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Extensive efforts have been made to synthesize single phase and stoichio-
metric BiFeOs. Some modified techniques have been tried in synthesizing
BiFeO3; as compared with the conventionally used co-precipitation method.
Thermogravimetric Analysis/Differential Scanning Calorimetry and x-ray
diffraction experiments were used exclusively to explore the effects of heat
treatment temperature and time on crystallographic behavior of the prepared
BiFeO3; powder. Field emission scanning electron microscopy was used to
explore the microstructure of the synthesized BiFeOs;. The appearance of
different magnetic phases in °’Fe Mossbauer spectra and field dependent
magnetization was confirmed on the basis of particle size distribution. In this
research, an easy, low cost and high-yield method for the low temperature
single phase and stoichiometric synthesis of BiFeO3 has been suggested.

Key words: Multiferroic, chemical synthesis, vacancy formation,
5TFe Mossbauer spectroscopy

INTRODUCTION

Multiferroics are materials that exhibit more
than one primary ferroic or anti-ferroic properties
in a single phase. These materials in ferroic prop-
erties are also coupled with each other.! Among
multiferroics, the materials exhibiting coupled fer-
roelectric (anti-ferroelectric) and ferromagnetic
(anti-ferromagnetic) behavior in single phase are
called magneto-electric materials. The coupling
between electrically and magnetically ordered
parameters opens a new window to improve perfor-
mance and efficiency of the devices used in data
storage, communications, spintronics, random
access memories (RAMs), and optoelectronics.?”’
For example, use of magneto-electric materials in
data storage does not need high applied magnetic
field for data encoding. There are very few materials
existing in nature or synthesized in the laboratory,
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like KNIPO4, szCuO4, GdzCuO4, LiCOPO4,
ReMny05, ReMnO3; (Re is a rare earth metal),
NiB;015, Thy (M00O,4)s, BiMnOs3, boracites, hexafer-
rites, and BaMnF,, that show both ferroic proper-
ties at or above room temperature.

The commercial use of magneto-electric materials
is limited due to poor coupling between electric and
magnetic order parameters at room temperature.
Among known magneto-electric materials, BiFeO5
is the strongest candidate for commercial applica-
tions due to its unique and strong coupling between
electric and magnetic order parameters at room
temperature. However, hard and complex single
phase synthesis and lack of understanding of fun-
damental BiFeOgs properties restrict commercial
use. Because of the evaporation of oxygen, bismuth
and the existence of Fe*?, Fe*® results in impurity
phases and degrades the intrinsic unique properties
of BiFeO3. Use of advanced low temperature syn-
thesis techniques is a better approach to avoid
bismuth and oxygen evaporation, which makes it
suitable for single phase synthesis of BiFeOs;. A


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5463-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5463-3&amp;domain=pdf

Low Temperature Synthesis and Properties of BiFeOg3

comparison of different BiFeOs synthesis tech-
niques in practice is described in Table I. It is
emphasized in Table I that the use of these methods
requires the hard control of synthesis parameters,
such as the liquid medium, during milling, milling
time, milling speed, heat treatment time, pressure,
PH, and various temperature treatment steps such
as calcinations, sintering, and drying. Moreover, all
these methods also require different solvents, poly-
merizing and chelating agents, etc. Hence, it is
useful to develop effective low temperature synthe-
sis methods to synthesize single phase and stoichio-
metric BiFeOs. The present study explores and
compares the possibilities of the low temperature
synthesis of BiFeOj3 using different modifications in
the conventionally used co-precipitation method.
Highly basic environments involving rapid and
complete precipitation of metal ions lead towards a
lower synthesis temperature. Moreover, the study is
also partially devoted to observing the thermal
stability of the obtained BiFeOs; with time and
temperature, and the reversibility of BiFeO; after
decomposition at higher temperatures.

EXPERIMENTAL
Synthesis

Bismuth ferrite crystallites were prepared by two
different low temperature chemical solution meth-
ods: (a) the modified co-precipitation method
(CPM1), as suggested by Ke et al.'® but using
KOH as precipitating agent instead of NH,OH and
b) the rich hydroxide co-precipitation method
(CPM2) involving highly basic environment for
rapid and complete precipitation. The starting
precursors were iron nitrate Fe(INO3)39H5;0
(99.99% pure), bismuth nitrate Bi(NO3)3-5H0
(99.99% pure), potassium hydroxide KOH and nitric
acid HNOj3. 0.2 M solution of Fe(NO3)39H;0O in
100 ml deionized water and 0.2 M solution of
Bi(NO3)3'56H,0 in 100 ml dilute nitric acid were
prepared. These solutions were mixed and stirred
for 30 min with the help of a magnetic stirrer, and
the resulting solution was named as a metal ions
solution.

In order to achieve the homogeneous precipitation
of the metal ions in the CPM1 method, the metal
ions solution was slowly added drop-wise to 400 ml
of 1 M KOH aqueous solution. Because the homoge-
nous precipitation is dependent upon the pH of the
solution, an additional 200 ml of 2.2 M KOH solu-
tion was prepared and slowly added drop-wise to the
metal nitrates solutions. In the CPM2 method, in
contrast to the CPM1 method of,'® the highly basic
solution of 4 M KOH (400 ml) was first used.
Secondly, this solution was added rapidly with
vigorous stirring instead of drop-wise addition in
the metal ions solution. The stirring continued for
about 20—25 min.

The collected precipitates from the CPM1 and
CPM2 methods were washed repeatedly with de-
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ionized water. The precipitates were then filtered
and dried in a microwave oven. In the end, these
powders were ground for 1 h with the help of a
mortar and pestle.

Characterization

All obtained powders from grinding the dried
precipitates were subjected to thermal analysis (TG/
DSC). The TG/DSC model Q600 is equipped with a
gas purging of nitrogen and platinum crucibles.
Data was collected with a heating rate of 10°C/min
to investigate the thermal behavior of the powder.
In order to investigate the effects of heat treatment
temperature and time on the crystallographic phase
formation, the heat treated powders were subjected
to an x-ray diffraction (XRD) experiment. The XRD
patterns were collected using Philip’s PANalytical
X’Pert XRD system with CuKo radiations
(4 =1.5410 A). The data were recorded by step
scanning in the angular range (20) between 20°
and 80° at a step size of 0.02° and a counting time of
2 s/step. The powder obtained from the CPM2
method was subjected to a field emission scanning
electron microscope (FESEM), model Nova Nano-
SEM 450, to investigate morphology and particle
size. °"Fe Mossbauer spectra of the powder obtained
from CPM2 was collected at room temperature in
transmission mode. °’Co in a Rh matrix was used as
the source. Data analysis was performed using a
MOS-90 computer program,”® assuming that all the
peaks were Lorentzian in shape. The Mossbauer
spectrometer was calibrated using a thin o-Fe foil.
The field dependence of the magnetization (MH
curve) at room temperature was explored using a
vibrating sample magnetometer (VSM). The mag-
netic hysteresis loop was measured in a field sweep
from —2 to 2 Tesla.

RESULTS AND DISCUSSION
Co-precipitation Method: (CPM1)

Figure 1 shows the TG/DSC curves of dry precip-
itate obtained from the CPM1 method. The TG
curve shows weight loss of about 10.5% at up to
450°C. This weight loss can be due to the evapora-
tion of residual water and decomposition of hydrox-
ides. Above this temperature, weight loss is
negligible until 600°C. The DSC curve shows asso-
ciated broad exothermic peaks centered at about
270°C and 470°C. However, upon magnification, the
DSC curve shows another broader exothermic peak
at 550°C, which is shown in the inset of Fig. 1. In
order to investigate the changes incorporated by
these peaks on the crystallinity, the precipitates
were selectively heat treated at 250°C, 500°C,
550°C, and 650°C for 4 h at each temperature.

Figure 2 shows the XRD patterns collected at
room temperature for these treated powders. The
XRD pattern collected for the powder treated at
250°C is characteristic for the crystalline phases
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Fig. 1. TG/DSC curves for the dry precipitate obtained from the
CPM1 method. Inset is the magnification of Fig. 5 in the shown
temperature range.

along with signs of the amorphous phase. On
analysis of the XRD pattern after treatment at
500°C, the amorphous phase is found to transfer
into the crystalline phase. It is believed that heating
the precipitates, which actually are amorphous Bi
and Fe hydroxides, progressively decomposes and
transforms them to the crystalline phase. This
assumption can get confidence from the progressive
weight loss in Fig. 1 at up to 450°C on heating the
precipitates. The effects of further increase in the
treatment temperature to 550°C indicate the for-
mation of BiFeOsz; with a small impurity peak
characteristic of BiyOs5 at about 20 of 28°. The
successive disappearance of the impurity peak with
the increase in heat treatment time at 550°C in
Fig. 3 indicates that this impurity is not due to the
decomposition of BiFeOs. If the decomposition of
BiFeOj at this temperature has been involved, then
the increase in treatment time was expected to
increase the intensity of the associated peak.

Increase in the heat treatment temperature to
650°C causes appearance of new peaks at 20 values
of 27.5°, 28°, and 33° characteristics of °sillenite
BigsFeOsg, bismuth oxide BipO3 and FeyO3 respec-
tively, indicating the decomposition of BiFeOs. This
result is consistent with the previous reports claim-
ing the narrow stability range for BiFeO3.2*?° In
order to check the reversibility of the decomposition,
the powder treated at 650°C was heated again at
550°C for 4 h, whose XRD pattern is also shown in
Fig. 2. It was found that the decomposition of
BiFeOgj is irreversible. Once decomposed, it becomes
very hard to form BiFeO; again.

Co-precipitation Method: (CPM2)

Figure 4 shows the TG/DSC curves for the dry
precipitate obtained from the CPM2 method. The
weight loss in the T'G curve can be divided into two
regions, above and below 400°C. The weight loss of
about 8% at up to 400°C can be expected due to the
residual water evaporation and decomposition of
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Fig. 2. XRD patterns collected at room temperature for the powder
treated at 250°C, 500°C, 550°C, 650°C, and 650°C powder again at
550°C for 4 h, respectively, in the CPM1 method.
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Fig. 3. XRD patterns collected at room temperature for the powder

treated at 550°C for 2 h, 4 h, 6 h, and 7 h, respectively, in the CPM1
method.

hydrates. The second region above 400°C comprises
a weight loss of 3.5%. In order to investigate the
origin behind these weight losses, the dry precipi-
tates were heat treated at 400°C and 550°C for 4 h.
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CPM2 method. The crystallization and decomposition temperature
are highlighted with the help of results of XRD in Fig. 5.
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Fig. 5. XRD patterns collected at room temperature for the precipi-
tates and powder treated at 400°C and 550°C for 4 h, respectively, in
the CPM2 method.

XRD patterns in Fig. 5 show that the dry precipi-
tates are amorphous. The reflection peaks appeared,
all characteristics of rhombohedral BiFeO3; (JCPDS
card No. 71-2494, space group R3c) for the sample
treated at 400°C for 4 h. However, iron oxide Fe;O5
and sillenite BigsFeOsg9 (impurity phases) were
present in the BiFeOs; phase for the sample heat
treated at 550°C for 4 h. So, it is concluded that
weight loss below 400°C is due to the decomposition
of hydrates and evaporation of residual water and at
above 400°C, weight loss is due to decomposition of
BiFeOg. Figure 6 shows high stability of BiFeO; at
400°C. The absence of any impurity peaks on
heating the sample up to 19 h suggested BiFeOs; is
thermally stable at 400°C.

On the basis of these results, it can be confirmed
that the CPM2 method is easy, simple, impurity-
free, and the synthesis temperature is lower when
compared to other methods listed in Table I. The
only hydrothermal method requires relatively lower
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Fig. 6. XRD patterns collected at room temperature for the powder
treated at 400°C up to 19 h in the CPM2 method.

synthesis temperature. On the other hand,
hydrothermal methods have comparatively lower
yield and harder control of synthesis parameters,
such as pressure, PH, microwave intensity, treat-
ment temperature, and treatment time. Rich
hydroxide (OH ') environment in the CPM2 meth-
ods might have been suitable for the complete
precipitation of metal ions. Otherwise, without
complete precipitation, the ratio of Bi/Fe (1:1) will
be disturbed in precipitates and will result in
impurity phases.!! Because the study was triggered
by the motivation to synthesize and characterize
BiFeO; at low temperatures, henceforth the current
article will focus on BiFeOs obtained by the CPM2
method because of its low synthesis temperature.

FESEM

Figure 7 shows the FESEM image of BiFeOs;
obtained from the CPM2 method and its particle
size distribution. The average particle size was
about 50-60 nm. The particle size distribution
shows that the size of about 68% of the particles is
between 35 nm and 95 nm, whereas about 12% of
the particles are below 35 nm, and about 20% of the
particles are above 95 nm in size.

Mossbauer Spectroscopy

Figure 8 shows the room temperature *’Fe Moss-
bauer spectrum powder obtained from the CPM2
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Fig. 7. FESEM image of BiFeO3 obtained from CPM2 method. Inset
shows particle size distribution of region highlighted in Fig. 7.

method. The spectrum shown is best fitted by the
appearance of two sextets and a singlet structure.
The sextets comprise isomer shifts of 6 = 0.44 mm/s
and 0.36 mm/s, with associated hyperfine fields of
H. ¢ = 508 kOe and 492 kOe, and 23% and 65% of
the spectral area respectively. The singlet comprises
an isomer shift of 0.31 mm/s, with an associated
12% spectral area. It is well known that the
oxidation state of octahedrally coordinated Fe
should be mainly distinguished by an isomer shift,
0.6—1.7 mm/s typical for Fe?*, 0.05—-0.5 mm/s typical
for Fe3* and —0.15 mm/s to 0.05 mm/s typical for
Fe** (relative to the a-Fe standard). These observed
values of isomer shifts for both the sextets and
singlet are typical for the hi§h spin Fe*3 in octahe-
dral oxygen coordination,®’ indicating that the
prepared BiFeOs is free from oxygen vacancies.
The absence of oxygen evaporation might have been
possible by the low temperature at 400°C involved
in the CPM2 method. Stoichiometric oxygen and
absence of multiple oxidation states of Fe are
desired for the reduction of leakage current, which
limits the practical application of BiFeOs 2 Lorenz
et al.?® reported that magneto-electric coupling is
higher for low density of oxygen related defects.
Hence, the BiFeO3 prepared by CPM2 can be useful
for magneto-electric applications.

Before association of the "Fe Mossbauer features
with the microstructure effects, a few findings from
the literature are reviewed in the following text.
Firstly, the magnetic structure of BiFeO; is a G-
type antiferromagnetic. Also, the spin—orbit and
exchange interactions produce spin canting which
result in a spiral spin arrangement with a wave-
length of about 62 nm.?*%% Secondly, BiFeO; with
particle size greater than spiral length are antifer-
romagnetic, exhibits only non-linear magneto-elec-
tric effect, and the volume average of linear
magneto-electric effect is negligible.?® However,
suppression of spiral spin structure can produce
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Fig. 8. Room temperature Fe®” Mossbauer spectra of BiFeOg
obtained from the CPM2 method.

weak ferromagnetism and giant linear magneto-
electric effects.>”*® Suppression of spin modulated
structure can be introduced by using chemical
doping,®>*° applying a high magnetic field,*!**
and reducing the particle size to less than spiral
length.*® Thirdly, Zhong et al.*® suggested that the
ferromagnetic response in BiFeOs is induced due to
the destruction of cycloid spin structures in BiFeOs.
Therefore, the presence of ferromagnetic behavior is
an indication of suppression of the cycloid spin
structure. Many reports are available showing that
spiral spin structures collapse below 62 nm.?*3%4°
However, few articles report the appearance of
ferromagnetic responses even at less than 95 nm*’
and less than 83 nm.*® However, on the basis of
very limited literature on this issue, it is very hard
to conclude about the exact size of particles below
which the suppression starts. At this stage, follow-
ing experiment results of Park et al.*” a distribution
of particles below and above 95 nm is shown in the
inset of Fig. 7. Moreover, it is also reported that the
hyperfine field associated with the magnetic sextet
in the Mossbauer spectrum is higher for larger
particles.*”49

On basis of the above discussion, the currently
observed sextet comprising 23% of the spectral area
and the associated relatively higher hyperfine field
of 508 kOe can be attributed to the antiferromag-
netic effects arising from particles greater than
95 nm with a spiral spin structure. The second
sextet with 65% spectral area and the associated
relatively smaller hyperfine field of 492 kOe is an
average weak ferromagnetic response from the wide
particle size distribution below 95 nm with a sup-
pressed spiral spin. Park®” and Castillo et al.”°
indicated the presence of superparamagnetic phase
in less than 50 nm BiFeO3 nanoparticles. Therefore,
the appearance of singlet structure can be attrib-
uted to the superparamagnetic effects arising from
smaller particles in the sample.*”%°
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Sextet 1 comprising 23% spectral area can be
attributed only to non-linear magneto-electric
effects. The ferromagnetic response is a result of
suppression in the cycloidal spin arrangements and
is also coupled by a giant increase in the linear
magneto-electric coefficient. Therefore, the second
sextet comprising 65% of spectral area is of greater
importance and can enhance the linear magneto-
electric coupling drastically.

Field Dependent Magnetization

Figure 9 shows the MH curve traced at room
temperature for BiFeO3; nanoparticles prepared by
the CPM2 method. The MH curve shows hysteresis
behavior with an unsaturated tail up to 2 Tesla, the
maximum value of the applied magnetic field. The
observed MH curve can be conferred in the terms of
superposition of a ferromagnetic loop on an unsat-
urated antiferromagnetic tail. The coercive field
value measured from the hysteresis loop is about 3
kOe, which can also be seen in the inset of Fig. 9.
Bulk BiFeO; is an antiferromagnetic system,'®
however, a weak ferromagnetic response can be
observed for smaller particles with suppressed
spiral spin structures.*®™*® The presence of antifer-
romagnetic and weak ferromagnetic behavior can be
conferred on the basis of particle size distribution
and the presence of two sextets in the Mdossbauer
spectra. The larger particles in the prepared sample
with the spiral spin structure show antiferromag-
netic behavior as sextet 1 in the Mossbauer spectra.
However, the smaller particles with suppressed
spiral spin structures can induce weak ferromag-
netic responses as sextet 2 in the Maossbauer
spectra.

The observed value of magnetization at 2 Tesla is
relatively smaller,'*45485152 whereas the coercive is
relatively highe1"1‘i’45’48’51’52 when compared to BiFeOs

nanoparticles prepared by other methods. The hi2gher
value of the magnetization of BiFeOg in'*4548515% capn
arise due to the presence of ferromagnetic/ferrimag-
netic impurities such as Fey,O3, FesOy BisFe Og.
Moreover, the oxygen nonstoichiometry of BiFeOj;
prepared by other methods can give rise to multiple
oxidation states of Fe, giving birth to incomplete spin
cancellations in the spiral arrangements.®>®? The
higher coercive force can be attributed to the higher
magneto-crystalline anisotropy arising from wide
particle distributions in the present study.*”

CONCLUSIONS

In short, the CPM2 method yields single phases of
BiFeO3; at 400°C in a very simple way. FESEM
shows a wide particle size distribution with an
average particle size of 50—60 nm. The observing of
only trivalent states of iron in octahedral oxygen
coordination has been conferred in terms of the
absence of oxygen and bismuth evaporation owing
to low synthesis temperature. The absence of oxy-
gen vacancies and suppressed spiral spin structures
in prepared BiFeOjs not only minimizes the leakage
current but also enhances the magneto-electric
properties drastically.
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