Available online at www.sciencedirect.com

ScienceDirect CERAMICS

INTERNATIONAL

ELSEVIER

Ceramics International 37 (2011) 3731-3735

www.elsevier.com/locate/ceramint

Short communication
Mechanical synthesis and characterization of BisTiz;O, nanopowders
R. Anlin Golda®, A. Marikani **, D. Pathinettam Padiyan °

d Department of Nanoscience and Technology, Mepco Schlenk Engineering College, Sivakasi 626 005, Virudhunagar District, Tamil Nadu, India
® Department of Physics, Mepco Schlenk Engineering College, Sivakasi 626 005, Virudhunagar District, Tamil Nadu, India
€ Department of Physics, Manonmaniam Sundaranar University, Tirunelveli 627 012, Tamil Nadu, India

Received 1 April 2011; received in revised form 27 April 2011; accepted 28 April 2011
Available online 6 May 2011

Abstract

Nanocrystalline bismuth titanate (BiT) powders with the particle size distribution in the range of 30—45 nm were synthesized from their oxides
Bi,03 and TiO, using mechanical ball milling process. The ball milling synthesis was performed in air for 5 h. The synthesized BiT ceramic was
calcined at 900 °C in air atmosphere for 2 h without a pre-calcination step. The X-ray diffraction pattern was used to analyze the formations of
phase and crystal structure. The morphology and the microstructure of the nanosized bismuth titanate powders were studied using scanning
electron microscope. The Raman spectrum measurement was used to investigate the structural changes observed in the formation of BiT
nanopowders. The photoluminescence measurement showed that the material exhibited maximum emissions at 454 nm and 469 nm in the visible

emission band around blue—green colour.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Bismuth titanate (Bi4Ti30;,) belongs to Aurivillius family
with a general formula of (BiyO,)[A,,—1(B),,O3,41], Which
consists of (Bi,Tiz0;0)*~ layers sandwiched between bismuth
oxide (B1202)2+ layers [1]. BiT has relatively high dielectric
permittivity  (~200), very high Curie temperature
[Tc =675 °C], and breakdown strength [2]. It is an interesting
lead-free ferroelectric material with layered structure and
environmental friendly ceramic with potential applications in
electronic industry as capacitors, sensors, memory storage
devices, optical display and other electro-optical devices [3,4].
Studies on BiT shows that it has a high leakage current and
domain pinning due to defects such as Bi vacancies
accompanied by oxygen vacancies [5,6]. Furthermore, it
suffers from a low durability against a repeated switching of
polarization states [7], which is probably ascribed to lattice
defects [8,9]. These electrical properties prevent it from
practical ferroelectric random access memory (FRAM) and
piezoelectric applications.
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Recently, efforts have been devoted to study BisTi;O;,
ceramics and thin films fabricated by various methods. The
bismuth titanate powder is prepared using the conventional
ceramic route such as solid state reaction method [10]. This
conventional method produces non-stoichiometric composition
due to the undesirable loss of bismuth content through
volatilization at elevated temperature. In addition, it also
produces crystallites coarsening and particle aggregation due to
calcination at high temperature.

Hence, many chemical methods such as hydrothermal
method [11], sol-gel processes [12,13], coprecipitation method
[14], the microemulsion method [15], the metal-organic
polymeric precursor process [16] and so on have been
investigated as alternatives. The advantages of the chemical
methods over the other methods are the controlled morphology,
narrow particle size distribution, high purity, high crystallinity,
and possible reduction in sintering temperatures. However, the
chemistry based methods use moisture or light sensitive
chemicals, such as bismuth salts, that make them difficult to
deal with.

Among the various techniques available for the synthesis of
BiT powders, the mechanical alloying has certain advantages
such as low cost and it uses widely available oxides as the
starting materials and skips the calcination steps at intermediate
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temperatures, leading to a simplified process [17]. Recently, the
literature has reported few studies on the mechanical synthesis
of the layered structures such as BiyTizO, [18,19]. Therefore,
in this study, BiT powders were prepared by mechanical ball
milling method and heat treated at 900 °C for 2 h. The lattice
parameters, ac impedance, Raman spectrum, and photolumi-
nescence of BiT nanopowders were studied using different
characterization techniques.

2. Experimental procedure

The bismuth titanate was prepared using commercially
available chemicals bismuth oxide (Bi,O;) and titanium
dioxide (TiO,) as the starting materials. The stoichiometric
composition of the bismuth titanate was prepared by taking 3%
excess of Bi,O3. The required Bi,O5 and TiO, chemicals were
weighed and loaded in a tungsten jar together with tungsten
milling balls of 10 mm in diameter. The mechanically assisted
synthesis was performed in a planetary ball mill (Pulverisette 6,
Fritsch make, Germany) with the following milling conditions:
ball to powder weight ratio 20:1, the basic disc rotation speed
was 317 min~ !, the rotation of the disc with jar was 396 min~!
and milling time 5 h. The obtained bismuth titanate powder was
sintered in a furnace at 900 °C for 2 h with the heating rate of
10 °C min™".

The powder X-ray diffraction (XRD) was performed for the
sintered powder using a XPERT-PRO X-ray diffractometer
(42 kV, 30 mA) with Cu Ka radiation (A = 0.15406 nm). The ac
impedance analysis was measured using SR830DSP Lock-in-
amplifier, in the frequency range 1 Hz to 100 kHz. For ac
impedance measurement, 1 g of sintered bismuth titanate
powder was used to produce a pellet with a size 12 mm
diameter using a hydraulic press with an applied pressure of
3 tonnes. The pelletized sample is placed between two copper
electrodes. The FTIR spectra were recorded at room
temperature (300 K) from 400 to 4000 cm ' using FTIR
spectrophotometer (Bruker make, Alpha-E model, Germany).
The surface micrograph of the sintered powder was studied
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using a scanning electron microscope (PHILIPS make, model-
XL30). The surface roughness and morphology was character-
ized by AFM (Scanning Probe microscope, PHILIPS make, and
model-X1.30) in non-contact mode. The Raman spectrum was
measured using from Ocm ™' to 1500 cm™' using Raman
Spectrometer (Jobin Yuon model HR-300) equipped with He—
Ne laser of wavelength 632.8 nm. The photoluminescence was
measured from 380 nm to 600 nm using Spectrofluorophot-
ometer (Model No.: R7-5301 PC, Shimadzu, Japan).

3. Results and discussion
3.1. Structure and morphology

The X-ray diffraction pattern recorded for the milled
Bi4Tiz04, nanopowder sintered at 900 °C is shown in Fig. 1.
The XRD peaks were indexed using the JCPDS files [JCPDS
card No.: 35-0795] [20]. The bismuth titanate nanopowders
crystallizes into orthorhombic lattice with lattice constants,
a=5427A, b=32736 A and ¢ =5.396 A. The lattice con-
stants of bismuth titanate reported in the literature are
a=5448 A, b=3281A and ¢c=541A [20]. The good
agreement of the obtained lattice constants with the standard
values indicates that a single phase of BiyTizO;, with
orthorhombic structure was obtained due to calcinations at
900 °C. The peaks centered at 26 of 23.53°, 30.26°, 33.09°, and
33.33°, which are strongest, can correspond to orthorhombic
structure (h k ) planes of (1 1 1), (1 17),(200) and (00 2) of
BiyTi3015.

The SEM images recorded for the bismuth titanate
nanopowders prepared by ball milling (5 h) before and after
calcination are shown in Fig. 2a and b, respectively. Fig. 2a
shows agglomeration of powder. Due to indistinct images, it is
very difficult to determine the individual particle size.
Therefore, the particle size was calculated using Scherrer’s
formula and it was found to be 45 nm. The morphology of the
calcined BiT powder is plate-like grain structure. The AFM
image recorded for the calcined bismuth titanate nanopowders
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Fig. 1. X-ray diffraction pattern of nanocrystalline Bi;Ti30,, powder sintered at 900 °C.
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Fig. 2. SEM images of nanocrystalline BisTi;O;, powder, (a) as-synthesized, and (b) sintered at 900 °C for 2 h.

sintered at 900 °C is shown in Fig. 3. The AFM image shows
that there is a grain growth in the calcined bismuth titanate
nanopowder. The average grain size obtained from the AFM
image of the calcined bismuth titanate nanopowders varies
from 30 nm to 40 nm.

3.2. FTIR spectra

The FTIR spectra recorded at room temperature in the range
400-4000 cm ™" for the as-synthesized and the nanopowders
sintered at 900 °C are compared in Fig. 4. The sharp peak at
1386 cm ™! for as-synthesized sample is assigned to the C=0
and C=0 and it represents the presence of carbonates. The
incorporation of carbonates in the as-synthesized BisTizO;,
nanopowders was due to the ethanol added as an additive during
ball milling process. The peak at 645 cm ™" for as-synthesized
sample is assigned to M—O vibrations. The absence of the band
at 1386 cm™ " in the spectrum recorded for the calcined BiT
powder indicates that the absence of carbonates in the calcined
powder. The sharp absorption peaks for the calcined BiT
powder at 817 cm ™', the shoulder at 548 cm ™' and the peaks
appearing in 479 cm ™' and 447 cm ™' are attributed to Ti—O
stretching vibrations, which are in accordance with the results
for BisTi30O, reported in the literature [21,22]. The formation
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Fig. 3. AFM image of the nanocrystalline Bi,Ti3O;, powder sintered at 900 °C.

of a titanate structure is confirmed with characteristics bands
below 830 cm ™.

3.3. Impedance analysis

The impedance plot is drawn between the imaginary part of
impedance (Z”) and the real part of impedance (Z') over a
frequency range of 1-100 Hz at room temperature and it is
shown in Fig. 5. The impedance data are explained through an
equivalent circuit. This complex impedance plot is known as
Nyquist plot and it typically consists of only one semicircle that
indicates the presence of a single relaxation process. The single
arc of the impedance spectrum representing a single RC
element and hence from the impedance plot the relaxation
frequency is determined. The maximum frequency that satisfies
the condition 27f,R,C;, = 1 in the Nyquist plot is known as the
relaxation frequency, where R, is the bulk resistance, C,, is the
bulk capacitance and f,, is the frequency at maximum of the
semicircle. The bulk capacitance of the sample is calculated
using the relation, C,=1/2nf,R;). The bulk electrical
conductivity of the sample, o, = #/(R,A) where ¢ is the thickness
of the sample, and A is the area of the sample. The parameters
evaluated from impedance measurements are as follows: bulk
capacitance ~57.67 wF, bulk resistance ~6.9 M(), relaxation
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645 611
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Fig. 4. FTIR spectra of nanocrystalline BisTiz;O;, powders.
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Fig. 5. Impedance plot of nanocrystalline Bi;Ti;O;, powders.

frequency ~400 Hz, dielectric constant ~25, dielectric loss
factor ~0.451 and ac conductivity ~5.725 x 1077 Q' m~".

3.4. Raman study

Raman spectroscopy is a useful tool to investigate the
structural changes observed in the formation of BiT from ball
milling. The Raman spectrum recorded for the bismuth titanate
nanopowders annealed at 900 °C for 2 h is shown in Fig. 6. The
Raman selection rule allows 24 Raman active modes for the
orthorhombic BiT [23]. However, the Raman spectrum shown
in Fig. 6 contains less number of Raman modes, which is
partially due to the possibility of the same symmetry vibrations
or weak features of some Raman bands [24].

The Raman data of our BiT powder sample is in good
agreement with the earlier results, even though it is not quite
exact for the mode counting in polycrystalline material due to
possible symmetry breaking, low peak intensity, and overlap of
vibration modes [25]. The Raman modes observed at 543 cm™ I
616 cm™ ' and 856 cm ™" are due to the high intra-group binding
energy into the TiOg octahedral [26,27]. The Raman mode
located at 275 cm ™! is ascribed to the Ti—O torsional-bending
vibration modes into the TiOg octahedral, while the modes
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Fig. 7. Photoluminescence spectrum of nanocrystalline Bi,Ti;O;, powders.

situated at 566 cm ™' and 856 cm ™' correspond to the O-Ti—-O
stretching modes [27]. The Raman mode at 233 cm~! was
ascribed to the O-Ti—O bending vibration. According to the
symmetry of TiOg, the mode at 233 cm ™ is Raman inactive, it is
often observed because of the distortion of the octahedron. The
mode at 336 cm™' was from a combination of stretching and
bending vibrations. Some phonon modes, e.g., at 336 cm ™!,
543 cmfl, 616 cm™! and 856 cmfl, appear as wide and weak
because of the considerable distortion in the TiOg octahedral and
hence these phonon modes may induce stresses in crystalline
BiT. The appearance of 275, 543 and 856 cm™ ' suggests the
presence of perovskite structure. Thus these powders exhibit an

orthorhombic structure that is in agreement with XRD.

3.5. Photoluminescence

The photoluminescence spectrum recorded at room tem-
perature for the milled BiyTi;O, nanopowders sintered at
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Fig. 6. Raman spectrum of nanocrystalline Bi;Ti;O0;, powders.
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900 °C is shown in Fig. 7. The excitation energy of the
photoluminescence spectrum is found to be 2.95 eV (420 nm).
The maximum emission of photoluminescence occurs at
454 nm and 469 nm in a visible emission band around blue-
green colour. In the case of nanocrystals, the origin of
photoluminescence is due to the dominant role of the surface
states, since there are a large number of unsaturated atoms
existing in the surface regions of nanometer crystallites and
forming localized levels within the forbidden gap of the
materials. The quantum size effects and the oxygen vacancies
could play a dominant role in the luminescence processes.

4. Conclusion

In summary, BisTizO;, nanopowders with an average
diameter in the range of 30-45 nm were synthesized using
ball milling technique and then calcined at 900 °C for 2 h. The
X-ray diffraction study shows that the calcined powder exhibits
a single phase and it crystallizes into orthorhombic crystal
structures. The SEM study shows that the bismuth titanate
nanopowders calcined at 900 °C for 2 h exhibited plate-like
morphology. The ac impedance measurement shows that the
bismuth titanate nanopowders exhibited a single relaxation
process. The Raman spectrum also confirms the orthorhombic
crystal structure of the milled nanocrystalline bismuth titanate
powders. The nanocrystalline bismuth titanate powders
exhibited photoluminescence.
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