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ABSTRACT: BagSro,CopsFe»03 s exists as a single cubic phase at 1000 °C
in air. Upon slow cooling, it transforms, between 900 and 700 °C, to a mixture of
cubic, hexagonal, and rhombohedral phases, as evidenced by X-ray diffraction and
transmission electron microscopy. The reversible phase change is accompanied
by a large change of the oxygen content (Ad = 0.14) of Bay gSro,C0osFe0203.5
and a volume change of 1.2 vol% at 700—900 °C. The multiphase material shows
lamellar shaped structures in the HRTEM micrographs due to the partial
transformation of the material from the cubic to the hexagonal and rhombohedral
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symmetries. The electrical conductivity changes from p-type semiconductivity
between room temperature and 700 °C to metal-like conductivity at higher temperatures up to 1000 °C. The electrical conductivity is
irreversibly changed upon thermal cycling due to the formation of microcracks.
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1. INTRODUCTION

Perovskite-type materials have been widely studied in recent
decades because of their multiple functional properties in
electrical, optical, and magnetic applications."* Some of the
perovskite-type materials have been studied for their good
oxygen catalytic activity, high electrical conductivity, and required
oxygen ionic conductivity, esi)ecially as cathodes in the field of the
solid oxide fuel cell (SOFC)™>* and oxygen permeation membranes.’
One perovskite-type composition Bag sSrgsCosFe,03.5 of
the family of the more general system Ba,Sr;,Co,Fe; O34
(BSCF) was reported for the first time in 2000 as an oxygen
permeation ceramic membrane material® and in 2004 as a high
performance cathode material for SOFCs” with low polariza-
tion resistance in the intermediate temperature range 500—
700 °C. An isothermal phase study for 1000 °C showed cubic
phase, hexagonal phase, and other symmetries existing in
the BSCF system depending on different Ba/Sr and Co/Fe
ratios.® Bag sSro.sCogsFeg,05.¢ exhibits a pure cubic phase at
1000 °C.” The temperature-dependent electrical conductivity
of Bag sSrg sCop sFeq,05.5 exhibits a transition from semicon-
ductivity to metal-like conductivity at 400—500 °C."%"'* This
transition is not due to any structural phase change.'® However, only
the long-term electrical conductivity of BagsSrgsCoggFer203.5
at 800 °C slowly degrades, and a slow phase transformation
from the cubic to mixed cubic, hexagonal, and hexagonal related
phases at temperatures below 850 °C was reported in several
studies of long-term phase stability.'”'® Aside from the hex-
agonal phase, the formation of lamellar noncubic cobalt-rich
phases was observed due to oxygen vacancy ordering, but the
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structure of these phases has not been completely resolved so
far. As such, in some cases several micrometer-long lamellae are
considered as barriers to oxygen transport due to their layered
shape, low crystalline symmetry, and tiny amount of mobile
oxygen vacancies.

The electrical conductivity of Ba,Sr;_,CoggFeq,03_s (x =
0.3—0.7) decreases with increasing barium content.”’ Ba—rich
BSCF compositions do not exhibit pure cubic phase at room
temperature, for example, Bag gSrg,CoggFe,03.5 is composed
of mixed phases, one being cubic and others being hexagonal
symmetry.® Early research predicted that Ba-rich BSCF compo-
sitions might undergo a phase transition from highly symmetric
cubic to less symmetric hexagonal below 825—875 °C.** BSCF
materials with the cubic phase exhibit good electrical conductiv-
ity at high temperatures, but degrade when being held at lower
temperatures, i.e., below 800 °C and slowly transform from cubic
to a hexagonal symmetry.'” The phase relationships in this
system lower than 1000 °C is still unclear.

In this work, we present the phase information of Bag gSr -
CogsFep,203.5 using crystalline phase and microstructure ana-
lyses by X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The electrical conductivity and the thermal
expansion of bulk materials show abrupt changes corresponding
to the phase transition of Bag gSro,CoggFeq203.6.
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Figure 1. (a) XRD-pattern of the quenched powder specimen. The
calculated Bragg-positions of the cubic perovskite phase are given at the
bottom. (b) XRD-patterns of the furnace-cooled powder specimen:
observed (solid line), calculated (points), and difference. The calculated
Bragg-positions are given at the bottom of the figure for (i) cubic phase,
(ii) hexagonal phase, and (iii) rhombohedral phase.

2. EXPERIMENTAL SECTION

Powder specimens of BaggSro,CopgFep,03. 5 were synthesized by
the solid-state reaction method as described in detail in previous work.®
The finely ground green powder was calcined at 1000 °C for 10 h in air.
The crystalline phase of the calcined powder was identified by means of
XRD. XRD data from the furnace-cooled and quenched-powder speci-
mens were recorded on a Siemens Bruker D8 Advance X-ray diffract-
ometer using Cu Ko, , radiation in the 20° range of 20°—80° with step
sizes of 0.04° and of 0.02°, respectively. The phase analysis of the
furnace-cooled specimen was carried out by combined Rietveld and
Pawley methods using the TOPAS 4.0 (Bruker AXS) software. Because
all observed phases exhibit related chemical compositions, we assume
that the phases have similar X-ray mass absorption coefficients. Thus, the
amounts of the phases can be estimated by calculating the areas of
the corresponding phases in the XRD patterns using the Pawley method.
The ratio of the areas of the integrated intensities delivers an approx-
imate amount of the phase under consideration. The reliability of the
method was controlled by XRD experiments on furnace-cooled powders
using known amounts of BaZrO; as the internal standard. Calcined
furnace-cooled powders were uniaxially pressed to shape the bulk
specimen bars of 35 X 5 x 2.5 mm.® These green bars were cold iso-
statically pressed for 3 min at a pressure of 280 MPa and then sintered at
1100 °C for 6 h in air. A four-probe dc method was used to measure the
electrical conductivity of the sintered specimen bars. Platinum wires
(0.25 mm in diameter) were used as four electrodes glued to the sample
with platinum paste for better contact. Keithley 2000 and 2001 multi-
meters together with self-programmed Labview software and a K-type
thermocouple were used to record the experimental parameters of
the specimen temperature and resistance. The sample was heated in a
tube furnace with a ramp rate of 1 °C/min from room temperature up to
1060 °C with three heating and cooling cycles in air.

Differential thermal analysis and thermal gravimetry (DAT/TG) on
powder and bulk specimens were performed as a function of tempera-
ture in synthetic air by mixing pure argon and pure oxygen (PanGas,
99.999% purity) gases ina DTA/TG (Netzsch STA 449 C). The heating
and cooling rates were 1 °C/min. The thermal expansion of the same
sintered bulk specimen bars after the electrical conductivity measure-
ment was measured in air in a differential dilatometer (Baechr DIL 802) at
arate of 1 °C/min during heating and cooling cycles. TEM was used to
characterize the furnace-cooled powder specimens that were heated
at 1000 °C for 10 h. The microscope was a FEI Tecnai F30 operated at

a i

Figure 2. High-resolution transmission electron microscopy (HRTEM) images and diffraction patterns (insets) after fast Fourier transformation
(FFT) calculations of the Bag gSry>Cog sFep 034 calcined at 1000 °C for 10 h in air and then furnace cooled. (a) Cubic phase and (b) lamellar structure
the rhombohedral phase coexisting in one grain with areas of cubic symmetry.
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300 kV with a postcolumn Gatan image filter (GIF), an EDAX SUTW Si
(Li) detector, and a Phoenix EDAM III controller. The energy resolu-
tion was 134 eV. Some of the powder was mixed into 2 mL of ethanol
and sonicated for 10 min to make a suspension. Drops of the suspension
were applied from a pipet to a Cu TEM grid with perforated 100 holey
carbon films. Images were collected in standard TEM mode and high-
resolution (HRTEM). Energy-dispersive X-ray spectroscopy (EDXS)
and mappings were taken in the scanning (STEM) mode with an
electron-probe of about 2.5 nm in diameter.

3. RESULTS AND DISCUSSION

The powder specimen calcined at 1000 °C for 100 h in air
exhibited different phases at room temperature. The quenched
sample showed a pure cubic phase (Figure 1a), whereas the
furnace-cooled specimen (~-3 °C/min) exhibited a mixed phase
(Figure 1b) at room temperature.

The phase analysis by combining Rietveld and Pawley meth-
ods (Figure 1b) shows that at least two additional phases besides
the cubic phase (a = 4.044 A) are present in the sample. Thus, a
hexagonal phase (space group P63/mmc) with lattice parameters
a = 5.657 A and ¢ = 28.434 A as well as a rhombohedral phase
(space group R3m; a = 5.825 A and ¢ = 37.157 A) were deducted
and included in the refinement by the Pawley fit. The mentioned
phase symmetries are typical for the hexagonal perovskite poly-
morph as well as for hexagonal perovskite related barium cobalt
oxides as described elsewhere.”®**** Structure data for the known
cubic perovskite phase were taken from the ICSD-database PDF
109462. The amounts of cubic phase of about 30%, hexagonal phase
of about 40%, and rhombohedral phase of approximately 30% were
estimated by considering the integrated scattering intensities of the
respective phases. This mixed phase composition exists from room
temperature up to 960 °C as evidenced by in situ high-temperature
XRD?® where the amount of cubic phase was found to increase with
increasing temperature. The results show that a pure cubic phase of
this material is preferred at temperatures above 960 °C. However,
the cubic phase is not stable at temperatures below 960 °C for this
composition. The fact that the fast cooling prevents the phase
transition from cubic to hexagonal and that upon slow cooling this
phase transition occurs indicate that it is diffusion controlled. High
temperature in situ XRD analysis showed that these noncubic phases
continue to develop at the expense of the cubic phase at lower
temperatures.25

From HRTEM images of the powder specimen calcined at
1000 °C for 10 h in air and furnace cooled, a clear cubic phase
(space group Pm-3 m; a = 4.044 A; image viewed along the
[0,1,1] direction, d(100) =a ~ 4 Aand d(0—11) ~ 2.9 A, angle
(100):(0—11) = 90° (Figure 2a)) and a lamellar structure rhom-
bohedral phase (space group R37m; a = 5.825 A and ¢ = 37.157 A;
image viewed along [—1,1,0] direction, d(003) = (1/3)c~ 12 A
and d(110) ~ 2.8 A, angle (003):(110) = 90° (Figure 2b)) were
observed. Those lamellar shaped structures occur due to the
partial transformation of the cubic BSCF phase to noncubic
phases like the hexagonal and rhombohedral phases already
found in the XRD patterns. Similar lamellar structures were
found in the studies of Efimov et al. and Mueller et al. for the
Bay sSry 5Cog sFeg205.s composition.lg’20 Here, we have an in-
sight into a nonequilibrium reaction sequence since the current
sample was furnace cooled and not held in the intermediate
temperature range for several hours as in the above-mentioned
studies.
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Figure 3. (a) TEM bright field image on three sites (b, ¢, and d) of one
particle of the Bag gSro,Cop gFeq,03_ 5 powder calcined at 1000 °C for
10 h in air and furnace cooled. Panels b and c present the chemical
elemental information by EDXS of site b and site c, respectively.

Figure 3 and Table 1 present chemical elemental information
of three sites of one particle of the specimen giving the chemical
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stoichiometry of the metal ions by EDXS results. The nominal
composition Bag gSrg,Cog gFeq,05.s is found on site ¢ (Figure 3a,
cand Table 1) and with a small deviation on side d (Figure 3a and
Table 1). However, site b in Figure 3a shows a cobalt-rich com-
position (Figure 3a,b, and Table 1), which presumably is part of
the more complex oxide phases leading to the multiple phase
composition of the specimen.

In a detailed STEM high angle annular dark field (HAADF)
micrograph in Figure 4, this cobalt-rich and Ba-/Sr-/Fe-depleted
area is more pronounced. It becomes evident that the chemical
constituents are not homogeneously distributed across the grain.
The alkali earth deficient site b of the grain shows a higher Co

Table 1. Local Chemical Compositions of Each Site (b, c, and d)
of Figure *a by Showing Metal Ions in Atomic Percentage,

on One Particle of the Bay ¢Sry,Coq gFey,03 5 Powder
Calcined at 1000 °C for 10 h in Air and Furnace Cooled

Ba(atm %) Sr(atm %) Co (atm %) Fe (atm %)

nominal
concentrations 40 10 40 10
b 14 4 78 4
c 39 11 39 11
d 36 12 41 11

concentration than the nominal composition. Combining the
XRD data, we confirm that the crystalline phase of this composi-
tion after slow cooling to room temperature is not pure but that
multiple phases exist in this specific composition, even locally
in one grain. We can conclude that the Ba-rich composition
Bag §S192Cog sFep203.5 of the Ba,Sry_,Co,Fe; 054 system under-
goes a phase transformation at intermediate temperatures
with local demixing of the cations and ordering of the oxygen
vacancies. With the ordering and disordering states of oxygen
vacancies, many oxides show different phases from brownmillerite
(ordering) to cubic (disordering) perovskite phase, e.g, Ca,-
AlFeO 5,26 BiZO3,27 La2M0209,28 and Ba21n205.29 Here, an oxygen-
vacancy-related phase transition was also found in the composition
Bag gSr02CoosFep 2034, in similar cobalt-containing perovskites,30
and in SrCoyp gFe(,03 5. A possible pathway of the transition from
cubic perovskite to hexagonal has already been reported earlier.'”*
The cubic ABOj; perovskite consists of AOj3 layers arranged in
cubic-close packing perpendicular to the [1,1,1] cubic zone
axis. B-cations occupy the octahedral holes, and octahedra
generate a three-dimensional corner-sharing array. The shear
of some AQ; layers inducted by the change of valence and spin-
state of cobalt leads to the formation of hexagonal-close pack-
ing. Furthermore, the complex reconstructive transformations
influenced by cation demixing occurred during the slow cool-
ing of BSCF. Recently, Yi et al. reported high creep rates of

HAADF

—
500 nm

b

Figure 4. Scanning transmission electron microscopy (STEM) high angle annular dark field (HAADF) image (a) and the elemental distributions by
EDX mapping (b—f) on the same particle of the BaggSro,Coq gFeg,03.5 powder calcined at 1000 °C for 10 h in air and furnace cooled as shown in

Figure 3.
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Figure 5. (a) Oxygen stoichiometry and (b) DTA signal of Bag gSro,-
CopgFep,03.5 as a function of temperature in synthetic air.

Ba sSro.5Cog gFep,03.5 controlled by cation diffusion.>* Hence,
high cation mobility delivers a possible explanation for the phase
transition into compounds with nonperovskite compositions via
complex pathways. However, we want to point out that the phase
transformation is reversible in a rather short time of ca. 1 h as
evidenced by the dilatometer measurements. As oxygen-vacancy
mobility is rather fast in this material, the latter points toward a
phase transformation due to the fast rearrangement of oxygen
vacancies.

The change in oxygen content of the sintered bulk specimen
(furnace cooled) during two heating and cooling cycles from
room temperature to 1000 °C is shown in wt% in Figure S. The
initial oxygen content at room temperature was taken as 3-0 =
2.48 referenced from the similar composition Bag 5Srg5Cog g-
Fe,03.5 in the literature.>® In the first heating cycle, the oxygen
content of the sample continuously decreases with increasing
temperature. An abrupt oxygen loss of 1 wt % was observed in a
rather small temperature interval of 20 °C between 880 and
900 °C upon heating. During further heating, the sample further
loses oxygen. Upon cooling from 1000 °C, the sample reoxidizes
with decreasing temperature down to 800 °C when an abrupt
oxygen gain occurs. With further cooling, more oxygen is
incorporated into the material. The second thermal cycle shows
behavior similar to that of the first thermal cycle including the
hysteresis behavior in the temperature regime from 800 to
900 °C. The abrupt oxygen changes are accompanied by endo-
and exothermic signals as shown in Figure Sb. Upon heating, the

200
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2" heating
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100
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Figure 6. Electrical conductivity of the bulk specimen Bag gSrg,Cog s-
Fep,03. in air at a rate of 1 °C/min. Note the discontinuity of the
conductivity at 895 °C upon heating and at 790 °C upon cooling.

onset temperature is 855 °C, and an onset temperature is 820 °C
for the exothermal event during cooling. Such a reversible phase
transformation was already reported for a similar cobalt-contain-
ing oxide BaSrCo,0s5 earlier.>* The Fe-free BaSrCo,0s trans-
forms from a cubic symmetry below 900 °C into a rhombohedral
phase upon cooling. The temperatures of endothermic and
exothermic reactions are very similar for both Bag gSrg,Cogg-
Fey,03.5 and BaSrCo,0s.

The electrical conductivity of a sintered bulk specimen bar
(furnace cooled) as a function of temperature in air is shown in
Figure 6 during three heating and cooling cycles. The electrical
conductivity increases with increasing temperature, reaches a
maximum at 670—710 °C, and then decreases upon further
heating to 895 °C where a sharp discontinuity of the conductivity
can be observed. The electrical conductivity does not change
much with further heating up to 1060 °C. The discontinuity in
electrical conductivity starts at 895 °C upon heating and at
790 °C during cooling. The maximum electrical conductivity
occurs at 660 °C in the cooling cycles and increases with the
number of cycles. During the cooling cycles, identical conductiv-
ities were observed. In the temperature range between room
temperature and 660 °C, the material exhibits p-type semicon-
ductivity, which can be described as a small polaron hopping
mechanism at elevated temperatures.'>'*** It then undergoes a
transition above 660 °C to metal-like conductivity. The latter can
be understood when considering the increasing overlap of the
transition metal d orbitals and oxygen p orbitals as already
reported earlier.'®

The sharp discontinuity in the conductivity upon heating at
895 °C correlates with the phase transitions from mixed hex-
agonal and rhombohedral phases to the cubic symmetry and is
correlated with the abrupt oxygen loss at the same temperature
shown in Figure Sa. The corresponding DTA signal (see Figure Sb)
is endothermic. Obviously, oxygen vacancies are formed, and the
transition metal cations (mainly Co) become reduced, changing
their radii.*® This leads to the phase change from mixed
hexagonal and rhombohedral phases to the cubic symmetry.
The state of oxygen vacancies, being ordered (rhombohedral
and hexagonal phases) or disordered (cubic phase) in the lattice,
obviously plays a crucial role in electrical conductivity and
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Figure 7. Relative length change of the bulk ceramic specimen of
Bag gSrp2Cop sFep203 5 as a function of temperature in air with two
thermal cycles at a rate of 1 °C/min.

Figure 8. Microcracks in the BaggSrg,CoosFeq05.5 ceramic speci-
men bar predominantly running parallel to the long side of the specimen
after 10 thermal cycles between room temperature and 1000 °C in air.
(Optical micrograph, scale bar = 1 mm.)

presumably in oxygen ion conduction. However, the transition
from ordered to disordered vacancy states cannot explain the
discontinuity in the conductivity alone, e.g., at 895 °C, upon
heating as is shown in Figure 6.

In order to elucidate this point further, we will now consider
the relative length change of the ceramic specimen during
heating and cooling cycles. Figure 7 shows the relative length
change of the specimen during two subsequent heating and
cooling cycles. Besides the usual length increase upon heating
due to thermal and chemical expansion of 15.6 x 1076 (1/°C),
the material expands abruptly between 790 and 890 °C, with an
onset at 850 °C during heating, and contracts upon cooling with
an onset at 790 °C. The onset temperature becomes slightly
shifted to higher temperatures during the second cycle. The

abrupt length change is 30.4% linear corresponding to 1.2 vol%.
After thermal cycling, the specimen was still mechanically intact
but exhibited many microcracks in the microstructure as is shown
in the optical micrograph in Figure 8.

The redox-reaction of the transition metals between 700 and
900 °C causing the phase change leads to mechanical stresses
exceeding the strength of the material and therefore causes the
microcracks in the microstructure of the ceramic which were
observed on the surface of LagsSrgsCogsFeqsOs.s as well
reported by Lein et al.>” They attributed this mechanical fracture
to the considerable stress gradients developing in the materials
due to the gradient in oxygen concentration or the valence of
Co.”” Therefore, the crack formation reported here does not
necessarily come due to the phase transition but might be caused
by the considerable chemical expansion (oxidation of Co/Fe)
during cooling. The hysteresis and the discontinuity of the
electrical conductivity are a direct consequence of the disintegra-
tion of a coherent microstructure in this material.

4. CONCLUSIONS

The BaggSry,CopgFer,03.9 composition of the Ba,Sry .-
Co,Fe;,05 5 system shows a cubic symmetry (a = 4.044 A) at
1000 °C when synthesized in air that can be retained in a
metastable state at room temperature upon quenching. During
slow cooling, the material transforms at 790 °C into a mixed
phase state characterized by cubic, hexagonal, and rhombohedral
symmetries. The latter exhibits a lamellar structure sometimes
coexisting with areas of cubic symmetry in the same grain. The
phase change is reversible and associated with the oxidation and
reduction of the transition metal cations (mainly Co). The phase
change is associated with a rather abrupt mass change of 1 wt %
corresponding to a Ad = 0.14 in the formula unit. The redox-
reactions of the transition metal cations cause a reversible volume
change of ~1.2 vol % of the bulk ceramic specimen leading
to microcracks in the microstructure during thermal cycling.
From room temperatures to ~670 °C, the material shows small
polaron hopping p-type semiconductivity up to 180 S/cm,
changing then to a metal-like conductivity. The conductivity is
abruptly reduced by microcracks forming when the material
transforms into the cubic symmetry at temperatures above
900 °C.
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