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Synthesis and Characterization of Bismuth Oxide Nanoparticle
by Thermal Decomposition of Bismuth-Based MOF
and Evaluation of Its Nanocomposite
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ABSTRACT: Metal-Organic Frameworks (MOFs) are an important class of highly porous hybrid
materials. A bismuth-based MOF was prepared under solvothermal conditions via the self-assembly
of primary building blocks at 100 °C for 3 h. Bismuth oxide nanopatrticles (Bi.Os NPs) were prepared
by calcination and thermal decomposition of a bismuth-based MOF at 550 °C for 5 h for the first
time. The nanocomposite was prepared by poly (methyl methacrylate) (PMMA) as a polymer matrix
and bismuth oxide NPs as fillers. The bismuth oxide nanoparticles were characterized by Fourier
Transform InfraRed (FT-IR) for determination of functional groups, X-Ray powder Diffraction (XRD)
for evaluation of crystal structure, Dynamic Light Scattering (DLS) for investigation of size and size
distribution, Scanning Electron Microscope (SEM) for the presentation of morphology and size, and
Energy-Dispersive X-ray Spectroscopy (EDS) for determination of chemical composition. Based on
the results, the bismuth oxide nanoparticles were observed with spherical morphology and
the particle size of 60 nm. The bismuth oxide nanocomposites were evaluated by X-ray dosimeter test
in comparison to lead and aluminum and air adsorbents for X-ray shielding, Diffuse Reflection
Spectroscopy (DRS) for UltraViolet (UV) blocking, and antibacterial activity against Salmonella
bacterial. Based on the results, the X-ray shielding is 31.9% compared with the lead with a thickness
of 0.25 mm and 81.53% compared with aluminum with a thickness of 3 mm for the bismuth oxide
nanocomposite. This nanocomposite has 70% UV blocking with antibacterial activity and it can have
a good potential for biomedical and industrial applications.
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INTRODUCTION

The metal-organic framework is a new class of
coordination polymers as porous organic-inorganic
crystalline-hybrid compounds [1]. Recently, MOF has
attracted much attention due to extensive design and
synthesis [2], unique properties [3], and emerging
applications [4]. MOFs have been studied extensively
because of the presence of organic and inorganic sections,
large surface area, high pore volume [5], and adjustable
shape and pore [6]. These porous compounds
are synthesized via an in situ self-assembly method from
the coordination of polydentate ligands and metal ions
(or metal clusters) with the expansion of porous network
structures by different methods. Two common methods of
MOF synthesis are the solvothermal [7] and solution [8-9]
approach. The development of MOF synthesis has been
playing a major role in the advancement of this field [10-12].
The bismuth-based MOF is one of the metal-organic
coordination polymers with interesting properties [13-15].
The bismuth-based MOFs have created beneficial
advantages such as semiconductor, photocatalysis,
adsorbent, geometrically flexible, and abundant material
with low toxicity for MOF construction [16-17].

The different methods have expanded for bismuth
nanostructures synthesis with tunable size and shape
parameters. The common methods of bismuth
nanostructures synthesis include solution [18-19], solution
combustion [20], solvothermal [21], hydrothermal [22],
laser ablation [23], green synthesis [24], sol-gel [25], flame
spray pyrolysis [26], and thermal decomposition [27-29].
Recently,  nanomaterials have  been  prepared
by thermal decomposition of metal-organic frameworks
as new precursors, such as Cu nanoparticles from
the [Cus(btc),)[btc = benzene-1,3,5-tricarboxylate) MOF [30],
ZnO nanoparticles from ZnsO(1,4-bdc); (MOF-5) [31],
ZnO nanoparticles from  Zny(NDC)2(DMF)2.(H20)4
[H2NDC = 2,6-naphthalene dicarboxylic acid and DMF =
N,N'-dimethylformamide] [32], and PdO nanoparticles
from a  Pd(Il)-based MOF [ligand = tetra-pyridyl
porphyrin] [33]. The importance of bismuth nanoparticle
is increased due to the main applications such as radiation
protection [34-35], medicine [36], imaging and
radiotherapy [23, 37], ion-selective electrode [38], optical
and plasmonic properties [39-40], UV-Visible absorption
[41], antibacterial activity [42], catalytic properties [19],
and photocatalytic uses [43].
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Radiology is responsible for significant medical
advancements without risks. Medical application of
X-rays offer a great benefit to patients. The amount of
radiation doses has a significant increase of effectiveness
in radiological protection using justification and
optimization of diagnostic medical exposures. High doses
of X-ray radiation have been caused to increase the risk
for each individual. So, it is necessary that used personal
protective equipment such as lead aprons, thyroid shields,
and lead glasses during X-ray fluoroscopy. Lead is a good
candidate for an X-ray shield due to its high density and
high atomic number, but it is caused many discomforts
because of disadvantages such as high weight and very
toxic to the environment [44-45]. Bismuth nanostructures
are important as a good candidate for radiation protection
techniques with properties such as environmentally
friendly, non-toxic, lead-free, and less weight compared
to conventional lead-based shields [34, 46]. The modified
polydimethylsiloxane nanocomposite with bismuth oxide
was studied by Yeow and coworkers as shielding against
diagnostic X-rays [47]. The polyimide/Bi.Os composite
was evaluated by Cherkashina and coworkers as for
shielding of gamma (y) radiation [48]. Poly (methyl
methacrylate) has many advantages including low cost,
biocompatibility, ease of processing, high resistance to UV
light and weathering, excellent visible light transmission,
unlimited coloring options, stability in the oral
environment, acceptable aesthetics, and good processing
ability. Several studies have been conducted with the goal
of preparation of PMMA nanocomposite by using various
methods for different applications [49]. Hence, one of
the purpose is X-ray shielding of modified PMMA
nanocomposite with Bi-O3 NPs.

Ultraviolet light is non-ionizing radiation in the
electromagnetic spectrum including three regions UV-A
(320-400 nm), UV-B (280-320 nm), and UV-C (180-280
nm). The earth’s atmosphere shields the more harmful UV-
C and the greater than 99% of UV-B radiation. The UV-A
blocking is very important to prevention from the risk of
exposure to direct sunlight [50]. The UV-absorber was
introduced as one of the important applications of bismuth
oxide [51]. Nanomaterial has been interesting for the UV
blocking ability because of its small size and large surface
area to volume ratio. Zinc oxide nanoparticles [52] and
ZnO composite nanofibers [53] were reported in the UV
blocking. Therefore, it is important to investigate the UV
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blocking properties of modified PMMA nanocomposite
with BiO3 NPs as another objective of this study.
The antibacterial activity of nanostructures has been
expanded due to the presence of metal, metal oxides, and
organic materials [54]. Bismuth oxide nanoparticles can be
developed to antibacterial activity against some
pathogenic Gram-negative bacteria [55]. As a result,
antibacterial activity is another goal of this study for
modified PMMA nanocomposite with Bi»Oz NPs. In this
work, bismuth oxide nanoparticles were prepared by
thermal decomposition of bismuth-based MOF for the first
time. The objective of the present study was to develop
the modified PMMA nanocomposite with Bi,O3 NPs
for X-ray shielding, UV blocking, and antibacterial activity.

EXPERIMENTAL SECTION

Materials
All chemicals used were analytical grade. Materials
including  bismuth  nitrate  (Bi(NOs)s), benzene

1,4-dicarboxylic acid (BDC), dimethylformamide (DMF),
sodium hydroxide (NaOH), poly (methyl methacrylate)
(PMMA), and dichloromethane (CH2Cl,) were purchased
from Merck (Darmstadt, Germany).

Methods
Preparation of nanostructures

For the preparation of bismuth-based MOF, 0.145 g
(0.3 mmol) bismuth nitrate was solved in 2.5 mL DMF,
and 0.024 g (0.6 mmol) sodium hydroxide was added
to the resulting solution. Then, 0.249 g (1.5 mmol) BDC
was solved in 2.5 mL DMF, and the resulting solution
was slowly added to the solution including metal centers.
The mixture was sealed and stirred at 100 °C for 3 h [13].
The reaction mixture was cooled to room temperature
and filtered. Then, the crystals were washed several times
with DMF, and dried in the air. The thermal decomposition
of a bismuth-based MOF was used to prepare a-Bi,Os at
550 °C [56] in a furnace and static atmosphere of air
for 5 h [57]. For the preparation of nanocomposite,
different percentages of bismuth oxide nanoparticles were
instigated and a suitable percentage was selected based on
X-ray shielding. PMMA aqueous solution was prepared
by dissolving in dichloromethane, and 70% bismuth
nanoparticle was added to the solution under sonicate
for 1 h. Then, the mixture was cast onto a Teflon plate and
dried at room temperature.
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Characterization

The samples were characterized by Fourier transform
infrared, X-ray powder diffraction, dynamic light scattering,
scanning electron microscope, energy-dispersive X-ray
spectroscopy, X-ray shielding, UV blocking, and antibacterial
activity. Fourier transform infrared spectrum was recorded
on a Unicam Matson 1000 FT-IR spectrophotometer using
a KBr disk at room temperature. Powder X-ray diffraction
pattern was performed for evaluation of the crystalline
structure of bismuth oxide NP using a Philips Company
X’pert diffractometer utilizing Cu-Ka radiation (ASENWARE,
AW-XBN300, China). Dynamic light scattering was reported
size. and size distribution of  bismuth  oxide
nanoparticle (ZEN314, England). A scanning electron
microscope has investigated the morphology and size of
bismuth oxide NP (KYKY, EM3200, China). In this method,
bismuth oxide nanoparticles were first coated by sputtering
with a thin layer of gold and then studied by SEM.
Energy-dispersive X-ray spectroscopy was evaluated
the elemental and chemical analysis of bismuth oxide NP
(ASK SEM-CL View VIS, Oxford Instruments, UK).
X-ray absorption was used for X-ray shielding of nanocomposite
(Giger-mini monitor, USA). Diffuse reflection spectroscopy
was investigated for light absorption and UV blocking
properties of nanocomposite (UV2550, Shimadzu).
The antibacterial activity was evaluated using the disk diffusion
method against Salmonella Gram-negative bacteria, strains
ATCC 1231, procured from Islamic Azad University
for bismuth oxide nanoparticle and nanocomposite. Miller-
Hinton agar was used for antibacterial tests according
to the Merck manufacturer's agenda. The inhibition zone
was detected by the appearance of the agar.

RESULTS AND DISCUSSION
Fourier transform infrared spectroscopy

The FTIR absorption spectrum of the bismuth
nanoparticle was recorded in the range of 400-4000 cm™* (Fig. 1).
The O-H stretching vibrations appear at 3421 cm™.
The peak at 1400 cm™ is related to C-O vibrations due
to organic solvent. The peak at 435~505 cm is originated
from the metal-oxygen (Bi-O) bond. Fourier transform
infrared results confirm the previous report [58].

X-ray diffraction

X-ray diffraction measurement was used to determine
the crystalline structure of bismuth nanoparticle in 20
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range 20 to 60° after decomposition at 550°C (Fig. 2).
The sharp peak was observed at 26 around 28°, and all
diffraction peaks can be indexed the monoclinic a-Bi»O3
(JCPDS card No. 41-1449). Based on the XRD results,
characteristic peaks of nanoparticles were corresponding
with the crystalline structure o-Bi,Os; as the most
thermodynamically stable phase. This result is similar to
the patterns of previously reported papers by other
researchers [59].

Dynamic light scattering

The size and distribution diagram of the bismuth
nanoparticle was determined by dynamic light scattering (Fig.
3). DLS result showed a single-peak with a size of about 70
nm and a narrow distribution at room temperature.

Scanning electron microscope

Morphology and size of bismuth oxide nanoparticles
were characterized by a scanning electron microscope (Fig. 4).
The SEM image demonstrated the nanoparticles
with spherical morphology. The particle size was estimated
to be 60 nm, and confirmed the DLS result.

Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy was used to
evaluate the chemical composition of bismuth oxide
nanoparticles. This analysis was clearly showed the
identification of strong peaks of bismuth (Bi) and oxygen (O)
elements. The EDS analysis of bismuth oxide NP exhibited
absorption bands with peaks at 2.4, 3.2, 10.8, and 11.8 keV,
which illustrated a typical absorption of the metallic
bismuth. The energy-dispersive X-ray spectroscopy result
is similar to a previous report [58].

X-ray shielding

The X-ray shielding was evaluated using radiation
dosimetry by nanocomposite. Bismuth is a good substitute
compared with lead because it has a higher atomic number
(83 instead of 82) and less density (9.78 g/cm? instead of
11.34 g/lcm®) with less toxicity. X-ray intensity was
examined at 40, 50, 60 kV, and 0.1 mAh, and compared
with air, aluminum 2.5 and 3 mm, and lead 0.25 mm (Table 1).

Based on the results, the ability to X-ray absorb of
nanocomposite is similar to 99% aluminum with a
thickness of 3 mm in 40 and 50 kV, and it is similar to 99%
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Fig. 3: DLS bismuth oxide nanoparticle.
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Fig. 5: EDS bismuth oxide nanoparticle.

aluminum with a thickness of 2.5 mm by increasing
to 60 kV. In 60 kV, the absorption percentage of
nanocomposite is 31.9% compared with the lead with a
thickness of 0.25 mm and 81.53% compared with aluminum
with a thickness of 3 mm. The result is based on the previous
report for modified polydimethylsiloxane nanocomposite
with bismuth oxide nanopowder at a tube potential of 60 kV
in comparing to 0.25 mm lead sheet [47]. Therefore, bismuth
oxide nanocomposite is a good candidate as X-ray shielding
for the research development of radiation protection.

Diffuse reflection spectroscopy

The DRS absorption spectra of bismuth oxide
nanoparticle and its nanocomposite showed the ultraviolet
protective properties in three Ultraviolet: UV-A, UV-B,
and UV-C (Fig. 6). UV blocking properties of bismuth
oxide nanocomposite were investigated for the first time.
Based on DRS spectra, the absorption peak observed
in range of 200-400 nm that approved UV blocking property.
the absorption percentages of ultraviolet radiation

Research Article

were observed 90% for bismuth oxide nanoparticle and 70%
for its nanocomposite. Based on the result, UV blocking is
due to the presence of bismuth oxide nanoparticles. The
results confirm the previous report about UV blocking of [60]
and modified Poly-o-phenylenediamine nanocomposite with
TiO, nanoparticles [61]. In nanocomposite, the presence of
PMMA polymer was caused by the reduction of UV blocking
and the increase of visible barrier.

Antibacterial test

The antibacterial activity was measured against
Salmonella as Gram-negative bacteria by disk diffusion
method for nanocomposite and bismuth oxide
nanoparticle with concentration 0.01 g/ml. The zone
inhibition was examined approximately 8.6 mm and
the same for bismuth oxide nanoparticle and nanocomposite.
Based on the result, similar antibacterial activity is due to the
high percentage of bismuth oxide nanoparticles
in nanocomposite. In Gram-negative bacterium, the cell
wall is composed of a thin layer of peptidoglycan
surrounded by a membranous structure called the outer
membrane. The presence of carboxylic groups causes
the negative charge of bacterial cells at biological pH.
The main mechanisms of antibacterial activity are
electrostatic forces and adhesion of the opposite charges
of Gram-negative bacterium and bismuth oxide
nanoparticle. Bismuth oxide nanoparticles can react with
proteins and result in the inactivation of protein
molecules and vital enzymes. The results approved the
previous report about the antibacterial properties of
bismuth oxide aqueous colloidal nanoparticles [62].
Therefore, bismuth oxide nanoparticles and its
nanocomposite are good candidates as antibacterial
agents for research development.
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Table 1: X-ray shielding nanocomposite.

(  mAn kv air Bi,O; Al 2.5mm Al 3mm PbO25mm )
0.1 40 4.68 2.55 2.64 211 0.21
0.1 50 5.96 4.23 412 3.89 1.89
\_ 0.1 60 8.61 6.32 6.47 7.02 2.75 )
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Fig. 6: DRS of (a) bismuth oxide nanoparticle and (b) its nanocomposite.
CONCLUSIONS [3] Khan N.A., Hasan Z., Jhung S.H., Beyond Pristine

The bismuth oxide nanoparticle was synthesized by
thermal decomposition of bismuth-based MOF for the first
time. DLS results emphasized the formation of
nanoparticles with narrow distribution and the particle size
was nanometre. Based on SEM result, nanoparticles were
observed with spherical morphology and size of 60 nm.
In the present study, we successfully modified PMMA
nanocomposite with bismuth oxide NP for X-ray
shielding, UV blocking, and antibacterial activity
applications. These properties can result in many
advantages in the future with less harm and toxicity
to human health and more safety compared to lead
as a protective material.
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