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1. INTRODUCTION

Nanoscience and nanotechnology reveal a significant place in basic
to applied material research because of their large number of appli-
cations which based on its size and design [1].

Transition metal oxide nanomaterials for example as copper oxide,
iron oxide, Barium Oxide (BaO), tin oxide, zinc oxide, titanium
oxide, etc. are known as being among the wealthiest nanomaterials
family due to its increasing study and flexible applications [1-9],
which have size-dependent materials properties compared to their
bulk phases, making them widely used in various fields such as
sensors, actuators, high-temperature superconductors, capacitors,
environmental sciences, biomedical sciences, Li-ion batteries, solar
cells, etc. An extensive study has been carried out in this field and
published in the literature because of the wide range of applications
of this type of material.

Among all the several other metal oxide nanomaterials, BaO is a
direct band gap type, group II-VI semiconductor nanomaterial
having unique significance due to their wide bandgap (4.4 eV [10])
and hygroscopic characteristics and large applications such as self-
cleaning [11], electrical-energy generation [11], sensors and actua-
tors [12-14], Pharmaceutical industry [15], catalysts [1,16]. Apart
from this, BaO was seen significantly useful in electron field emis-
sion [10], conservation and restoration of cultural heritage such as
paper-based artifacts and wall paintings [17,18], diagnostic imaging,
orthopedic medicines, and other biomedical applications [19-21].

Hitherto, several BaO Nanoparticles' (BaO-NPs) preparation routes
have been developed to produce nanomaterials with different
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This paper presents the synthesis of Barium Oxide Nanoparticles (BaO-NPs) on a large-scale by a simple and cost-effective
co-precipitation method. The as-synthesized BaO-NPs were characterized in aspects of their structural, morphological,
compositional, and optical properties. X-ray diffraction was done to assess the crystalline property of the nanomaterial and the
crystallite size of the BaO-NPs was found to be 15-16 nm. Scanning electron microscopy was used to study the morphology of
as-synthesized nanoparticles which confirmed that the prepared materials are flower-shaped nanoparticles. The compositional
characteristics of nanoparticles were given by Fourier transform infrared spectroscopy which confirmed that the as-synthesized
nanoparticles are pure BaO. A useful optical properties of nanoparticles were also reported via the room temperature UV-Vis
and photoluminescence spectroscopy and calculated bandgap of the nanoparticles was found 4.65 eV.
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sizes and shapes such as sol-gel, chemical method, hydrother-
mal, thermal decomposition, sonochemical, microwave irradia-
tion, and quick-precipitation, etc. [17,18,22,23-28]. Among these
preparation methods, the co-precipitation route has gained a lot
of popularity in industries due to the facile way of synthesis, low
temperature, and energy, cost-effective and inexpensive approach
for good yield and large scale production.

The structural and optical properties of semiconductor nanoparti-
cles have increasingly become a topic of great concern. In general,
the nanoparticles’ physical properties significantly depend on their
microstructure, such as crystal defects, grain boundaries, as well
as surface morphology. Therefore, to get a well understanding of
the size-dependent physical properties of BaO-NPs, it is essential
to acquire knowledge of their microstructure [1,17,18,22,23-28].

This paper presents the facile synthesis and characterization of
BaO-NPs prepared through a novel, cost-effective co-precipitation
route. The prepared nanoparticles’ structural and optical properties
were then analyzed through various characterization techniques
such as X-ray Diffraction (XRD), Scanning Electron Microscopy
(SEM), Energy Dispersion X-ray Spectrum (EDS), Fourier
Transforms Infrared (FTIR), UV-Vis, and PL. Finally, important
results were presented and discussed.

2. MATERIALS AND METHODS

2.1. Materials and Synthesis Process

Barium Nitrate [Ba(NO,),] (Sigma-Aldrich, India, 98%) and
Sodium Bicarbonate (NaHCO,) (Merck, India, 98%) was used
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as a precursor and as a fuel respectively for the synthesis of BaO-
NPs. BaO-NPs were prepared via a facile co-precipitation method.
The schematic of the synthesis procedure is shown in Figure 1.
In a typical synthesis, 0.5 M of Ba(NO,), was dissolved in 100 ml
de-ionized water (H,O), which was continuously stirred using a
magnetic stirrer for approximately 30 min until the Ba(NO,), dis-
solved completely. The pre-prepared NaHCO, solution was added
drop-wise into the Ba(NO,), solution, under vigorous stirring. After
approximately, 2 h of continuous stirring the reaction white colored
mixture forms completely. The produced mixture was kept for 12 h
so that all constituent particles are get precipitated. The precipitated
material was washed and centrifuged with distilled water and alco-
hol many times to eliminate the native impurities from the sample.
Further, the precipitate was dried and calcined at 400-500°C for 4 h
in the air to ensure that Ba(HCO,), was converted into BaO com-
pletely. The whole reactions involve can be given as below:

Ba(NO,), (aq.) + 2NaHCO, (aq.) — Ba(HCO,), (aq.) + 2NaNO, (aq.)
Ba(HCO,), - BaO +2CO,T + H,0 T (Calcination)

2.2. Characterization

Structural characterization phase and crystallinity of as-synthesized
BaO-NPs was done by using the XRD technique (Rigaku-Miniflex,
Japan, X-ray diffractometer) using Cu Kerradiations (A = 1.5406 A)
in the 20 range 20-80°. The morphology of as-prepared NPs was
observed by FEI (Field Electron and Ion Company) Field Emission
(FE)-SEM. FTIR spectroscopy (PerkinElmer, USA) was used in the
400-4000 cm™ range for the analysis of chemical compositions of
the prepared nanoparticles. UV-Vis (PerkinElmer) was used to
obtain absorbance spectra of the NPs in the range from 200 to
800 nm at room temperature. PL spectra were recorded by using
the Varian Carry Eclipse Fluorescence spectrophotometer (Agilent,
California, USA).

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Properties
3.1.1. X-ray diffraction

Phase and crystallinity of as-synthesized BaO-NPs were done by
using the XRD technique with Cu K radiations (A = 1.5406 A)

Addition of NaHCO3 sol. dropwise Continuous stirring
into Ba(NO3)2 sol. under continuous  for 2Hrs.
stirring

Filtering of precipitated
material and Washing

in the 20 range 20-60°. XRD spectra of synthesized BaO-NPs is
shown in Figure 2. Many well-defined peaks correspond to vari-
ous planes of BaO as (200), (201), (211), (102), (310) and (212),
so on were seen in the observed XRD pattern which is all related
and well-matched with the tetragonal phase of BaO-NPs and are in
good agreement with the “JCPDS” card No. 26-0178. The observed
results are also confirmed with the reported literature [23,26,28].
Sharp and intense peaks indicate the synthesized nanoparticles are
highly crystalline in nature. The average crystallite size (D) of the
sample is calculated using Debye-Scherrer’s formula [29] which can
be given as:

_ KA
B cosé

(1) [29]

where K is the shape factor (0.90), A is the wavelength of Cu K&
radiation (A = 1.5406 A), [is the full-width at half maximum, and
0 is the diffraction angle. The average grain size of BaO-NPs is
found to be ~16 nm.

3.1.2. Scanning electron microscopy

The morphology of the synthesized BaO-NPs was assessed by
FE-SEM and presented in Figure 3a and 3b. Figure 3a shows a
low-resolution (1500) image of prepared BaO-NPs which exhibits
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Figure 2 XRD pattern of as-synthesized BaO nanoparticles.

BaO Nanoparticles

Calcination at 500 °C
for 4 Hrs

Drying in the air for
24 Hrs at 100 °C

Figure 1 Schematic of synthesis procedure of BaO nanoparticles.
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Figure 3 SEM images of BaO nanoparticles (a) at low magnification (b) at

high magnification.

a flower-shaped clusters morphology. High-resolution SEM image
is presented in Figure 3b shows the synthesized nanomaterials are
grown highly crystalline. It can also be seen from the SEM images
that some NPs are in nanorods and nanosheets like structures and
are joined by accumulation on one above another. The elemental
compositional analysis of synthesized NPs was assessed by EDS
integrated to SEM. EDS spectra confirmed the chemical purity of
synthesized BaO-NPs.

3.1.3. Fourier transform infrared

The chemical composition analysis of prepared BaO-NPs, was
done with FTIR in the wavenumber range 4000-400/cm, and
obtained results are presented in Figure 4a and 4b. The FTIR
spectrum represents a strong absorption band at ~692 cm™ which
corresponds to the Ba-O bond formation. A weak absorption
band at ~615 cm™ also seen due to Ba-O stretching vibration.
Two absorption bands observed at ~1754 and ~3456 cm ™ in the
FTIR spectra are associated with the O-H stretching and bending
vibrations’ modes, respectively. The peak at ~1455 cm™ is may be
due to the barium carbonate formation which is result of absorp-
tion of atmospheric CO, by BaO-NPs. The peak seen at ~1059 cm™*
is connected with O-O stretching modes of vibration [30].
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Figure 4 (a) FTIR spectrum of BaO nanoparticles and (b) enlarged view
of spectra between region 400 and 800 cm™.

Two peaks at ~857 and ~2452 cm™" are associated with the asym-
metric vibration modes of NO;' ions and -CO, bond vibration,
respectively [28,31,32].

The results found are consistent with the previous literature
[23,31,32]. No other absorption band associated to any other
chemical group has been found in the FTIR spectra that indicate
high purity of synthesized BaO-NPs sample.

3.2. Optical Properties
3.2.1. UV-Vis spectroscopy

The optical properties of synthesized BaO-NPs were examined by
UV-Vis spectroscopy and the absorbance spectrum taken at room
temperature is shown in Figure 5. The measurement procedure
followed was given in the literature [31,32].

The highest light absorption was noted at 310 nm, which is known
as the characteristic edge or peak of BaO as reported in many liter-
atures [1,23,28]. There is no other absorption peak was detected in
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Figure 5 Optical absorbance spectra of as-synthesized BaO nanoparticles.

the spectra that corroborates the possession of strong optical prop-
erties of the synthesized BaO-NPs.

The optical energy bandgap (E,) of the prepared BaO-NPs was
calculated by Tauc’s relation [33,34], which provides the relation
between the incident energy of the photon and the absorption coef-
ficient of the semiconductor materials. The Tauc’s equation can be
given as:

(ahv)= A (hv-E,)" (2)

where A is a constant «is the optical absorption coefficient, hv is
the energy of the photon (where h is plank constant and vis optical
frequency), E_is the optical band gap energy and 7 is an exponent
its mathematical value relies heavily on the nature of the electronic
transition causing the light absorption generally, # is taken equals
2 and 1/2 and for indirect and direct band gap, respectively.

Figure 6 shows the Tauc’s plot for BaO NPs. The calculated opti-
cal bandgap energy (E) of as-prepared BaO NPs was 4.65 eV. The
measured E_is found very close to the bulk phase BaO and consis-
tent with the previously reported literature [1,23,28]. The bandgap
energy of nanophase BaO i.e. 4.65 eV is found higher than that of
the bulk phase BaO i.e. 4.4 eV [10]. This enhancement in optical
bandgap energy is because of the primarily known quantum size
effect of nanophase materials. This theory (quantum size effect)
applies only when the particle size is comparable to and in the
range of de Broglie wavelength of a charge carrier (i.e. in the nano-
meter range).

3.2.2. Photoluminescence spectroscopy

Photoluminescence (PL) is the process of spontaneous light
emission from the sample material when optically excited. The
excitation energy and intensity can be chosen to probe different
excitation types, determination of bandgap energy, identification
of specific defects for radiative transitions, and impurity levels in
the nanomaterial sample. Photoluminescence spectroscopy is a
non-destructive analysis technique [6,35-37].

120

BaO
E,=4.65 eV
100 —

80

60

(ahv)®

40 -

20

Figure 6 Tauc-plot for energy bandgap calculation of as-synthesized
BaO nanoparticles.
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Figure 7 Photoluminescence spectrum of BaO nanoparticles.

The photoluminescence spectrum of BaO-NPs was collected at
the excitation wavelength of 230 nm and shown in Figure 7. The
spectrum shows two major emission bands (Blue-violet and red).
A total three number of peaks are detected which are as follows:
a sharp emission peak at 380 nm, a broad peak at 410-574 nm may
be because of the defects in the crystal of BaO, and a peak at 758 nm
is may be due to an e-h pair recombination. Optical measurements
result of UV-Vis and PL analysis show that the as-synthesized
BaO-NPs can be expected as highly useful for optoelectronics and
photonic systems and devices.

4. CONCLUSION

Highly crystalline BaO-NPs were successfully synthesized by the
facile co-precipitation method and analyzed in detail through vari-
ous materials analysis techniques. The results of the structural and
chemical compositional analysis reveal a pure and highly-crystalline
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tetragonal phase of BaO-NPs. The average grain size of BaO-NPs
is found to be ~16 nm. The FE-SEM morphological analysis of
the sample confirmed that the nanoparticles were grown highly
crystalline. Also, some NPs are in nanorods and nanosheets like
structures and are joined by accumulation on one above another.
UV-Vis spectroscopy confirmed a significant optical properties of
the sample and the calculated optical bandgap energy (E) of BaO-
NPs was 4.65 eV which was found very close to the bulk phase
BaO. A strong PL emission spectrum in the visible range making
the as-synthesized BaO-NPs can be considered to be highly useful
in optoelectronics and photonic systems and devices. The followed
synthesis method can also be used in the preparation of other tran-
sition metal oxide nanomaterials.
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