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ARTICLE INTFO ABSTRACT
Keywords: Fine crystalline LaFeO; and antimony-substituted compounds have been prepared by co-
Perovskites precipitation method. The as synthesized materials have been sintered at 1000°C for
Co-precipitation single-phase compound formation and evaluated for their electrical and structural prop-
X-ray diffraction erties. TG/DTA studies ascribed that the precursor powders have undergone rapid changes
Conductivity during the transformation of LaFeO3; and substituted compounds. XRD data reveal the pres-
ence of well-defined sharp peaks, indicating the single-phase perovskite structure of LaFeOs;
and polycrystalline structure of LaFeOs and Sb,03; compounds. The FT-IR spectra exhibit an
absorption band corresponding to Fe-O stretching vibration, which is shifted on the substitu-
tion of Sb3* ions. The temperature dependent d.c. conductivity shows the semiconducting
behavior of the synthesized materials. The band gap values are found to increase upto
x=0.4 and decrease on further increase in concentrations of the Sb3* ions. The decrease
in dielectric constant with increasing frequency explained the Maxwell-Wagner Interfacial
polarization model.
© 2008 Published by Elsevier B.V.
1. Introduction strongly depending on the methods of preparation including

Perovskite oxides with the general formula of ABO3 structure
have received considerable attention owing to their poten-
tial applications such as catalysts (Delmastro et al., 2001),
sensors (Shimizu et al., 1985), fuel cells (Minh, 1993), and envi-
ronmental monitoring systems (Martinelli et al., 1999) etc.
Among the perovskite oxides, LaFeO3; and A and B-site sub-
stituted LaFeO3 with the general formula of La;_xAxFeOs and
LaFe1_xBxOs3 (where A=Ce, Sr, Sm or other rare earth elements
and B=Cr, Co or other transition metals) have been stud-
ied because of their extensive usage in various technological
applications. Due to their stability, sensitivity and selectivity
of these materials they are used as e-noses for diagnosis of the
diseases using the gas-sensing properties (Zhang et al., 2006).
The structural and electrical properties of these materials are
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hydrothermal process (Zhenget al., 2000), combustion synthe-
sis (Manoharan and Patil, 1993), sol-gel method (Spinicci et al.,
2002), co-precipitation (Li et al., 1999) and citrate gel process
(Li et al., 1994).

Recently, the perovskite oxides of SrFeOs (Augustin et al,,
2004) and LayxSri_xFeOs (Augustin et al., 2005) have been pro-
posed as potential electrodes in metallurgical applications for
the replacement of conventionally used carbon anodes due
to their high temperature stability, high electrical conductiv-
ity and chemical stability. In this regard, this communication
envisages the structural, electrical and morphological features
of Sb3* substituted LaFeOs using co-precipitation method. As
for as our knowledge goes no one has attended the detailed
characterization of different properties like electrical conduc-
tivity by bipolaron conduction on Sb3* ions (Brahma et al.,
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2000), thermal stability via sintering kinetics on antimony sub-
stitution (Shi et al.,, 2003), the study has been carried out in
detail and presented in this paper.

2. Experimental

Co-precipitation method was employed for the preparation
of sub micron sized La;_xSbxFeOs3; (x=0.0, 0.2, 0.4, 0.6, 0.8)
powders using analytical grade La(NO3)3-6H,0, Fe(NO3)3-9H;0,
SbCl; and NaOH as starting materials. Stoichiometric quanti-
ties of starting materials were dissolved in deionised water
to get a homogeneous mixture of nitrate and chloride solu-
tion. To form the precipitate NaOH solution was added to the
mixture in drop wise, until the resulting suspension reached
the pH of 9. Then the suspension was heated to 60°C with
continuous stirring to promote the precipitation reaction. The
precipitate was then filtered through a filtering medium using
a vacuum pump. The filtered mass was washed repeatedly
with deionised water under warm conditions until the entire
NaNOs3 was removed from the precipitate and finally rinsed
with rectified spirit. “Brown ring test” was carried out to
confirm the absence of nitrates. Then the precipitate was
dried at 100°C for few hours to get the moisture free pow-
ders. The powders were finely ground and sintered at 1000°C
to promote the compound formation. Differential thermal
analysis and thermogravimetry (DTA/TG, Rigaku Thermal-
plus, TG 8120) were used to study the phase transition of
green and sintered powders. A heating rate of 10°C/min was
used for the measurements from room temperature to 900°C
in air. The sintered powders were examined for their crys-
tallinity by X-ray powder diffraction (XRD) patterns using Cu
Ko (@ =1.541 A) radiation with 26 values ranging from 10° to 80°
in JEOL8030 X-ray diffractometer. FT-IR spectra were recorded
using Perkin Elmer UK-Paragon-500 spectrophotometer. DC
electrical conductivity was measured using a four probe
method from room temperature to 1000 °C. AC electrical con-
ductivity was determined from 50Hz to 10kHz with the help
of a computerized LCRTZ test system (CLCRTZIP-Model). The
dielectric constant and dielectric loss tangent of the samples
were also calculated. The morphological studies were carried
out using a scanning electron microscope JEOL (JSM-35 CF)
instrument.

3. Results and discussion

Fine particles of LaFeOs; and substituted compounds were
obtained from aqueous solutions of lanthanum nitrate,
ferric nitrate and antimony chloride. During the process
of co-precipitation, nucleation occurs by the addition of
NaOH solution, producing fine crystallites of Laj_xSbxFeO3
compounds. The metal cations are dispersed in the sus-
pension and converted into their hydroxides in the form
of colloidal particles. The following are the reactions takes
place during chemical precipitate process (Augustin et al.,
2004).

La(N03)3 + Fe(NO3)3 +6NaOH

— La(OH)3-Fe(OH)3 + 6NaNOs |, )
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Fig. 1 - DTA/TG curve of La;_xSbyFeO3 (a) x=0.0, (b) x=0.2,
(c) x=0.4, (d) x=0.6, () x=0.8.

The above precursor is subjected to heating which trans-
form the metal hydroxides to ferrite compounds.

La(OH)3-Fe(OH); — LaFeOs + 3H,0 @)

Fig. 1 shows the TG/DTA curves of as synthesized
Laj_xSbyxFeOs3 (x=0.0, 0.2, 0.4, 0.6, 0.8) compounds with a heat-
ingrate of 10 °C/min. The TG curve of LaFeO3 shows two weight
losses, one is at 180-230°C and another at 290-470°C respec-
tively. The former weight loss reveals the fact that the loss of
water during the process of dehydration and the lateris mainly
due to the decomposition of nitrate molecules and the release
of other gases. Beyond 600 °C, it is observed that there is no
prominent changes occurred in the TG/DTA curves, which elu-
cidates the initiation of the compound formation starts at this
temperature. This observation is also been reflected in the
DTA curve exhibiting an exothermic peak around 600 °C. This
indicates that the precursor powders have undergone rapid
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Fig. 2 - XRD patterns of La;_xSbxFeOj3 (a) x=0.0, (b) x=0.2,
(c) x=0.4, (d) x=0.6 and (e) x=0.8: (A) Lay03, (O) Sb20s3, (a)
LaSbFeOs.

chemical changes and forming LaFeOs. From the TG curve of
Sb3* substituted LaFeOs, the temperature for the compound
formation is increases with increasing concentration of Sb3*.
There is no prominent exo/endothermic peaks are observed
in the substituted ferrite samples.

Fig. 2 shows the XRD patterns of Laj_xSbyFeOs (x=0.0,
0.2, 0.4, 0.6, 0.8) sub micron sized particles sintered at
1000°C. The well-defined sharp peaks of LaFeOs elucidate that
the single-phase compound formation of orthorhombic per-
ovskite structure with the lattice parameters of a=5.539A,
b=5.561A and c=7.836 A. The lattice parameter values of sub-
stituted ferrites are given in Table 1. All the samples with
and without antimony substitution exhibit the orthorhombic

Table 1 - XRD lattice parameters

Compounds a (A) b (A) c (A)
LaFeO3 5.539 5.561 7.836
Lao‘ssb0_2F603 5.529 5.415 7.847
Lao.eSbo4FeOs 5.539 5.548 7.819
Lag.4Sbo FeOs 5.482 5.446 7.876
Lao.gsbongEO3 5.514 5.497 7.908

structure, which is confirmed by the peak positions of XRD.
On increasing the concentrations of Sb3*ions x> 0.4, a sharp
increase in the peak positions is observed. It is also seen that
the decrease in lattice constants with increase in concentra-
tions of the Sb3* ions may be due to the smaller ionic radii
of Sb3* ions (rgy3* =0.76 A) in place of La3* ions (r.3* =1.02 A)
(Shannon, 1976; Thangadurai et al., 2002). In addition to the
single-phase perovskite structure some secondary phases of
Sb,03 peaks exist on higher concentrations confirms the sol-
ubility limit of Sb3* is well within the limit of x=0.6.

The FT-IR spectra of La;_xSbxFeO3 (x=0.0, 0.2, 0.4, 0.6, 0.8)
particles sintered at 1000 °C measured in the frequency range
0f 400-1000 cm ! are shown in Fig. 3(a—e). The spectrum for the
parent LaFeO3; shows an absorption band at 565.46 cm~? cor-
responds to Fe-O stretching vibration and yFe-O. This value
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Fig. 3 - FTIR spectra of La;_xSbyFeOj3 (a) x=0.0, (b) x=0.2, (c)
x=0.4, (d) x=0.6, (€) x=0.8.
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Fig. 4 - DC conductivity vs temperature for La;_xSbxFeOs.

of yFe-O may be attributed to the stretching vibration of
metal cations situated in the octahedral site. On substitu-
tion with Sb3* ions where x=0.2 multiple absorption bands
occur and also the yFe-O bands are shifted from 565.46 cm~!
to 652.36cm~1. On further increase in concentration of Sb3+
ions where x=0.4, a more shift is noticed on the band posi-
tion. It is well known that the cation in the octahedral site
usually possesses two IR active modes, which is also reflected
in the spectra. The observed absorption peak values are well
consistent with the previous literature (Porta et al., 2001).

DC electrical conductivity of LaFeO3 and Sb3* ions and sub-
stituted compounds with different concentrations of Sb3* ions
is shown in Fig. 4. It is seen that the conductivity values of all
the synthesized materials are found to increase with increase
in measuring temperature, which infers the conduction mech-
anism is changed from insulating to semiconducting behavior.
Atlower temperature, the conduction is due to electronic con-
duction whereas at higher temperatures the conduction may
be due to ionic conduction. The maximum conductivity for
LaFeOs is found to be 1.004Scm~! measured at 1000°C, for
the samples sintered at 1000°C. In general the conductivity
of the compound mainly depends upon the presence of holes,
electrons and ionic concentrations in the compound. The con-
ducting mechanism of the synthesized LaFeO3 can be assigned
to the following redox reaction

Fet & Fe?t et 3)

As the substitution of Sb*" ions increases, the conduc-
tivity also found to increase up to x=0.6 and thereafter it
decreases. The maximum electrical conductivity of 7.3Scm !
was observed for Lag 4Sbg ¢FeOs. It is resulted from the contri-
bution of the increased charge carriers due to the bi-polaron
transition of Sb>*/Sb3* ions (Brahma et al., 2000). The follow-
ing are the redox reaction mechanism and may be given by
the equation.

Sb>+ « Sb3*t 4 2et (4

Fe* o Fe?t et (5)
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Fig. 5 — Arrhenius plot of La;_»SbyFeOs.

At higher concentration of Sb3* ions in the parent LaFeO3
(x=0.8) the conductivity values are found to decrease because
of the enhanced distortion of the structure and disorder scat-
tering of holes (Williams and Ryan, 2001).

Fig. 5 shows the Arrhenius plot of (logp vs 1/T x 10%) for
Laj_xSbyxFeOs sintered at 1000 °C calculated from the following
equation

(6)p = po €XP (%‘)

where E, is the activation energy of the conduction process, K
is the Boltzmann constant and T is the absolute temperature.
With the increase in substitution of Sb3* ions, a linear increase
in conductivity is noticed. This observation is in good agree-
ment with the reported values of many other electronically
conductive perovskite systems. (Stevenson et al., 1993, 1996;
Tai et al., 1995; Kuo et al., 1990).

From the activation energies (Table 2), it is noticed that the
existence of the lower slope in the curves resulted due to the
lower activation energy in the compound. This observation
suggests that the electronic conduction is more predominant
at the lower temperature region, whereas at higher temper-
atures the change in slope of the curve indicating that the
conduction mechanism changes from electronic to ionic con-
duction. It increases rapidly with increasing temperature due
to the higher activation energy prevails in the system as
reported in the case of CSGM perovskite system (Stevenson
et al., 2000). The band gap (Eg) values are calculated from the
graph logp vs 1/T using the relation Eg =slope x 2.303K. From
the Eg values, it is seen that the values are found to increase

Table 2 - Activation energy

Compounds  Activation energy (eV)

Lower temperature Higher temperature
LaFeO3 0.92 0.721
Lao_gsb042F603 0.75 0.640
Lao_(,SbOA4F€O3 0.68 0.538
Lao.4 Sb046F603 0.47 0.417
Lao_zsbo_gFeO3 1.20 1.609
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Fig. 6 - AC conductivity vs frequency for La;_xSbxFeO3.

on the substitution of Sb3* ions in the compound and decrease
on furtherincrease in the concentrations. The maximum band
gap of 1.609 eV is observed for compounds where x=0.8.

The dependence on the AC electrical conductivity of the
synthesized compounds La;_xSbxFeOs; (x=0.0, 0.2, 0.4, 0.6,
0.8) are presented in Fig. 6. Since the increase in frequency
enhances the hopping frequency of the charge carriers Fe?*
and Fe?*, the conductivity is increased. The conduction mech-
anism of ferrite is explained on the basis of hopping of charge
carriers between the Fe?* and Fe?* ions. The compositional
dependence on AC conductivity also increases with the addi-
tion of Sb3* ion in various molar proportions except x=0.2.

For all the samples, the frequency dependent behaviour is
noticed, where the dielectric constant decreases with increase
in frequency (Fig. 7). It is revealed that the numbers of fer-
rous ions in the octahedral sites, which are taking part in
the electron exchange interaction Fe?* to Fe3*, are responsible
for polarization, as reported in many of the ferrite materials
(Soliman Selim et al., 1999). The decrease in dielectric con-
stant with increasing frequency can be explained on the basis
of Maxwell-Wagner interfacial polarization model (Wagner,
1913). According to Maxwell-Wagner model the dielectric
structure of a ferrite compound is made up of two layers. The
first layer being a conducting layer consists of large ferrite
grains and the other being grain boundaries, which are said to
be poor conductors. The polarization appears due to an elec-
tronic exchange between the ferrous and ferric ions, produced
by the local displacements in the direction of the applied field.
The decrease in dielectric constant with increase in frequency
may be due to the presence of ferric ions.
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Fig. 7 — Dielectric constant vs frequency for La;_»SbyFeOs.
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Fig. 8 - Loss tangent vs frequency for La;_xSbxFeO3.

Fig. 8 shows the variation of loss tangent with frequency
for the samples LaFeOs3 (x=0.0, 0.2, 0.4, 0.6, 0.8). It can be seen
that the values of tans are found to decrease with the pres-
ence of Sb3* ions in the parent compounds. It is also noticed
that an abnormal dielectric behavior was observed for all the
samples because the dielectric relaxation peaks are resulted
ata frequency of 1kHz. According to Rezlescu model the relax-
ation peaks may be due to the collective contribution of both
p- and n-type charge carriers (John Berchmans et al., 2004).
The electronic exchange between Fe3* and Fe?* and the hole
transfer between Sb3*and Sb°>* are responsible for such behav-
ior. Furthermore the jumping frequencies of localized charge

19-Jul-03 WD17.7mn

Fig. 9 - SEM images of La;_xSbxFeOs: (a) x=0.0, (b) x=0.2.
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carriers are almost equal to that of the applied AC electric
field

The SEM images of LaFeO3 and Lag gSbo ,FeO3 are shown in
Fig. 9(a) and (b). Itis evident that the material exhibits the pres-
ence of fine grain size particles with irregular shape. Fig. 9(a)
shows the well-defined crystals with poor inter-grain connec-
tivity over the scanned area of the synthesized compounds.
The introduction of Sb3* ions (Fig. 9 (b)) influences the fine
crystallite formation, which may be resulted in the change in
the electrical properties of the materials due to their grain-to-
grain connectivity.

4, Conclusion

The co-precipitation is one of the simplest and novel method
to prepare LaFeO3 and substituted compounds. TG/DTA curves
show the thermochemical behaviour of the compound with
respect to temperatures. XRD patterns reveal the single-phase
compound formation with and without antimony substitu-
tion, exhibiting the orthorhombic structure. FTIR spectra show
the absorption bands for Fe-O and yFe-O stretching vibrations
for the above compounds. The electrical conductivity of the
synthesized LaFeO3 and substituted compounds are found to
increase with increasing measuring temperature. AC electri-
cal conductivity shows that the dielectric constant is found to
decrease with increase in frequency. The SEM images reveal
the presence of fine crystallites formation of the parent and
substituted compounds of LaFeOs,
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