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Abstract: Research on synthesis of bismuth oxide (Bi;Os) using sol-gel method with
varying calcination temperatures at 500, 600, and 700 °C has been done. This study aims
to determine the effect of calcination temperature on the characteristics of the obtained
products which encompasses crystal structure, surface morphology, band-gap energy, and
photocatalytic activity for the decolorization of methyl orange dyes through its kinetic
study. Bismuth oxide prepared by sol-gel method was undertaken by dissolving
Bi(NO;)s-5H,0 and citric acid in HNOs. The mixture was stirred then heated at 100 °C.
The gel formed was dried in the oven and then calcined at 500, 600, and 700 °C for 5 h.
The obtained products were a pale yellow powder, indicating the formation of bismuth
oxide. This is confirmed by the existence of Bi-O and Bi-O-Bi functional groups through
FTIR analysis. All three products possess the same mixed crystal structures of a-Bi>Os
(monoclinic) and y-Bi,Os (body center cubic), but their morphologies and band gap
values are different. The higher the calcination temperature, the larger the particle size
and the smaller the band gap value. The accumulative differences in characteristics
appoint SG700 to have the highest photocatalytic activity compared to SG600 and SG500
as indicated by its percent degradation value and decolorization rate constant.

Keywords: bismuth oxide; sol-gel; calcination temperature; photocatalytic activity;
photocatalyst

m INTRODUCTION

Bismuth oxide (Bi,Os) is a semiconductor metal in
the form of a yellow solid that has a melting point of
around 825 °C [1]. Bismuth oxide has potential as a solid
oxide fuel cell [2] and photocatalyst [3-5] since it has a
wide band gap energy of 2-3.96 eV [6]. In general, bismuth
oxide has six types polymorphs comprising of a-Bi;Os
(monoclinic), f-Bi,Os (tetragonal), y-Bi,O; (body-centered
cubic), &-Bi,O; (orthorhombic), 8-Bi,Os (face-centered
cubic), and w-Bi,O;s (triclinic). The formation of a-Bi,O; is
stable at low temperatures whereas 8-Bi;Os is stable at high
temperatures; others have metastable crystal structures [7].

Bismuth oxide (Bi,Os) can be synthesized by several
methods, including precipitation [8] or deposition [9],
solution combustion [10-12], hydrothermal [13], and sol-
gel methods [1]. In this study the sol-gel (SG) method was

applied with variations in calcination temperatures of
500, 600, and 700 °C. Among these methods, the sol-gel
method has several advantages, including high purity,
high degree of homogeneity because the reagents are
mixed at the molecular level, synthesis at low
temperatures because certain materials can be carried
out at room temperature [14], no reaction with residual
compounds and loss of material because evaporation
can be reduced [15]. The sol-gel method is one of the
“wet methods”, where changes occur from liquid
precursors to sols and finally to a network of structure
called 'gel' that will form a solid during calcination [16].
Calcination temperature has a significant effect on the
crystallinity, structure and surface properties of the
synthesized product because at the sol-gel method stage,
heating plays an important role in the formation of
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solids in which heat applied to some substances lead to
chemical reactions or chemical changes which further
lead to formation of one or more substances with different
properties [17-18].

Xiaohong et al. [19] has synthesized bismuth oxide
in the form of films using different variations of annealing
temperature composed of monoclinic and tetragonal
showed that the
photocatalytic activity of bismuth oxide on Rhodamine B

crystalline phases. The result
dye degradation was the highest at 550 °C since it contained
high tetragonal crystalline phase. Mallahi et al. [1] have
synthesized bismuth oxide in the form of nanoparticles
through the sol-gel method with calcination temperature
variations of 200, 500, 800 °C and studied changes in the
surface morphology of the synthesized surface. At these
temperature variations, the crystals have an irregular
pseudospheric surface shape and when the calcination
temperature was raised to 800 °C, the particles acquired a
lumpy shape. Exploration of the potential of bismuth
oxide as a photocatalyst was not carried out in this study.
In contrast to previous studies, this study was conducted to
synthesize bismuth oxide through the sol-gel (SG) method
with calcination temperature variations of 500, 600, and
700 °C and a 1:2 ratio of bismuth nitrate pentahydrate to
citric acid. Citric acid is a weak triprotic acid with three
carboxylic acid functional groups, capable of forming
various complexes with metal ions. It is an effective
chelating agent. When aqueous metal salts (e.g. nitrates) are
added with citric acid and then heated, a viscous solution or
gelis formed [16]. This study also determined the product’s
physico-chemical characteristics such as the crystal
structure, morphology, band gap values, and investigated
their photocatalytic properties in degrading organic dyes.
The findings of this research are expected to contribute to
the science of the effect of calcination temperature within
the sol-gel method on the physicochemical characteristics
and performance of bismuth oxide as a photocatalyst in
the degradation of organic dyes.

m EXPERIMENTAL SECTION
Materials

The materials used in this study were
Bi(NOs)s-5H,0 from Sigma-Aldrich (white color powder

and soluble in dilute nitric acid solution), nitric acid
(HNO:s) 65% from Merck (clear colorless liquid, strong
acid), citric acid monohydrate from Merck (weak acid,
colorless and odorless crystals with an acid taste),
Polyethylene Glycol (PEG) 6000 from Merck (white
color powder and odorless crystals), methyl orange
(MO) from Merck (orange-yellow powder or crystalline
scales), distilled water (purified water, applied as solvent,
colorless and odorless liquid).

Procedure

Bismuth oxide synthesis

The synthesis of Bismuth oxide through the sol-gel
method followed the method recommended by Mallahi
etal. [1] with a slight modification. Synthesis of bismuth
oxide by the sol-gel method was proceeded by preparing
4 g of Bi(NO:s)s-5H,O which was dissolved in a 50 mL nitric
acid solution and mixed with citric acid solution with a
molar ratio of 1:2. Subsequently, 1 g of PEG 6000 was
added and the solution was heated to 90 °C for 20 h whilst
being stirred at a moderate speed of 667 rpm. The solution
was allowed to stand in an aging process (ripening) for
12 h to form a gel. The formed gel was then dried in an
oven at 100 °C for 12 h. The calcination process was later
carried out for 5 h with variations in temperature at 500,
600, and 700 °C (SG500, SG600, and SG700).

Characterization of synthesized bismuth oxide

Product characterizations were carried out using
FTIR, XRD, SEM, and DRS-UV. Characterization using
infrared spectroscopy was carried out using an ALPHA
type FTIR BRUKER spectrometer with wavenumber in
the range of 400-4000 cm™' to determine the functional
groups contained in the synthesized product.
Meanwhile, characterization using XRD (XRD Bruker)
was carried out by firing the sample with X-rays of a
CuKa source that has a wavelength of 1.54178 A and a
voltage of 30.0 kV. The XRD patterns were collected at
the diffraction angle range of 20 = 10-80° with an angle
step of 0.02°. The XRD patterns were then compared
with the Joint Commission on Powder Diffraction
Standards (JCPDS) data.

Morphological characterization of the samples was
carried out using SEM (JEOL-JSM-6510LV) with an
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energy range of 0-20 keV, a voltage of 20.0 kV, and a
calculating speed of 2729 cps. The UV-Vis spectra was
collected using the UV 1700 Pharmaspec DRS-UV
instrument with wavelength of 200-800 nm to obtain the
R values. The R values were then processed by using the
Kubelka Munk method to determine the band gap value.

Photocatalytic activity test

A total 0of 0.1 g of bismuth oxide sample (SG500) was
put into 50 mL of 5 ppm methyl orange solution and the
solution was stirred at a medium speed of 667 rpm. The
stirring process was carried out for 2 h for photocatalyst
test without light, while photocatalyst test with light was
carried out using UV-A (352 nm) with 15 watts of power
and time variations of 60, 90, 120, 150, and 180 min. After
photocatalysis, the solution was filtered and the filtrate
was then analyzed using UV-Vis spectroscopy at a
wavelength of 463 nm. This procedure was applied to
products SG600 and SG700. A schematic of the
photocatalysis reactor is shown in Fig. 1.

m RESULTS AND DISCUSSION
Bismuth Oxide Synthesis

The synthesis of bismuth oxide involved the use of
sol-gel method with bismuth nitrate pentahydrate
(Bi(NOs)3:5H,O) as a precursor, citric acid as a
complexing agent and HNOs as a solvent. In addition,
polyethylene glycol (PEG 6000) was also added as a
dispersing agent that prevents agglomeration or clumping
of products [20]. The sol-gel reaction initially occurred
with the formation of a citrate-metal complex that reacted
to form chelates with the addition polyethylene glycol

S

(a) (b}
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assisted by stirring and heating at a temperature of
around 90 °C. This would enable cross-linking to occur
and form a gel through an esterification process [21].
The formed gel was dried in an oven at 100 °C for 12 h
to remove remaining solvent in the synthesized product.
The obtained result was a swollen yellowish brown
xerogel. The xerogel was then calcined in a furnace to
obtain yellow powder with different masses of 1.635,
1.683, and 1.587 g for SG500, SG600 and SG700,
respectively (see Fig. 2). The weight difference among
the products is insignificant even though the
degradation of elements derived from PEG 6000, citric
acid and nitric acid indeed occurred due to the high
calcination temperature. This can be identified by the
absence of functional groups of those compounds
observed in FTIR spectra as presented in Fig. 3.
Moreover, the yellow color possessed by the three
samples signified that bismuth oxide had formed [22].
The three products (SG500, SG600, SG700) were
further analyzed using FTIR to identify the presence of
vibration group of Bi-O or Bi-O-Bi functional groups.

. Electricity plug in

L UW-A lamp

. Beaker glazs

. Methyl orange solution

. Magnetic bar

. Bizmuth oxide powder

. Hotplate magnetic stirrer

W3 —h (D CL () BT @

g

Fig 1. Scheme of a photocatalysis reactor used in the
photocatalysis process

ic)

Fig 2. Powders of synthesized bismuth oxide: (a) SG500; (b) SG600; (c) SG700
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Fig 3. FTIR spectra of bismuth oxide: (a) pure [12]; (b) oven, (c) SG500; (d) SG600; (e) SG700

Fig. 3(c), (d), and (e) show the respective bismuth oxide
FTIR spectra of SG500, SG600 and SG700. FTIR spectra
show absorbances at around 848, 850, and 834 cm™
indicating the symmetrical stretching of Bi-O-Bi bonds
[23-25]. In addition, the wavenumber 1394 cm™ points to
the stretching vibration of the Bi-O bond [25]. These
spectra indicate that bismuth oxide has formed. These
results are also confirmed by the pure bismuth FTIR
spectrum in Fig. 3(a) showing similar absorption patterns
at wavenumbers around 840 and 1384 cm™ [12].

In addition, the content of the Bi—-O-Bi functional
groups in each product can be predicted through a
comparison approach between the peak absorbance of
840 cm™' attributed to vibration mode of Bi-O-Bi and
2100 cm™ as control (constant wavenumber). Peak at
2100 cm™" was applied as control since it was observed at
every sample. Table 1 shows that bismuth oxide SG700 has
the highest absorbance ratio value for the Bi-O-Bi group.

The high ratio of Bi—~O-Bi on the SG700 is due to the high
calcination temperature applied followed by SG600 and
SG500. Calcination temperature influences the formation
of Bi,Os. As shown in Fig. 4, the SG500 shows rough X-
ray diffraction patterns indicating an imperfect crystal
growth and as the temperature rises, the X-ray diffraction
pattern becomes smoother as seen in the SG600 and
SG700. Therefore, increasing the calcination temperature
improved the crystallinity of the product.This also
occurred in the synthesis of bismuth oxides doped with
Europium [26] and Co;04 [27].

Characteristics of Synthesized Bismuth Oxides

Crystal structure

The crystal structure of the synthesized bismuth
oxide was identified using XRD. The XRD patterns were
obtained and identified by comparing some of the
highest peaks of the samples with peaks from the JCPDS

Table 1. Comparison of Bi-O-Bi bond and control absorbance ratios of the three products

Bi-O-Bi Group (840 cm™)

Control Group (2100 cm™)

Bi-O-Bi/Control Ratio

Pure 0.0828
SG500 0.0535
SG600 0.0314
SG700 0.0653

0.0611 1.3554
0.1064 0.5032
0.0439 0.7162
0.0850 0.7684
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Fig 4. The XRD patterns of (a) SG500, (b) SG600, and (c) SG700 along with JCPDS database No. 41-1449 and 45-1344

Fig 5. SEM images of bismuth oxide with 5000x magnification (a) SG500; (b) SG600; (c) SG700

database under the numbers 41-1449 for a-Bi,Os and 45-  Morphology

1344 for y-Bi,Os. Fig. 4 shows that bismuth oxide SG500 Fig. 5(a) shows the crystal morphology of the
has a-Bi,O; (monoclinic) crystal structure while SG600  SG500 bismuth oxide which has an irregular shape with
and SG700 have the same mixed crystal structure of a-  a size of about 0.49-2.92 um. Fig. 5(b) shows irregular
Bi,Os (monoclinic) and y-Bi,Os (body-centered cubic). shape with whiskers-like form on the surface of the
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bismuth oxide SG600 crystal with uneven distribution of
sizes, which are around 1.54-4.61 pm. Fig. 5(c) shows the
morphology of the SG700 bismuth oxide crystal surface
which resembles a coral reef with an irregular shape and
larger particle surface of about 0.71-6.30 pm in which the
surface of the particle is smoother than bismuth oxide
SG600.

Band-gap energy value

Fig. 6 shows that the bismuth oxides of SG500,
SG600 and SG700 have band gap energy values of 2.85,
2.80, and 2.77 eV, respectively. Based on the band-gap
energy value, it can be explained that a higher calcination
temperature would result in the decrease of the band-gap
energy. According to Cheng et al. [28], a-Bi,O; has a
band-gap energy value of 2.81 eV. This is consistent with
the XRD patterns in Fig. 4 that depict the presence of a
mixture of a-Bi;Os; and y-Bi,Os crystals. However, the
DRS-UV analysis results show that the a-Bi,Os content
was more dominant than y-Bi,Os. All products contain
a-Bi,O; since this polymorph is the most stable at room
temperature. The band gap difference among the products

Reflectance (%)

113

is due to the presence of other polymorphs. As reported
by Hou et al. [29], the combined polymorph affects the
band gap. The small band gap in the SG600 is possibly
due to more y-Bi,Os content than other products which
can be seen in the XRD patterns in Fig. 4(b) at the peak
20 30.124. While, a-Bi,O; in the SG500 is dominant
since the calcination temperature is temperature at
which a-Bi,Os is formed.

Photocatalytic Test

The photocatalytic activity of the bismuth oxide
SG500, SG600 and SG700 is shown in Fig. 7. Fig. 7(a)
shows the UV-Vis spectra of methyl orange that has
been decolorized by the three products over a 180
minute time span; whereas Fig. 7(b) shows the
percentage of decolorization of MO dyes by bismuth
oxides SG500, SG600, and SG700. In Fig. 7(a) and 7(b),
SG700 displays better photocatalytic activity compared
to the other two products because it is able to reduce the
highest concentration of methyl orange. This is because
bismuth oxide SG700 has a higher Bismuth oxide
content (see Fig. 3) and has the lowest band gap energy
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Fig 6. DR Spectra of (a) SG500, (b) SG600, (c) SG700
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Fig 7. (a) UV-Vis Spectra of MO photocatalyzed for 180 min; (b) Decolorization percentages of MO dye
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Fig 8. The first-order kinetic decolorization rate of methyl orange

value compared to the others as shown in Fig. 6. The
smaller the band gap energy value of a compound or
element, the easier the electrons are able to be excited
resulting in a more impactful photocatalyst effect. In
addition to band gap energy, bismuth oxide SG700
contains a mixture of a-Bi,O; and y-Bi,O; polymorphs
(see Fig. 4). It has been mentioned previously that the
combination of the two crystalline phase structures could
increase the photocatalytic activity of bismuth oxide in
the degradation of dyes [29].

To identify bismuth
photocatalyst when the light is off, a photocatalytic test
was also performed without the exposure of light for 2 h.
The test was also intended to discern the amount of
methyl orange adsorbed by bismuth oxide. The

oxide 1is inactive as

percentage of methyl orange decolorization after 2 h
without light in the presence of bismuth oxides SG500,
SG600 and SG700 were 1.229, 0.983, and 0.368%,
respectively. These results indicate that MO dyes are not
easily decolorized in a state without irradiation of light.
The difference in adsorption activity for each sample is
due to the morphological difference especially particle
size as depicted by SEM images in Fig. 5. The SG500 has
the highest adsorption activity since having the smallest
particle size range followed by SG600 and SG 700. The
smaller the particle size the higher the surface area
consequently the higher the adsorption activity.

The photocatalytic activity of synthesized bismuth
oxide on MO dyes

can be determined using

decolorization rate calculations through chemical
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kinetics studies. Generally, the decolorization activity of
dyes follows the kinetics of first-order reactions [8,12,30-
32] expressed by the formula:

InCt=InCo -kt

with k = the reaction rate constant in the first order (s),
Co =
(ppm), and C, = concentration of methyl orange solution

initial concentration of methyl orange solution

(ppm) at time t. This approach is substantiated by
comparing the value of the correlation coefficient (R?)
between the methyl orange decolorization rate graphs and
applying the integral equation of first and second order
decolorization rates.

The values of the decolorization rates of methyl
orange by bismuth oxides SG500, SG600, and SG700 (see
Fig. 8) are 1.43 x 107 s752.11 x 10° s and 5.69 x 10° s/,
respectively. Based on the value of the decolorization rate
constant, bismuth oxide SG700 has the highest reaction
rate constant.

m CONCLUSION

The variation of calcination temperature in bismuth
oxide synthesis affects the characteristics of the product
obtained. In this study, the effects of calcination
temperatures of 500, 600 and 700 °C on bismuth oxide
synthesis were investigated. Bismuth oxide calcined at
700 °C contained the highest Bi-O-Bi functional groups
and a mixture of a-Bi,O; (monoclinic) and y-Bi,O; (body-
centered cubic) with a low band gap energy value. This
characteristics led to bismuth oxide SG700 to have the
highest photocatalytic activity even though the particle
size is greater than others.
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