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Abstract

Bismuth oxide synthesis using solution combustion method fuelled by hydrazine and urea has been
conducted. This study aims to examine the effect of the applied fuels, urea and hydrazine, on product
characteristics and photocatalytic activity in degrading rhodamine B dye. Bismuth oxide synthesis was
initiated by dissolving bismuth nitrate pentahydrate (Bi(NOs3)3.5H20) in a nitric acid solvent. Fuel was
added and then stirred. The solution formed was heated at 300 °C for 8 hours. The product obtained
was then calcined at 700 °C for 4 hours. Bismuth oxide synthesized with urea (BO1) and hydrazine
(BO2) as fuels both obtained form of yellow powder. The formation of bismuth oxide is indicated by the
vibrations of the Bi—O—Bi and Bi—O groups and the crystal structure of a-BizOs in both products. Pho-
tocatalytic activity test showed that BO1 has a photocatalyst activity in degrading rhodamine B higher
than that of BO2 with constant values of 3.83%X10-5 s-1 and 3.43%X10-5 s-1, respectively. The high photo-
catalytic activity can be examined through several factors, such as: band gap values, crystal structure,
morphology, and surface area, acquired as a result of the use of different fuels in the synthesis process.
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1. Introduction of UV-A rays. Bismuth oxide has six
polymorphs, that are a-Bi2Os, B-Bi20Os, y-Bi2Os,
8-Bi203, £-BisOs and w-BizO3 which are different
in crystal structure and thermal stability [1].
Bismuth oxide has a variety of desirable charac-
teristics including high band gap values (2.3-3.3
* Corresponding Author. eV) [2], high index of refraction (ndBi203 = 1.9-

E-mail: yayuk.astuti@live.undip.ac.id (Y. Astuti); 2.5) [3,4], good photocunductivity and photolu-
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Bismuth oxide semiconductor has received
increasing attention as a photocatalyst in de-
grading organic pollutants under the influence
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minescence properties [5]. Bismuth oxide has
wide forms of use, such as: in solid oxide fuel
cells [6,7], gas sensors [8], high temperature su-
perconducting materials [9], functional ceram-
ics [10], and photocatalyst [11-13]. With rapidly
increasing research on bismuth oxide, more
methods of Bi2Os synthesis have now been dis-
covered. These methods include deposition [11],
sol-gel [14], hydrothermal [15], solution com-
bustion [16-18], magnetron sputtering deposi-
tion [19], and low-temperature electro-
deposition [20]. In this study, solution combus-
tion method (SC) was used in consideration of
its time and energy savings and simple produc-
tion of the desired material. The exothermicity
of the chemical reactions in SC synthesis is
used to form oxides from the precursor mixture.
After the reaction mixture is heated, the heat
produced during the reaction is used by the
mixture to form the desired product [21].

Various parameters must be considered in
the process of synthesis using SC method. The
fuel/oxidant ratio, type of fuel, and temperature
characteristics are some of the most important.
The selection of suitable fuel is a critical pa-
rameter because it influences the modification
of mechanisms and kinetics of combustion and
provides the possibility to control product char-
acteristics. Each fuel acts differently and thus
its effects on the nature of the final product
must be analysed [22].

Study of effects on product in regards to spe-
cific fuel used in the synthesis of a metal oxide
through solution combustion method have pre-
viously been carried out such as in the synthe-
sis of TiO2 [23] and NiO [24]. Rasouli et al. [23]
reported that the synthesis of nanocrystalline
TiO2 achieved the largest crystalline size with
citric acid as fuel followed by urea and glycine.
The results of analysis of specific surface area
with SAA for TiO2 sample obtained from the
use of glycine have the largest surface area, fol-
lowed by urea and citric acid. Furthermore,
Raveendra et al. [24] reported that from the re-
sults of SEM analysis, the morphology of NiO
synthesized with urea was spherical and uni-
formly distributed, whereas the morphology of
NiO synthesized with glycine was more porous.
The crystal size and surface area of the synthe-
sized products are also influenced by fuel varia-
tions.

Researches on synthesis of TiO2 and NiO by
solution combustion method using urea and
glycine as fuels were conducted; however, syn-
thesis of bismuth oxide using the solution com-
bustion method with fuel urea and hydrazine
has never been undertaken previously. Astuti

et al. [17] and La et al. [18] have synthesized it
but the fuel used was different, that was only
citric acid. Therefore, it is important to study
the effect of fuels, especially hydrazine and
urea on the characteristics of the obtained
products; these characteristics are important to
determine the potential application of bismuth
oxide primarily as photocatalysts. This
research aims to investigate the influence of
fuels especially hydrazine and urea on bismuth
oxide characteristics and photocatalytic
activity in degrading rhodamine B dye. The
choice of fuel variations is based on the differ-
ences in the chemical structure and strength of
electron donor groups that are related to the
reactivity of each fuel and the effects on the fi-
nal results of the synthesis material. Hydra-
zine and urea both have two —NH2 groups that
act as electron donors to the nitrate group of
bismuth nitrate pentahydrate. The reactivity of
the fuel in relation to the bismuth nitrate pen-
tahydrate affects the energy released in the
exothermic reaction of the combustion solution.
The difference in the reactivity of the two fuels
will affect the characteristics of the final
products. This investigation is expected to give
recommendation on the use of proper fuel in
synthesis of bismuth oxide using solution
combustion method so that obtained product
(bismuth oxide) has high photocatalytic
activity and also to give science contribution.

2. Materials and Methods
2.1 Materials

The materials used in this study include
bismuth nitrate pentahydrate, rhodamine B
(purchased from Sigma Aldrich), nitric acid,
urea, hydrazine (bought from Merck) and dis-
tilled water. All the chemicals were of analyti-
cal grade.

2.2 Bismuth Oxide Synthesis

As much as 1.21 gram of bismuth nitrate
pentahydrate was dissolved in 10 mL 0.04 M
nitric acid. Then 0.060 gram of urea was added
into the mixture as fuel. The mixture solution
was then stirred at a speed of 667 rpm for 5
minutes using a magnetic strirer (Cimarec
SP131320-33Q). The solution was then heated
for 8 hours at 300 °C on a hot plate (Cimarec
SP131320-33Q). Then the product formed was
calcined for 4 hours wusing a furnace
(Eurotherm 2116) at a temperature of 700 °C.
The synthesis of bismuth oxide with hydrazine
as fuel underwent the same procedure however
bismuth nitrate pentahydrate and hydrazine

Copyright © 2020, BCREC, ISSN 1978-2993
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used were 3.63 gram and 0.064 gram,
respectively. Results after calcination were
then denoted by BO1 and BO2 for the use of

urea and hydrazine as fuels, respectively.

2.3 Product Characterization

Characterisations were conducted through
FTIR, XRD, SEM, SAA, and DR-UV. The in-
strument utilized to record FTIR spectra was
FTIR Prestige 21 (Shimadzu) with wave-
number of 400-4000 cm-l. The diffractograms
were recorded using the XRD instrument
(Shimadzu 7000) with Cu-Ka as the radiation
source, 30 kV voltage, 30 mA electricity, X-ray
radiation wave of 1.54178 A, and 20 ranging
from 10° to 90°. In order to identify the crystal
structure of products, the diffractograms were
compared with joint committee on powder dif-
fraction standard (JCPDS) database. Further-
more, SEM images and surface area were ob-
tained using JEOL-JSM-6510LV microscope
and Quantachrome v.11.0, respectively. Mean-
while, band gap energy was determined using
the DR-UV instrument (UV 1700 Pharmaspec).

2.4 Photocatalytic Activity on Rhodamin B
Degradation

Photocatalytic activity test of both BO1 and
BO2 products was undertaken in a
photocatalytic reactor with and without
radiation light. To test photocatalytic activity
under UV A, 0.1 g of product was added to 50
mL 5 ppm Rhodamine B. The mixture was
stirred at a speed of 667 rpm with varying irra-
diation time of 1, 2, 3 and 4 hours. Meanwhile,
a photocatalytic activity test without light was
carried out using the same procedure but only
for 2 hours. The photocatalysis solution was
then centrifuged to separate the Rhodamin B
solution from the bismuth oxide photocatalyst.
The resulting supernatant was then analyzed
using a UV-Vis spectrophotomater at optimum

(a) ()

Figure 1. Results after heating for 8 hours
with fuel variations (a) urea; and (b) hydra-
zine.

wavelength (Amax). The optimum wavelength
was determined by analyzing 5 ppm of Rh B
dye solution without treatment using a UV-Vis
spectrophotomater in the wavelength range of
400-800 cm! and the resulting value Amax was
553 nm. The concentration of dyes from
photocatalysis was determined by entering the
absorbance value into a linier equation of
standard curve.

In addition, degradation percentage of dye
after the photocatalytic process with time vari-
ations according to Patel et al. [25] can be cal-
culated using the following equation:
degradation percentage = [C"gc’jx 100% (1)

0
with Co = initial concentration of RhB (ppm),

dan C; = final concentration of RhB (ppm) at ¢
time.

3. Results and Discussion

3.1 Bismuth oxide synthesis and structure
characterisation

In this study, bismuth oxide (BizOs) was
synthesized using SC method with two differ-
ent fuels. The SC method itself is a synthesis
method that involves an exothermic reaction
between oxidant and fuel where large amounts
of heat energy and gas products, such as COq,
Ng, and H20, will be released. Oxidant general-
ly consists of metal nitrate which acts as a
source of metal and oxidizing agents, while a
fuel is an organic substance which acts as a re-
ducing agent [26]. In this study, bismuth ni-
trate pentahydrate (Bi(NOs3)s.5H20) acts as oxi-
dant, while urea (CO(NH2)2) and hydrazine
(N2Hy) act as fuels.

The synthesis of bismuth oxide was initiat-
ed with the dilution of bismuth nitrate pen-
tahydrate (Bi(NOs)s.5H20) in a nitric acid sol-
vent. After that, fuel was added then stirred
with a speed of 350 rpm to dissolve into the
mixture. The solution formed was then heated
at 300 °C for 8 hours. Heating aims to start an
exothermic reaction that would occur when the
combustion temperature had been reached.
The exothermic reaction would produce high
energy making it possible to produce the de-
sired product [27].

The synthesized product of bismuth oxide
after 8 hours of heating can be seen in Figure
1. In the synthesized product with urea (Figure
la) shows white with a little yellowish brown
color, while the synthesized product using hy-
drazine (Figure 1b) is white with slight pale

Copyright © 2020, BCREC, ISSN 1978-2993
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yellow coloring. The resulting powder was then
calcined for 4 hours at a temperature of 700 °C.

The bismuth oxide products obtained from
both fuels (Figure 2), urea and hydrazine,
indicate that bismuth oxide samples formed are
in accordance with the claim from Eastaugh et
al. [28] that bismuth oxide exists as a yellow

Figure 2. Powder produced from bismuth

oxide synthesis with fuel variations (a) urea
(BO1); and (b) hydrazine (BO2).

. /"~
E MW*\/A’/
3
-} S SR A
Z eV el
: v
&
X
T — e ——— i Ty
\ / \
\, /
-pure bismuth oxide \J
bismuth oxide fuel hydrazine after calcination
——bismuth oxide fuel urea after calcination
~——bismuth oxide fuel hydrazine before calcination Bi-O N-H BiOBi
~—bismuth oxide fuel urea before calcination
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm)

Figure 3. FTIR spectra of pure and synthe-
sized bismuth oxides with fuel variations of
urea and hydrazine before and after calcina-
tion.
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Figure 5. SEM Images of a) BO1; b) BO2.
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powder. Bismuth oxide with an energy band
gap of 2.3-3.0 eV appears yellow because it
absorbs blue and violet lights. The lights blue
and violet absorbed will then be emitted as
yellow color [29].

FTIR spectra of both products before and
after calcination are presented in Figure 3.
FTIR spectra before calcination for Bi2Os
fuelled by urea and hydrazine formed succes-
sive peaks at wavenumbers 813 and 811 cm-!
which indicate the existence of a Bi—O-Bi
group [30] and peaks at wavenumber 1300 cm-!
which implies Bi—O group. Furthermore, syn-
thesized BizOs with urea and hydrazine fuels
formed peaks at wavenumbers 1035 and
1034 c¢cm'! which are N-H bending vibrations
[31]. Meanwhile, after calcination, FTIR spec-
tra for Bi203 with urea (BO1) and hydrazine
(BO2) generated peaks at wavenumbers 841
and 847 cm! which indicate the existence of a
Bi—O-Bi group [30] and peaks at wavenumbers
1397 and 1377 cm-! which specify the Bi-O

—— Bismuth oxide fuel urea
—— Bismuth oxide fuel hydrazine
—— Alpha bismuth oxide

N ¢-Bi,0;

Intensity (a.u)
|
[

Wm- T TR . A

L . I L1 L
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Figure 4. XRD Diffractograms of synthesized
bismuth oxide.
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group [32]. The vibration mode of the two prod-
ucts is the same as the vibration mode of pure
bismuth oxide.

The crystalline structure of both BO1 and
BO2 products (see Figure 4) possessed the crys-
tal structure of a-Bi2Os (monoclinic) which is
indicated by 26 values of 27.348, 33.213, 46.303
for BO1, and 27.331, 33.043, 46.269 for BO2.
These peaks correspond to the a-Bi2Os crystal
structure based on the JCPDS database num-
ber 41-1449. In calcination at 700 °C, some bis-
muth oxide polymorphs, such as: «-Bi2Os, B-
Bi203 and y-Bi203, can be formed, but alpha bis-
muth oxide is the most stable compared to oth-
er polymorphs, especially when the product is
at room temperature [33,34]. This therefore
caused the phase a-BizO3 to be the phase
mostly obtained from the synthesis of bismuth
oxide.

The SEM images of the two products after
calcination are shown in Figure 5. The mor-
phology of BO1 (Figure 5a) with 5000x magnifi-
cation resembles the shape of corals. Mean-
while, the morphology of the BO2 product
(Figure 5b) with a 1000x magnification resem-
bles the shape of boulders. Based on Table 1,
BO1 products have an average diameter of par-
ticles smaller than BO2 products.

Figure 6 shows the band gap energies of
BO1 and BO2, which are 2.73 eV and 2.74 eV,

(a)

y =22.169x - 60.632
R* =0.9979

Eg=2,73

[F(R)hv]A(1/2)

()
()
()
()
-

2
o
9
o

3 3.2 34 3.6 38
Eg (eV)

Figure 6. DR-UV Spectra of a) BO1 and b) BO2.

Table 1. The average diameter of BO1l and
BO2 products.

(F(R)hv)!2

Average diameter of particles

respectively. The results of the study from
Iyyapushpam et al. [35] claim that a-Bi2Os has
a band gap of 2.73 eV. The band gap value is
the same as the band gap value for BO1
(Figure 6a) and show little difference from the
band gap value for BO2 (Figure 6b). The XRD
patterns of BO1 and BO2 also support these
results, wherein the resulting bismuth oxide
samples have a-Bi2Os crystal structure.

Analysis of surface area using the BET
method was used to determine the specific
surface area of the urea and hydrazine fueled
bismuth oxide samples. Extensive data on the
surface of both products are presented in Table
2. Table 2 shows that BO1 surface area is
greater than that of BO2. The result is in ac-
cordance with the result of SEM analysis
which shows that BO1 has a smaller average
diameter of particles than BO2.

3.2 Photocatalytic Activity of Bismuth Oxide
with Rhodamine B

Bismuth oxide synthesized by the SC
method was tested for its photocatalytic
activity to degrade RhB dye under exposure of
ultraviolet (UV) A light (315-400 nm) in the
range of 1 to 4 hours with 1 hour intervals.
Absorbance of RhB solution from
photocatalysis was measured using UV-Vis
spectrophotometry.

(b)

y =34.609x - 94917
R?*=10.9994

Eg=274eV

(5]

3 3.2 34 3.6 38 4

Eg (hv)

Table 2. The SAA analysis results of BO1 and
BO2 products.

Product Surface Area

Product (itm)
BO1 0.14-10.00
BO2 0.50-37.50

(m?>S.g1)
BO1 13.180
BO2 9.383

Copyright © 2020, BCREC, ISSN 1978-2993
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The effect of photocatalytic time on the deg-
radation percentage of RhB concentration by
BO1 and BO2 can be seen in Figure 7. Photo-
catalytic results showed that at 1, 2, 3 and 4
hours BO1 caused greater degradation of RhB
compared to BO2. In addition, as a comparison,
2 hours irradiation of RhB without BO1 and
BO2 caused no RhB degradation. Meanwhile,
the results of the kinetic study shows that the
photocatalytic activity of the two products in
degrading RhB follows the first order reaction
kinetics based on the correlation coefficient (R2)
(see Figure 8) which i1s in agreement with
Wang et al. [36] mentioned that degradation of
dye molecules by photocatalyst follows first or-
der kinetics, with degradation rate constants of
3.83%x107% st and 3.43%x1075 st for BO1 and BO2
respectively. Therefore, it can be established
that BO1 has higher photocatalytic activity
than BO2.

The high photocatalytic activity of BO1
product is influenced by several factors such as
band gap, crystal structure, surface area and
morphology. The DR-UV analysis results ob-
tained (Figure 6) show that the band gap val-
ues of the two samples do not show significant
difference, which is around 2.7 eV eventhough
BO1 shows a little lower band gap energy than
BO2. Thus in this case, the comparison of pho-
tocatalytic activity for the two products cannot
be reviewed by only looking at the band gap
value. The photocatalytic activity of bismuth
oxide can be seen further by observing the sur-
face area and particle size. Based on the results
of the SAA analysis with the BET method
shown in Table 2, BO1 products have a larger
surface area compared to BO2 products. Large
surface area of a material can offer a greater
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Figure 7. Photocatalytic time effect on the
percentage of Rhodamine B concentration
degraded by Bi2O3 synthesized by urea (BO1)
and hydrazine (BO2).

contact area between photocatalysts and pollu-
tants, in this case RhB dye, which is useful for
increasing photocatalytic activity on the sur-
face of Bi2O [37,38].

According to Sood et al. [39] the mechanism
of photocatalytic degradation by Bi2Os can be
understood in the following reaction sequence:
when light illuminates the surface of a Bi2Os
semiconductor, an electron (e”) will be excited
from the valence band to the conduction band
(CB), creating a hole (h*) in the valence band
(VB). A hole in the valence band will react with
hydroxyl (OH-) anion to form hydroxyl radical
(HO*). The electrons from the conduction band
react with Oz from the atmosphere to form a
superoxide radical anion (O2¢-) which then
forms HO:2+ when it reacts with H*. Then,
HOgz* accepts an electrons to produce HO2-
which further produces H:20: oxidant when
reacted with H*. The peroxide can decompose
into *OH and OH- which be able to oxidize
rhodamine b colors to simpler molecules such
as COg, H20, and others [39].

4. Conclusion

Bismuth oxide synthesis with solution
combustion method with the use of urea and
hydrazine as fuels shows that characteristics
such as band gap and crystal structure are not
very much affected by type of fuel used
whereas the morphology (crystal size and
surface area) is strongly influenced. Effects on
morphology result in the difference of products
photocatalytic activities in degrading colored
substance where the synthesized product with
urea (BO1) revealed a higher photocatalytic
activity in the degradation of rhodamine B
than the synthesized product with hydrazine
(BO2).
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Figure 8. Rhodamin B degradation by BO1
and BO2 follows the first order kinetics.
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