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ABSTRACT

Phase relations in the Sr-Fe-Co-O system have been investigated at 1100 °C in air by X-ray powder
diffraction on quenched samples. Solid solutions of the form SrFe;_xCoxO3_s (0<x<0.7),
SrsFe,_,C0,07_; (0<y<0.4) and Sr4Fes_,C0,013.5 (0<z<1.6) were prepared by solid-state reaction
and by the sol-gel method. The structural parameters of single-phase samples were refined by the
Rietveld profile method. The variation of the lattice parameters with composition has been determined
for each solid solution and a cross-section of the phase diagram at 1100°C in air for the entire
Sr-Fe-Co-0 system has been constructed.
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1. Introduction

Strontium iron oxides, especially those doped with cobalt, in
which ionic and electronic conductivity coexist, received much
interest because of their potential applications for oxygen
separating membranes and for the partial oxidation of methane
[1]. Extensive studies of preparation routes for particular
compositions, structure and physical properties have been carried
out in recent years [2-6]. The magnetic properties of these oxides
have also received special attention because of the MR effect in
SrsFe,_,Co,07_; and SrFe;_,Co,03_; [7-10]. Relatively little work,
however, has been done on the phase stability or phase equilibria
in the Sr-Fe-Co-0O system [11-13].

The binary oxides SrFeOs_s, SroFeO4_s, SrqFe3010_s, Sr3Fe,07_s,
SrqyFeg0q3+5 and SrFe ;019 in the Sr-Fe-O system have been
described in Refs. [14-28]. Several oxides with 1:1 Sr:Fe ratio with
varying oxygen content and different crystal structures are known
[14-21]. The oxygen content and stability of these oxides depends
on the temperature and oxygen partial pressure in an ambient
atmosphere. X-ray diffraction (XRD) data show that SrFeOs_; has
an ideal cubic structure when 2.88<(3-6)<3 [15,17,20], a
tetragonal structure at 2.76<(3-4)<2.84 [15,16,19], an orthor-
hombic structure when (3—-3) = 2.75 [15,16,18] and a brownmil-
lerite structure when (3—8) = 2.5 [17,21]. Takeda and Watanabe
[29] prepared a continuous series of solid solutions SrFe;_y
Co,03_s (0<x<1), which were heat-treated above 1000 °C,
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quenched and then heat-treated below 450°C at high oxygen
pressure. The resulting samples possessed cubic perovskite-type
structure, in good agreement with the results reported in [17].

SroFeO,4_s synthesized at 750°C under the flowing oxygen
(200 atm), crystallizes with a tetragonal unit cell (I4/mmm space
group): a = 3.864 A, ¢ = 12.397 A [22]. Heating above 930+10°C
leads to decomposition of SryFeO,_s to SrsFe,0;_; and SrO
[14,22]. Strontium ferrite SryFe3019_s, like SrFeO4_s, is unstable
under heating and decomposes into SrsFe;O;_; and SrFeOs_s
above 850+ 25°C [14].

Tetragonal oxygen-deficient SrsFe,07_s has been prepared by
the conventional ceramic technique at 1100°C in air with
following annealing at 900 °C in flowing O, [23]. According to
[7], single-phase SrsFe,_,Co,0;_; exists in the range
0.25<y<1.75 when prepared at 1000 °C under flowing oxygen.
The X-ray patterns of all samples show that these solid solutions
are isostructural with the parent compound Sr3Fe;07_s

The incommensurate modulated structure of SrsFegOis.s,
refined from single-crystal XRD data by the super-space formal-
ism, is described in [24]. A single crystal was treated at 1430 °C for
4 h, the temperature was then lowered to 800 at 2 °C/h and finally
reduced to room temperature in 12h [24]. A precise structural
characterization of the Sr4FegOq3.; System has been carried out
by Rossell et al. [25], who found various space groups, depending
on the oxygen content. The pseudo-binary phase diagram
SrqFeg013.45-Sr4C06013. 5 in air has been studied by Fossdal et
al. [11]. They find that SrsFecOq3.; is stable in air above
775+25°C. The homogeneity range of SrsFes ,C0,013.; in air
extended from z =0 to 0.9 at 1100 °C. These results conflict with
the values 0<z< 1.8 in [5,30] and with 0<z< 1.5 in [31]. Undoped
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Sr4Feg043 and the solid solution SrsFeg ,C0,013+s5 poOssesses
orthorhombic structure (Iba2 space group) [25,30].

The crystal structure and some thermochemical properties of
hexagonal SrFe;,0,9_s are described in [26-28]. The material was
prepared as single crystals by the flux method [26,27] and in
powder form by the citrate-nitrate gel combustion route, with
final annealing at 1473 K in dry air for 100 h [28].

The phase equilibria and crystal structures of the single phases
in the CoO-Fe,03 system were described in [32]. The homo-
geneity ranges in air at 1100 °C were found to be 0<x<0.15 for
Co;_xFe,0 (sp. gr. Fm3m), 0<y<0.03 for Fe,_,Co,03 and
0.84<z<1.38 for Fes_,C0,04.

The present work is a study of the phase equlibria in the
Sr-Fe-Co-0 system in air at 1100 °C. The homogeneity ranges and
crystal structures have been determined and a cross-section of the
phase diagram has been constructed.

2. Experimental

Our starting materials were strontium carbonate SrCOs3; of
“special purity” grade, iron oxide Fe;O3; of “pure for analysis”
grade, cobalt oxide Co30,4 of “pure for analysis” grade and metallic
iron of “pure for analysis” grade. All materials were preliminarily
dried in air to remove adsorbed moisture and gases: SrCOs and
Co304 at 600 °C for 3 h, and Fe,03 at 500 °C for 3 h. The metallic
cobalt was obtained by reducing Co30,4 in flowing hydrogen at
600 °C.

Several samples were prepared by solid-state reaction in air at
temperatures between 850 and 1100°C for 240-316h, with
intermediate grindings. Other samples were synthesized by the
sol-gel methods. Appropriate amounts of SrCOs, metallic Fe and
Co were dissolved in nitric acid, and then either crystalline citric
acid hydrate or glycerin was added to the solution. The resulting
gel was dried, decomposed at 300°C and calcined at various
temperatures (400-1100 °C) in air for 72-120 h, with intermediate
grindings.

Obtained oxides were characterized by XRD using DRON-UM1
diffractometers with CuKa radiation. A pyrolytic graphite mono-
chromator was used for the reflected beam (/4 = 1.5418 A). Silicon
was used as the external standard. The full-profile Rietveld
analysis (“Fullprof 2006”) was used for the crystal structure
refinement. Intensity data were collected point by point over the
angular range 10°<20<70° with 0.02° steps for 1-10s. Conver-
gence between experimental XRD data and the calculated profile
was estimated by a set of standard factors: R,p,—the weighed
profile factor R,—the profile factor, Re—the structural factor,
Rg—the Bragg-factor and Rex,—the expected factor.

Oxygen content in some samples was determined by reduction
at hydrogen flux in TGA equipment at 1100°C. X-ray powder
diffraction of the samples after reduction confirms that only SrO,
Fe and Co were present as the products. The accuracy of the
oxygen content determination was within +0.01.

3. Results and discussion

The phase equilibria in the Sr-Fe-Co-0 system were studied at
1100°C in air using 68 samples with various compositions.

3.1. Solid solution SrFe;_Cox03_s

In order to determine the homogeneity range of the solid
solution SrFe;_,Co,0O5_s samples with x =0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, 095 and 1 were prepared. The syntheses
were performed by the citrate-nitrate and standard ceramic

techniques. The tetragonal unit cell parameters of the ferrite
SrFeO;_; obtained in the present work (a= 10.945(1)A,
c=7705(1)A) are in a good agreement with those reported
earlier [15,16]. The TGA results indicate that the oxygen content in
SrFeO3;_; at 1100°C in air was determined as 2.52+0.01
(6 =0.48+0.01), which agrees with the value reported in [18]
under the same conditions. The XRD results for quenched samples
show that single-phase solid solutions SrFe;_,Co,03_s forms at
1100°C in air within the range 0<x<0.7. Beyond this range
SrCo0-, 5.+ s was detected as a second phase. The crystal structure
of the SrFe;_,Co,03_; with cobalt content 0<x<0.3 was found to
be tetragonal, space group I4/mmm. Further substitution of iron
for cobalt in crystal structure led to the change of lattice
symmetry: solid solutions with 0.3 <x<0.7 have a cubic structure,
space group Pm3m. The oxygen deficiency, determined by TGA in
SrFe5C00503_s is 0.44+0.01. The XRD pattern and the refined
Rietveld profile for single-phase SrFeg3C0q705_s are shown in
Fig. 1. The unit cell parameters for SrFe;_,Cox05_; are listed in
Table 1. Cobalt substitution for iron in SrFe;_xC0,O3_s
(0.3<x<0.7) decreases the parameter a (Fig. 2) and hence the
volume of unit cell, since ionic radius for cobalt ion
(r(Co®*) = 0.685; r(Co*")=0.67A) is smaller than that for iron
ion (r(Fe*) = 0.785; r(Fe*") = 0.725 A) [33].

3.2. Solid solution SrzFe,_,C0,07_s

The samples of general composition SrsFe,_,C0,07_; withy = 0,
0.1,0.2,0.3,04, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.2, 1.4 were prepared by the
citrate—nitrate method. The homogeneity range of the solid solutions
SrsFe,_,C0,07_; was found to be 0<y<0.4. The XRD patterns of the
samples with 0.4<y<14 revealed additional reflections from
Sr3C0,07_s The structure of undoped Sr3Fe;0;_s at 1100°C is
tetragonal, with unit cell parameters a = 3.866(1)A, ¢ = 20.162(1) A,
(I4/mmm space group). The lattice parameters, refined from XRD
results, for single-phase tetragonal SrsFe,_,C0,0;_; are listed in
Table 2. The profile obtained from the Rietveld analysis for
unsubstituted SrzFe,0,_s is shown in Fig. 3.

3.3. Solid solution Sr4Fes_,C0,013. 5

Examination of annealed SrsFes ,C0,0:3.; samples with
0<z<1.8 shows that solid solutions exist in the range z = 0-1.6.

Intensity, arb.un.
1

10 20 30 40 50 60 70
20, deg.
Fig. 1. Rietveld refinement profile for the single-phase solid solution

SrFep3C00.705_5: open circles—experimental XRD data, upper continuous line is
the calculated profile, lower continuous line is the difference plot.
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Table 1
Structural parameters for SrFe;_,Co,03_; solid solution quenched from 1100 °C in
air

X a (A) b (A) c(A) Refinement parameters
Rey R R,
I4/mmm
0 10.945(1)  10.945(1)  7.705(1)  0.541 1.06 10.8
01 10917(2) 10917(2)  7.730(1)  0.745 1.50 12.2
0.2 10.920(1) 10.920(1) 7.734(1) 1.28 1.94 11.2
Pm3m
03  3870(1)  3.870(1) 3.870(1) 1.94 1.94 106
04  3.867(1)  3.867(1) 3.867(1) 490 498 14.0
05  3.865(1)  3.865(1) 3.865(1)  3.69 413 13.6
06  3.864(1)  3.864(1) 3.864(1) 5.0 5.88 143
0.7 3.863(1) 3.863(1) 3.863(1) 1.11 114 7.8
3.872
3.870
3.868 -
b< B
S
3.866
3.864
3.862 -
T T T T T T T T T
0.3 0.4 0.5 0.6 0.7

x in SrFe;_, Co, O35
Fig. 2. The unit cell parameters for the solid solution SrFe;_,CoxO3_s.
Table 2

Structural parameters for SrzFe,_,Co,07_; solid solution quenched from 1100 °C in
air (I4/mmm space group)

X a (A) c (A) V (A%) Refinement parameters

Rer Re Ry
0 3.867(1)  20156(1)  30137(2) 4386 479 9.48
01  3866(1) 20152(2)  30123(3) 193 1.56 9.71
02  3863(1) 20151(2)  30082(2) 1.70 1.67 928
03  3861(1) 20155(1)  30052(2)  0.845 0915 9,08
04  3859(1) 20153(1)  30013(2)  0.992 0.999 8.94

The preparation technique for each sample is appended to Table 3.
The maximum value of Co substitution for Fe lies between z = 1.6
and 1.7, which is slightly smaller the values reported in [5,11]. This
can be explained by the fact that our samples were prepared at a
higher temperature (1100°C) than those wused in [5,11]
(850-900 °C). Our XRD pattern for Sr4FegO13 s is identical to that
reported in [5] (orthorhombic unit cell parameters a = 11.107(2) A,
b =18.949(2)A, c = 5.580(1)A, space group Iba2). The introduc-
tion of cobalt into the structure of SrsFes ,C0,0:3.; leads to
monotonic variations in the unit cell parameters with increase of
cobalt content (Fig. 4). The volume of unit cell decreases with z
because ionic radius of cobalt is smaller than that of iron. The unit
cell parameters obtained for single-phase Sr4Feg_,C0,013.s are
given in Table 3.

/1,
1

I For e e e e m
A A ory At A m A
- DA LA | +t *
T T T T T T T T T T T T T N T ' T

0 10 20 30 40 50 60 70 80
20

Fig. 3. Rietveld refinement profile for the single-phase SrsFe,0;_s: open
circles—experimental XRD data, upper continuous line is the calculated profile,
lower continuous line is the difference plot.

Table 3
Structural parameters for SryFeg_,C0,013. ; solid solution quenched from 1100 °C
in air (Iba2 space group)

X a (A) b (A) c(A) V (A)? Refinement parameters
Ree R Ry
0°  11107(2) 18.949(2) 5580(1) 117465(2) 161 147 121
01° 11.103(1) 18960(2) 5578(1) 117443(2) 151 140 113
02° 11.095(1) 18.960(2) 5577(1) 117327(1) 175  2.85 106
03° 11.081(1) 18970(2) 5572(1) 1171.06(2) 142 193 108
04° 11.080(1) 18977(2) 5570(1) 1171.43(1) 1.63  1.80 105
06° 11.062(1) 18996(2) 5565(1) 1169.48(1) 126 195 971
0.8 11.062(1) 18.987(2) 5565(1) 116914(3) 137 177 106

1° 11.061(1)
12*  11.047(1)
14*  11.038(1)
1.6 11.039(1)

18.993(2) 5.565

(

(1) 1169.63(2) 165 269 104
19.000(2) 5.558(

(

(

)

) 2)

) 1166.81(2) 134 163 106
19.001(2) 5.554(1) 3)

19.006(2) 5.552(1) )

1165.06( 1.27 1.50 9.92
1165.13(3) 1.29 1.31 10.7

2 Samples obtained by the glycerin-nitrate technique.
b Samples obtained by the citrate—nitrate technique.

3.4. Solid solution SrFe;>_4,C0,019_5

The citrate-nitrate route was used to prepare SrFe;,019_s and
SrFeq>_,C0,019_s with u = 0.1. Strontium hexaferrite SrFe;,019_s
is isomorphous with the magnetoplumbite BaFe;,0:9_s (Space
group P63/mmc). All reflections of single-phase SrFe;;019_s
quenched from 1100 °C in air were indexed in the P63/mmc space
group. The hexagonal lattice parameters obtained for SrFe;,019_5
were a = b = 5.878(2)A, ¢ = 23.045(3) A, in good agreement with
those obtained in [26,27]. According to X-ray data, the sample
with overall composition SrFe;;9C01019_s consisted of three
phases: SrFe;2019_5, Sr4Feg_,C0,013. 5 solid solution and CoFe,04.
We conclude any range of z for which SrsFes_,C0,013.5 is
homogeneous is significantly less than 0.1.

3.5. Phase diagram of the Sr- Fe- Co- O system in air at 1100 °C

A convenient plane representation of the quaternary Sr-Fe-
Co-0 system can be made in triangular form if the composition is
expressed in terms of the molar fraction of the metallic
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Fig. 4. The lattice parameters for SrsFes_,C0,043.; versus composition of solid
solution: open symbols—data reported in [4], filled symbols—data obtained in this
study.

E‘ 0.0
10 1/2(Fe,0,)

g N os 0

CoFe O,

Fig. 5. Isobaric-isothermal cross-section of phase diagram of the Sr-Fe-Co-O
system at 1100 °C in air.

components. However, the oxygen content in coexisting complex
oxides cannot be determined from such a diagram, its value
should be ascribed to the corresponding thermodynamically
equilibrium composition of each phase.

Using the XRD data from all our samples, we have divided the
isobaric-isothermal cross-section of the Sr-Fe-Co-O phase dia-
gram into 15 phase fields (Fig. 5). The compositions of the samples
are shown as points on the diagram. The phases coexisting in each
field are given in Table 4. In field 3, semi-quantitative X-ray
analysis revealed a fixed composition of SrFe;_,Co,Os_s; with
x = 0.38 coexisting with Co-saturated SrsFe44C016013. s and Fe-
saturated CoggsFeq150. The same method was used to determine
the fixed composition of Sr4Fes;C003013. 5 coexisting with
COO.g4FE2'1604 and SrFe12019,5 within the field 6 (Flg 5)

4. Conclusion

The solid solutions SrFe;_xCo,03_; (0<x<0.7),
SrsFe,_,C0,07_; (0<y<0.4), SrqFes_,C0,013.5 (0<z<1.6) have
been prepared and their homogeneity ranges in air at 1100 °C have

Table 4
Phase composition within the fields of the cross-section of phase diagram of
Sr- Fe- Co- O system (Fig. 5)

Fields on the diagram Phase composition

1 Co0, SrCo0; 545 SrFeg3C00703_5

2 Co;_,Fe,0 (0<y<0.15), SrFe;_xCo,03_; (0.38<x<0.7)

3 Coogs5Fep150, StFeq62C00.3803_s, StaFe44C016013 45

4 Coo.85F€0.150, SraFe, 4C016013 5, CO138Fe16204

5 Sr4Fes_,C0,013. 5 (0.3<2z<1.6), Co,Fe3 ,04
(0.84<u<1.38)

6 SraFes 7C003013 +5 C0o.8aF€21604, STFe12019-5

7 Coo.84F€21604, StFe12019_s, Fe1.97C00,0303

8 SrFe1,019_s5, Fes_xCox03 (0<x<0.03),

9 SrFe 3019 s, SraFes_,C0,013.5 (0<2<0.3)

10 SryFeg_,C0,013. 5 (0<z<1.6), SrFe; _,C0,05_; (0<x<0.38)

11 SrFe;_xCox03_; (0<x<0.7), SrsFe,_,C0,0;_; (0<y<0.4)

12 SrFeg 3C0g 703_s, SraFe;C00.407_s5 Sr3C0,07_5

13 Sr3C0,07_5 SrFeg3C00.703_5 SrCo05 5,

14 Sr0, Sr3Co,07_s, Sr3Fe;C00.407_5

15 SrO, SrsFe,_,C0,07_; (0<y<0.4)

been determined. The structural parameters of the solid solutions
were refined by the Rietveld full-profile analysis and the
isobaric-isothermal cross-section of the phase diagram for the
Sr-Fe-Co-0 system in air at 1100 °C has been constructed.
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