
* Corresponding author.

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2021.27695

236 (2021) 338–347
October

Glycine-fueled solution combustion synthesis: photocatalytic activity 
of bismuth oxide on the degradation of organic dye molecules in relation 
to differences in fuel-oxidant ratio

Yayuk Astutia,*, Fikrian Kasaljia, Didik Setiyo Widodoa, Hendri Widiyandarib

aChemistry Department, Faculty of Science and Mathematics, Diponegoro University, 50275 Semarang, (Central Java), Indonesia, 
emails: yayuk.astuti@live.undip.ac.id (Y. Astuti), fikrian.kasalji96@gmail.com (F. Kasalji), widodo.ds@live.undip.ac.id (D.S. Widodo) 
bPhysics Department, Faculty of Mathematics and Natural Sciences, Sebelas Maret University, 57126, Surakarta, (Central Java), 
Indonesia, email: hendriwidiyandari@staff.uns.ac.id

Received 24 February 2021; Accepted 4 August 2021

a b s t r a c t
Bismuth oxide is a semiconductor metal oxide that can be synthesized by the solution combustion 
method. The purpose of this research is to synthesize bismuth oxide pertaining to variations in 
the fuel-oxidant ratio and determine the characteristics and the photocatalytic activity of bismuth 
oxide for the degradation of organic dye molecules including remazol black B, methyl orange and 
rhodamine B. The resulting products synthesized with the three ratios φ > 1, φ = 1, and φ < 1 were 
in the form of yellow powder. Fourier-transform infrared spectroscopy results of the three sam-
ples showed the presence of Bi–O–Bi and Bi–O functional groups indicating that Bi2O3 was formed. 
Moreover, X-ray diffractogram indicated that Bi2O3 particles contained in all samples were a mixture 
of α- Bi2O3 and β-Bi2O3 phases. Coral reef-like morphology was observed in all samples with Bi2O3 
φ = 1 having the smallest particle size followed by φ > 1 and φ < 1. Furthermore, Bi2O3 with φ > 1, 
φ = 1, and φ < 1 have band gaps of 2.584, 2.581 and 2.625 eV, respectively. The photocatalytic activ-
ity test showed that bismuth oxide synthesized with the ratio φ = 1 showed the best photocatalytic 
activity compared to φ > 1 and φ < 1 in the three different organic dye molecules, namely remazol 
black B, methyl orange, and rhodamine B.
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1. Introduction

Bismuth oxide semiconductor material can be applied 
in various forms including solid oxide fuel cells [1], gas 
sensors [2], high temperature superconducting materi-
als [3], functional ceramics [4] and photocatalysts [5]. The 
advantages it possesses include electrical and optical prop-
erties, wide range band-gap (2–3.89 eV), high refractive 
index (nδBi2O3) and high dielectric permittivity (εr = 190) 
[6]. The semiconductor properties and band gap values 
in bismuth oxide are of interest for use as photocatalyst 
in degrading organic pollutants under UV light. Bismuth 

oxide has been found to have 6 morphological forms, 
namely α-Bi2O3, β-Bi2O3, γ-Bi2O3, ω-Bi2O3, and ε-Bi2O3 [7].

Bismuth oxide can be synthesized by various meth-
ods, including hydrothermal [8], deposition [9], precip-
itation [10,11], solution combustion [12–14] and sol–gel 
methods [15,16]. The solution combustion method in this 
research was chosen because it has advantages such as fast 
and easy working time, greater homogeneity, high purity, 
and small particle size formation [17]. The solution com-
bustion method is a synthesis method in which it involves 
main components consist of oxidant and fuel with pro-
cesses involving high temperatures [18]. The fuel used in 
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this solution combustion method acts as a reducing agent 
in water-soluble substances [19]. Glycine, sucrose, urea, and 
citric acid are fuels normally applied in the solution combus-
tion method [18]. The fuel chosen in this research was gly-
cine. Glycine was used for two purposes, firstly to provide 
C and H in the combustion process and secondly to equip 
the breaking of various metal ion complexes with –NH2 and 
the –COOH groups, to prevent selective precipitation in 
maintaining the homogeneity of the composition [19].

Factors influencing synthesis of bismuth oxide using the 
solution combustion method include the ratio of fuel-oxi-
dant, temperature, types of flame, and the amount of gas 
produced. In this research, a variation in the fuel-oxidant 
ratio (φ) was performed. The effect of the ratio of fuel-oxi-
dant on the resulting products was determined. The prop-
erties affected by the fuel-oxidant ratio are morphology, 
crystal structure, and particle size. These properties affect 
the photocatalytic activity of the resulting bismuth oxides 
upon degradation of dye molecules.

Liu et al. [20] reported the synthesis of ZnFe2O4 as an 
anode material for lithium ion batteries using the solution 
combustion method with glycine as fuel. The variation 
of fuel-oxidant ratio applied were 0.5; 1; 1.5. The results 
indicated the higher the ratio of glycine to nitrate, the 
higher the number of pores. Moreover, the best crystallin-
ity was obtained in the ratio of 1. The results showed that 
in ratio 1, pure ZnFe2O4 was produced with various struc-
tures and fewer residues due to the release of a lot of heat 
in the combustion process. Salunkhe et al. [21] reported 
the synthesis of cobalt ferrite (CoFe2O4) using the solu-
tion combustion method with glycine as fuel. The ratios of 
fuel-oxidant were varied, that is, 2.22, 1.48 and 0.74. The 
results revealed that increase in the fuel-oxidant ratio led 
to the increase in the amount of gas produced. Further, it 
affected the size of the crystal grains and the formation of 
the material structures. Astuti et al. [22] reported the effect 
of the ratio of citric acid (fuel)-bismuth nitrate pentahy-
drate (oxidant) on the photocatalytic activity of bismuth 
oxide prepared by the solution combustion method. The 
results showed that the ratio of φ > 1 resulted in a prod-
uct with the highest photocatalytic activity than φ = 1, and 
φ < 1. La et al [23] researched on nano-Bi2O3 powder syn-
thesized by this method using bismuth nitrate as the oxi-
dant and citric acid as the fuel. The research focused on 
the effects of temperature and fuel-oxidant ratio on the 
phase transformation, morphology, and particle size of 
the nano-Bi2O3. The ratio of 6:5 resulted in smaller parti-
cle than the ratios of 6:3, 6:7 and 6:9. Bi2O3 nanoparticles 
as small as 10.7 nm had been able to be prepared using 
0.005 moles of citric acid as fuel and 0.04 g of PEG-20000 as 
dispersants. Therefore, this research aims to investigate the 
effect of fuel oxidant ratio on the physicochemical proper-
ties and photocatalytic activity of bismuth oxide prepared 
by the glycine-fueled solution combustion method.

In this research, the effect of fuel oxidant ratio on the 
structural characteristics of Bi2O3 was investigated and eval-
uated. Moreover, the photocatalytic activity of the resulting 
product was determined by through their application in dye 
molecules degradations. The fuel-oxidant ratio variations 
prepared were φ = 1.2; φ = 1; dan φ 0.8. The resulting prod-
ucts were characterized using Fourier-transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), differential 
reflectance spectroscopy-ultraviolet (DRS-UV), scanning 
electron microscopy (SEM) and TGA-DTA. Additionally, 
the resulting products were applied to degrade organic 
dye molecules as pollutant models. The dyes chosen were 
remazol black B, methyl orange, and rhodamine B which 
are commonly applied for coloring in Batik Industry. 
These three compounds are dyes that have azo groups 
(–N=N–) bound to substituted aromatic rings which have 
high toxicity against organisms.

2. Experimental

2.1. Materials

The materials used in this research were bismuth nitrate 
pentahydrate (Sigma-Aldrich), glycine (Merck), nitric acid 
(Merck), remazol black B (RBB) (Merck), methyl orange (MO) 
(Merck), rhodamine B (RhB) (Merck), and distilled water.

2.2. Research procedures

2.2.1. Synthesis of bismuth oxide using the solution 
combustion method

2.42 g of bismuth nitrate pentahydrate at φ = 1 was 
dissolved in 10 mL of HNO3 0.04 M which wa then added 
with 0.025 g of glycine. The mixture was then stirred at 
400 rpm using a stirrer (cimarec SP131320–33Q) for 5 min 
until the entire solution became homogeneous. The solu-
tion was then heated at 300oC for 8 h. The formed prod-
uct was then calcined in a furnace (Eurotern 2116) for 
4 h at 700°C. This procedure was also applied for bis-
muth oxide synthesized with φ = 0.8 and φ = 1.2, that 
is, the mass of bismuth nitrate pentahydrate were 1.94 
and 2.91 g, respectively. The products produced from 
φ = 0.8, 1, and 1.2 before calcination were labelled BO1, 
BO2, BO3 respectively. While, after calcination, they were 
consecutively labelled as BO4, BO5, and BO6.

2.2.2. Product characterization

The resulting products were characterized using FTIR, 
XRD, DRS-UV, and SEM instruments. The functional groups 
present in the samples were analyzed using FTIR instru-
ment, Shimadzu Irafinnity-1, at a wavelength range of 400–
4,000 cm–1. The crystal structure was identified using XRD 
(D2 Phaser Bruker) with a CuKα radiation source, a wave-
length of 1.54178 Å X-Ray radiation, an electric current of 
30 mA, a voltage of 30 kV and a 2θ range of 10° to 90°. The 
diffractogram patterns were then compared with the Joint 
Committee on Powder Diffraction Standards (JCPDS) for 
bismuth oxide. Furthermore, the band gap and morphology 
of the products were analyzed using DRS-UV (UV Cary 60 
Agilent) and SEM (JOEL 6510 LA) with 20 kV with morpho-
logical magnifications of 250, 500 and 1,000.

2.2.3. Photocatalytic activity test of bismuth oxide

The organic dye molecule solutions were prepared 
with at a concentration of 5 ppm for MO and RhB, and 
25 ppm for RBB. 50 mL of each dye solution was added 
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with 1 g of bismuth oxide which was then photocata-
lyzed using a UV-A light. The time variations of the pho-
tocatalysis were 1, 2, 3, 4, and 5 h of irradiation for RBB 
and RhB, while for MO they were 2, 4, 6, 8, and 10 h. 
After the photocatalysis, each solution was then centri-
fuged to separate out the bismuth oxide. Each solution 
was then analyzed using a UV-VIS spectrophotometer 
(Shimadzu UV-1280) to observe the absorbance value. The 
concentrations of the dye solutions at time t were calcu-
lated by comparing with the standard curve of each dye. 
Meanwhile, percent degradation of dyes after the photo-
catalysis under different time variations was calculated 
based on Patil et al. [24] using the following equation:

Percent degradation �
��

�
��

�

�
���

C C
C
o t

o

100%  (1)

where Co is the initial concentration of the dye, while Ct is 
the concentration of the dye at time t.

3. Results and discussion

3.1. Synthesis of bismuth oxide

The starting material, bismuth nitrate pentahydrate 
(Bi(NO3)3·5H2O) was used as an oxidant, that is, provider 

of oxygen that also helps in combustion [18]. Alternatively, 
the fuel used acted as a reducing agent. The fuel used 
was glycine containing C–H bonds [18]. The molar ratios 
between bismuth nitrate pentahydrate and glycine of 1.2, 1, 
0.8 were used to control the final material properties [25].

The formed solution was heated at 300°C for 8 h, pro-
ducing CO2, N2 and H2O gasses [26]. The products after 
heating for 8 h can be seen in Fig. 1. All three pictures show 
a yellow product which means that bismuth oxide had 
formed. Contrarily, white coloring in the product signifies 
that there was still bismuth nitrate pentahydrate which had 
not transformed and black indicates the presence of car-
bon in the sample from glycine (CH bond). Considerable 
difference among the products can be observed in 
φ = 1.2 which had more orange and black colors from the 
CH due to higher use of fuel.

The products obtained after calcination for 4 h at a tem-
perature of 700°C can be seen in Fig. 2. The three products 
obtained had the same yellow color with the weight of the 
BO3, BO2, BO1 of1.022, 0.916 and 0.688 g, respectively.

The yellow color in the product indicates that bismuth 
oxide was formed [27]. This is one of the physical proper-
ties of bismuth oxide produced by the absorption of the 
visible light radiation in the wavelength range of 400–
700 nm. Bismuth oxide is a semiconductor that generally 
has comparatively greater energy or shorter wavelengths 

(a) (b) (c)

Fig. 1. Bismuth oxide powders synthesized after heating for 8 h: (a) BO1, (b) BO2, and (c) BO3.

(a) (b) (c)

Fig. 2. Bismuth oxide powders after calcination for 4 h: (a) BO3, (b) BO4, and (c) BO5.
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compared to other materials. Bismuth oxide has a band 
gap value of 2.3–3 eV, which means it can absorb light 
beams with greater energy, namely the blue and vio-
let lights (2.5–3 eV). Blue and violet beams of light when 
absorbed appear yellow [28].

Material synthesis using the solution combustion 
method can generate metal oxides from the metal nitrates 
decomposition and fuel oxidation reactions. In addition to 
the formation of bismuth oxide, gases are also produced, 
namely CO2, N2 and H2O [29].

3.2. Characterization of bismuth oxide

3.2.1. Fourier-transform infrared spectroscopy

Figs. 3 and 4 present FTIR spectra of products before 
and after calcination. In these spectra, the spectrum of pure 
bismuth oxide [14] is also presented for comparison. Peaks 
observed at 542, 539, and 544 cm–1 for BO1, BO2 and BO3, 
respectively, indicate the presence of Bi–O–Bi bond [30]. 
Vibration modes at 1,358, 1,381 and 1,358 cm–1 attributed 
to Bi–O functional groups were observed also in the three 
products. However, the intensity of these vibration modes 
were higher in products before calcination. The high inten-
sity was due to the presence of NO3

– [31], even though this 
functional group is also attributed to Bi–O. This functional 
group disappeared after heating at calcination beyond the 
boiling point of NO3

– at 380°C [32]. Therefore, after calcina-
tion the intensity of these vibration modes decreased.

Fig. 4 shows the FTIR spectra of products after calcina-
tion. Peaks observed at 508, 507 and 508 cm–1 for BO4, BO5 

and BO6, signifies Bi–O–Bi bonds [30] and vibration modes 
at 1,381, 1,383 and 1,384 cm–1 indicate the presence of the 
stretching mode of Bi–O [30]. These results verified that in 
each ratio, Bi2O3 had been formed.

3.2.2. X-ray diffraction

X-Ray diffractograms shown in Fig. 5 present the prod-
ucts after calcination containing 2 types of crystalline struc-
tures, α-Bi2O3 (monocyclic) and β-Bi2O3 (tetragonal). The exis-
tence of α-Bi2O3 is indicated by peaks at 2θ values of 27.04°, 
27.50°, and 33.27° for BO6, 26.89°, 27.38°, and 33.23° for BO5, 
and 27.01°, 27.48°, and 33.32° for BO4. These peaks corre-
spond to the database in JCPDS number 41-1449 for α-Bi2O3.

The existence of β-Bi2O3 is indicated by the presence 
of peaks at 2θ of 25.87°, 46.43°, and 55.61° for BO6, 25.73°, 
46.30°, and 55.80° for BO5, and 25.88°, 46.40°, and 55.58° 
for BO4. These peaks correspond to the database in JCPDS 
number 27-0050 for β-Bi2O3.

3.2.3. Differential reflectance spectroscopy-ultraviolet

Fig. 6 shows the results of DRS-UV of BO4, BO5 and 
BO6 products. The band gap values of BO6, BO5 and BO4 
observed were 2.584, 2.581 and 2.625 eV, respectively. BO5 
had the lowest band gap, meanwhile the band gaps of BO5 
and BO6 were almost the same. Bedoya Hincapie et al. [33] 
reported the values of band gap for α-Bi2O3 and β-Bi2O3 of 
2.85 and 2.58 eV, respectively. Crystal composition con-
sisting of α/β-Bi2O3 will have decreased band gap value 
from the band gap value of just α-Bi2O3.

 
Fig. 3. FTIR spectra of the samples before calcination.
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3.2.4. Scanning electron microscopy

The morphologies of the products are presented in 
Fig. 7. All products have irregular coral reefs-like shapes. 
In addition to their morphologies, the diameter of the crys-
tallite size was also calculated using the ImageJ software. 
The smallest diameter range was shown by BO5; mean-
while the largest diameter range belonged to BO4 as pre-
sented in Table 1.

The large particles in BO6 and BO4 were due to agglom-
eration of particles. In BO5, smaller particle diameters 
were observed as the ratio of fuel to oxidant was equal to 
1 (φ = 1). The reaction that occurred is in accordance with 
the stoichiometry so that the solution combustion reac-
tion occurred optimally [20,29,34]. Particle size in BO6 was 
observed to be dominated by particles of 65.06 microme-
ters in size. In BO4, particles with a size of 71.89 µm were 
also more dominant than other sizes. In contrast, in BO5, 
small particles dominate.

3.3. Photocatalytic activity of bismuth oxide

In this study bismuth oxides synthesized by the solu-
tion combustion method were tested for their photocatalytic 
activity in degrading remazol black B (RBB), methyl orange 
(MO) and rhodamine B (RhB) dyes. The test was carried out 
by varying the duration of light irradiation for each dye. 
The absorbance of this dye solution was measured using a 
UV-Vis spectrophotometer.

In the photocatalysis process, the longer the irradiation 
time, the more photons will hit the system. Fig. 8a shows 
the photocatalytic degradation of RBB in which BO5 had 
the highest percentage of degradation at 77.52%, followed 
by BO6 at 39.6% and BO4 at 34.8%. Meanwhile, in the 
photocatalytic degradation of MO, as seen in Fig. 8b, BO5, 
again, had the highest percentage of degradation at 99.18%, 
followed by BO6 at 92.2% and BO4 at 61.16%. In the pho-
tocatalysis degradation of RhB (Fig. 8c), BO5 was most 
effective in degrading the dye compared to as seen from 
the percent degradations of 71.11%, 61.45% and 51.58% for 
BO5, BO6 and BO4, respectively.

In order to prove that BO4, BO5 and BO6 have no activity 
without light, three dyes were mixed with them and treated 
without light irradiation for 30 min for all dyes and further 
10 h for MO and 5 h for RBB and RhB. Table 2 shows that 
without light irradiation, the absorbances of the dyes are 
higher than that of dyes solution with light irradiation.

In this study, the kinetics of the dye degradation pro-
cess by the three bismuth oxide samples synthesized at dif-
ferent fuel/oxidant ratios were studied. According to Wang 
et al. [6] the degradation of dyes generally follows the first 
order reaction kinetics expressed as follows:

ln lnC C ktt o� �  (2)

where Co = initial concentration of solution (ppm), Ct = con-
centration of solution (ppm) at time t, and k = reaction rate 
constant in the first order (s–1).

 
Fig. 4. FTIR spectra of the samples after calcination.
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Fig. 6. DRS-UV graph of bismuth oxide synthesized with glycine fuel: (a) BO6, (b) BO5, and (c) BO4.

 
Fig. 5. XRD diffractogram of the synthesized bismuth oxides.
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Fig. 9a shows the measured kinetics of the degradation 
of remazol black B which follows the first order reaction. 
Based on the linear equation, the slope signifies k. The 
highest k was obtained in BO5, that is 7.54 × 10–5 s–1, fol-
lowed by BO6 and BO4 with values of 2.62 × 10–5 s–1 and 
at 2.41 × 10–5 s–1. Fig. 9b shows the degradation kinetics of 
methyl orange which also follows the first order kinetics. 
The highest constant value obtained from BO5, BO6 and 
BO4 were 13.4 × 10–5 s–1, 6.89 × 10–5 s–1 and 2.76 × 10– 5 s–1. The 
degradation kinetics of rhodamin B is depicted in Fig. 9c. 
The smallest reaction rate constant value was obtained 
from BO4, followed by BO6 3.41 × 10–5 s–1, 4.89 × 10–5 s–1, 
while the highest rate constant was obtained from BO5 
with the value of 5.77 × 10–5 s–1. The photocatalytic activ-
ity tests on the 3 dye molecules demonstrated that BO5 
has the highest reaction rate constant, followed by BO6 
and BO4. The value obtained is related to the charac-
teristics of the bismuth oxide synthesized.

Photocatalytic activity can be influenced by sev-
eral characteristics of the bismuth oxide produced. The 

diffractograms of the products (Fig. 5) show that the prod-
ucts mostly contained 2 crystal structures namely α-Bi2O3 
and β-Bi2O3. Photocatalytic activity of β-Bi2O3 is better than 
α-Bi2O3 because it has smaller band gap. However, when 
combined into a crystal structure consisting of α/β-Bi2O3, 
the consequent material will have photocatalytic activity 
that is more effective and efficient [35]. The α/β-Bi2O3 com-
position contained in the product increased the separation 
of electron hole caused by electron transfer. Therefore, this 
product showed the highest photocatalytic activity than 
products consisting of only one phase of β-Bi2O3 alone [36]. 
In order to see the differences in the characteristics of the 
synthesized products in terms of the effect on photocatalytic 
activity, crystal structure alone would not suffice. Other 
characterization, namely the absorbance of the functional 
groups, band gap value, and the crystalline morphology, are  
also needed.

The IR spectra results of the products can be seen in 
Figs. 3 and 4. The intensity of the Bi–O peak group on the 
synthesized products can indicate the concentration of the 
bismuth oxide formed. Spalding et al. [37] reported that 
the higher the intensity of the group formed, the higher 
the concentration of the group. Thus, the higher intensity, 
and consequently higher concentration of the Bi–O group 
contained in Bi2O3 was deduced to have increased bismuth 
oxide activity as a photocatalyst. Looking at the photocata-
lyst activities in the degradation of RBB, MO and RhB, BO5 
had the largest photocatalyst activity, then BO6 and BO4.

The DRS-UV results (Fig. 6) show that BO5 had a lower 
band gap value, followed by BO6 and BO4. Labib [38] 

Fig. 7. SEM images of bismuth oxides with variations in fuel/oxidant: (a) BO6, (b) BO5, and (c) BO4 at 1,000x magnification.

Table 1
Diameter ranges of bismuth oxide particles synthesized by solu-
tion combustion

Fuel/oxidant ratio Particle diameter (µm)

BO6 3.03–65.06
BO5 0.91–21.07
BO4 3.08–71.89
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reported that the smaller the band gap, the better the pho-
tocatalytic activity. A small band gap small will prompt 
absorption of light with large wavelength, thereby increas-
ing photocatalyst activity. This is consistent with the results 
of the photocatalytic activity of RBB, MO and RhB solu-
tions whereby the greatest value was found at BO5, then 
followed by BO6 and BO4.

Furthermore, observed through SEM images seen in 
Fig. 7, the smaller the particle size, the greater the surface 
area. The diameter range of three products can be seen in 
Table 1. A product that has a large surface area will have 
increased photocatalyst activity because the photocatalyst 
and the dye molecules will have greater surface to interact 
more frequently. From the SEM images, it was found that 

Fig. 8. Percent degradation of (a) RBB, (b) MO, and (c) RhB dyes in relation to duration of photocatalysis.

Fig. 9. First-order photocatalytic degradation of (a) RBB, (b) MO, and (c) RhB.
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BO5 had the smallest diameter, followed by BO6 and BO4. 
This is consistent with the photocatalytic activity data in 
which BO5 showed the highest photocatalytic activity rate 
constant in the degradation of RBB MO and RhB solutions, 
followed by BO6 and BO4.

4. Conclusion

Variations in the fuel-oxidant ratio in the glycine- 
fueled solution combustion synthesis of bismuth oxide 
affect the photocatalytic activity of the bismuth oxide pro-
duced against methyl orange, rhodamine B and remazol 
black B organic dyes to be different. The product gener-
ated from the use of fuel-oxidant ratio of 1 showed the best 
photocatalytic activity for the degradation of the three dye 
molecules as indicated by the degradation rate constant. 
The difference in photocatalytic activity among the prod-
ucts is related to the crystal structure, band gap, and the 
morphology of the particles.
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