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Abstract 

 

Photocatalytic technology plays an important role in the fields of energy and environment 

since its development in 1970s. In the past forty years, numerous attempts have been made to 

develop highly efficient and stable photocatalysts. However, poor visible light absorption 

efficiency and high recombination rate of electron-hole are still challenging their commercial 

application. 

 BiOX (X=Cl, Br, I) is a kind of typical bismuth-based photocatalysts with narrow band 

gaps that can absorb light in the visible region; still, photogenerated carriers are easy to 

recombine. In this study, four strategies were adopted to improve photocatalytic activity of 

BiOX, including breaking the layered structure of BiOX, introduction of nonstoichiometric 

crystal defects, increasing photocatalyst surface area, and formation of semiconductor 

composite. Major results can be summarized as follows. 

  (1) Bi4O5Br2 photocatalyst was prepared by adjusting the alkalinity of synthesis system 

with polyethylene glycolpol-10000 (PEG-10000) as a directing agent, resulting in multiple 

facets and a uniform sheet-like nanostructure (50 nm in thickness). The prepared photocatalyst 

exhibited a high visible-light activity with the maximum light absorption at 500 nm. By using 

Bi4O5Br2, 100% of decolorization was achieved in 10 mg/L Rhodamine B (RhB) solution 

within 20 min, and this high efficiency also remained after recycling the used Bi4O5Br2 for 5 

times. In addition, Bi4O5Br2 photocatalyst exhibited good detoxification effect on chromium 

(Cr(VI)) through reduction into stable Cr(III) in wastewater under visible light, yielding about 

90% Cr(VI) reduction within 120 min at an initial solution pH11. 

 (2) In order to improve the specific surface area of single-phase catalyst Bi4O5Br2 and its 

photocatalytic efficiency as well, another new photocatalytic mesoporous material, namely 

Bi4O5Br2/SBA-15 was synthesized at different loadings of Bi4O5Br2 on the mesoporous silica 

material (SBA-15). The synthesized photocatalyst was confirmed to be a composite material 

with mesoporous structure, exhibiting a high visible-light absorption intensity and a low 

recombination rate of photo-generated electrons and holes. Along with the increase in Bi4O5Br2 

loading, the band gap was found to slightly decrease from about 3.30 eV to 3.10 eV. When the 

mass ratio of Bi/SiO2 was 30/100 during the synthesis, the obtained photocatalyst (Bi30/SBA-

15) reflected the fastest RhB decolorization, reaching to 100% within 20 min in 10 mg/L RhB 

solution. This high decolorization efficiency still remained after recycling the used composite 

for 5 times. The obtained photocatalyst was also trialed for high concentration ammonium 
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nitrogen and Cr(VI) removals, in which 81.3% of ammonium nitrogen and 100% of Cr(VI) 

were achieved within 120 min when treating the simulated wastewater. In this study, 

Bi4O5Br2/SBA-15 with mesoporous structure showed good adsorption and photoreduction 

capacity. The enhanced visible-light photocatalytic activity of the synthesized Bi4O5Br2/SBA-

15 can be ascribed to the existing active sites both inside and outside of SBA-15, and thus 

improved separation of photo-generated electrons and holes. 

 (3) In this study, ZrO2 and WO3 were further introduced into the structure of mesoporous 

Bi4O5Br2/SBA-15 to form the narrow band gap catalyst Bi4O5Br2/ZrO2-WO3/SBA-15. After 

the morphology, composition, structure and properties being confirmed, the composite 

Bi4O5Br2/ZrO2-WO3/SBA-15 particles (between 3 and 4 nm) were found to have narrower band 

gap (2.98 eV) than Bi4O5Br2/SBA-15 ones. The Bi4O5Br2/ZrO2-WO3/SBA-15 composite could 

decolor 10 mg/L RhB within 10 min, exhibiting higher visible light photocatalytic activity than 

Bi4O5Br2/SBA-15. The high photocatalytic performance can be attributed to the n-p type 

heterojunction of Bi4O5Br2/ZrO2-WO3/SBA-15, beneficial for the effective separation of photo-

generated electron-hole pairs. After 5 cycles’ reuse, the RhB decolorization efficiency by 

Bi4O5Br2/ZrO2-WO3/SBA-15 only decreased by 10.0%. This ternary composite was also found 

to have better decontamination effects on organic/inorganic matters under visible light. 

  (4) Another trial for the enhancement of the visible-light photocatalytic activity of 

Bi4O5Br2 was to prepare graphitic carbon nitride (g-C3N4)/Bi4O5Br2 composite by using in-situ 

synthesis method. The synthesized g-C3N4/Bi4O5Br2 was found to have strong light absorption 

in the visible region due to its narrower band gap than g-C3N4. 100% of 10 mg/L RhB 

decolorization and 80% of phenol removal were achieved by g-C3N4/Bi4O5Br2 within 15 and 

120 min, respectively, with the highest photocatalytic activity obtained at the g-C3N4 /Bi4O5Br2 

mass ratio of 5:5. Meanwhile, the composite possessed a large specific surface area (26.90 m2/g) 

and highly stable photocatalytic activity (99.6% of RhB decolorization remained after 5 times’ 

recycling of the used composite). g-C3N4/Bi4O5Br2 composite was also found to have 

detoxification effect on Cr(VI) in wastewater under visible light.  

  Results from this study are expected to provide experimental and scientific data for the 

development of highly efficient bismuth-based photocatalysts to realize their application in 

practice in the future. 

 

Key words: Bismuth-based photocatalyst; Bi4O5Br2; Visible light; Decolorization; 

Detoxification  
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Chapter 1 Introduction 

 

In recent years, with the rapid development of the industrialization process, environmental 

pollution has become more and more serious [1]. Dye wastewater from textile, printing and 

dyeing industries has become increasingly harmful in cities, especially to the environment and 

human health [2, 3]. Once discharged into the aquatic system, dye wastewater would 

contaminate water source by strong colorating, inhibitting sunlight penetration, hindering the 

photosynthesis of aquatic organisms and affecting the growth of aquatic species [4, 5]. At the 

same time, the toxicity, mutagenicity and carcinogenicity of dyes would cause irreversible 

damage when the aquatic species are directly contacted [6]. In addition, heavy metals, high 

concentration ammonium nitrogen and phenol are difficult to remove, which cause adverse 

effects on our biosphere [7-9]. Therefore, how to efficiently control the pollution from 

wastewaters has become an important issue for human life and the society. 

Currently, photocatalytic technology is considered as a promising method for solving dye 

wastewater pollution, because it can transfer organic macromolecule of dyes into water and 

carbon dioxide under ultraviolet and visible light [10, 11]. In the past 40 years, photocatalytic 

technology has been applied in other fields such as H2 generation, nitrogen fixation, 

photochemical organic synthesis and antibacteria [12-15].  

 

1.1 Photocatalytic technology 

In 1972, two Japanese scholars, Fujishima and Honda first discovered photocatalytic 

decomposition of water could be used to produce hydrogen and oxygen by TO2 photoelectron 

under ultraviolet (UV) illumination [16]. By using semiconductor particles or powders as 

photocatalysts, Bard designed a photocatalytic system to replace the photoelectrochemical 

electrodes [17-19]. Since then, TiO2 photocatalytic technology has unprecedentedly received 

an extensive global attention for the development of new energy and the protection of the 

ecological environment. In 1976, Carey et al. reported that TiO2 could dechlorinate and degrade 

the organic compound polychlorinated biphenyl under ultraviolet light [20]. However, the 

development and application of TO2 is largely limited due to some key technical problems such 

as its wide band gap and the difficulty of loading on the carrier [21, 22]. For more than 40 years, 

scientists have carried out a lot of research work in the fields of physical chemistry and materials, 

and made great progress in the principle, application and development of photocatalysts. 
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1.1.1 Basic principles  

The basic principles of photocatalytic technology can be introduced as the following 

reaction formula from (1-1) to (1-10), which are based on the generation of electron-hole pairs 

by a narrow bandgap of semiconductor excited under light irradiation. Generally, the band 

structure of a semiconductor is composed of an electron-filled highest valence band (VB) and 

a minimum conduction band (CB) that is not filled with electron. When the photon energy is 

greater than its own band gap energy (Eg) of photocatalyst, the photocatalyst can absorb the 

photon energy to promote the photo-generated hole (h+) on the valence band accorgingly. 

Subsequently, the photocarriers are separated into a free electron (e-) and a free hole (h+) under 

the excited condition of photocatalyst. Once free electrons and holes are captured, the 

photooxidation reaction and photoreduction reaction of photocatalyst will happen on the VB 

and CB under light irradiation, respectively. Therefore, the result shows that the trapped h+ 

directly reacts with the adsorbed donor molecule on the VB, and the trapped electron e- reacts 

with the acceptor on the CB. In addition, the photocatalyst will lose activation when the 

electron-hole pairs release energy and recombine at the surface capture point. For example, 

when the photogenerated hole reacts with the water adsorbed on the surface of photocatalyst, a 

highly reactive hydroxyl radical •OH will be formed on the main active sites as oxygen species, 

and the superoxide radical anion (•O2
-) and pure oxygen (O) are present to form another source 

of ROS production with oxygen. The trapped holes adsorbed on the souface of the molecule 

can also generate a radical cation •RH+, and then form a radical species •R. Generally, 

heterogeneous photocatalyst includes an excitation source and some active species that can 

greatly promote photodegradation. The mechanism of free radical can be expressed by the 

following reaction formulas [23]: 

Photocatalyst + hv → h+ + e-                          (1-1) 

h+ + H2O → •OH + H+                              (1-2) 

h+ + OH- → •OH                                   (1-3) 

h+ + pollutant → (pollutant)+                          (1-4) 

e- + O2 → •O2
-                                     (1-5) 

•O2
- + H+ → •OOH                                  (1-6) 

2•OOH → O2 + H2O2                                      (1-7) 

H2O2 + •O2
- → •OH + OH- + O2                        (1-8) 

   H2O2 + hv → 2 •OH                              (1-9) 
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       Pollutant + (•OH, h+, •OOH or •O2
-) → degradation product   (1-10) 

There are three main active species such as hydroxyl radical (•OH), hole (h+) and superoxide 

radical (•O2
-) during the photocatalytic reaction process. •OH is considered as the main oxidant 

for degrading pollutants in solution under light irradiation. •OH is generated by the following 

two steps: firsty, photogenerated holes (h+) easily make water molecules (H2O) and hydroxide 

ions (OH-) form •OH, such as reaction formula (1-2). After that, photogenerated electrons (e-) 

reduce oxygen (O2) to generate superoxide radicals (•O2
-) in aqueous solution, and then 

superoxide radicals (•O2
-) combine holes (h+) to form •OOH radicals, and finally further 

decompose •O2
-, as shown in reaction formulas (1-3) to (1-9). And photogenerated holes (h+) 

are widely recognized as an oxidant to directly degrade organic pollutants (1-10) [23]. It is 

worth mentioning that the photoinduced e- is easily recombined with h+ under the absence of 

electrons and holes trapping agents. Therefore, special trapping agents play an important role 

in the separation of photogenerated electron-hole pairs for enhanced photocatalytic efficiency. 

 

1.1.2 Photocatalytic materials 

Photocatalytic material is defined as photocatalyst, which can decompose detrimental 

substances under the sun light containing UV rays. In order to develop of H2 energy and to 

protect the environment, more and more photocatalytic materials have been developed and 

produced. At present, there are mainly three types of photocatalysts as follows: binary metal 

oxide semiconductor, amorphous oxide semiconductor, and non-oxide semiconductor 

photocatalysts. The binary metal oxide semiconductor materials are single-phase 

semiconductor photocatalysts [25-27], such as TiO2, WO3 and ZnO. However, these 

photocatalysts have large forbidden band width, which could enhance the band gap range. The 

amorphous oxide semiconductor photocatalysts mainly include BiOX (X=Cl, Br and I) [28, 29], 

Bi2WO6 [30, 31], and BiMoO6 [32, 33]. The non-oxide semiconductor photocatalysts are 

single-phase semiconductor materials with no oxygen in the composition. In the past few 

decades, research on non-oxide semiconductor photocatalyst was focused on environmental 

remediation, with several breakthroughs being achieved. For example, Wang et al. prepared an 

Ag@AgCl photocatalyst to reduce part of AgCl into Ag particles to effectively solve the optical 

instability of AgX via its surface plasma resonance [34].  

Among these three types of photocatalysts, bismuth-based photocatalysts have the best 

photocatalytic performance on pollutants removal under ultroviolet and visble light (Table 1-

1), due to their unique layered structure promoting the separation of photoelectrons and holes. 
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Therefore, bismuth-based photocatalysts have been received more and more attention in 

wastewater treatment and energy generation. 

 

1.2 Bismuth-based photocatalyst  

1.2.1 Classification of bismuth-based photocatalyst  

Bismuth is a metal element with atomic number at 83 in the fifth main group and the sixth 

period in the periodic table. The electrons of outermost layer are arranged in 6s26p3, which 

shows stable valence state at +3. It is widely distributed with special structure and stable valence 

state on the earth. Bismuth-based photocatalyst has an obvious light absorption in the visible 

range because the bismuth element structure can drive the hybridization of the 6s orbital (Bi6s) 

and the 2p orbital (O2p) of oxygen to increase electron transition. Based on these characteristic, 

many bismuth-based photocatalysts have been synthesized such as BiVO4 [35], Bi2WO6 [36], 

Bi2MoO6 [37], Bi4Ti3O12 [38, 39], BiFeO3 [40, 41], Bi2Fe4O9 [42, 43], Bi5FeTi3O15 [44], BiOX 

(X = Cl, Br, I) [45, 46] and so on. BiOX (X = F, Cl, Br, I) is a typical type of bismuth-based 

photocatalyst with a PbFCl crystal structure including a symmetry of D 4h, a space group of 

P4/nm, and the tetragonal system [45, 46]. The valence band of BiOX mainly consists of Xnp 

(n=2(F), 3(Cl), 4(Br), 5(I)) and O2p orbitals, while the conduction band is mainly contributed 

by Bi 6p orbital [47]. BiOX of BiOCl, BiOBr and BiOI have a staggered heterojunction by 

[Bi2O2]
+ layer and two layers of halogen atoms combination. Zhang et al. first successfully 

prepared BiOX (X=Cl, Br, I) by one-pot solvothermal method with ethylene glycol as solvent. 

It was found that the prepared particles of BiOI were microspheres by self-assembly nanosheets, 

which enhanced the organic matters degradation under visible light [48]. Chen et al. used a 

surfactant of polyvinylpyrrolidone and solvent of ethylene glycol to form nanomicrospheres by 

solvothermal method [49]. It had greatly improved the photocatalytic performance under visible 

light.  

BiOX (X=Cl, Br and I) is stable, non-toxic and resistant to acid and alkaline conditions 

[47]. Interestingly, the atoms of the layered structure are connected by strong covalent bonds, 

and the layers are contacted by van der Waals forces. Once the layered structure is peeled off, 

the opened layered structure would grow along {001} facet under weak Wan der Waals force 

[50]. In addition, there is an internal electric field formed between the [Bi2O2]
+ layer and the 

halogen layer, which increases the separation rate of electrons and holes. Huang et al. used 

density functional theory to explain the internal electric field of BiOX between the indirect 

transition bandgaps [51]. The CB of BiOX is found to be composed of Bi6p and the VB is 
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occupied by O2p and Xnp (n=2(F), 3(C1), and 4(Br)) orbitals [46]. The photogenerated electrons 

of indirect transition bandgap can return to the VB through k layers, which reduces the 

probability of carrier recombination [52].  

Band gap energy of photocatalyst is an important index that affects light absorption and 

catalytic performance. Among BiOX photocatalysts, BiOCl has a wide band gap (3.2eV) and 

can only respond to ultraviolet light. While BiOI has good responsiveness to ultraviolet and 

visible light, but its too small band gap width (1.7 eV) makes photogenerated carriers easy 

recombine. The VB potential of BiOI is the lowest, therefore, the oxidization ability of hole is 

the weakest [53]. BiOBr has a better visible light responsiveness and suitable band gap width 

(2.7 eV), which has a good research value [54-58].  

    BiOBr is becoming a research hotspot because of its high catalytic activity under visible 

light irradiation and suitable band structure among the BiOX catalysts [59]. However, 

photogenerated carriers are found to easily combine which is a common problem of BiOBr [60]. 

Therefore, many researchers are working hard to look for effective strategies and further 

improve the photocatalytic performance of BiOBr, such as morphology control [60-62], 

multiple crystal faces exposure [63, 64], and heterogeneous hybridization [65]. 

Some researches confirmed that the increase of bismuth dosage could change the facets 

crystallization and layered structure to improve the photocatalytic performance of BiOBr [66-

68]. Density functional theory (DFT) calculations show that the VB of BiOBr is mainly 

composed of hybrid orbitals of Br 4p and O 2p, while the bottom of CB is mainly composed of 

Bi 6p orbitals [65]. It is also clear that Bi content could expand the CB and VB edges of BiOBr. 

Recently, some bismuth-rich BiOBr have been synthesized to enhance the photocatalytic 

performance, such as Bi4O5Br2 [69], Bi3O4Br [66] and Bi24O31Br10 [67]. However, it is still 

scarcy in their practical application. An ideal condition is to design a new type of bismuth-rich 

ultrathin nanosheets in the photocatalyst. Based on the diffusion equation, 𝑡 = 𝑑2/𝑘2D (d is 

the particle size, k is a constant, D is the diffusion coefficient of the electron-hole pair), the 

ultrathin thickness can make the d value smaller, while a higher D value is obtained in the 

internal electrostatic field. Therefore, an ultrathin nanostructure of BiOBr can achieve higher 

carrier mobility and lower recombination rate [70]. 

 

1.2.2 Problems of bismuth-based photocatalyst 

Bismuth-based photocatalysts have attracted considerable research interests because of 

their suitable band gap structure capable of absorbing sunlight for photocatalytic reactions. 
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However, their practical application is still limiteddue to some inherent drawbacks. For example, 

BiOCl is only responsive to ultraviolet light regions that account for 4% of sunlight. Although 

BiOBr and BiOI are capable of absorbing visible light, the wide band gap of BiOBr still limits 

their effective use of visible light, and the relatively narrow band gap of BiOI inevitably 

increases the recombination probability of photogenerated carriers [59]. In addition, the band 

gap of BiOX is mismatched with light-trapping, and fewer active sites will result in inefficient 

separation of photogenerated electron-hole pairs. Therefore, to find the strategies to solve the 

above problems is very important. 

 

1.3 Strategies to improve the photocatalytic activity  

Based on the above problems of bismuth-based photocatalysts, some strategies can be 

applied to design layered structures to overcome these drawbacks. These strategy approaches 

are summarized as follows. 

 

1.3.1 Surface decoration  

Photocatalytic performance is largely dependent on the surface characteristics of the 

semiconductor, because photocatalytic reactions usually occurr on the surface of semiconductor 

[68]. Therefore, surface decoration of the photocatalyst is affective to well promote the 

photocatalytic performance. There are two ways by surface modification to form oxygen 

vacancies and modify the surface functional organic molecules. One way is to create oxygen 

vacancies on the surface of the semiconductor [71]. Oxygen vacancy has two effects on the 

bismuth oxyhalide photocatalyst. Firstly, oxygen vacancy can change the light absorption 

capacity of gas molecules such as CO, H2O, O2, and H2 on the photocatalyst surface 

combination [72]. Secondly, surface oxygen vacancy can provide an effective method for 

adjusting the electronic properties of BiOX semiconductor to enhance light absorption and 

charge mobility. Surface modification can inhibit photoinduced carrier recombination by 

modifying functional organic molecules such as electron or hole trapping agents on the surface 

of BiOX. Metal decorating is an ideal method for single phase catalyst modification. 

Furthermore, it has been reported that heterogeneous and homogeneous metal decorating 

could enhance the photocatalytic activity of photocatalyst. For instance, Liu et al. used 

Ag nanoparticles loading onto the BiOI flower-like nanostructure by solvothermal 

method [73]. Ag/BiOI photocatalysts ha excellent photocatalytic activity for organic 
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pollutants under visible-light irradiation due to Ag nanoparticles surface plasmon 

resonance (SPR) and electron trapping ability [74]. Jiang et al. successfully used Fe and 

Ti loading on the BiOBr hollow-structured flower-like microspheres by solvothermal 

method to dope iron onto the BiOBr of the flower-like microsphere structure to enhance 

visible light absorption [75]. Mn [76], Pt [77], Ti [78] and so on were studied to modify 

the layered BiOX photocatalyst, which enhanced catalytic activity by high efficiency 

photogenerated electrons separation. Unfortunately, excessive heterogeneous nano-

metal particles are easily agglomerated during synthesized system, resulting in low 

specific surface area and quantum efficiency. Homogeneous metal decoration also 

shows some advantages, such as easier control of synthesis condition, no impurity 

production, and well matched metal in the synthesized heterojunction. Yang et al. used 

Ag nanoparticles as templates to synthesize small particle size Ag/AgCl photocatalysts 

by in-situ oxidation, and the synthesized Ag/AgCl photocatalysts exhibited excellent 

photocatalytic activity for organic pollutants under visible-light irradiation [79]. Wang 

et al. reported the preparation of plasmonic Cu/Cu2O composite photocatalysts, and it 

was confirmed that the photocatalytic activity under visible light was much higher than 

Cu2O [80]. However, it is difficult to control the synthesis operation because the metal 

particles are easily oxidized to oxide. Bi is a stable and environmental element, which 

can be reduced on the surface of monomer catalyst [81]. Metals/semiconductors composite 

provides a new way to design solar energy harvesting processes. In a plasma photocatalytic 

system, plasma metal nanoparticles with the ability to collect visible light were loaded on a 

semiconductor to create a resonance of a free electron coherent oscillation and an 

electromagnetic radiation electric field, forming a so-called local surface plasmon resonance 

[82, 83]. The nanostructures of metal nanoparticles can couple with BiOX semiconductors to 

enhance the photocatalytic performance of BiOX. And these plasma photocatalysts can be 

obtained by metal nanoclusters on the surface of semiconductor with photochemical deposition 

and ion exchange reaction. 

 

1.3.2 Crystal facet adjustment 

In the layer structure of bismuth oxyhalide, the strong interlayer covalent bond of [Bi2O2]
+ 

layer and the weak van der Waals force of the halogen double layer can form a polarizable atom 

and orbit, which induces the orientation along the crystal orientation perpendicular to internal 

electric field (IEF) of the [Bi2O2]
+ layer and the halogen layer. The IEF can promote the 
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separation and migration of photogenerated carriers by this unique layered structure. Jiang et 

al. found that the {001} independent crystal face of BiOCl single crystal nanosheets exhibited 

higher photocatalytic performance for salicylic acid than that of the {010} independent crystal 

face nanosheets under ultraviolet light [84]. This phenomenon is due to the layered structure 

mediated IEF which could induce more nanosheets in the {001} direction than in the {010} 

direction. Effectively photogenerated charge separation and migration could inhibit the 

recombination of photogenerated electron-hole pairs and enhance photocatalytic degradation. 

Li et al. found that increasing the exposure ratio of the {001} crystal plane of Bi3O4Cl 

nanosheets could induce a strong IEF and promote the enhancement of photoreactivity [85]. 

The IEF of Bi3O4Cl nanosheets was confirmed in the {001} crystals by the voltage and charge 

density of the surface, and the percentage of the face was related to the size of IEF. Therefore, 

a higher exposure of the {001} plane could significantly increase the separation and migration 

efficiency of electron-hole pairs.  

 

1.3.3 Heterojunction formation  

Constructing heterojunction is also an effective method to improve the photocatalytic 

performance of BiOX. The heterojunction can be formed by integrating different components 

into a multi-component composition with better photocatalytic performance than the single 

semiconductor [86]. In general, BiOX nanomaterials may play a three-fold role in the 

semiconductor heterojunction systems. 

Firstly, BiOX has a redox potential in a wide range. They are easily matched with the 

energy levels of different semiconductors to establish an IEF and enhance the separation and 

transmission of photogenerated electron-hole pairs, such as Bi2WO6/BiOI [87], C3N4/BiOBr 

[88], AgBr/BiOBr [89]. Secondly, narrow band gap BiOX semiconductors such as BiOBr and 

BiOI are capable of photosensitizing other wide-bandgap semiconductors for efficient use of 

sunlight, such as BiOI/ZnO [90] and BiOI/TiO2 [91]. Lastly, BiOX can be coupled with carbon-

based nanomaterials to improve charge separation and transport, especially graphene, such as 

BiOCl/graphene [92], BiOBr /graphene [93], and BiOI/graphene [94]. Therefore, the transfer 

of electrons from BiOX to graphene could effectively increase the separation rate of electron-

hole pairs, thereby, enhancing the lifetime of carriers and the photocatalytic efficiency.   

 

1.4 Research objective and originality 

BiOX (X=Cl, Br, I) is a kind of typical bismuth-based photocatalysts with narrow band 
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gaps that can absorb light in the visible region. Still, their quantum size is small, special light 

response is poor, and photogenerated carriers are easy to recombine. Therefore, in this study, 

four strategies are adopted to improve photocatalytic activity of BiOX, including breaking the 

layered structure of BiOX to introduce nonstoichiometric crystal defects, loading single phase 

photocatalyst to increase photocatalyst surface area, forming p-n heterojunction by tenary metal 

composite, and formation of semiconductor composite. The objective of this study is to design 

and synthesize new bismuth-based photocatalysts, and ensure the photocatalyst activity and 

stability before its practical application. In this context, the investigation on the new synthesized 

photocatalyst characteristics such as XRD patterns, morphology structure, composition and 

optical property, and their application in dyes wastewater treatment were carried out to disclose 

the reaction mechanisims. In general, this study is expected to provide new methods for 

photocatalyst synthesis and to realize the practical application of photocatalyst under visible 

light. Up to the present, few reports are available on the above mentioned aspects. 

 

1.5 Structure of this dissertation   

As shown in Fig. 1-1, the contents of this thesis are divided into the following six parts so 

as to obtain highly effective photocatalysts for dyes wastewater treatment.  

In Chapter 1, the senticfic proplems of photocatalyst BiOX was put forward, which is 

mainly relating to the easy recombination of photogeneration electron-hole pairs easily. After 

addressing the probably enhancement methods, the objective of this research was arrived along 

with the structure of the dissertation. 

In Chapter 2, Bi4O5Br2 was designed and synthesized by breaking the layered structure of 

BiOBr using a directing reagent PEG-10000 by adjusting system pH to form facets defect 

structure in addition to the introduction of nonstoichiometric effect to form bismuth-rich 

decoration. The polycrystalline facet Bi4O5Br2 photocatalyst was characterized by morphology, 

structure, photocatalytic performance and stability.  

In Chapter 3, Bi4O5Br2/SBA-15 was designed and synthesized by loading Bi4O5Br2 on the 

SBA-15 mesoporous molecular sieves with an expectation of high activity and photocatalytic 

performance. The characterization, photocatalytic performance and other properties were 

determined in this chapter. 

In Chapter 4, in order to further enhance the photocatalytic performance, the ternay 

element composite catalyst of Bi4O5Br2/ZrO2-WO3/SBA-15 was designed, and synthesized and 

characterized. 
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In Chapter 5, it was attempted to couple Bi4O5Br2 with g-C3N4 to form p-n heterojunction, 

and its photocatalytic performance was confirmed by RhB degradation under visible light. 

Finally in Chapter 6, the characteristics of the above synthesized photocatalysts were 

summarized and compared. Future research works were proposed regarding the improvement 

of practical application performance of the synthesized photocatalysts. 
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Fig. 1-1 Framework of the dissertation 

 

To design and synthesize new photocatalysts with enhanced photocatalytic performance 

To overcome the drawbacks of BiOX: low separation and migration of photogenerated electron-hole pairs 

To Break the layered structure of BiOBr with direct reagent PEG-10000 

Formation of polycrystalline Bi4O5Br2, 

Characterization and photocatalytic performance (Chapter 2) 

Increasing the specific surface area 

by loading onto mesoporous SBA-15 
Forming p-n heterojunction 

by tenary metal compound 

Coupling with semiconductour 

g-C3N4 to form heterojunction 

Formation of mesoporours photocatalyst 

Bi4O5Br2/SBA-15 

(Chapter 3) 

 

Formation of tenary metal compound 

photocatalyst Bi4O5Br2/ ZrO2-WO3/SBA-

15 

(Chapter 4) 

 

Formation of g-C3N4/Bi4O5Br2 

(Chapter 5) 

Target: Providing scientific data for dye wastewater treatment in practice 

 

Objective 
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Chapter 2 Synthesis of polycrystalline Bi4O5Br2 with enhanced 

visible-light-driven performance 

 

2.1 Introduction   

Bismuth oxyhalides (BiOX (X = Cl, Br, I)), originally belonging to the Sillen family, have 

demonstrated excellent photocatalytic activity because of their uniquely layered structure, 

which features an internal static electric field perpendicular to each layer and facilitates the 

separation of photogenerated charge carriers [95]. Among BiOX samples, BiOBr has attracted 

particular attention due to its suitable band gap value (2.7 eV), visible light-responsive ability, 

and excellent photocatalytic performance [95-98]. It has two different absolute band gaps, 

which causes different oxidation reactions under ultraviolet light and visible light [99]. It is 

worth mentioning that BiOBr has unique exposed crystal planes, which could enhance its 

photocatalytic performance [100]. However, due to their conduction band minimum located too 

positive potential, the photocatalytic activity of BiOBr was still very low for toxic matters 

removal and its by-products generation [101, 102].  

Based on these problems, some strategies have been produced to enhance its photocatalytic 

performance, such as facet regulating [85, 103], surface modification [71, 92], doping [104-

107], fabricating plasmonic photocatalytic system [108-110] and forming heterojunction [111-

118]. Density function theory (DFT) calculations of BiOBr indicate that its valance band 

maximum (VBM) mainly consists of Br 4p and O2p orbitals, while the Bi 6p orbitals dominated 

the conduction band minimum (CBM). The theoretical calculation suggests that an effective 

way to upshift the CBM position of bismuth oxybromide is to increased content of bismuth. 

For example, bismuth-rich strategy is useful to form bismuth-rich photocatalyst by changing 

the stoichiometric ratio of Bi, O, and Br has been adopted for BiOBr modification, such as 

Bi4O5Br2 [69], Bi3O4Br [66] and Bi24O31Br10 [67]. However, it is still a significant challenge to 

prepare Bi4O5Br2 with facile, low cost and green method. Generally, PEG-10000 is a very green, 

co-effective and environmentally bio-based degradable material. It is also an ideal directing 

agent due to its slow growth, rapid growth, rapid terminating reaction and mild condition 

requirements when it undergoes free radical polymerization [119]. To the best of our knowledge, 

one step synthesis of Bi4O5Br2 photocatalyst with polymer (PEG-10000) as directing agent has 

not been reported.  
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Heavy metals are one of the main pollutants in water sources, which have heavy toxicity 

and non-degradability. Chromium is a typical heavy metal with valence states of Cr(VI) and 

Cr(III) in aquatic ecosystem. Compared with Cr(III), Cr(VI) is very dangerous for human health 

due to its inhibition for biological enzyme activity and strong carcinogenic by respiration [120]. 

Therefore, Cr(VI) detoxification is very urgent for human health and environmental safety. 

Previously, adsorption method has been considered as a promising method for heavy metals 

removal in the field of environmental control. So far, few reports could be found on chromium 

detoxification by Bi4O5Br2 photocatalyst.  

In this chapter, Bi4O5Br2 photocatalyst was synthesized using a hydrothermal method with 

polymer template as directing agent and pH adjustment. The characterization and photocatalytic 

performance were investigated, and the synthesis conditions of Bi4O5Br2 were optimized based 

on Rhodamine B (RhB) decolorization test. Chromium removal experiment was invesitigated 

in synthetic wastewater by Bi4O5Br2 photocatalyst. 

 

2.2 Materials and methods 

2.2.1 Synthesis of Bi4O5Br2 composite  

Bi4O5Br2 was synthesized with a solvothermal method. Typically, Under stirring at 100 

rpm, Cetyl trimethyl ammonium bromide (CTAB, 1.5 mmol) and Bi(NO3)3·5H2O (1.5 mmol) 

were added and dissolved in the glycerol solution (15 mL glycerol and 6 mL deionized water, 

stirring for 30min), then the stirring lasted for 30min. 0.1 g polymer (such as Polyethylene 

glycol -10000(PEG-10000), adjusting the pH with hydrochloric acid (HCl) and ammonia 

solution to 3, 7, 10, 11, and 12, respectively, the obtained mixture was solvothermally treated 

at 150°C for 24 h. The obtained solid after centrifugation was washed with water and ethanol 

for 5 times, and then dried at 60°C for 12 h. 

 

2.2.2 Characterization of the catalyst  

X-ray diffraction (XRD) measurement was conducted on a D/max-2550 PC X-ray 

diffractometer. Scanning electron microscope (SEM, Hitachi S-4800) and transmission electron 

microscope (TEM, JEOL JEM-2100 high-resolution transmission electron microscope 

(HRTEM)) were also used to characterize the obtained photocatalysts, respectively. The 

Brunauer-Emmett-Teller (BET) surface area was determined by a micromeretics ASAP 2010 

apparatus with a multipoint BET method using the adsorption data in the relative pressure (P/P0) 

range of 0.05-0.3. The desorption isotherm curves were used to explain the pore size 
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distribution according to the Barrett-Joyner-Halenda (BJH) method. EDS was used to determine 

the chemical elements and their relative abundance in the samples. The optical diffuse 

reflectance spectra (DRS) was acquired with a UV-vis-NIR scanning spectrophotometer. The 

photoluminescence (PL) spectra were obtained on fluorescence spectrophotometer (Hitachi 

F2500). X-ray photoelectron spectra (XPS) analysis was performed on a PHI-5400 instrument 

with Mg Kα as the X-ray source under a pressure of 1.33 × 10−7 Pa and a step of 0.05 eV. The 

C (1s) level (285.0 eV) was taken as the reference binding energy. 

 

2.2.3 Photocurrent density test 

The synthesized samples (20 mg, respectively) were dispersed in 200 μL N, N-

Dimethylformamide (DMF) solution respectively for 1 h to obtain liquid suspension. 20 μL of 

the above suspension was transferred onto the conductive surface of FTO glass to form a 1 cm3 

film at 80°C, and then dried for 20 min. Electrochemical analyzer was used to test the 

photocurrent density of the samples. The test system consisted of a standard three-electrode 

system. The sample film was used as the working electrode, a Pt electrode. 

 

2.2.4 Photocatalytic activity measurement  

The photocatalytic activities of as-prepared Bi4O5Br2 composites were evaluated by the 

degradation of RhB aqueous solution under visible light irradiation. 10 mg/L of RhB solution 

was used to evaluate the photocatalytic activity of the obtained composites. The A 300 W xenon 

lamp with a 420 nm cut-off filter provided visible light irradiation. Prior to irradiations, the 

suspensions were magnetically stirred in the dark for 30 min to ensure the establishment of an 

adsorption–desorption equilibrium of RhB on the catalyst surface. Then, the solution were 

irradiated by xenon lamp. At given irradiation time intervals, 4mL of the suspensions were 

collected and then the slurry samples including the photocatalysts and RhB solution was 

centrifuged (10 000 rpm, 10 min) to remove the photocatalysts. The 725N UV-vis 

spectrophotometer (Beijing Purkinje General Instrument Co., Ltd.) was used to further analyze 

the concentration changes of RhB solution with the wavelength of 554 nm. The RhB solution 

temperature was controlled at 19 ± 2°C. A same photocatalyst dosage of 0.2 g/L was used for 

all the tests. 
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2.2.5 Active species trapping experiment 

To detect the active species produced in the photocatalytic process, such as superoxides 

(•O2
-), hole (h+) and hydroxyl radical (•OH), trapping experiments were carried out by adding 

different scavengers into the RhB solution (50 mL, 10 mg L-1), including 1 mM Bi(NO3)3•5H2O, 

1 mM sodium oxalate (SO), 1 mM p-benzoquinone (BQ) or 1 mM iso-propanol (IPA). 

 

2.2.6 Chromium detoxification experiment  

Chromium (Cr(VI)) stock solution (2000 mg/L) was prepared by dissolving 2.82 g of 

K2Cr2O7 in 0.5 L deionized water. The working concentrations were prepared from this stock 

solution by deionized water. 50 mg/L of Cr(VI) solution was selected to analysize the removal 

rate of the obtained Bi4O5Br2 photocatalyst. Firstly, Cr(VI) solution reached adsorption 

equilibrium with stirring in dark for 30 min, and then the solution was irradiated by A 300 W 

xenon lamp with a 420 nm cut-off filter providing visible light irradiation. Then, the residual 

solution of Cr(VI) was collected during the time intervals with 0.2 mL H2O2 and Cr(VI) solution 

were centrifuged (10 000 rpm, 10 min) to remove the photocatalysts as fast as possible. The 

concentration of Cr(VI) was determined by ICP-MAS.The distribution of ofchromium was 

analysized with the used photocatalysts for chromium transfernation by XPS. A same 

photocatalyst dosage of 0.2 g/L was used for all the tests. 

 

2.3 Results and discussion  

2.3.1 Characterization of Bi4O5Br2 

Fig. 2-1 shows the XRD pattern of the samples that prepared with and without polymer 

addition under different pH values (3, 7, 10, 11, 12) during the synthesis process. Fig. 2-1a 

indicates that the facet structure of the samples without PEG-10000 under different pH values 

was similar with BiOBr (JCPDS No. 09-0393) [121, 122], and the characteristic diffraction 

peaks of samples appeared in the vicinity of 25.0°, 31.5°, 46.2°and 57.2° with crystal facets 

position being corresponded with (110), (112), (020) and (220), respectively. However, there 

were no the characteristic diffraction peaks of samples without PEG-10000 at around 29º and 

32º with Bi4O5Br2 (JCPDS No. 37-0699) [122] indicating that PEG-10000 is very important for 

Bi4O5Br2 formation. from Fig. 2-1b, it can be seen that the characteristic peaks of the samples 

synthesized with PEG-10000 at pH values 10, 11, and 12 have the characteristic peaks of 

tetragonal Bi4O5Br2 (JCPDS No. 37-0699), and the characteristic peaks at around 29º and 32º 

could be attributable to the (101) and (110) planes of tetragonal Bi4O5Br2, respectively. Cell 
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parameters show that a=14.520 Å, b=5.625 Å, c=10.830 Å, which prove that Bi4O5Br2 has been 

synthesized successfully when PEG-10000 was added as a directing agent under pH 10, 11, and 

12. It also can be seen that only after adjusting the pH to 11, the diffraction peak index of the 

obtained sample conforms to the monoclinic Bi4O5Br2. The peak intensity of the diffraction 

peak is the highest, indicating that the optimal parameter of synthesizing Bi4O5Br2 photacatalyst 

could be obtained only after adjusting the pH value of the reaction system to 11. In addition, 

since no other peaks belonging to impurities appeared in the XRD diffraction pattern, it 

indicates that the prepared Bi4O5Br2 is single-phase and has high purity. The samples with PEG-

10000 in the pH3 and pH7 reaction systems did not show obvious diffraction peaks. Since the 

two samples are relatively soft, it is considered to be a hydrate of bismuth at lower crystallinity. 

Then we further observed the phase of the product under the conditions of pH10 and 12. In the 

samples at pH10 and pH12, the characteristic diffraction peaks of Bi4O5Br2 appeared in the 

vicinity of 29° and 32°, but they could not correspond well. It is believed that the lattice 

parameters should be changed. The particle size of different samples with PEG-10000 under 

different pH values was investigated by XRD in (Table 2-1). The particle size was bigger with 

the increase of system pH. The particle size was the biggest when the pH reached 11 with the 

crystal lattice formation, which also indicated that polymer PEG -10000 could promote the 

growth of Bi4O5Br2 particles size under alkaline conditions [69]. 

 

Table 2-1 Particle size of samples synthesized with PEG-10000 

Samples 2θ (°) (1) D (nm) 2θ (°) (2) D (nm) 

pH=12 29 6.5 32 8.3 

pH=11 29 9.3 32 9.7 

pH=10 29 6.6 32 7.8 

pH=7 29 n.d. 32 n.d. 

pH=3 29 n.d. 32 n.d. 

n.d. denots no data was collected. 

 

The optical properties of the synthesized photocatalysts were investigated by UV-visible 

diffuse reflectance spectroscopy (DRS) as shown in Fig. 2-1(c). Bi4O5Br2 synthesized with 

PEG-10000 had good visible light absorption performance and the absorption band edge 

showed a red-shift toward the visible region with an absorption onset at about 510 nm. The 

following equation (Eq. 2-1) showed the relationship between band gap and light absorption 
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[123, 124]. 

αhv = A(hv - Eg)
n/2                 (2-1) 

where α, h, v, Eg, and A represent the light absorption coefficient, Planck constant, optical 

frequency, band gap, and constant, respectively, and n depends on the characteristics of the 

semiconductor. For direct bandgap semiconductors, n = 1, and indirect bandgap semiconductors, 

n = 4. Bi4O5Br2 is an indirect bandgap semiconductor, n = 4. Therefore, the bandgap value Eg 

of the Bi4O5Br2 sample can be obtained by the tangent of the (αhv)1/2 - photon energy (hv) curve 

(Fig. 2-1(d)). It showed that the bandgap of the Bi4O5Br2 synthesized with PEG-10000 was 

approximately 2.43 eV, which means that it has a low band gap, high visible light utilization 

and good photocatalytic activity. 

The morphology of samples without PEG-10000 and with PEG-10000 at pH=11is shown 

in Fig 2-2. It is shown that the samples without PEG-10000 were agglomerates and disordered 

from Fig. 2-2(a-c), and there was no lattice nanosheet. The structure of Bi4O5Br2 synthesized 

with PEG-10000 under pH 11 is shown in Fig. 2-2(d) to 2-2(f). It can be seen that the size of 

Bi4O5Br2 was small, with the size ranging from 500 nm to 3 μm, and there is no obvious 

agglomeration phenomenon and disordered accumulation. The nanosheets and lattice of the 

sample under pH=11 with PEG-10000 were shown in Fig. 2-2(e-f), respectively.  

Table 2-2 shows that the specific surface area of the sample with PEG-10000 gradually 

increases with the increase of pH value increasing, and the specific surface area reaches a 

maximum at pH=11, and then the specific surface area decreased. The reason for this result is 

that the polymer PEG-10000 undergoes a protonation reaction under acidic conditions, which 

inhibits the crossing of [-Bi-O-Bi-] and the group of PEG-10000. Under alkaline conditions, it 

is beneficial to the hydrolysis of the polymer, increasing the reactivity of Bi, and more favorable 

for crystal formation. The produced product itself of [-Bi-O-Bi-] is hydrolyzed under strong 

alkaline condition, resulting in difficulty in crystal formation. Compared with the samples 

without PEG-10000, the specific area is much higher than that of without PEG-10000.In order 

to further confirm the elemental composition and the valence state of synthetic photocatalyst, 

X-ray photoelectron spectroscopy was performed (Fig. 2-3). It can be seen from the element 

scanning spectroscopy (Fig. 2-3(a)) that only the peaks relating to the four elements of O, Bi, 

and Br appeared, indicating that the obtained sample had a high purity. The high resolution XPS 

for Bi 4f is shown in Fig. 2-3(b). The binding energies of Bi 4f5/2 and Bi 4f7/2 are 159.05 and 

164.34 eV for Bi4O5Br2 [125]. Fig. 2-3(c) shows O 1s peak of the Bi4O5Br2 composites. The O 

1s peak was deconvoluted into two peaks at 532.6 and 530.2 eV, which could be assigned to the 
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O-H bond and the lattice Bi-O [126]. The Br 3d spectra are shown in Fig. 2-3(d), in which 

similar phenomenon with Bi high resolution XPS was also observed. The Br 3d3/2 and 3d 5/2 

peaks are situated at 68.2 and 69.2 eV [126]. The XPS analysis provides the solid evidence for 

synthesized Bi4O5Br2 with the directing agent of PEG. 

 

 

 

 

Table 2-2 BET surface area, pore volume and pore size of the obtained samples 

   SBET (m2/g) Pore volume (cm3/g) Pore size 

(nm) 

With 

PEG-

10000 

pH=12 139.8 0.2 6.1 

pH=11 160.9 0.19 6.9 

pH=10 131.3 0.21 6.4 

pH=7 101.6 0.2 3.6 

pH=3 82.5 0.17 2.1 

Without 

PEG-

10000 

pH=11 94.3 0.12 3.3 

pH=10 97.5 0.21 4.7 

pH=7 79.8 0.19 2.7 

pH=3 69.5 0.26 2.5 
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Fig. 2-1 The XRD patterns of synthesized samples without PEG-10000 (a) and with PEG-10000 (b) under different pH values; DRS (c), and 

(αhv)1/2 - (hv) curves (d) of samples at pH =11.

10 20 30 40 50 60 70

 

 

In
te

n
si

ty
 (

a
.u

.)

2Theta (degree)

pH=12

pH=11

pH=10

pH=7

pH=3

(b)

 

 JCPDS#09-0393

 

 

JCPDS#37-0699

20 40 60 80

 

 

In
te

n
si

ty
 (

a
.u

.)

2 Theta(degree)

pH=11 

pH=10 

pH= 7

pH=3

(a)

 

BiOBr

200 300 400 500 600 700 800

 Without  PEG-10000

 With PEG-10000

 

 

A
b

so
rb

a
n

ce
 (

a.
u

.)

Wavelength (nm)

(c)

2 3 4 5 6
0

1

2

3

4

5

 

 

 Without PEG-10000

 With PEG-10000

(
h
ν)

1
/2

hν (KeV)

2.43 eV

(d)



 

20 

 

 

 

 

 

Fig. 2-2 SEM images of samples obtained under pH=11 without PEG-10000 (a, b) and with PEG-10000 (d, e); TEM images of samples without 

PEG-10000 (c), and with PEG-10000 (d). 
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Fig. 2-3 XPS spectra of Bi4O5Br2 samples (a), Bi 4f (b), O 1s (c) and Br 3d (d). 
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2.3.2 Evaluation on photocatalytic performance of Bi4O5Br2 composites 

Photocatalytic performance and stability of photocatalyst are important indexs in its 

practical application. Fig. 2-4 demonstrated that the Bi4O5Br2 composite had better 

photocatalytic performance and stability. From Fig. 2-4(a), it showed thatthe RhB decoloration 

rate was about 80 % over the synthesized samples with PEG-10000 under pH=10, 11, and 12 

synthesis conditions. All the samples with PEG-10000 obtained the better decoloration rate of 

RhB within 40 min compared with BiOBr at the same intial concentration of RhB solution. And 

the best decoloration rate on RhB was obtained within 25 min, and RhB can be completely 

decolored with the synthesized samples at pH=11. Interestingly, the synthesized sample with 

PEG-10000 at pH=12 existed the better absorption performance than that of BiOBr and the 

synthesized samples under pH=10 and 11, which indicates that the directing reagent would 

terminate the broken layer reaction and side reaction may occur in the synthesis system. Fig. 

4(b) showed that the sample of the prepared Bi4O5Br2 at pH=11 has good stability for RhB 

decoloration. Results showed high stability and photocatalytic activity with 5 time reusing 

Bi4O5Br2 (pH=11), and about 99.40 % RhB was decolored. According to the formula (Eq. (2-

2)): 

             - ln (C/C0) = kt              (2-2) 

the rate constants k was obtained by the function of -ln(C/C0) and time, which indicating that 

the decoloration of RhB with new photocatalyst conformed to the quasi-first-order kinetics 

formula with the rate constant k values much higer than those of samples without PEG-10000 

under the different pH conditions (Fig 2-4(c)). This phenomenon indicates that the prepared 

photocatalyst with PEG-10000 as directing agent have better photocatalytic performance.  

The Bi4O5Br2 catalyst was selected and different active species capture agents such as 

2mmol isopropanol (IPA), 2mmol sodium oxalate(SO), 1mmol p-benzoquinone (BQ) were 

added to decolor RhB under visible light to further study the photocatalytic mechanism. 

Isopropanol can capture hydroxyl groups (•OH), sodium oxalate can capture holes (h+), and p-

benzoquinone can capture superoxide radicals (•O2
-). It can be seen from Fig. 2-5(a), the 

photocatalytic performance was slightly decreased with sodium oxalate, which indicated that 

h+ was not the active species during the photocatalytic reaction. However, the photocatalytic 

activity was greatly limited by adding isopropanol and benzoquinone, reflecting that the main 

active species were •OH and •O2
-. Fig. 2-5(b) shows that photogenerated holes (h+) have strong 

oxidant activity and can directly degrad organic contaminants.
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Fig. 2-4 RhB decoloration with the synthesized samples under different pH with PEG-10000 (a) and without PEG-10000 (b), and their reaction 

rate constant k (c).
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Fig. 2- 5 Photocatalytic activity of Bi4O5Br2 under different scavengers (a) and Mechanism of RhB decolorization overBi4O5Br2 under visible 

light (b). 
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Photocurrent was characterized by analyzing the separation efficiency of e- and h+ (Fig. 2-

6(a)). The higher density of photocurrent represents the higher separation efficiency. From Fig. 

2-6(a), it showed that the density of photocurrent of Bi4O5Br2 was much stronger than BiOBr, 

which indicating that Bi4O5Br2have lower recomnination rate of e- and h+. The reason may be 

the heterojunction formed between Bi-O and BiOBr, or the SPR effect on elemental Bi and 

BiOBr. Therefore, the mechanism of single-phase photocatalyst Bi4O5Br2 synthesis is inferred 

by adjusting the stoichiometric effect of bismuth atom and brominde atom to form bismuth-rich 

photocatalyst , which is consistent with the analysis of the photoluminescence spectrum (PL). 

In PL spectrum, the intensity of the peak spectra represents for the separation rate of 

photogenerated carriers. The intensity was the stronger, the recombination rate of photo-

generated electron and hole pairs is lower, and the photocatalytic activity is weaker [127]. In 

order to analyze the photocatalytic activity of Bi4O5Br2, the PL spectra of Bi4O5Br2 and BiOBr 

were measured at 388 nm (Fig. 2-6(b)). From Fig. 2-6(b), BiOBr has a strong emission peak at 

453 nm, while it has a lower peak spectra,confirmed that photocatalytic activity of Bi4O5Br2 is 

stronger than BiOBr due to the photogenerated e- and h+ were effectively separated. 

According to the (αhv)1/2 - (hv) curve (Fig. 2-1(d)), Eg can be obtained at 2.43 eV. In order 

to further explore the mechanism of the decoloration of RhB by Bi4O5Br2, the active species in 

the photocatalytic reaction were studied. Photogenerated electrons (e-) reduce oxygen (O2
-) 

dispersed in an aqueous solution to form superoxide radicals (•O2
-), which react with holes (h+) 

to form •OOH radicals, which are finally decomposed into superoxide. This high efficiency of 

RhB decolorization can also be realized with high efficiency separation and by recycling the 

used Bi4O5Br2 composite (Fig. 2-4(b)). 

 

2.3.3 Evaluation of chromium removal by using Bi4O5Br2 photocatalyst   

As we know, Cr(VI) is very difficult to remove in the field of environmental control. How 

to realize the Cr(VI) transformation from the high toxicity to stable state is very meaningful for 

wastewater treatment. Fig. 2-7 explored that transformation of toxic Cr(VI) into stable Cr(III) 

could be realized by photoreduction under visble light. It can be seen that the obtained samples 

have good reduction performance for Cr(VI) photoreduction with the initial pH of solution at 7 

(Fig. 2-7(a)). And the final transformation effort was obtained above 90% Cr(VI) reduction 

within 120 minunder visible light.  

In order to further confirm the Cr transformation, XPS analysis was adopted to inverstgate 

the distribution on the used photocatalyst surfacewithCr2p spectra after photoreduction under 
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visible light. Fig. 2-7(c) showed the high energy spectrum had two energy bands at 577.24 eV 

and 586.51 eV, which were attributable to the binding energies of Cr 2p3/2 and Cr 2p1/2 

orbitals , respectively. The Cr 2p1/2 spectrum was fitted to two peaks at about 587.29 eV and 

586.15 eV. And the Cr 2p3/2 spectrum was fitted to two peaks at about 577.60 eV and 576.34 

eV, which belonging to Cr(VI) and Cr(III), respectively. The co-existence of Cr(VI) and Cr(III) 

was contributed by the reduction of Cr(VI) with Bi4O5Br2.  

 

2.4 Summary  

In this chapter, a highly active single-phase Bi4O5Br2 photocatalyst was synthesized by 

using solvothermal method by adding polymer PEG-10000 into the mixed solvent as directing 

agent and adjusting  the alkalinity. The synthesized Bi4O5Br2 was confirmed to be an excellent 

photocatlyst with multiple facets, dimensional flow-like nanosheets structure.and high visible 

light responsiveness. Compared with BiOBr, the new photocatalyst had good photocatalytic 

activity and lower combination rate of photogenrated electron and hole pairs. The result of RhB 

decoloration showed that 100% of RhB decoloration with synthesized composite within 40 min 

under visible light, which can also be recycled and reused for highly efficient decolorization. 

In addition, Above 90 % toxic Cr(VI) was reducted into stable Cr(VI) over the obtained samples 

within 120 min under visible light. The Bi4O5Br2 composite was co-catalyst with a great 

potential for practical application in wastewater treatment. 
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Fig. 2-6 Photocurrent responsiveness of (a) and PL spectra (b) of samples
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Fig. 2-7 Cr(VI) removal (a) and (b) Cr distribution on the obtained sample at pH=11 by XPS 
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Chapter 3 Fabriction of Bi4O5Br2/SBA-15 material and its 

application in wastewater treatment 

 

3.1 Introduction  

In Chapter 2, single-phase photocatalyst Bi4O5Br2 was investigated, which existed special 

facets structure andgood visible light catalytic activity, however, single-phase Bi4O5Br2 also has 

some drawbacks such as poor thermal stabilityand easy agglomeration in t practical application 

in wastewater treatment, which has a direct effect on the active sites during the photoreduction 

and photooxidation process. In order to solve the above problems, the excellent supports was 

necessary for single-phase Bi4O5Br2 modification.SBA-15 is a kind of silicon-based molecular 

sieves with self-ordered mesoporous material, uniform pore size, large pore structure, high 

surface area and good stability in acid and alkaline conditions [128, 129], which was considers 

as an ideal carriers for single-phase photocatalyst loading on the surface to enhance the active 

sites contact during the photocatalytic processing In addition, no report was found on loading 

single-phase Bi4O5Br2 semiconductor on SBA-15 carriers to enhance the photocatalytic 

performance of composite photocatalysts. Moreover, after loading Bi4O5Br2 on SBA-15, the 

photoelectron migration on the surface of the photocatalyst and the recombination rate of 

photogenerated electrons and holes have not been studied yet.  

Ammonium is a typical pollutant in aquatic resource, which easily causing water 

eutrophication, and high concentration of ammonium in water will be a threat for human health 

and ecological environment [138]. In the past time, ammonium removal was reported by SBA-

15, which foucused on the adsorption capacity. However, there was no report on the ammonium 

removal over the photocatalyst with SBA-15 as a support. In Chapter 2, Cr(VI) could be 

detoxicification over the Bi4O5Br2 under visble light The new strategy of loading single-phase 

photocatalyst on SBA-15 was designed. However, whether the synthesized catalyst has the 

performance of the co-catalyst still need to further verification.In this chapter, hydrothermal 

synthesis method was used to generate the Bi4O5Br2/SBA-15 photocatalytic materials, i.e. 

Bi4O5Br2 was grafted onto the surface of SBA-15. The morphology, XRD phase, optical 

properties and photocatalytic activity of Bi4O5Br2/SBA-15 were characterized by XRD, BET, 

TEM, XPS, DRS and other methods. While Rhodamine B (RhB), Cr(VI) and ammonium was 

used as target contaminants, the different decolorization capacities, photoreduction and 

adsorption capacity of the synthesized photocatalysts (obtained under different loading ratios 
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of Bi4O5Br2/SBA-15) were investigated under visible light. At the same time, the photocatalysis 

stability and reusability of the newly synthesized  

 

3.2 Material and methods  

3.2.1 Synthesis of mesoporous Bi4O5Br2/SBA-15composite 

Bi4O5Br2/SBA-15 was prepared through the following two steps. The first step was to 

synthesize Bi4O5Br2 with solvothermal method. The synthesis method was the same as Chapter 

2.when the synthesis condition ofpH value was adjucted to 11. 

In the second step, Bi4O5Br2/SBA-15 was synthesized by sol-gel method. In a typical run, 

2.0 g polyether P123 (PEO-PPO-PEO) was added into 65 mL deionized water at ambient 

temperature under mechanical stirring for 3 h. 10 ml HCl (2 mol/L) was then dropped into the 

above mixture at 40 °C with stirring for 1 h. Bi4O5Br2 was mixed with the above system with 

different mass ratios of Bi/SiO2 of 20/100, 30/100, 40/100, and 50/100. After stirring for 1 hour, 

4.5 g tetraethyl orthosilicate (TEOS) was slowly dropped into the mixture system at 40°C with 

stirring for 24 h. The synthesis system was later solvothermally treated at 140 °C for 24 h. The 

solids was centrifuged, washed, and dried at 60 °C for 8 h. The samples were calcined at 550°C 

in air atmosphere for 6 h, which were named as Bi20/SBA-15, Bi30/SBA-15, Bi40/SBA-15, and 

Bi50/SBA-15, respectively.  

 

3.2.2 Characterization and evaluation of photocatalytic performance 

In this part, the synthesized photocatalysts was analysized from morphology, XRD patterns, 

optical property and photocatalytic performance. The characterization methods for morphology, 

XRD, optical property were similar to Chapter 2 (2.2.2).The evaluation of photocatalytic 

performance for the synthesized photocatalysts was carried out using the same methods as in 

Chapter 2 (2.2.3 and 2.2.4). The application experiment for chromium detoxicitation was done 

as in Chapter 2 (2.2.5).  

 

3.2.3 Evaluation of Ammonium removal experiment 

Ammonium stock solution (500 mg/L) was prepared by dissolving NH4Cl in 0.5 L 

deionized water. The working concentrations were prepared from this stock solution by 

deionized water. 100 mg/L of NH4Cl solution was selected to analysize the removal rate of the 

obtained Bi4O5Br2/SBA-15 photocatalyst. Firstly, NH4Cl solution reached adsorption 

equilibrium with stirring in dark for 30 min, and then the solution was irradiated by A 300 W 
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xenon lamp with a 420 nm cut-off filter provided visible light irradiation. Then, the residual 

solution of NH4Cl was collected with 0.2 m L H2O2 during the time intervals and NH4Cl 

solution was centrifuged (10 000 rpm, 10 min) to remove the photocatalysts as fast as possible. 

The concentration of NH4Cl was determined with Nessler's reagent by 725N UV-vis 

spectrophotometer (Beijing Purkinje General Instrument Co., Ltd.). 0.2 g/L new photocatalyst 

was added into simulated wastewater to test the photocatalytic performance all the tests. 

 

3.3 Results and discussion  

3.3.1 Characterization of Bi4O5Br2/SBA-15 composites  

The crystalline facet is a key factor for its photocatalytic perfprmance.The XRD phase was 

investigeted on the crystallinezation of the new synthesized materials.From Fig. 3-1(a), the 

small angle XRD pattern of SBA-15 with different loading ratio of Bi4O5Br2 was determined. 

A strong diffraction peak (2θ=0.90° to 1.0°) and two weak diffraction peaks (2θ=1.3° to 1.8°) 

in the range of small angle (2θ=0.3° to 5°) were produced in all the synthesized samples.These 

characteristic peaks are coincident with the crystal plane diffraction peaks of (100), (110), and 

(200) in the two-dimensional hexagonal structure of SBA-15, respectively,which attributes to 

the presence of a typical two-dimensional hexagonal,silicon crystal facets and ordered 

mesoporous structure [130]. And this phenomenon indicates that the single phase photocatalyst 

Bi4O5Br2 did not change the mesoporous structure of SBA-15 during the synthesis process. As 

we can see, the diffraction peaks is shifted to higher angles from Bi20/SBA-15 to Bi50/SBA-15, 

confirming that the pore capacity and diameters gradually decrease along with the increase of 

loading ratio, and the largest pore diameter was abbtained when the mass ratio of Bi/SiO2 

reached to 20:100 [131]. Interestingly, the diffraction peak intensity was first increased and 

then decreased, and the highest intensity of diffraction peak was occurred with the mass ratio 

of Bi/SiO2 reached to 30:100. This results explored that the mesoporous structure of the 

synthesized Bi30/SBA-15 was the most regular among the synthesized samples. The high 

intensity of peaks was attributable to the Bi atom which was incorporated into the mesoporous 

silica matrix, creating a new crystal facets on mesoporous structure [132]. This phenomenon 

provided an useful information on Bi distribution on the surface of SBA-15. Fig. 3-1(b) shows 

the wide angle XRD patterns of the synthesized Bi4O5Br2/SBA-15 samples. As seen, all the 

samples had similar characteristic peaks, and the corresponding positions of the characteristic 

peaks were 11.2°, 25.0°, 31.5°, 39.2°, 46.2°, 53.5°, 57.2°, 67.1°, and 76.0°, respectively. These 
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peaks reprent for the tetragonal phase of Bi4O5Br2 (standard card JCPDS No. 09-0699), which 

coincide with the corresponding crystal planes of Bi4O5Br2 (001), (011), (012), (110), (112), 

(020), (211), (220), and (130), respectively. Especially, the strongest diffraction peak intensity 

was obtained at 31.5°, indicating that the synthesized photocatalyst also exists the (012) crystal 

plane like single phase tetragonal Bi4O5Br2 photocatalyst. 

Table 3-1 shows the specific surface area, the pore volume and the average pore size of 

thesynthesized photocatalysts. The pore diameters of Bi20/SBA-15, Bi30/SBA-15, Bi40/SBA-15, 

and Bi50/SBA-15 firstly increased and then decreased. This variation trend was consistent with 

the results of the small angle XRD of synthesized samples. With the increase of Bi4O5Br2 

loading ratio, both the specific surface area and pore volume of the synthesized photocatalysts 

showed a decreasing trend with the increase of single phase Bi4O5Br2 loading, which indicating 

that the aggregation of single phase photocatalyst may bring about the increase of the relatively 

size of Bi4O5Br2 particles during synthsis process, therefore, the pores of SBA-15 was easily 

blocked. This phenomenon implied that the effect of synthesis material on pollutants removal 

and the adsorption capacity of Bi4O5Br2 /SBA-15 might gradually decrease when compared to 

SBA-15 [133]. Fig. 3-2 illustrates the nitrogen sorption-desorption isotherm curves of the 

synthesized composites. From this figure, it can be seen that the Langmuir type IV hysteresis 

loops occurred in all the curves, which confirmed that the synthesized samples (Bi20/SBA-15, 

Bi30/SBA-15, Bi40/SBA-15, and Bi50/SBA-15) had the ordered mesoporous structure .The 

morphology of SBA-15, Bi4O5Br2, and Bi4O5Br2/SBA-15 were detected by the SEM and TEM 

images in (Fig. 3-3). As seen from Fig. 3-3(a),the image of pure mesoporous material SBA-15 

clearly existed well-ordered mesoporous hexagonal arrays and one-dimensional channels of the 

mesoporous structure (with a diameter of 7.3 nm). The results demonstrated the high ordered 

level obtained from silica synthesis and confirmed the pore size distribution [134]. Fig. 3-3(b) 

and 3e showed the morphology of Bi4O5Br2 with special nanosheets structure and crystalline 

facets. No diffraction spots or diffraction rings were observed in Fig. 3-3(d), revealing the 

amorphous silica characteristics of SBA-15. Fig. 3-3(c) and 3-3(f) shows the images of 

Bi30/SBA-15 sample. Smaller particles were grafted on the surface of larger particles SBA-15 

in all the images.These agglomerations of nanoparticles were mainly in the range of 100 nm. 

This observation is consistent with the Bi4O5Br2 phase from the XRD patterns. However, as it 

can be seen from Fig. 3-3(c) and 3-3(f), Bi4O5Br2 as rods or spheres were distributed on the 

surface of the SBA-15. Fig. 3-3(c) and 3-3(f) also shows that Bi4O5Br2 might be chemically 

bonded to the surface of SBA-15, not simply loaded on the surface, which may produce stable 
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photocatalytic components thus exhibit photocatalytic activity, thereby increase the possibility 

of recirculation of the photocatalytic material. 

In order to study the elemental composition and valence state of the photocatalytic materials, 

XPS analysis of Bi30/SBA-15 was performed (Fig. 3-4). The XPS spectrum of Bi30/SBA-15 

confirmed the existence of Si, C, O, Bi, and Br elements. The appearance of element C may be 

caused by CO2 from the sample absorption of air during the analysis [135]. In Fig. 3-4(b), the 

peak at 103.6 eV was corresponding to Si 2p spectrum, which was the characteristic peak of Si-

O-Si band in SiO2 of SBA-15 and the characteristic peak of Si4+ [136-138]. A high resolution 

energy spectrum of O 1s with two main peaks (Fig. 3-4(c)), 530.6 and 533.0 eV, respectively, 

was obtained. The main peak 530.6 eV was attributed to the lattice oxygen of Bi-O bond in 

[Bi2O2]
2+ in the layered Bi4O5Br2/SBA-15, while the peak at 533.0 eV was chemisorbed oxygen 

and OH- adsorbed on the surface of the material [139]. The Bi 4f spectrum displayed in Fig. 3-

4(d) contains two peaks at binding energy of 159.4 and 164.8 eV, which belonged to Bi 4f7/2 

and 4f5/2 [140, 141]. Fig. 3-4(e) shows that the high-resolution energy spectrum was confirmed 

to be Br 3d. As its two partial peaks were 68.4 and 69.5 eV [61, 62,137], respectively, and the 

corresponding spectra were 3d5/2 and 3d3/2, its valence was -1. Results of the XPS spectra 

indicated that the measured elements corresponded to the elements in the synthesized samples. 

Fig. 3-5 shows the UV-vis DRS of Bi4O5Br2/SBA-15 at different loading ratio of the two 

major materials. As seen, all the samples had a certain absorption under UV light and the 

absorption efficiency of Bi20/SBA-15 was the highest. As shown in Fig. 3-5(a), all the 

composite samples exhibited significant absorption side bands in the visible light range around 

410, 415, 430, and 435 nm, respectively. In addition, with the increase of the loading ratio, the 

absorption wavelength of visible light by the photocatalytic material was red-shifted, and the 

light response range was expanded. Among them, the band gap of Bi50/SBA-15 was determined 

to be the narrowest, resulting in the highest utilization rate of visible light. This could be further 

analyzed by using the Kubelka-Munk formula (Eq. 2-1) [124]. The band gap energy spectra of 

different samples were obtained (Fig. 3-5(b)). It can be seen from Fig. 5(b) that the band gap 

energy of the samples decreased from about 3.30 eV to 3.10 eV with the increase of Bi4O5Br2 

loading ratio, and this may be caused by the agglomeration of nanoparticles [132]. 

 

3.3.2 Evaluation on photocatalytic performance 

Fig. 3-6(a) demonstrates the photodegradation curves and degradation curves for Bi20/SBA-

15, Bi30/SBA-15, Bi40/SBA-15, and Bi50/SBA-15 at 25°C, respectively. The abscissa was the 
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reaction time for dark adsorption and photodegradation, and the ordinate was the concentration 

of RhB remained. From Fig 3-6(a), it can be seen that the Bi4O5Br2 at different loading ratio 

possessed strong absorption capacity for RhB, which could remove RhB from 30% to 65% 

within 1h of adsorption in dark, following a descending order of Bi30/SBA-15 > Bi20/SBA-15 > 

Bi40/SBA-15>Bi50/SBA-15. The residual RhB in solution was decolorated by photodegradation 

under visible light. During the whole reaction process, the removal of RhB with Bi30/SBA-15 

was the fastest. Although the band gaps of Bi50/SBA-15 and Bi40/SBA-15 were narrower than 

that of Bi30/SBA-15, the RhB removal rates for Bi50/SBA-15 and Bi40/SBA-15 were lower than 

that for Bi30/SBA-15. It might be the structure of SBA-15 was destroyed with big size 

nanoparticles which blocked the pores for adsorption of RhB onto the surface of SBA-15. Fig. 

3-6(b) shows the fluorescence spectra of synthesized materials at different loading ratio of 

Bi4O5Br2. The test was conducted at room temperature with the excitation wavelength of 250 

nm. It can be seen that the peak shapes and positions of the four samples are similar, with the 

largest peak around 432 nm and another two weak peaks, indicating that the Bi4O5Br2/SBA-15 

was excited at 432 nm by the sunlight with the occurrence of electronic transitions and 

generation of photogenerated electron-hole pairs. Photoluminescence spectroscopy is an 

important approach to characterize the photoelectron-hole recombination rate of photocatalysts. 

The recombination rate of photoelectron-holes is proportional to the light intensity. Therefore, 

the photogenerated electron-holes of photocatalysts can be compared by using the light 

intensities. The light intensity of Bi50/SBA-15 was the largest, followed by Bi40/SBA-15, 

Bi30/SBA-15, and Bi20/SBA-15. The separation effect of Bi30/SBA-15 was relatively high, 

which might be the major reason for its better photocatalytic effect than others. The reason was 

that the active sites were present inside and outside the SBA-15, which first increased with the 

increase of Bi4O5Br2 loading, indicating the separation rate of electron and hole was enhanced, 

and then decreased, showing that the active sites decreased with the excess loading of 

nanoparticles of Bi4O5Br2. 

 

3.3.3 Active species analysis 

Bi4O5Br2 is a lamellar structure composed of a [Bi2O2]
+ layer and a double Br-layer 

interlaced, with an internal electrostatic field established between the layers. When a 

semiconductor was excited under visible light irradiation, photocurrent would produce and then 

the photoelectrons move in a fixed direction. A stronger photocurrent would bring more 

effective separation of electron-holes and higher photocatalytic performance of the 
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semiconductor as well. In the photocatalytic decolorization of RhB, the capture agents SO, IPA 

and p-BQ were individually added to capture the active species h+, •OH and •O2
- (Fig.3-7(a)). 

As shown in Fig. 3-7(a), the photocatalytic activity of Bi30/SBA-15 slightly decreased when the 

capture agent IPA existed in the solution. In the case of capture agent p-BQ, the photocatalytic 

activity of the synthesized photocatalyst was significantly reduced after its addition in the 

photocatalytic process. However, when adding SO into the RhB solution, the photocatalyst 

showed almost no effect on the decolorization of RhB solution, implying the catalytic activity 

was significantly inhibited. The result indicated that h+ played the main role in RhB 

decoloration under visible light. 

For evaluation on the stability of the photocatalytic activity of the prepared Bi4O5Br2/SBA-

15, sample Bi30/SBA-15 was applied to decolorize RhB for 5 times (Fig. 3-7(b)). Results 

showed that after 5 cycles of reutilization of Bi30/SBA-15, its photocatalytic activity remained 

almost unchanged, and about 99.42% RhB was decolorized. 

 

3.3.4 Evaluation of chromium photoreduction 

Cr(VI) is a typical pollutant with unstable valence and high toxicity in wastewater. It is 

very difficult to remove from the wastewater. In this study, The photoreduction capacity of 

synthesized photocatalysts for Cr(VI) transformation was evaluated under visible light. Fig. 3-

8(a) shows that Cr(VI) was photoreduced into Cr(III) under visible light. The figure also shows 

that the absorption ability of the new synthesized Bi4O5Br2/SBA-15 photocatalysts for Cr(VI) 

was decreased with the increase of Bi4O5Br2 loading within 30 min dark at an initial pH7, and 

Bi20/SBA-15 obtaided the best absorption effect on Cr(VI) with 35% removal rate during dark 

reaction, indicating that the suitable mass ratio of Bi/SiO2 is a key factor for Cr(VI) reduction. 

Excess mass ratio of Bi/SiO2 may cause Bi4O5Br2 agglomerate to form the big particles and 

blocked the porous structure (Fig. 3-8(a)). 100% Cr(VI) was photoruducted in the solution by 

using Bi30/SBA-15 within 120 min at the initial pH=7. From Fig. 3-8(b), the Cr distribution 

shows the same enery spectrum of Cr2p by XPS as Chapter 2. The result demonstrated that the 

existence of Cr(VI) and Cr(III) on the surface of photocatalyst, which was attributable to the 

reduction of Cr(VI) with Bi30/SBA-15.  
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Table 3-1 Surface area, pore volume and average pore size of the synthesized masterials 

Samples Specific area (m2/g) Pore volume (cm3/g) Average diameter (nm) 

Bi20/SBA-15 156 0.26 6.6 

Bi30/SBA-15 84 0.16 6.5 

Bi40/SBA-15 62 0.11 6.3 

Bi50/SBA-15 51 0.10 6.0 
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Fig. 3-1 Small angle XRD (a) and wide-angle XRD (b) of the synthesized materials 
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Fig. 3-2 Nitrogen adsorption-desorption isotherms of the samples (Notes: Ds and As  

were adsorbed and desorbed abbreviation) 
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Fig. 3-3 SEM and TEM images of SBA-15 (a,d), Bi4O5Br2 (b, e), and Bi4O5Br2/SBA-15(c, f) 
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Fig. 3-4 XPS spectra of Bi2/SBA-15: full spectrum (a), Si 2p(b), O 1s(c), Bi 4f (d), and Br 3d (e) 
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Fig. 3-5 UV-vis absorption spectrogram (a) and (αhv)1/2 -(hv) curves (b) for different synthesized materials
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Fig. 3-6 Photocatalytic performance (a) and photoluminescence spectra (b) of the samples 

 

 

02468 60 80
0

2

4

6

8

10

R
h

B
 c

o
n

ce
n

tr
a
ti

o
n

 (
m

g
/L

)

Time (min)

 Bi20/SBA-15

 Bi10/SBA-15

 Bi30/SBA-15

 Bi40/SBA-15

 SBA-15

(a)

Dark

Light on

350 400 450 500 550

 

 

In
te

n
si

ty
 (

a
.u

.)

Wavelength (nm)

 Bi20/SBA-15

 Bi30/SBA-15

 Bi40/SBA-15

 Bi50/SBA-15

(b)



 

43 

 

 

3.3.5 Evaluation on ammonium removal by using Bi4O5Br2/SBA-15 photocatalyst 

In the past time, the adsorption method was usually adopted for ammonium removal. As we 

know, water pollution is not usually caused by single substance, while the most cases are by the 

co-existence of inorganic and organic components. Ammonium is almost existed in differents 

wastewaters. Based on the adsorption capacity of SBA-15, the ammonium removal was carried 

out by this new photocatalyst under visible light. In order to further evaluate the ammonium 

removal by using the synthesized Bi4O5Br2/SBA-15 photocatalyst, a high concentration of 

ammonium solution, 500 mg/Lwas used for this test under the visible light. From Fig. 3-9, the 

whole process of ammonium removal was a rapid adsorption reaction within 20 min, and the 

adsorption equilibrium reached about 60 min. The removal rate of ammonium was increased 

with the increase of Bi4O5Br2 iloading during the whole process. Bi50/SBA-15 obtained the best 

removal rate with 81.3% ammonium removal in (Fig. 3-9(a)). The result showed the Bi4O5Br2 

loading could enhance the removal rate of ammonium due to the increase of specific surface 

area. The curves of -ln(C/C0) ~ t (Fig. 3-9(b)) denoted a linear trend, which indicated that the 

removal ammonium followed the quasi-first-order kinetic equation. 

 

3.4 Summary  

The new mesoporous composite Bi4O5Br2/SBA-15 was fabricated by loading the single 

phase photocatalyst on the mesoporous material SBA-15. The new photocatalyst was confirmed 

to be a mesoporous material with Langmuir type IV hysteresis loops, well-ordered mesoporous 

hexagonal arrays and one-dimensional channels.The new photocatalyst has the characteristics 

of Bi4O5Br2 and SBA-15, and strong visible light responsiveness. The RhB decoloration rate 

had a positive relationship with the Bi4O5Br2 loadings on SBA-15.The change trend of RhB 

decoloration was firstly increased and then decreased under visible light. The highest RhB 

decoloration rate was obtained at a mass ratio of Bi/SiO2 of 30:100. Bi4O5Br2/SBA-15 is also a 

good cocatalyst for ammonium removal and Cr(VI) photoreduction from syhthetic wastewater. 

This work shed new light on the design of new designing the photocatalysts with high efficiency 

and stability for environmental remediation. 
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Fig. 3-7 Effects of various scavengers on RhB removal with synthesized photolyst Bi4O5Br2
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Fig. 3-8 Cr(VI) removal (a) and Cr distribution (b) over Bi30/SBA-15 at pH=11 by XPS
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Fig. 3-9 Ammonium removal rate (a) and fit curve of –ln(C/C0) ~ t (b) of the obtained samples
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Chapter 4 Synthesis of Bi4O5Br2/ZrO2-WO3/SBA-15 

semiconductor and its co-catalytic performance  

 

 4.1 Introduction  

As shown in Chapter 3, Bi4O5Br2/SBA-15 has better photocatalytic performance for RhB 

decoloration, ammonium removal and chromium detoxification under visible light. However, 

the band gap of Bi4O5Br2/SBA-15 is still wide (from 3.10 to 3.30 eV), which influences the 

separation rate of photogenerated electron and holes.  

WO3 is a typical n-type metal oxide semiconductor with a band gap of 2.4~2.8 eV, high 

photosensitivity, low photoluminescence and special atom conduction [143, 144]. In addition, 

it has some advantages such as non-toxicity, chemical stability, redox of charge carriers, 

capacibility of various scaffolds, and better electronic band structure, which can promote its 

application in wastewater treatment [145, 146]. ZrO2 is a common transition metal oxide with 

good acid resistance, thermal stability, and surface defects [147-149]. It is important that ZrO2 

can interact with active components and some loading materials to form excellent catalyst. 

Recently, ZrO2-WO3/SBA-15 has been successfully synthesized, which could enhance the 

photocatalytic performance. Untill now, however, there is no reporte on coupling with ternary 

metal to form catalyst by using ZrO2-WO3 and Bi4O5Br2/SBA-15 [150]. In this chapter, the new 

photocatalyst Bi4O5Br2/ZrO2-WO3/SBA-15 was prepared by one-step solvothermal method. 

The morphology, specific surface area, loading ratio and optical properties of Bi4O5Br2/ZrO2-

WO3/SBA-15 were characterized by XRD, BET, TEM, XPS, DRS and other methods. Using 

Rhodamine B (RhB), chromium and ammonium as target contaminants, the different 

decolorization capacities and detoxification of the synthesized photocatalysts (obtained under 

different loading mass ratios of ZrO2-WO3/Bi4O5Br2/SBA-15) were investigated. At the same 

time, the photocatalysis stability and reusability of the newly synthesized Bi4O5Br2/ZrO2-

WO3/SBA-15 were also evaluated.  

  

4.2 Materials and methods  

4.2.1 Synthesis of mesoporous Bi4O5Br2/ZrO2-WO3/SBA-15 composite  

Bi4O5Br2/ZrO2-WO3/SBA-15 was prepared through the following two steps. The first step 

was to synthesize ZrO2-WO3/SBA-15 with solvothermal method. 2.0 g P123 was dissolved in 

65 ml of deionized water at room temperature for 3 h, and 10 ml of 2 mol/L hydrochloric acid 
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solution was added and stirred vigorously at 40°C for 1 h. 0.72 g sodium tungstate dihydrate 

was added into the above solution under stirring for 1 h. After that, 4.5 g tetraethyl orthosilicate 

(TEOS) and 0.2139 g zirconium oxychloride octahydrate were slowly added in the mixture with 

rapid speed stirring at 40°C for 24 h. The solution was treated at 100°C for 24 h, centrifuged, 

washed and dried at 60 °C for 8 h. The obtained solid samples were calcined at 550°C in air 

atmosphere for 6 h, which were labelled as ZrO2-WO3/SBA-15.  

In the second step, Bi4O5Br2/ZrO2-WO3/SBA-15 was prepared by sol-gel method. 30 ml 

glycerin and 30 ml deionized water were dropped into a 500ml beaker under stirring for 20 min. 

After that, Bi(NO3)3•5H2O and NaBr was added into the above solution under stirring for 1 h 

and then PEG-10000 was added into the mixture with pH adjusted to 11 under rapid stirring for 

30 min. 0.1 g of ZrO2-WO3/SBA-15 was added into the reaction system. After 3 h, the solution 

was treated at 140°C for 18 h. Then the solids were centrifuged and washed three times with 

deionized water and ethanol, and dried at 60°C for 8 h. Different mass ratios of Bi/SiO2 were 

designed at 10:100, 20:100, 30:200 and 40:100, respectively to test its effect on the synthesized 

composite, which were labelled as Bi1/ZrW/SBA-15, Bi2/ZrW/SBA-15, Bi3/ZrW/SBA-15 and 

Bi4/ZrW/SBA-15, respectively. 

 

4.2.2 Characterization and evaluation of the photocatalysts 

    All the experiments and analytical methods were similar to section 2.2.3. In this study, the 

ammonium removal with the new synthesized tenary metal coposites Bi4O5Br2/ZrW/SBA-15 

was also inverstigated in wastewater treatment, and the batch experiments were similar to 

section 3.2.6. Namely, besides RhB decoloration, chromium and ammonium as the target 

pollutants were investigated by using the new synthesized photocatalysts.  

 

4.3 Results and discussion  

4.3.1 Characterization of Bi4O5Br2/ZrO2-WO3/SBA-15 composite  

The small angle XRD of ZrO2-WO3/SBA-15 with different Bi4O5Br2 loadings was shown 

in Fig. 4-1. A large diffraction peak (2θ=0.9°~1.0°) and two small diffraction peaks 

(2θ=1.3~1.8°) were obtained in the small angle of 0.3°~5°, respectively. The crystal diffraction 

peaks of (100), (110), and (200) were obaerved in the two-dimensional hexagonal structure of 

ZrO2-WO3/SBA-15, indicating that the mesoporous structure of the synthesized photocatalyst 

didn’t change with the increase of of Bi4O5Br2 loading. However, the intensity of the diffraction 

peaks was gradually decreased until disappearance (Fig. 4-1(a)). The main reason was that the 
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mesoporous structure was destroyed and blocked with the increase of Bi4O5Br2 loading. 

Compared with the small-angle XRD patterns of WO3/SBA-15 and ZrO2-WO3/SBA-15 in Fig. 

4-1(b), it is clear to observe the pore change and the atom interaction of the new synthesized 

material. This phenomenon signals the formation of p-n heterrojunction.  

Fig. 4-2 shows the wide-angle XRD diffraction pattern of Bi4O5Br2/ZrO2-WO3/SBA-15 

with different Bi4O5Br2 loadings. From (Fig. 4-2(a)), it could be found that all the samples had 

characteristic peak spectra at 11.2º, 25.0º, 32.0º, respectively. Based on the special crystal 

position of the tetragonal phase of Bi4O5Br2 (standard card JCPDS No. 09-0699) [130], it was 

found that the characteristic peak disappeared at the corresponding position of 29.0º, which 

confirmed that the interraction between Bi4O5Br2 and ZrO2-WO3/SBA-15 by chemical bonds 

and then the formation of Schottky barrier [151]. This result first ascertained that the p-n 

heterojunction structure of the new synthesized photocatalyst was formed by staggered band 

gap between Bi4O5Br2 and ZrO2-WO3/SBA-15. The strongest intensity of the diffraction peak 

was observed at the corresponding position of 32.0°, indicating that the (012) crystal plane was 

the main and tetragonal phase Bi4O5Br2. In (Fig. 4-2(a)), the characteristic peak of WO3 was 

not observed, which indicated that WO3 could interact with ZrO2 and Bi4O5Br2 to form special 

heterojunction. Compared with the wide-angle XRD patterns of Bi4O5Br2/SBA-15 in Fig. 4-

2(b), the peaks of Bi4O5Br2/ZrO2-WO3/SBA-15 were found to shift from Bi4O5Br2/SBA-15, 

further reflecting the interaction between Bi4O5Br2 and ZrO2-WO3. In addition, the 

characteristic peak of Si completely disappeared in (Fig. 4-2(a)). 

Fig. 4-3 shows the nitrogen adsorption-desorption isotherm curve of Bi4O5Br2/ZrO2-

WO3/SBA-15. All the curves exhibit the Langmuir type IV hysteresis loops, suggesting that the 

synthesized Bi1/ZrW/SBA-15, Bi2/ZrW/SBA-15, Bi3/ZrW/SBA-15, and Bi4/ZrW/SBA-15 had 

the characteristics of mesoporous materials with ordered mesoporous structures. 

In order to further confirm the mesopore structure, BJH adsorption pore distribution curves 

of the samples were performed (Fig. 4-4). The curves of pore size distribution showed that the 

pore size of the samples was between 3 and 4 nm. Although their pore size was relatively small, 

they are still within the range of mesopores (2~50 nm). 

The morphology of Bi1/ZrW/SBA-15 was measured by TEM and HRTEM (Fig. 4-5), which 

revealed that Bi1/ZrW/SBA-15 had the topographical and structural features of the 

nanostructures and the lattice fringes of the crystalline phase. It can be seen from Fig. 4-5(a) 

that the synthesized Bi1/ZrW/SBA-15 has a long-range ordered structure with a pore size of 

about 3.5 nm, which coincides with the above BJH pore size distribution. The black spots are 
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Bi4O5Br2/ ZrO2-WO3 nanoparticles. Fig. 4-5(b) show that the lattice fringe spacing d = 0.35 nm 

of Bi4O5Br2/ ZrO2-WO3 /SBA-15 is consistent with the lattice fringe of the SiO2 (101) plane, 

indicating that the sample has a complete mesopore structure. The lattice fringe spacing was 

0.24 nm, in agreement with that of Bi4O5Br2 nanoparticles, indicating that the typical layered 

structure of Bi4O5Br2 has not been destroyed during the synthesis process. 

In order to further study the elemental composition and valence state of Bi4O5Br2/ZrO2-

WO3/SBA-15, X-ray photoelectron spectroscopy analysis of Bi1/ZrW/SBA-15 was carried out 

(Fig. 4-6). Fig. 4-6(a) shows the full spectrum of Bi1/ZrW/SBA-15 with the characteristic peaks 

of Si, C, O, Bi, Br, W, Zr and other elements. In this spectrum, the appearance of element C was 

caused by CO2 from the sample absorption of air during the analysis. A high-resolution energy 

spectrum of Si 2p, O 1s, Bi 4f and Br 3d was the same as in Fig. 3-4 (Chapter 3). Fig. 4-6(b) 

shows the high-resolution energy spectrum of W 4f. The two peaks were 36.1 and 38.0 eV, 

respectively; the former was corresponded to the 4f7/2 characteristic peak of W6+, and the latter 

was the characteristic peak of 4f5/2 of W5+. Compared with the characteristic peaks of W 

elements, we found that two peaks were missing, attributable to the special facets interaction 

among three metal oxides. According to the high-resolution energy spectrum of Zr 3d Fig. 4-

6(c), three characteristic peaks of 181.79, 182.35 and 188.47 eV were observed respectively. 

According to the high-resolution energy spectrum of Zr 3p Fig. 4-6(d), a peak at 333.6 eV was 

found to be the corresponding spectrum of 3p3/2. From Fig. 4-6(c) and Fig. 4-6(d), Zr valance 

was determined as tetravalent. In addition, due to the change in the spectrum of Zr, a part of Zr 

transfermation from 3d to 3p orbital occurred between WO3 and Bi4O5Br2. Results from the 

XPS spectra indicated that the detected elements were corresponding to the elements in the 

synthesized samples. 

  Fig. 4-7 shows the UV-vis DRS of Bi4O5Br2/SBA-15 with different loadings rates of the 

two major materials. Fig. 4-7(a) illustrates the absorption spectra of Bi4O5Br2/ZrO2-WO3/SBA-

15 at different loadings of Bi4O5Br2. All the samples had a certain visible absorption under UV 

light at the same time, with the highest absorption efficiency of samples obtained at a Bi/SiO2 

of 40/100, indicating that the separation rate of photogenerated electron-hole pairs of this new 

sample would be the highest under the visible light due to its highest light responsiveness. 

 As shown in Fig. 4-7(a), all the composite samples exhibited significant absorption side 

bands in the visible range at around 442, 451, 456, and 465 nm, respectively. In addition, with 

the increase of the loading ratio, the absorption wavelength of visible light by the photocatalytic 

material was red-shifted, indicating that the light response range expanded. Among them, the 
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band gap of Bi1/ZrO2-WO3/SBA-15 was determined to be the narrowest, resulting in the highest 

utilization efficiency of visible light. From Fig. 4-7(b), the band gap energies of samples were 

calculated from 2.98 eV to 3.43 eV by using Eq. (2-1). The value of band gap energy increased 

with the increase of Bi4O5Br2 loading, suggesting that the low band gap energy values of 

samples may bring about the agglomeration of Bi4O5Br2 nanoparticles during the synthesis 

process. Bi1/ZrW/SBA-15 had the lowest band gap energy, signalling that the suitable mass 

ratio of the three metals was a key factor for the photogenerated carriers separation. 

Photoluminescence spectroscopy is an important approach for characterization of the 

recombination rate of photocatalysts photoelectron-hole pairs. Fig. 4-8 shows the fluorescence 

spectra of the synthesized materials at different loadings. The experiments were carried out at 

room temperature with the excitation wavelength at 250 nm. The peak shapes and positions of 

the four samples were similar, with the largest peak observed at around 432 nm, indicating that 

the electronic transitions happened and the photogenerated electron-hole pairs were separated 

at 432 nm. The separation rate of Bi1/ZrW/SBA-15 was relatively high, which confirmed that 

Schottky barrier was formed between ZrO2-WO3 and Bi4O5Br2/SBA-15 semiconductor.  

 

4.3.2 Evaluation of photocatalytic performance 

Fig. 4-9(a) shows the photodegradation curves of Bi1/ZrW/SBA-15, Bi2/ZrW/SBA-15, 

Bi3/ZrW/SBA-15, and Bi4/ZrW/SBA-15 at 25°C, respectively. Clearly, the reaction process of 

RhB decoloration can be explained as dark adsorption during the first phase and photocatalytic 

reaction during the second phase. The order of of RhB decoloration efficiency was as 

Bi1/ZrW/SBA-15 > Bi2/ZrW/SBA-15 > Bi3/ZrW/SBA-15 > Bi4/ZrW/SBA-15. The best 

decoloration capacity of RhB was obtained within 10 min with the composite at a mass ratio of 

Bi/SiO2 at 10:100 under visible light. Among the synthesized samples, the band gap of 

Bi1/ZrW/SBA-15 was the narrowest, indicating that the photocatalytic performance of 

Bi1/ZrW/SBA-15 was better than others. In order to evaluate the reusability of Bi1/ZrW/SBA-

15, the cycling photodegradation experiment of the new photocatalyst Bi1/ZrW/SBA-15 was 

carried out for 5 times. From Fig. 4-9(b), it can be seen that the decolorization efficiency of 

Bi1/ZrW/SBA-15 decreased to 97.98% after 5 cycles’ utilization, possibly due to some 

deactivation because of adsorption of some by-products or dyes on the active sites of the 

photocatalyst during the treatment process. 
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4.3.3 Photoelectrochemical analysis 

In the photocatalytic decolorization of RhB, the capture agents SO, IPA and p-BQ were 

individually added to capture the active species h+, •OH and/or •O2
- (Fig. 4-10). As shown, the 

photocatalytic activity of Bi1/ZrW/SBA-15 slightly decreased when the capture agent IPA was 

added. In the case of capture agent p-BQ, the photocatalytic activity of the synthesized 

photocatalyst was significantly reduced after its addition in the photocatalytic process. When 

adding SO, the photocatalyst showed almost no effect on the decolorization of RhB, implying 

that the catalytic activity was significantly inhibited. The electron on the CB of WO3 may 

contact with O2, and finally form a strong oxidizing •O2
-. Both •O2

- and H2O2 have strong 

oxidation properties, so they can decompose RhB into CO2 and H2O. The strong oxidant of 

•OH can be formed by the holes in the Bi4O5Br2 VB with H2O, then RhB is decolorated into 

CO2 and H2O. Therefore, the photogenerated electron-hole pairs on the surface of the composite 

photocatalyst can continuously migrate, and thus the photoelectron-hole pair separation ratio of 

the single photocatalyst is greatly improved. 

 

4.3.4 Evaluation on detoxicification of special pollutants  

In this study, ammonium and chromium were used as the toxic target pollutants in 

wastewater. Chapter 2 and Chapter 3 have already studied the detoxification of chromium and 

ammonium removal, which also confirmed that the new photocatalyst has co-catalytic 

performance in wastewater treatment. In this chapter, the tenary metal composite was used for 

targeting the same pollutants removal. From Fig. 4-11, Cr(VI) can be transferred into stable 

Cr(III) under visible light. The detoxification rate of the tenary metal composite Bi1/ZrO2-

WO3/SBA-15 photocatalyst for Cr(VI) increased with the increase of Bi4O5Br2 loading during 

the 30 min dark adsorption process at the initial solution pH of 7. 99% Cr(VI) was detoxificated 

with Bi1/ZrO2-WO3/SBA-15 under visible light during the whole process (Fig. 4-11(a)), which 

indicated that the tenary metal composite has good reduction and adsorption capacity on Cr(VI).  

In order to further evaluate the practical application values of Bi4O5Br2/ZrO2-WO3/SBA-15 

photocatalyst, the experiment was carried out with high concentration of ammonium nitrogen 

as another target pollutant under the visible light (Fig. 4-12). As seen, the adsorption capacity 

decreased with the increase of Bi4O5Br2 loading during the dark reaction. Compared with 

Bi4O5Br2//SBA-15 in Chapter 3, the adsorption capacity of the synthesized Bi4O5Br2/ZrO2-

WO3/SBA-15 was much lower, indicating that the porous and specific surface area of 

Bi4O5Br2/ZrO2-WO3/SBA-15 became smaller, attributable to the internal intereaction between 
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Bi4O5Br2 and ZrO2-WO3. This phenomenon suggests that the photocatalytic performance of the 

synthesized material was enhanced by the special distribution of Zr. Bi2/ZrO2-WO3/SBA-15 

obtained 84.3% removal rate of ammonium in this study (Fig. 4-12(a)), which is the optimal 

mass ratio of Bi4O5Br2 loading. All the curves of -ln(C/C0) ~ t (Fig. 4-12(b)) exhibited a linear 

trend, indicating that the ammonium removal by using this photocatalyst follows the quasi-first-

order kinetic model. 

 

4.4 Summary  

In this chapter, Bi4O5Br2/ZrO2-WO3/SBA-15 was successfully synthesized by coupling 

with tenary metal semiconductor. The new photocatalyst was confirmed to have p-n 

heterojunction and mesoporous structure. The UV-vis analysis revealed that all the samples had 

better light absorption and their band gap energies ranged from 2.49 eV to 3.25 eV. The order 

of photocatalytic ability of synthesied composites with different Bi4O5Br2 loadings was 

determined as: Bi1/ZrW/SBA-15 > Bi2/ZrW/SBA-15 > Bi3/ZrW/SBA-15 > Bi4/ZrW/SBA-15. 

The photocatalyst can be recycled and reused for 5 times without significant loss of 

photoactivity when dealing with RhB decolorization. The new synthesized photocatalyst can 

be applied for Cr(VI) detoxification and high concentration of ammonium nitrogen removal in 

wastewater under visible light. The new photocatalyst as a co-catalyst is promising for the 

removal of co-existing pollutants from wastwater.  

 

 

 

 

 

 



 

54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-1 Small angle XRD patterns of Bi4O5Br2/ZrO2-WO3/SBA-15 (a) and control samples of WO3/SBA-15 and ZrO2-WO3/SBA-15 (b)
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Fig. 4-2 Wide-angle XRD patterns of Bi4O5Br2/ZrO2-WO3/SBA-15 (a) and ZrO2-WO3/SBA-15 (b) 
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Fig. 4-3 Nitrogen adsorption-desorption isotherms of samples 
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Fig. 4-4 BJH adsorption pore distribution curves of samples 
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Fig. 4-5 (a) TEM image and (b) HRTEM images of Bi1/ZrW/SBA-15 
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Fig. 4-6 XPS spectra of Bi1/ZrW/SBA-15: (a)full spectrum, (b)W 4f, (c) Zr 3d and (d) Zr 3p (Note: Si 2p, O 1s, Bi 4f and Br 3d is the same as 

Fig. 3-4 in Chapter 3) 
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Fig. 4-7 UV–vis diffuse reflectance spectra (a) and (αhv)1/2 - (hv) curves (b) of samples 
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Fig. 4-8 Photoluminescence spectra of different samples 
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Fig. 4-9 Photocatalytic degradation rate curves of samples (a) and cyclic stability testing of Bi1/ZrW/SBA-15 (b) 
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   Fig. 4-10 Effects of the synthesized materials on various scavengers  
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Fig. 4-11 Cr(VI) removal by the synthesized Bi1/ZrO2-WO3/SBA-15 samples (a) and the Cr distribution on Bi1/ZrO2-WO3/SBA-15 by XPS 

analysis (b)   
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Fig. 4-12 Ammonium removal by using the synthesized Bi4O5Br2/ZrO2-WO3/SBA-15 samples (a) and the kinetic model under visble light (b)
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Chapter 5 Preparation of g-C3N4/Bi4O5Br2 photocatalyst and its 

application in synthetic wastewater treatment 

 

5.1 Introduction 

Single-phase photocatalysts g-C3N4 and Bi4O5Br2 have good photoctalytic performance. 

However, some bottlenecks still exist in thei development of their synthesis technology and 

application for wastewater treatment. In order to overcome these problems, semiconductor 

compound has been considered as an effective solution. Generally, compared with the single-

phase photocatalysts, the compound semiconductor photocatalyst can realize the synergistic 

effect on pollutants removal or transformation. In addition, the semiconductor photocatalyst 

can expand the light absorption edge and improve the separation rate of the electron holes.  

The single-phase Bi4O5Br2 was firstly synthesized with the direct reagent by breaking the 

layered structure in Chapter 2, which showes the excellent photocatalytic performance on RhB 

decoloration and chromium detoxifictation. In practice, it also has some disadvantages such as 

large particle size, small specific surface area, and high electron-hole recombination rate [152]. 

Semiconductor recombination is an effective method for improving the photogenerated 

electron-hole pairs separation by double layer electronic overlay field to form Schottky barrier. 

Therefore, coupling the single-phase Bi4O5Br2 with suitable semiconductor is the key to the 

enhancemeng of the photocatalytic performance. 

g-C3N4 has a two-dimensional structure similar with graphene. In addition, g-C3N4 has a 

semiconductor structure with a band gap value of 2.7 eV, water stability (insoluble at pH = 0-

14), non-toxicity because of no metal elements and other properties. Compared with other 

photocatlysts, g-C3N4 has been confirmed to have broader application prospects in the field of 

catalysis [153,154]. The excellent photocatalytic performance of g-C3N4 is mainly dependent 

on its porosity and high degree of condensation. The combination of g-C3N4 and Bi4O5Br2 

semiconductor are expected to improve Bi4O5Br2 distribution and accelerate electron hole 

separation with enhanced photocatalytic activity [155]. However, up to now, there was no report 

on coupling the single-phase g-C3N4 with Bi4O5Br2 semiconductors, and the photoelectron 

migration on the surface of the photocatalyst, the recombination rate of photogenerated 

electrons and holes have not been studied yet.  

In this study, the band overlap structure of Bi4O5Br2 and g-C3N4 (graphite phase carbonitride) 

was prepared, and the mechanisms of accelerating the carrier migration rate and reducing the 



 

67 

 

recombination rate of photogenerated electron hole pairs were investigated by using this new 

synthesized photocatalyst. The nanosheet of g-C3N4 was peeled off by in-situ composite method 

and introduced onto the surface of Bi4O5Br2 to prepare different photocatalysts of g-

C3N4/Bi4O5Br2 composite photocatalysts. The structure, morphology, optical properties and 

specific surface area of the prepared materials were investigated. Rhodamine B (RhB), phenol 

and chromium were used as target contaminants to evaluate its practical application in 

wastewater treatment. At the same time, the used g-C3N4/Bi4O5Br2 was recovered, and tested 

for its photocatalytic stability and reusabililty.  

 

5.2 Material and methods 

5.2.1 Synthesis of g-C3N4/Bi4O5Br2 

Firstly, g-C3N4 was synthesized: 3g melamine powder was added into a 30 ml capped 

alumina crucible, and then calcinated at 550°C in a muffle furnace for 4 hours at a heating rate 

of 2 °C/min from the beginning of room temperature. After that, the muffle furnace was 

naturally cooled to room temperature, and the sample was taken out and ground to obtain a pale 

yellow powder g-C3N4. 

The second step was to couple the single phase photocatalyst Bi4O5Br2 with g-C3N4. The 

synthesis method was described as follows: 15 ml glycerol and 15 ml deionized water were 

added into a beaker with magnetic stirring until the solution completely dissolved. After that 

cetyltrimethylammonium bromide (CTAB, 1.5 mmol) and 1.5 mmol Bi(NO3)3•5H2O was 

dropped into the above solution under stirring until the formation of a milky white mixture. 0.1 

g polymer (PEG-10000) was added into the reactor system under stirring for 1 h. The reactor 

system pH was adjusted to 11 by using 1 mol•L-1 NaOH or ammonium solution. In this study, 

in order to avoid the metal ions’ entering into the layered structure and destroy the force 

intereaction between the layered structures, ammonium solution was mainly selected during the 

synthesis process for the alkalinity adjustment of the mixture system. After 1h, the solution was 

placed in a stainless steel reaction vessel with 50 ml of Teflon-lined at 140°C for 24 h. Then the 

oven was powered off and cooled to room temperature, and centrifuged. The solid powder was 

washed 5 times with deionized water and absolute ethanol, and dried in an air oven at 60°C for 

12 h, and the samples were collected and weighed. 

Finally, the coupling process of g-C3N4/Bi4O5Br4 composite photocatalyst was conducted 

following the steps below: 15 ml glycerol and 15 ml deionized water were added into a beaker 

under stirring until it became clarified. Accurately weighed 1.5 mmol of 
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cetyltrimethylammonium bromide (CTAB) and 1.5 mmol of Bi(NO3)3•5H2O and then added 

into the above solution with magnetic stirring until the formation of a milky white suspension. 

After that, 0.1 g of polymer (PEG-10000, respectively) was added into the above mixture 

system and the solution pH was adjusted to 11 by 1 mol•L-1 ammonium solution. Different mass 

ratios of g-C3N4 were added to the above mixture under stirring for 1 h, and then transferred to 

a 50 mL reactor and heated at 140°C for 24 h. The obtained products were washed three times 

with deionized water and ethanol subsequencially, and dried at 60°C for 6 h. The samples with 

different ratios of g-C3N4 and Bi4O5Br4 were recorded as 1:9, 3:7, 5:5, 7:3 and 9:1 (g-C3N4/ 

Bi4O5Br4). 

 

5.2.2 Characterization 

In this chapter, the new semiconductor composite g-C3N4/Bi4O5Br2 was characterized from 

morphology, XRD pattern, optical property, photocurrent, active species measurement and 

photocatalytic performance. The detail methods have been described in Chapter 2 and Chapter 

3. 

 

5.3 Results and discussion 

5.3.1 Characterization of g-C3N4/Bi4O5Br2 composites 

Fig. 5-1 shows the FT-IR spectra of Bi4O5Br2, g-C3N4 and the composited samples from 

different mass ratio of g-C3N4 and Bi4O5Br2. Bi-Br vibration absorption peak was observed at 

500-1000 cm-1, and the peak intensity was decreased with the decrease of Bi4O5Br2 mass ratio. 

The asymmetric stretching vibration peaks of C-N (-C)-C and C-NH-C were observed at 800-

4000 cm-1 [155]. The absorption peak sof N-H and C-H were at 3000-3500 cm-1, and the carbon-

nitrogen heterocycle absorption peaks were observed at 1236, 1320, 1404, 1567 and 1626 cm-

1 [155], respectively. The absorption peak at 800 cm-1
,
 could be ascribed to the triazine ring 

vibration. In summary, the main characteristic peaks of Bi4O5Br2 and g-C3N4 were existed in 

the composites, indicating that the semiconductors were successfully compounded. 

Fig. 5-2 shows the XRD patterns of g-C3N4, Bi4O5Br2 and g-C3N4/Bi4O5Br2. As seen, a 

strong peak of g-C3N4 was at 27.5° in the XRD pattern, which corresponds to the (002) 

interlayer reflection of a graphitic-like structure [156-158]. Another special characteristic peak 

was observed at around 13.2°, which suggested the (100) crystal plane of melon-like substance 

in g-C3N4 [159, 160]. It also reflected that the characteristic peaks of Bi4O5Br2 (JCPDS standard 



 

69 

 

card No. 37-0699) [63], attributable to the (101) and (110) facets of tetragonal Bi4O5Br2 at 

around 29º and 32º, respectively. The diffraction peaks of Bi4O5Br2 can also be seen at 15.72°, 

17.70°, 22.42°, 23.72°, 25.08°, 35.70°, 39.04°, 40.08°, 45.54°, 46.66° and 52.68°, respectively, 

indicating that the Bi4O5Br2 photocatalyst sample has good crystallinity under the designed 

conditions in the synthesis process. Compared with g-C3N4, the diffraction peak of g-C3N4 was 

relatively weaker in the g-C3N4/Bi4O5Br2 samples, suggesting that the crystallinity of g-C3N4 

was covered by the diffraction peaks of Bi4O5Br2. In addition, the best crystallinity phase was 

obtained at the mass ratio of Bi4O5Br2 to g-C3N4 of 5:5.  

 Fig. 5-3 shows the SEM images of Bi4O5Br2, g-C3N4, and g-C3N4/ Bi4O5Br2 (5:5) samples. 

It was observed that g-C3N4 photocatalyst had a block lamination nanosheets structure (Fig. 5-

3(a)), while Bi4O5Br2 was dimensional flower-like (Fig. 5-3(b)). Figs. 5-3 (c) and (d) 

demonstrate the SEM and TEM images of g-C3N4/Bi4O5Br2 (5:5) composite photocatalyst. It 

can be seen that the flower-like structure of Bi4O5Br2 was coated with plurality superposed sheet 

structure of g-C3N4. Moreover, g-C3N4 was seen to attach onto the surface of Bi4O5Br2. It was 

speculated that this morphology can greatly increase the specific surface area of g-C3N4/ 

Bi4O5Br2 composite photocatalyst, resulting in enhanced adsorption performance of g-C3N4/ 

Bi4O5Br2. The synergistic effect of adsorption may also improve the decoloration rate of organic 

dyes and detoxicification of heavy metals. 

The optical properties of the Bi4O5Br2，g-C3N4 and g-C3N4/Bi4O5Br2 (5:5) samples were 

tested by using UV-visible diffuse reflectance spectroscopy. Fig. 5-4(a) shows the diffuse 

reflectance spectra of Bi4O5Br2, g-C3N4 and g-C3N4/Bi4O5Br2 (5:5) samples of the absorption 

band edge at 510 nm, 467 nm and 532 nm, respectively. The g-C3N4/Bi4O5Br2 (5:5) composite 

obtained the largest absorption band edge under visible light. From Fig. 5-4(b), the band gap of 

Bi4O5Br2, g-C3N4 and g-C3N4/Bi4O5Br2 (5:5) samples approximately changed from 2.51 eV to 

2.65 eV. g-C3N4/Bi4O5Br2 (5:5) composite had the lowest band gap, indicating that the g-

C3N4/Bi4O5Br2 (5:5) composite had strong absorption of visible light with excellent 

photocatalytic properties.  

Fig. 5-5 illustrates the nitrogen sorption-desorption isotherm curves of the Bi4O5Br2, g-C3N4 

and g-C3N4/Bi4O5Br2 (5:5). The curves of g-C3N4 and g-C3N4/Bi4O5Br2 (5:5) sample exhibited 

the Langmuir type IV hysteresis loops, which suggested that the synthesized g-C3N4 and g-

C3N4/Bi4O5Br2 (5:5) samples had the characteristics of mesoporous materials with ordered 

mesoporous structures [136]. From Table 5-1, it can be found that the specific surface area of 

g-C3N4/Bi4O5Br2 (5:5) composite photocatalyst was 26.90 m2/g, much higher than those of 
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single-phase Bi4O5Br2 and g-C3N4, indicating that the composite photocatalyst could have 

significantly improved photocatalytic performance. 

In the photoluminescence spectrum (PL), the lower the PL intensity, the lower he 

recombination rate of photo-generated e- and h+, and the stronger photocatalytic activity. In 

order to explore the photocatalytic activity of g-C3N4 before and after Bi4O5Br2 recombination, 

the PL spectra of Bi4O5Br2, g-C3N4 and g-C3N4/Bi4O5Br2 (5:5) were measured at 388 nm (Fig. 

5-6). From Fig. 5-6, it can be seen that g-C3N4 had a strong emission peak at 453 nm, while g-

C3N4/Bi4O5Br2 obtained the lowest emission peak, suggesting that the recombination of 

photogenerated e- and h+ could be effectively inhibited by Bi4O5Br2, and the photocatalytic 

activity of g-C3N4/Bi4O5Br2 was improved. 

In order to further explore the separation efficiency of e- and h+by g-C3N4/Bi4O5Br2, the 

photocurrent indesity of the synthesized photocatalysyt was investigated in this study. Once the 

density of photocurrent is higher than the excited CB band energy, a higher the separation rate 

of e- and h+ would occur under visible light. Meanwhile, this result means that the band gap of 

the composite photocatalyst is narrower. Fig. 5-7 shows that the current density of g-

C3N4/Bi4O5Br2 was the strongest, four times that of g-C3N4. This phenomenon can be ascribed 

to the formation of heterojunction between Bi4O5Br2 and g-C3N4. On the other hand, the metal 

atoms of Bi4O5Br2 are exposed to the surface of photocatalyst, which can have SPR effect 

during the light irradiation. The composite photocatalyst g-C3N4/Bi4O5Br2would obtain a lower 

recombination rate of e- and h+ than Bi4O5Br2 and pure g-C3N4, which coincides with the 

analysis of the PL spectrum. 

Fig. 5-8 shows the time-resolved fluorescence spectra of g-C3N4 and g-C3N4/Bi4O5Br2 

composites at 453 nm by time-dependent single photon counter (TCSPC), with the 

corresponding parameters of g-C3N4 and g-C3N4/Bi4O5Br2 composites being generated by the 

light excitation at 388 nm as the excitation wavelength by the carriers. According to the triple 

exponential decay model, τ1 and τ2 are the fluorescence lifetimes of g-C3N4 and g-

C3N4/Bi4O5Br2, and τ is the average fluorescence lifetime, α1 and α2 are the factors of the 

corresponding fluorescence lifetime. It can be seen from Fig. 5-8 that τ of g-C3N4 and g-

C3N4/Bi4O5Br2 was 2.98 ns and 1.25 ns, respectively, indicating that g-C3N4/Bi4O5Br2 could 

prolong the lifetime of photo-generated e- and h+ carriers and enhance separation rate of the 

photo-generated e- and h+. In addition, this result also confirmed the formation of  

heterojunction between Bi4O5Br2 and g-C3N4. 

Fig. 5-9 shows the chemical structure and valence state of the new synthesized photocatalyst. 
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Fig. 5-9(a) is the full spectrum of g-C3N4/Bi4O5Br2 (5:5) with the characteristic peaks of Bi4f, 

O1s, Br3d, C 1s and N 1s. Fig. 5-9(b) is the high-resolution energy spectrum of Bi 4f. As seen 

from Fig. 5-9b, there are two strong main peaks, 159.4 and 164.8 eV, respectively, and the 

corresponding spectra are 4f7/2 and 4f5/2. Bi can be characterized as Bi3+. A high resolution 

energy spectrum of O 1s with two main peaks (Fig. 5-9(c)) was obtained at 530.6 and 533.0 eV, 

respectively. The main peak 530.6 eV is the Bi-O bond in [Bi2O2]
2+ in the layered 

Bi4O5Br2/SBA-15, while the peak at 533.0 eV represents H2O or OH- adsorbed on the surface 

of the material. Fig. 5-9(d) shows that the high-resolution energy spectrum belongs to Br 3d. 

As its two partial peak positions are 68.4 and 69.5 eV, respectively, and its corresponding 

spectra are 3d5/2 and 3d3/2, thus its valence is -1. Fig. 5-9(e) is the high-resolution energy 

spectrum of C 1S. As seen from Fig. 5-9(e), there are three main characteristic peaks at 289.5 

eV, 284.8 eV and 287.0 eV, respectively. The corresponding spectra are the carbon of sp2 hybrid 

triazine ring (N=CN), the carbon-carbon single bond (CC) or exogenous carbon and the 

carbon=carbon bond (C=C). Fig. 5-9(f) shows the N 1s high resolution spectrum, in which three 

main characteristic peaks may occur by Gaussian distribution at 398.9 eV, 400.00 eV, and 

401.10 eV. The peak at 398.9 eV may be attributable to the C=N-C binding energy by N sp2 

hybridization, and the peak at 400.10 eV is attributed to the binding energy of N sp3 hybridized 

N (N-(C)3. The peak at 401.10 eV is a structural defect of C-N-H, resulting from incomplete 

condensation from the high-resolution spectrum of carbon and the high-resolution spectrum of 

nitrogen, which are consistent with g-C3N4. Results from the XPS spectra indicate that the 

measured elements are in agreement with the elements in the synthesized samples. 

 

5.3.2 Photocatalytic performance  

Fig. 5-10 illustrated the photodegradation effect of g-C3N4 and g-C3N4/Bi4O5Br2 composite 

photocatalysts at different mass ratio on RhB decoloration under visible light, in which C is the 

concentration of RhB solution during the reation process and C0 is the initial concentration of 

RhB. It can be seen that the decolorization rate was first decreased and then increased with the 

increase of mass ratio of g-C3N4:Bi4O5Br2 (Fig. 5-10(a)). The highest decoloration rate of RhB 

was achieved at the mass ratio of g-C3N4:Bi4O5Br2 of 5:5, 100% in 20 min under visible light 

irradiation. And the new synthesized photocatalyst g-C3N4/Bi4O5Br2 exhibited the fasted 

decolorization rate among the tested materials. Fig. 5-10(a) also shows that the photocatalytic 

effeciency of pure g-C3N4 was not so ideal, about 69.3 % during 20 minutes under visible light. 

Moreover, it is clearly to see that the introduction of Bi4O5Br2 had a positive effect on RhB 
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decolorization under visible light. As the content of g-C3N4 was increased from 10% to 50%, 

the decolorization rate of RhB was increased from 40% to 100%. This phenomenon indicated 

that g-C3N4 could enhance photocatalytic effect on Bi4O5Br2. However, when further increasing 

the content of g-C3N4, the effect of the composite photocatalyst on RhB decolorization 

remained almost unchanged.  

In order to analyze the kinetics of the decolorization of RhB by using g-C3N4/Bi4O5Br2 

composite photocatalyst, the quasi-first-order kinetic equation (Eq. 2-2) was used to fit the 

experimental data. The curves of ln(C/C0)~t showed a linear trend, indicating that the 

decolorization of RhB followed the quasi-first-order kinetic equation (Fig. 5-10(b)). Fig. 5-10(c) 

shows that the rate constants (k) during RhB decolorization were 0.1867, 0.2578, 0.2979, 

0.3987, 0.3368, 0.3481 and 0.1987 min-1, respectively, and the highest k value was obtained at 

the mass ratio of g-C3N4:Bi4O5Br2 of 5:5. The rate constants (k) of single-phase g-C3N4 and 

Bi4O5Br2 were lower than that of g-C3N4:Bi4O5Br2 composites, indicatting that synergistic 

effects could be obtained by loading g-C3N4 on to Bi4O5Br2. 

Fig. 5-11 (a) shows the photo-degradation effect of Bi4O5Br2, g-C3N4 and g-C3N4/Bi4O5Br2 

composite photocatalysts at different mass ratio on phenol removal, in which C is the 

concentration of phenol in the solution during photodegradation and C0 is the initial phenol 

concentration. It can be seen that the pure Bi4O5Br2 had a low phenol removal efficiency of 

only 5% after 2 hours under visible light irradiation. As for the g-C3N4/Bi4O5Br2 composite 

photocatalyst, the phenol removal efficiency increased with the increase of g-C3N4 content. 

Similarly, when the mass ratio of g-C3N4:Bi4O5Br2 was 5:5, 77% of phenol removal rate was 

obtained in 2 hours under visible light irridiation. This result is consistent with the result from 

the catalytic decolorization of RhB under visible light. In order to further understand the 

reaction kinetics of photocatalytic degradation of phenol, the rate constant (k) of photocatalytic 

degradation was also calculated. From Fig. 5-11 (b), the highest photodegradation rate constant 

(k) was obtained from the g-C3N4/Bi4O5Br2 (5:5) composite photocatalyst, which was 30 times 

that of Bi4O5Br2. This result is also in agreement with the result from RhB decolorization under 

visible light. With the increase of g-C3N4 content, the photocatalytic effect of the composite 

photocatalyst gets better, with highest RhB decolorization and phenol removal obtained at the 

mass ratio of g-C3N4:Bi4O5Br2 of 5:5. 
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Fig. 5-1 FT-IR spectrum of photocatalyst Bi4O5Br2, g-C3N4 and g-C3N4/Bi4O5Br2 (1:9, 3:7, 

5:5, 7:3, 9:1) 
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Fig. 5-2 XRD patterns of g-C3N4, g-C3N4/Bi4O5Br2 and Bi4O5Br2 
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Table 5-1 BET surface areas of g-C3N4, g-C3N4/Bi4O5Br2(5:5) and Bi4O5Br2 

Sample Surface area  (m²/g) 

g-C3N4 

g-C3N4/Bi4O5Br2 (5:5) 

9.96 

26.90 

Bi4O5Br2 1.77 
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Fig. 5-3 SEM images of (a) Bi4O5Br2, (b) g-C3N4 and (c) g-C3N4/ Bi4O5Br2 (5:5) samples; 

(d)TEM image of g-C3N4/ Bi4O5Br2 (5:5) 
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Fig. 5-4 UV–vis diffuse reflectance spectra (a) and (αhv)1/2 - (hv) curves (b) of samples 
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Fig. 5-5 Nitrogen adsorption and desorption isotherms of samples 
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Fig. 5-6 PL spectra of Bi4O5Br2, g-C3N4/Bi4O5Br2 (5:5) and g-C3N4 samples 
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Fig. 5-7 Photocurrent response of Bi4O5Br2, g-C3N4/Bi4O5Br2 (gB, 5:5)) and g-C3N4 samples 
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Fig. 5-8 Time-resolved fluorescence decay detected at 453 nm of g-C3N4 and g-

C3N4/Bi4O5Br2(5:5) composites 
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Fig. 5-9 Survey scan and high-resolution XPS spectra of the (b) Bi4f, (c) O1s and (d) Br3d, (e) C 1s, (f) N 1s regions for g-

C3N4/Bi4O5Br2
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Fig. 5-10 Decolorization of RhB with different photocatalysts: (a) decolorization rate, (b) kinetics, and (c) rate constant (k) 
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Fig. 5-11 Removal rate of phenol with different photocatalysts (a) and the rate constant (k) (b) 
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5.3.3 Measurement of active species during photocatalytic reaction  

The synthesized samples can be excited to generate photo-generated e-and h+ under visible 

light irradiation during the photocatalytic process of pollutants, and e- and oxygen are adsorbed 

on the surface of the sample to generate superoxide anion radicals on the CB, thereby oxidizing 

the adsorbed dye. Thus the toxic organics can be mineralized into CO2 and H2O. At the same 

time, h+ on the VB could directly react with the pollutants like RhB, and form hydroxyl radicals 

with water molecules and hydroxyl anions. This effect can bring about indirect removal of 

pollutants under visible light. In order to clarify the role of various active substances in the 

process of pollutants removal after the catalyst absorbs light, the active species in the 

photocatalytic system were measured and discussed. 

The free radical of •OH was determined by terephthalic acid-fluorescence spectroscopy 

(TA-PL) as shown in Fig. 5-12. Under visible light irradiation, •OH was captured by TA to form 

2-hydroxyterephthalic acid (TAOH). The fluorescence intensity of TAOH was proportional to 

the concentration of •OH in the solution. A stronger fluorescence intensity denoted more •OH 

generated [124]. N-TiO2 was used to compare with the synthetic g-C3N4/Bi4O5Br2 composite. 

It can be seen that the fluorescence intensity of N-TiO2 increased with the extension of 

illumination time, indicating that the •OH formed at 425 nm (Fig. 5-12(a)). However, the •OH 

fluorescence intensity was weak at 10 min, 15 min and 20 min (Fig. 5-12(b)), indicating that 

there was too little or almost no •OH formed by adding the g-C3N4/Bi4O5Br2 composite in the 

photocatalytic system. This result sugests that •OH is not the active species in the g-

C3N4/Bi4O5Br2 composite reaction system. In addition, the oxidation-reduction potential of 

•OH/OH- is +1.99 eV, while the VB potentials of g-C3N4 and Bi4O5Br2 are +1.57 eV and +1.32 

eV, respectively. That is, the EVB values of both single-phase photocatalysts are lower than the 

oxidation-reduction potential of •OH/OH-, meaning that h+ could not oxidize OH- to •OH on 

the CB. In summary, •OH is not the active species in this reaction system. 

The free radical of •O2 was investigated by the conversion of NBT with ultraviolet-visible 

spectrophotometry analyzer. The more•O2 produced in the solution, the less amount of NBT. 

Results showed that the absorbance was lower, indicating that more NBT were conversed at 

260 nm (Fig. 5-13). The ECB of pure g-C3N4 is -1.13eV, and the oxidation-reduction potential 

of O2/•O2 was -0.046eV, meaning that the ECB of g-C3N4 could easily reduce O2 to •O2. 

Therefore, it was confirmed that NBT conversion was very significant (Fig. 5-13(a)) in this 

reaction system. However, there was almost no change in the NBT conversion of Bi4O5Br2 (Fig. 
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5-13(b)). This phenonmenon can be attributable to the ECB of Bi4O5Br2 (0.12 eV), which is 

positive in the O2/O2
- oxidation-reduction potential. Therefore, it is impossible for O2

 to be 

reduced to •O2 by the CB electron of the Bi4O5Br2. Fig. 5-13 (c) shows a very significant NBT 

conversion, which is due to that the single phase photocatalyst Bi4O5Br2 was coupled with g-

C3N4 and the formation of composite g-C3N4/Bi4O5Br2 photocatalyst. As the EVB of g-C3N4 is 

more positive than the EVB of Bi4O5Br2 in the g-C3N4/Bi4O5Br2, the h+ of the VB of g-C3N4 is 

easily transferred onto the Bi4O5Br2 VB, so that the photo-generated e- and h+ could be 

effectively separated. This is consistent with the observation from the PL spectrum. In summary, 

it was inferred that •O2 was the active species in the photocatalytic reaction of the composite 

g-C3N4/Bi4O5Br2.  

The effects of g-C3N4/Bi4O5Br2 on the photocatalytic decolorization of RhB were 

investigated by using different free radical scavengers. In the experiments, 1 mmol iso-propanol 

(IPA), 1 mmol p-benzoquinone (BQ), and 1 mmol sodium oxalate (SO) were added into the 

RhB solution containing g-C3N4/Bi4O5Br2 photocatalyst to capture •OH, • O2
 and h+, 

respectively. From Fig. 5-14, it can be seen that the effect of IPA on RhB decolorization was 

less as compared with the scenario of only g-C3N4/Bi4O5Br2 in the RhB solution, indicating that 

•OH is not the active species in this reaction system. This observation is consistent with the 

result from the TA-PL analysis (Fig. 5-12). However, the decolorization rate of RhB was 

significantly reduced with BQ, indicating that •O2
 is the main active species in this reaction 

system. On the other hand, the photocatalytic efficiency was significantly inhibited when the 

scavenger of SO was added, resulting in low RhB decolorization. This implies that h+ plays a 

dominant role in the photocatalytic system. Therefore, h+ is the main active species and •O2 is 

the secondary active species in the reaction system. 

 

5.3.4 Stability evaluation 

The stability of the catalyst is also an important factor for its practical application. RhB was 

used as the target pollutant by g-C3N4/Bi4O5Br2 (5:5) for four cycles under visible light 

illumination (Fig. 5-15(a)). The results show that the catalytic activity of g-C3N4/Bi4O5Br2 (5:5) 

was not affected, almost stable after 5 cycles of utilization. After four cycles’ decolorization, 

the sample g-C3N4/Bi4O5Br2 was again characterized by XRD patterns (Fig. 5-15(b)) and FT-

IR (Fig. 5-15(c)). No impurity peak appeared and the position of the peaks was unchanged. In 

addition, the strength of characteristic peaks was basically unchanged after the 5 cycle’s 
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reaction. 

 

5.3.5 Mechanisms analysis 

Based on the above analysis, the photocatalytic reaction mechanisms of Bi4O5Br2/g-C3N4 

was analyzed (Fig. 5-16). Before the coupling of Bi4O5Br2 with g-C3N4, the Fermi level of 

Bi4O5Br2 was lower than that of g-C3N4. Through the coupling of Bi4O5Br2 with g-C3N4 by in-

situ method, the CB and VB of Bi4O5Br2 and g-C3N4 were migrated due to EF flat, resulting in 

the decline of the entire energy band of g-C3N4 coupled with Bi4O5Br2. The heterostructure and 

IEF in Bi4O5Br2/g-C3N4 were generated. Photogenerated e- and h+ can be excited after the 

absorption of visible light by Bi4O5Br2 and g-C3N4. According to the migration relationship of 

the composite energy band, the EVB of g-C3N4 is more positive than the EVB of Bi4O5Br2, and 

the h+ of g-C3N4 VB could be transferred to the Bi4O5Br2 VB to directly decompose the organics. 

Although the ECB of g-C3N4 is negative compared with the ECB of Bi4O5Br2, the e- on the g-

C3N4 CB may be transferred into the Bi4O5Br2 CB. This is due to the the heterojunction formed 

between g-C3N4 and Bi4O5Br2, and thereby, e- of g-C3N4 CB can reduce O2 adsorbed and 

produce •O2
- and then induce the oxidation reaction. At last, RhB might be decomposed into 

CO2 and H2O. Therefore, in the newly composite photocatalyst (g-C3N4/Bi4O5Br2) system, the 

recombination of photogenerated e- and h+ can be significantly inhibited, resulting in 

accelerated separation efficiency of the photogenerated e- and h+.   

 

5.3.6 Application of the composite in chromium detoxification 

The new photocatalyst was also tested for its detoxification effect on Cr(VI) in this study. 

Fig. 5-17 shows that Cr(VI) can be transformed into stable Cr(III) under the visible light. The 

detoxification ability of g-C3N4/Bi4O5Br2 photocatalysts for Cr(VI) was increased with the 

increase of Bi4O5Br2 loading within 30 min dark at the initial solution pH7. Among all the tested 

photocatalysts, g-C3N4/Bi4O5Br2 obtaided the best detoxification effect on Cr(VI), about 60% 

in dark condition (Fig. 5-17(a)). The detoxification rate of Cr(VI) was also increased with the 

increase of of Bi4O5Br2 loading during the light illlustration. Compared with the single-phase 

g-C3N4 and the synthesized samples of g-C3N4/ Bi4O5Br2 (3:7 and 1:9), g-C3N4 /Bi4O5Br2 (5:5) 

obtained the best detoxicification effect on Cr(VI), about 100% within 40 min under visible 

light. The distribution of Cr(VI) on the surface of the synthesized photocatalyst after the first 

detoxification test for was analysized by XPS (Fig. 5-17(b)). The result shows that all the Cr(VI) 

have been transformed into stable Cr(III), indicating that the new photocatalyst has 
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greatpotential in the treatment of wastewater containing various pollutants. 

 

5.4 Summary 

In this chapter, the narrow band gap g-C3N4/Bi4O5Br2 composite photocatalyst was 

successfully synthesized through the coupling of single-phase photocatalysts g-C3N4 with 

Bi4O5Br2 by in-situ method. The high photocatalytic performance of the composite 

photocatalyst was confirmed by RhB decolorization, chromium detoxicification and phenol 

degradation. The active species generated during the photocatalytic reaction were investigated 

by NBT conversion, capture agent and TA-PL analysis, indicating that h+ was the main active 

species and •O2
- was the secondary active species during the photocatalytic process of g-

C3N4/Bi4O5Br2 composites.The obtained photocatalyst g-C3N4/Bi4O5Br2 also has good stability 

after 5 times’ reutilization, suggesting its high photocatalytic activity for pollutants removal. 
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Fig. 5-12 •OH trapping in the PL spectra during irradiation by using N-TiO2 (a) and g-C3N4/Bi4O5Br2 (5:5) (b)with TA  
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Fig. 5-13 Spectra of NBT transformation generated by g-C3N4 (a), Bi4O5Br2(b) and g-C3N4/Bi4O5Br2 (c) under visible light 
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Fig. 5-14 Photocatalytic decolorization of RhB by g-C3N4/Bi4O5Br2 (5:5) with different 

scavengers  
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Fig. 5-15 (a) Recycling runs for the photocatalytic decolorization of RhB by using g-C3N4/Bi4O5Br2 composite under visible light irradiation; (b) 

XRD patterns of g-C3N4/Bi4O5Br2 composite before and after 4 cycles reaction, and (c) FT-IR spectra 
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Fig. 5-16 The mechanisms involved in RhB decolorization by g-C3N4/Bi4O5Br2 
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Fig. 5-17 Cr(VI) removal by the synthesized g-C3N4/Bi4O5Br2 samples (a) and Cr(VI) detoxification kenetics (b) under visible light 
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Chapter 6 Conclusions and future research 

 

This dissertation focused on the development of highly efficient bismuth-based 

photocatalysts which can be utilized in wastewater treatemmtn. All the results from Chapter 2 

to Chapter 5 were summaried in this chapter (Table 6-1), including their characteristic structure 

and phase, optical property, photocatalytic performance and scavenging activity on SO, IPA and 

p-BQ during the decolorization of RhB under visible light. And their application in organics 

and toxicants removal was also discussed.  

 

Table 6-1 The characteristic sand properties of the synthesized photocatalysts 

Composite Phase Optical property 

Photocatalytic 

performance under 

visible light 

Bi4O5Br2 Special cell and facets, 

dimensional flower-like 

nanostructure,  

Lattice 

Ban dgap energy 

(2.43 eV),  

Red shift   

100% RhB and 70% 

Cr(VI) removal  

Bi4O5Br2/ 

SBA-15 

Crystal facets,  

Special cell, 

Si peak, 

Langmuir type IV 

hysteresis loops, 

Mesoporous  

Band gap energy 

(3.10 eV),  

Red shift 

100% RhB and 

Cr(VI), ammonium 

nitrogen removal,  

strong activity 

 

Bi4O5Br2/ 

ZrO2-WO3/ 

SBA-15 

 

Zr high energy spectrum, 

IV hysteresis loops, 

Mesoporous,  

Crystal facets, 

IV hysteresis loops, 

 

Band gap energy 

(2.69 eV),  

Red shift 

 

100% RhB,  

ammonium 

nitrogen, Cr(VI), 

and phenol removal  

g-C3N4/ 

Bi4O5Br2 

 

Multiple facets, 

Special groups, 

Carbon-nitrogen 

heterocycle,  

Special cell,  

Speciafic peaks of N-C 

and N-H 

Band gap energy 

(2.30 eV),  

Red shift 

100% RhB, Cr(VI), 

and phenol removal 

 

 

6.1 Conclusions  

Bismuth-based photocatalyst is promising in environmental protection and energy 
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production. This research developed new Bi-based photocatalysts by using four strategies 

according to its special layered structure and realized excellent property and performance in 

watewter treatment. The synthesized photocatalysts overcomed the problems of easy 

recombination of photogenerated carriers, fewer active sites and single pollutant removal. 

Taking full consideration of the material’s special structure, a novel Bi4O5Br2, a polycrystalline 

bismuth-rich and environmental friendly material was prepared in Chapter 2, which revealed great 

application potential for RhB decoloration and chromium detoxification in wastewater treatment. 

The conclusions regarding the special structure, property and the application can be drawn as 

follows. 

(1) A novel Bi4O5Br2 was fabricated through breaking the layered structure by adjusting the 

alkalinity of synthesis system with polymer PEG-10000 as directing agent.  

(2) The synthesized Bi4O5Br2 photocatalyst possessed the special structure with poly-

crystalline facets nanosheet structure and high visible light activity with the maximum light 

absorption at 500 nm.  

(3) The new photocatalyst has good photocatalytic performance for RhB decolorization and 

Cr(VI) detoxification. 100% RhB solution (10 mg/L) was decolorated within 20 min, and 90% 

Cr(VI) was transformed into stable Cr(III) in wastewater under visible light within 120 min at 

an initial solution pH11. 

Althogh Bi4O5Br2 had good photocatalytic performance under visible light, its practical 

application was limited due to its aggragation proplem in wastewater treatment. In order to 

solve this problem, another strategy was adoped to enhance the specific surface area of 

Bi4O5Br2 photocatalyst in Chapter 3. A mesoporous molecular sieve material SBA-15 was 

applied as support, and loading strategy was used as the single phase photocatalyst modification, 

which enhanced the photocatalytic activity. In addition, due to the special property of SBA-15, 

the synthsied material can realize inorganic pollutants removal simultaneously. Conclusions 

from this study can be drawn as follows.  

(1) A novel photocatalyst Bi4O5Br2/SBA-15 was firstly synthesized with different loadings 

of singl- phase Bi4O5Br2 on SBA-15.  

(2) Except for the special crystalline facets, the synthesized Bi4O5Br2/SBA-15 also had 

ordered mesoporous structure with Langmuir type IV hysteresis loops and high specific 

surface area of 156 m2/g. 

  (3) High photocatalytic performance (100% of 10 mg/L RhB decolorization within 20 min, 

81.3% of ammonium nitrogen and 100% of Cr(VI) detoxitiation within 120 min) was attained 
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during wastewater treatment under visible light.  

Bi4O5Br2/SBA-15 composite had excellent photocatalytic performance on pollutants 

removal, while the separation rate of the photogenerated electrons was still unsatisfied due to 

the width band gap. In order to solve this problem, the strategy of tenary metal compound was 

applied to form narrow band gap Bi4O5Br2/ZrO2-WO3/SBA-15 by introducing ZrO2 and WO3 

onto the surface structure of mesoporous Bi4O5Br2/SBA-15 and produce p-n heterojunction in 

Chapter 4. After analysis of the structure, optical property and photocatalytic performance of 

the newly synthesized photocatalysts, the results can be summaried as follows.  

(1) A novel Bi4O5Br2/ZrO2-WO3/SBA-15 was firstly prepared by using tenary metal 

compound. 

(2) Besides the property of Bi4O5Br2/SBA-15, the tenary metal composite Bi4O5Br2/ZrO2-

WO3/SBA-15 had special p-n heterojunction confirmed by Zr high energy spectrum expreesion. 

(3) The Bi4O5Br2/ZrO2-WO3/SBA-15 composite had good photocatalytic performance, 

including 100% of 10 mg/L RhB decolorization within 10 min, attributable to the n-p type 

heterojunction of Bi4O5Br2/ZrO2-WO3/SBA-15 beneficial for the effective separation of photo-

generated electron-hole pairs. The Bi4O5Br2/ZrO2-WO3/SBA-15 was also stable because the 

RhB decolorization efficiency decreased only by 10.0% after 5 cycles’ reuse. This ternary 

composite was found to have better decontamination effects on organic/inorganic matters under 

visible light. The photocatalyst had better co-catalytic performance for inorganic/organic 

matters, which exhibited removals of ammonium removal, Cr(VI) and phenol from the 

simulated waste water about 100%, 99% and 70%, respectively. 

Seen from the bove results, different Bi-based composites can be obtained with high 

photocatalytic activity by using new strateges. However, the photogenerated electron-hole pairs 

was directly affected by photocurrent. Therefore, the high photocurrent photocatalyst needs to 

be designed by coupling the single-phase photocatalyst Bi4O5Br2 with the semiconductor (g-

C3N4) (Chapter 5). The conclusion can be drawn as follows. 

 (1) The new semiconductor photocatalyst g-C3N4/Bi4O5Br2 composite can be prepared by 

using in-situ synthesis method. 

 (2) This new synthesized g-C3N4/Bi4O5Br2 was found to have strong photocurrent indesity 

and p-n heterojunction.  

(3)100% of 10 mg/L RhB decolorization and 80% of phenol removal were achieved by g-

C3N4/Bi4O5Br2 within 15 and 120 min, respectively, which showed the highest photocatalytic 

activity at the g-C3N4 /Bi4O5Br2 mass ratio of 5:5. Meanwhile, the composite possessed a large 



 

98 

 

specific surface area (26.90 m2/g) and highly stable photocatalytic activity (99.6% of 10 mg/L 

RhB decolorization remained after 5 times’ recycling of the used composite). In addition, the 

g-C3N4/Bi4O5Br2 composite was also found to have 100% of detoxification effect on Cr(VI) in 

wastewater under visible light.  

Results from this work are expected to provide new strategies and useful information for 

the modification of bismuth-based photocatalysts. And the scientific data of these cmposites on 

the removal of specific pollutants are meaniful for their practical application in wastewater 

treatment in the future. 

  

6.2 Future research and suggestions  

In the present study, synthesized photocatalysts showed positive effect on RhB, 

ammonium, phenol and chromium removal. The investigation on the morphology, XRD pattern, 

optical property, photocatalytic performance, stability of synthesized photocatalyst during the 

synthesis and application process, the mechanisms can be elucidated to a great extent. However, 

because of the special structure of bismuth-based photocatalyst, there is still a long way to apply 

the modified photocatalysts into practice to treat the complex wastewaters. In the future, more 

research work should be done with respect to the following aspects. 

(1) To achieve its cost-effectiveness and high efficincy recovery of the photocatalysts after 

applied in wastewater treatment through the introduction of magnetic metal to change the 

internal structure and form magnetic field. 

(2) Due to the aggregation of Bi4O5Br2/ZrO2-WO3/SBA-15, the practical application of the 

synthesized photocatalyst will be limited by active sites. In addition, the recovery of 

Bi4O5Br2/ZrO2-WO3/SBA-15 is difficult. Therefore, to design magnetic interpenetrating 

network co-catalyst for the co-existing multiple pollutants removal will be of great importance. 

(3) Althogh g-C3N4/Bi4O5Br2 has better photocatalytic performance than other 

photocatalysts, the staggered p-n heterojunction is very difficult in the synthesis process. In 

addition, the mechanism of interaction of three metals during synthesis processing remains 

unclear. From this viewpoint, the optimal condition of staggered p-n heterojunction 

photocatalyst and the formation principles in different types of g-C3N4/Bi4O5Br2 during 

synthesis process will be researched. The value of g-C3N4/Bi4O5Br2 photocatalyst needs to be 

evaluated taking its practical application in wastewater treatment into consideration. 

(4) The impact of nanoparticles on the environment has always been a mystery due to the 

distribution of particles can not be completely recovered during wastewater treatment. When 
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environmental toxicology being considered, excellent carriers should be found for the particles 

of Bi4O5Br2 photocatalyst, such as glass fibers, aluminum sheets and membrane. The 

experiments can be done by selecting different carriers using different sysnthesis conditions, 

and then apply the new photocatalysts for the target pollutants removal. The characteristics and 

photocatalytic performance of the new photocatalyst can be analyzed by different methods. The 

result will be more direct and meaningful for the toxicity of photocatalyst in the environment. 
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