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Abstract

X-ray powder diffraction, Raman scattering, equilibrium oxygen content and conductivity data are combined to construct high-

temperature phase diagrams (T vs. d) for the oxide systems SrFe1�xGaxO2.5–SrFe1�xGaxO3, where x ¼ 0, 0.1, and 0.2. Depending on

oxygen content and gallium doping, three different structural types are shown to exist at high temperatures including cubic perovskite-,

cubic brownmillerite-, and orthorhombic brownmillerite-type structures. Substitution of gallium for iron is shown to extend the oxygen

content and temperature limits where the cubic brownmillerite-type phase is stable.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Strontium ferrite SrFeO3 and its doped derivatives
attract interest as high temperature mixed oxide ion and
electron conductors because of their potential application
in membrane reactors for the partial oxidation of hydro-
carbons [1–5]. As with many other oxides, the ferrite may
loose oxygen from the crystal lattice on heating and, when
the temperature is sufficiently high, a cubic perovskite-like
phase SrFeO3�d (CP) with randomized oxygen vacancies is
stable even though the concentration of oxygen vacancies
(d) is quite high. However, at extremely large concentration
of these vacancies, when the composition approaches the
formula SrFeO2.5, vacancy ordering results in the orthor-
hombic brownmillerite-like structure (OB) which is char-
acterized by an alternation of layers of iron–oxygen
octahedra and tetrahedra. The structural vacancies in the
brownmillerite phase may be partially filled with oxygen
ions thus resulting in the oxidation of iron and the off-
e front matter r 2006 Elsevier Inc. All rights reserved.
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stoichiometric oxide SrFeO2.5+d, where dp0.05 [6]. Ac-
cording to the phase diagram for the system SrFeO2.5–
SrFeO3, a two-phase region (CP+OB) separates the
stability fields for CP and OB structures [6,7]. However,
recent in situ neutron diffraction data give evidence to
another high-temperature cubic modification of the ferrite
SrFeO2.5 [8] with the elementary cell parameter of about
twice that of the cubic perovskite. Following convention,
this phase is called cubic brownmillerite or CB and the
respective phase diagram should be modified to account for
this new phase. As previously shown [8] the transition from
the orthorhombic OB structure to the CB structure
involves a narrow two-phase region. Overall, considering
all the available literature, oxygen depletion occurs at high
temperatures resulting in the transition from the cubic
perovskite SrFeO3 (CP) to the orthorhombic brownmiller-
ite SrFeO2.5 (OB) which evolves according to the sequence
CP-(CP+CB)-CB-(CB+OB)-OB, where two-phase
regions are shown with parentheses. Partial replacement of
iron for gallium, the latter with a stable +3 oxidation state,
should favor increased thermodynamic stability and
influence the temperature and oxygen content limits of

www.elsevier.com/locate/jssc


ARTICLE IN PRESS
I.A. Leonidov et al. / Journal of Solid State Chemistry 179 (2006) 1093–10991094
the various structural modifications. In this paper the
results obtained from X-ray diffraction, Raman scattering
and measurements of electrical conductivity and oxygen
non-stoichiometry are used to construct the equilibrium
diagrams for the complex system SrFe1�xGaxO2.5–
SrFe1�xGaxO3 (x ¼ 0, 0.1, and 0.2) at high temperatures.

2. Experimental

The samples used in this study were prepared by solid-
state reactions. Starting materials were oxides Fe2O3

(99.92%), Ga2O3 (99.99%) and strontium carbonate
SrCO3 (99.94%). The raw materials were weighed in
desirable amounts and thoroughly mixed with a mortar
and pestle with addition of ethanol. The mixtures were
pressed into pellets and fired at 900–1250 1C in air. The
materials were crushed into powder, pressed and fired
several times with a gradual increase in temperature before
single-phase specimens were obtained. Phase purity and
determination of the lattice parameters were carried out
with X-ray powder diffraction (l ¼ 1:54178 Å). The lattice
parameters were refined with the using of FullProf
program [9]. A part of the synthesized materials was ball-
milled in ethanol media and pressed into discs under 2 kbar
uniaxial load. The disks were sintered in air at 1250 1C for
10 h to a density no less than 90% of theoretical.
Rectangular bars 2� 2� 18mm were cut from the sintered
discs for the conductivity measurements.

Raman spectra were recorded directly on sample
surfaces. The 458 nm line from a ArKr laser and the
532 nm line from a cw frequency doubled Nd:YAG laser
were used as excitation sources. The excitation power was
kept at 0.1–0.5mW (measured on the sample) in order to
avoid any thermal effects. The laser spot diameter was
between 1.5 and 5 mm for the micro-Raman measurements.
Raman spectrometers were a XY (Dilor) and a Infinity
(Jobin–Yvon–Horiba). They included a back-illuminated
Spex CCD 2D matrix for signal detection. The CCD was
cooled either by liquid nitrogen (XY) or by Peltier-effect
(Infinity). The spectral resolution of the XY and Infinity
spectrometers was approximately 0.5 and 2 cm�1, respec-
tively. Plasma lines were used as reference to improve the
wavenumber accuracy. The positions of the peaks in the
spectra were determined by fitting the ‘‘narrow’’ peak
with a Lorentzian [10] and the ‘‘broad’’ one with a
Gaussian [11].

The oxygen stoichiometry in as-prepared samples was
determined by iodometric titration. The equilibrium
oxygen content in the samples at different values of
temperature (T) and partial pressure of oxygen (pO2) in
the gaseous phase was measured by coulometric titration as
described elsewhere [12]. The absolute changes of oxygen
content in the specimens on heating in air (pO2 ¼ 0.21 atm)
were determined with a Setaram TG-DTA-92 thermoana-
lyzer and combined with the iodometric titration data. The
experimental uncertainties in determination of d by
coulometric titration, TG reduction and iodometric titra-
tion did not exceed 0.001, 0.005, and 0.01, respectively. The
oxygen content in samples at T ¼ 700 1C and
pO2 ¼ 0.21 atm was used as a reference point for the
coulometric titration data. Perfect matches of the TG and
coulometric titration results, at the same pO2 ¼ 0.21 atm
but at various temperatures, confirmed the reliability of the
non-stoichiometry values (d) obtained by coulometric
measurements over the entire range of the oxygen pressure
and temperature studied.
Electrical conductivity (s) data were obtained in 4-probe

d.c. experiments with the use of Pt wire potential probes
and current leads. The wired specimen was sealed under an
atmosphere of 50%O2 and 50%CO2 in the measuring cell
constructed from stabilized cubic-zirconia. The cell was
equipped with two pairs of Pt electrodes. One pair was used
as an oxygen pump to change and maintain oxygen partial
pressure, while the other was utilized as oxygen sensor in
order to control independently the pO2 inside the cell. The
assembly was set in the isothermal zone of a tubular
furnace where the temperature of the experiment was
maintained. The electrical parameters were measured with
a high-precision voltmeter Solartron 7081. Computer
controlled operation of the oxygen pump and sensor
provided precise variation and maintenance of the partial
oxygen pressure in the cell. The measurements were carried
out in the mode of decreasing oxygen partial pressure in
isothermal runs.

3. Results and discussion

3.1. Sample characterization

The tetragonal elementary cell parameters in the ferrite
SrFeO3�d (x ¼ 0) were to a ¼ 10:936ð2Þ and c ¼ 7:709ð5Þ Å
in good agreement with literature values [7,13]. The X-ray
powder diffraction patterns for the as-prepared
SrFeO1�xGaxO3�d (x ¼ 0:1 and 0.2) samples show forma-
tion of perovskite-like phases with a rhombohedral
structure, see Fig. 1. The unit cell parameters and
oxygen contents of the obtained samples are summarized
in Table 1. The oxygen contents of the air-synthesized
gallium containing specimens decrease with the introduc-
tion of gallium giving evidence to the replacement of
tetravalent iron for trivalent gallium in the structure. At the
same time, these changes are not very large, and the oxygen
content always remains essentially close to that in the
ferrite SrFeO2.75 (Sr4Fe4O11). Although substitution of
gallium for iron does not result in a fundamental structural
change of the perovskite-like framework of SrFeO2.75 [13],
gallium cations are known to have a strong preference for
tetrahedral coordination and we speculate that the reason
the doped samples SrFe1�xGaxO3�d acquire a rhombohe-
dral structure is that the linkage of the structural FeO6/2

and FeO5/2 polyhedra is evidently strongly disturbed by
incorporation of these GaO4/2 tetrahedra.
Annealing in a reducing atmosphere (5%H2:95%He) at

700 1C results in a loss of oxygen and formation of the
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brownmillerite-like structure in all the samples, Fig. 2.
The respective X-ray powder diffraction patterns of
these compositions can be indexed with orthorhombic
symmetry. The elementary unit cell parameters are found
equal to a0 �

ffiffiffi

2
p

ap, b0E4ap and c0 �
ffiffiffi

2
p

ap, where
apE3.9 Å (Table 1).

Raman spectra obtained with the excitation line 458 nm
for the reduced, brownmillerite-like specimens are shown
in Fig. 3a. The structural differences of non-doped (sample
#1), Ga-substituted oxygen deficient (samples #2, 3 and 4)
and oxygen-rich (samples #5 and 6) ferrites are evidenced
by the change in the number of bands (from 4 to 1) and
wavenumber shifts (up to �40 cm�1). The compounds
exhibiting broader Raman spectrum with smaller number
of bands correspond to a higher symmetry (no Raman
bands are expected for a cubic perovskite) and, thus, it is
obvious that samples #5 and #6 correspond to a slightly
distorted cubic phase, which is in accord with X-ray data.
Samples #1 and #2 have similar number of bands though a
wavenumber shift is clearly observed. The spectrum for
orthorhombic SrFeO2.5 exhibits a strong peak at 620 cm�1

characteristic for stretching modes of relatively long bonds
Table 1

The elementary unit parameters and oxygen content (3�d) in the samples of

700 1C in 5% H2/95% He gas mixture

Atmosphere x Symmetry a

Air 0.0 Tetragonal 10

0.1 Rhombohedrala 5

0.2 Rhombohedrala 5

5% H2/95% He 0.0 Orthorhombic 5

0.1 Orthorhombic 5

0.2 Orthorhombic 5

aHexagonal setting.

Fig. 1. X-ray powder diffraction patterns for the air-synthesized samples

SrFe1�xGaxO3�d: (a) x ¼ 0:1, (b) x ¼ 0:2.
(1.94–2.22 Å [8]) in FeO6/2 octahedra, while the shoulder at
about 700 cm�1 is related to vibrations of shorter bonds in
FeO4/2 tetrahedra. Replacement of iron for heavier gallium
results in appearance of an intense peak at 666 cm�1. This
change cannot be explained simply based on changes in the
length of Fe–O bonds because structural parameters do not
vary greatly with the doping. Rather it should be attributed
to Fe–O bonding changes owing to incorporation of GaO4/2

tetrahedra in the structure. Also, considering the ionic radii
for tetrahedral Fe3þIV (0.49 Å) and Ga3þIV (0.47 Å) [14], one
can suppose near equality in the length of iron– and
gallium–oxygen bonds which in combination with larger
mass of gallium may explain the shift of the peaks at 430
and 330 cm�1 with incorporation of gallium to 375 and
290 cm�1, respectively. The spectra recorded with the
longer wavelength, Fig. 3b, resemble those in Fig. 3a.
The wavenumber shift can be seen when spectra excited
with blue and green laser lines are compared. This is
indicative of a strong electronic absorption in green
(�2.3 eV) to blue (�2.7 eV) domains (samples are black).
Consequently, the in-depth penetration of the laser light
depends on the excitation wavelength, and near-resonance
Raman scattering occurs. From the intensity of observed
SrFe1�xGaxO3�d obtained at synthesis in air and after heat treatment at

(Å) b (Å) c (Å) 3�d

.936 (2) 7.709 (5) 2.86

.431 (6) 13.523 (6) 2.79

.439 (2) 13.524 (0) 2.74

.668 (5) 15.582 (3) 5.526 (5) 2.50

.647 (9) 15.561 (1) 5.510 (4) 2.50

.646 (1) 15.553 (6) 5.505 (7) 2.50

Fig. 2. X-ray powder diffractcion patterns for brownmillerite-like samples

SrFe1�xGaxO2.5: (a) x ¼ 0:1, (b) x ¼ 0:2.
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Fig. 3. Raman spectra for SrFe1�xGaxO3�d. The wavelength/laser beam

power correspond to (a) 458 nm/1mW and (b) 532 nm/0.06–0.6mW (the

excitation of spectra with the 532 nm line reveals that a (pre)resonance

occurs that modifies the relative intensity of different peaks). 1—SrFeO2.5,

2—SrFe0.9Ga0.1O2.55, 3—SrFe0.8Ga0.2O2.55, 4—SrFe0.8Ga0.2O2.5, 5—

SrFe0.9Ga0.1O2.79, 6—SrFe0.8Ga0.2O2.74.

Fig. 4. The plots of electrical conductivity vs. oxygen content in

SrFeO3�d. The temperature of the isotherms 1, 2, 3, 4, 5, 6, and 7

corresponds to 650, 700, 750, 800, 850, 900, and 950 1C, respectively.
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harmonics we think that the near-resonance is more
effective with green excitation and hence the recorded
spectra highlight the surface layers of the materials. The
peak detected at 638 cm�1 in the spectrum of SrFe0.9
Ga0.1O2.55 may possibly originate from stretching modes of
the structural octahedra containing Fe4+ cations because
smaller size and larger cation charge both result in shorter
metal–oxygen bond lengths and, thus, in larger frequency
of the vibration. The progressive transformation of
orthorhombic brownmillerite to rhombohedral perovskite
with the increase in amount of oxygen vacancies is
supported by the Raman spectra. The broadening of the
spectral lines shows that the symmetry change is associated
with a strong disordering on the local scale [15]. Because
Raman scattering arises from the bond polarizability
change when oxygen atom moves with respect to the atom
at the center of the vibrational entity (MO6/2 octahedron or
MO4/2 tetrahedron), the bandwidth increases drastically
when the number of oxygen vacancies increases and/or
when the M cation valence is decreased. Thus, the large
number of oxygen vacancies results in a strong disorder of
the oxygen sublattice (very broad Raman spectra). The
cubic or near cubic structure with a high concentration of
oxygen vacancies is possibly stabilized by the long-range
Coulomb interactions.

3.2. High-temperature phase diagram for the system

SrFeO3–SrFeO2.5

Electrical conductivity and oxygen content data are
combined [16] to plot the isothermal dependencies of
conductivity vs. oxygen content in SrFeO3�d, see Fig. 4.
The oxygen ion conductivity in the ferrite is about 0.1 S/cm
[5] or about 1% of the total conductivity. Thus, the
isotherms in Fig. 4 mainly reflect behavior of the electron
(hole type) conductivity. The start of the transition from
cubic perovskite (CP) to orthorhombic brownmillerite
phase (OB) is clearly visible in the graphs of isothermal
conductivity vs. oxygen content. This rapid decrease in
conductivity occurs because hole conductivity in the
brownmillerite phase is considerably smaller than in the
perovskite phase. The stability limits of the perovskite
phase (CP) are approximately (see Fig. 4) 3–dE2.59 and
2.56 at 650 and 700 1C, respectively, in excellent agreement
with previous results [7]. The rapid decrease in conductivity
in the 650 1C isotherm is replaced by smoother changes at
3–dE2.55 when the ferrite adopts the brownmillerite-like
structure (OB). The limiting oxygen content (3�d) of 2.55
of the brownmillerite phase (OB) at 650 1C is in agreement
with earlier data reported at 600 and 700 1C [6]. Overall,
previous data [6,7] and our results show that the broad
non-stoichiometric oxygen range of the perovskite-like
phase enlarges while the homogeneity range of the
brownmillerite-like phase becomes smaller with the tem-
perature increase. Thus the two-phase field (CP+OB)
becomes rather narrow at temperatures above 700 1C,
Fig. 5. This particular behavior makes it difficult to track
the stability borders of these different phases at tempera-
tures above 700 1C from the conductivity data alone. As an
alternative, we implemented the coulometric titration
technique in order to identify phase transitions in
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Fig. 5. The high-temperature phase diagram for SrFeO3�d. The main field

is constructed from electrical conductivity data (circles). The inset shows

the part of the diagram above the invariant equilibrium as obtained from

coulometric titration (squares). Solid lines show phase borders according

to the experimental data in the present work. The short-dashed line shows

the stability border of the cubic perovskite phase CP according to Ref. [7].

The long-dashed lines represent the two-phase region according to Ref. [6].

Fig. 6. The logarithmic plots of oxygen non-stoichiometry vs. oxygen

partial pressure for SrFeO3�d at (1) 800, and (2) 900 1C. Up- and down-

head arrows indicate pressure intervals for two-phase regions.

Fig. 7. The plots of electrical conductivity vs. oxygen content in

SrFe1�xGaxO3�d at (a) x ¼ 0:1, and (b) x ¼ 0:2. The up/down-head

arrows show minimal/maximal oxygen content in the perovskite/

brownmillerite phase at different temperatures.
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SrFeO3�d at higher temperatures. The respective data are
presented in Fig. 6 where in order to show more clearly the
difference in position of characteristic points on the
measured isotherms we use parameter (0.5–d) in place of
the total oxygen content (3�d). Two step-like features on
the isotherm at 800 1C in Fig. 6 are identified as
corresponding to the two-phase regions (CP+CB) and
(CB+OB). In contrast, the isotherm at 900 1C reveals one
two-phase region (CP+CB). A summary combining all
these results and available literature data is given in Fig. 5
in the form of a generalized phase diagram where
approximate positions of all phase boundaries as a
function of temperature and oxygen content are indicated.
The inset shows in more detail that portion of the diagram
above 700 1C. Note that the composition (homogeneous
oxygen range) of the CB SrFeO2.5+d phase appears to
achieve a value for d of about 0.05 at 900 1C. Also note that
the temperature of the invariant equilibrium point is
approximately or close to 780 1C.

3.3. High-temperature phase diagrams for the system

SrFe1�xGaxO2.5–SrFe1�xGaxO3 (x ¼0.1 and 0.2)

The concentration behavior of the logarithm of the
conductivity vs. oxygen content is shown in Fig. 7 for the
two specimens SrFe1�xGaxO3�d; x ¼ 0:1 and 0.2. The cusps
on the isotherms, which are shown with arrows, identify the
two-phase (OB+CP) regions. These data were used to
construct the equilibrium temperature vs. oxygen content
diagrams shown in Fig. 8. Compared to the all
iron system the homogeneous range of the OB phase is
markedly wider in the doped samples than in the parent
ferrite. The cusp near dE0.45 on the conductivity isotherm
for SrFe0.8Ga0.2O3�d at 950 1C is related to the phase
equilibrium CP2CB. As before, conductivity measurements
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Fig. 8. The high-temperature phase diagrams for SrFe1�xGaxO3�d at

(a) x ¼ 0:1, (b) x ¼ 0:2. Solid lines show phase borders according to the

experimental data in the present work; circles are obtained from

conductivity measurements, squares represent coulometric titration data.

The dashed lines tentatively delineate the two-phase (OB+CB) region.

Fig. 9. The logarithmic plots of oxygen non-stoichiometry vs. oxygen

partial pressure for SrFe1�xGaxO3�d, x ¼ 0:1 at 800 (1) and 900 1C (a) and

x ¼ 0:2 at 900 (1) and 950 1C (b). Up- and down-head arrows indicate

pressure intervals for the two-phase regions.
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were complemented with coulometric titration data, see
Fig. 9. The step-like feature on the titration isotherm for
SrFe0.9Ga0.1O3�d at 800 1C appears because of the equili-
brium CP2OB, and the respective two-phase (OB+CP)
region occurs in excellent correspondence with the results
from electrical conductivity measurements at lower tempera-
tures. The less distinct change in d at 900 1C is due to the
equilibrium CP2CB. Similar peculiarities are seen on the
isotherms log(d)�log(pO2) for SrFe0.8Ga0.2O3�d at 900 and
950 1C, see Fig. 9b. The two-phase (OB+CB) region is
probably so narrow in the doped samples that it can not be
seen on the plots log(d)–log(pO2). Therefore, the approximate
temperatures of the phase transition OB-CB for oxides
SrFe1�xGaxO2.5 were determined from the Arrhenius plots
for the oxygen ion (si) conductivity. Based on our earlier data
[17], the transition in question results in a change of the slope
of the plots log(si) vs. 1/T and, hence, the transition
temperature is at 900 and 875 1C for SrFe1�xGaxO3�d with
x ¼ 0:1 and 0.2, respectively. The tentative borders for the
(OB+CB) two-phase region are shown by dashed lines in
Figs. 9a and b. As seen from these diagrams, the stability
border of the perovskite-like CP phase does not vary
substantially with the increase in gallium concentration.
The single phase OB field is observed to be wider in the oxide
x ¼ 0:1 than in x ¼ 0:2 and the temperature of the invariant
equilibrium tends to increase with gallium amount. Thus,
partial replacement of iron with gallium favors greater
stability of the cubic CB phase and expands the region of
oxygen content and temperature where it is stable compared
to the all iron system.

4. Conclusions

The partial replacement of iron with gallium in
perovskite-like strontium ferrite when synthesized in air
(pO2 ¼ 0.21 atm) results in a substantial oxygen loss from
the crystalline lattice and a strong distortion of the FeO6/2

octahedra. Treatment in a reducing atmosphere
(pO2p10�5 atm) results in formation of a brownmillerite-
type structure in the oxides SrFe1�xGaxO3�d (x ¼ 0, 0.1,
and 0.2) and depending on gallium doping and oxygen
content the brownmillerite-type structure may be either
orthorhombic (OB) or cubic (CB). X-ray diffraction, TG
measurements of oxygen content and Raman spectroscopy
are consistent with primarily tetrahedral coordination of
the gallium dopant in the brownmillerite-type phase. The
combined data from conductivity and coulometric titration
measurements were used to construct high-temperature
equilibrium phase diagrams as a function of temperature
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and oxygen content and to delineate the phase boundaries
limiting single-phase and two-phase regions. Introduction
of gallium on the iron sub-lattice increased the stability of
the cubic brownmillerite-type phase (CB) with respect to
variations of temperature and oxygen content.
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