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Abstract 

The purpose of this work is to study the structural and optical properties of the bismuth-

based zinc sillenite Bi12ZnO20 (BZO) in order to characterize a new catalyst that could be used 

for environmental application. BZO nanoparticles were synthesized by the co-precipitation 

technique. The obtained catalyst was characterized by different techniques. Starting with X-ray 

diffraction (XRD), the structure was refined from XRD data using the Rietveld method and 

then illustrated the structural form of this sillenite for the first time. A space group of I23 with 

a lattice parameter (a = 10.213815 Å) was found for this crystal. Also, a special surface area 

(SSA) of 12.31 m2/g for BZO was determined by the Brunauer-Emmett-Teller (BET) method. 

Then, the morphology of the nanoparticles was visualized by Scanning Electron Microscope 

(SEM). The optical proprieties of BZO have been evaluated by UV-VIS diffusion reflectance 

spectroscopy (DRS), an optical bandgap of 2.8 eV was found. This narrow bandgap allows this 

sillenite to be a promising and successful photocatalyst for photocatalytic applications. For that, 

we tested for a hazardous antibiotic from a pharmaceutical industry which is Cefuroxime, this 

catalyst has shown very interesting activity in degrading this pollutant around 80% in just 4h. 

This rate is the highest compared to the literature. 

Keywords: Sillenite Bi12ZnO20, Structural form, Rietveld method, Optical properties. 

1. Introduction

Photocatalysis has proved to be a promising solution for the rapid degradation of 

recalcitrant and non-biodegradable compounds in water, H2 production through water splitting, 

and CO2 reduction [1,2]. It is based on semiconductors (catalysts) that can be activated and 

excited by a light source such as sunlight and used this energy to remove different types of 
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pollutants [3]. Based on my previous studies, photocatalysis using semiconductors has 

successfully removal for both organic and inorganic pollutants in the wastewater [4,5]. So it is 

important to develop and test new semiconductors with high photocatalytic activity and narrow 

bandgap.  

 The rise in the search in recent years for new material categories allowed new studies 

on structural and optical properties [6,7]. Among these materials, sillenites materials are recent 

photocatalysts that attract a lot of scientists due to their unique crystal structures, their peculiar 

electronics, their interesting photochromic, photorefractive, electro-optic, piezoelectric,  

dielectric properties, promising optical activity [8–10]. They are used in various industrial 

applications such as image amplification, phase conjugation, real-time and multiwavelength 

holography, optical memories for data storage, optical communications, signal processing and 

a variety of photocatalytic applications [11,12]. Sillenite crystals with a general formula 

Bi12MO20 (BMO), is a body-centered cubic crystal structure crystallize in the I 2 3 space group 

[13,14]. Their overall structure is described in the atom of bismuth surrounded by seven oxygen 

atoms that share corners with other similar Bi polyhedra and with MO4 which represents a 

tetravalent ion or a combination of ions that exist both at the cube center and on the corners in 

the BMO structure [15–19]. There are a significant number of new sillinetes that are used as 

photo-catalysts in previous researches, such as Bi12CoO20, Bi12NiO19, Bi12TiO20, Bi12GeO20, 

Bi12PbO19 and Bi12ZnO20 [8–11,13–17,20,21]. Among those sillenites, the bismuth-based zinc 

metal sillenite Bi12ZnO20 (BZO) has attracted great interest recently due to its narrow bandgap 

2.8 eV, its high photoconductivity, facile recycling and stability [22–24]. BZO is a lead-free 

and environmentally friendly material which makes it very promising for photocatalytic 

application. 

Therefore, we now report in this study the synthesis of Bi12ZnO20 sillenite by the co-

precipitation method. Firstly, the phase of the crystals was identified by X-ray diffraction 

(XRD) then the structure and lattice constants of the phase were refined using the Rietveld 

method. Also, the special surface area (SSA) of BZO was determined by the Brunauer-Emmett-

Teller (BET) method. Then, the morphology of the nanoparticles was investigated by Scanning 

Electron Microscope (SEM). After that, the BZO’s optical properties were investigated using 

UV-VIS diffusion reflectance spectroscopy (DRS) and the obtained bandgap was discussed. 

Finally, its photocatalytic activity was tested for the degradation of the hazardous antibiotic 

Cefuroxime. 
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2. Material and methods 

2.1 Chemicals  

The products used in the present study were: zinc nitrate hexahydrate [Zn(NO3)2∙6H2O] 

(98% Biochem), bismuth nitrate pentahydrate [Bi(NO3)3∙5H2O] (98.5% Chem-Lab), ammonia 

from Biochem and ethanol, nitric acid NaOH, HCl from Sigma Aldrich. Cefuroxime (CFRM) 

C16H16N4O8S was supplied by Parmallience a pharmaceutical company in Algeria. Distilled 

water was used as a solvent. Without further purification, all chemicals have been used as 

obtained. 

2.2 Preparation of the sillenite Bi12ZnO20 

The bismuth-based zinc metal Bi12ZnO20 (sillenite type) was synthesized by mixing 

bismuth nitrate [Bi(NO3)3∙5H2O] and zinc nitrate [Zn(NO3)2∙6H2O]  in stoichiometric amounts, 

dissolved with a magnetic stirring in ethanol. After total solubility, the two solutions were 

mixed and placed on a hot plate at 50 °C for one hour. Over 5% HNO3 acid was added to the 

solutions for better solubility. The reaction is carried out according to the following equation: 

12 [Bi(NO3)3∙5H2O] + [Zn(NO3)2∙6H2O] → Bi12ZnO20+ 38 NO2 + 66 H2O + 9 O2     (1) 

Then, to keep the pH between 9 and 10, the NaOH (6 M) solution was thoroughly mixed into 

the mixture. White precipitation confirmed the formation of BZO spinel immediately. As a 

result, the precipitate was extracted and washed several times with distilled water before being 

dried in an autoclave at 120°C for 24 h. An amorphous powder and after that denitrified at 600 

° C for 3 h. Before calcination, the obtained powder was homogenized by grinding in an agate 

mortar, then it was calcined in an air oven at 800 ° C for 6 h. The calcination step was done to 

increase the crystallinity. Finally, the end product with a whitish-yellow color was subjected to 

phase identification step, structural characterization and optical study. 

Fig. 1 Process of the preparation of the sillenite Bi12ZnO20. 

2.3 Characterization 

. The X-ray diffraction (XRD) was performed using a Phillips PW 1730, the structural, 

refinement and crystal measurement was done by Rietveld technique using the MAUD software 

(ver 2.93). The structure illustration was performed using VESTA (ver 3.4.0). the images of the 

crystals have been taken by the electron scanning microscope FEI Quanta 650. The UV-visible 

diffuse reflection (DRS) of the sample was analyzed using Cary 5000 UV-Vis. 
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2.4 Photocatalytic efficiency study 

The photocatalytic efficiency of this material was tested for treating the antibiotic 

Cefuroxime (CFRM) that is non-biodegradable and has a hazardous effect on the environment. 

The photocatalytic test was done after the optimization of parameters such as pH and catalyst 

dosage. Temperature at 25 °C, pH 6, 1 g/L dose and CFRM initial concentration of 5 mg/L were 

the optimum photocatalytic reaction conditions. Before irradiation, the sample was kept in the 

dark for 120 minutes to establish the adsorption-desorption equilibrium. A tungsten lamp (200 

W) from Osram was utilized as a light irradiation source, and it was situated 10 cm away from 

the solution's surface. The CFRM concentration was controlled using UV - Visible 

Spectrophotometer (OPTIZEN, 3220 UV) by measuring the maximum absorbance at the 

wavelength (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 = 280 𝑛𝑛𝑛𝑛).    

3. Results and discussion 

3.1 Characterization of the sillenite Bi12ZnO20  

3.1.1 Phase identification and structural investigation 

To investigate the formation of the sillenite crystals Bi12ZnO20, X-ray diffraction (XRD) 

was used (Fig. 2). All diffraction peaks are narrow and well indexed to the cubic phase of BZO 

with the JCPDS card number 78–1325, this is in line with the literature [25,26]. The XRD data 

and an I23 cubic structure were used to conduct Rietveld refinement, experimental findings and 

theoretical data determined by Maud are shown in Figure 1 as points and red lines respectively. 

The results showed that the findings calculated by the technique Rietveld are well matched with 

the experimental X-ray diffraction pattern. The Rietveld refinement results gave identical 

results compared to other known methods of structural properties [27]. The refined values 

represented a cubic structure with a space group I23 and a lattice parameter (a = 10.213815 Å). 

The Rietveld refined parameters such as reliability factors Rb,  Rexp, Rwp and Sig with the cell 

parameter (a) and atomic position (x,y,z) are presented in Table 1.  

Fig. 2 XRD diffractogram with Reitveld refinement of the sillenite Bi12ZnO20.  

Table 1 Rietveld and structural parameters. 

The structural representation of the sillenite BZO was illustrated in Fig. 3 by Vesta using 

the structural parameters in table 1. The atoms' colors for Zn, Bi and O are gray, yellow and 

red, respectively. As can be seen, the phase is a cubic structure (space group I23). The atoms in 



ACCEPTED MANUSCRIPT

the crystal structure aren’t shared occupancy between bismuth and zinc, where the occupancy 

of each atom is 1. 

Fig. 3: the structural representation of the crystal Bi12ZnO20. 

The crystallite size, X-ray density, and special surface area were calculated from the following 

equations [28]: 

𝐷𝐷 =
𝐾𝐾𝐾𝐾

𝛽𝛽cos (𝜃𝜃)
 (2) 

𝜌𝜌 =
𝑍𝑍𝑍𝑍
𝑁𝑁𝐴𝐴 𝑉𝑉

 (3) 

𝑆𝑆 =
6 ×  103

𝐷𝐷 × 𝜌𝜌
 (4) 

Where D is the regular phase crystallite, K is the Scherener constant, β is the full width at the 

highest half of the phase, 𝜃𝜃 is the angle Braggs, 𝑁𝑁𝐴𝐴 is Avogadro’s number, 𝑀𝑀 is the Molecular 

mass of BZO (2893.14 g.mol-1), 𝜌𝜌 is the density of X-ray, 𝑍𝑍 is the count of model units in a cell 

(Z = 2 for sillenites [29]) and 𝑉𝑉 is the unit cell volume (1065.524205 Å 3) and S is the specific 

surface area. 

The crystallite size was calculated from the highest diffraction peak of the XRD 

diffractogram and it was found 54.15 nm. The density of X-rays was found to be 9 g/cm3. The 

special surface area (SSA) of the particular BZO was estimated by the Brunauer-Emmett-Teller 

(BET) method in equ. 4 and it was found 12.31 m2/g.  

3.1.2 Morphology investigation  

In order to analyze the morphology of the BZO crystals, Scanning Electron Microscopy 

(SEM) was used. Figure 4 shows a typical SEM image of the sample. It can be observed that 

the particles are slightly agglomerated due to the ultrafine nature of the sample, leading to the 

inhomogeneous distribution of crystals with different shapes and a noticeable porosity. The 

viscosity of the suspension in the synthesis route plays an important role in the development of 

the porous structure [1,30]. The porous structure becomes compact by increasing the viscosity 

of the suspension during the synthesis. The co-precipitation method is well known for its great 

viscosity because it forms precipitation during the synthesis, for that we have significant 

porosity in our sample.  

Fig. 4 SEM images of the crystals Bi12ZnO20. 
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3.1.3 Optical study  

The knowledge of the gap is very important to determine the photocatalytic performance 

of the catalyst. For that, the optical properties of BZO crystals were investigated by UV-vis 

diffuse reflectance spectroscopy (DRS). The bandgap energy (Eg) is determined by plotting the 

Tauc plot (Fig. 5), which is the dependence of the absorption coefficient (α) on the photon 

energy (hν). It is expressed in the following relationship [31]: 

(αhν)
1
n = K�hν− Eg� (5) 

α is the absorption coefficient, K a proportionality constant and the exponent n= 2 or 1/2 refers 

to the nature of the transition. The direct bandgap was estimated by the interception of the linear 

plot (αhν)2 and the hν axis. The band-gap energy (Eg) of BZO crystals was about 2.8 ± 0.1 eV 

which is narrow than that of TiO2 and ZnO (3.2 eV) [32,33]. This shows that BZO has a 

significant absorption level for the UV region from wavelength 200 to 400 nm where the 

fraction of the light irradiance is converted into electrical and/or chemical energy [34]. This 

tends to be more effective than the photocatalysts ZnO and TiO2 and leads in UV irradiation to 

an increase in the formation of pairs of electron holes. This narrow bandgap allows this sillenite 

to be a new promising catalyst for photo-catalysis applications and environmental aquatic 

pollution treatment. 

Fig. 5 UV–Vis diffuse reflectance spectrum of the crystals Bi12ZnO20. 

3.2 Photocatalytic efficiency investigation 

In order to test the efficiency of this catalyst for antibiotic removal, the irradiation 

photolysis effect must be considered. A test without the Catalyst BZO was conducted under 

UV irradiation to eliminate the effects of the photolysis. Photolysis recorded only a small 

percentage of CFRM degradation, not even above 2%. It can therefore be argued that the effect 

of photolysis could be neglected. Following the neglect of photolysis, we conducted the same 

experiment under similar conditions, albeit a BZO photocatalyst was present. Fig. 6 

demonstrated the degradation rate of CFRM in the presence of BZO as a function of time. 

Where the inset figure shows the associated UV-vis spectra for each point. As can be seen, the 

rate of CFRM degradation achieved 80 % within only 240 min which is very high compared to 

our previous study which is the only study that dealt with CFRM degradation [2]. This is owing 

to the catalyst's gap energy (2.8 eV) which offers a higher light absorption in the UV region 

from 200 to 600 nm [34]. It is an extremely difficult effort to improve the photocatalytic 
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performance of semiconductors from the removal of those hazardous pollutants, especially 

antibiotics which have difficult chemical composition. 

Fig. 6 Photocatalytic activity of Bi12ZnO20 for Cefuroxime degradation. Inset: Associated UV-

vis spectra. 

4. Conclusion and outlook 
             Within the framework of this study, Bi12ZnO20 nanoparticles were synthesized by 

the co-precipitation method. The obtained catalyst was characterized by different techniques. 

Starting with X-ray diffraction (XRD), the structure was refined from XRD data using the 

Rietveld method and then illustrated the structural form of this sillenite for the first time. A 

space group of I23 with a lattice parameter (a = 10.213815 Å) was found for this semiconductor. 

Also, the special surface area (SSA) of BZO was determined by the Brunauer-Emmett-Teller 

(BET) method, it was found 12.31 m2/g. Then, the morphology of the nanoparticles was 

visualized by Scanning Electron Microscope (SEM). Finally, the optical properties of BZO 

were determined by UV-VIS diffusion reflectance spectroscopy (DRS), an optical bandgap of 

2.8 eV was found. This narrow bandgap allows this sillenite to be a promising and effective 

catalyst for photocatalytic applications in the environmental field such as the treatment of 

polluted water. For that we tested for the removal of Cefuroxime from wastewater, it has shown 

a very interesting photocatalytic performance around 80% in just 240 min. This rate is very 

high compared to the literature. We conclude with an outlook on future research, we will test 

this sillenite in the degradation and the reduction of organic and inorganic pollutants, as they 

are both hazardous contaminants to the environment.  
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Fig. 1 Process of the preparation of the sillenite Bi12ZnO20. 

Fig. 2 XRD diffractogram with Reitveld refinement of the sillenite Bi12ZnO20. 



  
 

Fig. 3: The structural representation of the crystal Bi12ZnO20. 

 

Fig. 4 SEM images of the crystals Bi12ZnO20. 
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Fig. 5 UV–Vis diffuse reflectance spectrum of the crystals Bi12ZnO20. 
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Fig. 6 Photocatalytic activity of Bi12ZnO20 for Cefuroxime degradation. Inset: Associated UV-

vis spectra. 
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