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Abstract

In this research nano particles of bismuth ferrite (BiFeO3z) were synthesized by sol-gel auto-
combustion route. The effect of water and ethylene glycol solvents were studied on phase constituents,
magnetic properties and microstructure of the bismuth ferrite by X-ray diffraction (XRD), scanning
electron microscope (SEM) and vibration sample magnetometer (VSM) techniques. XRD results
displayed formation of bismuth ferrite in both samples. Also lateral phases such as Bi,O3 and Fe;O, was
formed in the sample synthesized with aqueous solvent. Using ethylene glycol as solvent the amount of
formed Bi,0O3; and Fe;0, phases would be reduced. SEM results showed refinement of particles to the
sizes less than 100nm, more uniformity inparticle size distribution and also reduction of their
aggregation in the sample synthesized with ethylene glycol in comparison with the sample synthesized in
aqueous solvent. VSM results of the combustion products show reduction of Msvalue from 11.83emu/g to
10.61emu/g using ethylene glycol. After heat treating of the samples at 650°C, M values reach to 4emu/g
and 2emu/g in the samples synthesized at aqueous and ethylene glycol solvents respectively. Changes in

phase constituents, Microstructure and Magnetic properties have been discussed.
Keywords: Bismuth ferrite, Sol-gel auto-combustion, Magnetic properties, Nano particles.

1. INRODUCTION
Bismuth ferrite (BiFeOs3) is a well-known

multiferroic material that has
antiferromagnetic and ferroelectric
properties  simultaneously  [1,  2].

Multiferroic materials have a high
potential for application in multi-mode
memories in which information could be
saved both electrical and magnetically.
Also these materials could be used in
microwave applications and sensors [3, 4].
This material can also be used as
photocatalytic material because of its small
band-gap [5]. Many efforts have been
made to synthesize single phase BiFeOs.
However, pure single phase BiFeOs is still
difficult to obtain [6]. Chemically
synthesized = magnetic ~ Nanoparticles
recently have been attracted much

attention due to their unique magnetic
properties derived from their small particle
size and uniform size distribution [7, 8].
Bismuth ferrite nano particles were
synthesized with methods such as
hydrothermal [9] co-precipitation [10], sol-
gel [11], microemulsion [12], mechano-
chemistry [13] and sol-gel auto-
combustion [14]. Sol-gel auto-combustion
method is a method that provides the
possibility of raw materials molecular
scale mixing. In addition it is a facile and
cost-effective method that provides fine
and homogeneous powder particles [8, 15,
16]. There are some efforts to synthesize
BiFeOs3; by sol-gel auto-combustion
method. Carvalho et al. [17] were prepared
BiFeOs by the sol gel combustion method
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using urea as fuel. They observed Bi,Fe;Oq
and BiyxsFeOsg as lateral phases. Single
phase BiFeO3; were not obtained even after
calcination of the sample at 800°C. Qi et
al. [6] were also synthesized BiFeOs
powders by sol-gel auto-combustion
method  using  solutions  of  2-
methoxyethane, metal nitrate and citric
acid. Their product has BixsFeQy lateral
phase which was removed by leaching of
the sample. Bao et al. [18] were obtained
pure phase BiFeOs powders by sol-gel
auto-combustion after calcining at 6500C
for 2h and leaching by HNOz. B.
Dhanalakshmi et al. [19] were also
synthesized undoped and Mn doped
BiFeO3; nanoparticles by sol-gel auto
combustion method and observed presence
of lateral phases in the samples.

Using inorganic solvents as alcohols can
play an important role in controlling the
nucleation and growth of nano crystalline
materials [20]. It was observed that
synthesis of nano particles with in ethylene
glycol rather than aqueous solvent by
solvothermal method refines the particles
and reduces their agglomeration [21]. In
sol-gel process alcohols generally play the
role of solvent and are homogenizing agent
in the sol and in some cases participate in
reactions [22]. Also in sol-gel processes
polymerization of mineral metal salts
performs in alcoholic solutions [23].

In this research nano particles of bismuth
ferrite were synthesized by sol-gel auto-
combustion method in aqueous and
ethylene glycol solutions and the effect of
the used solvent on phase constituents,
magnetic properties and microstructure of
bismuth ferrite was studied.

2. MATERIALS AND METHODS

In order to synthesize bismuth ferrite
2.02 g Fe(NO3)3.9H,0 (99% Merck) and
2.42 g Bi(NO3)2.5H,0 (99% Merck) were
dissolved distilled water on a magnetic
stirrer to make an aqueous solution. Then
citric acid (C¢HgO7.99% Merck) was added
to the above mixture as a chelating agent
with a nitrate to citrate ratio of 1:1. The pH

of the solution was raised to 7 by ammonia
solution addition. Then proper amount of
cetyl trimethyl ammonium bromide
(CTAB) CigHs2BrN (99% Merck) was
added to the solution as a surfactant. The
resulting sol was heated at constant
temperature of 80°C on magnetic stirrer to
complete the formation of the gel
precursor. Then the gel undergoes a self-
ignition reaction to form a very fine brown
foamy powder. Another sample was
prepared with dissolution of raw materials
in ethylene glycol (C,HgO,) rather than
distilled water. The combustion products
were calcined at 650°C for 2h. The
samples which were synthesized in
distilled water and in ethylene glycol
solvents were named W and EG
respectively. Phase identification of the
combustion products were performed by
Philips X’pert Pro X-ray diffractometer
(XRD) using Cu K, radiation (k = 0.1541
nm). The morphology and microstructure
of the nano particles were studied by a
scanning electron microscope (SEM)
TESCAN model VEGA. Magnetic
properties have been taken out at room
temperature at the maximum applied field
of 14 kOe by vibrating sample
magnetometer (VSM) model MDK.

3. RESULTS AND DISCUSSION

Figure 1 shows XRD results of sample
W. The combustion product consists of
BiFeO3; as the main phase and Bi,Fe4Oy,
FesO, and also tetragonal and cubic
Bi,Ozas lateral phases. BiFe,O9 and
tetragonal Bi,O3 phases would be
disappeared after calcination of the sample
at 650°C. However some amount of cubic
Bi,O3 and Fe;04 exists in the sample yet.
So single phase BiFeOs; would not be
obtained in this sample.

In order to evaluate the effect of solvent
on the obtained product the raw materials
were dissolved in ethylene glycol. Figure 2
shows XRD results of sample EG. The
combustion product of the sample EG
consists of BiFeO3 as the main phase and
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Bi2F6409CUbiC Bi203, Bi202,3 and Fes04as
lateral phases.

According to the thermochemical
concepts from propellant chemistry [24,
25], the elements Hand C are considered
reducing elements with the corresponding
valencies +1, +4 respectively. The element
oxygen is considered as an oxidizing
element with the valency —2. Therefore
ethylene glycol would be a reducing agent
during the combustion process. Presence of
Bi,O, 3 phase in the combustion product of
the sample EG might be for the sake of
scarcity of oxygen that happens with the
combustion of ethylene glycol.
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Figure 1. XRD patterns of sample W:
a) combustion product and b) calcined at
650°C for 2 h. o: BiFeO;, A: Fe30y,
O: BiFesO9, A: cubic BiyO3,@:
tetragonal Bi,Os.
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Figure 2. XRD patterns of sample EG:
a) combustion product, b) calcined at
650°C and c)calcined at 750°C for 2 h.
O BiF603, o: Bi202_3, O BizFe409, A
cubic Biy0O3, A: Fes04 and +:BiO.

Ethylene glycol is a good dispersive
medium for starting reactants. The two
hydroxyl groups of this capping agent can
hold free Bi** and Fe®" ions tightly in the
solution. Therefore metal ions would be
distributed in the sol more uniformly [26].
The better interaction between the ions in
the sol and also higher amount of released
heat as a result of presence of ethylene
glycol provides a proper condition for
formation of higher amount of BiFesOq
phase in the combustion product. After
calcination of this sample at 650°C the
lateral phases are cubic Bi,O3, Fe3O4 and
BiO phases. The relative intensity of the
main peak of Bi,Oj in the calcined samples
are equal to 30% and 17% in samples W
and EG  respectively  representing
formation of lower amount of lateral
phases in sample EG after calcination.

Figure 3 shows SEM images of the
samples W and EG calcined at 650°C. As
it could be observed, using ethylene glycol
as solvent causes remarkable reduction in
particle size and particle size distribution.
Presence of lower amount of Bi,O3 in
sample EG after calcination might be due
to smaller particles formed in the
combustion product of sample EG. This
could facilitate formation of BiFeO3 during
calcination.

The reason of differences in particle size
and morphology is the difference in
physical properties of the solvents such as
viscosity, dielectric constant and thermal
conductivity. Increasing of dielectric
constant and thermal conductivity and
decreasing of the viscosity of solvent,
would increase the solubility and diffusion
velocity of ions in the solvent. This
increases the particle size [21]. Dielectric
constant of water and ethylene glycol at
20°C is equal to 80.1 and 37.7 and their
viscosity values at 25°C are equal to
0.89mPa.s and 20mPa.s respectively [27,
28]. So it is expected that the obtained
particle size for the sample synthesized in
aqueous solvent be grater. Reduction of
dielectric constant reduces the solubility
and the degree of decomposition of the
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salts in alcoholic solvent than aqueous
solvent. This reduction declines the
compactness of the ionic layer and the
thickness of the electrical layer around the
solid species. As a result the electrostatic
repulsion between the solid species would
be increased. This increment prevents the
agglomeration of the formed solid species
in the sol [29]. Also the reduced solubility
as a result of reduced dielectric constant
causes a very high degree of
supersaturation. Therefore, rapid
nucleation would be occurred by
consumption of complexes at the
nucleation stage. It should be mentioned
that the complexes are formed between
metallic ions and citric acid that undergo
esterification with ethylene glycol to
initiate the formation of Fe—-O-Bi bonds
during gelation [30]. Ultrafine particles of
BiFeO; would be obtained after
combustion.

VSM results of the samples are shown in
Figures 4 and 5 and Table 1. The results
demonstrate that the EG samples have
lower coercivity values. It is well known
that the magnetic behavior of the
nanoparticles assembly varies with the size
and morphology of the particles. Also it is
strongly  affected by interparticle
interactions including dipolar coupling and
exchange coupling among nanoparticles
surface atoms [31].

SEMHV:30.00kV  WD:7.3791 mm m VEGANTESCAN
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Figure 3. SEM images of the samples a) W
and b) EG calcined at 650°C for 2 h.
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Figure 4. VSM results of the combustion
product of sample W and sample W
calcined at 650°C for 2 h.
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Figure 5. VSM results of the combustion
product of sample EG and sample EG
calcined at 650°C for 2 h.

Smaller particle size and also presence
of smaller amount of Fe3O,4 phase might be
the reason of lower coercivity in the
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combustion product of sample EG. The H,
value of Fe3O, particles with a mean
particle size of 100nm is reported to be
about 200 Oe [32].

Tablel. Magnetic properties of samples W

and EG.
Sample | Calcination M, Coercivity
Code Temperature | (emu/g) (Ce)
Q)

wW - 11.16 169
EG - 10.55 163.5
wW 650 4.12 208
EG 650 2.30 183

Weak ferromagnetism is reported in
Bi,Fe O nanoparticles. The reported jH
value for Bi,Fe,Og particles are 130 Oe for
the particles with a mean particle size of
300 nm [33]. The coercivity values
enhances after calcination of the samples at
650 °C. The reported coercivity value for
nanoparticles of BiFeOs is equal to 185 Oe
[14]. The enhanced amount of this phase
coexisting with Fe3O, and omission of
Bi,Fe4Og9 might be the reason.

M; values of the combustion products of
the samples are 10.5 and 11.lemu/g in
samples EG and W respectively. The
reported Ms values for FesO4 nanoparticles
are in the range of 90 to 45 emulg
depending on the particle size and
preparation conditions [34]. BiFe4Oq phase
has antiferromagnetic nature [35]. The
reported Ms values for Bi,Fe,Oq particles
are equal to 0.0084 to 0.0054emu/g [33].
The higher amount of Fe3O, phase could
be the reason of higher Mg value of sample
W. After calcination of the samples at
650°C the Ms values reaches to 4emul/g
and 2emu/qg. It could be observed that with
decreasing of Fe30, phase Ms values
would be reduced. The reported Ms values
for nanoparticles of bismuth ferrite with
the mean particle size of 32nm and the
mean particle size of 26nm are equal to
0.07emu/g and 3.4 emu/g respectively [36,
37]. Therefore it is expected that the
reduced amount of Fe3O, phase and
formation of higher amount of
BiFeOgsreduces the M values. This is in

consistence with the obtained results for
Ms values of the samples. However as it
was explained earlier it should be
mentioned that magnetic behavior of the
nanoparticles strongly affected by inter
particle interactions including dipolar
coupling and exchange coupling among
the surface atoms of nanoparticles.

4. CONCLUSIONS

Nano particles of bismuth ferrite were
synthesized in aqueous and ethylene glycol
solvents by sol-gel auto-combustion
method. XRD results show that beside
bismuth ferrite as the main phase, Bi,Os
and Fe3O, phases are present in the
combustion product of the samples
synthesized in aqueous solvent. In the
samples synthesized with ethylene glycol
solvent, the sample consists of BiFeO3; as
the main phase beside BiFe,Oq9 lateral
phase. The amount of present Bi,O3 and
Fe3O, phases would be reduced in this
sample and presence of some amount of
Bi,O,3 phase could be observed.
Formation of Bi,Fe4Og and Bi,0,3 phases
could be for the sake of the higher released
heat, provided reductive atmosphere and
better distribution of the ions in the sol in
presence of ethylene glycol. Although
calcination of the samples leads to the
decrement of the amount of lateral phases
but these phases are still present in the
sample and single phase bismuth ferrite
was not obtained. However the sample
synthesized with ethylene glycol has lower
amount of lateral phases. SEM
micrographs  showed refinement of
particles and less aggregation using
ethylene glycol solvent. This is for the sake
of differences in viscosity, dielectric
constant and thermal conductivity of water
and ethylene glycol. Using ethylene glycol
solvent reduces the Ms and iH. values in
the samples. Also M; values of the samples
have been reduced by calcination. M; value
of the sample synthesized with ethylene
glycol solvent reaches to 2emu/g which is
due to considerable decrement of the
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lateral phases and increment of BiFeO; The authors would like to express their
phase in the sample. gratitude to the referee for her/his careful

reading and helpful comments.
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