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Abstract. Double perovskite oxides Sr, Fe,Mo;_, Og (x = 0.8, 1.0, 1.2, 1.3 and 1.4) (SFMO) of different compositions
were prepared by sol-gel growth followed by annealing under reducing atmosphere conditions of Hy/Ar flow. X-ray
powder diffraction studies revealed that the crystal structure of the samples changes from tetragonal to cubic at
around x = 1.2. Lattice parameters and unit cell volume of these samples found to decrease with the increase in Fe
content. The characteristics absorption bands observed in the range 400-1000 cm~! of Fourier transform infrared
spectra indicate the presence of FeOgz and MoOg octahedra and confirm the formation of double perovskite phase.
The value of g ~ 2.00 obtained from electron spin resonance studies indicates that Fe is in 3+ ionic state in the SFMO
samples. Dilatometric studies of these samples reveal that the average value of coefficient of thermal expansion ()
increases with the increase in temperature or Fe content in SFMO samples. The low value of coefficient of thermal
expansion 1.31 x 10~® °C~! obtained for Sr,FeygMo;,Og in the present study in the temperature range of 40—
100°C makes it useful as anode material in fuel cells. The coefficient of thermal expansion («) and the unit cell
volume (V) of SFMO samples vary inversely with composition in agreement with Griineisen relation.
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spin resonance (ESR) and study thermal expansion at ele-

Double perovskite materials have gained lot of research inter-
est in recent years owing to their significant applications such
as anode materials in fuel cells, magnetic storage devices.
Especially double perovskite oxide Sr,FeMoOg doped with
several elements were extensively studied for magnetore-
sistance and magnetization.!~!” This compound crystallizes in
tetragonal lattice with space group I4/mmm.! The structure
of Sr,FeMoOg can be viewed as a regular arrangement
of corner-sharing FeOg and MoOg octahedra, alternating
along the three directions of the crystal with the Sr cations
occupying the voids in between the octahedra.!> Thermal
expansion studies give information regarding the expansion
coefficient of a material and its applicability as sealants.
However, there is no work reported on thermal expan-
sion studies on these materials except on stoichiometric
A,FeMoOg (A = Sr, Ba, Ca).!' In addition, Fe and Mo
are d-block elements and their ions are of almost same
size. In view of this, the authors have taken up synthesis
of Sr,Fe,Mo,_,0Og¢ by interchanging Fe and Mo content in
their sites with an objective to characterize them using X-ray
diffraction (XRD), scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy, electron
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vated temperatures.

2. Experimental

Different composition of Sr,Fe,Mo,_,O¢ (x = 0.8, 1.0, 1.2,
1.3 and 1.4) (SFMO) powders were synthesized by the sol—
gel method using AR grade Sr(NO3),, Fe(NO3)3-9H,0 and
H;MoO,. The details of the synthesis of the SFMO powders
are given in earlier publications’-® from this laboratory. The
powders of SFMO were pressed into pellets of dimensions
25 mm x 6 mm x 6 mm using a dies under a pressure
of 5t m™2. These pellets were sintered at 1200°C for 6
h and then heated at 1000°C in a stream mixture of gas
(10% H; + 90% Ar) for 3 h for reducing Mo®* into Mo>*.
These pellets were subjected to XRD studies using Philips
PW 1830 diffractometer with Cu Ko radiation (40 kV x
25 mA) to confirm the crystal structure. Surface morphol-
ogy of the samples was found using the SEM (Model no.
Joel JSM-5600) with combined microanalyzer. FTIR spec-
tra of the samples were recorded on Bruker Tensor 27 DTGS
TEC detector spectrophotometer in the wavenumber range of
400-1000 cm~! by the KBr pellet method. ESR spectra were
recorded at room temperature using a JOEL-1X-ESR spec-
trometer that works in X-band frequency range (8—12.5 GHz)
with 100 kHz field modulation. Thermal expansion measure-
ments were performed using Netzsch 402 PC dilatometer in
the temperature range of 40—-400°C during heating cycle.
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3. Result and discussion

3.1 Characterization

XRD patterns of various compositions of SFMO samples are
shown in figure 1. These patterns reveal that the observed
diffraction profiles belong to double perovskite structure of
Sr,FeMo00g.470 All the profiles of SFMO are indexed and
found to be in single phase. The lattice parameters of SFMO
were evaluated by Cohen’s least square method using (hkl)
values and Bragg’s angles with a suitable computer program.
It has been found that SFMO crystallizes in tetragonal lat-
tice (space group I4/mmm) for 0.8 < x < 1.2 and cubic
lattice (space group Fm3m) for x > 1.2. The values of lat-
tice parameters ‘a’ and ‘c’ of SFMO are given in table 1.
The unit cell volume V = a? for cubic and 2a’¢ for tetrago-
nal structure were calculated using lattice parameters and are
included in table 1. It is found that the value of ‘a’, ‘¢’ and
V decreases with the increase of Fe content in both tetrago-
nal and cubic phase. Since the ionic radius of Fe’* (0.645 A)
is larger than that of Mo>+(0.61 A), the decrease in ‘a’, ‘c’
and V might be attributed to cation or oxygen vacancies or
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Figure 1. X-ray diffraction patterns of SroFexMoy_,0O¢ (0.8 <

x < 1.4) double perovskites recorded at room temperature.

Table 1.
1.4) double perovskites.
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valence disproportion as observed in double perovskites.'$-2°

Further, it can be noted from table 1 that the structural transi-
tion from tetragonal to cubic lattice occurs at around x = 1.2
in SEFMO.?! The tolerance factor of SFMO double perovskite
is given by

rss +ro
= 1
! TReX  FMo(2 — X) ' M
V2 St ——5—+ro

where rs;, rre, 'Mo and rg are the ionic radii of Sr, Fe, Mo
and O ions, respectively. The tolerance factor (t) of SFMO
compounds was calculated by employing equation (1) and
the values are included in table 1. It is found from table 1 that
the deviation of tolerance factor from unity in SFMO sam-
ples increases with the increase of Fe content, indicating the
increase of distortion from ideal double perovskite structure
with Fe content.

The SEM photograph of SFMO sample is shown in figure
2a—e. It is observed from these figures that the porosity is
present in the samples. The pore size changes from sample
to sample. The pore size is very small and material is closely
packed with fewer voids for composition x = 1.3. It is
slightly larger for rest of the compositions in SFMO samples.

Figure 3 shows FTIR spectra of the Sr,Fe,Mo,_,Og (x =
0.8, 1.0, 1.2, 1.3 and 1.4) samples in the spectral wavenumber
range of 400 and 1000 cm™!. Three characteristic absorption
bands between 400 and 860 cm™! are usually used to identify
the perovskite phase formation.!? In the present study, FTIR
spectra of the SFMO samples show three absorption bands
corresponding to Fe—O and Mo-O vibrations, namely, strong
bands in the high-wavenumber range ~809 and 858 cm™!
with associated with the Mo-O symmetric stretching
mode of MoOgoctahedra; broad band at ~630 cm™' and
weak band at ~702 cm~! assigned to the antisymmetric
stretching mode of the MoOg octahedra due to the higher
charge of this cation.'> The weak absorption band obtained
at about 422 cm™! is ascribed to Fe—O vibration absorption
of FeOg octahedra. In SFMO double perovskite samples, the
highly charged Mo cation octahedra (MoOg) acts as inde-
pendent group, the vibration spectrum therefore arises from
such MoOg octahedra. Mo—O symmetric stretching mode of
MoOg octahedra at about 809 and 858 cm™! is usually an
infrared inactive vibration, but in a double perovskite, both
Fe and Mo ions exist in Fe and Mo sites and it becomes
partially allowed due to lowering of site symmetry.'?

Values of lattice parameters (a and c), unit cell volume (V'), tolerance factor (¢) and g-factor of the SroFe,Mo,_,Og (0.8 < x <

Composition (x) 0.8 1.0 1.2 1.3 1.4
Lattice parameter (a Ay 5.574 5.567 5.563 7.839 7.831
Lattice parameter (¢ (A 7.909 7.898 7.889 — —
Unit cell volume (V (A%)) 491.46 489.54 488.28 481.70 480.23
Tolerance factor () 0.9923 0.9906 0.9889 0.988 0.9872
g-Factor — 2.045 2.032 2.050 2.024
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Figure 2. SEM micrographs of SroFe,Mo;_,Og double perovskites for Fe content (a) x =
08, (b)x=10,(¢c)x =12,(d) x =13 and (e) x = 1.4.
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Figure 3. FTIR spectra of SroFe,Moy_,Og (x = 0.8, 1.0, 1.2,
1.3 and 1.4) samples.

The bands obtained in the present study confirm the forma-
tion of perovskite phase.

ESR spectra of Sr,Fe,Mo,_,O¢ (x = 1.0, 1.2, 1.3 and
1.4) samples taken at room temperature are shown in figure
4a—d. All the figures show a similar spectrum. It is observed
from spectra that a peak is resolved at around H = 310
mT for all samples. The value of g-factor of SFMO sam-
ples were evaluated using ¢ = hv/BH, where h is Planck’s
constant (6.625 x 10734 J s), v the frequency of magnetic
field, B the Bohr magneton (9.274 x 1072* J Tesla™'), H the
applied magnetic field. The value of g-factor thus obtained
is included in table 1. It is found from table 1 that the value
of g-factor is close to 2.00, indicating Fe is in 3+ state in
SFMO samples. Therefore, the ESR spectra of SFMO sam-
ples obtained in this study correspond to the localized 3d°
Fe cores in the band picture as reported by Kobayashi et al.!
This rules out the possibility of assigning the observed spin
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Figure 5. Variation of AL/L, as a function of temperature of
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Figure 4. ESR spectrum of SroFe,Mo;_, Og samples for (a) x =
1.0,(b)x =12,(¢c)x =13 and (d) x = 1.4.

resonance to localized Fe’* in SFMO samples. Because its
ground state in octahedral environment is a triplet with an
expected g-factor about 3.4. On the other hand, if Fe2* ions
were also present, their short relaxation time would render
their ESR line undetectable as in the case of FeO. If this was
the case, the Fe’*—Fe’t coupling would induce a g-shift to
the Fe** ESR line.'* Hence, in the present study, it can be
concluded that SFMO samples contain Fe** ions only since
the observed g-value remains constant in the whole composi-
tion range. Further, the small distortion observed in the shape
of spectrum for the samples x > 1.2 in figure 4c and d might
be attributed to structural phase change from tetragonal to
cubic at x = 1.2 in conformity with results obtained from
XRD studies.

3.2 Thermal expansion

The thermal expansion characteristics (AL/L,) of
SrFe,Mo,_,O¢ (x = 0.8, 1.0, 1.2, 1.3 and 1.4) in the tem-
perature range from 40 to 400°C obtained using dilatometer
are shown in figure 5. The thermal expansion depends on
the electrostatic forces within the lattice, which depend on
the concentration of positive and negative charges and their
distances within the lattice.”” The thermal expansion of a
solid is characterized by the coefficient of thermal expansion
() caused by the thermal lattice vibrations given by

d /AL L —L,
@= - e @
dT \ L, Lo(T) — Tp)

where L, and L; are the lengths of sample at temperature 7,
and 77, respectively.

The experimental data of thermal expansion (AL/L,) as a
function of temperature (7)) of SFMO samples in the present
study can be fitted to a polynomial of degree 2 as

AL

= A+ BT +CT?, 3)

[}

SroFexMoy_,O¢ (0.8 < x < 1.4) double perovskites.

where A, B and C are the constants and given in table 2 for all
the samples. The value of « then can be determined using the
first derivative of equation (3) with respect to temperature as

_ 4 (ALY _ g ioser (4)
“=ar\r, )~ ’

Equation (4) shows that the value of « at any temperature can
be obtained using constants B and C.

The average value of coefficient of thermal expansion (&)
in the temperature range from 7, to 7} can be determined
using the relation

1
Tl - To

a=

T,
/ (B +2CT)dT. 5
To

Thus, the value of @ was evaluated in different temperature
ranges namely 40-100, 40-200, 40-300 and 40-400°C for
all SFMO materials and are given in table 2. The plot of &
vs. Fe composition of SFMO in the temperature ranges 40—
300 and 40-400°C is shown in figure 6 and it is observed
that the value of & increases with the Fe content and tem-
perature. Falcon et al*® investigated the oxidation profiles
of Sr,FeMoOg_;s oxide, results showed that oxygen was
relatively easily incorporated into the perovskite structure.
Increase in the oxygen vacancy concentration leads to oxy-
gen permeation and lattice expansion which becomes much
more pronounced.’* Therefore, in the present study increase
in the value of & of SFMO samples with the increase in tem-
perature may be attributed to increase in concentration of
oxygen vacancy. Zhang et al'! have reported that the value
of o of Sr,FeMoOg_; in the temperature range 30—1000°C is
13.9 x 1079°C~!. The value of & of Sr,FeMoQg obtained in
the present study in the temperature ranges 40400 °C~! is
13.8 x 107 °C~! is very much in agreement with that repor-
ted by Zhang et al.'! It is also found from figure 6 that the va-
lue of « increases with the increase in Fe content. This increase
in @ may be attributed to substitution of larger ionic size of
Fe*t (0.645 A) at smaller ionic size of Mot site (0.61 A).
Further, it is to be noted that the average value of coeffi-
cient of thermal expansion of SryFey gMo; ,Og is found to be
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Table 2. Values of constants A, B, C of equation (3), and average value of coefficient of thermal expansion (@) in different temperature

ranges for SrpFe,Mos_Og (0.8 < x < 1.4) double perovskites.

a(x 1070°Cc

Composition (x) A B 40-100°C  40-200°C  40-300°C  40-400°C
0.8 099 x 107*  —3.41 x 107° 337 x 1078 1.31 4.67 8.01 11.41
1.0 —4.31 x 107 8.70 x 107° 1.16 x 1078 10.32 11.48 12.29 13.80
1.2 —4.44 x 107 9.61 x 1076 0.91 x 1078 10.88 11.79 12.72 14.19
1.3 ~5.81 x 107 11.33 x 107° 1.08 x 1078 12.83 13.92 15.00 16.08
1.4 —4.45 x 107 8.95 x 107° 2.06 x 1078 11.83 13.89 15.95 —
(5) The results of thermal expansion showed that the
61 i average value of coefficient of thermal expansion (&)
increases with the increase in temperature or Fe con-
=~ M 1 tent in SFMO samples.
O
t 12f .
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1.31 x 1076 °C~! in the temperature range 40—100°C makes
this material in fuel cell applications as anodes.

It is observed from table 1 and figure 6 that the value of
unit cell parameters decrease and the value of & increases
with the increase in Fe content, indicating an inverse rela-
tion between the value of & and unit cell parameters in

accordance with the following Gruneisen’s relation:>%-23
YaCvx
oy = TV (6)

where o, is the coefficient of volume thermal expansion, yg
Gruneisen’s constant, C, the heat capacity at constant vol-
ume, y the compressibility, and V the volume of the unit cell.

4. Conclusions

(1) It has been found that the lattice parameters and unit
cell volume decreases with the increase of Fe content
in SFMO samples.

(2) A structural transition from tetragonal to cubic at
around x = 1.2 is observed in SFMO samples.

(3) The FTIR spectra of SFMO showed three character-
istic absorption bands in the range of 860—400 cm™!,
indicating the formation of perovskite structure.

(4) ESR results of the samples show that the iron is in
Fe’* state in SFMO samples.
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