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a b s t r a c t

Double perovskite Sr2FeMoO6 is characterized by its colossal magnetoresistance, however, its production
route is not well established. Therefore, the objective of this work is to study the reaction kinetics
involved in the formation of Sr2FeMoO6. Firstly, precursor phases Sr2Fe2O5 and SrMoO4 were synthesized
by gas-solid reactions from starting reagents such as SrCO3, Fe2O3 y MoO3. The thermogravimetric
technique was employed to analyze the kinetics of formation of the double perovskite from the
precursor phases given the optimized process variables. Microstructural characterization of the products
obtained was performed by X-ray diffraction and Rietveld analysis. Results showed that the instability of
SrFeO2.5 during the reduction stage led to a formation of a disordered double perovskite Sr2Fe0.71-
Mo1.29O6.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The double perovskite Sr2FeMoO6 (SFMO) has magnetotran-
sport properties that have drawn attention in view of their
application in magnetic recording devices [1]. This compound is
half-metallic ferromagnetic oxide with colossal magnetoresistance
(CMR) and Curie temperature of �400 K [2,3]. The ordered lattice
structure of SFMO consists of body centered cubic lattice with
alternating FeO6 and MoO6 octahedra at the corners, strontium
atom in its center [4]. In this configuration, the Fe has a þ3
valence (spin quantum S¼5/2) and Mo has þ5 valence (S¼5/2)
with antiferromagnetic superexchange interaction between S¼5/2
spins and S¼1/2 spins which might produce the large ferromag-
netic magnetization below TC [2,5].

The most common method for the synthesis of SFMO is by solid
state reaction, that is, calcination and reduction of initial reactants
in controlled atmosphere [6–9]; TGA studies on the formation of
SMFO are very limited; Jacobo et al. [10] performed a TGA
experiment on precursor samples, prepared by wet chemical
method towards the formation of SMFO, to only determine the
water content in the sample. On the other hand, Hu et al. [11]
showed that the ordering of the Fe and Mo cations in SFMO

structure improves with increasing sintering time. Kircheisen et al.
[12] reported that the SFMO is stable between 10:2r log ðpO2Þr
�13:7 at 1200 1C below this range the SFMO is reduced into a
lower oxide, and above that range, it decomposes into SrMoO4 and
SrFeO3� x. This work studies the kinetics of the reactions for the
formation of SFMO by thermogravimetric analysis (TGA) under
well controlled experimental conditions.

2. Material and methods

Reagent powders of Fe2O3(Alfa Aesar, 99.5%), SrCO3(Aldrich,
99.9%) and MoO3(Merck, 99.5%) were used to prepare separately
the precursor phases SrFeO2.5(Sr2Fe2O5) and SrMoO4(SMO).
Reagent powders were first dried at 100 1C for 10 h in a muffle
furnace. Both the precursor powders were synthesized by weigh-
ing stoichiometric ratios of SrCO3/Fe2O3 and SrCO3/MoO3. The
powders were thoroughly mixed in an agate mortar for 30 min.
Then, the powder mixtures were calcined in helium and then
heated in a reducing atmosphere to form the double perovskite
Sr2FeMoO6, the experimental details are explained below.

2.1. Thermogravimetry

To follow the gas solid reactions involved in the formation of
Sr2FeMoO6, thermogravimetric analyses (TGA) were performed
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isothermally and nonisothermally using a Setaram, Setsys Evolu-
tion 16/18, which has an accuracy of 0:03 μg and is fully controlled
through a personal computer. The calcination process was per-
formed nonisothermally under a stream of helium gas (99.999%)
with an oxygen concentration of o3� 10�6 atm. The reduction
experiments were carried out in a mixture of 5%H2/He and 1.25%
H2/He for nonisothermal and isothermal experiments, respec-
tively. The purity of H2 was 99.999%. 40 mg of powder sample
was held into an alumina crucible (10 mm ID�1 mm H) which
was hung from one end of the beam balance, using a 0.4 mm
diameter Pt wire, and placed in the hot zone of the vertical
furnace. The mass change during TGA experiments was recorded
at 2 s intervals. The reactor furnace was made of dense alumina
with an 18 mm inner diameter. The temperature of the furnace
was controlled by a Pt–Pt/13% Rh (S-type) thermocouple placed
just below the crucible. To perform nonisothermal experiments
the analysis chamber was evacuated to less than 10 Pa, then the
chamber was back filled with the desired working gas (He or H2/
He). Once the atmospheric pressure was achieved, the reaction
chamber was heated at a rate of 5 1C/min under a constant flow of
the working gas of 100 ml/min. When the maximum temperature
was reached, the furnace chamber was cooled down to room
temperature at a maximum rate of 50 1C/min without changing
the parameters of the working gas. For the isothermal reduction
experiment, after the evacuation stage, the reaction chamber was
heated at a rate of 40 1C/min, under 40 ml/min of He gas, up to
1150 1C. After the temperature in the chamber was stabilized, H2

gas was led into the system for the reduction reaction to start.
When no more significant weight loss was observed, the experi-
ment was terminated manually allowing the furnace to reach
room temperature in about 30 min. The reducing atmosphere was
kept during the cooling stage to avoid oxidation of the sample.

2.2. X-ray diffraction and Rietveld refinement

Calcined and reduced samples were structurally studied by X-
ray diffraction (XRD) using a Siemens D-5000 diffractometer at
30 mA, 50 KV and 0.21/12 s step size with Cu Kα radiation. Rietveld
method was employed for the determination of the crystalline
structure using a computer software GSAS (Toby, 2001). The
structures used for refinement were Sr2Fe0.8Mo1.2O6 and
SrFeO2.7341 that correspond to the Powder Diffraction Files (PDF)
98-006-9936 and 98-010-5739, respectively.

3. Results

The weight loss obtained from the calcination experiments of
mixtures of SrCO3/MoO3 and SrCO3/Fe2O3 powders indicated the
complete formation of SMO and SrFeO2.5 precursor phases,
respectively. These findings were confirmed by XRD analyses as
seen in Fig. 1.

The obtained Bragg peaks revealed that the precursor phases
were highly crystalline and matched the reference patterns of
SrFeO2.5 (Sr2Fe2O5) (PDF: 98-000-3411) and SrMoO4 (PDF: 98-000-
7961); no other phases were detected in each precursor phase.

The nonisothermal reduction of the mixed precursors is shown
in Fig. 2, the total weight loss from room temperature up to
1250 1C was 7.5%. To understand the process of weight loss in the
reduction of the double perovskite, each precursor was reduced
separately as shown in Fig. 3. As it can be seen the weight loss for
SMO suggests that the reduction reaction starts at about 850 1C
and ends about 1150 1C, in contrast, the weight loss of SrFeO2.5

starts from room temperature and keeps losing weight at the end
of the heating cycle.

Fig. 4 shows the percentage weight loss curves of the SrFeO2.5

for different atmospheres, it can be seen that the oxide phase loses
weight from very low temperatures independent of the
atmosphere.

Based on the above preliminary experiments, the optimum
process parameters were chosen to perform an isothermal reduc-
tion experiment as shown in Fig. 5. It is clearly seen that after
120 min, the reduction reaction seemed to keep losing weight at a
very low rate.

Fig. 1. XRD results of the precursor powders SrFeO2.5 and SrMoO4 obtained by
calcination of the reagents SrCO3/Fe2O3 and SrCO3/MoO3, respectively. Also shown
are the corresponding reference standards.

Fig. 2. Nonisothermal reduction curve of mixed precursors, SMO and SrFeO2.5,
by TGA.

Fig. 3. Kinetic behavior of precursor phases, SrMoO4 and Sr2Fe2O5, under non-
isothermal reducing conditions.
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4. Discussion

A theoretical general equation for the reduction of a two phase
mixture, SrFeO2.5 and SrMoO4, with hydrogen is given by Reaction
1. For Reaction 1 to be completed successfully, a theoretical weight
loss of 1.98% was calculated.

The isothermal experiments presented in Fig. 5 show that the
observed weight loss is about 2.35%. This value is not close to the
theoretical one. On the other hand, the weight loss observed in the
nonisothermal experiment, i.e. 7.1%, is too large suggesting that
the reduction process does not follow Reaction 1. Therefore,
nonisothermal experiments were discarded:

Sr2Fe2O5þ2SrMoO4þH2⟶2Sr2FeMoO6þH2O ð1Þ
It should be noted that most of the published works on the
synthesis of Sr2FeMoO6, by solid state reaction, do not discuss
the theoretical weight loss against the experimental one. Never-
theless, the difference in the weight loss, between the isothermal
experiment and the theoretical given by Reaction 1, calls for an
explanation. As it can be seen in Fig. 3, SrFeO2.5 starts to lose
weight from very low temperatures; this event cannot be attrib-
uted to moisture in the sample but rather to the loss of oxygen
atoms. It is well documented that SrFeO3� x has a high mobility of
oxygen at lower temperatures [13,14]. Similarly, the oxygen non-
stoichiometry of SrFeO3�x is greatly influenced by temperature
and p O2 in the system [15]. The results in Fig. 4 confirm that the
SrFeO2.5 is quite unstable regardless of the p O2 in the system.
Therefore the behavior of SrFeO2.5 in reducing conditions (Fig. 3) is
to be expected. Because SrFeO2.5 is already partially reduced
before higher temperatures are achieved, the stoichiometry of
reactants is misadjusted at the time enough energy is available to
allow the occurrence of Reaction 1.

Theoretically, the formation of SFMO should start as soon as
SrMoO4 is reduced by H2 to SrMoO3.5 so that the Mo valence
changes from 6þ to 5þ , then the latter phase reacts with SrFeO2.5

in the solid state to form Sr2FeMoO6. To diminish the earlier
reduction of SrFeO2.5, isothermal experiments had to be executed
with a high heating rate in He atmosphere up to the isothermal
reduction temperature. Then, a low concentration of H2 was
introduced in the system at a low flow rate to decrease the
kinetics of reduction of SrFeO2.5 and SrMoO4.

The XRD analysis carried out on the products obtained from the
isothermal experiment (Fig. 5) is shown in Fig. 6. It could be
realized that there was a good fit between the observed and the
reference patterns of Sr2FeMoO6 (PDF:98-010-2385). However,
Rietveld analysis failed to refine the diffraction data to a single
phase; therefore, two phases had to be considered as shown in the
enlarged areas in Fig. 6.

Table 1 shows the computed values of lattice parameters, from
Rietveld refinement, of the two phases found which are referred in
terms of x. Table 1 also includes lattice parameters of target
compounds for comparison purposes. It is clearly seen that as
the amount of atomic Fe is decreased in the double perovskite, the
lattice parameters a and b tend to decrease. This behavior should
be expected as Fe sites are occupied by Mo atoms which have a
smaller atomic radius (0.64 Å vs 0.62 Å). The quantities in weight
percent of phase 1 (Sr2Fe0:8�xMo1:2þ xO6) and phase 2 (SrFeO2.7035)
obtained by Rietveld refinement were 79.1% and 20.9%,
respectively.

Reaction 1 was then rewritten into Reaction 2 to account for the
experimental weight loss observed (2.35%), the amount of each phase
described by Rietveld refinement, and experimental error. Therefore, a
value of x close to 0.09 in phase Sr2Fe0:8� xMo1:2þxO6 (Table 1) would

Fig. 5. Isothermal reduction curve of mixed precursor phases towards the forma-
tion of Sr2FeMoO6.

Fig. 6. (a) X-ray diffraction pattern and (b) Rietveld refinement, with two structural
phases, Sr2Fe0.8Mo1.2O6 and SrFeO2.7341, of products obtained in Fig. 5.

Table 1
Lattice parameters and weight percentage of products obtained, from isothermal
reduction of mixed precursor phases (Fig. 5), by Rietveld refinements.

Compound Lattice parameter Wt(%)

a (Å) b (Å) c (Å)

Phase 1
Sr2Fe0:8�xMo1:2þ xO6 5.573 5.573 7.903 79.1
Sr2Fe0.8Mo1.2O6

a 5.575 5.575 7.903
Sr2FeMoO6

b 5.583 5.583 7.882

Phase 2
SrFeO(2.7035) 7.926 7.926 7.926 20.9
SrFeO2.7341

c 7.852 7.852 7.852

Lattice parameters taken from Powder Diffraction Files for comparison purposes.
a PDF:98-006-9936.
b PDF:98-010-2385.
c PDF:98-010-5739.

Fig. 4. Nonisothermal treatment of Sr2Fe2O5 under different atmospheres.
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meet the above criteria. The value of x would depend upon the early
reduction behavior of the precursor phase SrFeO2.5 in the synthesis of
Sr2FeMoO6:

Sr2Fe2O5þ2SrMoO4þH2

⟶1:55Sr2Fe0:71Mo1:29O6þ0:9SrFeO2:7035þ2:70H2O ð2Þ

5. Conclusions

This work illustrates that the oxygen-vacancy precursor
SrFeO3�x plays an important role in the solid state synthesis of
Sr2FeMoO6. The oxygen nonstoichiometry of SrFeO3�x is very
sensitive to temperature and oxygen partial pressure in the
system. Thus, care must be exercised in selecting the process
parameters that affect the route of synthesis and in deter-
mining correct crystal structures of the end products. In the
prevailing reducing conditions, which are the most generally
adopted, during the synthesis of Sr2FeMoO6 the oxygen stoichio-
metry in the SrFeO2.5 phase decreases as temperature increases
leading to a disordered double perovskite Sr2Fe0.71Mo1.29O6 and
SrFeO2.7035.
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