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Microdomain Formation, Oxidation, and Cation Ordering in LaCa,Fe;Osg,,

Patrick M. Price,* Nigel D. Browning,® and Darryl P. Butt*"
iDepartment of Materials Science and Engineering, Boise State University, 1910 University Dr., Boise, Idaho 83725

YFundamental and Computational Sciences Directorate, Pacific Northwest National Laboratory, 3335 Innovation Boulevard,

Richland, Washington 99354

ICenter for Advanced Energy Studies, 995 University Boulevard, Idaho Falls, Idaho 83401

The compound LaCa,Fe;Og.,, also known as the Grenier
phase, is known to undergo an order—disorder transformation
(ODT) at high temperatures and oxidation has been observed
when the compound is cooled in air after the ODT. In this study,
we have synthesized the Grenier compound in air using tradi-
tional solid-state reactions and investigated the structure and
composition before and after the ODT. Thermal analysis showed
that the material undergoes an ODT in both oxygen and argon
atmospheres with dynamic, temperature dependent, oxidation
upon cooling. Results from scanning transmission electron
microscopy (STEM) suggest that the Grenier phase has prefer-
ential segregation of Ca and La on the two crystallographic A
sites before the ODT, but a random distribution above the ODT
temperature. Furthermore, STEM images suggest the possibility
that oxygen excess may exist in La-rich regions within microdo-
mains rather than at microdomain boundaries.

I. Introduction

T HERE has been a great interest in lanthanum calcium fer-
rite LCF materials for potential applications as oxygen
conducting membranes in high-temperature electrochemical
devices due to their excellent chemical and thermal stability.' ¢
Despite this interest, the LCF material system is not fully
understood. This is due, in part, to limitations in the ability to
adequately characterize these materials using diffraction tech-
niques. The structural similarity of the multiple phases present
in the system result in the convolution of peaks in diffraction
patterns and an order—disorder transformation (ODT) in Ca-
rich specimens results in a quenched microstructure, which
deceptively gives a cubic diffraction pattern.”'*

Three distinct crystal structures exist in the LCF system:
ABOj (perovskite), A’A,B;0g (Grenier), and A’,B>O5 (brown-
millerite). The Grenier and brownmillerite phases may be con-
sidered derivatives of the perovskite structure with ordered
oxygen vacancies in the pseudo-cubic [101] direction. The dif-
ference between the three structures (Fig. 1) is illustrated in
the stacking sequence octahedra (O) and tetrahedra (T) given
as follows: OOO (perovskite), OOT (Grenier), and OTOT’
(brownmillerite). Almost identical planes of octahedra are
common to all three crystal structures, allowing for the seam-
less stacking of multiple crystal structures, called intergrowths,
by sharing of a common octahedral plane. Intergrowth struc-
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tures in the LCF system were first observed in the early 1980s
using high-resolution transmission electron microscopy.”!!

Lanthanum ferrite (LaFeOs) has the perovskite structure.
When Ca?" is substituted for La*" on the A site, a charge
imbalance is introduced, which can be compensated by the for-
mation of disordered oxygen vacancies or the increase in valance
of iron from Fe* to Fe* . Both charge compensating methods
have been shown to exist, allowing for variable nonstoichiome-
try of oxygen content in the material.'* When the concentration
of Ca exceeds the solubility limit in the perovskite structure, a
second phase (Grenier) is formed as a result of the ordering of
oxygen vacancies and formation of tetrahedral layers.

When quenched from 1400°C in air, the LaCa,Fe;Og com-
pound gives cubic perovskite diffraction pattern and an
increase in mass is observed, suggesting the transformation
of tetrahedra to octahedra via the disordering of oxygen
vacancies. However, high-resolution transmission electron
microscopy revealed a more complicated microstructure,
which suggested that microdomains of ordered oxygen
vacancies persist in the material with sizes on the order of
tens of nanometers.'”> A model was proposed in which the
axis normal to ordered oxygen vacancies of each microdo-
main could be permuted in three mutually orthogonal direc-
tions producing a structure that is metrically cubic.'® It was
also suggested that the observed mass gain was due to the
oxidation of domain walls upon cooling and that the struc-
ture observed in quenched 153hases was representative of the
high-temperature structure.'> In a separate investigation by
Gibb,'® LaCa,Fe;0g samples were quenched at different
rates, resulting in different amounts of oxidation, with the
least amount of oxidation with the fastest quench. Gibb also
demonstrated that Mossbauer spectroscopy of quenched
samples indicated the formation of microdomains; however,
he suggested that this did not preclude the existence of a dif-
ferent structure at high temperatures.

In the work presented here, we have synthesized the LaCa,.
Fe;Og Grenier phase in air using solid-state ceramic processing
techniques. We have revisited the ODT, oxidation, and micr-
odomain structure using modern instruments. Simultaneous
differential scanning calorimeter (DSC) and thermogravimet-
ric analysis (TGA) was used for the in situ investigation of
phase change energies and measurements of dynamic oxida-
tion with submicrogram resolution. In addition, high-resolu-
tion microscopy has pro%ressed significantly since the time of
earlier investigations.'>'® Scanning transmission electron
microscopes (STEM) equipped with aberration correction and
high-angle annular dark field (HAADF) detectors are capable
of achieving subangstrom resolution, with z-contrast imaging
and electron energy loss spectroscopy (EELS).!72!

II.

The LaCa,Fe;Og compound was synthesized using solid-state
reactions. Stoichiometric portions of calcium carbonate
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Fig. 1. Relationship between the orthorhombic perovskite, Grenier, and brownmillerite crystal structures. The red squares represent ordered

oxygen vacancies.

(Puritronic® CaCOs, 99.99% pure metals basis, Ward Hill,
MA), iron (IIT) oxide (Fe,03, 99.995% pure), and lanthanum
(T1T) oxide (Reacton® La,0s, 99.999% pure, Ward Hill, MA)
were combined to achieve the desired composition. Lantha-
num oxide is hygroscopic and reacts with moisture in the air
to form La(OH);>*> The moisture content of each precursor
powder was determined and corrected for by loss on ignition
measurements by thermogravimetric analysis (Netzsch STA-
449, Burlington, MA) prior to mixing each batch. Precursor
powders were then mixed with yttria-stabilized zirconia
media and isopropyl alcohol in nylon jars for 12 h on a table
top mixer, and subsequently calcined at 1000°C for 8 h in a
box furnace. The calcined powder formed a cake-like com-
pact, which was crushed and then mixed as described above
for an additional 10 h. The calcined mixture was dried and
isostatically pressed into green pellets. The pellets were sin-
tered in air at 1250°C for 24 h. The sintered pellets were then
crushed, ground to a fine powder with a mortar and pestle,
and then repressed and resintered for another 24 h. The pel-
lets were recrushed, pressed, and sintered a total of 6 times
to ensure homogeneity. The orthorhombic structure of syn-
thesized samples was verified using X-ray diffractometer
(Bruker AXS D8, Madison, WI) with parallel beam geome-
try. Diffracted intensities and peak positions were consistent
with the indexed patterns of Hudspeth et al.?

All thermal analysis experiments were performed in a
STA-449 (Netszch STA-449) equipped with a simultaneous
differential scanning calorimetry and thermogravimetric
analysis (DSC-TG) carrier, silicon carbide furnace, alumina
protective tube, and 85 pL platinum rhodium (Pt/Rh) cruci-
bles. Temperature calibrations were performed via the melt-
ing of pure In, Sn, Bi, Zn, and Ag. Correction files with
empty crucibles were obtained prior to all DSC-TGA experi-
ments to remove background and noise from the sample sig-
nal. An empty crucible was used as a reference for all
measurements.

Scanning transmission electron microscopy (STEM) was
performed on a FEI Titan 80-300™ (FEI, Hillsboro, OR)
equipped with a CEOS hexapole spherical aberration correc-
tor (Corrected Electron Optical Systems GmbH, Heidelberg,
Germany) for the probe forming lens, HAADF detector, and
a high-resolution Gatan Imaging Filter for EELS (Gatan,
Pleasanton, CA). Samples for STEM were prepared on a
FEI Quanta dual FIB/SEM.

III. Results and Discussion

The change in mass as a result of the oxidation after ODT
was measured in quenched specimens in previous investiga-

tions.'>!® In the work presented here, we have measured the
change in mass with thermogravimetric analysis and found
that the oxidation behavior during cooling is dynamically
dependent on temperature and reversible upon heating. The
thermogravimetric analysis data in Fig. 2 shows the change
in mass of the LaCa,Fe;Og Grenier compound before and
after the order—disorder transition. There is a small mass loss
(0.3%) when the sample is heated to 1360°C due to the
increase in thermally created oxygen vacancies. When the
sample undergoes the endothermic ODT, there is a character-
istic 0.06% increase in mass that always occurs when heated
in air. As the sample is cooled to 500°C there is a compara-
tively large increase in mass due to oxygen uptake in the
material. The oxygen content is stabilized by the formation
of octahedra from tetrahedra and stoichiometric conversion
of Fe*"<Fe*", as found in oxygen-deficient perovskites.
When the ramp is halted in the isothermal region at 500°C,
oxidation stops. Likewise, when the specimen is heated to
600°C, the oxygen gained during cooling is released as indi-
cated by a proportional mass loss. This same behavior is
observed when the temperature is reduced back to 500°C and
then backup to 700°C. The temperature-dependent oxygen
uptake and release behavior suggests that the situation is
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Fig. 2. Thermogravimetric analysis (solid line) of the oxidation
behavior before and after the order—disorder transformation. After
quenching the temperature (dashed line) is cycled from 500°C to
increasingly higher temperatures to illustrate the dynamic oxidation
behavior and the stability of the microdomains at lower
temperatures.
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more complicated than a simple oxidation of domain walls.
An alternative explanation is the formation of a material
with a larger equilibrium concentration of thermally acti-
vated oxygen vacancies when the LaCa,Fe;Og, , compound
is quenched. When the temperature is cycled from tempera-
tures 800°C or higher, there is a systematic decrease in the
amount of oxidation of the material when the temperature is
returned to 500°C, indicating a restructuring of the material
back to the starting LaCa,Fe;Og compound.

Previous investigations have focused on the oxidation after
the ODT in samples treated in air. The thermogravimetric
data in Fig. 2 indicates there is little to no gain in mass at
the ODT temperature and that oxidation does not begin
until the sample is cooled. As no oxygen is required during
the ODT, it suggests that Grenier compounds treated in oxy-
gen-deficient atmospheres may also undergo the ODT. The
ODT and oxidation behavior of the LaCa,Fe;Og4, com-
pound treated in an oxygen-deficient atmosphere are shown
in the TG/DSC data in Fig. 3. The Grenier specimen was
heated to 1360°C and then cooled to 500°C in high-purity
argon. An endothermic peak at in the DSC signal at approx-
imately 1300°C confirms that the ODT also occurs in oxy-
gen-deficient atmospheres. An exothermic peak is present in
the DSC signal during cooling, indicative of a structural
reconfiguration. At 500°C, oxygen is introduced for the first
time in the form of clean air, resulting in the immediate oxi-
dation of the Grenier compound to a mass above that of the
starting material. The temperature is then increased to 700°C
and then decreased to 200°C, resulting in the same tempera-
ture-dependent oxygen uptake and oxygen release observed
in Grenier specimens treated in air. This suggests that Gre-
nier specimens treated in oxygen-deficient atmospheres result
in a similar microdomain structure as those treated in air
and that oxidation is a result of the microdomain structure,
rather than the formation of the microdomain structure as a
result of oxidation.

The temperature-dependent oxidation of the Grenier com-
pound is evident in the TG/DSC data presented in this study
and previous studies have shown the existence of ordered
oxygen vacancies and microdomain texture'’; however, it
remains unclear if this is representative of the Grenier com-
pound above the ODT temperature. To gain insight into this
question, the starting LaCa,Fe;Og Grenier compound was
heated above the ODT temperature in air, quenched, and
reheated above the ODT temperature in two subsequent
cycles as shown in the TG/DSC data in Fig. 4. In the first
cycle, the characteristic endothermic peak is present in the
DSC signal with the small characteristic increase in mass
shown in the TG signal during the ODT. On cooling, there
is also an exothermic peak in the DSC signal indicative of
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Fig. 3. Thermogravimetric analysis of the oxidation behavior after
treatment in argon. Clean air is introduced after quenching at 500°C
resulting in oxidation of the sample.
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Fig. 4. Thermogravimetric analysis of the oxidation behavior after
repeated heat treatments above the order—disorder transition
temperature.

restructuring. On both of the subsequent heating and cooling
cycles, both the endothermic and exothermic peaks are pres-
ent in the DSC signal and the oxidation behavior is almost
identical to the initial heating and cooling cycle. This sug-
gests the high-temperature structure is not retained and that
the microdomain structure must reorder during the ODT.

The DSC signals from both Figs. 3 (argon) and 4 (air) are
plotted as a function of temperature in Fig. 5 and tabulated
in Table I. The order-disorder transition temperature was
found to be slightly higher in argon atmospheres than in air.
The ODT temperature measured from the second and third
cycles in air were slightly lower than the first. The lowering
of the phase transition temperature may be due to the lower-
ing of the energy barrier due to the presence of available
oxygen. The DSC signals in the upper region of Fig. 5 show
an exothermic peak observed during cooling, indicative of a
reconstructive transformation. There is a large difference in
the exothermic peak shape and position between samples
treated in air and argon. The exothermic peak of the argon-
treated sample has a sharper peak and occurs at a tempera-
ture ~100°C higher than air-treated samples, indicating the
presence of excess oxygen may act to impede the phase tran-
sition during cooling.

It is evident in the DSC and thermogravimetric data that:

1. The room-temperature microdomain structure is
not likely representative of the high-temperature
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Fig. 5. Comparison of endothermic DSC signals during the order—
disorder transformation and the exothermic peaks suggesting a
structural rearrangement during cooling.
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Table I. Order-Disorder Transformation Temperatures
Measured by DSC

Run Type DSC Onset (°C)+15°C  DSC Peak (°C)£5°C
Argon Heating 1288 1318
Air cycle #1 1285 1312
Air cycle #2 1236 1291
Air cycle #3 1236 1292
Argon Cooling 1163 1109
Air cycle #l1 1083 1009
Air cycle #2 1083 1013
Air cycle #3 1083 1013

(<1320°C) structure based on the exothermic peaks
observed in the DSC data upon cooling and the endo-
thermic peaks of the quenched microdomain structure
on subsequent reheating.

2. The quenched microdomain structure is oxidized on
cooling resulting in an increase in the oxygen stoichi-
ometry above that of the starting material.

3. The microdomain structure is likely present in Grenier
compounds treated in both oxidizing and oxygen defi-
cient atmospheres above the ODT temperature, based
on the oxidation behavior shown in Figs. 2-4.

4. The oxidized microdomain sample can be returned to
the starting oxygen stoichiometry by annealing the
material above 700°C.

To help elucidate the cause of the dynamic temperature-
dependent oxidation behavior, aberration corrected STEM
was used to investigate the structure of the LaCa,Fe;Ogy
Grenier phase treated above and below the ODT tempera-
ture. The STEM image of the low-temperature Grenier com-
pound with a pseudo cubic [100] zone axis is shown in
Fig. 6(a). While the oxygen atoms cannot be visualized
directly in this image, the iron atoms located in the tetrahe-
dra planes are physically offset as shown in the superimposed
crystal structure, allowing for the distinction between planes
octahedrally and tetrahedral coordinated iron. There are two
unique crystallographic A sites in the orthorhombic P2,ma
space group.”® Broadening of peaks in Mossbauer studies of
the Grenier compound led Gibb to conclude that different
coordination states of iron atoms were present and that the
Ca and La A-site cations were randomly distributed through-
out the structure.'®

s s e s s e e s
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A STEM image of the starting Grenier compound is
shown in the left side of Fig. 6. The two crystallographic A
sites are indicated by the green and blue spheres in the super-
imposed crystal structure in the top-left corner. The green A
site sits between two planes of octahedra and the blue A site
sit between a plane of octahedra and a plane of tetrahedra.
The STEM image of the left has a bright row of atomic col-
umns on the green site and darker atomic columns on all of
the blue sites. The z-contrast afforded by the HAADF detec-
tor suggests that the green A site located between octahedral
planes is preferentially substituted by the larger lanthanum
(Z = 57) over the calcium cation (Z = 20). The z-contrast
can be extended to show that the intensity of the iron cations
(Z = 26) are, on average, brighter than the adjacent A sites
believed to be preferentially occupied by calcium. If the lar-
ger lanthanum cation was randomly on the blue A site, the
average intensity would be predicted to be periodically higher
than adjacent iron columns. The preferential occupation of
lanthanum between octahedral planes is also confirmed in
the EELS superimposed over the Grenier phase shown in
Fig. 7.

A STEM image of the quenched microdomain structure is
shown on the right-hand side of Fig. 6, which is also ori-
ented with a pseudo cubic [100] zone axis. For ease of com-
parison, the tetrahedral planes of the two STEM images in
Fig. 6 are lined up. It is evident from the random distribu-
tion of z-contrast across the two A sites in the STEM image,
that lanthanum and calcium are randomly distributed on the
two crystallographic sites in the quenched microdomain
structure.

The STEM image shown if Fig. 8 is that of a single micr-
odomain oriented with a pseudo cubic [100] zone axis. The
white tick marks on the top and bottom identify the planes
of tetrahedra in the structure. There are no stacking faults or
disruption of the periodicity of the spacing of the tetrahedral
planes horizontally; however, the characteristic offset of the
iron cations in the tetrahedral plane disappear in a domain
on the right side of the image. The FFT for this region is
shown on the right, indicating cubic symmetry. In contrast,
the FFT from the left side of the image contains additional
superlattice reflections indicating the characteristic tetragonal
symmetry of the cations in the Grenier compound. The
images on the lower left and right side of Fig. 8 are of the
original z-contrast STEM image with a threshold subtraction
adjusted so pixels equal to or less than the intensity of iron
cations are removed from the image. The remaining atomic

Fig. 6. STEM images used for the comparison of the structure before (left) and after (right) the order—disorder transformation. The two
micrographs are situated so that tetrahedral planes are lined up as indicated by the horizontal white lines at the top of the image. The z-contrast
seen in the Grenier compound on the left indicates A-site cation ordering where the bright A-site positions (green spheres) are preferentially
substituted by La and the darker A-site positions (blue spheres) are preferentially occupied by Ca. The z-contrast seen in the image on the right
(microdomain structure) indicates the random occupation of La and Ca on the A sites based on the random contrast of A-site positions. The
smaller brown spheres indicate the position of the iron atoms.
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Fig. 7. STEM image of Grenier phase with overlaid EELS core-loss
signal. The EELS data show that the bright columns are
preferentially occupied by lanthanum whereas the A-site locations on
either side of the tetrahedra are preferentially occupied by calcium.

areas of bright contrast are representative of atomic columns
that have an average z-contrast greater than iron and there-
fore contain higher concentrations of lanthanum. The quan-
tity of remaining bright pixels in the image was quantified
with digital micrograph. There are approximately 20% more
bright pixels on the right side of the image. While this analy-
sis is semiqualitative, it suggests that the region with cubic
symmetry in the otherwise uninterrupted periodicity of tetra-
hedral planes of a single microdomain has a higher lantha-
num concentration than the area on the left. This suggests
that oxidation may occur at lanthanum-rich regions through-
out the material. This is supported by the fact that no
ordered oxygen vacancies have been observed in lanthanum
ferrite compounds. It has been demonstrated that lanthanum
ferrite will maintain the perovskite structure in extremely
reducing atmospheres, and will decompose prior to the for-
mation of ordered oxygen vacancies.

It was originally proposed by previous authors that the
oxygen excess observed in quenched microdomain samples
was located in the domain wall.'> Other authors have ana-
lyzed microdomain boundaries in other systems with STEM
and EELS and found no evidence of oxidation at domain

Ll I N T
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boundaries.>> The STEM image in Figs. 6-8 clearly demon-
strate the transition from a preferentially occupied state of
A-site cations, with lanthanum stabilized between two octa-
hedral planes, to a random distribution of the two A-site
cations in the microdomains structure. It is unlikely that
clusters of lanthanum will be able to stabilize the ordered
oxygen vacancies at room temperature and offer an alterna-
tive explanation as to where oxidation occurs in the microdo-
mains texture of quenched Grenier compounds.

The oxidation as a result of lanthanum clustering is sup-
ported by two other observations. First, the thermogravimet-
ric data in Fig. 2 show that the oxidation behavior is stable
until the sample is annealed at temperatures greater than
700°C. Oxygen is mobile well below 700°C, suggesting that
the reconstruction of the low-temperature Grenier compound
is likely limited by cation diffusion. Second, if the La®’
cations are randomly distributed, then 1/3 would be expected
to reside between octahedral planes and 2/3 would be
expected to reside in between octahedral and tetrahedral
planes. Therefore, clusters of La®" cations residing on the
Ca®™ sites would need to be locally stabilized by excess oxy-
gen. One oxygen anion (O*7) will compensate for the local
charge difference created by every two La’" cations. This
would result in a minimum expected oxidation stoichiometry
increase of y = 0.33 giving LaCa,Fe;Og3;. The measured
mass gain from thermogravimetric data in samples quenched
in air was 1.29%, suggesting an estimated stoichiometry
increase to LaCa,Fe3Og4;, which is in good agreement with
the expected value. The redistribution of lanthanum clusters
to an ordered state gives a phenomenological explanation as
to the reason for the oxidation in the microdomain structure.
It is important to note that this domain structure is a result
of the reconstruction of the high-temperature phase upon
cooling.

The STEM imaging technique was also used to investigate
microdomain boundaries. The high-resolution STEM image
in Fig. 9 shows a typical microdomain texture reminiscent of
those reported by previous authors.'” The authors suggested
that the microdomain texture was the result of the permuta-
tion of the OOT stacking sequence of the Grenier phase in
three mutually orthogonal directions. The atomic resolution
micrograph shown in Fig. 9(b) shows an additional level of
complexity. The tetrahedral planes in the two microdomains
at the top and bottom of the image are oriented in the same

Fig. 8. A STEM image of a single microdomain with a [100] view direction. The region on the right side has a cubic symmetry as indicated by
the FFT on the right. The FFT from the left side of the image gives the expected tetragonal symmetry of the cations in the Grenier structure.
The white tick marks at the top and bottom illustrate the periodicity of the tetrahedral planes. The results of a threshold subtraction are shown
on the sides. Image analysis reveals a 20% increase in the number of bright pixels on right side of the STEM image, indicating a higher

concentration of lanthanum.
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Fig. 9. STEM image of the [100] zone axis of (a) typical microdomain structure and (b) a stacking mismatch of tetrahedral planes in the
microdomain texture Ordered oxygen vacancies form orthogonally to compensate for the mismatched stacking of the vertical ordered vacancies.
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Fig. 10. Crystallographic representation of the crystal structure (a) viewing down the pseudo cubic [101]. The Fe-Fe distance alternates between
long and short as shown in the planes indicated by the arrows. (b) viewing down the [101] zone axis. The Fe-Fe distance is fixed (c) STEM
image showing microdomains in the [101] type orientation with both crystallographic variations present. The bimodal iron separation can be seen
on the lower left and the equally spaced iron cations are located in the upper-right corner.

direction, but are offset by a single plane as indicated by the
arrows. Rather than the tetrahedral planes converging to
form a stacking of two consecutive tetrahedra, a small micr-
odomain forms orthogonally between the two. This was rep-
resentative of most of the area of the microdomains when
viewed from the [100] type direction. Most of the tetrahedral
planes were oriented in one direction with only small
domains oriented orthogonally separating mismatched tetra-
hedral planes.

A view of microdomain formation with a pseudo cubic
[101] zone axis is shown in Fig. 10. Unlike the [100] zone
axis, which is equivalent when rotated 90°, the [101] zone
axis changes Fe—Fe bond lengths when rotated. Ordered oxy-
gen vacancies are located parallel to the [101] direction and
the iron spacing alternates between long and short bond
lengths. When rotated 90° to the [101] direction, the Fe-Fe
distance is equal. Both of these variations are seen in the
STEM image with the (a) variant located in the bottom-left
corner and the (b) variant located in the top-right corner. A

mismatch of tetrahedral planes is also commonly found in
this image and throughout the structure. However, there was
no orthogonal formation of oxygen vacancies visible in this
direction. The simultaneous presence of the two variants sug-
gests when the high-temperature phase undergoes the exo-
thermic reconstructive transition during cooling, there is
equal likelihood of formation of different crystallographic
orientations next to each other. The random occurrence of
similar crystallographic orientations further illustrates that
the microdomain structure is not representative of the high-
temperature phase and suggests that the microdomain texture
may result, at least partially, from the mismatch of tetrahe-
dral planes during the reconstructive transformation.

IV. Conclusions

Thermogravimetric analysis and DSC has revealed that the
LaCa,Fe;0g+, Grenier compound undergoes a reconstruc-
tive phase transformation that is not retained in quenched
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samples. During the quenching process, a dynamic tempera-
ture-dependent oxidation was observed, even in samples ini-
tially treated in oxygen-deficient atmospheres. High-
resolution STEM images revealed the preferential occupation
of lanthanum between octahedral planes and calcium
between the octahedral and tetrahedral planes of the synthe-
sized Grenier phase. In contrast, after quenching from above
the ODT temperature the A-site cations were observed to be
disordered in the microdomain structure. We propose that
the disordering of the lanthanum cations may be the cause
for the oxidation behavior. Evidence has been presented to
support the possibility of oxidation of lanthanum clusters
within microdomains rather than oxidation segregated to
domain walls. We observed misalignment in the stacking of
tetrahedral planes that may also give rise to the microdomain
texture seen at lower magnifications. The oxidized microdo-
main structure appears to release and uptake oxygen very
rapidly at temperatures as low as 400°C and is metastable at
temperatures below 700°C, indicating that this material may
be useful as a low temperature oxygen conductor. The struc-
ture of the high-temperature phase is still unknown.
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