Mgbemeje et al., J Material Sci Eng 2016, 5:5
DOI: 10.4172/2169-0022.1000277

Journal of Material Sciences & Engineering

Review Article Open Access

Influence of Annealing Temperatures on the Structural, Morphological,
Crystalline and Optical properties of BaTiO, and SrTiO, Nanoparticles

Mgbemeje EA™, Akhtar SM?3, Bong YO?? and Kue CD*

'Department of Energy Engineering, Chonbuk National University, Republic of Korea

2New & Renewable Energy Material Development Center (NewREC), Chonbuk National University, Jeonbuk, Republic of Korea
3School of Semiconductor and Chemical Engineering, Chonbuk National University, Republic of Korea
‘Advanced Materials Engineering Department, Chonbuk National University, Republic of Korea

Abstract

In this study, highly crystalline BaTiO, and SrTiO, nanoparticles were synthesized by bi-modal distribution
solution process followed by annealing at different temperatures. The impact of annealing temperatures on the
nanoparticles was investigated by their various chemical, structural and surface properties. The particle sizes of both
BaTiO, and SrTiO, increased from 30-80 nm with increase in annealing temperature due to the agglomeration of
the nanoparticles. It was found that the optical band gap of BaTiO,and SrTiO, was considerably decreased with the
increase of annealing temperatures from 500 - 900°C. With the observed results, we can say that annealing BaTiO,
and SrTiO, nanoparticles significantly enhance their optical, structural, morphological and crystalline properties.
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Introduction

In this study, highly crystalline BaTiO, and SrTiO, nanoparticles
were synthesized by bi-modal distribution solution process followed
by annealing at different temperatures. Perovskite materials with the
formula ABO, with A being a metal, B, Titanium and O, Oxygen
had gained wide attention due to their applications in different
technological field [1]. Perovskite generally have a cubic structure
with an A site ion usually an alkaline earth or rare earth element,
a B site ion located at the center of the lattice and composed
generally of either 3d, 4d or 5d transition metal elements [2]. The A
atoms are larger than the B atoms and have 12-fold cuboctahedral
coordination. The B cation is in a 6-fold coordination surrounded by
an octahedron of anions [3]. The relative ion size requirements for
stability of the cubic structure of perovskite is quite stringent hence
slight buckling and distortion can result in the production of several
lower-symmetry distorted perovskite with a reduced A and B cation
coordination numbers [4].

Metal oxide perovskite and synthetic perovskite have recently
gained wide spread applications in electronics, ceramics, photovoltaic,
nanotechnology and biotechnology industries [1]. Synthetic
perovskite are currently been applied in high efficient solar cells as a
possible less expensive base materials [5]. Barium titanate (BaTiO,) a
ternary perovskite metal oxide is been studied extensively due to its
excellent ferroelectric, piezoelectric, dielectric, photo-refractive and
superconductive properties [6,7]. Occurring in cubic, tetragonal and
orthorhombic phases, BaTiO, has shown a wide range of applications
in multi-layer ceramic capacitors, positive temperature coefficient
devices, piezo-electric sensors, ferroelectric random access memories,
printed circuit boards and electro-optical devices [8]. Research
on BaTiO, shows that the photoluminescence (PL) properties are
greatly affected by its growth routes [9]. Strontium titanate (SrTiO,)
perovskite material is a centrosymmetric quantum para-electric
material with ferroelectric properties at low temperatures and very
high dielectric properties [10]. They are widely used in varistors,
advanced ceramics, precision optics, diamond stimulation and
in tunable high temperature superconducting microwave filters.
Various synthesis routes can be used to synthesize both BaTiO, and

SrTiO, nanoparticles [11]. Synthesis routes such as electrochemical,
hydrothermal [12], sol-gel, solvothermal [13], polymeric precursor
and solid state bi-modal distribution methods, play a huge role
in the purity and crystallinity of the nanoparticles. The rapid
advances in nanotechnology, nanomaterials and nanomechanics
offer huge potentials in national defense, homeland security, and
private industry. An emphasis on nanoscale entities will make our
manufacturing technologies and infrastructure more sustainable in
terms of reduced energy usage and environmental pollution. Recent
advances in the research community on this topic have stimulated
everbroader research activities in science and engineering devoted
to their development and their applications. With the confluence
of interest in nanotechnology, the availability of experimental tools
to synthesize and characterize systems in the nanometer scale, and
computational tools widely accessible to model microscale systems by
coupled continuum/molecular/quantum mechanics, we are poised to
unravel the traditional gap between the atomic and the macroscopic
world in mechanics and materials. This in turn opens up new
opportunities in education and research.

In this work, BaTiO, and SrTiO, nanoparticles are synthesized
via bi-modal distribution methods followed by annealing at different
temperatures of 500 - 900°C and varied annealing times from 1 to 5
h. We investigate the effect of annealing temperature and time on
the structural, morphological, optical and crystalline properties of
synthesized BaTiO, and SrTiO, nanoparticles. The detailed properties
of BaTiO, and SrTiO, nanoparticles have been characterized by various
experimental characterization tools.
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Experimental
Materials

For the bi-modal distribution method synthesis of BaTiO, and
SrTiO, nanoparticles, Barium carbonate (BaCO,, sigma aldrich),
Strontium carbonate (SrCOS, sigma aldrich and Titanium (TiOZ - P-25,
sigma aldrich) were used as source materials for Barium, Strontium and
Titanium respectively. Distilled water, glass beakers, magnetic stirrers,
drying Oven and calcinations machine were also used.

Synthesis of BaTiO, and SrTiO,

The experimental details are presented in the synthesis flow chart,
as shown in Figure 1. In brief, the equi-molar BaCO,/SrCO, and TiO,
powders were mixed together in 10 ml of de-ionized (DI) water in a
beaker for 10 minutes. The solutions were stirred for 10 h and the slurry
dried in an oven at 80°C for 10 h. After completion of synthesis, the dried
powders were annealed at different temperatures and times ranging
from 500-900°C and 1-5 h respectively.

The BaTiO, and SrTiO, chemical reactions can be expressed as
follows [14]:

BaCO, + TiO, = BaTiO, + CO,.....vvvrveereo (1)

SrCO, + TiO, = SITIiO, + CO,..evvrvees )

The BaTiO, and SrTiO, nanoparticles were characterized.
Characterization

X-ray diffraction (XRD) patterns were measured using a Rigaku
X-ray Diffractometer operating with Cu Ka radiation operating at 40
kV and 30 mA and the scans rates were carried out at 0.02° at 10° min”
in a 20 range from 20° to 70°. Particle surface morphology was carried
out via HITACHI Su-70 Field Emission Scanning Electron Microscope
(FESEM). Element analysis was carried out viaan AMETEK EDAX with
a 10 mm? active area. The particle size, shape and morphology were also
analyzed using a JEOL JEM 2010 Transmission Electron Microscope
operating at 200 Kv. The particles surface areas were determined via
Brunauer-Emmett-Teller (BET) test and Raman Spectroscopy was
performed using a Nanofinder 30 Tokyo-Raman model with a 488 nm
laser, a 1.0 mW laser power, a 5 second exposure, a 50X objective lens
and a 600 Gmm grating. UV-vis spectra were measured by a JASCO
V-670 spectrophotometer at a scan speed of 1000 nm/min and a UV-vis
bandwidth of 0.2 nm and data interval of 1.0 nm.

Results and Discussion

The crystalline nature of synthesized BaTiO, and SrTiO,
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Figure 1: Schematic diagrams of BaTiO, and SrTiO, nanoparticles synthesis.

nanoparticles has been examined by the XRD patterns. Figures 2 and 3
show the XRD patterns of BaTiO, and SrTiO, nanoparticles at different
temperatures and times. BaTiO, and SrTiO, present the main diffraction
peak at 32.3° (110), indicating the formation of perovskite materials.
It can be seen that the intensity of diffraction peak at 22.4° (100) in
both materials is drastically decreased with the increase of annealing
temperature. The observed XRD peaks in Figures 2 and 3 confirm
that BaTiO, and SrTiO, nanoparticles possess the cubic and tetragonal
phases. Noticeably, the diffraction peak intensities also change markedly
with an elevation of the annealing temperatures [15,16].

The strong and sharp diffraction peaks in Figures 2 and 3 suggest
that BaTiO, and SrTiO, nanoparticles have good crystalline nature. At
high annealing temperatures (800 and 900°C), no diffraction peaks are
seen for carbonates, confirming the complete removal of BaCoO, and
SrCO, impurities. Moreover, the high peak intensity at higher annealing
temperature is related to the reduction of the hydroxyl (OH") on the
BaTiO, and SrTiO, unit cells in a lattice defect of their cubic structures.

The UV-Vis absorption spectra of BaTiO, and SrTiO, nanoparticles
are shown in Figures 4 and 5. The maximum absorption peaks in BaTiO,
and SrTiO, nanoparticles are positively shifted with the variation of
annealing temperatures. The optical band gaps were calculated using
the maximum absorbance in UV-vis spectra. The calculated band
gaps with different annealing temperatures at 500, 600, 700, 800, and
900°C are 3.88 €V, 3.86 eV, 3.75 eV, 3.52 eV, 3.47 eV for BaTiO, and
3.73 eV, 3.71 eV, 3.66 eV and 3.43 eV for SrTiO, at 500, 600°C, 700°C
and 900°C respectively. The absorption peak shifting indicates that the
optical properties of BaTiO, and SrTiO, nanoparticles are changed by
the variation of annealing temperatures and time.

The Optical absorption spectrum of BaTiO, nanoparticles revealed
that the particles were transparent in the visible region. The electron
transition types and band structure were analyzed via the dependence
of optical absorption coefficient on photon energy.

Figures 6 and 7 shows the FESEM micrographs of BaTiO, and SrTiO,
nanoparticles to explain the morphological changes upon the annealing.
From Figure 6, the particles sizes are increased and agglomerated with
the increase of annealing temperatures from 500-900°C. Figure 7 also
presents the similar morphological changes as the increase of annealing
temperatures. At low annealing temperature, small cluster of particles
are visible. However, the less clustered spherical cubic nanoparticles are
observed at 800°C and 900°C annealing temperature. The particle sizes
of 32 nm at 500°C show a steady increase in particle size to 80 nm at
900°C. This sharp increase in size might occur due to sintering effect at
high temperature.

AJEM 2010 Transmission electron microscope was used to measure
the size and morphology of both nanoparticles. The TEM image
measure via a bright-field low magnification revealed that both BaTiO,
and SrTiO, nanoparticles are spherical in shape while the Selective
Area Electron Diffraction Pattern (SAED) showed the presence of
polycrystalline diffraction rings composed of continuous discrete
diffraction dots in both nanoparticles although more diffraction rings
are observed in BaTiO, nanoparticles. The average estimated particle
size of SrTiO, and BaTiO, was 37 and 38 nm respectively. The TEM
images are shown in Figure 8. The chemical compositions and elemental
analysis were measured via EDX and the results depicted in the Figures
9 and 10. Both spectra show Ba, Sr and Ti peaks along with O peak.
The existence of these elements in the synthesized samples confirms the
formation of BaTiO, and SrTiO,. The appearance of C peak suggests the
presence of carbonate traces.
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Figure 2: XRD peak patterns for BaTiO, nanoparticles synthesized at different annealing temperatures and time. (a) 600°C 4h, (b) 700°C 3h, (c) 800°C 2h and (d)

900°C 1h.
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Figure 3: XRD peak patterns for SrTiO, nanoparticles synthesized at different annealing temperatures and time. (a) 600°C 4h, (b) 700°C 3h, (c) 800°C 2h and (d)

900°C 1h.

The Raman spectra of BaTiO, nanoparticlesare represented in Figure
11. BaTiO, nanoparticles exhibit the several Raman bands centered at
247,253, 254,261 and 517 cm™! peaks, which are in conformation with
reported peak ranges of ~285-520 cm™. These bands are associated to
the displacement of Ti** ions at high temperatures. The Raman bands
at 304, 307, 395, 639 and 712 cm! are the indicative of the presence of
tetragonal BaTiO, phases [9]. Small Raman band at 1058 cm™ represents
the presence of some BaCO, impurities in BaTiO, samples annealed at
600, 700, 800°C while Raman bands at 805 and 856 cm™ for BaTiO,
samples annealed at 900°C are related to the oxygen deficiencies. The

observed Raman bands are consistent with the standard peaks reported
for BaTiO, [17]. The appearance of Raman bands at 712 cm™ and 304
cm can be attributed to the highest longitudinal optical mode with
Al symmetry and the B, mode indicating the presence of asymmetry
within the TiO, octahedra of BaTiO,, respectively.

Figure 12 shows the Raman spectra of synthesized SrTiO,
nanoparticles. In general, bulk SrTiO, particles exhibit a
centrosymmetric cubic structure at room temperature, as a result, the
first order Raman scattering peaks are not observed. From Figure 11,

J Material Sci Eng
ISSN: 2169-0022 JME, an open access journal

Volume 5 « Issue 5 » 1000277



Citation: Mgbemeje EA, Akhtar SM, Bong YO, Kue CD (2016) Influence of Annealing Temperatures on the Structural, Morphological, Crystalline and
Optical properties of BaTiO, and SrTiO, Nanoparticles. J Material Sci Eng 5: 277. doi:10.4172/2169-0022.1000277

Page 4 of 6

1.04
(BaTi0, 500°C 5h)
(BaTiO, 600°C 4h)
~ 357nm (BaTiO, 700°C 3h)
E (BaTiO, 800°C 2h)
8 (BaTi0, 900°C 1h)
§ 054
el
2
o
1]
e}
<
0.0 T T 4 T T T T | T T T 1
200 300 400 500 600 700 800

Wavelength (nm)

Figure 4: UV-visible spectroscopy peaks of BaTiO, nanoparticles at different
annealing temperatures.
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Figure 5: UV-visible spectroscopy peaks of SrTiO, nanoparticles at different
annealing temperatures.
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Figure 6: FESEM micrographs of BaTiO, nanoparticles synthesized at different
annealing temperature and time (a) 500°C 5h, (b) 600°C 4h, (c) 700°C 3h, (d)

800°C 2h, and (e) 900°C 1h.

SrTiO, nanoparticles obtain the first order peaks at 152, 182, 183, 187
and 518 cm’. The Raman shifts at 152 and 182 cm™ can be ascribed to
the band gap (Eg) mode of non-centrosymmetric [18] while, the latter
two peak modes (183 and 187 cm™) is resulted from the polar TO, and
TO, phonons. SrTiO, nanoparticles present few second order Raman
peaks at 292, 301, 397, 629, 637, 645 cm™ peaks [4,19], indicating the

Figure 7: FESEM micrographs of SrTiO, nanoparticles synthesized at different
annealing temperature and time (a) 500°C 5h, (b) 600°C 4h, (c) 700°C 3h, (d)
800°C 2h, and (e) 900°C 1h.

b) TEM images of BaTiO,, (c) SAED of BaTiO, (d and e) TEM images of SrTiO,
. (f) SAED of SrTiO,.
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Figure 9: EDX spectrum of BaTiO, nanoparticles at 700°C.

formation of SrTiO3. Moreover, the Raman peaks at 1028, 1292 and
1610 cm™ belong to the carbonate (SrCO,) impurities in samples,
respectively.

The BET and Langmuir surface area of synthesized BaTiO, and
SrTiO, nanoparticles are lowered with the increase of annealing
temperatures from 600 to 700°C. In general, the particle BET was
measured from the N, adsorption/desorption isotherms at 77.35 K.

The surface to volume properties of synthesized BaTiO, and SrTiO,
nanoparticles have been analyzed by measuring the BET specific surface
areas (S,,,). The surface properties results are summarized in Table 1.
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Figure 10: EDX Spectrum of SrTiO, nanoparticles at 700°C.
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Figure 11: Raman Spectra of BaTiO, nanoparticles at different annealing
temperatures of 600, 700, 800 and 900°C.
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Figure 12: Raman Spectra of SrTiO, nanoparticle at different annealing
temperatures of 600, 700, 800 and 900°C.

Sa-lrpel:‘::(r:?:r)nel Bfrzfr;fzagc)e Lanir::.aminfggr)face dBET (nm)
BaTiO,- 600 16.70 23.82 59.7
BaTiO,- 700 11.00 15.60 90.6
SrTiO,- 600 18.49 26.39 67.0
SrTiO,- 700 16.80 23.96 74.0

Table 1: BET and dBET surface areas of BaTiO, and SrTiO, annealed at 600°C
and 700°C.

It is assumed that internal pores are absent from the powders, then the
average particle sizes of both powders are calculated via the following
formula;

dBET = 6/(p x S

BET)

Where p is the theoretical density of BaTiO, which is 6.017 g/cm’
and that of SrTiO, is 4.81 g/cm?® [11]. The estimated results are shown in
Table 1 above. The average particle sizes are increased with the increase
of annealing temperature. The estimated values are in excellent with
the particle sizes observed in FESEM results. The decrease in surface
area at high annealed temperature is usually associated to the removal
of surface hydroxyl group on BaTiO, and SrTiO, nanoparticles, which
might cause the agglomeration of particles.

Conclusion

BaTiO, and SrTiO, nanoparticles were successfully synthesized by
bi-modal distribution solution and which performed the annealing at
different temperatures ranging from 500-900°C. The morphological
observations shown that BaTiO, and SrTiO, nanoparticles increase
with increase in annealing temperature. The cubic and tetragonal
phases of BaTiO, and SrTiO, perovskites were deduced by the XRD and
Raman spectra studies. The optical band gap varied from 3.88-3.47 eV
for BaTiO, and 3.73- 3.43 eV for SrTiO, as the annealing temperature
increased. Surface properties shows that the surface areas of BaTiO, and
SrTiO, nanoparticles gradually decreased as the annealing temperature
increased from 500 to 900°C. From this study, we can conclude that both
BaTiO, and SrTiO, nanoparticles showed similar impact on annealing
temperature in terms of their morphological, structural, crystalline and
optical properties.
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