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Abstract 

Photocatalysis is a growing area of study for a clean and renewable energy source, particularly 

for the purification of water and air. Researchers have studied the combination of various 

semiconductors to create photocatalysts with improved activities, but little has been reported 

in selecting semiconductors based on their extrinsic type – namely n-type or p-type. In this 

study, a BiOBr (p-type)-Bi2WO6 (n-type) heterojunction semiconductor was synthesized by 

the facile hydrothermal method. The new materials were characterized by X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), 

energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM) and diffuse-

reflection spectroscopy (DRS). Degradation of Rhodamine B was employed to measure the 

photocatalytic activity of the as-prepared photocatalysts. On the basis of these techniques, the 

influence of the synthesis conditions (namely, hydrothermal reaction time and temperature) 

and the degradation conditions (namely, initial concentration, pH of the initial dye water and 

amount of catalysts dosage) have been explored and discussed. Furthermore, effect of 

concentrations of the dopants (the atomic ratio of BiOBr and Bi2WO6 were 1:4， 1:1， 4:1) 

was examined by measuring the degradation rate of Rhodamine B. Finally, the mechanism of 

the degradation process and the enhancement effect of heterojunction were also interpreted by 

analyzing the quenching effect of the scavengers and the band structure. Conclusively, this 

study shed light on the benefits of using heterojunction photocatalysts, and also on the 

importance of considering the semiconductor type when forming composite photocatalysts.  
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Résumé 

L’étude de la photocatalyse en tant que source d'énergie propre et renouvelable, 

particulièrement pour la dégradation de solvants et la purification de l’eau et de l’air, est en 

pleine essor. Des études ont été réalisées sur la combinaison de divers semiconducteurs pour 

créer des photocatalyseurs dont l’activité est améliorée, mais peu de chercheurs se sont 

penchés sur le choix de semiconducteurs en fonction de leur type extrinsèque – soit type N, 

soit type P. Dans la présente étude, un semiconducteur à hétérojonction BiOBr-Bi2WO6 (type 

P-type N) a été synthétisé à l’aide de la méthode hydrothermale facile. Les nouvelles matières 

obtenues ont été caractérisées au moyen des techniques suivantes, entre autres : diffraction des 

rayons X, spectroscopie de photoélectrons XPS, microscopie électronique à balayage, 

spectroscopie à dispersion d'énergie, microscopie électronique à transmission et spectroscopie 

à réflexion diffuse. L’activité photocatalytique des photocatalyseurs préparés a été mesurée 

par la dégradation de la rhodamine B. À partir des techniques susmentionnées, l’influence des 

conditions de synthèse (notamment la température et le temps de réaction hydrothermique) et 

des conditions de dégradation (notamment la concentration initiale, le pH initial de l’eau avec 

colorant et la proportion des catalyseurs) a été examinée et discutée. En outre, on a évalué 

l’effet des diverses concentrations des dopants (les rapports atomiques de BiOBr et de Bi2WO6 

étaient de 1:4, de 1:1 et de 4:1) en mesurant la vitesse de dégradation de la rhodamine B. Enfin, 

l’analyse de l’effet de désactivation des entraîneurs et de la structure des bandes a permis 

d’interpréter le mécanisme du processus de dégradation et l’effet d’enrichissement de 

l’hétérojonction. Pour conclure, la présente étude a clarifié les avantages liés à l’utilisation des 

photocatalyseurs à hétérojonction, ainsi que l’importance de prendre en considération le type 

de semiconducteur lors de la création de photocatalyseurs composites.  
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Nomenclature, Abbreviation, and Symbols 

 Photocatalysts nomenclature 

BiOBr(x at%)-Bi2WO6: Heterojunction system of bismuth oxybromide and bismuth 

tungstate, in which atomic ratio of BiOBr accounts for x%. 

 Abbreviation 

CB: Conduction band 

DER: N, N’-Diethyl-rhodamine 

DRS: Diffused reflectance spectra 

ECB: Potential position of conduction band 

EVB: Potential position of valence band 
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EDTA: Ethylenediaminetetraacetic acid 

MER: N-Ethyl-rhodamine 

RhB: Rhodamine B 

SEM: Scanning electron microscopy 

TEM: Transmission electron microscopy 

TER: N, N, N’-Triethyl-rhodamine 

VB: Valence band 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray Diffraction 
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 Symbols 

Tauc equation: 

Ephoton= hν; α, K, Eg, n, h and ν represent the absorption coefficient, constant for 

semiconductor (usually equal to 1), bandgap energy, constant for semiconductor 

depending on the type of the band gap (direct transition: n=1; indirect transition: 

n=4), Planck constant and irradiation frequency, respectively. 
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CHAPTER 1: 

INTRODUCTION 

 

1.1 Introduction 

With the continuous development and advancement of modern civilizations, environmental 

contamination has spread world-wide. Faced with this issue, mankind has reached a consensus 

on the importance of environmental treatment and remediation. Photocatalysis, an advanced 

oxidation process (AOP), indirectly degrades most of the organic pollutants by producing 

strong oxidants (hydroxyl, •OH). This process has been widely applied in the field of 

environmental remediation [1-5]. Prominent advantages for photocatalytic processes include 

non-toxicity, low cost, high efficiency, no secondary-pollution and thorough mineralization. 

Comparatively, for some physical methods such as adsorption by active carbon and 

coagulation/flocculation, even though they could lead to approximately 80%-90% reduction 

of organic compounds in the treatment of dye water [6-8], phase transfer processes alone 

cannot achieve the final goal of thoroughly decomposing pollutants. Other AOPs that directly 

use the strong oxidant could cause the complete mineralization of the pollutants, converting 

them into harmless compounds such as CO2 and H2O [9]. It is still noteworthy that some 
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drawbacks hinder its wide practical application, such as the generation of carcinogenic by-

products (chlorite and chlorate) when using chloride in drinking water disinfection [10, 11], 

and the high cost and harmful by-products (e.g. bromate) of the ozonation process [12].  

In 1972, Fujishima and Honda introduced photocatalysis into water splitting and hydrogen and 

oxygen production in the electrochemical cell [13]. This triggered the intensive concentration 

on the research and development of photocatalytic science and engineering. Two distinct areas 

have been studied on heterogeneous photocatalysis: the basic theoretical chemical 

investigation of mechanisms, reaction kinetics, synthesis and compound modifications, etc. 

[14-19]; and the industrial scale-up studies associated with the photocatalytic reactor design. 

This work focussed on overcoming the low visible-light-driven activity and high 

recombination rate of electron-hole pairs in photocatalysts implemented in waste water 

purification. The novel photocatalyst BiOBr-Bi2WO6, a heterojunction semiconductor, was 

synthesized to explore the potential enhancement effect of heterojunction structures on the 

visible-light-driven photocatalytic performance using some characteristic techniques. 

1.2 Objectives 

The objectives of this project were as follows: 

 Determining the optimum conditions for the synthesis of BiOBr (50 at%)-Bi2WO6 

composites by facile hydrothermal method, particularly the hydrothermal reaction 

temperature and holding time; 

 Exploring the influence of varying dopant ratios of BiOBr in the composites’ 

photocatalytic properties, especially their photocatalytic degradation efficiency; 

 Characterizing the as-prepared BiOBr (50 at%)-Bi2WO6 composites under the 
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optimized synthesis conditions using XRD, XPS, SEM, TEM, EDS, DRS, etc.; 

 Investigating the photocatalytic activity and reusability of the composites by degrading 

Rhodamine B, as well as the factors that influence the degradation process such as 

initial concentration, pH and catalyst dosage; 

 Proposing and discussing a mechanism for the enhanced photocatalytic activity caused 

by the heterojunction in the novel photocatalyst. 

1.3 Thesis structure 

The main body of this thesis includes three sections: introduction, experimental results and 

conclusions, in which the experimental results have been divided into two chapters. Details 

about each chapter are as follows: 

 Chapter 1: Introduction 

The project has been introduced with some background information, the objectives and 

the thesis structure. 

 Chapter 2: Background and literature review 

A general paper review of related research and theoretical feasibility of this project has 

been argued and conclusions have been determined. 

 Chapter 3: Synthesis, analysis and testing of BiOBr-Bi2WO6 photocatalytic 

heterojunction semiconductors 

The influence of experimental temperature and holding time while synthesizing BiOBr 

(50 at%)-Bi2WO6 heterojunction semi-conductor using the hydrothermal method has 

been explored, the as-prepared photocatalysts have been characterized and the 

mechanism of photocatalysis using heterojunction semiconductors has been 
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interpreted. 

 Chapter 4: Facile synthesis of BiOBr-Bi2WO6 heterojunction semiconductors 

with high visible-light-driven photocatalytic activity 

The effects of dopant ratios of BiOBr in the composites and the mechanism in the 

degradation process of Rhodamine B have been determined, along with the 

enhancement effect of a heterojunction structure. 

 Chapter 5: Conclusions 

General conclusion of this project and suggestions of future work have been listed. 
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CHAPTER 2: 

BACKGROUND AND LITERATURE REVIEW 

 

 

2.1 Introduction 

Approximately 3 × 1024 J of solar energy irradiates on the earth’s surface annually, which is 

over 104 times the global consumption of energy based on the data from the U.S. Energy 

Information Administration (EIA). Effective storage or transfer of solar energy drives 

extensive research and tremendous results continue to be obtained. The photocatalytic process, 

one of the most promising techniques in utilizing solar energy, attracted growing interest in 

the past 4 decades. On one hand, photocatalysis could use solar energy to produce hydrogen, 

which has high chemical potential, and release oxygen via water splitting, analogous to natural 

photosynthesis [1, 2]. On the other hand, photocatalysis shows potential in the field of 

environmental remediation including waste water treatment and purification of polluted air [2-

5]. As has been widely introduced, TiO2 was regarded as one of the most promising 

photocatalysts due to its high chemical stability, low cost and environmental-friendly 

properties [6, 7]. However, some drawbacks emerged from the extensive research on TiO2 
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such as low visible-light-driven activity and high recombination rate of the photo-generated 

electron-hole pairs; solutions were explored and introduced for these issues such as the surface 

modification of TiO2 [8]. Meanwhile, synthesizing novel photocatalysts has become a popular 

topic for improving the photocatalytic activity under visible light by attaining suitable band 

gaps for stimulation. Bismuth composites attribute greatly to this category with relatively high 

photocatalytic performance in degrading organics in waste water or polluted air. At the same 

time, establishing a heterojunction was regarded as an effective measure to prevent the 

recombination of electron-hole pairs. In this chapter, the various heterojunctions established 

on the basis of Bismuth composite semiconductors will be reviewed and introduced. 

2.2 Photocatalysis 

The use of semiconductors as photocatalysts is ascribed to its special electrical configuration. 

Band theory is usually explained by the top two energy bands. Each box in the diagram in Fig. 

2-1 represents a band of energy levels. Comparing the band configurations of the metal, 

semiconductor and insulator, the high conductivity of metals is ascribed to the partly filled 

conduction band which results in electron conduction with a small potential gradient. 

Comparatively, the fully filled valence band and completely empty conductive band in 

insulator and semiconductor electrical configurations form a band gap which is a significant 

concept in photocatalysis. The magnitude of the gap distinguishes these two categories; 

insulators generally have band gaps larger than 3 eV while semiconductors have less than 3 

eV band gaps. The narrow band gap leads to electrons in the highest energy band (valence 

band, VB) of a semiconductor to require very little energy to jump to the adjacent band 

(conduction band, CB). Every leap of the electron to the conductive band leaves a positive 

hole in the valence band. Since there is a discontinuity between the conduction band and the 
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valence band, the longevity of electron-hole pairs are extended. The band gaps of frequently-

used semiconductors have been illustrated in [9, 10]. 

 

Fig. 2-1. Band diagrams of (a) Metal (b) Semiconductor and (c) Insulator. 

The energy of the incident light is sufficient to activate the electron leap from the valence band 

to the conduction band when hʋ > Eg (where h is Planck constant and ʋ is the frequency). For 

instance, the band gap of the widely used photocatalyst TiO2 is 3.2 eV. Only irradiation with 

wavelengths lower than 387.5 nm could stimulate the electrons in the valence band. As a result, 

most of the research using TiO2 as the photocatalyst use UV lamps as their incidence source, 

which would increase the operating cost and therefore hinder the photocatalytic industrial 

scale-up [11]. Upon irradiation, the photo-generated electrons and holes could separately 

participate in various chemical reactions (Equation 1-5) [12]. The formation of the very strong 

oxidant hydroxyl could trigger the complete degradation of pollutants. The standard electrode 

potentials of some oxidants can be seen in Table 2-1. 

 

 

Band gap, Eg 

(a) (b) (c) 
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CBVB
ehhTiO   2  (Eq. 1) 

  HOHhOH
VB2  (Eq. 2) 

+Pollutant Pollutanth    (Eq. 3) 

2 2PollutantOH CO H O     (Eq. 4) 

  22 OeO
CB  (Eq. 5) 

 

Table 2-1. Standard electrode potential of general oxidants (at 25 °C). 

Oxidant Standard electrode 

potential (V) 

Oxidant Standard electrode 

potential (V) 

F2 2.87 HClO4 1.63 

•OH 2.80 ClO2 1.50 

O3 2.07 Cl2 1.36 

H2O2 1.77 Cl2O7
2- 1.33 

MnO2 1.68 O2 1.23 
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2.3 Properties of Bi2WO6 and BiOBr 

2.3.1 Bi2WO6 

 

Fig. 2- 2. Structure of Bi2WO6. (Simulated by Quantum Espresso [13]) 

Bi2WO6 is the simplest member in the Aurivillius family which has the general formula of 

Bi2An-1BnO3n+3 (where A= Ca, Sr, Ba, Pb, Bi, Na, K; B= Ti, Nb, Ta, Mo, W, Fe). It has recently 

received great interest in the field of environmental remediation, to be used as a 

photocatalyst[14]. The crystal structure of Bi2WO6 consists of alternating layers of (Bi2O2)
2+ 

and (WO4)
2-, shown in Fig. 2-2. It has been reported that Bi2WO6 possesses some special 

physical properties such as ferroelectric piezoelectricity, pyroelectricity, catalytic behavior 

and a non-linear dielectric susceptibility, which resulted in the promising implementation of 

this material [15]. 
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In 1999, Kudo and Hijii synthesized the Bi2WO6 with the solid state reaction and used it for 

splitting water to produce H2 and O2 under visible-light irradiation [16]. Since then, Bi2WO6 

has increasingly gained the attention of researchers and has undergone extensive chemical 

investigation. The current synthesis methods can be summarized as follows: 

 Solid state reaction [16] 

Solid state reaction was the first synthesis method used for preparing Bi2WO6. Bi2O3 

and WO3 were mixed in the ethanol solution and the mixture was dried for 5 h under 

353 K and then sintered at 1173 K for 12 h [17]. The as-prepared Bi2WO6 with a band 

gap of 2.69 eV was employed as a photocatalyst to decompose the organic 

contaminants (CHCl3 and CH3CHO) under visible light. Results suggested that the 

Bi2WO6 could completely mineralize these organic pollutants. However, the big 

particle size, low surface area (0.64 m2/g, less than 2% of P-25 which is 49.41 m2/g) 

and relatively low visible-light-driven photocatalytic activity restricted the wide 

application of this synthesis method, leading to further research for alternative methods. 

 Hydrothermal method  

Typically, synthesis of Bi2WO6 by hydrothermal method used Bi(NO3)3•5H2O and 

Na2WO4•2H2O with the ratio of Bi : W = 2:1 as precursors. The hydrothermal reaction 

occurred in Teflon-lined stainless steel autoclaves in an oven at a specific temperature 

for some time. This formed a well-crystalline structure as illustrated in [18]. The 

formation process could be divided into three steps: self-aggregation, Ostwald ripening 

and self-organization [19, 20]. The hierarchical microsphere was the general structure 

of Bi2WO6 synthesized by this method. It should be mentioned that the crystal structure 

was greatly influenced by the synthesis conditions, especially the pH value of the 
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precursors. In other words, the structure of Bi2WO6 could be controlled by adjusting 

the synthesis conditions [21, 22]. The 3-D dimensional hierarchical (layer-by-layer) 

microspheres were transformed into 2-D nano-plates due to the curved architecture 

disappearing at each step of pH increase. Correspondingly, some physical and chemical 

properties of the photocatalysts changed such as their optical properties, BET surface 

areas and even the photocatalytic degradation efficiencies. Another significant factor 

in the hydrothermal method is the addition of a surfactant, which usually plays the 

template role during the synthesis process. For example, when adding P123 in the 

precursor, which is a tri-block copolymer typically used as a surfactant (EO20PO70EO20, 

Plur-onic P123), the synthesized structure of Bi2WO6 was a tyre- and helix-like 

structure. Comparatively, without a surfactant in the precursor, it would be more like 

the hierarchical microspheres. Conclusively, the structure of Bi2WO6 synthesized by 

the facile hydrothermal method could be controlled by adjusting the experimental 

conditions. 

 Microwave-assisted solvothermal method [23] 

Microwaves have been widely used in the synthesis of nanomaterials recently, as they 

can change the kinetics and selectivity of chemical reactions [24, 25]. The microwave-

assisted technique is considered superior since it is rapid, environmentally friendly, 

simple and efficient. According to the research performed on the microwave-assisted 

solvothermal method in the synthesis of Bi2WO6, it only took about 5 minutes to 

synthesize the flower-like Bi2WO6 particles [23, 26]. The photocatalytic activities of 

the photocatalysts synthesized by the microwave-assisted solvothermal method were 

similar to the activities of those synthesized by the hydrothermal method, but in 
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reduced reaction time. 

 Ultrasonic-assisted method [27] 

It has been confirmed that the photocatalytic activity of the Bi2WO6 synthesized by the 

ultrasonic-assisted method was 4-6 times higher than that of the photocatalysts 

synthesized by solid-state reaction [27]. In this method, a Bi(NO3)3•5H2O and 

Na2WO4•2H2O mixture was exposed to high-intensity ultrasound for 1 hour so as to 

produce the visible-light-induced Bi2WO6 nanoplate-like photocatalysts. 

 Low-temperature combustion method [28] 

The low-temperature combustion synthesis (LCS) method has been reported in the 

preparation of other photocatalysts such as TiO2 [29], ZnO [30] and WO3 [31]. Zhang 

et al. introduced the synthesis of Bi2WO6 by the LCS method in 2010 [28]. The 

precursor consisting of Bi(NO3)3•5H2O and Na2WO4•2H2O was reacted on a hot plate 

which was preheated to a specific temperature (200 °C in [28]) until a yellow fluffy 

product was produced(Bi2WO6). As-prepared Bi2WO6 with high surface area owing 

for its small size in nanomaterial levels evidently enhanced the photocatalytic activity 

in degrading Rhodamine B (RhB) and Phenol. 

Among all these synthesis methods of preparing Bi2WO6, hydrothermal method has gradually 

become the mainstream method owing to its simple operation and apparatus, facile 

experimental conditions, high productivity and also its environmentally friendly process. 

Furthermore, the pH and other synthesis conditions could be adjusted to control the chemical 

and physical properties as required in various conditions. Experimental results also proved 

that Bi2WO6 synthesized by the hydrothermal method possessed high visible-light-induced 

photocatalytic activity. 
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2.3.2 BiOBr 

 

Fig. 2- 3. Structure of BiOBr. (Simulated by Quantum Espresso [13]) 

BiOBr, one of the bismuth oxyhalides, is a layer-structured semiconductor, [Bi2O2] layer and 

Br atoms layer are interleaved to form the tetragonal structure (Fig. 2-3). Huang et al. 

theoretically calculated the electronic structure of BiOBr based on the density functional 

theory (DFT) [32]. The band gap of BiOBr was 2.92 eV which means it could be activated by 

irradiation with wavelengths lower than 420 nm, which is within the visible-light range [33]. 

It further calculated that the valence band of BiOBr consists of O 2p and Br 4p orbitals while 

Bi 6p orbitals contribute mostly to the conduction band. 

Various synthesis methods have been tried and reported to prepare BiOBr. The general 

synthesis methods recently employed are as follows: 

 Hydrolysis [34] 

As the simplest synthesis method, hydrolysis has been once employed in preparation 
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of BiOBr. BiBr3 was hydrolyzed by adding Na2CO3 (Eq. 6) to adjust the pH of the 

solution between 6 and 10. The precipitates were separated by filtration and washed 

by distilled water several times until BiOBr was obtained. SEM images of BiOBr 

synthesized by the hydrolysis method shown suggested that it possessed the 

hierarchical structure with relatively poor crystallinity. 

3 2 2hydrolysisBiBr H O BiOBr HBr     (Eq. 6) 

 Hydrothermal method  

Similar to the synthesis of Bi2WO6, the hydrothermal method was also applied in the 

synthesis of BiOBr. Bi (NO3)3•5H2O was dissolved in acetic acid and dropwise added 

into the KBr solution, resulting in yellow precipitates forming immediately. The 

suspended solution was transferred into the Teflon-lined stainless steel autoclaves 

which were moved into the oven. The possible formation process of BiOBr could be 

illustrated as: 

3

3 2 3Bi 2CH CH COOH BiO CH CHO H       (Eq. 7) 

3

2 2Bi H O BiO H         (Eq. 8) 

BiO Br BiOBr        (Eq. 9) 

Above is the typical process for the synthesis of BiOBr without surfactant, where flake-

like structures could be obtained [33]. Meanwhile, by using a surfactant, some special 

and interesting structures could be formed. For example, using polyvinyl pyrrolidone 

(PVP) to modify the hydrothermal method, the structure of the prepared BiOBr was 

the hierarchical microflowers [35, 36]. Not only was the size and shape controlled, the 

optical properties and the final photocatalytic activities were greatly influenced, and it 

confirmed that the hierarchical microspheres were beneficial for the separation of the 
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electron-hole pairs, improving the photocatalytic performance. In other words, the 

photocatalytic activity in the degradation of organics could be controlled by adjusting 

the synthesis conditions resulting in structural differences. 

 Solvothermal method 

The only difference between the hydrothermal and solvothermal method is the solvent 

in the precursor solution. Instead of aqueous, the solute was dissolved in diethylene 

glycol (DEG) or ethylene glycol (EG) [37]. These solvents played the template role to 

induce the assembly of hierarchical microspheres, which is beneficial for the 

improvement of photocatalytic performance [38]. The proposed formation processes 

included three steps: the formation of nanoplates in the early stage similar to the 

hydrothermal method, the EG-induced assembly of the nanoplates to form loose 

microspheres and the formation of hierarchical microspheres via the recrystallization 

process [39]. Furthermore, Zhang et al. utilized microwaves to assist the solvothermal 

method and optimize the synthesis route [40]. 

By employing the organic solvent, synthesis of 3D hierarchical microspheres by the 

solvothermal method resulted in some beneficial properties in photocatalysis, such as 

high visible-light-driven activity in the degradation of organic pollutants, and 

improved control of the structure. However, drawbacks of this method include the 

presence of impurities in the product and the inevitable secondary environmental 

pollution for using the organic solvent [41]. 

 

 Microemulsion method 

To overcome the problems with the synthesis of nanomaterials (e.g. complex operation 
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of controlling the particle structure and size), microemulsion has been used as the 

medium for the preparation of nanoparticles. Henle et al. introduced the synthesis of 

nano-sized particles of BiOBr using the microemulsion method [42]. The 

microemulsions consist of nonionic surfactants Marlophen NP5 (RO(CH2CH2O)xH, 

x=5, R=nonylphenyl, M=440 g/mol, SASOL), heptane and aqueous salt solutions, in 

which the micelles act as the template and dictate the size of the target products. 

Bi(NO3)3•5H2O and KBr were dissolved in the microemulsions to obtain BiO+ and Br- 

as separate microemulsions. The mixture of these separate microemulsions was stirred 

for 24 h, and then the precipitation was separated by centrifugation to get the BiOBr 

samples. Results exhibited that 3-22 nm BiOBr particles were synthesized. A large 

amount of surfactant was consumed during the process, which contributed to the 

method’s complexity and high cost. 

In conclusion, BiOBr could be synthesized by various methods and each of them has its 

benefits and drawbacks. After comprehensive consideration, hydrothermal and solvothermal 

methods would still be the preferred method due to its facile experimental conditions, and its 

simple and inexpensive operation process. 

2.4 Introduction of heterojunction 

Combining photocatalysts to establish a heterojunction, an interface between two or more 

semiconductors, results in a composite with reduced recombination rate of electron-hole pairs 

[43]. Such composites have generated increasing attention in photocatalysis, leading to 

publications of promising results. The mechanism involved is the interfacial transfer of 

electrons and holes as in [43], in which electrons jump from the conduction band of one 
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semiconductor to that of another semiconductor and holes move oppositely so as to achieve 

an efficient charge separation [44-46]. 

On the basis of commercially used TiO2, numerous heterojunction composites have been 

synthesized with relatively high photocatalytic performance in the degradation of organics 

[47-51]. However, the low visible-light-driven photocatalytic activity and high recombination 

rate of carriers prevent its wide application. In this context, bismuth composites with high 

photocatalytic activity induced by visible-light irradiation were synthesized at  specific run-

time and conditions, while the high recombination rate of charges inhibit the further 

improvement of the photocatalytic performance. Many of approaches to modify the bismuth 

semiconductors have been tried [20], and it has been confirmed that the establishment of a 

heterojunction structure was the most promising and effective method. Correspondingly, 

numerous results related to bismuth heterojunction were reported, such as ZnWO4/Bi2WO6 

[52, 53], Graphene/BiOBr [54], Bi2O2CO3/Bi2WO6 [55], BiOI/BiOBr [56], BiOCl/BiOBr [57], 

Bi2WO6/BiVO4 [58, 59], WO3/Bi2WO6 [60, 61], Bi2O3/Bi2WO6 [62-64] and g-C3N4/Bi2WO6 

[65] etc. Before this paper, BiOBr/Bi2WO6 has rarely been reported except for one paper that 

synthesized BiOBr/Bi2WO6 composites using the solvothermal method in the presence of 

ionic liquid [C16mim]Br in [66]. The complex, costly and environmental-unfriendly operation 

process impelled this work, hence the BiOBr-Bi2WO6 composites will be synthesized by the 

facile hydrothermal method. 

2.5 Conclusions 

The mechanism of photocatalysis has been introduced, which utilizes the energy of light to 

produce high oxidative species and experiences a secondary reaction to degrade the organic 
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pollutants. Bi2WO6 and BiOBr, two kinds of semiconductors with promising application in 

photocatalysis, have suitable band gaps to be stimulated by visible-light irradiation. By 

establishing a heterojunction, the recombination rate of photon-electron carriers could be 

reduced so as to improve the photocatalytic performance in decomposition of organics. Finally, 

the drawbacks of BiOBr-Bi2WO6 composites that are currently prepared by the solvothermal 

method impel this work, hence the BiOBr-Bi2WO6 heterojunction semiconductors will be 

synthesized by facile hydrothermal method. 
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Abstract: 

In photocatalysis, the recombination of electron-hole pairs is generally regarded as one of its 

most serious drawbacks. The synthesis of various composite photocatalysts with 

heterojunction structures has increasingly shed light on preventing this recombination. In this 

work, a BiOBr-Bi2WO6 photocatalytic heterojunction semiconductor was synthesized by the 

facile hydrothermal method and applied in the photocatalytic degradation process. It was 

determined that both reaction time and temperature significantly affected the crystal structure 
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and morphologies of the photocatalysts. BiOBr (50 at%)-Bi2WO6 composites were prepared 

under optimum synthesis conditions (120 °C for 6 h) and by theoretically analyzing the DRS 

results, it was determined that it possessed the suitable band gap (2.61 eV) to be stimulated by 

visible-light irradiation. The photocatalytic activities of the as-prepared photocatalysts were 

evaluated by the degradation of Rhodamine B (RhB) under visible-light irradiation. The 

experimental conditions, including initial concentration, pH and catalyst dosage, were 

explored and the photocatalysts in this system were proven stable enough to be reused for 

several runs. Moreover, the interpreted mechanism of the heterojunction enhancement effect 

proved that the synthesis of a heterojunction structure provided an effective method to 

decrease the recombination rate of the electron-hole pairs, thereby improving the 

photocatalytic activity. 

 

Keywords: photocatalysis; hydrothermal; BiOBr-Bi2WO6; heterojunction; Rhodamine B 

(RhB) 
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3.1 Introduction 

Photocatalysts are growing more prominent due to their essential role in most of today’s 

environmental and energy-source problems. Since 1972, photocatalysis has been heavily 

researched and an increasing number of results have been published [1]. The involved fields 

mainly include hydrogen generation by water-splitting [2, 3] and the remediation of 

environmental problems related to industrial wastewater treatment [4], ground water 

purification [5, 6], disinfection [7, 8] and removal of air pollutants [9, 10]. Simultaneously, 

the defects of using photocatalysts were highlighted throughout their prosperous development, 

specifically the low visible-light driven photocatalytic activities (commercially used 

photocatalysts-TiO2 could only be activated by UV light) and the high recombination rates of 

the photo-generated electron-hole pairs. 

Based on recent works, remediation trials aimed at overcoming the drawbacks mentioned 

above include modification of existing photocatalysts (e.g. metal deposition, doping, etc.) [11] 

and synthesis of novel photocatalysts with high-visible light driven photocatalytic activities 

such as C3N4 [12], Graphene [13], and Bismuth composites (e.g. BiOX, X=F, Cl, Br and I, 

Bi2WO6 etc.) [14, 15]. Bismuth composites have high visible-light photocatalytic activity due 

to their well-dispersed valence bands consisting of not only O 2p orbitals like in metal oxide 

semiconductors, but also Bi 6s orbitals. As a result, the composites have better separation of 

electron-hole pairs despite their narrow band gaps [16]. By adjusting the synthesizing 

conditions, a variety of morphologies of bismuth composites were prepared, such as 

nanoplate-like structures, micro-porous spheres, and hierarchical structures. This is because 

the structure of the photocatalyst, to some extent, influences their properties. For example, 
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semiconductors with a 3D structure could have slightly narrower band gaps than plate-like 

semiconductors [15]. 

Heterojunction semiconductors are gradually emerging recently due to the enhancement effect 

on the photocatalytic activity. Due to the high visible-light driven photocatalytic activity of 

bismuth composites and comparatively high recombination rate of the photo-generated 

electron-hole pairs, researchers focused on recombining two different bismuth composites to 

establish the heterojunction structure, in which the self-formed electric field could push the 

electrons and holes to opposite sides of the heterojunction, effectively separating the charge 

carriers. Many heterojunction semiconductors with high photocatalytic degradation of 

pollutants have been reported that use either Bi2WO6 or BiOBr in the composite [17-22]. 

However, to the knowledge of the author, a BiOBr-Bi2WO6 heterojunction photocatalyst 

synthesized by the facile hydrothermal method has still not been reported. Theoretically, a 

BiOBr-Bi2WO6 composite has a suitable band gap for stimulation by visible-light irradiation 

and can be applied in the degradation of pollutants in dye water via generation of oxidative 

species such as hydroxyl radicals, superoxide radicals and hydrogen peroxide. 

This report presents the preparation of BiOBr-Bi2WO6 heterojunction semiconductors using 

the facile hydrothermal method. The crystal structures and morphologies of the as-prepared 

photocatalysts were observed by XRD and SEM techniques. DRS and classical Tauc 

formulation were applied to evaluate and calculate the band gaps. The photo-degradation of 

Rhodamine B (RhB) was used to measure the photocatalytic activity of the composites under 

visible-light irradiation (wavelength λ>410 nm) in a slurry reactor. The influence of 

experimental conditions in synthesizing the samples and photocatalytic degradation process 
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was explored and introduced. Finally, the mechanism of the heterojunction enhancement 

effect was illustrated with the band structure.  
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3.2 Experimental 

3.2.1 Synthesis of BiOBr-Bi2WO6 composites 

The facile hydrothermal method was used as the synthesis method to prepare the BiOBr-

Bi2WO6 composites. All of the reagents were purchased from Sigma-Aldrich in their pure 

form. 2 g Bi(NO3)3•5H2O was dissolved in 80 mL acetic acid and then dropwise added into 

the solution containing 0.45 g Na2WO4•2H2O and 0.16 g KBr. Herein, the atomic ratio of 

BiOBr/Bi2WO6 was 1:1. The turbid liquid was then moved into 45 mL Teflon-lined stainless 

steel autoclaves (purchased from Parr Instrument Company) and magnetically stirred for 30 

minutes under room temperature. Next, the autoclaves were heated in the oven at a designated 

temperature for a designated amount of time. In this work, the temperatures that were chosen 

are 90 °C, 120 °C, 150 °C, 180 °C and 210 °C, respectively. Meanwhile, the time of the heat 

preservation were 3 h, 6 h, 9 h, 12 h and 15 h, respectively. After the autoclaves naturally 

cooled down to room temperature, the precipitate was separated by centrifugation (1500 rpm 

for 5 minutes) and finally dried in the oven (80 °C for 12 h). 

3.2.2 Characterization 

The crystal structures were characterized by X-ray powder diffraction (XRD) with a Cu-Kα 

radiation Diffractometer at 40 kV and 44mA recorded with 2θ scope ranging from 5-80°. As 

for the morphologies, field-emission scanning electron microscopy (FE-SEM) was used. The 

UV-vis diffusion reflectance spectra of the photocatalysts were performed by a UV-vis 

spectrophotometer (Thermo Evolution 300) equipped with an accessory to analyze powder 

samples. 
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3.2.3 Photocatalytic reactor and photocatalytic activity measurement 

The photocatalytic reactor was a slurry batch photoreactor (Fig. 3-1). The light source was a 

300 W tungsten halide bulb (purchased from USHIO) with a cut-off filter (purchased from 

Kenko Zeta, transmittance>90%) to filter out the irradiation with wavelengths below 410 nm 

so that the irradiation in this system attributed only to visible light. The intensity of the 

irradiation was found to be approximately 4.7×10-3 Einstein•m-2•s-1 measured by a quantum 

meter (Biospherical QSL-2100; 400 nm<λ<700 nm). The sufficiently high irradiation intensity 

aimed to prevent the dependence of the reaction rate on the generation of the electron-hole 

pairs, and the controlled factor of the photocatalytic activity was the mass transfer. A cooling 

jacket was applied outside the reactor, and the temperature of the degradation process was 

kept around (20±2) °C. Meanwhile, the solid-liquid solution was stirred magnetically under 

180 rpm to enhance the mass transfer.  

 

Fig. 3-1. Photo of the photocatalytic reactor used in this system. 
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Rhodamine B (RhB) was regarded as the polluting organic in the dye water. In each experiment, 

200 mL of waste water (aqueous RhB solution) with a specific concentration was added into 

the 500 mL beaker, and a certain amount of the specific photocatalyst was mixed with the 

waste water under magnetic stirring for 30 min in the dark to attain the adsorption-desorption 

balance. The photocatalytic degradation was then performed for 2 hours in the presence of 

visible light irradiation. About 1 mL of the suspension was taken out from the reactor every 

10 min, and the supernatant solution was separated using the centrifuge and measured by UV-

Vis spectrophotometer (Puxi, UV 1901). The peak absorbance for RhB was λ=554nm. The 

degradation efficiency of RhB was calculated using the following equation: 

degradation = 100%o t
efficiency

o

c c

c



  

Where co is the initial concentration of RhB and ct is the concentration of RhB at the specific 

testing time during the degradation. 

To study the influencing factors of the degradation process, the initial concentration of RhB, 

pH of the dye water and the dosage amount of the photocatalysts in the slurry system would 

be explored. 
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3.3. Results and Discussion 

3.3.1 XRD analysis 

Two factors, the time of the heat preservation and the temperature in the synthesis process, 

were explored, and the crystal structures of the BiOBr-Bi2WO6 composites synthesized under 

different experimental conditions were measured by X-ray diffraction techniques. 

Firstly, the effect of holding time of the autoclaves in the oven was studied and shown in Fig. 

3-2. All of the XRD patterns synthesized under various holding time at 120 °C showed that 

characteristic peaks were in good agreement with the tetragonal structure for BiOBr in the 

standard JCPDS card (09-0393) and the orthorhombic structure for Bi2WO6 in the standard 

JCPDS card (39-0256). With the holding time rising up to 6 h, the characteristic peaks became 

much sharper which signifies an increase in crystallinity. When the holding time was exceeded 

6 h, the outline and the intensity of the characteristic peaks were similar, which suggested that 

6 h was enough for the synthesis of the BiOBr-Bi2WO6 composites just from the point of the 

crystal structure. 

Secondly, the effect of the synthesis temperature of the autoclaves in the oven was studied, 

and the XRD pattern of the BiOBr-Bi2WO6 composites synthesized under various temperature 

and holding 6 h were shown in Fig. 3-3. It could be concluded that the composites before 

hydrothermal treatment singly consisted of tetragonal BiOBr, and with increasing temperature, 

the characteristic peaks of orthorhombic Bi2WO6 became more prominent such as the typical 

peak at 2θ=28.30°. When the temperature was over 120 °C, the characteristic peaks of BiOBr 

became weaker and the characteristic peaks of Bi2WO6 became stronger. At 210 °C, only some 

stunted characteristic peaks of Bi2WO6 were found. This phenomena might be because 
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temperatures higher than 120 °C was in favor of the growth of Bi2WO6 and probably went 

against the growth of BiOBr [23]. The XRD results indicate that the crystal structures of 

BiOBr-Bi2WO6 composites could be selectively synthesized by adjusting the hydrothermal 

reaction holding time and temperature, and the well-crystallized BiOBr-Bi2WO6 composites 

could be synthesized with facile experimental conditions at 120 °C for 6 h. 

 

 

Fig. 3-2. XRD pattern of the BiOBr-Bi2WO6 composites synthesized for various time at 120 °C. 
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Fig. 3-3. XRD pattern of BiOBr-Bi2WO6 composites synthesized for 6 h under various temperature. 

3.3.2 SEM analysis 

Field-emission scanning electron microscopy (FE-SEM) has been performed to analyze the 

morphologies of the as-prepared BiOBr-Bi2WO6 composites. The formation process of 

BiOBr-Bi2WO6 composites involved hydrothermal ripening, which is a common 

phenomenon in crystal growth process. Based on the images in Fig. 3-4, it suggested that by 

increasing the reaction time from 3 h to 15 h (while keeping the temperature at 120 °C), the 

structure changed from thin and irregularly shaped agglomerate nanoplates to flawless bigger 

microspheres. Specifically, when the reaction time was 6 h, the composites could be described 

as nanoplate-like BiOBr covered with flake-like Bi2WO6. When the reaction time exceeded 6 

h, the size increase from about 1 μm (at 6 h) to about 8 μm (at 15 h) could be interpreted as 

the intrinsic anisotropic growth habit which could happen when the energy was high enough 

to overcome the reaction barriers (heated over 120 °C in our system) [24]. The surface became 
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much smoother due to the recrystallization process, which frequently took place during the 

hydrothermal synthesis of nanomaterials [25, 26]. The tighter the structure was, the lower the 

total energy of the system would be via minimal surface energy. SEM images of the 

photocatalysts synthesized under various temperatures for 6 h were shown in Fig. 3-5. They 

were hierarchical microspheres with increasingly better-crystallized flake-like Bi2WO6 grown 

on the surface when the temperature increased from 90 °C to 210 °C. Combined with the 

results of XRD, it indicated that high temperatures selectively accelerated the formation of 

flake-like Bi2WO6. These results are highly consistent with the XRD results analyzed in the 

previous section and further prove that adjusting the experimental conditions could control the 

structure of the BiOBr-Bi2WO6 composites. 
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Fig. 3-4. FESEM images of BiOBr-Bi2WO6 composites synthesized for (a) 3 h, (b) 6 h, (c) 9 h, (d) 12 h 

and (e) 15 h under 120 °C. 

(a) (b) 

(c) (d) 

(e) 
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Fig. 3-5. FESEM images of BiOBr-Bi2WO6 composites synthesized for 6 h under (a) 90 °C, (b) 120 °C, (c) 

150 °C, (d) 180 °C and (e) 210 °C. 

(a) (b) 

(c) (d) 

(e) 
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3.3.3 UV-vis Diffuse Reflectance Spectrum (DRS) analysis 

 

Fig. 3-6. UV-vis diffuse reflectance spectra (DRS) of TiO2 (anatase), pure Bi2WO6, BiOBr-Bi2WO6 

composites and pure BiOBr. (pure Bi2WO6 and BiOBr were synthesized by the hydrothermal method). 

Optical properties of the as-prepared photocatalysts were measured by their UV-vis 

reflectance spectra. Fig. 3-6 shows the reflectance spectra of samples including pure Bi2WO6, 

BiOBr (50 at%)-Bi2WO6 composite, pure BiOBr and TiO2 (P25, anatase). All of these results 

exhibit a significant increase in absorbance at the wavelength of irradiation lower than some 

specific value. For the band-gap transition, for example, the value for the BiOBr (50 at%)-

Bi2WO6 composite was about 470 nm. Calculation of the band gap used the following classical 

Tauc equation (Eq.1) for indirect semiconductors. 
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𝛼𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐾(𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝑔)
𝑛
2 

(Eq.1) 

where Ephoton = hν; α, K, Eg, n, h and ν represent the absorption coefficient, constant for 

semiconductor (usually equal to 1), bandgap energy, constant for semiconductor depending 

on the type of the band gap (for indirect transition: n=4) [27-29], Planck constant and 

irradiation frequency, respectively [30]. The band-gap value (Eg) were extrapolated by plotting 

(α×Ephoton)
1/2 versus Ephoton shown in Fig. 3-7, and the band-gaps were 3.10 eV, 2.80 eV, 2.61 

eV and 2.72 eV for TiO2, pure Bi2WO6, BiOBr(50 at%)-Bi2WO6 composites and pure BiOBr, 

respectively. It suggested that the bismuth composites are suitable for being activated by 

visible light and that TiO2 could only be stimulated by irradiation with wavelengths lower than 

400 nm, i.e. the ultraviolet region. Furthermore, a red-shift from 2.61 eV to 2.72 eV was 

observed when the BiOBr formed a heterojunction with Bi2WO6, which could be due to the 

notable effects of the shape and structure. SEM images of pure BiOBr, Bi2WO6 and the BiOBr 

(50 at%)-Bi2WO6 composites were shown in Fig. 3-8. The 3D superstructure of the BiOBr-

Bi2WO6 heterojunction could decrease the band-gap compared to the plate-like BiOBr; similar 

results appeared in [15]. Conclusively, synthesizing the novel photocatalysts (bismuth 

composites in this work) with suitable band-gaps could theoretically widen the wavelength of 

the irradiation into the visible light range. 
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Fig. 3-7. (α*Ephoton)1/2-Ephoton curves of TiO2 (anatase), pure Bi2WO6, BiOBr-Bi2WO6 composite and pure 

BiOBr. (pure Bi2WO6 and BiOBr were synthesized by the hydrothermal method). 
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Fig. 3-8. SEM images of (a) pure Bi2WO6, (b) pure BiOBr and (c) BiOBr (50 at%)-Bi2WO6 composites. 

3.3.4 Photocatalytic performance in degradation of RhB 

3.3.4.1 Effect of synthesizing conditions 

Photocatalytic activities of the as-prepared photocatalysts were evaluated by the degradation 

of RhB under visible light illumination (λ>410 nm). The degradation efficiencies for systems 

with photocatalysts synthesized at different reaction times and the same reaction temperature 

and for the same reaction time at different reaction temperatures were displayed in Fig. 3-9 

and Fig. 3-10, respectively. For reaction times from 0 h to 6 h (0 h means photocatalysts 

(a) (b) 

(c) 
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without hydrothermal process and separated from the precursor directly) at 120 °C, the 

degradation efficiency improved from 50 % to 82 % within the first 10 min. This phenomenon 

might correspond to the increasingly better-crystal heterojunction structure which could 

enhance the photocatalytic degradation by improving the separation of the electron-hole pairs. 

From 10 min and onwards, deterioration in photocatalytic activity was probably caused by the 

decrease of surface defects that was introduced in section 3.3.2. As for the photocatalytic 

activities of photocatalysts synthesized under different reaction temperature for the same 

reaction time, an optimum hydrothermal temperature existed at 120 °C with approximately 

100 % degradation efficiency in just 20 min. This could be interpreted as temperatures higher 

or lower than 120 °C hindered the establishment of the heterojunction. 

Therefore, an optimum hydrothermal reaction time and temperature existed and was 

determined to be 6 h and 120 °C, respectively. These results are in good correspondence with 

the analysis of the crystal structure of the as-prepared photocatalysts as the structure 

significantly influenced the reactive performance. 
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Fig. 3-9. Photocatalytic degradation efficiency as a function of time by using the photocatalysts 

synthesized for various reaction time under 120 °C. (Catalysts dosage: 1.0 g/L; Temperature: (20±2) °C; 

pH=5 and initial concentration: 10 ppm) 

 

Fig. 3-10. Photocatalytic degradation efficiency as a function of time by using the photocatalysts 

synthesized for 6 h under various hydrothermal reaction temperature. (Catalysts dosage: 1.0 g/L; 

Temperature: (20±2) °C; pH=5 and initial concentration: 10 ppm) 
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3.3.4.2 Effect of initial concentration 

Waste water from different areas usually have varying concentrations of the pollutants. 

Therefore, the degradation of pollutants with varying initial concentrations is a significant 

parameter to analyze for photocatalysts. In this work, the initial concentration of RhB was 

varied from 5 ppm (mg/L) to 50 ppm (mg/L) with photocatalysts synthesized under the same 

conditions (120 °C for 6 h) and the same experimental conditions such as photocatalyst dosage 

(1.0 g/L), pH (5) and reaction temperature (20±2 °C). The photocatalytic degradation 

efficiencies in these systems were shown in Fig. 3-11. To investigate the influence of 

photolysis of RhB, the photolytic conversion at initial concentration of 10 ppm was measured 

and shown in Fig. 3-11, and was found to be negligible. It could be observed that the RhB was 

completely removed in 20 min in the systems with an initial concentration of 5 ppm and 10 

ppm, and by increasing the initial concentration of RhB from 20 ppm to 50 ppm the 

degradation efficiency decreased from 60 % to 22% in 20 min. These results could be ascribed 

to the degradation process which involves three individual processes: adsorption of RhB, 

reaction of RhB with oxidative species and desorption of degraded products [31]. For a certain 

amount of the catalyst dosage (1.0 g/L), the adsorption and active sites were limited which 

resulted in increasing competition for RhB to be adsorbed and degraded with increasing 

concentration of the initial solution. Another reason is attributed to the reduction of the 

irradiation energy while passing through the solution. As expected when increasing the 

concentration of RhB, the color of the solution became much darker, which means much more 

irradiation energy would be lost before reaching the surface of the photocatalysts and it would 

correspondingly decrease the production efficiency of the electron-hole pairs. These two 
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reasons finally resulted in the phenomenon that an increase of the initial solution concentration 

corresponds to a decrease in the degradation efficiency. 

 

Fig. 3-11. Photocatalytic degradation efficiency as a function of time in systems with various initial 

concentrations of RhB solution using BiOBr (50 at%)-Bi2WO6 composites synthesized for 6 h under 

120 °C. (Catalysts dosage: 1.0 g/L; Temperature: (20±2) °C and pH=5) 
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3.3.4.3 Effect of photocatalysts dosage 

 

Fig. 3-12. Photocatalytic degradation efficiency as a function of time in systems with various 

photocatalysts dosage using BiOBr (50 at%)-Bi2WO6 composites synthesized for 6 h under 120 °C. 

(Temperature: (20±2) °C; pH=5 and initial concentration: 20 ppm) 

As a relatively expensive technique, it is important to choose a suitable catalyst dosage for 

optimal degradation efficiencies. The dosage was varied from 0.5 g/L to 3.0 g/L (synthesized 

under 120 °C for 6 h) and tested at the initial RhB concentration of 20 ppm and pH of 5, as 

shown in Fig. 3-12. The photolytic effect of the irradiation was also measured in the system 

with initial concentration of 10 ppm, and found to be negligible. As for the degradation 

efficiencies for different systems, it surprisingly found an evident increase from about 10 % 

to 40 % when the catalyst dosage increased from 0.5 g/L to 1.0 g/L, and increasing the amount 
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of the catalysts dosage up to 3.0 g/L then resulted in a tiny increase of the degradation 

efficiency in 30 min as shown in Fig. 3-13. 

Meanwhile, before turning on the light, the adsorption-desorption ability in systems with 

different catalysts dosage was also investigated, and results suggested that more of the 

photocatalyst in the system possessed much more active sites and were able to adsorb much 

more RhB before the photocatalytic process, which successfully explained the phenomenon 

that the photocatalytic activity could be enhanced by increasing the catalyst dosage. Beyond 

that, excessive amounts of the photocatalyst in the system would induce the increase of light 

scattering and decrease the irradiation penetration, thereby reducing the photocatalytic 

degradation efficiency [32, 33]. The integrated effects lead to the final results, which explained 

why intensive increase of the photocatalytic degradation efficiency has not occurred when the 

photocatalyst dosage was massively increased. 

 
Fig. 3-13. The adsorption abilities and photocatalytic degradation efficiency (in 30 min) in systems with 

various photocatalysts dosage using BiOBr (50 at%)-Bi2WO6 composites synthesized for 6 h under 

120 °C. (Temperature: (20±2) °C; pH=5 and initial concentration: 20 ppm) 
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3.3.4.4 Effect of pH of the RhB solution 

  

  

 

 

Fig. 3-14. UV-vis spectra of the samples taken during the degradation process, and the RhB solutions 

with different initial pH (a) pH=2, (b) pH=5, (c) pH=7, (d) pH=9 and (e) pH=12. (Photocatalysts: BiOBr 

(50 at%)-Bi2WO6 composites synthesized for 6 h under 120 °C; Catalysts dosage: 1.0 g/L; Temperature: 

(20±2) °C and initial concentration: 20 ppm) 

(a) (b) 

(c) (d) 

(e) 
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The photodegradation of RhB with varying initial pH and fixed experimental conditions (initial 

concentration of 20ppm, catalyst dosage of 1.0 g/L, photocatalysts synthesized for 6 h under 

120 °C) was displayed by measuring the UV-vis spectra as shown in Fig. 3-14 (HCl and NaOH 

has been used to adjust the pH). It could be easily concluded from the results that different 

initial pH directly determined the mechanism of the degradation of RhB. By plotting the 

relative intensity and wavelength of the major peak at 554 nm versus irradiation times which 

were respectively shown in Fig. 3-15 and Fig. 3-16, it could be seen that when the pH of the 

RhB solution was equal to 5, 7 and 9, these degradation processes have similar mechanisms. 

That is, the RhB was step-by-step degraded into rhodamine by de-ethylation, observed by the 

blue-shift of the widely-introduced characteristic peak from 554 nm (Rhodamine B) to 498 nm 

(Rhodamine) [31, 34, 35]. Meanwhile, with the increase of the pH from 5 to 9, the 

photocatalytic degradation efficiency decreased, which is attributed to the reduced adsorption 

of RhB with increasing pH while the high adsorption at relatively lower pH promoted the 

degradation rate [36]. When the pH reached 12, the RhB hardly adsorbed on the surface of the 

photocatalysts, resulting in negligible degradation efficiency in 2 h. As for a pH of 2, it took 

longer time (about 2 h compared to 1 h for the system with initial pH equal to 7) for the blue-

shift from 554 nm to 498 nm, which means it would be much more difficult for RhB to reach 

complete deethylation. This could be attributed to Bi2WO6 being unstable and transforming 

into H2WO4 and Bi2O3 in the acidic solution [36, 37]. The transformation of Bi2WO6 damages 

the BiOBr-Bi2WO6 heterojunction and eventually reduces the photocatalytic activity.  

While adjustingthe pH influenced the adsorption of the pollutants onto the photocatalysts, the 

redox species were also influenced at varying pH. It could be concluded that at lower pH, the 

positive holes play the significant role while at neutral or alkaline circumstances, hydroxyl 
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radials were regarded as the major oxidative species [38-40]. The final results integrated all of 

these effects introduced above and it is concluded that the pH range from 5 to 9 is suitable for 

the as-prepared photocatalysts, and lower pH is preferable in this range. 

 

Fig. 3-15. Relative intensity of the characteristic peak at 554 nm as a function of time in systems with 

various initial pH of RhB solutions. (Photocatalysts: BiOBr (50 at%)-Bi2WO6 composites synthesized for 

6 h under 120 °C; catalysts dosage: 1.0 g/L; Temperature: (20±2) °C and initial concentration: 20 ppm) 
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Fig. 3-16. The blue-shift of the characteristic peaks during the degradation process in systems with 

various initial pH of RhB solutions. (Photocatalysts: BiOBr (50 at%)-Bi2WO6 composites synthesized for 

6 h under 120 °C; catalysts dosage: 1.0 g/L; Temperature: (20±2) °C and initial concentration: 20 ppm) 

3.3.5 Reusability 

To evaluate the reusability of the photocatalysts used in the system, consecutive photocatalytic 

processes for 4 runs have been measured and the results were displayed in Fig. 3-17. Between 

each run, photocatalysts were separated from the slurry by centrifugation. The used 

photocatalysts were then mixed with fresh dye water. Results show that the degradation 

efficiencies of RhB decreased from 100 % (complete degradation) to 85 % in 2 h. This proves 

that the as-prepared photocatalysts could be reused with relatively high photocatalytic activity. 

The run-by-run decrease in performance may be due to the intermediate products of degraded 

RhB, which were not completely degraded, to remain adsorbed on the surface of the 

photocatalysts. This would reduce the sorption ability of the photocatalysts, resulting in the 

decrease of the degradation efficiencies. The structure of the photocatalysts after the 
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degradation process for 4 runs was detected by XRD, which was shown in Fig. 3-18. All of 

the characteristic peaks of tetragonal BiOBr and orthorhombic Bi2WO6 came out in the XRD 

patterns of photocatalysts before and after the degradation for 4 runs, which means the main 

structure of the BiOBr-Bi2WO6 heterojunction was not destroyed and was stable enough. 

However, each of the peaks in the upper XRD pattern have been widened and not as sharp as 

that of the under XRD pattern, and it suggests the crystallinity has been reduced to some extent 

that exactly corresponds to the pollutants or the intermediate products being adsorbed and 

remaining on the photocatalysts. In conclusion, the BiOBr-Bi2WO6 photocatalysts synthesized 

by the hydrothermal method possess the stable properties and could be reused multiple times, 

which is a prerequisite for photocatalyst applications in practice. 

 

Fig. 3-17. Photocatalytic degradation efficiency as a function of time in four runs. (Photocatalysts: BiOBr 

(50 at%)-Bi2WO6 composites synthesized for 6 h under 120 °C; catalysts dosage: 1.0 g/L; temperature: 

(20±2) °C; pH=5 and initial concentration: 10 ppm) 
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Fig. 3-18. XRD pattern of photocatalysts (BiOBr (50 at%)-Bi2WO6 synthesized for 6 h under 120 °C) 

before and after degradation process for 4 runs. 

3.3.6 The mechanism of heterojunction enhancement 

 

Fig. 3-19. Degradation efficiency versus irradiation time by utilizing photocatalysts hydrothermally 

synthesized and mechanically mixed. (Ratio of BiOBr to Bi2WO6: 1:1; catalysts dosage: 0.5 g/L; 

temperature: (20±2) °C; pH=5 and initial concentration: 10 ppm) 
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The degradation efficiency of the photocatalyst synthesized by the hydrothermal method under 

120 °C for 6 h were compared to the efficiency of the photocatalyst synthesized by 

mechanically mixing pure BiOBr and Bi2WO6 by the similar hydrothermal method under the 

same experimental conditions, in which the fixed ratio of BiOBr and Bi2WO6 was equal to 1:1. 

The results were demonstrated in Fig. 3-19. Specifically, the degradation efficiency improved 

from 20% for mechanical mixing to 55% for chemical synthesis. The heterojunction 

photocatalyst took about 50 min to completely remove RhB, while it took 120 min to obtain 

the same degradation results from mechanical mixing. The evident enhancement probably 

attributed to the establishment of the BiOBr-Bi2WO6 heterojunction that has been introduced 

in other references [22, 41-43]. Similarly, the enhancement effect could simply be illustrated 

by the analysis of the band structure shown in Fig. 3-20. When stimulated by light energy (hν), 

electrons jump from the valence band to the conduction band, leaving behind positive holes 

on the valence band. In the presence of an electric field, there exists a force to drive the 

electrons from the conduction band of BiOBr to that of Bi2WO6, while holes oppositely move 

from the valence band of Bi2WO6 to that of BiOBr [27, 44]. This kind of movement effectively 

separates the electrons and holes so as to decrease the recombination rate of the electron-hole 

pairs. The accumulated electrons and holes could then individually react with  adsorbed 

species such as oxygen or the organic pollutants. 
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Fig. 3-20. Band structure of the BiOBr-Bi2WO6 heterojunction. (VB: valence band; CB: conduction 

band). 

3.4 Conclusions 

In this work, novel BiOBr-Bi2WO6 heterojunction photocatalysts have been synthesized by 

the facile hydrothermal method. The optimal synthesis conditions, especially the hydrothermal 

reaction temperature (120 °C) and holding time (6 h), have been explored and discussed on 

the basis of evaluating its structure (XRD, SEM) and photocatalytic degradation efficiency. 

DRS results theoretically proved that BiOBr-Bi2WO6 composites have suitable band-gaps to 

be stimulated by visible-light irradiation. Furthermore, the influence of experimental 

conditions in the photocatalytic degradation process, such as the initial concentration, amount 

of the photocatalyst dosage and initial pH, have been studied and discussed. By recycling the 

photocatalysts, it proved that the BiOBr-Bi2WO6 composites were stable enough to be used in 

practice. Finally, the mechanism of the enhancement effect by establishing the heterojunction 

has been explained based on the band structure, and further suggested it is an effective 
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approach to separate the electron-hole pairs, enhancing the photocatalytic activity in the 

degradation of pollutants in dye water. 
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Abstract: 

Photocatalysis is a growing area of study for a clean and renewable energy source, particularly 

for the degradation of solvents and the purification of water and air. Researchers have studied 

the combination of various semiconductors to create photocatalysts with improved activities, 

but little has been reported in selecting semiconductors based on their extrinsic type – namely 

n-type or p-type. In this study, a BiOBr (p-type)-Bi2WO6 (n-type) heterojunction 

semiconductor was synthesized by the hydrothermal method. The new materials were 
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characterized using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and diffuse-

reflection spectroscopy (DRS). Their photocatalytic activities were examined by measuring 

the degradation rate of Rhodamine B at varying concentrations of the dopants (the atomic ratio 

of BiOBr and Bi2WO6 are 1:4， 1:1， 4:1). The study shed light on the benefits of using 

heterojunction photocatalysts, and also on the importance of considering the semiconductor 

type when forming composite photocatalysts. 

 

Keywords: BiOBr; Bi2WO6; Heterojunction; Photocatalysts; Rhodamine B 
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4.1 Introduction 

Photocatalysis, one of the forceful techniques withstanding the gradually deteriorative 

environmental conditions, has drawn intensive investigation since 1972 [1]. Currently, two 

main applications of this preeminent technique are widely reviewed, namely the photocatalytic 

water splitting with the production of hydrogen and the photocatalytic purification or 

disinfection in wastewater or polluted air [2-5]. In semiconductor photocatalysis, electrons 

jump from the valence band to the conduction band via proper activation of UV or visible light, 

and each of the photo-generated electron-hole pairs directly and indirectly produce some 

reactive oxidative species (ROS) such as •OH, •O2 and holes. These species are strong enough 

to decompose the polluted organics in the environment or sterilize most of the bacteria [6]. 

Most commercially used photocatalysts (e.g. TiO2) still exhibit some drawbacks, including 

high recombination rate of the photo-generated electron-hole pairs and low photocatalytic 

efficiency under visible light irradiation [7]. Counter-measures have been reported 

incorporating the modification (e.g. metal deposition, doping etc.) of commercial 

photocatalysts and the exploration of synthesizing novel photocatalysts [8]. Among these 

methods, coupling is an effective approach to essentially improve the photocatalytic activity. 

Particularly, establishing a heterojunction by combining two photocatalysts provides a feasible 

method to decrease the recombination of photo-generated carriers and continues to drive 

research. By various synthesis methods, coupled systems such as TiO2-Bi2WO6 [9-12], Bi2O3-

Bi2WO6 [13-15], WO3/Bi2WO6 [16, 17] and BiOBr-BiOI [18] composites have been prepared 

and applied in the degradation of waste water and purification of polluted air. It should be 

noteworthy that the results of experiments reported above completely indicate that 

heterojunction offers an excellent prospect in charge carrier separation which correspondingly 
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extends the life time and reduces the recombination rate of photo-generated carriers, leading 

to an enhanced photocatalytic performance. 

As for improving visible-light response in photocatalysis, bismuth compound semiconductors 

have been intensively studied for the formation of various heterojunctions. Compared with the 

valence band (VB) of metal oxides which is commonly and simply composed of O 2p, VB of 

materials containing bismuth mostly consist of O 2p and Bi 6s hybrid orbitals. It has been 

reported that a well-dispersed Bi 6s orbital is more beneficial to increase the mobility of the 

photo-generated carriers and to decrease the band gap [19]. Meanwhile, a large number of 

bismuth compounds with varying morphology have been prepared, providing various 

possibilities in preparing high-efficiency catalysts. 

Bismuth tungstate (Bi2WO6), a typical n-type semiconductor with a band gap of approximately 

2.7 eV, and Bismuth oxyhalides (BiOX, X=Cl, Br, I), a typical p-type semiconductor with 

band gap of approximately 1.7-3.2 eV, have been synthesized by various methods and shown 

relatively high efficiency in photocatalytic performance [19, 20]. However, the high 

recombination rate of photo-generated charge carriers hinders their wide application. It has 

been reported that combining these two kinds of photocatalysts to form a heterojunction could 

effectively reduce the recombination rate [21]. Synthesizing BiOBr-Bi2WO6 composite using 

ionic liquids (ILs) is a complex method and is costly to operate. Comparatively, the 

hydrothermal technique has been regarded as an excellent method in synthesizing nano-

particles with many advantages such as good reproducibility and high purity products [22]. 

Herein, novel composites consisting of BiOBr and Bi2WO6 with the facile one-step 

hydrothermal method were studied. The benefits of the heterojunction were tested by the 

destruction of RhB under visible-light irradiation. Experimental results evidently exhibited an 
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enhancement in photocatalytic performance compared to the pure Bi2WO6 or BiOBr. The 

mechanism of the enhanced photocatalytic performance was also proposed by calculating and 

analyzing the band structure. Meanwhile, the mechanism of the degradation process was also 

explored.  
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4.2 Experimental 

4.2.1 Synthesis of BiOBr/Bi2WO6 composites 

All of the reagents were purchased from Sigma-Aldrich Company in analytical purity and used 

as received. The BiOBr/Bi2WO6 composite photocatalysts were synthesized by the facile co-

precipitation method. In a typical procedure (mole ratio of BiOBr/Bi2WO6 is 1:1), 2 g 

Bi(NO3)3•5H2O was dissolved in 80 mL acetic acid (HAc), and was dropwise dissolved into 

40 mL distilled deionized water containing 0.45 g Na2WO4•2H2O and 0.16 g KBr. The mixture 

was magnetically stirred for 30 minutes at room temperature. After that, the suspension was 

transferred into 45 mL Teflon-lined stainless steel autoclaves (approximately 80% of its 

maximum volume) and then heated at a designated temperature (120 °C) for a designated 

amount of time (12 hours). When the autoclaves naturally cooled down to the room 

temperature, the precipitate was separated by the centrifuge under 1500 rpm for 5 minutes 

three times with deionized water and ethanol to wash out any possible ionic species. The 

precipitate was then dried at 80 °C for 6 hours to obtain the BiOBr/Bi2WO6 composites. To 

investigate the effects of co-doping amount, The composites with different mole ratios of 

BiOBr/Bi2WO6 at 1:4 (20 at%) 1:1 (50 at%) and 4:1 (80 at%) were also synthesized. For 

comparison, pure BiOBr and Bi2WO6 were also prepared by the solvothermal method under 

the same preparation conditions mentioned above. 

4.2.2 Characterization 

X-ray diffraction (XRD) analysis was carried out using a Rigaku Ultima IV Diffractometer 

with Cu Kα radiation (λ=0.15418 nm) at 40kV and 44 mA. The surface chemical states of the 

photocatalysts were analyzed by the XSAM-800 X-ray Photoelectron Spectroscope (XPS). 
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The morphology was studied by the field-emission scanning electron microscope (FE-SEM) 

with JEOL JSM-7500F, equipped with an Energy Dispersive X-ray Spectroscope (EDS). The 

Transmission Electron Microscopy (TEM) technique was performed with JEM-2100F 

FETEM (JEOL). The Thermo Evolution 300 spectrophotometer was used to evaluate the 

Ultraviolet-visible (UV-Vis) diffuse reflectance spectra (DRS) of the photocatalysts. 

4.2.3 Photocatalytic activity measurement 

A slurry batch photoreactor was applied in the degradation of organic pollutants. The light 

source was a 300 W tungsten halide bulb (Ushio) and a cutoff (Kenko Zeta, 

transmittance>90%) was applied to filter out any irradiation with the wavelength below 410 

nm. A 500 mL beaker with a cooling jacket was used as the container of the organic pollutants. 

The temperature of the reactor was controlled around (20±2) °C by the cooling/heating 

recirculating water. The apparatus was placed in a constructed reflective housing to avoid the 

effect of the outside light. Rhodamine B (RhB) was regarded as the organic pollutant and used 

in determining the degradation efficiency of each synthesized photocatalysts. In each 

degradation experiment, 200mL of aqueous solution containing RhB was added into the 

beaker while keeping the initial concentration at 10 mg/L (10 ppm) and then a certain amount 

(0.5 g/L) of the photocatalysts was mixed with the solution under constant magnetic stirring 

for 30 minutes in the dark prior to the photocatalytic degradation to make sure the adsorption-

desorption equilibrium is reached. Then, turning on the light started the degradation process. 

In every 10 minutes, 1mL of the suspension was taken out and separated by the micro-

centrifuge under 10000 rpm for 3 minutes. After that, the supernatant solution was measured 

by a UV-Vis spectrophotometer (Puxi, UV 1901) with the peak absorbance at 554 nm (Fig. 4-
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1). A calibration curve was used to determine the concentration of Rhodamine B from the peak 

absorbance. The degradation efficiency could be calculated by the following equation: 

𝜔𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑐𝑜 − 𝑐𝑡

𝑐𝑜
× 100% 

Where co is the initial concentration of Rhodamine B and ct is the concentration of Rhodamine 

B at the specific testing time during the degradation. 

The recyclability of the photocatalysts was analyzed by separating the photocatalysts after one 

run using the centrifuge (Hermle Z400K) and mixing the used photocatalysts with fresh dye 

water to start the next run. After the final run, the separated photocatalysts were dried at 80 °C 

for 6 hours and then analyzed by the XRD test. In the quenching experiments, ethylene diamine 

tetraacetic acid (EDTA) (99%, Sigma-Aldrich) was used as the holes scavenger, isopropanol 

(reagent grade, Fisher Scientific) as the •OH scavenger and N2 bubbling for the reduction of 

the dissolve oxygen. They were used to analyze the roles of each species. 

 

Fig. 4-1. UV-Vis spectrophotometer and the formula structure of Rhodamine B (RhB). 
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4.3 Results and discussion 

4.3.1 XRD and XPS test 

The XRD pattern of the as-prepared pure Bi2WO6, pure BiOBr and the BiOBr/Bi2WO6 

composites at different ratios are shown in Fig. 4-2. The diffraction peaks of pure BiOBr and 

Bi2WO6 exhibit in good agreement with the tetragonal structure of BiOBr (JCPDS card # 09-

0393) and the orthorhombic structure of Bi2WO6 (JCPDS card # 39-0256), respectively. All 

of the characteristic peaks are found in the BiOBr/Bi2WO6 composites. Especially when the 

BiOBr content accounts for 50 at%, the sharp peaks indicate fine crystallinity. When the 

BiOBr content increase to 80 at%, the characteristic peaks of Bi2WO6 at 28.3° which is the 

(131) plane and 32.8° which is the (200) plain became weaker while all of the peaks became 

sharper, which could be ascribed to BiOBr since the main part possesses fine crystallinity. In 

the 20 at% BiOBr/Bi2WO6 composite, the characteristic peaks of BiOBr are rarely found 

except for the peak at 21.9° which is the (002) plain and the peak at 31.7° which is the (102) 

plane which determine the existence of the BiOBr. Meanwhile, the overlap of the characteristic 

peaks of Bi2WO6 and BiOBr prove the excellent combination of these two semiconductor by 

the facile synthesis method. 
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Fig. 4-2. The XRD pattern of the pure Bi2WO6, pure BiOBr and the composites of the BiOBr/Bi2WO6 

with different ratios. 

To investigate the chemical states of the BiOBr/Bi2WO6 composite, an X-ray photoelectron 

spectroscopy (XPS) was performed and the high resolution scan of Bi 4f, W 4f, O 1s and Br 

3d orbits for the 50 at% sample are shown in Fig. 4-3. The spectra were calibrated by C 1s, 

the peak position of which was at 284.6 eV. For the Bi 4f XPS spectra in Fig. 4-3a, the two 

strong peaks centered at 164.7 eV and 159.4 eV were in good agreement with the Bi 4f5/2 and 

Bi 4f7/2, indicating the valence of bismuth in the BiOBr/Bi2WO6 composite was +2 [17, 23, 

24]. It should be noted that the binding energy was not the same as the values of pure BiOBr 

and Bi2WO6 [25, 26], which could prove to be beneficial to combine these two semiconductors 

by this synthesis method. Similarly, the binding energy of W 4f was centered at 37.5 eV and 
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35.4 eV for W 4f5/2 and W 4f7/2 orbits, respectively (Fig. 4-3b), which indicates the presence 

of W6+ in the sample [27]. There were three peaks in the spectra of O 1s orbit (Fig. 4-3c), 

indicating that three different types of structures consist of oxygen. The highest peak at 530.4 

eV attribute to the bonds of W-O and Bi-O in the 50 at% BiOBr/Bi2WO6 composite. In 

addition, the peaks at 531.6 eV and 533.0 eV were resulted from oxygen in -OH and adsorbed 

H2O, respectively [28, 29]. The spectra in Fig. 4-3d show the Br in the composite in the form 

of Br-1 [23, 30]. Evidently, the XPS and XRD results determined that the hydrothermal 

synthesis method was feasible to prepare the heterojunction semiconductors. 
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Fig. 4-3. High resolution XPS scan of (a) Bi 4f, (b) W 4f, (c) O 1s and (d) Br 3d orbits in the BiOBr (50 

at%)-Bi2WO6 composite. 

4.3.2 SEM, EDS and TEM analysis 

Morphology analyses of the pure Bi2WO6, pure BiOBr and the composites with different ratio 

are shown in Fig. 4-4. The surface structure of pure Bi2WO6 is flake-like microspheres, sized 

in the range of 2-3 μm (Fig. 4-4a). Pure BiOBr produced by the hydrothermal method has a 

nanoplate crystal form (Fig. 4-4e). When the atomic ratio of BiOBr to Bi2WO6 was 1:1, the 

core was the hierarchical BiOBr and the flake-like Bi2WO6 were dispersed on its surface, the 

size of which was smaller than 1 μm (Fig. 4-4c). However, it should be noted that only the 

flake-like structure and flower-like structure were found in the BiOBr (20 at%)/Bi2WO6 

composite (Fig. 4-4b) and BiOBr (80 at%)/Bi2WO6 (Fig. 4-4d) composite, respectively. The 
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EDS analysis on the BiOBr (50 at%)/Bi2WO6 composite is shown in Fig. 4-4f. It is suggested 

that only the elements of Bi, Br, O and W exist, which further prove that the composite consists 

of these two fundamental components of BiOBr and Bi2WO6. 

The HRTEM image of the BiOBr (50 at%)-Bi2WO6 composite is shown in Fig. 4-5. The 

orderly lattice was analyzed and is shown in the figure. The clear lattice were almost at the 

edge, and the distance between the plane was about 0.35 nm which is in accordance with the 

(101) direction of BiOBr crystal according to the PDF#09-0393. The dark part in the core was 

due to the overlap of lattices of the BiOBr and Bi2WO6. As the Bi2WO6 was dispersed on the 

surface, the distance between the fringes was approximately 0.37 nm which was in good 

agreement with the (111) direction of Bi2WO6 based on the PDF#39-0256. Therefore, the 

HRTEM image could not only further prove that the composite consisted of these two 

fundamental components of BiOBr and Bi2WO6, but also revealed that the Bi2WO6 were 

dispersed in the core of BiOBr. 
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Fig. 4-4. FESEM image of (a) pure Bi2WO6, (b) 20 at% BiOBr/Bi2WO6 composite, (c) 50 at% 

BiOBr/Bi2WO6 composite, (d) 80 at% BiOBr/Bi2WO6 composite and (e) pure BiOBr; (f) EDS of 50 at% 

BiOBr/Bi2WO6 composite. 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig. 4-5. HRTEM image of BiOBr (50 at%)-Bi2WO6 composite. 

4.3.3 UV-Vis diffused reflectance spectra (DRS) analysis 

 

Fig. 4-6. UV-Vis diffused reflectance spectra (DRS) of the TiO2 (anatase) and as-prepared pure BiOBr, 

pure Bi2WO6 and BiOBr-Bi2WO6 composite with different atomic ratio. 
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The optical absorbance properties were measured by the UV-Vis diffused reflectance 

spectroscopy and the spectra of the photocatalysts were determined as shown in Fig. 4-6. There 

exists a rapid increase of the absorbance when the wavelength of the irradiation was lower 

than a specific value (approximately 45 nm), which depends on the composition of the sample. 

The phenomena was due to the indirect band-gap transition. It could be concluded that with 

the increase of BiOBr in the composite, there was a notable red-shift in the irradiation 

absorbance which could be activatedd by the visible light. This is one of the primary 

shortcomings of the most widely used photocatalyst, TiO2. 

The bandgap (Eg) of the semiconductors could be calculated by the classical Tauc approach 

using the following equation: 

𝛼𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐾(𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝑔)
𝑛
2 

where Ephoton = hν; α, K, Eg, n, h and ν represent the absorption coefficient, constant for 

semiconductor (usually equal to 1), bandgap energy, constant for semiconductor depending 

on the type of the band gap (direct transition: n=1; indirect transition: n=4), Planck constant 

and irradiation frequency, respectively [12]. Herein, for BiOBr, the value of n was 4 for its 

indirect band-gap transition (Appendix A.4) [31]. However, it is still controversial for Bi2WO6. 

Some researchers reported that n is 4 [32, 33], and some studies have confirmed its n is 1 [34, 

35]. In this study, the band gap of Bi2WO6 attribute to the indirect type, so the n was 4. By 

plotting (αEphoton)
1/2-Ephoton shown in Fig. 4-7 and Table 4-1, all of the band gaps of these as-

prepared BiOBr/Bi2WO6 were in the range of 2.61-2.79 eV, indicating that the photocatalysts 

could be activated by visible light (wavelengths higher than 400nm). Meanwhile, with the 

combination of the BiOBr, the values of band gaps in each composite slightly and irregularly 
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decreased  due to BiOBr possessing a narrower band gap than Bi2WO6 [21]. The special thin 

nano-sheet structure of BiOBr is suitable for the quantum effect resulting in the blue-shift, 

which was why BiOBr had a relatively wide band gap. The BiOBr (50 at%)-Bi2WO6 

composite with the narrowest band gap is probably due to the effect of sensitization to one 

another. These results, to some extent, prove that these as-prepared BiOBr/Bi2WO6 with well-

established heterojunction have suitable band gaps for effective use in the degradation of 

organic pollutants under visible light. 

 

 

Fig. 4-7. (αEphoton)1/2-Ephoton curves of TiO2 (anatase) and as-prepared composites. 
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Table 4-1. Band gaps of TiO2 and as-prepared samples 

 TiO2 Bi2WO6 20at% BiOBr/Bi2WO6 50at% BiOBr/Bi2WO6 80 at% BiOBr/Bi2WO6 BiOBr 

Eg/eV 3.1 2.79 2.75 2.61 2.63 2.74 

4.3.4 Photocatalytic degradation of RhB 

4.3.4.1 The effect of the atomic ratio of BiOBr in the composites 

The photocatalytic activity of the as-prepared composites was observed by degrading 

Rhodamine B (RhB). All of the screening test results were plotted as shown in Fig. 4-8. 

Initially, the adsorption-desorption property of the photocatalysts was tested in the dark with 

a 0.5 g/L BiOBr (50 at%)-Bi2WO6 composite. It was noted that the adsorption-desorption 

balance was attained in 10 minutes. Correspondingly, it was rational to have a 30 min 

pretreatment before the photocatalytic degradation process. For another screening test, 

photolysis was performed by turning on the light without any photocatalysts. The removal 

efficiency after 2 hours was just around 10%. As for the comparison of the bismuth composite 

with TiO2, an apparent improvement was observed in the photocatalytic degradation for the 

bismuth photocatalysts over TiO2 under visible light irradiation. To be more specific for the 

bismuth photocatalysts, the pure Bi2WO6 showed the lowest degradation efficiency with 81% 

after 2 hours. For the combination of BiOBr and Bi2WO6 such as the BiOBr (20 at%)-Bi2WO6 

composites, the degradation efficiency showed improvements to some extent. However, when 

the atomic ratio of BiOBr in the composites was 50%, 90% of RhB decomposed in the first 

30 minutes, and after 1 hour almost all of the dye water was purified. The sharp improvement 

of the degradation efficiency was probably due to the well-establishment of the heterojunction, 

which directly influences the separation of the hole-electron pairs and indirectly increases the 

efficiency. Comparing the pure BiOBr with the BiOBr (50 at%)-Bi2WO6 composite in the 
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degradation of RhB, the composite showed an increase in the degradation efficiency by 47.2% 

after 10 minutes. 

To understand the kinetics of the RhB degradation, the Pseudo-first-order model (𝑙𝑛
𝑐𝑜

𝑐
= 𝑘𝑡) 

was applied for low RhB concentrations, where k is the reaction constant and t is the irradiation 

time. By plotting ln(co/c) with irradiation time (t) as shown in Fig. 4-9, the observed linear 

relationship proved that the Pseudo-first-order was suitable for this degradation process. The 

calculated results of the reaction constants shown in Table 4-2 indicated that the heterojunction 

effect suppressed the recombination of the hole-electron pairs to a large extent, especially for 

the BiOBr (50 at%)-Bi2WO6 composite. When the atomic ratio is lower than 50%, fewer 

heterojunctions are formed which lead to the relatively lower reaction rate. However, when 

the atomic ratio increased to 80%, even though more heterojunctions formed and the 

recombination rate of the electron-hole pairs sharply decreased, the lower surface area resulted 

in less chemical reaction sites and lower degradation efficiency. Similar results were reported 

in [36]. Overall, the optimal atomic ratio of BiOBr in the composite with high photocatalytic 

activity was 50%. 
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Fig. 4-8. Photocatalytic degradation efficiency as a function of time under various conditions. (catalysts 

dosage: 0.5 g/L; Temperature: (20±2) °C; pH=4.7 and initial concentration: 10 ppm) 

 

Fig. 4-9. Photocatalytic kinetics for each process. (catalysts dosage: 0.5 g/L; Temperature: (20±2) °C; 

pH=4.7 and initial concentration: 10 ppm) 
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Table 4-2. Pseudo-first order reaction rate constant for various processes respectively 

4.3.4.2 The mechanism of the degradation process 

It was reported that the degradation process of RhB was divided into two competitive 

processes, namely the N-de-ethylation process and the destruction of conjugated structure [33, 

37]. The intermediate products of N-de-ethylation include N, N, N’-Triethyl-Rhodamine 

(TER), N, N’-Diethyl-Rhodamine (DER), N-Ethyl-Rhodamine (ER) and Rhodamine 

(molecular formulas in Appendix A.3). The wavelength of the peaks are 539 nm, 522nm, 

510nm and 498 nm, respectively [37, 38], which indicates that this process could lead to the 

blue-shift of the wavelength. In this study, the UV-Vis spectra of the degraded RhB solution 

after each specific irradiation time were tested (Fig. 4-10). The wavelength of the major 

absorbance peak and the relative intensity of the absorbance as a function of the irradiation 

time were also plotted (Fig. 4-11). Apparently, the blue-shift of the peak wavelength occurred 

in the UV-Vis spectra, which indicates that de-ethylation initially dominates the degradation 

process (Scheme 1). After 40 minutes, the peak wavelength was stable at 498 nm with a 

decrease in intensity due to the destruction of the aromatic ring [38, 39]. The inset in Fig. 4-

10 shows that the solution underwent a series of color changes from red to orange, to light 

yellow and finally to a colorless solution. This was ascribed to the initial degradation of RhB 

being dominated by de-ethylation; followed by the degradation process shifting to the 

destruction of the conjugated structure once the ethyl compound was completely decomposed. 

 TiO2 Bi2WO6 20at% BiOBr/Bi2WO6 50at% BiOBr/Bi2WO6 80 at% BiOBr/Bi2WO6 BiOBr 

Pseudo-first order: 

k(10-2min-1) 0.292 1.009 1.210 7.796 3.405 5.503 

R2 0.9863 0.9982 0.9942 0.9986 0.9802 0.9916 
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Fig. 4-10. UV-Vis spectra of RhB as a function of irradiation time. (BiOBr (50 at%)-Bi2WO6 composite; 

Catalysts dosage: 0.5 g/L; Temperature: (20±2) °C; pH=4.7 and initial concentration: 10 ppm) 

 
Fig. 4-11. The wavelength of the major absorbance peak and the relative absorbance intensity under 

each specific irradiation time. 
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Fig. 4-12. Model of the degradation process of Rhodamine B on the BiOBr-Bi2WO6 composite 

4.3.4.3 The enhancement of heterojunction 

To prove the feasibility of the hydrothermal synthesis method in the enhancement of the 

photocatalytic activity, another screening test was performed by mechanically mixing the as-

prepared BiOBr and Bi2WO6 together with the catalysts’ dosage at 0.5 g/L and the atomic ratio 

of BiOBr at 50%. The degradation efficiency with the irradiation time was plotted as shown 

in Fig. 4-13. In the first 10 min, the degradation efficiencies were 20.7% and 50.5% for the 

photocatalysts synthesized by hydrothermal method and mechanical mixing method, 

respectively. The degradation efficiency of photocatalysts by mechanical mixing was just 

between the pure BiOBr and Bi2WO6, indicating that the photocatalytic effect of the physical 

mixture was simply the superposition of each component. The apparent enhancement of the 

composite synthesized by hydrothermal method was probably due to the well-establishment 

of the heterojunction, which effectively suppressed the recombination of the electron-hole 

pairs leading to a massive production rate of the oxidants. The particular mechanism of the 

heterojunction effect was schemed as shown in Fig. 4-18. 
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Fig. 4-13. Comparison of hydrothermal synthesis method and physical mechanical mixing method in the 

degradation of RhB. (Catalysts dosage: 0.5 g/L; Temperature: (20±2) °C; pH=4.7 and co= 10 ppm) 

4.3.5 Reusability 

Reusability was tested as a significant parameter in the evaluation of the BiOBr (50 at%)-

Bi2WO6 composite with a dosage of 1g/L (RhB solution). Both the adsorptive and 

photocatalytic performance of the photocatalysts in each run were tested and experimental 

results were observed as shown in Fig. 4-14. After 30 min in the dark to attain the adsorption-

desorption balance, the adsorbed quantity by the photocatalysts in each run decreased. This 

was because there are some RhB, or the species of RhB after partial degradation, adsorbed on 

the photocatalysts without being completely degraded in the prior run. This decreased the 

surface area of the photocatalyst which was crucial in the adsorption-desorption process. As 

for the synergetic effect of adsorption and photocatalysis, the degradation efficiency in the 
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first run reached 99.5% after 90 minutes. Afterwards, the degradation efficiencies decreased 

in every successive run, and 83.2% of the RhB was decomposed in the fourth run. 

After the four runs, the photocatalyst was separated by centrifuge and then dried in the oven 

before the XRD test was performed. The results are shown in Fig. 4-15. Comparing the XRD 

pattern of the photocatalysts before and after the degradation process, it could be noted that 

the similar peak shapes that represent almost all of the characterization peaks of BiOBr and 

Bi2WO6 appeared based on the JCPDS card. This indicated that the structure of the composite 

was not destroyed and correspondingly proved the strong stability of the as-prepared 

photocatalysts in the purification of wastewater. Additionally, the widening peaks and the 

decrease of the peak intensity such as in (1,0,2) and in (1,1,0) could be interpreted as molecular 

RhB or the species of RhB degraded being adsorbed into the structure of the composite, 

decreasing its degree of crystallization of the structure. 
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Fig. 4-14. Reusability of the BiOBr (50 at%)-Bi2WO6 composite performed in the degradation of RhB. 

(Catalysts dosage: 1.0 g/L; Temperature: (20±2) °C; pH=4.7 and co= 10 ppm) 

 

 

Fig. 4-15. XRD pattern of the BiOBr (50 at%)-Bi2WO6 before the degradation process and after 4 runs. 
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4.3.6 Roles of species 

The photocatalytic degradation of RhB was due to the oxidative process, producing extremely 

powerful reactive oxidants including •OH, •O2 and holes [40]. Aiming to acknowledge the 

specific effect of each species, the scavengers of these oxidative species were introduced in 

[41]. In this paper, the quenching experiment was performed by adding the EDTA to remove 

the holes, isopropanol to suppress the hydroxyl radicals and N2 bubbling to decrease the 

dissolved oxygen so as to suppress the production of •O2 during the degradation process of 

RhB [31, 42, 43]. The results of each quenching degradation experiments were plotted as 

shown in Fig. 4-16. Apparently, when scavengers were added in the solution, the degradation 

efficiency would decrease to some extent, which indicated that all the scavengers played an 

inhibiting effect in the degradation process by influencing the production of the oxidative 

species. Meanwhile, the different degrees of the effect of quenching were probably due to the 

various roles of each oxidative species in the degradation of the organics in the wastewater. 

To better explore the roles of each species, a kinetic analysis was performed by plotting the ln 

(c0/c) vs. irradiation time t as shown in Fig. 4-17 and the calculated slope of the line was 

summarized as shown in Table 4-3. The rate constant and the quenching effect shown in Table 

4-3 suggest that the photo-generated holes play a dominant role in the photocatalytic 

degradation of organics. The holes could either react with H2O to produce hydroxyl radicals 

which could completely decompose the pollutants (Eq. 2 & Eq. 4) or directly oxidize the 

pollutants (Eq. 3) [40]. Correspondingly, when the hydroxyl radical were suppressed by 

isopropanol, the holes could also degrade the pollutant to some extent. Furthermore, the photo-

generated electrons were able to react with the adsorbed dissolved oxygen to produce the 

superoxide radicals in Eq. 5 which could also degrade some pollutants. The relatively lower 
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quenching effect when the electrons were suppressed might be caused by the weaker oxidative 

properties of superoxide radicals compared with that of holes [44, 45]. These results indicate 

that the photo-generated holes play a predominant role in the photocatalytic degradation of the 

pollutants in the BiOBr-Bi2WO6 system (similar results have also been reported in [31] [25, 

46]). 

 

Fig. 4-16. The degradation efficiencies in the presence of different scavenges for BiOBr (50 at%)-Bi2WO6 

composite. (Catalysts dosage: 0.5 g/L; Temperature: (20±2) °C; pH=4.7 and co= 10 ppm) 



 
  99 

 

 

Fig. 4-17. Kinetic analysis comparison of processes with or without scavenges. 

 

Table 4-3. The quenching effect of different scavenges in the degradation of RhB 

Scavenge Species suppressed k (10-2 min-1) R2 (%) (knormal-kscavenge)/knormal (%) 

Normal -- 7.80 99.9 0 

EDTA Holes (h+) 0.39 97.6 95 

Isopropanol Hydroxyl radicals (•OH) 5.25 99.4 32.7 

N2 bubbling Superoxide radicals (•O2) 1.39 98.6 82.2 

 (Eq. 1) 

 (Eq. 2) 

 (Eq. 3) 

 (Eq. 4) 

 (Eq. 5) 

4.3.7 The proposed mechanism 

To further acknowledge the photocatalytic degradation ability of the BiOBr-Bi2WO6 

composite, analysis of its band structure (valence band and conduction band) was essential. 
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Based on the band gap calculation results shown in Table 4-1, the band gaps of Bi2WO6 and 

BiOBr were 2.79 and 2.74, respectively. The flat-band potentials are calculated using the 

Mulliken electronegative theory for atoms: , where ECB is the 

bottom position of the conduction band, XPhotocatalyst is the electronegativity of the 

semiconductor, Ee is the energy of free electrons on the hydrogen scale (≈4.5 eV) and Eg is the 

band gap of the photocatalyst[47, 48]. Based on this equation, the bottom potential of 

conduction band for Bi2WO6 and BiOBr were calculated to be 0.56 eV and 0.296 eV, 

respectively. Correspondingly, the top potential of the valence band could be calculated via

. Therefore, the EVB of Bi2WO6 and BiOBr were approximately 3.35 eV and 

3.036 eV, respectively. Based on these results, the band structure of the BiOBr-Bi2WO6 system 

was determined as depicted in Fig. 4-17. As previously reported, Bi2WO6 and BiOBr are 

typically an n-type and a p-type semiconductor, respectively [20, 49]. The synergetic effect of 

closely contacted p-n heterojunction was confirmed as an effective way to improve the 

photocatalytic efficiency by decreasing the recombination rate of the photo-generated 

electron-hole pairs [31, 50]. When photocatalysts are activated by visible light, electrons are 

produced on the conduction band and positive carriers are produced on the valence band. 

During this phenomena, the p-n heterojunction creates an electric field which pushes electrons 

accumulated on the conduction band of BiOBr (p-type) to the conduction band of Bi2WO6, 

while the holes on the valence band of Bi2WO6 (n-type) migrate in the opposite direction 

towards the valence band of BiOBr. This kind of migration could efficiently separate the 

electrons and holes and indirectly increase the photocatalytic efficiencies. The experimental 

results in Fig. 4-12 further indicate that a close contact of the p-type and n-type semiconductors 

was established.  
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The mechanism of the photocatalytic oxidative degradation of the organics for the BiOBr-

Bi2WO6 system, depicted in Fig. 4-17, could be divided into two main process: (a) 

photocatalytic degradation process and (b) photosensitization. As it was reported in [51], the 

redox potential of RhB is -1.42 eV vs. NHE and experimental results demonstrate the 

maximum absorption peak at 554 nm in the wavelength range of visible light. Therefore, both 

the BiOBr-Bi2WO6 composite (photocatalyst) and the RhB can be activated under visible light 

to produce electrons. The electrons react with dissolved oxygen to produce •O2
-, an oxidative 

species which could break down the RhB. The redox potential of the valence bands of Bi2WO6 

and BiOBr were located at 3.35 eV and 3.036 eV, respectively. This indicates that the photo-

generated holes possess far more oxidative properties than that of general oxidants such as 

H2O2 (+1.77 eV), O3 (+2.07 eV) and •OH/OH- (+1.99 eV) [52]. Additionally, the standard 

redox potential of Bi2O4/BiO+ (BiV/BiIII) is +1.59 eV which is more negative than that of 

•OH/OH- (+1.99 eV) [46, 52]. This suggests that the production of •OH was impossible. As a 

result, •OH had little influence on the oxidative process and holes were treated as the main 

oxidative species in the degradation process of RhB for the BiOBr-Bi2WO6 system. The 

corresponding experimental results were analyzed in section 3.6 (Fig. 4-15， Fig. 4-16 and 

Table 4-3). 
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Fig. 4-18. Schematic band structure of the BiOBr-Bi2WO6 system and the proposed mechanism of the 

photocatalytic degradation process of RhB under visible-light irradiation. 
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4.4 Conclusions 

In this work, BiOBr-Bi2WO6 heterojunctions were synthesized by the facile hydrothermal 

method with various BiOBr loading amounts, and were successfully applied in the purification 

of dye water (RhB) under visible light. The characterization of composites were obtained by 

XRD, SEM, TEM, XPS and DRS techniques. The BiOBr (50 at%)-Bi2WO6 composite with 

an “egg-shell” structure were prone to possess the highest photocatalytic degradation 

efficiency. Lower or higher loading of BiOBr hindered the photocatalytic performance to some 

extent. The analysis of DRS results demonstrated that the as-prepared photocatalysts could 

easily be activated under visible light and these two photocatalysts were suitable to establish 

the heterojunction which was confirmed by the apparent enhancement in the degradation 

process. In summary of the proposed mechanism for BiOBr-Bi2WO6, holes with high 

oxidative properties played a predominant role in the degradation of RhB as it was not possible 

to produce any •OH. This research provided a feasible way to increase the degradation 

efficiency by establishing a heterojunction to solve the photocatalytic challenges such as low 

photo-efficiencies under visible light and high recombination of the photo-generated electron-

hole pairs. However, photosensitization effects of the chosen dye organic (RhB) significantly 

influenced the degradation process. Future work could focus on the degradation of other dye 

organics or some colorless organics such as Phenol to explore the photocatalytic activity of 

the BiOBr-Bi2WO6 system. 
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CHAPTER 5: 

PROJECT CONCLUSIONS AND FUTURE WORK 

 

5.1 Project conclusions 

In this project, the BiOBr-Bi2WO6 heterojunction semiconductors had been synthesized by 

facile hydrothermal method. The well-crystal structure of the as-prepared photocatalysts were 

characterized by XRD. The morphologies, tested by SEM and TEM, varied for the composites 

synthesized at different experimental conditions, such as nanoplates of pure BiOBr, flake-like 

structure of BiOBr-Bi2WO6 composites etc. The optical properties of the semiconductors were 

performed by the DRS analysis, for example, the band gap of the BiOBr (50 at%)-Bi2WO6 

was about 2.61 eV which was suitable to be activated by visible-light irradiation. 

The photocatalytic activities were evaluated by degrading Rhodamine B (RhB). Results show 

that it achieved the highest photocatalytic degradation efficiency at the hydrothermal 

temperature of 120 °C and the reaction duration of 6 hours. The influences of experimental 

conditions in the degradation process, including the initial concentration, pH of the dye water 

and the amount of catalysts dosage, have also been explored. Furthermore, the mechanism of 

decomposition of RhB was discussed by analyzing the UV-Vis spectra of the samples taken 
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during the process at various times, which could be divided into two separate processes: the 

de-ethylation and destruction of the aromatic ring. The complete mineralization of the organics 

further prove the high activity of the photocatalysts synthesized in this work. In the tests for 

the reusability of the photocatalysts, it confirmed the structure of the photocatalysts was stable 

enough to be reused and kept at high photocatalytic activity all through. 

The mechanism of degradation process and the enhancement of heterojunction structure were 

explored by the quenching effect of scavengers and the band structure. Results demonstrated 

that holes played the most important role in the degradation process, and the oppositely 

interfacial transfer of the electrons and holes enhance the separation efficiency of charges and 

correspondingly improve the photocatalytic activity in degradation of organics. 

In conclusion, the synthesis method of BiOBr-Bi2WO6 heterojunction semiconductors was 

facile, and the as-prepared photocatalysts possessed an appropriate crystal-structure, was 

stable and reusable, and had highly beneficial visible-light-induced photocatalytic properties. 

5.2 Recommendations of future work 

 Bismuth composites used in the area of photocatalysis are very costly. Further 

exploration of inexpensive photocatalysts with high visible-light-driven activity are 

still needed. Meanwhile, another possible approach is adjusting the synthesis 

conditions or exploring some novel methods to prepare special structures which can 

improve the photocatalytic activity. 

 The photocatalytic reactor applied in this work was slurry, which is not economical for 

the industrial application because a separation process of the photocatalysts from the 

suspension is needed. It would be essential to further develop the type of reactor used; 
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one possibility is the immobilization of the photocatalysts on the support to establish 

an immobilized photocatalytic reactor. 

 The dye water was simulated by using RhB, a simplex component. However, the real 

dye water is much more complex, so the degradation experiments by using real dye 

water from the factory should be explored. 

All in all, BiOBr-Bi2WO6 heterojunction semiconductors could potentially be implemented 

for practical utilization if all of the abovementioned recommendations have been remedied in 

the coming future. 
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A.1 Relationship between the absorption intensity and 

concentration 

 

Fig. A- 1. Relationship between the absorption intensity and the concentration of RhB. 

By plotting the absorption intensity vs the concentration of RhB, a linear relationship exists 

with fulfilling the following formula: 

A=0.2138 c  (R2=0.9967) 

So: 
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Where c0, ct, A0 and At mean the initial concentration of RhB, the concentration of RhB in the 

samples taken at a specific time, the absorption intensity of initial solution and the absorption 

intensity of the sample taken at a specific time. From the above relationship, it proves that 

detection of the concentration of RhB solution by measuring the absorption intensity is valid. 

A.2 Properties of the bulb 

Following figure shows the spectra of meatal halide lamp and the terrestrial solar (Fig. A-2). 

 

Fig. A- 2. Spectral distribution of the metal halide lamp and the terrestrial solar. 
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A.3 Molecular formulas of the dye 

 

Rhodamine B 

TER 

DER 

MER 

Rhodamine 
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A.4 Direct and indirect semiconductor 
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