry of
2.50(2) at 869 K. This internal reference provides further


http://dx.doi.org/doi:10.1021/cm052763x

840 S. Mclintosh et al. / Solid State lonics 177 (2006) 833-842

2.60 2.60 »
§ pOs =1 atm pO, =10 atm
2.55 z&ﬂ 255 | |
2.50 \5@5 250 | |
A I |
2.454 %ﬁ%& 2.45- -
2§& [ [
2.40 % 2404 | | Ef]ﬁ
@ 235 235 | I
‘?\ 2-phase
= )
c 230 2.30 region
[] T T T T T T T T T T T T T T T T
c 850 900 950 1000 1050 1100 1150 1200 850 900 950 1000 1050 1100 1150 1200
<}
O 260 2 2.60
g pO, = 10 atm pO, =5x 10 atm
O 255 255
= I
O 250 Il 2.50] I
[ |
2.45 | 2.45-
o I
2.40 A, 2.40 |1
N,
2.35 . 7?%.4\ 2.35] : I%&oﬂ
2-phase v Beam fod
region Y 2.304 Out

2.30 4
T

T T T T T T T
850 900 950 1000 1050 1100 1150 1200

T T T T T T T T
850 900 950 1000 1050 1100 1150 1200

Temperature, K

Fig. 10. Oxygen content vs. temperature for pO, of 1 (A), 10”" (), 1072 (V) and 5x 10™# (¢) atm.

evidence for the accuracy of the oxygen stoichiometries
determined in this study. The significant reduction in oxygen
stoichiometry upon transition to the perovskite phase at lower
pO, is consistent with data present in the literature, although the
absolute perovskite oxygen stoichiometry determined in this
study is lower. The maximum oxygen stoichiometry is 2.58(2)
at 873 K and a pO, of 1 atm with the minimum of 2.33(2) at
1173 K and a pO, of 5% 10~ * atm. The oxygen stoichiometry of
SCF is greater than that of BSCF determined by neutron
diffraction and confirmed by thermogravimetric methods [13].
This is congruent with the higher oxygen flux through BSCF
membranes reported in the literature [20,21].

The distortion of the BOg (B=Co, Fe) octahedra in the
brownmillerite phase of SCF is pronounced. For example, at
923 K and a pO, of 5x10~* atm, the Co/Fe(1)-O(2) apical
bond is 2.296(2) A, compared with the Co/Fe(1)—~O(1) equato-
rial bond length of 1.9672(1)A, as shown in Table 6. This
tetragonal distortion in brownmillerite is a common feature,
with the difference between apical and equatorial bonds
typically around 0.20A [22]. As noted above, it is 0.32A at
923 K and a pO, of 5 x 10~ * atm and one may speculate as to the
origin of this enhanced effect. E®¢ Jahn—Teller distortions of
the Co®" octahedra that may amplify this difference are possible
through a thermally excited spin state S=1, tggeé [23,24].
Similarly, large distortions, 0.4 A, have been found for Jahn—
Teller active Mn®" in S;,MnGaO5. quenched from 700 K [25].
Furthermore, increasing amounts of Jahn—Teller active Cu®"
have been shown to increase the difference between apical and
equatorial bond lengths in Ba,In,_,Cu,Os [26]. However, it
should be noted that the temperature range probed in this study
is significantly higher than these previous reports of cooperative
Jahn—Teller distortions. Further study is required to confirm this
hypothesis.

The octahedral tilting is accompanied by the anisotropic
thermal motion of the O(2) and O(3) sites, shown in Fig. 4 and
Table 4. The thermal motion of the cation within the octahedra
is large and may suggest splitting of this site along the long Co/
Fe(1)-O(2) bond vector. The splitting of the tetrahedral B
cation site in the lcmm space group may be due to averaging
over microdomains with different tetrahedral orientations or
thermal motion within brownmillerite structure. The tetrahedral
sites are also heavily distorted with the O(2)—Co/Fe(2)-0(2)
bond angle increased to 140.4(5)°. These distortions are similar
to those reported by Harrison et al. [6] for SCF at room
temperature.

No significant trend in the thermal parameters of either
phase could be distinguished within the accuracy of our
measurements. However, a comparison between the two pure
phases is useful. The anisotropic thermal parameters for
brownmillerite at 923 K a pO, of 5x10 * are listed in Table
4 and may be compared to the isotropic thermal parameter of
7.95(5)x 10" % A? for the perovskite phase at 1063 K and the
same pO,. This approximately three-fold increase in the
thermal parameter is larger than predicted for the change in
temperature and reflects the increased mobility and, hence,
uncertainty in the location of the oxygen ions in the vacancy-
disordered perovskite phase.

The brownmillerite octahedral equatorial bond length is
close to that of the octahedral bond length in the cubic phase. At
1021 K and a pO, of 10 % atm, the equatorial bond in the
brownmillerite octahedra is 1.9737(3) compared to 1.9722(8) A
for the corresponding bond in the coexisting cubic phase, as
shown in Fig. 7b. The longer apical bond length decreases
towards that in the cubic perovskite, accompanied by a
significant decrease in lattice volume, as the brownmillerite
phase transforms to cubic perovskite, shown in Fig. 7.
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A slight preference for Fe to reside on the octahedral site of
the brownmillerite structure is observed. At a pO, of 10”2 atm,
the octahedral occupancy of iron is 0.252(8) at 890 K, above the
value of 0.2 expected for a random distribution of cations in the
lattice. This preference for the octahedral site is consistent with
the observations reported by Harrison et al. [6] for SCF and
Battle et al. [27] for Sr,CoFeOs.

The chemical and thermal expansion coefficients of SCF
may be extracted from the structural parameters and oxygen
stoichiometry. The strains associated with the total, chemical
and thermal expansion and total volumetric expansion,
respectively, are defined as

ér = (a;:()) | pO,=constant (1)
¢ = (a;:(]) ’T:constant (2)
i = O ®)
e P @)

where «a is the lattice parameter, V is the lattice volume and a
and ¥, are the lattice parameter and volume at the reference
state. The lattice volume is & for the cubic perovskite phase and
was taken as a/y2 x b/4 x ¢/J2 for the brownmillerite phase.
This allows a direct comparison between the two phases. For the
total linear and volumetric expansion, the reference state was set
at 873 K at the pO, of interest. For chemical expansion, @, was
the lattice parameter at an oxygen stoichiometry of 2.44 and the
temperature of interest. For thermal expansion, a, was the
lattice parameter at 873 K and the § of interest. The total,
chemical and thermal expansions are defined as &r/AT7, &/
A6, etn/AT and vi/AT. The values required for these
calculations were derived from linear least squares fits to the
relevant data.

The expansion behavior of the cubic perovskite phase is
extracted from the results presented in Fig. 3. The total
expansion, shown in Fig. 3 as the change in lattice parameter as
a function of temperature at constant pO,, is 31.13(6), 29.88(6),
29.25(6) and 27.14(5)x 10 ¢ K ! at pO, of 1, 10™ ", 10”2 and
5x 10" * atm, respectively. At constant temperature the lattice is
larger at lower pO, due to reduction of the B cations. The
chemical expansion in the region 1073 to 1173 K was
determined as 0.05(1)x 10™°. The thermal expansion coeffi-
cients were determined as 15(3) and 12(3)x 10 ® K™ ! at 6 of
0.65 and 0.60, respectively. The chemical expansion is larger
than previously determined for BSCF [13] and other cubic
perovskite oxides [28].

The brownmillerite phase undergoes limited chemical
expansion as the oxygen stoichiometry of this phase changes
little with temperature or pO,. Therefore, the total expansion of
this phase is approximately equivalent to the thermal expansion.
The expansion coefficients were calculated using Eq. (3) for
each of the lattice parameters and are 19.21(7), 4.76(6) and
26.87(9)x 10~ ° K™ ! along the a, b and c axis respectively at a
pO, of 10" atm. The limited expansion along the b axis is
further evidenced by the small change in Co/Fe(1)-0O(2) bond

length shown in Fig. 7b. This may be attributed to the lower
cation packing density in this direction.

Ata pO, of 5% 10~ * atm, the expansion coefficients increase
to 22.4(1), 7.83(8) and 26.25(9) x 10~ K™ ' along the a, b and ¢
axis, respectively. This increased expansion with decreasing
p0O, may be evidence for limited chemical expansion due to the
formation of vacancies in the brownmillerite structure. Devia-
tions of 0.02 from the ideal brownmillerite stoichiometry of 2.5
have been reported in the literature [5,27], however this is close
to the standard deviation in refined oxygen stoichiometry, 0.02,
in our experiments. As described above, it was not possible to
resolve a trend in brownmillerite oxygen stoichiometry from the
data presented here.

Comparison between the expansion of the cubic perovskite
and brownmillerite phases is enabled by considering the total
volumetric expansion. The total volumetric expansion coeffi-
cients of the pure brownmillerite phase at pO, of 10”2 and
5x10~* atm are 49.9(7) and 56.3(7)x 10" K !, respectively.
The corresponding values for the pure perovskite phase are 84.2
(1) and 81.6(1)x 10" ® K™'. This large increase in volumetric
expansion complicates the application of SCF membranes,
especially concerning thermal cycling under pO, gradients
where, as shown in Fig. 8, the brownmillerite phase forms under
very mild conditions of temperature and pO,.

5. Conclusions

SrCoq gFe,05-s has the cubic perovskite structure with
randomly distributed oxygen vacancies between 873 and
1173 K at a pO, of 1 atm. As the pO, is decreased, a vacancy
ordered brownmillerite phase with space group Icmm appears.
At a pO, of 10" atm, this vacancy ordered phase exists in a
two-phase region with the cubic perovskite phase below
922 K. Above 922 K the structure reverts to a pure cubic
perovskite phase. At pO, of 1072 and 5x10™* atm a pure
brownmillerite phase exists below 1020 K with a two phase
cubic perovskite—brownmillerite region between 1020 K and
1064 K. Above 1064 K, the material has the cubic perovskite
structure. The octahedra in the brownmillerite phase are
significantly distorted and tilted with elongated apical bond
length in comparison to equatorial. As the material transforms
to the cubic phase, this apical bond decreases in length to
match that of the equatorial bond in the cubic perovskite. The
brownmillerite phase expands anisotropically with limited
expansion of the b-axis in comparison to the a and ¢ axes. In
addition, the volumetric expansion of the brownmillerite
phase is less than that of the perovskite phase. These
differences in expansion behavior may lead to difficulties in
applying SCF as a membrane material. Furthermore, oxygen
transport rates in the brownmillerite phase are reduced in
comparison with the vacancy disordered cubic perovskite. At
the same pO, and temperature, the oxygen stoichiometry of
SCF is greater than that of BSCF, in agreement with the
higher oxygen transport rates reported for BSCF.
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