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Abstract 

Bismuth oxide nanoparticles were synthesized through the solution combustion method with a variation of fuel: 

oxidizer (hydrazine: bismuth nitrate) ratios (ϕ) of ϕ<1, ϕ=1 (stoichiometrically balanced) and ϕ> 1. Bismuth oxide 

nanoparticles were characterized by Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), 

Scanning Electron Microscopy (SEM), and UV-Visible Diffuse Reflectance Spectroscopy (UV-DRS). The FTIR spec-

tra obtained implies that the bismuth oxide nanoparticles of the three ratios contain Bi−O−Bi and Bi−O groups in-

dicating its successful formation. XRD diffractogram suggests that the synthesized bismuth oxide nanoparticles 

form the α-Bi2O3 crystalline phase for ϕ<1 and ϕ>1; meanwhile a mixture of α-/β- Bi2O3 phases for ϕ=1. The SEM 

image illustrates that bismuth oxide nanoparticles form pebble shapes with the ratios in the order of increasing 

particle sizes of ϕ>1, ϕ=1, and ϕ<1. The UV-DRS results show that the bismuth oxide with ϕ<1, ϕ=1, and ϕ>1 

have respective band gap energies of 2.76 eV, 2.72 eV, and 2.78 eV. The evaluation of the photocatalytic activity of 

the three bismuth oxide samples shows bismuth oxide with ϕ=1 has the highest photocatalytic activity in remazol 

black B and methyl orange dyes with rate constants 6.744 x 10-5 s-1 and 7.369 x 10-5 s-1, respectively.  
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Research Article 

1. Introduction 

Bismuth oxide is a semiconductor metal 

oxide that can be used as a photocatalyst 

because it has a band gap energy of 2.00-3.96 eV 
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[1]. Bismuth oxide also has the advantage of 

having good optical and electrical properties, 

such as desirable refractive index, dielectric 

permittivity, photoluminescence, and good 

photoconductivity [2,3]. 

There are many methods available to 

synthesize bismuth oxide, such as solution 

combustion method [4–6], sol-gel method [7], 

biosynthesis involving tannic acid [8], 
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microwave assisted method [9], hydrothermal 

method [10–14], chemical deposition [15], spray 

pyrolysis [16], electrospinning [17], and co-

precipitation methods [18,19]. Among the 

methods available, solution combustion was 

chosen because it exhibits advantages such as 

low in cost, effortless, achieve better 

homogeneity than the final product, and able to 

produce very fine crystalline powder [20]. 

The solution combustion method comprises 

of two main components namely a fuel and 

oxidizer/oxidant. Oxidants are substances that 

contain certain metal cations and are used to 

provide metal elements into the final product. 

Bismuth nitrate is used because it is 

commercially available, water soluble and 

inexpensive [6]. Fuel is a substance that acts as 

a reducing agent. Hydrazine is often used as a 

fuel because it is a strong reducing agent, does 

not contain carbon elements, contains the 

amine group, and easy recharging [6,20]. Sev-

eral studies have reported the use of hydrazine 

for synthesis of inorganic materials using solu-

tion combustion method such as CeO2 [21], 

Fe3O4 and α-Fe2O3 [22], NiCu/CeO2 [23]. Moreo-

ver, synthesis of bismuth oxide (Bi2O3) using 

hydrazine fueled-solution combustion has been 

conducted by Astuti et al. [24]. The product was 

then applied to degrade rhodamine B molecule 

dye under UV A light. The photocatalytic activ-

ity showed bismuth oxide degraded rhodamine 

B 40%. This result is far from the expectation. 

Therefore, another parameter influencing the 

characteristics and photocatalytic activity of 

the Bi2O3 synthesised using solution combus-

tion method, that is, fuel/oxidizer should be ex-

plored.  The fuel/oxidizer ratio is a parameter 

that can influence the surface area of the 

crystal, the crystal phase, pore and crystal size, 

which ultimately affects the ability of the 

bismuth oxide as a photocatalyst [25]. 

Research on the synthesis of bismuth oxide 

semiconductor with variations in the ratio of 

fuel-oxidizer has been widely carried out, but 

no research has been found to use hydrazine as 

a fuel and how it affects the ability of bismuth 

oxide as a photocatalyst. Thus, it encourages 

the research to synthesize bismuth oxide with 

variations in the ratio of fuel/oxidizer with hy-

drazine as the fuel and test the ability of the 

synthesized bismuth oxide photocatalyst. Fur-

thermore, in this research, two different dyes 

solution remazol black B and methyl orange 

were used as pollutant models. 

2. Materials and Methods 

2.1 Materials 

The materials used were Bi(NO3)3.5H2O ≥ 

98% (Sigma-Aldrich), HNO3 65% (Merck), N2H4 

(Merck) 80% in water, Remazol Black B dye 

≥50% (Sigma-Aldrich),  and Methyl Orange 

(Merck), distilled water. 

 

2.2 Bismuth Oxide Synthesis 

Synthesis was carried out with fuel-oxidizer 

ratios of (ϕ) = 0.8, 1 and 1.2. Bismuth nitrate 

pentahydrate was dissolved in 10 mL of 0.04 M 

nitric acid until homogeneous. The amount of 

bismuth nitrate pentahydrate dissolved 

depends on the fuel-oxidizer ratio (ϕ) to be 

made. Where for the fuel-oxidizer ratio (ϕ) = 

0.8 the mass used was 1.45 g, (ϕ) = 1 was 1.81 

g and (ϕ) = 1.2 was 2.18 g. 

Subsequently, 0.0313 mL of hydrazine was 

added as fuel. The mixture was then stirred for 

5 minutes and was later heated for 8 hours at 

300 °C on a hotplate stirrer (Thermoscientific 

Cimarec SP88857105). The formed product was 

calcined for 4 hours using a furnace  

(Thermoscientific  Thermolyne Benchtop Muf-

fle Furnace FB1310M-22) at 700 °C. 

 

2.3 Characterizations 

Bismuth oxide nanoparticles were 

extensively characterized. The crystal 

functional groups were identified by using 

Fourier Transform Infrared Spectroscopy 

(Shimadzu IRAffinity-1 FT-IR),  the crystal 

phase and compositions were analyzed using 

X-Ray diffraction (XRD Shimadzu 7000), the 

three-dimensional crystal structure was 

analyzed using Scanning Electron Microscopy 

(SEM JEOL JED 6510LA), and the value of the 

band gap was analyzed using UV-Vis Diffuse 

Reflectance Spectroscopy (Pharmaspec UV-

DRS UV 1700). 

 

2.4 Photocatalytic Activity Test 

The photocatalytic ability of the bismuth ox-

ide was explored by its application in degrad-

ing dyes (rhemazol black B and methyl or-

ange). The working solutions used were 50 mL 

of 25 ppm RBB and 50 mL of 5 ppm MO. Each 

of the working solution was put into the photo-

catalyst reactor and then stirred using over a 

variation of time durations. The sample was 

analyzed using a UV-Vis spectrophotometer. 

The final step is calculation of degradation per-

centage after photocatalytic process using this 

formula: 
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   (1) 

 

with Co = initial concentration of dye (ppm), Ct 

= final concentration of dye (ppm) at t time. 

 

3. Results and Discussion 

3.1 Bismuth Oxide Synthesis 

The synthesis using varying ratios of fuel-

oxidant obtained bismuth oxide products that 

are yellow in color. According to Deshpande et 

al. [26], the reactions that took place during the 

synthesis are as follows: 

 

(a) Fuel/Oxidant ratio of 0.8: 

 

2Bi(NO3)3.5H2O + 6N2H4 + (-1.5)O2 → Bi2O3 + 

22H2O + 9N2              (2) 

 

(b) Fuel/Oxidant ratio of 1.0: 

 

4Bi(NO3)3.5H2O + 15N2H4 → 2Bi2O3 + 50H2O + 

21N2              (3) 

 

(c) Fuel/Oxidant ratio of 1.2: 

 

2Bi(NO3)3.5H2O + 9N2H4 + (1.5)O2 → Bi2O3 + 

28H2O + 12 N2            (4) 

 

Heating at a temperature of 300 °C for 8 

hours was done to initiate the solution combus-

tion reaction so that the fuel and the oxidant 

would be closely associated in the gel network 

[6]. The heating produced a white powder, N2 

gas and H2O gas. The resulting white powder 

(Figure 1) was bismuth oxide that had not been 

completely formed because there were still 

parts that had not undergone completely burn-

ing [25] in addition to it not containing C at-

oms that would generally produce black color 

when burned.  

Calcination for 4 hours at 700 ˚C was done 

to ensure that all the synthesis materials re-

acted. The powder obtained from the heating 

was calcined for 4 hours at a temperature of 

700 °C. It acquired pale yellow color (Figure 2) 

as what is generally a property of a bismuth 

oxide.  

 

3.2 Characterizations 

3.2.1 FTIR characterization 

FTIR characterization allows the 

identification the groups contained in the 

synthesized bismuth oxide. The bismuth oxide 

spectra before calcination (Figure 3) shows the 

presence of pure bismuth oxide formed along 

with indications of impurities still contained. 

0

0

  (%) 100%t
C C

Degradation Percentage x
C

−
=

Figure 1. Products synthesized with different ratio of fuel/oxidant (a) ϕ=0.8; (b) ϕ=1 and (c) ϕ=1.2 af-

ter 8 hours heating  

Figure 2. Products after calcination using fuel/ratio (a) ϕ=0.8; (b) ϕ=1; and (c) ϕ=1.2  

A B C 
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Bismuth oxides formed were denoted by the 

peaks at 813.12, 811.00, and 812.42 cm-1 

signifying the Bi−O−Bi bond [27] as well as the 

peaks at 1303.59, 1321.00, and 1280.6 cm-1 

signifying the stretching of Bi−O [27] for the 

ratios of 0.8, 1.0, and 1.2, respectively. The 

impurities identified consisted of the −NO3 

group (1300-1400 cm-1) [28], suggesting that 

the bismuth oxide had not undergone complete 

formation, the −NH group at 1032.40, 1034.00, 

and 1031.04 cm-1 similar to that in hydrazine 

(1063.80 cm-1), and the NH2 group with 

scissoring vibrations at 1586.67 and 1621.00 

cm-1 also similar to that in hydrazine (1612.73 

cm-1) [29] inferring that hydrazine had not 

reacted completely, and the −OH group bending 

around the 3786, 3751, and 3789.83 cm-1 

wavenumbers [30] denoting the presence of 

solvents indicating that further calcination was 

necessary.  

The bismuth oxide spectra after calcination 

(Figure 4) shows the formation of bismuth 

oxide at peaks of 829.53 (ratio 0.8), 838 (ratio 

1), 829.03 (ratio 1.2) and 839 cm-1 (pure) 

denoting the Bi−O−Bi bonding [27] and peaks 

at 1328.63 (ratio 0.8), 1383.68 (ratio 1), 1328.70 

(ratio 1.2) and 1384 cm-1 (pure) for the 

stretching of Bi−O [27]. Impurities, such as 

−NO3, −NH, and −OH, experienced reduction in 

respect to the conditions prior to calcination. 

 

3.2.2 XRD characterization 

XRD characterization is able to determine 

the crystalline phase of the synthesized bis-

muth oxide. Similarities of the synthesized 

products synthesized with the standard Bi2O3 

were identified using the Match software. The 

2θ values obtained from the characterization 

were compared with the Joint Committee on 

Powder Diffraction Standards (JCPDS) data-

base (-Bi2O3 (JCPDF No. 41-1449), β-Bi2O3 

(JCPDF No. 76-0147), and γ-Bi2O3 (JCPDF No. 

45-1344)).  
XRD diffractogram of the synthesized 

bismuth oxide synthesized (Figure 5) shows 

that ratios 0.8 and 1.2 are of α-Bi­2O3 

(monoclinic) whereas ratio 1 is a mixture of α-

Bi2O3 (monoclinic) and β-Bi2O3 (tetragonal). 

The Match software detailed that the 

similarity of α-Bi2O3 [31] with the synthesized 

bismuth oxides of the ratio 1.2 amounts to 

99.21%, 96.81% for the ratio 1, 94.94% for the 

ratio 0.8. Thus, it can be concluded that 

bismuth oxides synthesized have high purity 

and crystallinity. Moreover, the crystallite size 

of the particles of every product calculated 

using Scherer equation can be seen in Table 1. 

Lattice parameters calculated using Match 

software show a value of a = 5.85 Å; b = 8.17 Å; 

c = 7.51 Å with an angle of 113°.  

Figure 3. FTIR spectra of precursors and prod-

ucts before calcination with ratio of fuel/oxidant 

ϕ=0.8; ϕ=1; and ϕ=1.2  

Figure 4. FTIR spectra of pure bismuth oxide 

and products after calcination with ratio of 

fuel/oxidant ϕ=0.8; ϕ=1; and ϕ=1.2  

Table 1. Crystallite size of the products 

Bismuth oxide synthesized 

using different ratio 

fuel/oxidizer () 

Crystallite size 

 = 0.8 65.26 nm 

 = 1.0 69.60 nm 

 = 1.2 75.48 nm 
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3.2.3 SEM characterization 

SEM characterization was done to 

determine the three-dimensional structure of 

the synthesized bismuth oxides. The SEM 

image at 1000x magnification (Figure 6 a. Ratio 

0.8 b. Ratio 1.2 and c. Ratio 1) shows that the 

morphologies of the three bismuth oxide 

samples are comparable to gravel. The bismuth 

oxide with the ratio of 1.2 has the smallest size 

of 18.902 – 38.369 μm followed by the ratio of 1 

(9.143 – 30.695 μm), and the ratio of 0.8 (25.31 

– 110.983 μm). 

According to the findings presented in 

Figure 6 from the SEM analysis, when 

comparing a ratio of 1.2 to a ratio of 1, it is 

observed that the particle size of bismuth oxide 

is slightly smaller in the former case, although 

the distinction is not particularly pronounced. 

It is worth noting that a catalyst's 

photocatalytic activity tends to increase with a 

larger surface area. 

 

3.2.4 UV-DRS characterization 

Band gap values were determine based on 

the Tauc Plot calculation by graphing the 

relationship between hv as the x-axis and 

(αhv)2 as the y-axis then extrapolating the 

straight line on the hv vs (αhv)2 graph until it 

intersects the hv or Eg axis (x-axis) [32]. The 

band gaps are shown in the graph in Figure 7 

Figure 5. XRD diffractograms of resulting products  

Figure 6. SEM images of bismuth oxide synthesized using fuel/oxidant ratio (a) ϕ=0.8; (b) ϕ=1; and (c) 

ϕ=1.2 with 1000x magnification  
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(a. Ratio 0.8 b. Ratio 1 c. Ratio 1.2), with values 

for ratio of 0.8 of 2.76 eV, ratio of 1 of 2.72 eV, 

and ratio of 1.2 of 2.78 eV. 

 

3.3 Photocatalytic Activity  

Testing of this particular activity was done 

to determine the ability of the synthesized  

bismuth oxide as a photocatalyst. The 

observations on the effect of the duration of 

photocatalysis on the remazol black B (RBB) 

(Figure 8a) and the methyl orange (MO) 

(Figure 8b) concentrations demonstrate that 

the concentration of the degraded dyes 

increases with photocatalysis time. This is due 

to the longer irradiation time, allowing more 

photons to be in contact with the system. 

The degradation activities on remazol black 

B (Figure 9a) and methyl orange (Figure 9b) 

dyes by bismuth oxide have been calculated by 

a first order kinetics reaction. The slope values 

of the graphs signify the constant rates of the 

degradation reactions of the dyes. The values 

of the RBB degradation rate constants of 

bismuth oxides of ratio 0.8, ratio 1 and ratio 

1.2 are 2.05810-5 s-1, 6.74410-5 s-1, 3.70810-5 

s-1. The values of the MO degradation rate 

constants of bismuth oxides with ratio of 0.8, 1, 

and 1.2 are 1.80510-5 s-1, 7.36910-5 s-1, 

5.73310-5 s-1. Based on these reaction rate 

constants, it can be established that the 

bismuth oxide ratio 1 has the highest 

photocatalytic activity. 

Figure 7. DRS UV spectra of bismuth oxide synthesized using fuel/oxidant ratio (a) ϕ=0.8; (b) ϕ=1; and 

(c) ϕ=1.2  

Figure 8. Photocatalytic time effect on the percentage of (a) RBB and (b) MO degraded by bismuth ox-

ide synthesized with different fuel/oxidant ratio  

(a) (b) 
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The mechanism of degradation of dyes by 

bismuth oxide can be understood in the follow-

ing reaction sequence:  

 

Bi2O3 + hv → Bi2O3 + e-cb+ h+vb    

H2O + h+ → •OH + H+   

O2 + e− → •O2
− 

•O2- + H+ → HO2•  

2HO2∙ → O2 + H2O2  

H2O2 + •O2
− → •OH + OH− + O2 

dyes + •OH + •O2
− → CO2 + H2O  

when, the Bi2O3 was illuminated by light, the 

electron will be excited from valance band to 

conduction band and leave positive hole in val-

ance band. Positive hole will produce ∙OH and 

H+. Meanwhile, the electrons in the conduction 

band would react with atmospheric O2 to form 

∙O2. ∙O2 could also serve as a source in the for-

mation of ∙OH through a protonation process. 

The ∙OH could oxidize the dye molecule into 

simpler compounds, namely CO2 and H2O [14].  

Figure 9. First order kinetics of (a) RBB and (b) MO photocatalytic degradation  

(a) 

(b) 
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4. Conclusion 

Bismuth oxide has been successfully 

synthesized using the solution combustion 

method. FTIR characterization results show 

that bismuth oxides were formed as proven by 

the peaks at 829.53 (ratio 0.8); 838 (ratio 1); 

829.03 (ratio 1.2) denoting the Bi−O−Bi bond 

and peaks at 1328.63 (ratio 0.8); 1383.68 (ratio 

1); 1328.70 (ratio 1.2) denoting Bi−O stretching. 

XRD results suggest that bismuth oxide with 

ratios of 0.8 and 1.2 exhibit α-Bi2O3 phase 

while the ratio of 1 contains a mixture of α-

Bi2O3 and β-Bi2O3 phases. SEM images show 

that the bismuth oxides synthesized have 

shapes similar to gravel with the ratio 1.2 

having the smallest size followed by ratio 1 and 

ratio 0.8. The UV-DRS results show that the 

Bi2O3 with ratios of 0.8, 1 and 1.2 have 

respective energy band gaps of 2.76 eV, 2.72 eV 

and 2.78 eV. Bismuth oxides synthesized can 

be used as a photocatalyst with the ratio 1 

having the highest photocatalytic activity in 

degrading RBB and MO. 
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