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In order to make clear the phase relationships and nonstoichiometry of the SrFeO1,,-SrFeOs system 
at elevated temperatures, measurements were made using high-temperature gravimetry and high- 
temperature powder X-ray diffraction (XRD) analysis under the controlled oxygen partial pressure of 
1-10e5 atm at temperatures above 400°C. At 400-9OO”C, the system was found to consist of the 
SrFeOz,J+s phase of the brownmillerite-type structure with small oxygen excess-type nonstoichiometry 
and the SrFe03-s phase of the cubic perovskite-type structure with large oxygen deficient-type nonstoi- 
chiometry. At temperatures above 9OO”C, the brownmillerite phase transformed to the perovskite-type 
and the system was composed of only the cubic perovskite-type phase. o 1%~ Academic PXSS, hc. 

1. Introduction SrFe0,,5 has been of interest because of 
its structural features. It shows the ortho- 

So far, many studies have been made on rhombic brownmillerite structure (I). The 
the SrFe0T.5-SrFe03 system. The system structure is basically perovskite-type which 
was considered to be composed of largely is composed of the stacks of corner-shared 
two types of oxides, nonstoichiometric per- FeO,-octahedra. In the brownmillerite 
ovskite-type SrFeO,-, and a modified per- structure, alternate corner-sharing oxygen 
ovskite-type SrFeO,,, (Z-3). of FeO,-octahedra in alternate a-c planes 

are missing. Consequently, the structure 
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Mossbauer spectroscopy (1, 6-9) and mag- 
netic susceptibility measurement (2, 3, 7, 8, 
20). SrFeO,-, shows large oxygen-deficient- 
typ.e nonstoichiometry (2, 3) and the stoi- 
chiometric composition (6 = 0) can be ob- 
tained only under high 0, pressure (2, 9). 
Under ordinary pressure, the composition 
is always oxygen-deficient and the composi- 
tion of the sample slowly cooled in air to 
room temperature was reported to be 
SrFeO,,s,-SrFeO,,,, (2, 8, 9). 

The reported structure of the SrFeO,-,- 
phase at room temperature is rather compli- 
cated (2,2,8, 9, II). According to the recent 
report by Takeda et al. (9), at room tempera- 
ture, nonstoichiometric perovskite-type 
SrFeO,-, has three modifications with dif- 
ferent amounts of oxygen deficiency: cubic 
perovskite for 0 < 6 < 0.03, a tetragonal 
phase for 6 = 0.125, and an orthorhombic 
phase for 6 = 0.25. Tofield et al. (II) showed 
by the electron diffraction study that the 
oxygen defect in the orthorhombic SrFeO,,,, 
(6 = 0.25) is ordered. 

Takeda et al. (9) reported the phase rela- 
tionship at temperatures below 400°C. Also, 
they showed that the brownmillerite phase 
changes to the perovskite phase at tempera- 
tures around 850-900°C (9). However, the 
relationships between oxygen nonstoichi- 
ometry and high-temperature phase rela- 
tionships between the perovskite-type 
phases and brownmillerite phase have not 
been shown yet. 

In this paper, we report the phase rela- 
tionships of the SrFeO,,-SrFeO, system at 
temperatures above 400°C determined by 
high-temperature gravimetric and high- 
temperature XRD measurements, both un- 
der controlled oxygen partial pressure, 
zJ (0,) (1% 

So far as the authors have searched in 
literature, it seems there have been few 
works in which the high-temperature XRD 
studies were made on oxides as a function 
of P(0,) by in situ measurement under the 

precisely controlled low P(0,) atmo- 
spheres. 

2. Experimental 

2.1. Samples 

Samples were prepared by a coprecipita- 
tion method: Aqueous strontium and iron 
nitrates were mixed together in l/l metallic 
ratio and poured into NH,OH-(NH,), 
C,O, solution to form the coprecipitate of 
hydroxides and oxalates. The coprecipitate 
was kept at 30-45°C for 3-5 days in the 
NH,OH-(NH,),C,O, solution for the fine 
particles to coagulate, then filtrated and 
dried. The coprecipitate was heated at tem- 
peratures from 300 to 700°C stepwise, hold- 
ing for 1 hr at every lOO”C, at 800°C for 3 hr, 
and finally at 1200°C for 48 hr. 

The calcined oxides were pressed and 
slightly sintered at 900°C for 7 hr in air and 
cooled in the furnace at a rate of 30-40 
K/hr to room temperature. By the room- 
temperature powder X-ray analysis, the 
structure of the formed oxide was perov- 
skite-type. 

Other details of the preparation proce- 
dures are essentially the same as those re- 
ported in the preceding works (13, 14). 

2.2. High-Temperature Gravimetry 

For the determination of equilibrium 
weight by high-temperature gravimetric 
measurements, two systems were em- 
ployed, both with electric microbalance 
(Shimazu TG 31H). One was equipped with 
a low-pressure gas-circulation system (14). 
The other was equipped with a flow system 
of the gas mixtures under ordinary pressure 
and a zirconia sensor to monitor the oxygen 
partial pressure of the gas mixtures (15). 

Oxygen partial pressure was controlled 
by the use of Ar-0, and CO-CO, gas mix- 
tures of desired ratios. The measurements 
were made at temperatures of 400-1100°C 



168 MIZUSAKI ET AL. 

using samples of 0.5-l g. Details of the ap- 
paratus and the measuring procedures were 
essentially the same as those described in 
the previous papers (14, 15). 

2.3. High-Temperature X-ray Analysis 

High-temperature powder X-ray diffrac- 
tion (XRD) analysis was made using a 
Geigerhex-type apparatus (RIGAKUDE- 
NKI Co.) equipped with the attachment of a 
sample heating element (RIGAKUDENKI 
Co.). The attachment was constructed so 
that the samples are completely sealed from 
the outside and the gas mixtures of arbitrary 
concentrations are allowed to flow inside 
the sample chamber. 

In this work, N,-O2 gas mixtures of de- 
sired ratios were let flow to control the atmo- 
sphere of the sample. The P(0,) of outlet 
gas was monitored by a zirconia sensor to 
confirm that the atmosphere in the chamber 
was controlled at the desired P(0,). The 
temperature of the sample was controlled 
using a Pt-PtRh thermocouple attached to 
the platinum sample holder. 

Measurements were made using Cuba ra- 
diation(35kV 15mA) at temperatures up to 
950°C in the P(0,) of 1-10m4 atm. In order 
to confirm the equilibrium, the sample was 
kept at constant P(0,) and temperature for 
a long time to make sure that the XRD peaks 
did not change over several hours. When 
the composition of the sample changed re- 
markably, it took more than 1 day to attain 
equilibrium. 

3. Results and Discussion 

3.1. Nonstoichiometry 

3.1 .I. Determination of absolute oxygen 
content. Figure 1 shows the oxygen content 
of the SrFe0,,5-SrFe0, system as a func- 
tion of log P(0,) at different temperatures 
determined by high-temperature gravime- 
try. The absolute oxygen content in the fig- 
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FIG. 1. Oxygen nonstoichiometry of SrFe02,5- 
SrFeO, system. 

ure was determined based on the following 
considerations. 

It is known that the plot of oxygen content 
against log P(0,) of La,-,Sr,FeO,-, (0.1 < 
x < 0.6) shows two plateaus, at 6 = 0, which 
appears at the P(0,) region a little higher 
than 1 atm, and 6 = x/2 in the reduced atmo- 
spheres (14, 16). With increase in x and T, 
the P(0,) corresponding to the plateaus in- 
creases and the plateau at 6 = 0 becomes 
difficult to be observed at high tempera- 
tures. When the La,-,Sr,FeO,-, samples 
(0.1 < x < 0.6) were cooled gradually in 
I-atm 0, gas in the gravimetry apparatus, 
the weight saturated at about 200°C and the 
saturation was attributed to the stoichiome- 
try of 6 = 0 (14, 25). 

As shown in Fig. 2, the tendency of the 
weight change of SrFeO,-s with log P(0,) 
at temperatures above 900°C is similar to 
that of La,-,Sr,FeO,-, (14, 17). However, 
only one plateau is clearly observed which 
corresponds to 6 = x/2 of La,-,Sr,FeO,-, . 
When the sample was cooled down to 
room temperature in the gravimetry appa- 
ratus, the weight gradually increased, and 
due to the slow reaction rate of oxidation, 
the accurate equilibrium could not be con- 
firmed below 200°C. Thus, we could not 
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FIG. 2. Oxygen nonstoichiometry of La,-,Sr,Fe03-, 
at 900°C as a function of log P(0,). The data points are 
cited from the original data of Refs. (14) and (17). 

find the saturation of weight corresponding 
to 6 = 0. 

For SrFeO,-,, x in La,-,Sr,FeO,-, is 1. 
Then, in this work, we consider the plateau 
observed at 900 and 1100°C as the one corre- 
sponding to 6 = xl2 = l/2, and assigned the 
point of minimum a 6/a In P(0,) (14,1.5, 18) 
as exactly the point of 6 = 0.500 or the 
point corresponding to the composition of 
SrFeO,.S,, . 

The oxygen content in Fig. 1 was calcu- 
lated from the weight change and the above 
assignment. By this assignment, the compo- 
sition of the sample slowly cooled in air to 
room temperature was SrFeO,,,,-,,,, , which 
is essentially the same as those reported by 
the preceding investigators (2, 8, 9). 

3.1.2. Nonstoichiometry and phase rela- 
tionships determined by gravimetry. As 
shown in Fig. 1, at temperatures between 
400 and 9Oo”C, the SrFeO,,,-SrFeO, system 
is composed of two different phases, the 
oxide with the higher oxygen content and 
with large nonstoichiometry range and the 
oxide with the composition close to 
SrFeO,.S and with narrow nonstoichiometry 
range. The data in Fig. 1 is replotted in the 
styles of phase diagrams in Figs. 3 and 4: 
Fig. 3 shows the temperature, T, vs compo- 
sition diagram in which equi-P(0,) curves 
are shown, and Fig. 4 shows the log P(0,) 
vs T-’ plot where equi-6 lines are indicated. 
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3.2. High-Temperature X-ray Analysis 
under Controlled Atmosphere 

As to the phase relationships for T > 
SOO”C, the results of high-temperature gra- 
vimetry revealed only a vague outline. In 
order to make clearer the phase relation- 
ship, we used the high-temperature XRD 
data. 

Figure 5a shows the temperature change 
of the XRD peaks between 26 = 30-33” at 
log P(O,)/atm = -4.7. With an increase in 
temperature, the cubic perovskite phase 
changes to the brownmillerite phase be- 
tween 400 and 500°C and the brownmillerite 
phase is transformed to the perovskite-type 
between 850 and 900°C. Figures 5b and 5c 
show the change in XRD peaks with temper- 
ature at log P(O,)/atm = -3.8 and -2.7, 
respectively. We see that the transition tem- 

6 in SrFe03-g 

,20{.5 0;4 0.; 0;2 O.,l 0, 

-2.5 2.6 2.7 2.8 2.9 3.0 

y in We0 
Y 

FIG. 3. Phase diagram of the SrFe02,5-SrFeOJ sys- 
tem. Equi-P(0,) lines are indicated. The phase bound- 
aries proposed by Takeda et al. (9) are shown by thin 
lines. Br, brownmillerite phase; CP, cubic perovskite 
phase; OP, orthorhombic perovskite phase; TP, tetrag- 
onal perovskite phase. The phases in parenthesis were 
proposed by Takeda ef al. (9). 
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FIG. 4. Equilibrium diagram of the SrFeO,,,-SrFeO, 
system. The equi-6 lines in SrFe03-s are shown. Sym- 
bols of n and A indicate the results of the high-tem- 
perature XRD analysis. Open and closed symbols, 
respectively, indicate the perovskite-type and the 
brownmillerite phase, respectively. 

perature above 800°C of the brownmillerite 
phase to cubic perovskite phase decreases 
with increasing P(0,). 

The data points expressed by LJ and A 
in Fig. 4 show the P(0,) and temperature 
determined by the XRD study at which the 
transition takes place between the brown- 
millerite phase and perovskite phases. The 
phase boundary curves indicated in Figs. 3 
and 4 are determined so as to be consistent 
with both thermogravimetry data and the 
high-temperature XRD data. 

The calculated lattice parameters are 
shown by the data points in Fig. 6 as a func- 
tion of temperature. The orthorhombic pa- 
rameters of the brownmillerite phase, a, b, 
and c, are divided by 2”2, 4, and 2”2, respec- 
tively, to compare them with cubic perov- 
skite-type lattice parameter. 

In Fig. 6, the symbols 0 indicate the lat- 

tice parameter and unit-cell volume of the 
cubic perovskite phase: Room temperature 
data are cited from Ref. (9) for SrFeO,,,, 
and other data points are determined for the 
samples under the conditions indicated by 
a in Fig. 4. Since the oxygen content of 
cubic SrFeO,-, corresponding to each data 
point increases with a decrease in tempera- 
ture, the change in the cubic lattice parame- 
ter may be affected not only by the tem- 
perature change but also by the 
nonstoichiometry change. Although the 
data includes two effects, we find that the 
lattice parameter of the cubic perovskite- 
type phase at high temperatures and low 
temperatures are essentially continuous, ir- 
respective of the formation of the brown- 
millerite phase at the intermediate tempera- 
tures. 

As to the data points for the brownmil- 
lerite phase, 0, @., and 0, those in the pa- 
rentheses are obtained at log [ P(O,)/atm] = 
-2.8 (75O’C) and -3.8 (SOO”C), and other 
points were determined at log [P (O,)/atm] 
= -4.7. The lattice parameters in the higher 
log P(0,) tend to show larger values. How- 
ever, in the present work, we could not de- 
termine the change in the lattice parameters 
of the brownmillerite phase with the change 
in 6, or in equilibrium P(0,). 

3.3. Comparison with the Literature Data 

In Fig. 3, the phase diagram determined 
by Takeda et aLby DTA (9) is also shown. 
Both results are largely consistent with each 
other. Although there are three modifica- 
tions reported in the perovskite-type phase 
at temperatures below ca. 35o”C, these 
phases transform to the single phase of the 
cubic perovskite-type with large oxygen 
nonstoichiometry above 400°C. The brown- 
millerite phase shows some extent of oxy- 
gen excess-type nonstoichiometry which 
becomes larger with decreasing in tempera- 
ture. However, the brownmillerite phase 
disappears and only the cubic perovskite- 
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FIG. 5. Phase transition observed by the high-temperature XRD analysis. The suffixes Br and CP 
indicate the brownmillerite phase and cubic perovskite phase, respectively. (a) log [P(O,)/atm] = -4.7; 
(b) log [P(OJlatm] = -3.8; (c) log [P(OJlatm] = -2.8. 

phase of large nonstoichiometry remains 
above 900°C. 

There is a small difference between the 
results by the present work and those by 
Takeda et aL(9) as to the boundary between 
the perovskite-type phase and brownmil- 
lerite phase. It may be attributed to the dif- 
ference in the experimental method. Takeda 
et aL(9) prepared the samples by quenching 
from appropriate temperatures and in cer- 
tain oxygen pressures. Then, they analyzed 
the oxygen content by iodometry. It is clear 
from Fig. 3 that their samples were mostly 
two-phase mixtures of brownmillerite and 
perovskite-type phases at room tempera- 
ture. The samples were then submitted for 
DTA measurements which were made in 
99.99%N, atmosphere under heating rate of 
lO”C/min. Therefore, their DTA data were 
for the nonequilibrium oxide mixtures. On 
the other hand, the present work was made 
exactly on the equilibrium state, which may 
give a more accurate phase boundary. 

In Fig. 6, the results of high-temperature 
XRD results by Takeda et al. (9) are shown 

by the broken lines. The data by the present 
work are on the equilibrium state with the 
controlled P(0,) atmosphere. On the other 
hand, Takeda et aL(9) used brownmillerite 
SrFeO,,, as a starting sample and made the 
high-temperature XRD measurement in 
99.99%N, atmosphere, assuming that the 
oxygen content was kept constant during 
the measurement. Therefore, their data did 
not show the perovskite-type phase at the 
lower temperature region. 

Taking into account the difference of the 
experimental conditions, both sets of results 
are essentially consistent with each other: 
The phase-transition temperature is 
strongly affected by the equilibrium P(0,). 
The lattice parameters of the brownmillerite 
phase tend to increase with the equilibrium 
P(O,). 

4. Conclusion 

(1) The phase relationships of the 
SrFeO,,,-SrFeO, system above 400°C were 
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FIG. 6. Lattice parameters (lower part) and unit-cell 
volume (upper part) as a function of temperature. 

Closed symbols: cubic perovskite-type phase. 
Room-temperature data are for SrFe02,s, cited from 
Ref. (9). Other data are for the conditions indicated in 
Fig. 4 by A. 

Open symbols: brownmillerite phase. In the lower 
part: 0, a/2”$ A, b/4; 0, c/2”*. Symbols without ( ) 
is at log [P(Oz)latm] = -4.7. Symbols in ( ) at 750 
and 8WC, respectively, are at log [P(Oz)latm] = -3.8 
and -2.8, respectively. The unit-cell volume for the 
brownmillerite phase was divided by 8 to compare the 
value with that of the cubic perovskite phase. Broken 
lines are cited from the results by Takeda et a1.(9). 

determined as a function of temperature and 
oxygen partial pressure. 

(2) At temperatures of 400-900°C the 
SrFeO,,,-SrFeO, system consists of two 
phases, the brownmillerite-type SrFeO,,, 
phase with small oxygen excess-type non- 
stoichiometry and the cubic perovskite-type 
SrFeO,-, phase with large oxygen-deficient- 
type nonstoichiometry. At temperatures 
above 9OO”C, the brownmillerite phase de- 
composes to the perovskite-phase and only 
the SrFeO,.-, remains. 
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equilibrium with the controlled P (0,) atmo- 
sphere. By this measurement, the transfor- 
mation temperature above 800°C of the 
brownmillerite phase to the perovskite-type 
phase was found to increase up to 900°C 
with decreasing equilibrium P (0,). 
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