JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 12 No 5, 05015(6pp) (2020)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 12 No 5, 05015(6¢c) (2020)

Structural and Optical Characterization of Multiferroic BiFeOs Nanoparticles Synthesized

at Different Annealing Temperatures

Naimur R. Niloy*, M.I. Chowdhury, S. Anowar, J. Islam, M.M. Rhaman

Department of Electrical and Electronic Engineering, Ahsanullah University of Science and Technology,

Dhaka, Bangladesh
(Received 09 July 2020; revised manuscript received 15 October 2020; published online 25 October 2020)

Multiferroic BiFeOs (BFO) synthesis without any secondary phase is a big challenge. In this work,
BFO nanoparticles were prepared using the sol-gel method at three different annealing temperatures. In
order to observe the structure of prepared nanoparticles, X-ray diffraction (XRD) was used. The lucid crys-
talline structure of pure BFO nanoparticles was confirmed by the XRD pattern. In XRD pattern of these
BFO nanoparticles, a secondary phase (BizFesO9) was observed. A phase shift was noticed with increasing
annealing temperature. To scrutinize the grain morphology of synthesized nanoparticles, field emission
scanning electron microscopy (FESEM) was performed. Energy dispersive X-ray spectroscopy (EDS) analy-
sis had also been done for three different annealing temperatures. With increasing annealing temperature
from 500 to 700 °C, particle size increased from 151 nm to 318 nm and crystallite size increased from
30.6 nm to 54.3 nm. In order to measure diffuse reflectance, a UV/Vis/NIR spectrophotometer was used
and then optical band gap (E;) was determined. Band gap energy increased from 1.96 eV to 2.04 eV for the
increment of annealing temperature from 500 to 700 °C. The annealing temperature of 500 °C was found to
be the optimal condition for synthesizing BiFeOs nanoparticles.
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1. INTRODUCTION

Ferroelastics, ferroelectrics and ferromagnets are
the primary ferroics in the classification of ferroics ac-
cording to thermodynamics. Multiferroic materials pos-
sess more than one property of ferroics simultaneously
in the same phase [1]. This entails their possession of
spontaneous deformation, spontaneous polarization and
spontaneous magnetization which can be adjusted
through applied stress, applied electric field and applied
magnetic field, respectively [2, 3]. The characteristics of
multiferroics as noted above are favorable for an exten-
sive range of applications. Among single-phase ABOs
(perovskite type) multiferroics, BiFeOs (Tce=1110K,
T~n =670 K) and BiMnOs (Tck =105 K, Tc =450 K) are
mostly studied [2]. According to studies, at the tempera-
ture below 1110 K, BiFeOs acts as a ferroelectric and it
also acts as antiferromagnetic with a Neel temperature
of 670 K [4]. BiFeOs can be synthesized using various
methods like sol-gel (Pechini method), hydrothermal,
microwave (where annealing temperature may vary
from 400 °C to 800 °C), high energy ball milling etc. [5].
However, synthesis of single-phase BiFeOs without any
secondary phases such as Bi20s, Fe203, Bi2FesOo,
BissFeOss etc. is a big challenge with conventional
methods [6]. And this multiferroic BiFeOs exhibits vari-
ation of secondary phases, which are found at different
annealing temperatures in sol-gel method. The main
concern for BiFeOs preparation should be to keep as few
secondary phases as possible, since these secondary
phases cause leakage current. Generally, in order to
prepare bulk BFO materials, solid-state reactions or
rapid sintering of the liquid phase of Bi2Os and Fe203
are carried out. In recent times, for the preparation of
BFO nanoparticles, wet chemical methods have ac-
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quired significant recognition [7]. It can be said that
multiferroic bismuth ferrite (BiFeOs) which has optical
band gap energy in the visible region, offers a rousing
opportunity to discover materials for PV application.
The further reduction of properties like particle size and
band gap of bismuth ferrite is possible, introducing dop-
ing into it [8, 9]. The reduction of particle size is signifi-
cant as our primary objective is to obtain the lowest
possible band gap [10]. This phenomenon makes BiFeOs
a prospective contender for application in PV cells [11].
In this paper, the procedure for obtaining pure BFO
powders, the structural properties and band gap charac-
terization of BFO have been delineated. A detailed com-
parison had been carried out to find out the optimal
temperature for pure BFO nanostructure preparation
using the sol-gel method.

2. EXPERIMENTAL

Employing the sol-gel method, pure bismuth ferrite
nanoparticles had been synthesized. Reagents used in
this work were glacial acetic acid (CHsCOOH), bismuth
nitrate pentahydrate (Bi(NOs)s5H20), citric acid
(CeHsO7), iron(III) nitrate nonahydrate (Fe(NOs)s9Hz20)
and ethylene glycol (C2HeO2). To synthesize 2 g of bis-
muth ferrite nanoparticles, 3.1013 g of Bi(NOs)s 5H20
and 1.2914 g of Fe(NOs)s 9H20 had initially been dis-
solved in 800 ml water. The water used in the experi-
ment was deionized. The individual concentration of
both the reagents was maintained at 0.025 M. For the
polymerization and chelating agent, ethylene glycol
(C2H60z2) and citric acid (CeHsO7) were used, respective-
ly. Then obtained solution was stirred continuously. To
form the crystalline black-reddish solution, it was heat-
ed at 80-85°C for 7.5 h. After obtaining the solution,
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ethylene glycol was added to it. In order to initiate the
polymerization reaction, the resultant solution was
heated at 90-95 °C and after 3-4 min a gel was devel-
oped with robust boiling and smoking. To obtain the
xerogel, the gel was dried in a drying oven at 100 °C for
20-24 h. When the drying was done, the obtained xero-
gel was grinded into small pieces. Then these powders
were annealed at 500, 600 and 700 °C separately. Those
had been annealed for 2-2.5h in a high-temperature
furnace to obtain BFO nanoparticles. The heating rate
was maintained at 3-3.5 °C/min. The annealed samples
were then crushed again in order to finally get the 2 g of
desired nanoparticles for characterization.

3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction (XRD)

The characterization of nanoparticles was done by
X-ray diffraction (XRD) (Empyrean, Malvern Panalyti-
cal) at around 25 °C. For XRD, scanning limit had been
kept from 10° to 70°. The X-ray beams diffracted on the
nanoparticle samples were of high-intensity. The XRD
patterns for BFO nanoparticles at 500, 600 and 700 °C
were obtained after washing with CH3COOH [12, 13]
as can be seen in Fig. 1a. To support the formation of
BiFeOs nanoparticles, the powder samples were heated
at 500°C to 700°C for 2h. Generally, nitric acid
(HNOs) was used to eliminate the secondary phase
(Bi2Fe4O9) which was composed during the preparation
of BiFeOs nanopowders. Small trails of the secondary
phase (Bi2Fe4Og) were found at 27°, similar secondary
phase was also found in other work [14]. This second-
ary phase was shown in the XRD patterns. The HNOs
could dissolve the secondary phase of BiFeOs. So, gla-
cial acetic acid (CHsCOOH) was used for washing. The
crystalline nanoparticles from the synthesized samples
were clearly confirmed by XRD patterns. The secondary
phase (BizFesOg) in BiFeOs is a major disquiet. BFO
containing particles Bi?* and/or Fe3™ participates in
creating this type of secondary phase which also con-
sists of Bi3* and/or Fe3* ions. For the formation of sec-
ondary phase, off-stoichiometric and metastable nature
of BiFeOs is considered to be the primary cause. Con-
sidering the application point of view, secondary phase
increases leakage current and decreases ferroelectric
property. So, this secondary phase must be as mini-
mum as possible. From Fig. 1a, it can be said that BFO
nanoparticles at 500 °C have less secondary phase than
at 600 °C and 700 °C. Using (012), (104) and (110) re-
flection planes, crystallite size (D) was calculated from
the Scherrer equation:

Ak

D:ﬂcosel W

Here, S represents the full width at half maximum
(FWHM), & has the value of 0.9 which is a dimension-
less constant, @1is the Bragg angle and A represents the
X-ray wavelength (~ 1.542 A). The magnified (012) dif-
fraction peak in Fig. 1b shows that when annealing
temperature increases, the FWHM decreases. With the
decrease in the FWHM, crystallite size increases.
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Fig. 1 - (a) XRD patterns of BiFeOs nanoparticles after wash-
ing with CHsCOOH; (b) enlarged XRD patterns of (012) peak;
(c) enlarged XRD patterns of (104) and (110) peaks

It has also been observed from the magnified (012)
diffraction peak that with increasing temperature, the
primary phase (012) of BiFeOs becomes stronger. A
shift in the peak (012) position had also been noticed.
The peak at about 20=22.25° shifts from left to right
with the increment of annealing temperature. From
magnified (104) and (110) diffraction peaks in Fig. 1c, it
is observable that two peaks become strong and well-
shaped with increasing annealing temperature.

3.2 Field Emission Scanning Electron Microscopy
(FESEM)

In Fig. 2, micrographs of BFO powder annealed at
500, 600 and 700 °C for 2-2.5h are shown. FESEM
(JSM-7600F) had been done to characterize the ob-
tained nanoparticles at different annealing tempera-
tures. It had been observed that with increasing anneal-
ing temperature, particle size increased. In this mecha-
nism, attainment of a uniform particle size distribution
is quite difficult.
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Fig. 2 - FESEM micrograph images and particle size distribu-
tion histograms of BFO nanoparticles at (a) 500 °C, (b) 600 °C,
(c) 700 °C

The Energy Dispersive X-ray Spectroscopy (EDS) is
a chemical analysis technique used jointly with FESEM.
The EDS analysis is used to determine the homogeneity
and the elemental distribution of synthesized nano-
composite. In Table 1, weight and atomic ratio of BFO
has been shown. In Fig. 3, it has been observed from the
EDX spectrum that bismuth ferrite nanoparticles pre-
pared at 500 °C have the highest amount of oxygen (O),
nanoparticles annealed at 600 °C have the highest
amount of bismuth (Bi) and nanoparticles annealed at
700 °C have the highest amount of iron (Fe) compared
to nanoparticles prepared at two other temperatures.
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Fig. 3—- EDS analysis of BFO nanoparticles at: (a) 500 °C,
(b) 600 °C, (c) 700°C

The sizes of the particles were calculated from the
FESEM micrographs using Imaged software. It was
found that the crystallite size which was roughly calcu-
lated from XRD data was found to be smaller than par-
ticle size obtained from the FESEM micrographs. As the
ratio of volume to surface area of the nanoparticles is
lower, this leads to agglomeration and results in assem-
bling several crystallites into a particle [15]. From Ta-
ble 2, it is observable that with increasing annealing
temperature from 500 °C to 700 °C, crystallite size in-
creases from 30.6 nm to 54.3 nm and particle size in-
creases from 151 nm to 318 nm.
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Table 1 - EDS weight and atomic ratios of pure BFO nanoparticles which were annealed at 500, 600 and 700 °C

BiFeOs Bismuth (Bi) Iron (Fe) Oxygen (0)
composite Weight (%) | Atomic (%) Weight (%) Atomic (%) | Weight (%) | Atomic (%)
Prepared at 500 °C 72.30 25.18 15.77 20.56 11.93 54.26
Prepared at 600 °C 76.36 28.78 12.86 18.14 10.78 53.08
Prepared at 700 °C 62.73 21.65 27.87 35.99 9.40 42.36

It had been observed from Fig. 2 that the particle
sizes obtained from the FESEM micrograph are con-
sistent with the XRD results. This indicates that the
nanoparticles are single crystalline. When nanoparti-
cles are annealed up to 600 °C, the shape of the ob-
served nanoparticles is almost rounded which is uni-
formly distributed. But cubic morphology was seen for
the BFO samples annealed at 700 °C. Using VESTA
software, the hexagonal unit cell of pure BFO nanoparti-
cles was constructed from crystal information file (CIF).
The unit cell structure of BiFeOs nanoparticles an-
nealed at 600 °C had been shown in Fig. 4.

00 OO0 @WOLMO O

V

Fig. 4 — Unit cell representation of pure BFO nanoparticles
annealed at 600 °C

3.3 Band Gap of BFO

BiFeOs is very effective as an irradiator of visible
light because its band gap energy is small. It is widely
known that the photovoltaic absorption capability of
BiFeOs is immediately interconnected to its structure
of electrons. In order to calculate the band gap energy,
photovoltaic absorption phenomenon is important [16].
With the help of the diffuse reflectance spectra, the
optical band gap (Eg) of BFO nanoparticles was meas-
ured by a UV/Vis/NIR spectrophotometer (PerkinElmer
Lambda 1050). To compute Eg of all BFO, the Kubelka-
Munk equation had been used. The diffuse reflectance
values had been converted to the Kubelka-Munk func-
tion using this equation:

)
2R

F(R) = ; 2

where R represents the diffuse reflectance. Fig. 5 illus-
trates the [F(R)hV]2 vs. hv (energy, eV) plots for every
BFO nanoparticle. The intersection of the tangent at
[AV[F(R)]2 = 0 shows the band gap energy (eV) [17]. It

mostly plots the violet to red solar radiation which has
wavelength range from 380 nm to 750 nm that can hit
the substance with energy sufficient for removing elec-
trons from infirm bonds. Those dislodged electrons pro-
duce electric current. The ultraviolet and infrared rays
have wavelength range of 10-380nm and 750-
1,000,000 nm respectively. These rays are absorbed as
heat energy. The energy of light is calculated by
E = hc/A. Infrared rays do not have notable energy to
displace the electrons because the energy of light (E) is
inversely proportional to the wavelength (1). Thus, we
only considered the range of wavelengths from 200 nm
to 800 nm to capture the data. In Table 2, the values of
E; for BFO nanoparticles annealed at 500, 600 and
700 °C are shown.
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Fig. 5 — [F(R)hv]? vs. hv for BFO nanoparticles annealed at 500,
600 and 700 °C. Inset figure shows the dependence of band gap
energy (eV) on particle size (nm)
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The experimental formula shows that bandwidth (W)
is dependent on the Fe—O—Fe bond angle and Fe—O bond
length, where

1
w:i{m(Fe—o—Fe)} 4)

and de-0) is the Fe—O bond length. E; is connected with
W as

E,=A-W, ®)

where invariant charge transfer energy is represented
by A [18]. And, bond length of the Fe—O rhombohedral
phase is greater than of orthorhombic phase [19]. With
increasing temperature, Fe—O—Fe bond angle decreas-
es and Fe—O average bond length increases [20]. Ac-
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cording to equations (4) and (3), decreased bond angle
increases the value of w. As a result, bandwidth (W)
decreases. Similarly, increased average bond length
also decreases the bandwidth value. From equation (5),
it can be said that decreased W increases the value of
E;. So, eventually, E; increases with the increment of
bismuth ferrite particle size. This relation between the
band gap and particle size is inserted in Fig. 5 by the
obtained data, a similar result was found elsewhere [5].

Table 2 — Band gap energy, crystallite size and average parti-
cle size of BFO nanoparticles at 500, 600 and 700 °C

Samoles BFO BFO BFO
p (500 °C) | (600°C) | (700 °C)
Band gap (eV) 1.96 1.98 2.04
Crystallite 30.6 49.8 54.3
size (nm)
Particle size 151 190 318
(nm)

4. CONCLUSIONS

BiFeOs nanoparticles were prepared using the sol-
gel method and then annealed at 500, 600 and 700 °C
separately. The structural properties have been ana-
lyzed through XRD and FESEM micrographs. Optical
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CTpyKTypHi Ta OITUYHI XapaKTePUCTUKHN MyJabTudgeppoiunnx HaHodacTuHOK BiFeOs,
CHUHTE30BAHUX IIPU PidHUX TeMmepaTypax Bigmasry

Naimur R. Niloy, M.I. Chowdhury, S. Anowar, J. Islam, M.M. Rhaman
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Cunres mysprudgeppoiuroro BiFeOs (BFO) 6e3 Oymab-saxoi BropuHHOI a3y € BeJIUKO IpobsieMon. Y
pobori Hanouactuakr BFO rorysasny mMeroom 30s1b-resio IpU TPHOX PI3HUX Temmeparypax Bimmasy. s
CIIOCTEPEIKEHHST 3a CTPYKTYPOIO IIJTOTOBJIEHUX HAHOYACTHHOK 3aCTOCOBYBAJIM PEHTTEHIBCBRY IHU(PAKINIO

(XRD).

fAckpaBo-kpucTasiyHa  CTPYKTypa

HaHOYaCTHUHOK

gyucroro BFO 6yma  migrsepiskeHa

pentrenorpamoro. Ha pemrtrenorpami mHanodactuHOk BFO cmocrepirasace Bropumuaaa ¢asa (BizFesOo).
BMmimenHs JriHiA Big dasu Oysro MmomiveHO 13 30LIBIIEHHAM TeMreparypu Binmauy. Jlys mgeransbHOro
BUBYEHHSI MOPQOJIOTii 3epHA CHHTE30BAHMX HAHOYACTHHOK OYJIO IIPOBEIEHO ABTOEJIEKTPOHHY CKAHYUYy
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mikpockorio (FESEM). Meron emeproguciiepciiiHol peHTreHiBebKol cexkTpockomii (EDS) Takox mpoBomman
IS TPBOX PI3HMUX TeMmIlepaTyp Bimmasy. 3i 30iiabineHHsAM Temmeparypu Bimmamy 3 500 mo 700 °C poamip
YACTUHOK 301abImmBeA i3 151 M mo 318 HM, a po3mip KpucrasiriB 30iibmusesa 3 30,6 am g0 54,3 am. s
BUMIPIOBAHHSA JU(QY3HOTO BiIOMTTA BuUKOpHcToByBasu crekrpodoromerp UV/Vis/NIR, a morim Bu3HaUYa !
onTuuyHy mwupuHy 3aboponenoi 3ouu (Ey). Enepris sabopomenoi 3orm 3pocia 3 1,96 eB mo 2,04 eB mpu
30lIbmmenHi Temmeparypu Bimmany 3 500 mo 700 °C. Beranosisieno, mio temmeparypa Bigmamsy 500 °C e
OIITUMAJIBHOI YMOBOIO CHHTe3y HaHOuacTHHOK BiFeOs.

Kmiouosi caosa: Illupuna 3a6Goponenoi 3omm, Hamowacrumxm, FESEM, 3omnb-rens, Penrtreniscbka
U paKITi.
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