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Abstract 

 Solar energy is one of the most abundant resources on Earth. Utilizing this 

energy is the key for the future sustainable development. Photocatalytic technology 

is a technique that can harness such energy using a photocatalyst. It absorbs the 

photon of light to make various reactions, which are useful in a wide range of 

applications, such as water splitting (H2 and O2 generation), self-cleaning surface, 

air purification, and pollutant degradation. In recent years, BiVO4 has emerged as 

a promising photocatalyst because it shares some similar advantages comparable to 

the traditional photocatalyst, TiO2, including high chemical stability, low 

production cost, abundance, and non-toxicity. In addition to this, BiVO4 possesses 

a narrow bandgap (~2.4 eV), which allows BiVO4 to function in visible light region, 

unlike TiO2 with a wide bandgap (3.2 eV), which can only absorb ultraviolet light. 

However, the photocatalytic activity of BiVO4 is still considered to be low for 

commercial use. In this thesis, different techniques were used to enhance the 

photocatalytic activity of BiVO4-based photocatalysts in organic pollutant 

degradation via controlling properties of BiVO4 (morphology and bandgap) and 

incorporation with SnS2. 

The first approach began with KCl as a directing agent used in BiVO4 

precursor for hydrothermal method of BiVO4. The result showed KCl concentration 

influenced the formation of BiOCl intermediate, crystal growth, and bandgap of 

BiVO4. As a result, it altered the morphology of BiVO4 and increased the relative 

intensity ratio of (040) to (1̄21) plane, corresponding to the increase in exposed 

{010} facets of BiVO4. Consequently, the photocatalytic performance of BiVO4 is 

improved, the BiVO4 sample with shuriken-like structure exhibits the highest 

photocatalytic activity, owing to its narrow bandgap and highest exposed {010} 

facets of BiVO4. The KCl concentration in the precursor affects the bandgap of 

BiVO4 by introducing defects to BiVO4. The shuriken-like BiVO4 was used to study 

the defects by calcination at various temperature in different atmospheric condition. 

Oxygen vacancies was found to be the defects and exhibited a linear correlation 
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with bandgap of the BiVO4. Finally, KCl concentration in the precursor and 

calcination conditions were found to influence oxygen vacancies in BiVO4. 

Therefore, bandgap of BiVO4 can be tunable by controlling these two factors. 

Another technique used a polyhedral BiVO4 to incorporate with SnS2 via 

solvothermal synthesis to produce BiVO4/B2S3/SnS2 composite. Various molar 

ratios of BiVO4 to SnS2 were used to achieve high photocatalytic performance for 

the composite. The sample with a ratio of 0.03:1 (BiVO4 to SnS2) was found to 

demonstrate the highest photocatalytic activity for rhodamine B degradation among 

the samples. The photodegradation rate of this sample is 2.9 times that of a single 

BiVO4. The enhancement in the photocatalytic performance could be ascribed to 

the formation of heterojunction in the composite, which in turn facilitates the charge 

migration between individual components in the composite. A dual Z-scheme 

model was proposed to explain pathway of charge migration in the system. To 

further understand the incorporation technique, the shuriken-like BiVO4 was also 

incorporated with SnS2 via the same procedure and molar ratios of 0.03:1 (BiVO4 

to SnS2) as the composite with the polyhedral BiVO4. The comparison results of 

both composites showed that they shared a lot of similarities except for morphology, 

which could be the cause behind their difference in the photocatalytic activity. The 

composite with the shuriken-like BiVO4 exhibits the highest photocatalytic 

performance due to the narrow bandgap and the morphology of the shuriken-like 

BiVO4, which could enhance the electron transfer efficiency in the composite. 

This thesis work presents two effective techniques to enhance the 

photocatalytic performance of BiVO4-based materials in photodegradation of 

rhodamine B. The composite produced using the shuriken-like BiVO4 demonstrates 

superior photocatalytic activity, and its dual Z-scheme process may extend its 

potential application to CO2 reduction. This thesis provides an insight to the 

morphology modification and bandgap engineering of BiVO4 as well as 

incorporation technique via chemical reaction by two materials.  
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1. Introduction 

 

 

 

1.1. Background 

Technology advancement provides a favorable condition for humanity to 

thrive and accelerate industrialization. However, it does not come without a cost; 

the rapid growth in both the human population and industrialization produces 

overwhelmingly man-made pollutions, leading to a tremendous impact upon the 

environment, eco-system, and human health. Thus, the removal of that pollution 

from the environment requires an effective technique. Among various approaches 

used to tackle pollution problems, photocatalytic technology is one of the effective 

approaches for solving environmental issues, such as wastewater treatment, air 

purification, and CO2 reduction [1,2]. A photocatalyst harnesses light energy to 

directly oxidize organic pollutants or generate reactive oxygen species (ROS) for 

eliminating contamination in the environment [3]. 

A widely used photocatalyst is titanium dioxide (TiO2) due to its high 

reactivity, photostability, non-toxicity, chemical stability, and low cost [4]. Despite 

its many advantages, TiO2 photocatalyst possesses a wide bandgap of ~3.2 eV, 

which can absorb only ultraviolet light, constituting only about 5% of sunlight at 

the surface of the Earth [5,6]. As a result, an alternative photocatalyst such as 

monoclinic bismuth vanadate (BiVO4) has been extensively studied in recent years 

[7–9] because it has a narrow bandgap of 2.4–2.5 eV, which can harness the visible 

light, in addition to other benefits similar to those of TiO2, such as photostability, 

non-toxicity, and low production cost [10,11]. Moreover, BiVO4-based 

photocatalysts have demonstrated their promising photocatalytic performance 

under visible light in the degradation of various pollutants in an aqueous medium 
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[12–18]. Nevertheless, BiVO4 is not without problems. Its photocatalytic 

performance is hindered by poor charge separation and high recombination rate of 

electron-hole pairs [19,20]. Therefore, BiVO4-based photocatalyst still needs 

further research and development to enhance its photocatalytic activity to become 

an efficient photocatalyst for commercial use. 

The photocatalytic performance of BiVO4 is influenced by several factors, 

such as morphology, crystal structure, exposed facet, optical properties (e.g., 

bandgap), and electron-hole recombination rate [16,21–23]. Hence, developing a 

technique that can manipulate one or more of these factors is highly desirable to 

make an improvement on BiVO4. Moreover, the development and understanding of 

a technique influencing the properties of a photocatalyst are essential to advance 

the knowledge on not only BiVO4, but also the photocatalysis field. 

1.2. Aims and objectives 

As mentioned above, developing a novel technique is essential for further 

pushing a limit of the photocatalytic performance of BiVO4 under visible light and 

for its future in photocatalysis applications. The aims of this thesis are to prepare, 

characterize, and study the BiVO4-based photocatalysts via different techniques for 

enhanced photocatalytic performance with regard to organic pollutant degradation. 

Rhodamine B is used as a model organic (dye) pollutant in this thesis since it is 

widely used in textile industries and one of the most common contaminants in 

industrial wastewater [24–27].  

The different approaches are conducted to control the morphology and optical 

properties of the BiVO4-based photocatalyst in order to improve its photocatalytic 

activity. Therefore, the objectives of the thesis are stated as follows: 

1) Use potassium chloride (KCl) as a directing agent in BiVO4 preparation to 

control crystal growth, morphology, and bandgap of the BiVO4. 

2) Calcine the BiVO4, prepared with KCl in precursor, to investigate its optical 

properties 
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3) Incorporate BiVO4 with SnS2 through chemical reaction via solvothermal 

method to produce composite photocatalyst. 

4) Compare and study two different BiVO4-based composites prepared with 

different morphologies of BiVO4. 

1.3. Thesis outline 

This thesis structure is presented below: 

Chapter 1 overviews the background of the project and presents the aims and 

objectives of the thesis. The framework of the thesis is also outlined.  

Chapter 2 reviews the basic understanding and mechanism of photocatalysis, 

including the type of photocatalyst and the application in photodegradation of 

organic pollutants. The most recent and relevant literature related to BiVO4-based 

photocatalyst and the strategic approaches to enhance its photocatalytic 

performance are demonstrated and discussed. 

Chapter 3 describes the methods for experiment, characterization, and 

photocatalytic activity evaluation. 

Chapter 4 investigates and discusses the effect of KCl concentration in a 

precursor of BiVO4 on morphology, crystal growth, optical properties, and 

photocatalytic activity of the final product of BiVO4. 

Chapter 5 studies the defects in the BiVO4, prepared with KCl in the precursor, 

via calcination in different conditions. The effect of calcination condition and KCl 

concentration on optical properties of the BiVO4 are also studied and discussed.  

Chapter 6 investigates the enhanced photocatalytic activity of BiVO4-based 

composites (BiVO4/Bi2S3/SnS2) under visible light to determine a suitable molar 

ratio of SnS2:BiVO4 for the composite. Possible mechanisms of charge-transfer 

pathways in the composite, leading to photocatalytic activity enhancement, are 

studied and discussed. 
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Chapter 7 compares and studies two BiVO4-based composites 

(BiVO4/Bi2S3/SnS2) prepared with the same procedure used in Chapter 6, using two 

different morphologies of BiVO4 (polyhedral BiVO4 and shuriken-like BiVO4).  

Chapter 8 discusses the findings of this study. In addition, the chapter also 

compares the photocatalytic performance (rhodamine B degradation) of the BiVO4-

based photocatalysts produced in this thesis and examines their potential 

applications. Finally, recommendations are proposed for future research. 

Chapter 9 presents summary and conclusion of this thesis work. 
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2. Literature Review 

 

 

This chapter comprehensively reviews the latest scientific literature on 

experimental discovery and development for BiVO4-based photocatalysts. The first 

part of the chapter provides an overview of photocatalysis to understand the basic 

mechanism, application in the degradation of organic pollutants, and photocatalysts. 

The latter part focuses on BiVO4 photocatalysts, such as crystal structure, phase 

transformation, hydrothermal method, and limitations. Finally, recent approaches 

and techniques used to improve the photocatalytic performance of BiVO4–based 

photocatalysts are explored and discussed. 

2.1. Photocatalysis 

Ever since the breakthrough in photocatalysis made by Akira Fujishima and 

Kenichi Honda [1], the field of photocatalysis has been elevated and attracted much 

research due to its potential applications in solar energy conversion [2]. In recent 

years, a considerable amount of research on photocatalysis has focused more on 

applications for environmental decontamination, such as air and water purification, 

CO2 reduction, and especially pollutant degradation [2–5]. Furthermore, since a 

photocatalyst can utilize solar energy, which is renewable and abundant energy on 

Earth, it perfectly fits an environmentally friendly material used for sustainable 

development in the future.  

Photocatalysis involves photogeneration of electrons and holes by light 

energy, initiating a chemical reaction at the solid surface. At least two reactions, 

oxidation and reduction must happen simultaneously in order to balance the process 

and avoid any change on photocatalyst [2]. Fig. 2-1 illustrates the schematic 

representation of photocatalysis, using TiO2 as an example. When photocatalyst 

absorbs incident photons with energy higher than its bandgap, electrons jump from 
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the valence band to conduction band, which in turn generates electron-hole pairs. 

For example, to produce photogenerated electron-hole pairs in TiO2 with a bandgap 

of 3.2 eV, it requires light with a wavelength (λ) shorter than 390 nm (UV region). 

Thus, a photocatalyst with a narrower bandgap such as BiVO4 (~2.5 eV) can absorb 

light with a longer wavelength locating in the visible light region, consequently 

having better light absorption efficiency than that of the wide-bandgap TiO2. After 

excitation, the photogenerated electrons and holes migrate and perform a redox 

reaction at the surface of the semiconductor. The redox reaction in water can 

generate reactive oxygen species (ROS) that decompose organic pollutants into 

CO2, H2O, and other harmless substances [6]. The recombination of the electron 

and hole can happen both inside and at the surface of the semiconductor, releasing 

the absorbed photons as heat instead [7]. The high recombination rate greatly 

reduces the efficiency of photocatalytic activity and renders the photocatalyst 

useless. The recombination rate can be suppressed by controlling surface and bulk 

properties of the photocatalyst, such as crystallinity, oxygen vacancies, particle size, 

and surface trap state [8–10]. Additionally, incorporating two or more 

photocatalysts has also been found to suppress charge recombination due to the 

formation of heterojunction [4,11]. 

 

Fig. 2-1. Schematic representation of photocatalytic reaction [7]. 
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2.1.1. Photodegradation of organic pollutants 

As mentioned in Section 2.1, reactive oxygen species (ROS) are generated by 

a redox reaction at the photocatalyst surface. The ROS are highly reactive due to 

the unsaturated bonds and generally include free radicals (hydroxyl radical, •OH; 

superoxide radical, O2
•–; and perhydroxy radical, HO2•) and molecular form 

(hydrogen peroxide, H2O2; and singlet oxygen, 1O2) [3,12]. The ROS can react with 

organic pollutants and chemically alter them to form harmless by-products such as 

CO2, H2O, and mineral acid [3,6].  

The photodegradation process of organic pollutants by photocatalyst consists 

of three potential mechanisms, as shown in Fig. 2-2 [13]. First one is a direct 

reduction-oxidation reaction with organic pollutants when electrons or holes reach 

the photocatalyst surface without recombination and react with pollutant directly  

[4,14,15]. The second one involves a two-step process in which electrons come into 

contact with O2 and produce O2
•– radicals, or holes oxidize H2O to produce •OH. 

Then, both radicals can react and decompose the pollutant. The last one is similar 

to the second process, except that the radicals produced by electron-hole pairs can 

conduct further reaction to form more ROS (•OH, HO2•, O2
•–, H2O2), which then 

degrade the pollutants to become by-product (H2O, CO2, inorganic acid). 
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Fig. 2-2. Schematic diagram of pollutant degradation mechanism [13]. 

 

Rhodamine B (RhB) is one of the most common organic dyes in the textile 

industry and industrial wastewater [16–19]. This dye is hazardous to any organism 

because it exhibits carcinogenic and mutagenic behaviors [20,21]. As such, for 

many years, a lot of research has been extensively conducted to find a suitable 

photocatalyst for removing RhB [22–25]. Moreover, RhB is often used as a model 

dye monitoring photocatalytic activity of photocatalysts [17,26–28]. The RhB 

photodegradation process by photocatalyst involves several steps and finally 

produces CO2 and H2O as by-products [29], as demonstrated in Fig. 2-3. The RhB 

photodegradation by various photocatalysts are shown in Table 2-1. 
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Fig. 2-3. The photodegradation pathway of rhodamine B by TiO2 [29] 

 

Table 2-1. RhB photodegradation with measurement condition by various photocatalysts 

and their bandgaps (Eg). 

Photocatalyst Eg (eV) Light source Reaction 
condition  

Degradation 
efficiency 
(irradiation time) 

Ref. 

TiO2 3.2 500 W Xe 
lamp, λ>420 
nm 

100 ml RhB (0.01 
mmol L-1), 0.05 g 
photocatalyst 

~40% (4.5 h) [29] 

BiVO4 2.48 500 W 
halogen 
lamp, λ>420 
nm 

80 ml RhB (0.01 
mmol L-1) , 0.08 g 
photocatalyst 

~97% (6 h) [30] 

SnS2 2.3 300 W Xe 
lamp, visible 
light 

100 ml RhB (0.02 
mmol L-1), 0.05  g 
photocatalyst 

~68% (2 h) [31] 

SnO2 3.6 Mercury 
lamp, λ=365 
nm 

100 ml RhB (0.02 
mmol L-1), 0.045  
g photocatalyst 

~92% (4.5 h) [32] 

CdS 2.29 500 W 
mercury 
lamp 

40 mL RhB 
(0.015 mmol L-1), 
0.05  g 
photocatalyst 

~93% (2 h) [33] 
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2.2. Photocatalysts 

Metal oxides and metal sulfides are common types of photocatalysts, which 

are intensively studied in past decades [34,35]. The typical oxide and sulfide 

materials are listed in Table 2-2. These materials possess various values of the 

bandgap, which determine their ability to absorb light energy, corresponding to the 

wavelength of light. As a result, the bandgap greatly influences the photocatalytic 

performance of these materials. 

Table 2-2. Crystal phase and optical properties of commonly studied photocatalysts. 

Photocatalyst Crystal phase Bandgap (Eg) Light absorption 

region 

Reference 

TiO2 Rutile Tetragonal ~3.0 eV λ<414 nm [36] 

TiO2 Anatase Tetragonal ~3.2 eV λ<388 nm [36] 

BiVO4 Monoclinic ~2.5 eV λ<496 nm [30] 

BiVO4 Tetragonal ~2.9 eV λ<428 nm [37] 

SnO2 Tetragonal ~3.6 eV λ<345 nm [32] 

ZnO  Hexagonal ~3.3 eV λ<376 nm [38] 

SnS2 Hexagonal ~2.2 eV λ<564 nm [39] 

CdS Hexagonal ~2.3 eV λ<540 nm [33] 

Bi2S3 Orthorhombic ~1.4 eV λ<886 nm [40] 

 

Besides the bandgap of the photocatalyst, band-edge positions, which refer to 

conduction band minimum (CBM) and valence band maximum (VBM) potentials, 

are another important factor in choosing a potential application for a photocatalyst 

[41]. As shown in Fig. 2-4, photocatalysts with a large positive potential of VBM 

possess strong oxidation abilities to produce •OH radicals and degrade pollutants. 

Moreover, they can induce the O2 evolution process. Water splitting application 

requires a photocatalyst with CBM potential more negative than 2H+/H2 potential 

and VBM potential more positive than H2O/O2 potential. If photocatalysts exhibit 



 

15 
 

strong reduction abilities due to large negative potential, they could be used for CO2 

reduction or H2 evolution. 

 

Fig. 2-4. Typical metal oxides, metal sulfides and their band positions for potential 

applications [41]. 

2.2.1. Metal oxides 

Metal oxides are exceptionally important materials as photocatalysts. Their 

rise in popularity in photocatalysis has begun after the discovery of the Honda-

Fujishima effect [1], in which TiO2 was used to conduct water splitting using light 

irradiation. Metal oxides such as TiO2, ZnO, and SnO2 have been extensively 

studied in the photocatalysis field, owing to their abundance in nature, exceptional 

stability, biocompatibility, and low production cost [35]. However, their drawbacks 

are wide bandgaps (Fig. 2-4), which only work in the UV light region and limit 

their applications. As a result, an alternative oxide such as BiVO4 has attracted a 

substantial amount of attention from many researchers. Its advantages are that it 

possesses similar benefits to the mentioned oxides above and narrower bandgap 

(~2.5 eV), which can harness visible light and increase its light absorption 

efficiency [30,42–44]. Further information on BiVO4 is discussed later in Section 

2.3. 
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2.2.2. Metal sulfides 

Metal sulfides are known to possess relatively smaller bandgaps than metal 

oxides, and most of them can be used in the visible light region [34]. Although a 

narrow bandgap can absorb more light, it also provides a narrow gap for 

photoexcited electrons and holes to recombine, resulting in an increase in 

recombination rate and lowering the efficiency of photocatalytic performance. For 

example, Bi2S3 with a bandgap around 1.4 eV exhibits a low photocatalytic activity 

due to the fast recombination rate of charge carriers [45,46]. On the other hand, 

SnS2 possesses a relatively wider bandgap (~2.2 eV) than that of Bi2S3 and 

demonstrates great photocatalytic activity for pollutant degradation [39] and H2 

production [47,48]. In addition, SnS2 can be used in acid and neutral aqueous 

solution due to its chemical stability. Moreover, SnS2 has been reported to exhibit 

strong adsorptivity for RhB dye, which is very useful for RhB removal even without 

light irradiation [49]. However, metal sulfides, including SnS2 [50,51], suffer from 

photocorrosion due to S2- ions prone to oxidation by photogenerated holes [52]. 

Therefore, incorporating metal sulfides with more stable materials like metal oxides 

is a common strategy not only for promoting their stability, but also for suppressing 

their rapid combination rate of photogenerated electron-hole pairs [53,54]. 

2.3. Bismuth vanadate (BiVO4) 

Bismuth Vanadate (BiVO4), also known as bismuth vanadium oxide, is well 

known for its bright yellow color and its application in pigments. First use of BiVO4 

dates back almost a century ago when a patent of BiVO4 was reported in the medical 

field in 1924. Later in 1976, BiVO4 was first synthesized as a solid material [55]. 

In recent decades, the use of BiVO4 extends to the photocatalysis field owing to its 

narrow bandgap, which can harness visible light [56–58]. In addition, BiVO4 

possesses other common advantages of oxide materials, including non-toxicity, low 

cost of production, stability, and abundance. As a photocatalyst, the most widely 

studied crystal phase of BiVO4 is monoclinic scheelite structure because of its 

exceptionally high photocatalytic activity, compared with other crystal phases [59]. 

The physical properties of monoclinic BiVO4 are listed in Table 2-3. 
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Table 2-3. Physical properties of monoclinic BiVO4 [56,60] 

Formula BiVO4 

Color Yellow 

Molecular weight 323.92 g mol-1 

Melting point  ~940 °C 

Boiling point  1997 °C 

Density 6.1 g m-3
 

Bandgap 2.4 eV 

Solubility Insoluble, soluble in strong acids 

 

2.3.1. Crystal structure and phase transition 

In nature, BiVO4 occurs as pucherite with an orthorhombic crystal structure 

[61]. In a laboratory setting, BiVO4 can be synthesized in three crystal phases, such 

as monoclinic scheelite BiVO4 (ms-BiVO4), tetragonal scheelite (ts-BiVO4), and 

tetragonal zircon-type BiVO4 (tz-BiVO4), as shown in Fig. 2-5. The zircon-type 

structure consists only of the tetragonal phase, while the scheelite type possesses 

two possible phases: tetragonal and monoclinic phases [59]. There is a difference 

between zircon-type and scheelite structures: six VO4 surround one Bi ion for the 

former and eight VO4 bound to one Bi ion for the latter [62]. On the other hand, the 

distinction between the two phases of the scheelite structure is the distortion of local 

environments of Bi and V ions in the monoclinic structure. ts-BiVO4 has only one 

type of V-O bond with a length of 1.72 Å, while two types of V-O bond (1.69 Å 

and  1.77 Å) exist in ms-BiVO4 [63]. 
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Fig. 2-5. Crystal structures of (a) tetragonal scheelite and (b) tetragonal zircon-type BiVO4. 

The crystal structure of monoclinic scheelite is similar to tetragonal scheelite (a) except for 

some small changes in the atomic position of Bi, V, and O. The images showing Bi ions 

surrounded by VO4 ions of (c) tetragonal scheelite (ts-BiVO4), (d) monoclinic scheelite 

BiVO4 (ms-BiVO4), and (e) tetragonal zircon-type BiVO4 (tz-BiVO4), including local 

coordination of Bi-O and V-O bond lengths in Å. [62] 

Among the three crystal structures, ms-BiVO4 demonstrates the highest 

photocatalytic activity. Firstly, if ms-BiVO4 is compared to tz-BiVO4, the superior 

photocatalytic performance is due to the bandgap of ms-BiVO4 (2.4 eV), which is 

narrower than that (2.9 eV) of tz-BiVO4 [64]. The O-O bond length in ms-BiVO4 

is longer than that of tz-BiVO4, which in turn decreases the repulsion between Bi3+ 

lone electrons and O 2p, resulting in narrowing the bandgap of ms-BiVO4, as 

illustrated in Fig. 2-6 [65]. On the other hand, Tokunaga et al. [64] reported that 

ms-BiVO4 (2.41 eV) and ts-BiVO4 (2.34 eV) had similar bandgaps and electronic 

structures. However, ms-BiVO4 shows greater photocatalytic activity in O2 

production than st-BiVO4. They suggested that the high photocatalytic activity of 

ms-BiVO4 under visible light was attributed to the distortion of the Bi-O 

polyhedron in ms-BiVO4 by a 6s2 lone pair of Bi3+ [64]. 
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Fig. 2-6. Schematic representation of optical bandgap of (a) tz-BiVO4 and (b) ms-BiVO4 

[65]. 

BiVO4 with the tetragonal zircon-type structure is commonly obtained via 

low temperature synthesis [59,66,67]. The phase transition from tz-BiVO4 to ms-

BiVO4 and ts-BiVO4 can be achieved via thermal treatment [61,64], as shown in 

Fig. 2-7. An irreversible transformation from tz-BiVO4 to ms-BiVO4 happens at 

670-770 K, while the ms-BiVO4 reversibly transit to ts-BiVO4 at 528 K [61]. Thus, 

it indicates that tetragonal zircon-type structure is a metastable state of BiVO4. 

Nevertheless, ts-BiVO4 and ms-BiVO4 can be synthesized using an aqueous-

solution process at room temperature by controlling the preparation time (4.5 h for 

ts-BiVO4 and 46 h for ms-BiVO4) [64]. Other factors and synthesis methods can 

also influence the crystal structures of BiVO4. For example, the crystal phases of 

BiVO4 (tetragonal zircon-type and monoclinic scheelite phases) could be 

determined by the pH of the BiVO4 precursor for the hydrothermal method [66]. 

Another report utilized microwave-hydrothermal reaction to transform tz-BiVO4 to 

ms-BiVO4 by controlling the irradiation time (10-22 min) at a fixed 800 W of the 

irradiation power [68]. Another study reported that mechanical crushing of BiVO4 

powder at room temperature could also cause an irreversible phase transition from 

tz-BiVO to ms-BiVO4 [61]. 
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Fig. 2-7. Phase transition of BiVO4 via thermal treatment. [64] 

 

2.3.2. Hydrothermal synthesis 

BiVO4 can be prepared by various methods, including solid state synthesis 

[69,70], hydrothermal or solvothermal route [71,72], phytosynthesis [73], sol gel 

process  [74], and homogeneous precipitation [75]. Among them, the hydrothermal 

method is one of the most commonly used techniques for the preparation of BiVO4, 

owing to its ability to control the crystal growth, morphology, and crystal structure 

via synthesis parameters, such as pH of precursor, structure-directing agent, 

synthesis time and temperature, reactant concentration [66,76–78]. 

In the hydrothermal method, the common starting materials for BiVO4 are 

Bi(NO3)3·5H2O (Bi3+ source) and  NH4VO3 (V5+ source).  Both starting materials 

are often dissolved separately in a nitric acid solution for Bi(NO3)3·5H2O and a 

basic solution (NaOH or ammonia solution) for NH4VO3 to ensure a complete 

dissolution prior to mixing [76,79,80]. It is noted that NH4VO3 is more soluble in 

hot water and basic solution (ammonia) [81]. However, one-pot hydrothermal 

synthesis in ultrapure water is also possible to produce BiVO4 [82]. A possible 

chemical reaction in the preparation stage of BiVO4 can be expressed as follows 

[66,67]: 
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Bi3+ + 2H2O ⇌ BiOH2+ + H3O+ (2-1) 

BiOH2+ + H2O ⇌ BiO+ + H3O+ (2-2) 

BiO+ + NO3ˉ ⇌ BiONO3 ↓ (2-3) 

BiONO3 ↓ + VO3ˉ ⇌ tz-BiVO4 ↓ + NO3ˉ  (2-4) 

Firstly, Bi(NO3)3·5H2O is hydrolyzed in an aqueous solution, as can be seen 

in the reaction (2-1) and (2-2), generating BiO+ and H3O+. In reaction (2-3), BiO+ 

reacts with NO3ˉ to produce slightly soluble BiONO3. After that, the slightly soluble 

BiONO3 further reacts VO3ˉ to form BiVO4 [reaction (2-4)]. The BiVO4 forming at 

this stage often is tz-BiVO4 because the formation of tz-BiVO4 is kinetically 

favorable when there is a sudden increase in pH due to the introduction of the basic 

solution of NH4VO3 [66,83]. The transition from tz-BiVO4 to ms-BiVO4 can occur 

by prolonging the aging period [64] or using hydrothermal route [66,67]. 

As mentioned above, the monoclinic scheelite structure exhibits high 

photocatalytic activity. Thus, it is preferable to obtain ms-BiVO4 as the final 

product via synthesis. Tan et al. [66] demonstrated the effect of pH of precursor on 

the crystal structure of BiVO4 using hydrothermal synthesis (200 °C for 40 min). 

He found that pure ms-BiVO4 could be obtained at either pH of 0.59 (a strong acid 

condition) or pH range of 4.26–9.76. This result was supported by another study 

[84], in which pure ms-BiVO4 was attained at pH values of 4 and 7 via hydrothermal 

method (185 °C for 6 h). In contrast, Ressnig et al. [85] obtained pure ms-BiVO4 at 

a pH range of 1–4 (hydrothermal route, 160 °C for 5 h), while Zhang et al. [86] 

reported that pure ms-BiVO4 was obtained at pH value of 8.8 and 11.5. These 

contradicting results indicate that although the pH of the precursor influences the 

crystal phase of BiVO4, it cannot be solely used to determine the crystal phase of 

the final product of BiVO4. Thus, other parameters of hydrothermal synthesis, such 

as heating duration, should be taken into consideration for the preparation of pure 

ms-BiVO4. For instance, Zhao et al. [67] suggested that prolonging the heating 
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duration of the synthesis up to 10 h could completely transform tz-BiVO4 to ms-

BiVO4. Furthermore, pure ms-BiVO4 could be acquired at a wide pH range of value 

of 1–9 by prolonging hydrothermal duration up to 24 h at 180 °C. 

2.3.3. Limitation of monoclinic BiVO4 

Although BiVO4 has a narrow bandgap (2.4–2.5 eV) and can harness visible 

light, its photon absorption is limited to the wavelength of light shorter than 517 

nm. Thus, there is still a significant number of photons of sunlight in the visible 

light region that BiVO4 is unable to absorb. Previous studies suggested that 

reducing the bandgap of photocatalysts could improve their light absorption 

efficiency, in turn enhancing their photocatalytic performance [87–90].  

Furthermore, the photocatalytic activity of BiVO4 is inhibited by poor charge 

separation and rapid combination rate of photogenerated electrons and holes [91,92]. 

Abdi et al. [91] revealed that the said issues were caused by the remarkably low 

charge mobility (~4 × 10–2 cm2 V–1 s–1) of BiVO4, compared with that of other 

metal oxides, such as Fe2O3 (0.5 cm2 V–1 s–1), WO3 (10 cm2 V–1 s–1), and Cu2O (6 

cm2 V–1 s–1). Various methods have been used to improve the charge separation and 

suppress the recombination rate of charge carriers, such as reduction of particle size 

[93], forming heterojunctions [94], and doping with atoms [43,95]. Another 

interesting technique is facet engineering of BiVO4. The well-known facets of 

BiVO4 responsible for the reduction and oxidation reactions upon irradiation are 

{010} and {110}, respectively [96–98]. The preferential redox reactions of {010} 

and {110} facets are attributed to the difference in energy band levels of both facets 

(Fig. 2-8) [97], which enable the charge transfer, resulting in the accumulation of 

electrons and holes on {010} and {110} facets, respectively. Tan et al. [98] 

suggested that BiVO4 with dominant {010} facets possesses a large number of 

available photogenerated electrons at the surface of BiVO4, promoting the electron 

transfer efficiency and lowering the rate of electron-hole recombination [98]. As a 

result, photocatalytic activity of BiVO4 is enhanced with the increase in the exposed 

{010} facets, which is consistent with many experimental studies [44,79,99–101]. 
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Fig. 2-8. Schematic diagram of (a) spatial separation of photogenerated electrons and holes 

on the {010} and {110} facets [102] and (b) difference in energy band levels for both facets 

of BiVO4. [97] 

Another limitation of BiVO4 is related to its band energy structure, as 

depicted in Fig. 2-9. Although BiVO4 possesses the valence band potential positive 

enough to oxidize H2O for O2 evolution, its conduction band potential lacks 

overpotential for H2 evolution (-0.41 V for 2H+/H2) and CO2 reduction (at least -

0.05 V for HCHO/CO2)   [62,103,104]. Incorporating BiVO4 with other 

photocatalysts (e.g., Bi2S3 [105], CdS [106], and Cu2O [107]) is one of the solutions 

to extend its potential applications to H2 production and CO2 reduction. 

 

Fig. 2-9. Conduction band and valence band of BiVO4 [108] respective to redox potentials 

at pH 7 of various compounds [109]. 
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2.4. Strategy for improvement 

As described in previous sections, BiVO4 is a promising photocatalyst with 

many advantages. However, its photocatalytic performance needs further 

improvement for commercial use. This section aims to review and discuss strategies, 

such as morphological control, bandgap modification, producing composite, for 

enhancing the photocatalytic activity and overcoming the limitation of BiVO4. 

2.4.1. Morphological control 

As described in Section 2.3.3, maximizing the exposure of {010} facets is 

important to enhance the photocatalytic performance of BiVO4. Controlling the 

morphology and crystal growth of BiVO4 is a common approach to increase the 

exposed {010} facets of BiVO4. Several studies reported that BiVO4 with dendritic 

or shuriken-like structures exhibited high exposed {010} facets and enhanced 

photocatalytic activity [95,99,110–113]. 

First of all, it should be noted that the mentioned facets, corresponding to the 

enhanced photocatalytic activity of BiVO4, are {010} facets of the space group no. 

15 with I2/a setting. While most research used the I2/a setting [44,80,99], I2/b and 

C2/c settings were also used in some studies [114–116]. Thus, the low indices of 

crystal facets in I2/a and their corresponding facets in the I2/b and C2/c settings are 

listed in Table 2-4. 

Table 2-4. Low indices of crystal face in I2/a for monoclinic BiVO4, and the matching ones 

in the settings I2/b and C2/c. [115] 

Settings Low indices of crystal face 

I2/a {001} {100} {010} {011} {110} {101ത} {111ത} 

I2/b {100} {010} {001} {101} {011} {110} {111} 

C2/c {100} {1ത01} {010} {1ത10} {1ത11} {001} {011} 

A common strategy to control the morphology and increase the exposure of 

{010} facets of BiVO4 is to utilize a structure-directing agent in the synthesis, such 
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as TiCl3 [80], NaCl [100,117,118], ammonium carbonate [79], ethylenediamine 

[76], and glycerol [119]. It is worth mentioning that both TiCl3 and NaCl contain 

Clˉ ions, which could be the main reason for the increase in the exposed {010} 

facets of BiVO4 because Clˉ ions were found to stabilize the {010} facets, as 

reported by Xie et al. [118]. They conducted density functional theory (DFT) 

calculations and found that the surface energy of {010} facet was reduced when Clˉ 

ions were adsorbed on the said facet. Thus, the crystals of BiVO4 grew slowly in 

[010] direction, resulting in preferential crystal growth along the {010} planes and 

promoting the exposure of {010} facets [118]. However, another study conducted 

by Wang et al. [80] demonstrated that some metal chloride, such as AlCl3, CuCl, 

ZrCl4, and FeCl2, exhibited no significant effect on the {010} facets of BiVO4. It 

might be due to the synthesis condition and Clˉ concentration in the solution.  

The enhanced {010} facets of BiVO4 are also reported in some research, using 

BiCl3 as a source of Bi3+ for BiVO4 synthesis [99,114]. BiCl3 also contains Clˉ ions, 

which could be the cause of the enhanced {010} facets. However, the synthesis 

route of BiVO4 using BiCl3 may be different from the one using the directing agent 

containing Clˉ ions. Generally, the directing agent containing Clˉ was used at a later 

stage of BiVO4 preparation [80,118], thus, tz-BiVO4 would be formed before the 

addition of Clˉ ions, as shown in reaction (2-4). Whereas, when BiCl3 is hydrolyzed, 

the reaction (2-1) and (2-2) occur to produce BiO+, which then reacts with Clˉ to 

form BiOCl precipitate [reaction (2-5) below] [120]. In this synthesis route, the 

formation of BiOCl happens before the addition of VO3ˉ ions. As a result, BiOCl 

may act as an intermediate before transforming into BiVO4, as shown in reaction 

(2.6). The possible reactions are shown as follows [114,120,121]: 

BiO+ + Clˉ ⇌ BiOCl ↓  (2-5) 

BiOCl ↓ + VO3ˉ ⇌ BiVO4 ↓+ Clˉ (2-6) 

Moreover, the Clˉ concentration is reported to affect the formation of BiOCl 

[122]. Therefore, in addition to the effect on the {010} facets of BiVO4, changing 
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in Clˉ concentration in the preparation route with BiOCl as intermediate would 

significantly influence the properties of BiVO4, especially its crystal growth and 

morphology. Moreover, this technique may produce BiVO4 with various 

morphologies, possibly including the shuriken-like or dendritic structure since there 

is a report [112] of the dendritic structure obtained via BiVO4 preparation with 

BiOCl as intermediate. However, the effect of Clˉ concentration on BiVO4 using 

this approach has not yet been explored. 

2.4.2. Bandgap modification 

Bandgap engineering is one of the important techniques to improve light 

absorption efficiency and photocatalytic activity of photocatalysts. Many 

approaches have been carried out for bandgap modification, including doping 

[88,123], modifying oxygen vacancies [89,124], and building composites with 

other photocatalysts [125]. Among them, controlling oxygen vacancies is one of the 

promising techniques and is often used to tune the bandgap of the oxide materials. 

Oxygen vacancies are common point defects found in metal oxides [126,127]. 

The oxygen vacancies in the oxides are reported to create defect levels inside the 

electronic bandgap, either just below the bottom end of the conduction band or just 

above the upper end of the valence band [127,128]. It would result in a decrease of 

the bandgap due to overlapping of the defect states with either the conduction band 

minimum or the valence band maximum [127,128]. The techniques for introducing 

oxygen vacancies in the oxides involve the oxygen-deficient environment, chemical 

reduction, plasma treatment and hydrogen treatment [89,127,129]. In addition, 

thermal treatment is also an effective technique to control oxygen vacancies in 

oxide materials because calcining the oxide in air (oxygen-rich atmosphere) could 

reduce oxygen vacancies [130,131], while an opposite outcome was obtained if the 

oxide was calcined in an oxygen-deficient atmosphere (N2, H2, and Ar) [88,89,132].  

Although the effect of calcination in the oxygen-deficient atmosphere on 

oxygen vacancies has been studied on BiVO4 [88,89,132], studies on calcination in 

the oxygen-rich atmosphere have not been focused regarding oxygen vacancies in 
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BiVO4 [70,133–136]. Since either atmospheric conditions of thermal treatment 

(oxygen-rich or oxygen-deficient atmosphere) may alter oxygen vacancies in 

BiVO4, research on the influence of both calcination conditions is needed to achieve 

greater insight in controlling oxygen vacancies and tuning bandgap of BiVO4. 

2.4.3. Producing composite 

Composite photocatalyst has proved very effective in achieving greater 

photocatalytic performance, compared with pure photocatalyst [23,54,137,138]. It 

is attributed to the heterojunction and its hybrid energy band structure, allowing 

charge transfer between photocatalysts, which in turn promotes charge separation 

and suppresses the photoinduced electron–hole recombination [11,54,139]. 

The heterojunction composite can be categorized into three types [140], as 

shown in Fig. 2-10. Type I heterojunction involves transferring electrons and holes 

from both CB and VB of a wider-bandgap material (TiO2), respectively, to those of 

narrower-bandgap material (Fe2O3). Although the formation of heterojunction in 

type I can enhance the photocatalytic activity by facilitating charge transfer and 

improving the charge separation efficiency, redox ability of the heterojunction is 

weakened due to accumulation of electrons and holes at the narrower-bandgap 

material [141]. In type II heterojunction, a material possesses both CB and VB 

positions more positive than those of another material. In this system, there are two 

possible charge migration pathways between both materials. Taking WO3 and 

BiVO4 as an example of the first pathway, electrons from CB of BiVO4 migrate to 

that of WO3, while holes from VB of WO3 transfer to that of BiVO4, ascribed to the 

nature of charge transfer. The result of this system is similar to type I, in which the 

charge separation efficiency is improved at the cost of weakening the redox ability. 

However, if a Z-scheme is established in the heterojunction, the second charge 

transfer pathway occurs. In the Z-scheme system, electrons from CB of material 

combine with holes from VB of another material, as shown in Fig. 2-10, in which 

BiVO4 and g-C3N4 [142] are used as an example. It is a desirable pathway because 

not only is the charge separation efficiency improved, but also the redox ability of 

the heterojunction is enhanced. Lastly, type III heterojunction represented by 
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BiVO4 and Sb3Se3 is displayed in Fig. 2-10. The band structure of Sb3Se3 is 

exceptionally more negative than that of BiVO4. The benefit of type III is similar 

to that of Z-scheme in type II as both charge transfer and redox ability are enhanced 

due to the recombination of electrons from CB of BiVO4 and holes from VB of 

Sb3Se3 [140,142]. 

 

Fig. 2-10. Schematic representation of three different types of heterojunctions and their 

band alignments [140]. The green arrows represent the charge (electrons and holes) 

migration. 

BiVO4 has been successfully incorporated with other materials, such as Bi2S3 

[105], CdS [5], TiO2 [108], BiOCl [143], and LaVO4 [138]. The photocatalytic 

performances of the BiVO4-based composites are greatly improved. Some studies 

have reported that the Z-scheme process was established in the system when 

incorporated with CdS [5], Cu2O [107], and g-C3N4 [137]. As a result, the redox 

ability and the photocatalytic activity of the composite were enhanced 

simultaneously, which are very useful for applications such as water splitting and 

CO2 reduction. 

Although there have been many reports focusing on BiVO4-based composites 

as described above, those studies did not focus on the chemical reaction between 

two photocatalysts that could produce another material. One of the possible reasons 

is that those materials may not easily react with BiVO4 due to the high chemical 

stability of BiVO4. However, Wang et al. [4] have suggested that Bi3+ and S2- ions 

have a strong chemical interaction, which could produce Bi2S3. In their study, they 
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produced a ternary BiVO4/Bi2S3/MoS2 composite by synthesizing MoS2 in the 

presence of BiVO4 via hydrothermal synthesis. During the reaction, not only did S2- 

ions from thioacetamide react with Mo4+, but also BiVO4, in turn producing both 

MoS2 and Bi2S3. Another study from Yu et al. [144] has also reported the 

preparation of ternary Bi2S3/SnS2/Bi2O3 composite via a one-pot solvothermal 

method, in which Bi(NO3)3·5H2O, SnCl2·2H2O, and CH4N2S were mixed together. 

The formation of Bi2S3 was also due to the interaction between Bi3+ and S2- ions 

during the synthesis. Thus, in both studies, the formation of Bi2S3 happened when 

S2- ions reacted either with BiVO4 or with Bi3+ ions in the solution.  

To date, there is no research on the formation of Bi2S3 from the chemical 

reaction between BiVO4 and another metal sulfide as starting materials. This 

research can be intriguing to study and explore because individual photocatalysts 

can be prepared and designed separately to achieve desirable photocatalytic 

performance. Then, the photocatalytic activity may be further improved by 

incorporation of both photocatalysts via a chemical reaction, resulting in producing 

Bi2S3 as interface and facilitating charge transfer between both photocatalysts. 

2.5. Summary 

The photocatalysis field has garnered much attention from both academic and 

industrial sectors due to its potential applications, especially pollutant degradation, 

for future sustainable development. The literature provides an overview and recent 

progress in photocatalysts, especially BiVO4, which has emerged as a promising 

photocatalyst owing to its many merits. However, BiVO4 still suffers from 

drawbacks (poor charge separation and rapid combination rate of photogenerated 

electrons and holes), which hinder its photocatalytic performance. Many 

approaches have been employed to improve the photocatalytic activity by either 

remedying the problems (controlling exposed facets of BiVO4 and incorporating 

with other photocatalysts) or enhancing another aspect of BiVO4 such as light 

absorption efficiency (bandgap reduction). Despite the fact that many effective 

techniques have been done for enhancing the photocatalytic performance of BiVO4 
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thus far, some parts of research areas have not been explored and studied. These 

interesting areas are revealed as follows: 

Firstly, morphology and crystal growth of BiVO4 may be influenced by 

BiOCl intermediate when there is a change in concentration of Clˉ in the precursor 

for BiVO4 preparation via hydrothermal synthesis. Thus, various morphologies 

(possibly including shuriken-like structure) of BiVO4 may be obtained using this 

technique. Secondly, thermal treatment of BiVO4 under different atmospheric 

conditions may be used to control oxygen vacancies and modify bandgap of BiVO4. 

Lastly, incorporating BiVO4 with another photocatalyst via chemical reaction may 

further enhance their photocatalytic performance due to the formation of another 

component, which potentially acts as an interface connecting both photocatalysts, 

consequently facilitating the charge transfer in the composite. 
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3. Methods 

 

 

This chapter describes materials and their purity used in this study as well as 

methods for characterization and photocatalytic measurement of the samples. As 

for sample preparation for each sample, it is described later in its respective chapter. 

3.1. Materials 

Thioacetamide (C₂H₅NS, 98%), acetic acid (CH3COOH, 99.7%), ethylene 

glycol ((CH₂OH)₂, 99.5%), L-ascorbic acid (C6H8O6, 99.6%), and thiourea 

(H2NCSNH2, 98%) were purchased from FUJIFILM Wako Pure Chemical 

Corporation (Osaka, Japan). The tin(IV) chloride pentahydrate (SnCl4·5H2O, 98%), 

ammonium vanadate (V) (NH4VO3, 99.0%), bismuth (III) nitrate pentahydrate 

(Bi(NO3)3·5H2O 99.5%), methanol (CH3OH, 99.8%), and isopropyl alcohol 

((CH3)2CHOH, 99.7%) were supplied by Nacalai Tesque (Kyoto, Japan). The 

rhodamine B (C28H31ClN2O3, > 95%) was purchased from Tokyo Chemical 

Industry (Tokyo, Japan). All chemicals were analytical grade and used without 

further purification. Deionized water (DI water) was obtained from the Direct-Q 

water purification system (Millipore). 

3.2. Characterization 

3.2.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a widely used technique to determine crystal 

structures of materials. This thesis work used XRD data to investigate the crystal 

structures of the samples. XRD measurement was conducted using a Rigaku 

RINT2100 at 40 kV and 30 mA with Cu Kα radiation (λ = 0.15418 nm). Each 

sample was scanned in a 2θ angle range from 10° to 80°. The obtained diffraction 
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patterns were identified by matching with the standard pattern from ICDD (The 

International Centre for Diffraction Data) database. 

3.2.2. Field emission scanning electron microscopy (FESEM) 

Field Emission Scanning Electron Microscopy is one of the most used 

methods to study the morphology and microstructure of materials. FESEM uses 

electrons instead of light to capture micrograph images produced by detecting 

secondary and backscattered electrons. It requires a high vacuum in order to avoid 

the disturbance caused by gas molecules, which can interfere with the emitted 

secondary and backscattered electrons [1].  

In this study, the microstructure and morphology of each sample were 

observed using an FESEM (Hitachi SU6600 Scanning Electron Microscope). It was 

performed at 15-20 kV with a working distance of around 10 mm. A small quantity 

of each sample powder was spread on a double-sided carbon tape. All samples were 

sputtered with Au to avoid a charging effect prior to FESEM analysis. 

3.2.3. Energy dispersive x-ray spectroscopy (EDX or EDS) 

Energy Dispersive X-ray spectroscopy is an analytical technique used to 

identify the element in the sample for elemental composition analysis. EDS is often 

included as a part of SEM due to the benefit of carrying out the elemental analysis 

and microstructure examination at the same time [1].  In this study, EDX data were 

obtained using Bruker EDX detector attached with FESEM and operated with 

accelerating voltage of 20 kV. 

3.2.4. UV-Vis spectroscopy (UV-Vis) 

UV-Vis spectroscopy is a characterization method to record absorption 

spectra of materials using ultraviolet (UV) and visible (Vis) light. The UV-Vis 

diffuse reflectance spectroscopy (DRS) is a useful technique to measure reflectance 

spectra of solid and powder samples. 

Present work used DRS to study optical properties of the samples using 

reflectance spectrum obtained from a Lambda 750S UV/Vis/NIR 
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Spectrophotometer with BaSO4 as reference. The reflectance spectra were 

converted to absorption spectra via the Kubelka–Munk function as shown below, 

in Eq. (3.1) [2,3]: 

𝐹(𝑅) =  
𝛼

𝑆
=

(1 − 𝑅)ଶ

2𝑅
 (3.1) 

 

where F(R), α, S, and R are the Kubelka–Munk function, absorption coefficient, 

scattering coefficient, and reflectance, respectively. The calculated F(R) was 

plotted against wavelength to realize a light absorption graph. 

The bandgaps (Eg) can be estimated using the following formula [2–4]: 

𝛼ℎ𝜈 = 𝐴(ℎ𝜐 − 𝐸௚)
௡
ଶ (3.2) 

where α, hυ, and A are absorption coefficient, incident photon energy, and a 

constant associated with the material, respectively. The F(R) from Eq (3.1) is 

commonly used to replace α in the Tauc’s plot ((αhυ)2/n vs. hυ) [3,5,6]. The value 

of n depends on transition types of semiconductors; 1 and 4 are for direct and 

indirect transition, respectively. In the case of this study, SnS2, Bi2S3, and BiVO4 

are direct transition semiconductors; hence, n = 1 is used in Eq (3.2) [3,7]. Thus, 

the estimated Eg value of the sample was determined by extrapolating the linear part 

of the curve to intercept the x-axis in the graph of Tauc’s plot. Fig 1 in Appendix D 

also demonstrates the estimated bandgaps of SnS2 and BiVO4 using n = 1 is more 

consistent with those reported by other research [2,4,8–10]. 

3.2.5. X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy is a surface analytical technique based on 

the photoelectric effect to identify the chemical elements and their chemical state 

near the surface of the samples. This technique works by measuring the kinetic 

energy and photoelectron when X-ray of particular energy is used to excite the 
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surface of a sample. Binding energy can be calculated using the energy of incident 

X-ray minus the known kinetic energy and work function of element. Since each 

electron possesses a characteristic value of binding energy, this can be used to 

determine elements in the sample. 

This thesis work used a JPS-9030 X-ray photoelectron spectrometer to obtain 

XPS data for studying the chemical state and composition of the samples. XPS was 

operated with Mg Kα radiation on the sample powder, which was evenly spread 

over a carbon tape on the sample holder. 

3.2.6. Specific surface area measurement 

In this study, the specific surface area was measured and evaluated using 

nitrogen gas adsorption with a FlowSorb III 2305 Micromeritics Instrument 

(Shimadzu, Japan). The measurement of the specific surface area is based on 

Brunauer-Emmett-Teller (BET) theory, which explains the gas molecules adsorbed 

on the surface of a solid. Flowsorb III determines the area of a sample by calculating 

the amount of adsorbate gas molecules on the sample at or near the boiling point of 

the said gas, assuming a form of a monomolecular layer. 

3.3. Measurement of photocatalytic activity for rhodamine B 

degradation 

Evaluation of photocatalytic activity was conducted via the photodegradation 

of RhB dye under visible light irradiation using a 500 W Xe lamp (Ushio, UXL-

500D-O) equipped with a UV cutoff filter (λT = 420 nm). The intensity of light 

from the Xe lamp was 100 mW/cm2 calibrated using a Spectroradiometer (S-2440 

model II). After passing through the cutoff and water filters, the sample solution 

received around 40 mW/cm2 of light intensity.  

In each measurement process, 30 mg of the photocatalyst was put into a 

certain quantity of RhB solution (5 mg/L, 0.01 mmol/L) in a beaker with 100 mL 

capacity. Specific experimental condition of each sample for RhB degradation is 
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further described in their respective chapter. The solution was magnetically stirred 

and maintained at 25 °C during irradiation. About 3 mL of sample solution was 

taken every 60 min, and the photocatalyst powder was filtered out by a syringe filter 

(0.22 µm, PTFE). The absorbance of each RhB solution was measured using a UV–

Vis spectrophotometer (Lambda 750S UV/Vis/NIR). Then, the concentration of 

RhB was determined from the absorbance intensity at λmax = 554 nm. Before 

irradiation, the establishment of adsorption-desorption equilibrium between 

photocatalyst and RhB solution was achieved to ensure an accurate result of 

photocatalytic activity. The measurement setup for photocatalytic degradation of 

RhB dye is shown in Fig. 3.1. 

 

Fig. 3-1. Schematic of apparatus setup for the photocatalytic RhB degradation 

measurement. 

 

Degradation efficiency (%) of the dye was determined using Eq (3.3):  

Degradation efficiency (%) = ൤
(𝐶଴ − 𝐶௧)

𝐶଴
൨ × 100% (3.3) 

where C0 and Ct are initial dye concentration (t=0) and dye concentration at any 

sampling time, respectively.  
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In addition, the photodegradation rate constant (k) was determined using a pseudo-

first-order reaction expressed as follows: 

𝑙𝑛 ൬
𝐶଴

𝐶௧
൰ = 𝑘𝑡 (3.4) 

where k and t are photodegradation rate constants and irradiation time, respectively. 
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4. The Effect of Potassium Chloride on BiVO4 

Morphology and Photocatalysis for 

Rhodamine B Degradation 

 

 

4.1. Introduction 

Over past decades, bismuth vanadate (BiVO4) has become one of the most 

widely-studied photocatalysts ascribed to its favorable properties such as 

nontoxicity, low cost, narrow bandgap (Eg~2.4 eV), and stability [1]. As a 

photocatalyst, BiVO4 has been known for its usage in the degradation of organic 

pollutants [2–4] and oxygen evolution in water splitting [5,6]. Of all three existing 

phases of BiVO4, only monoclinic scheelite BiVO4 is commonly used due to its 

superior photocatalytic performance compared with tetragonal scheelite and 

tetragonal zircon-type counterpart [7–9]. Besides the crystal phase of BiVO4, 

morphology has a significant impact on the photocatalytic activity of BiVO4 as well. 

As discussed in Section 2.4.1 (Chapter 2), increasing exposed {010} facets 

leads to a remarkable enhancement of the photocatalytic activity of BiVO4 [2,10–

13]. Directing agents (TiCl3 [6] and NaCl [14]) containing Clˉ could be used to 

enhance the exposed {010} facets  [6,14]. In addition to the effect on the {010} 

facets, Clˉ ions may also influence the crystal growth and morphology of BiVO4 in 

the synthetic route involving BiOCl intermediate because the change in Clˉ 

concentration could alter the formation of BiOCl intermediate in the precursor [15]. 

To date, no study has focused on the effect of Clˉ concentration influencing the 

formation of BiOCl intermediate (in the precursor of BiVO4), which may play a 

significant role in controlling the morphology of BiVO4. 
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In this study, BiVO4 is synthesized via one-pot hydrothermal synthesis, in 

which KCl is used as a source of Clˉ ions. Although KCl was used in the BiVO4 

synthesis to compare with NaCl in the previous report [14], the effect of KCl on 

BiVO4 has not been thoroughly studied yet. Thus, the present study investigates and 

discusses the effect of KCl concentration on the BiVO4 synthesis route, morphology, 

crystal structure, photocatalytic activity, and other properties. Rhodamine B (RhB) 

is selected as a model dye to evaluate the photocatalytic performance of each 

sample because, as mentioned in Section 2.1.1 (Chapter 2), it represents one of the 

most common organic dyes in the textile industry and industrial wastewater [21–

24]. The BiVO4 prepared with 3 mmol of KCl, exhibiting “shuriken-like” 

morphology, demonstrates a superior photocatalytic degradation of RhB dye under 

visible light illumination because of the enhanced exposed {010} facets and the 

narrow bandgap. 

4.2. Experimental 

4.2.1. Preparation of BiVO4 samples 

BiVO4 was synthesized via hydrothermal synthesis. Briefly, 0.485 g of 

Bi(NO3)3·5H2O (1 mmol) was hydrolyzed in 30 ml of ultrapure water and 

magnetically stirred for 5 min. Then, a certain amount of KCl (0, 1, 2, 3, and 5 

mmol) was added to the solution to form a white suspension (slightly soluble 

BiOCl). After 2 min of stirring, 117 g of NH4VO3 (1 mmol) was put into the white 

suspension, whose color then turned yellowish orange. The pH of the suspension 

was adjusted to 1.8 using ethanolamine. The suspension remained under stirring for 

1 h and agitated under ultrasonication (45 Hz) for another 1 h. Then, it was 

transferred to a 50 ml stainless-steel autoclave with a Teflon liner, heated in an 

electric oven at 160 °C for 12 h. After the heat treatment, the autoclave was allowed 

to cool down to room temperature. The BiVO4 samples were then collected and 

washed several times with ultrapure water and ethyl alcohol, further dried at 90 °C 

overnight. The samples were labeled as Bi0, Bi1, Bi2, Bi3, and Bi5 based on the 

amount of KCl (0, 1, 2, 3, and 5 mmol) used in the precursor. The schematic 

illustration of the preparation procedure can be seen in Fig. 4-1. 



 

59 
 

 

Fig. 4-1. Schematic illustration of the preparation procedure of the BiVO4 samples. 

4.2.2. Characterization 

The crystal phase of the sample was determined using an X-ray diffraction 

(XRD) diffractogram obtained from a Rigaku RINT2100 with Cu Kα radiation (λ 

= 0.15418 nm). Microstructures and morphologies of each sample were 

investigated using an FE-SEM (Hitachi SU6600 Scanning Electron Microscope) 

operated at 20 kV, where Au was sputtered on all samples prior to the analyses. 

UV-vis diffuse reflectance spectra (DRS) were obtained using a Lambda 750S 

UV/Vis/NIR Spectrophotometer equipped with a 60 mm integrating sphere. X-ray 

photoelectron spectroscopy (XPS, JPS-9030 X-ray photoelectron spectrometer) 

was conducted with Mg Kα radiation using O 1s = 530.0 eV as reference. The 

Brunauer–Emmett–Teller specific surface area (SBET) of the samples was measured 

via the single-point BET method using N2 gas adsorption with a Flowsorb III 2305 

Micromeritics instrument (Shimadzu, Japan). 

4.2.3. Measurement of photocatalytic activity for rhodamine B degradation 

Evaluation of photocatalytic activity was conducted via the photodegradation 

of rhodamine B (RhB) dye under visible light irradiation. The experimental setup 

is described in Section 3.3 (Chapter 3). For each photocatalytic measurement, 40 
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ml of RhB solution (0.01 mmol L-1) that contained 30 mg of the photocatalyst was 

poured in a 100 ml capacity beaker. Before light irradiation, the solution was 

agitated in the dark under ultrasonication for 10 min and magnetically stirred for 

another 50 min to achieve adsorption-desorption equilibrium between the 

photocatalyst and RhB solution. The detailed sampling process and analysis are 

explained in Section 3.3 (Chapter 3). 

4.3. Results and discussions 

4.3.1. Crystal structures of the samples 

Fig. 4-2 shows XRD patterns of BiVO4 with different concentrations of KCl. 

All the samples exhibit characteristic peaks of monoclinic BiVO4 (ICDD PDF No. 

00-014-0688), especially the two split peaks at 18.5° and 35°, which are often used 

to distinguish between tetragonal and monoclinic phases. The former (18.5°) 

correspond to (110) and (011) planes, while the latter (35°) can be assigned to (200) 

and (002) planes. It is also noticeable that the intensity of the peak at 30.5°, 

corresponding to (040) plane of BiVO4, becomes more intense as the concentration 

of KCl is increased. To make a comparison, the relative intensity ratio of (040) to 

(1̄21) plane (I(040)/I(1̄21)) for each sample was calculated (Table 4-1). The I(040)/I(1̄21) 

intensity ratio rises from 0.46 to 2.46 as KCl concentration is increased from 0 to 3 

mmol, while it decreases when KCl content reaches 5 mmol. It demonstrates that 

the addition of KCl influences the preferential growth of BiVO4 crystals along 

{010} planes. A previous study [14] using NaCl as a directing agent reported that 

Clˉ anions played an important role in stabilizing and controlling the exposed {010} 

facets. The mentioned study also suggested that Clˉ anions were adsorbed on the 

said facets, in turn reducing the surface energy of {010} facets and slowing the 

growth rate in [010] direction. A similar result was also reported for the synthesis 

utilizing TiCl3 [6]. 
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Fig. 4-2. XRD patterns of BiVO4 with a different amount of KCl (mmol). 

 

Table 4-1. Relative intensity ratio, physical properties and photocatalytic performance of 

BiVO4 with a different amount of KCl. 

Sample I(040)/I(1̄21) Eg
a (eV) 

SBET
b (m2 

g-1) 

RhB 

degradation 

efficiency (%) 

kc (×10-3 

min-1) 

k/SBET
d 

(×10-2 min-1

/m2 g-1) 

Bi0 0.46 2.48 2.8 70.1 5.03 0.18 

Bi1 1.17 2.45 1.1 81.7 6.60 0.60 

Bi2 1.68 2.43 0.84 93.4 10.2 1.2 

Bi3 2.46 2.34 0.63 94.7 11.4 1.8 

Bi5 1.72 2.35 0.51 63.9 4.75 0.93 

a Eg is Bandgap value; b SBET is BET specific surface area; c k is photodegradation rate 

constant; d k/SBET is ratio of photodegradation rate constant over BET specific surface 

area 

The additional content of KCl not only affects the crystal growth of BiVO4 

but also produces another phase in the samples, as seen in Fig. 4-2. The small peaks 

at 12°, 24.1°, 25.9°, 32.5°, 33.5, and 36.5° can be assigned to (001), (002), (101), 

(110), (102), and (003) plane diffraction of tetragonal BiOCl (ICDD PDF No.  00-

006-0249), respectively. These peaks become more visible in samples with higher 

KCl concentrations. The BiOCl could be an intermediate material before the growth 
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of BiVO4 crystals. A possible chemical reaction can be expressed as follows 

[18,19]: 

Bi3+ + 2H2O ⇌ BiOH2+ + H3O+ (4.1) 

BiOH2+ + H2O ⇌ BiO+ + H3O+ (4.2) 

BiO+ + Clˉ ⇌ BiOCl ↓ (4.3) 

BiOCl ↓ + VO3ˉ ⇌ BiVO4 ↓+ Clˉ (4.4) 

The synthetic reaction begins with the hydrolysis of Bi(NO3)3∙H2O [reaction 

(4.1) and (4.2)]. The BiO+ derived from hydrolysis reacts with Clˉ to form the 

BiOCl precipitate [reaction (4.3)], which further reacts with VO3ˉ to form BiVO4 

[reaction (4.4)]. Both BiVO4 and BiOCl are present in the precursor, as shown in 

Fig. 4-3. In addition, the elevated temperature and pressure during the hydrothermal 

process may accelerate the conversion from BiOCl to BiVO4. Fig. 4-3 demonstrates 

that the conversion from BiOCl to BiVO4 was nearly completed when the sample 

was heated for 45 min, and prolonging the heating duration to 12 h exhibits no 

significant change in terms of the crystal structure. Moreover, an incomplete 

transformation can be seen, as the residual BiOCl is still present in the sample due 

to the excess amount of Clˉ present in the solution. 
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Fig. 4-3. XRD diffractograms of Bi3 with a different heating duration of hydrothermal 

synthesis at 160 °C. 

 

4.3.2. Morphology of BiVO4 samples 

Morphologies of BiVO4 prepared with a different molar amount of KCl are 

depicted in SEM micrographs, as can be seen in Fig. 4-4. A rod-like BiVO4 (Fig. 

4-4a) can be obtained when the synthesis is prepared without KCl. The anisotropic 

growth of rod-like structure may be attributed to the pH~1.8 of the precursor [9]. 

The shape of particles has been found to transform from polyhedron to rod-like 

structure due to an increase in pH value, which in turn lowers the solute 

concentration [9,20,25,26]. When 1 mmol of KCl is added, the BiVO4 particles take 

a short rod-like form, as shown in Fig. 4-4b. As the amount of KCl further rises to 

2 mmol, the BiVO4 particles assume a form of cruciate structure (Fig. 4-4c). Further 

additional amount of KCl (3 mmol) allows a suitable condition for dendritic 

structure with small branches grown out from four arms to assume a shuriken-like 

structure, as can be seen in Fig. 4-4d. Fig. 4-4e illustrates the BiVO4 structure 

resembles a tabular block with an uneven assembly of small particles as the 

concentration of KCl reaches 5 mmol. 
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Fig. 4-4. FE-SEM micrographs of (a) Bi0 (0 mmol KCl) and (b) Bi1 (1 mmol KCl); and 

the top-view and side-view micrographs of (c) Bi2 (2 mmol KCl), (d) Bi3 (3 mmol KCl), 

and (e) Bi5 (5 mmol KCl). 

The morphology evolution of BiVO4 from rod-like structure to dendrite and 

then to tabular form visibly correlates with the increase in KCl concentration as 

depicted in Fig. 4-4. A similar transformation of BiVO4 has been reported by Xi 

and coworkers [5], except that the phenomenon occurs when the acidity of the 

precursor is increased. It is worth mentioning that they synthesized BiVO4 using 

BiCl3 as a source of Bi3+. Thus, the chemical reaction involving the BiOCl 

intermediate could be similar to the current study. According to this study and theirs, 

either increasing acidity or Clˉ concentration could provide a similar outcome of 

the morphological evolution of BiVO4. A plausible reason is related to the solubility 

of BiOCl. Since BiOCl is the intermediate phase followed by its transformation into 

BiVO4, the number of BiOCl particles in the precursor could dictate the crystal 

growth of BiVO4 because the particle number influences the free Bi3+ ions, which 

react with VO3ˉ ions during the BiVO4 formation. It is known that both H3O+ and 

Clˉ ions play a major role in the dissolution of BiOCl to form BiCl4ˉ through a 

chemical reaction (4.5) [15]: 

BiO+ + 2H3O+ + 4Clˉ ⇌ BiCl4ˉ + 3H2O (4.5) 
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In the case of this study, the additional Clˉ ions (more than 1 mmol of KCl) 

could dissolve more BiOCl, decreasing the number of BiOCl particles in the 

precursor and increasing the concentration of the Bi3+ solute in the precursor 

solution. The detailed calculation of the BiCl4ˉ concentration, corresponding to Clˉ 

content in the precursor, is included in Appendix A.  

The morphology of BiVO4 can be explained as follows. The BiOCl 

precipitates during the preparation stage due to homogeneous nucleation. Its growth 

rate is relatively slow as they take the form of nanoparticles, as shown in Fig. 4-5 

and 4-6. At 1 mmol addition of KCl, the number of particles of BiOCl is large. Also, 

the concentration of free Bi3+ ions in the solution is substantially low, leading to 

difficulty in the nucleation of BiVO4. Thus, the formation and growth of the BiVO4 

crystals mainly depend on the transformation from BiOCl to BiVO4 via the reaction 

(possibly, also diffusion) with VO3ˉ. As the concentration of KCl is increased, the 

number of BiOCl particles decreases, and more free Bi3+ ions are generated. Since 

the homogeneous nucleation of BiVO4 is rather difficult, the BiVO4 particles 

transform from the BiOCl particles and can grow larger in volume by the reaction 

between the free Bi3+ and VO3ˉ ions. As a result, raising the concentration of KCl 

leads to different morphologies of the samples, as depicted in Fig. 4-4c to 4-4e. The 

formation of BiVO4 with different morphologies, corresponding to the 

concentration of KCl, is depicted in Fig. 4-5. It is worth mentioning that the 

shuriken-like BiVO4 (the dendritic structure) in Fig. 4-4d can be obtained with the 

addition of 3 mmol KCl. The directional growth of the BiVO4 crystals may be 

attributed to the variation in the relative growth rate of each crystal facet. 

Additionally, the dendrite BiVO4 tends to have a crystal preferential growth in the 

[001] direction [27–29] due to the high surface energy of {001} facets [30]. 
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Fig. 4-5. Schematic illustration of BiVO4 formation with different morphologies, 

corresponding to KCl concentrations. 

 

Fig. 4-6. FE-SEM micrograph of Bi3 heated in the autoclave at 160 °C for (a) 0 min 

(precursor), (b) 30 min, (c) 45 min, (d) 1 h, (e) 2 h, and (f) 12 h. (g) Schematic 

representation of crystal growth of the shuriken-like BiVO4. 
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The morphological evolution of the shuriken-like BiVO4 (Bi3) at different 

stages of the hydrothermal route is depicted in Fig. 4-6. Fig. 4-6a shows a 

micrograph of nanoplates (a thickness of 30 –⁠40 nm), which are BiOCl based on 

the XRD pattern in Fig. 4-3. The aggregation of nanoplates can be seen at the 

reaction time of 30 min under elevated temperature and pressure in Fig. 4-6b. The 

BiOCl nanoplate would go through a self-assembly process via oriented attachment, 

which involves particle coalescence by rotating and interacting to match a mutual 

crystallographic orientation[31]. At the reaction time of 45 min, as shown in Fig. 4-

6c, the nanoplates stacked and joined together to form a star-shaped structure 

through oriented attachment. During the formation process, BiOCl also transformed 

to BiVO4 when they reacted with VO3ˉ ions in the solution, according to the XRD 

result in Fig. 4-3. Based on Fig. 4-6d to 4-6f, the crystal growth of BiVO4 from 1 h 

to 12 h was dominated by Ostwald ripening process in which dissolution occurs on 

small particles, and their ions reprecipitate on the larger particles[32,33]. The 

variation in the relative growth rate of each individual facet promoted the uneven 

deposition rate to form a defined shuriken shape as it grew larger. The BiVO4 

crystals grow faster in the [001] direction due to the high surface energy of {001} 

facets[30]. It is worth mentioning that the BiVO4 crystals also grew along {010} 

planes because the Clˉ ions stabilized {010} facets and significantly reduced the 

growth rate in the [010] direction [14]. The final product of the shuriken-like BiVO4 

with a smooth surface possesses a diagonal length of around 12 µm with a thickness 

of 1–1.5 µm. Fig. 4-6g illustrates the crystal growth of the shuriken-like BiVO4 

during the hydrothermal process.  

In addition to the role of the BiOCl formation and its dissolution, the Clˉ ions 

also decrease the surface energy and stabilize {010} facets of BiVO4 during the 

hydrothermal synthesis [14]. Therefore, it is understandable that BiVO4 has the 

preferential growth in a 2D plane along the {010} planes with a smooth surface as 

the concentration of Clˉ increases. The preferential growth along the {010} planes 

in relation to the concentration of Clˉ ion is consistent with the XRD results. 
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4.3.3. Optical absorption properties of the samples 

Absorption properties of as-synthesized samples were evaluated by UV-Vis 

diffuse reflectance spectra. Fig. 4-7a shows absorption spectra of the samples, 

converted from reflectance data of the samples using Kubelka-Munk function in Eq. 

(3.1). It is observed that the absorption edge of BiVO4 has a redshift correlating 

with the increase in the content of KCl, which is consistent with the color of BiVO4 

as it changes from yellow to orange. Thus, it indicates BiVO4 samples prepared 

with higher KCl content can absorb a broader wavelength of visible light. However, 

there is no significant difference in absorption edge of the sample after further 

addition of KCl content from 3 mmol (Bi3) to 5 mmol (Bi5), as shown in Fig. 4-7a. 

 

Fig. 4-7. (a) UV-Vis absorption spectra and (b) Tauc’s plot of BiVO4 with a different 

amount of KCl. 

Bandgap of each sample is determined using Eq (3.2) and Tauc’s plot 

[(F(R)hv)2 vs. hυ], as illustrated in Fig. 4-7b, where the bandgap of the samples can 

be estimated by extrapolating the linear part of the curve to intercept x-axis. The 

estimated Eg values of the samples are listed in Table 4-1 (p61). The Bi0 has Eg 

value of 2.48 eV, which is similar to a previous report [10]. Interestingly, the Eg 

value of the sample is decreased as the KCl content rises, indicating that the addition 

of KCl in the precursor influences the optical absorption properties of BiVO4. 
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Unlike absorption spectra, the Tauc plot (Fig. 4-7b) visibly reveals that the Eg value 

of Bi3 (2.34 eV) is narrower than that of Bi5 (2.35 eV). Therefore, Eg values of the 

BiVO4 sample follow the order of Bi0 > Bi1 > Bi2 > Bi5 > Bi3. 

The current finding differs from prior studies [6,14], which reported that the 

concentration of Clˉ from NaCl and TiCl3 had no obvious effect on the absorption 

edge and bandgap value of the BiVO4 sample. It could be ascribed to the different 

conditions of synthesis, in which Clˉ was added in different orders. Both previous 

studies added the Clˉ after NH4VO3; thus, BiVO4 could have already formed, 

whereas Clˉ in this study was introduced before NH4VO3 addition. In order to 

confirm this, two BiVO4 samples were prepared via changing the order of adding 

KCl to the precursor, under otherwise identical conditions (3 mmol of KCl). 

The absorption spectra of the samples are shown in Fig 4-8. When Clˉ was 

introduced into the precursor after NH4VO3, the absorption spectrum of the sample 

exhibit no significant difference from that of the sample without KCl, which is 

consistent with the previous studies [6,14]. It could be said that if Clˉ was added 

after NH4VO3, the tetragonal zircon-type BiVO4 intermediate had already formed 

due to its low formation temperature [7]. Thus, the sample prepared with KCl 

addition after NH4VO3, in a sense, goes through a similar formation process as the 

one without KCl addition. On the other hand, the sample prepared with KCl 

addition before NH4VO3 would go through a different formation route, in which the 

monoclinic BiVO4 was converted from BiOCl intermediate, as revealed in XRD 

patterns in Fig. 4-3. To further confirm this, pure BiOCl powder (1 mmol) was used 

as a starting material with the addition of KCl (2 mmol) in a solution with a pH 

value of 1.8 to simulate the preparation of the Bi3 sample. The results demonstrate 

that the absorption spectrum (Fig. 4-8) and the XRD patterns (Fig. 4-9) of the 

BiVO4 sample prepared using pure BiOCl as a Bi3+ source are indeed similar to 

those of the Bi3 sample prepared with KCl addition before NH4VO3. Moreover, 

both samples exhibit tails in their absorption spectra, indicating defects present in 

the samples. The result suggests that the synthetic route used in the current study 

may introduce defects into BiVO4 and create impurity levels, influencing the optical 
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properties of BiVO4. Further study on this matter will be conducted and discussed 

later in Chapter 5. 

 

Fig. 4-8. UV-Vis absorption spectra of the BiVO4 samples without KCl addition (Bi0), with 

3 mmol KCl (Bi3) added before NH4VO3, with 3 mmol KCl (Bi3) added after NH4VO3, 

and BiVO4 prepared using pure BiOCl (1 mmol) as a source of Bi3+ with the addition of 

KCl (2 mmol) and NH4VO3 (1 mmol) in a solution with a pH value of 1.8 to simulate the 

procedure of the Bi3 sample. 

 

Fig. 4-9. XRD diffraction patterns of the precursor and BiVO4 prepared using pure BiOCl 

(1 mmol) as a source of Bi3+ with the addition of KCl (2 mmol) and NH4VO3 (1 mmol) in 

a solution with pH value of 1.8 to simulate the procedure of the Bi3 sample. 
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4.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples 

Elemental composition and chemical state of various samples were analyzed 

using XPS spectra. In Fig. 4-10a, the XPS survey spectra of the as-synthesized Bi0, 

Bi3, and Bi5 samples confirmed the presence of Bi, V, and O elements. Fig. 4-10b 

shows two peaks at 164.6 and 159.3 eV, which are assigned to Bi 4f5/2 and Bi 4f7/2, 

respectively. In Fig. 4-10c, the V 2p1/2 (524.4 eV) and V 2p3/2 (516.8 eV) spectra of 

V 2p orbitals correspond to V−O bonds, indicating the existence of V5+ in the 

samples [4]. Fig. 4-10d displays O 1s spectra with a peak at 530 eV, assigned to the 

bonding with the lattice oxygen (Bi−O) of BiVO4 [34–37]. Based on high-

resolution XPS spectra, the different amount of KCl has no significant influence on 

the chemical state of BiVO4. However, a small amount of Cl is detected for BiVO4 

prepared with additional KCl (Bi3 and Bi5). In Fig. 4-10e, two spin orbital peaks 

of Bi3 located at 199.5 and 198.2 eV, respectively, associate with Cl 2p1/2 and Cl 

2p3/2 of Clˉ in BiOCl [35].  Whereas, the Cl 2p orbital peaks of the Bi5 sample 

exhibit a slight blueshift to 200.3 and 198.6 eV, respectively, when KCl and BiOCl 

content is increased, in accordance with the XRD result (Fig.4-2). 

 

Fig. 4-10. (a) XPS survey spectra of BiVO4 samples and high-resolution XPS spectra of 

(b) Bi 4f, (c) V 2p, (d) O 1s, and (e) Cl 2p. 
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4.3.5. Photocatalytic activities of the samples for rhodamine B degradation 

Photocatalytic activities of the as-synthesized BiVO4 with different 

concentrations of KCl were evaluated by plotting the photodegradation of RhB 

(Ct/C0) against irradiation time (t), as shown in Fig. 4-11. To determine the stability 

of the RhB solution in the test condition, a photolysis of the blank RhB solution 

was also conducted without any photocatalyst. As a controlled test, the photolysis 

of the blank RhB solution showed no significant decrease in concentration over 240 

min, implying RhB solution remained stable in this photocatalytic test condition. 

Under the same condition, the concentration of all RhB solutions containing the 

photocatalyst was drastically reduced over a period of time. After 240 min of 

irradiation, the Bi3 sample exhibited the highest photocatalytic performance as 

about 94.7% of RhB was degraded. It was followed by Bi2 (93.4%) with only a 

slight difference. Whereas, Bi5 only degraded about 63.9% of RhB, which 

demonstrated the lowest photocatalytic activity among the samples. The temporal 

absorption spectra of RhB solution in the presence of each sample are shown in Fig. 

1 (Appendix B). 

 

Fig. 4-11. Photodegradation of RhB solution without any photocatalyst and with BiVO4 

samples prepared with a different amount of KCl under visible light (λ > 420 nm). 

To further study and compare the photocatalytic performance of the samples, 

photodegradation rate constants were determined utilizing a pseudo-first-order 
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reaction equation as in Eq. (3.4). The values of k obtained from ln(C0/Ct) vs. kt plot 

in Fig. 4-12a are also listed in Table 4-1 (p61). Using the specific surface area (SBET 

in Table 4-1) of each sample, the photodegradation rate k per specific surface area 

(k/SBET) is used to compare the photocatalytic degradation of RhB for each sample. 

 

Fig. 4-12. (a) Pseudo-first-order kinetic degradation of RhB by BiVO4 prepared with a 

different amount of KCl precursor; (b) Variation of both photocatalytic degradation rate 

constant (k) over SBET (k/SBET) and relative intensity ratio I(040)/I(1̄21) with respect to the KCl 

concentration in precursor; (c) Linear relationship between k/SBET and relative intensity 

ratio I(040)/I(1̄21); and (d) Reusability test of the Bi3 sample for RhB degradation over four 

cycles under visible light (λ > 420 nm). 

Fig. 4-12b demonstrates the relationship between k/SBET and relative intensity 

ratio I(040)/I(1̄21) with respect to the concentration of KCl. The k/SBET value surges 

along with the  I(040)/I(1̄21) ratio when KCl content is increased until it reaches around 

3 mmol and then goes down when it reaches 5 mmol. Both the k/SBET values and 

the I(040)/I(1̄21) ratios follow a very similar trend, and they can be used to create a 

linear relationship between them, as plotted in Fig. 4-12c.  The figure indicates the 
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linear dependency of k/SBET on the intensity ratio I(040)/I(1̄21) of the samples. It is 

commonly known that a combination of various aspects, such as morphology, 

bandgap, crystal structure, and specific surface area influences the photocatalytic 

performance of photocatalysts. Based on the results in this study, the relative 

intensity ratio I(040)/I( 1̄ 21) plays a major role in the enhanced photocatalytic 

degradation of the RhB dye. The increase in the I(040)/I(1̄21) intensity ratio associates 

with the enhanced exposure of {010} facets, promoting the photocatalytic activity 

of the BiVO4 [2,5,6,10–12]. The shuriken-like BiVO4 with a molar ratio of 1:3 

(Bi:Cl) exhibits the highest RhB photodegradation ascribed to the highest relative 

intensity ratio I(040)/I(1̄21). The narrowest bandgap of the Bi3 sample among the 

samples may also contribute, to some extent, to the enhancement of the 

photocatalytic performance as it could provide superior visible-light absorption. 

Based on the above experimental results and analyses, it could be concluded the 

KCl concentration (via modification of the reaction path) is one of the key factors 

that influence the crystal growth, crystal structure, morphology, and optical 

property of BiVO4, which in turn affect the photocatalytic performance of BiVO4.  

Reusability test was conducted for the Bi3 sample in order to study its 

stability. The test was repeatedly run for fours cycles under identical conditions. 

After each cycle, the photocatalyst was collected and recovered via centrifuge and 

put in a fresh RhB solution for another run. It should be noted that the weight of the 

sample might be reduced each time due to the recovery process. Fig. 4-12d shows 

that the Bi3 sample exhibits good stability, as the RhB degradation efficiency of the 

Bi3 sample only decreases slightly from 94.7% to 90.8% after four cycles. A loss 

of photocatalyst during the recovery process might be responsible for the reduction 

in RhB degradation efficiency. Moreover, there is no significant change in the 

crystal structure of the Bi3 sample after irradiation for four cycles, based on the 

XRD result in Fig. 4-13. 
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Fig. 4-13. XRD patterns of the Bi3 sample before* and after irradiation (4 cycles) under 

visible light (λ > 420 nm). * It is the same data as indicated in Fig. 4.2. 

 

4.4. Conclusion 

The BiVO4 samples with different morphologies were synthesized using a 

varied amount of KCl in the hydrothermal synthesis. The concentration of Clˉ ions 

from KCl played a major role in the crystal growth of BiVO4 via the formation of 

BiOCl intermediate and the order of the KCl addition in the precursor that altered 

the intermediate phase, which influenced the final morphology of the BiVO4. The 

shuriken-like BiVO4 (Bi3) with the molar ratio of 1:3 (Bi:Cl) exhibits the highest 

photocatalytic performance for RhB degradation among the as-synthesized samples 

owing to the high relative intensity ratios of I(040)/I(1̄21) and the narrow bandgap. The 

present work contributes to the development of various dye degradation systems. 

The findings provide an important clue into the effect of Clˉ concentration on BiOCl 

intermediate, influencing the crystal growth, light absorption property, and 

morphology as well as the photocatalytic performance of BiVO4. 

  



 

76 
 

Reference 

[1] H.L. Tan, R. Amal, Y.H. Ng, Alternative strategies in improving the 
photocatalytic and photoelectrochemical activities of visible light-driven 
BiVO4: A review, J. Mater. Chem. A. 5 (2017) 16498–16521. 
https://doi.org/10.1039/c7ta04441k. 

[2] S.M. Thalluri, M. Hussain, G. Saracco, J. Barber, N. Russo, Green-
synthesized BiVO4 oriented along {040} facets for visible-light-driven 
ethylene degradation, Ind. Eng. Chem. Res. 53 (2014) 2640–2646. 
https://doi.org/10.1021/ie403999g. 

[3] M. Hojamberdiev, G. Zhu, Z.C. Kadirova, J. Han, J. Liang, J. Zhou, X. Wei, 
P. Liu, Morphology-controlled growth of BiVO4 crystals by hydrothermal 
method assisted with ethylene glycol and ethylenediamine and their 
photocatalytic activity, Mater. Chem. Phys. 165 (2015) 188–195. 
https://doi.org/10.1016/j.matchemphys.2015.09.015. 

[4] T. Senasu, S. Youngme, K. Hemavibool, S. Nanan, Sunlight-driven 
photodegradation of oxytetracycline antibiotic by BiVO4 photocatalyst, J. 
Solid State Chem. 297 (2021) 122088. 
https://doi.org/10.1016/j.jssc.2021.122088. 

[5] G. Xi, J. Ye, Synthesis of bismuth vanadate nanoplates with exposed {001} 
facets and enhanced visible-light photocatalytic properties, Chem. Commun. 
46 (2010) 1893–1895. https://doi.org/10.1039/b923435g. 

[6] D. Wang, H. Jiang, X. Zong, Q. Xu, Y. Ma, G. Li, C. Li, Crystal facet 
dependence of water oxidation on BiVO4 sheets under visible light irradiation, 
Chem. - A Eur. J. 17 (2011) 1275–1282. 
https://doi.org/10.1002/chem.201001636. 

[7] A. Kudo, K. Omori, H. Kato, A novel aqueous process for preparation of 
crystal form-controlled and highly crystalline BiVO4 powder from layered 
vanadates at room temperature and its photocatalytic and photophysical 
properties, J. Am. Chem. Soc. 121 (1999) 11459–11467. 
https://doi.org/10.1021/ja992541y. 

[8] S. Tokunaga, H. Kato, A. Kudo, Selective preparation of monoclinic and 
tetragonal BiVO4 with scheelite structure and their photocatalytic properties, 
Chem. Mater. 13 (2001) 4624–4628. https://doi.org/10.1021/cm0103390. 

[9] Y. Zhao, R. Li, L. Mu, C. Li, Significance of crystal morphology controlling 
in semiconductor-based photocatalysis: a case study on BiVO4 photocatalyst, 



 

77 
 

Cryst. Growth Des. 17 (2017) 2923–2928. 
https://doi.org/10.1021/acs.cgd.7b00291. 

[10] G. Zhao, W. Liu, Y. Hao, Z. Zhang, Q. Li, S. Zang, Nanostructured shuriken-
like BiVO4 with preferentially exposed {010} facets: Preparation, formation 
mechanism, and enhanced photocatalytic performance, Dalt. Trans. 47 (2018) 
1325–1336. https://doi.org/10.1039/c7dt04431c. 

[11] Y. Li, Z. Sun, S. Zhu, Y. Liao, Z. Chen, D. Zhang, Fabrication of BiVO4 
nanoplates with active facets on graphene sheets for visible-light 
photocatalyst, Carbon N. Y. 94 (2015) 599–606. 
https://doi.org/10.1016/j.carbon.2015.07.042. 

[12] L. Xia, J. Li, J. Bai, L. Li, S. Chen, B. Zhou, BiVO4 photoanode with exposed 
(040) facets for enhanced photoelectrochemical performance, Nano-Micro 
Lett. 10 (2018) 1–10. https://doi.org/10.1007/s40820-017-0163-3. 

[13] B. Baral, K. Parida, {040/110} Facet isotype heterojunctions with monoclinic 
scheelite BiVO4, Inorg. Chem. (2020). 
https://doi.org/10.1021/acs.inorgchem.0c01465. 

[14] S. Xie, Z. Shen, H. Zhang, J. Cheng, Q. Zhang, Y. Wang, Photocatalytic 
coupling of formaldehyde to ethylene glycol and glycolaldehyde over 
bismuth vanadate with controllable facets and cocatalysts, Catal. Sci. Technol. 
7 (2017) 923–933. https://doi.org/10.1039/c6cy02510b. 

[15] M.N. Ackermann, Why is Bismuth Subchloride Soluble in Acid?, J. Chem. 
Educ. 75 (1998) 523. https://doi.org/10.1021/ed075p523. 

[16] B. Xu, A. Zada, G. Wang, Y. Qu, Boosting the visible-light photoactivities of 
BiVO4 nanoplates by Eu doping and coupling CeOx nanoparticles for CO2 
reduction and organic oxidation, Sustain. Energy Fuels. 3 (2019) 3363–3369. 
https://doi.org/10.1039/C9SE00409B. 

[17] S.W. Cao, Z. Yin, J. Barber, F.Y.C. Boey, S.C.J. Loo, C. Xue, Preparation of 
Au-BiVO4 heterogeneous nanostructures as highly efficient visible-light 
photocatalysts, ACS Appl. Mater. Interfaces. 4 (2012) 418–423. 
https://doi.org/10.1021/am201481b. 

[18] X. Zhu, F. Zhang, M. Wang, X. Gao, Y. Luo, J. Xue, Y. Zhang, J. Ding, S. 
Sun, J. Bao, C. Gao, A shuriken-shaped m-BiVO4/{001}-TiO2 
heterojunction: Synthesis, structure and enhanced visible light photocatalytic 
activity, Appl. Catal. A Gen. 521 (2016) 42–49. 
https://doi.org/10.1016/j.apcata.2015.10.017. 



 

78 
 

[19] D. Diemente, Why is bismuth subchloride soluble in acid?, J. Chem. Educ. 
74 (1997) 398–399. https://doi.org/10.1021/ed074p398. 

[20] G. Tan, L. Zhang, H. Ren, S. Wei, J. Huang, A. Xia, Effects of pH on the 
hierarchical structures and photocatalytic performance of BiVO4 powders 
prepared via the microwave hydrothermal method, ACS Appl. Mater. 
Interfaces. 5 (2013) 5186–5193. https://doi.org/10.1021/am401019m. 

[21] A. Ajmal, I. Majeed, R.N. Malik, H. Idriss, M.A. Nadeem, Principles and 
mechanisms of photocatalytic dye degradation on TiO2 based photocatalysts: 
a comparative overview, RSC Adv. 4 (2014) 37003–37026. 
https://doi.org/10.1039/c4ra06658h. 

[22] K. Iqbal, A. Iqbal, A.M. Kirillov, B. Wang, W. Liu, Y. Tang, A new Ce-doped 
MgAl-LDH@Au nanocatalyst for highly efficient reductive degradation of 
organic contaminants, J. Mater. Chem. A. 5 (2017) 6716–6724. 
https://doi.org/10.1039/C6TA10880F. 

[23] K. Iqbal, A. Iqbal, A.M. Kirillov, W. Liu, Y. Tang, Hybrid metal-organic-
framework/inorganic nanocatalyst toward highly efficient discoloration of 
organic dyes in aqueous medium, Inorg. Chem. 57 (2018) 13270–13278. 
https://doi.org/10.1021/acs.inorgchem.8b01826. 

[24] P. Singh, A. Borthakur, P.K. Mishra, D. Tiwary, Nano-materials as 
photocatalysts for degradation of environmental pollutants: challenges and 
possibilities, Elsevier, 2019. 

[25] P. McFadyen, E. Matijević, Copper hydrous oxide sols of uniform particle 
shape and size, J. Colloid Interface Sci. 44 (1973) 95–106. 
https://doi.org/10.1016/0021-9797(73)90196-3. 

[26] Y. Sui, W. Fu, H. Yang, Y. Zeng, Y. Zhang, Q. Zhao, Y. Li, X. Zhou, Y. 
Leng, M. Li, G. Zou, Low temperature synthesis of Cu2O crystals: Shape 
evolution and growth mechanism, Cryst. Growth Des. 10 (2010) 99–108. 
https://doi.org/10.1021/cg900437x. 

[27] D. Li, W. Shi, W. Zheng, Controlled synthesis of m-BiVO4 dendrites for 
enhanced photocatalytic activity, J. Cryst. Growth. 448 (2016) 93–96. 
https://doi.org/10.1016/j.jcrysgro.2016.05.028. 

[28] L. Zhou, W. Wang, H. Xu, Controllable synthesis of three-dimensional well-
defined BiVO4 mesocrystals via a facile additive-free aqueous strategy, Cryst. 
Growth Des. 8 (2008) 728–733. https://doi.org/10.1021/cg0705761. 



 

79 
 

[29] S.S. Patil, D.P. Dubal, V.G. Deonikar, M.S. Tamboli, J.D. Ambekar, P. 
Gomez-Romero, S.S. Kolekar, B.B. Kale, D.R. Patil, Fern-like rGO/BiVO4 
hybrid nanostructures for high-energy symmetric supercapacitor, ACS Appl. 
Mater. Interfaces. 8 (2016) 31602–31610. 
https://doi.org/10.1021/acsami.6b08165. 

[30] G.L. Li, First-principles investigation of the surface properties of fergusonite-
type monoclinic BiVO4 photocatalyst, RSC Adv. 7 (2017) 9130–9140. 
https://doi.org/10.1039/c6ra28006d. 

[31] R.L. Penn, J.A. Soltis, Characterizing crystal growth by oriented aggregation, 
CrystEngComm. 16 (2014) 1409–1418. 
https://doi.org/10.1039/C3CE41773E. 

[32] I.M. Lifshitz, V. V Slyozov, The kinetics of precipitation from supersaturated 
solid solutions, J. Phys. Chem. Solids. 19 (1961) 35–50. 
https://doi.org/https://doi.org/10.1016/0022-3697(61)90054-3. 

[33] M. Lin, Z.Y. Fu, H.R. Tan, J.P.Y. Tan, S.C. Ng, E. Teo, Hydrothermal 
synthesis of CeO2 nanocrystals: Ostwald ripening or oriented attachment?, 
Cryst. Growth Des. 12 (2012) 3296–3303. https://doi.org/10.1021/cg300421x. 

[34] D.P. Jaihindh, B. Thirumalraj, S.M. Chen, P. Balasubramanian, Y.P. Fu, 
Facile synthesis of hierarchically nanostructured bismuth vanadate: An 
efficient photocatalyst for degradation and detection of hexavalent chromium, 
J. Hazard. Mater. 367 (2019) 647–657. 
https://doi.org/10.1016/j.jhazmat.2019.01.017. 

[35] C. Feng, D. Wang, B. Jin, Z. Jiao, The enhanced photocatalytic properties of 
BiOCl/BiVO4 p-n heterojunctions via plasmon resonance of metal Bi, RSC 
Adv. 5 (2015) 75947–75952. https://doi.org/10.1039/c5ra13886h. 

[36] M. Zhu, Q. Liu, W. Chen, Y. Yin, L. Ge, H. Li, K. Wang, Boosting the 
visible-light photoactivity of BiOCl/BiVO4/N-GQD ternary heterojunctions 
based on internal Z-scheme charge transfer of N-GQDs: simultaneous band 
gap narrowing and carrier lifetime prolonging, ACS Appl. Mater. Interfaces. 
9 (2017) 38832–38841. https://doi.org/10.1021/acsami.7b14412. 

[37] L. Zhang, Q. Luo, X. Chen, M.S. Tse, O.K. Tan, K.H.H. Li, Y.Y. Tay, C.K. 
Lim, X. Guo, H. holden, Mechanochemically synthesized CuO/m-BiVO4 
composite with enhanced photoelectrochemical and photocatalytic properties, 
RSC Adv. 6 (2016) 65038–65046. https://doi.org/10.1039/c6ra13411d. 

 



 

80 
 

 

 



 

81 
 

5. The Effect of Calcination on Optical Properties 

of BiVO4 Prepared via Hydrothermal Route 

 

 

5.1. Introduction 

Photocatalyst is a fascinating material, which can harness light energy to 

promote a chemical reaction for various applications such as water spitting [1], 

pollutant degradation [2], hydrocarbon production [3], and self-cleaning effect [4]. 

A commonly-used semiconductor photocatalyst is TiO2, with a wide bandgap of 

3.2 eV. This material, however, works only under ultraviolet light, which occupies 

only about 5% of sunlight at the surface of the Earth [5,6]. Therefore, numerous 

research has been performed to seek alternative photocatalysts with narrower 

bandgap, which can harness visible light energy, such as Fe2O3 [7], BiVO4 [1], SnS2 

[8], CdS [9], etc.  

In particular, the BiVO4 with monoclinic structure has attracted significant 

interest from researchers due to its bandgap around ~2.5 eV [10] and other 

advantages such as low cost of production, non-toxicity, abundance, and stability 

[11]. However, although the BiVO4 with a bandgap of 2.5 eV can harness visible 

light, its photon absorption is limited to a wavelength shorter than 500 nm. 

Considering that there are still a significant amount of photons of sunlight in 

wavelength of 500–600 nm, narrowing bandgap of BiVO4 could further improve its 

light absorption efficiency and photocatalytic performance, as evidently shown by 

a previous study [12–14]. Hence, the ability to tune the bandgap of BiVO4 is crucial 

for achieving optimal performance for various applications. Many studies have 

been conducted to modify the bandgap of a photocatalyst via various techniques, 

such as doping [13,15], controlling oxygen vacancies [14,16], incorporating with 

other photocatalysts [17], etc. 
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The study [18] in Chapter 4 reveals that an addition of KCl in the precursor 

of BiVO4 influences not only the morphology but also the bandgap of BiVO4. 

Furthermore, the photocatalytic performance of the BiVO4 prepared with KCl is 

enhanced compared with that of pristine BiVO4. Although KCl addition has been 

shown to narrow the bandgap of BiVO4, the underlying cause behind the effect has 

not been clarified yet. Identifying the cause could lead to a discovery of a novel 

technique to control the bandgap of BiVO4. 

A possible explanation could be that KCl may induce defects in BiVO4 during 

the synthesis, which introduces an impurity band inside the bandgap (of pristine 

BiVO4) and extends the light absorption edge of BiVO4 to the longer light 

wavelength range. The likely defects produced during synthesis could be oxygen 

vacancies in BiVO4 since they are the common point defects found in metal oxides 

[19,20]. Oxygen vacancies have been demonstrated to reduce material bandgap by 

introducing defect levels inside the electronic bandgap [20,21]. 

Thermal treatment can be an effective method to study oxygen vacancies 

present in metal oxides. Calcining metal oxides with oxygen vacancies in air 

(oxygen-rich atmosphere) can cause oxygen to fill the vacancy, reducing the 

number of oxygen vacancies in the materials [22,23]. Whereas calcining them in an 

oxygen-deficient atmosphere including nitrogen (N2) [13,23], hydrogen (H2) [24], 

and argon (Ar) atmosphere [14] could retain the level of oxygen vacancies or further 

introduce oxygen vacancies in the material, depending on the calcination condition. 

Among oxygen-deficient calcination, H2 gas may cause an undesirable reduction to 

the metal oxides due to its strong reducing ability [25], while N2 gas may introduce 

an N-doping effect in the oxide materials  [13,23]. On the other hand, Ar gas has 

been found to induce only a mild effect on oxygen vacancies in BiVO4, and the 

doping effect by Ar gas has not been reported yet [14,26]. Considering this matter, 

Ar calcination is a suitable option to examine oxygen vacancies in the material to 

retain oxygen vacancies in BiVO4 without introducing doping effect. 

This study aims to control oxygen vacancies and bandgap of BiVO4 using 

different calcination conditions (oxygen-rich and oxygen-deficient atmosphere). 
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The study also examines the correlation between oxygen vacancies and the bandgap 

of BiVO4. In addition, the current work intends to clarify the underlying cause 

affecting the optical properties of BiVO4, prepared with KCl addition in the 

precursor. In this study, the BiVO4 sample was synthesized via a hydrothermal 

method, in which KCl was added to the BiVO4 precursor. This work explores the 

change of oxygen vacancy level via heating the sample at different temperatures in 

either air (oxygen-rich atmosphere) or Ar gas (oxygen-deficient atmosphere). The 

morphology, crystal structure, surface chemical state, and optical properties were 

examined and discussed. The result showed that the bandgap value of the sample 

prepared with KCl almost restored to that of pristine BiVO4 when calcined in air up 

to 600 °C, while the value was not changed if calcined in Ar up to 600 °C, strongly 

indicating an involvement of oxygen vacancies in the sample. The correlation of 

the KCl concentration with oxygen vacancies in the BiVO4 sample will be also 

discussed. 

5.2. Experimental 

5.2.1. Materials 

In this study, all chemicals with analytical grade were used without further 

purification.  Bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O, 99.5%), 

ammonium vanadate (NH4VO3, 99.0%), ethanolamine (2-aminoethanol, C2H7NO, 

≥ 97.0%) were supplied by Nacalai Tesque. Potassium chloride (KCl, 99.5%) was 

purchased from FUJIFILM Wako Pure Chemical Corporation. Ultrapure water 

(18.2 MΩ.cm at 25 °C) used for synthesis was obtained via the Direct-Q water 

purification system (Millipore). 

5.2.2. Preparation of BiVO4 samples 

BiVO4 was prepared via a typical hydrothermal synthesis with additional KCl. 

First of all, 0.001 mol of Bi(NO3)3·5H2O was put in 30 ml of ultrapure water. After 

5 min of stirring, 0.003 mol of KCl was added into the solution to form barely 

soluble BiOCl. Then, 0.001 mol of NH4VO3 was put into the suspension. Then, the 

pH of the solution was adjusted to 1.8 using 0.6 ml of 1M ethanolamine. After 1 h 
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of constant stirring, ultrasonication (45 Hz) was used to agitate the suspension for 

another 1 h. Then, it was transferred to a 50 ml stainless-steel autoclave with a 

Teflon liner, which was sealed and placed in a pre-heated oven at 160 °C for 12 h. 

When the autoclave cooled down to room temperature, the as-synthesized BiVO4 

was taken out from the autoclave, washed several times with ultrapure water and 

ethyl alcohol, and dried at 90 °C overnight. This sample was denoted as KCl-BiVO4. 

For comparison, a pristine BiVO4 sample, without KCl addition in the precursor, 

was prepared via the same procedure. Finally, the KCl-BiVO4 sample was calcined 

in a tube furnace either under ambient air or Ar atmosphere (pressure of 0.04 MPa) 

for 1 h at different temperatures of 400 °C, 500 °C, and 600 °C. The samples were 

denoted as KCl-BiVO4 T-air and KCl-BiVO4 T-Ar, where T represents the calcined 

temperature. 

5.2.3. Characterization 

The X-ray diffraction (XRD) diffractograms of as-prepared samples were 

measured using a Rigaku RINT2100 with Cu Kα radiation (λ = 0.15418 nm) 

operated at 40 kV and 30 mA. The microstructure and morphology of each sample 

were observed using an FE-SEM (Hitachi SU6600 Scanning Electron Microscope), 

where all samples were sputter-coated with thin Au film to prevent electronic 

charge-up. The x-ray photoelectron spectroscopy (XPS, JPS-9030 x-ray 

photoelectron spectrometer) was conducted with Mg Kα radiation using O 1s peak 

at 530 eV as reference. The UV-vis diffuse reflectance spectra (DRS) were obtained 

using a Lambda 750S UV/Vis/NIR Spectrophotometer equipped with a 60 mm 

integrating sphere. 
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5.3. Results and discussion 

5.3.1. Morphology and microstructure of the samples 

Morphologies of the samples are shown in SEM micrographs (Fig. 5-1).  The 

pristine BiVO4 sample (Fig. 5-1a) exhibits a rod-like structure, while the KCl-

BiVO4 sample (Fig. 5-1b) possesses a shuriken-like structure. The morphology of 

shuriken-like BiVO4 caused by the addition of KCl has been discussed in Chapter 

4 [18]. The KCl-BiVO4 samples are calcined at different temperatures either under 

ambient air (Fig. 5-1c, 5-1e, and 5-1g) or under Ar atmosphere (Fig. 5-1d, 5-1f, and 

5-1h). Based on Fig. 5-1c to 5-1f, there is no significant change when KCl-BiVO4 

is heated at 400 °C and 500 °C for both in air and Ar gas. However, the morphology 

of KCl-BiVO4 is altered noticeably when the temperature becomes 600 °C either 

under air or Ar gas (Fig. 5-1g and 5-1h). The surface of KCl-BiVO4 becomes 

smoother at 600 °C. Earlier studies have also found that the BiVO4 particles become 

more spherical with a smoother surface at the temperature above 500 °C due to the 

BiVO4 crystallization process [27,28]. 
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Fig. 5-1. SEM images of (a) pristine BiVO4, (b) KCl-BiVO4, (c) KCl-BiVO4 400-air, (d) 

KCl-BiVO4 400-Ar, (e) KCl-BiVO4 500-air, (f) KCl-BiVO4 500-Ar, (g) KCl-BiVO4 600-

air, and (h) KCl-BiVO4 600-Ar. 

 

5.3.2. Crystal structure of the samples 

Fig. 5-2 shows XRD patterns of BiVO4 with and without addition of KCl. 

Both samples exhibit monoclinic structure (ICDD PDF No. 00-014-0688), except 

that the KCl-BiVO4 sample possesses a strong intensity at 30.5°, corresponding to 

(040) plane due to the effect of Clˉ on the crystal growth of BiVO4 [29]. 

Furthermore, the XRD diffractogram of the KCl-BiVO4 sample displays small 



 

87 
 

peaks of a tetragonal BiOCl at 12°, 24.1°, and 25.9°, assigned to (001), (002), and 

(101) planes (ICDD PDF No.  00-006-0249), respectively. 

 

Fig. 5-2. XRD patterns of pristine BiVO4 and KCl-BiVO4. 

The KCl-BiVO4 samples are calcined at different temperatures in air (Fig. 5-

3a) and Ar gas (Fig. 5-3b). The KCl-BiVO4 sample retains the monoclinic structure 

of BiVO4 after calcination either in air or in Ar gas. The peak intensity of BiOCl 

phase decreases as the temperature increases in either condition of calcination since 

BiOCl is reported to decompose and convert to Bi24O31Cl10 at a temperature above 

400 °C [30–32]. However, there is no Bi24O31Cl10 phase observed in this study, as 

shown in Fig. 5-3. Instead, another crystal phase appears in Fig. 5-3b when KCl-

BiVO4 is heated to 600 °C in Ar atmosphere. The diffraction peaks of the mentioned 

crystal phase at 11.5°, 23.6°, and 32.6° can be assigned to (002), (013), and (200) 

planes of Bi4V2O10 (ICDD PDF No.  01-086-1181) [33], respectively. 
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Fig. 5-3. XRD patterns of KCl-BiVO4 calcined at different temperatures in (a) air and (b) 

Ar gas, including their respective magnification charts at 2θ = 10° to 27° and 2θ = 10° to 

36°. All peaks without symbols correspond to the BiVO4. 

In the present study, the formation of Bi4V2O10 in the KCl-BiVO4 600-Ar 

sample can be explained as follows. The Bi4V2O10 belongs to Bi2O3–VO2 system 

with V4+ instead of V5+ [33,34]. According to the previous works [33,35], Bi4V2O10 

can be synthesized by heating the mixture of Bi2O3 and VO2 at a temperature higher 

than 550 °C in vacuum. To date, there is scarce research on Bi4V2O10, and no report 

has indicated production of Bi4V2O10 via the thermal treatment of BiVO4; that is, 

no Bi4V2O10 phase would be observed when BiVO4 phase is annealed at a 

temperature range of 300–700 °C under Ar atmosphere, as demonstrated by an 

earlier study [14]. The plausible explanation of Bi4V2O10 appearance in the KCl-

BiVO4 600-Ar sample is that the pre-formed BiOCl decomposes and loses Cl at 

high temperatures, and further reacts with V4+ to form Bi4V2O10 phase. It is worth 

mentioning that V4+ exists in BiVO4 in response to oxygen vacancies in the BiVO4 

to maintain charge neutrality [36,37]. It is thus indicated that a considerable number 

of oxygen vacancies are already present in KCl-BiVO4, and more vacancies are 

further introduced by oxygen-deficient calcination. 

5.3.3. X-ray photoelectron spectroscopic (XPS) analyses of the samples 

XPS analysis was used to study the surface chemical state, including 

vacancies and composition of the samples. XPS survey spectra in Fig. 5-4a 

demonstrate the existence of Bi, V, and O elements in both BiVO4 and KCl-BiVO4 
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heated at various temperatures in air. Fig. 5-4b shows Bi 4f XPS spectra of BiVO4 

and KCl-BiVO4, corresponding to Bi3+ of BiVO4. Both spectra are composed of 

two peaks at 164.6 and 159.3 eV, each corresponding to Bi 4f5/2 and Bi 4f7/2, 

respectively [38]. There is no significant change in the core level of Bi 4f when the 

KCl-BiVO4 sample is calcined up to 600 °C in air. On the other hand, in Fig. 5-4c, 

an asymmetry spectrum of each sample, assigned to V 2p3/2 of BiVO4, can be 

deconvoluted into two peaks, V5+ (516.9 eV) and V4+ (515.3 eV) [2,14]. The 

existence of V4+ has been reported to indicate the presence of oxygen vacancies in 

BiVO4 [36,37]. The peak areas (in cps) of V5+ and V4+ are listed in Table 5-1. In 

Fig. 5-4d, it is displayed that the KCl-BiVO4 sample possesses a small peak at 198.6 

eV, assigned to Cl 2p of BiOCl [39]. The peak disappears when the temperature 

becomes 600 °C, which is in agreement with XRD patterns in Fig. 5-3a. Lastly, O 

1s peaks of the samples (Fig. 5-4e) at 530 eV corresponds to the bonding of Bi−O 

in BiVO4 [39,40]. 

 

Fig. 5-4. XPS spectra of BiVO4 and KCl-BiVO4 samples calcined in air at various 

temperatures: (a) survey spectra and high-resolution spectra of (b) Bi 4f, (c) V 2p, (d) Cl 

2p, and (e) O 1s orbitals. 
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Table 5-1. XPS relative peak areas of V5+ and V4+ from V 2p3/2, estimated % oxygen 

vacancies (Vo) and bandgaps (Eg) of the pristine BiVO4 and the KCl-BiVO4 calcined at 

various temperatures, either in Ar gas or in air. 

Sample Peak area V5+ 
(%) 

Peak area V4+ 
(%) 

% Oxygen 
Vacancy, Vo (%) 

Eg (eV) 

KCl-BiVO4 91.2 8.8 4.4 2.34 

KCl-BiVO4 400-Ar 91.2 8.8 4.4 2.34 

KCl-BiVO4 500-Ar 91.2 8.8 4.4 2.34 

KCl-BiVO4 600-Ar 90.8 9.2 —a 2.34 

KCl-BiVO4 400-air 94.4 5.6 2.8 2.42 

KCl-BiVO4 500-air 95.5 4.5 2.2 2.44 

KCl-BiVO4 600-air 95.7 4.3 2.2 2.45 

BiVO4 96.1 3.9 2.0 2.48 

a since KCl-BiVO4 600-Ar contains Bi4V2O10 phase, V4+ may come from both Bi4V2O10
 

and oxygen vacancies in BiVO4. Thus, the oxygen vacancies in BiVO4 cannot be 
estimated using relative areas of V5+ and V4+. 

 

The Bi, V, and O elements are also observed in XPS survey spectra (Fig. 5-

5a) of the KCl-BiVO4 sample calcined in Ar gas. Similar to the KCl-BiVO4 sample 

calcined in air, the core level of Bi 4f (Fig. 5-5b) and O 1s (Fig. 5-5e) exhibits no 

apparent change when calcined up to 600 °C in Ar gas. Likewise, the V 2p3/2 spectra 

of the sample calcined in Ar gas are similar to those of the sample calcined in air 

except the relative peak area of V5+ and V4+ (Table 5-1), which is discussed later. 

Fig. 5-5d illustrates a small peak of Cl 2p (198.6 eV) of BiOCl [39] in the KCl-

BiVO4 600-Ar sample, indicating residual Cl remains in the sample even though 

BiOCl phase disappears in XRD patterns (Fig. 5-3b). It suggests that either residual 

BiOCl may still exist in the form of amorphous or residual chlorine is present in the 

sample. 
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Fig. 5-5. XPS survey spectra of BiVO4 and KCl-BiVO4 samples calcined in Ar gas at 

different temperatures and high-resolution XPS spectra of (b) Bi 4f, (c) V 2p, (d) Cl 2p, 

and (e) O 1s orbitals. 

The % oxygen vacancies (Vo) in Table 5-1 can be estimated using the peak 

area of V5+ and V4+ in the V 2p3/2 XPS spectra, assuming that each oxygen vacancy 

site generates two equivalent of V4+. Thus, the % oxygen vacancies (Vo) is 

calculated using the following Eq (5-1) [37]. 

𝑉௢ = ቆ
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑉ସା

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑉ସା + 𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑉ହା
 ቇ × 0.5 × 100% (5.1) 

 

5.3.4. Optical properties of the samples 

Fig. 5-6 illustrates the different colors of all the samples. Pristine BiVO4 

exhibits bright yellow color while KCl-BiVO4 is orange in color. When KCl-BiVO4 
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is calcined at different temperatures in Ar gas, its color changes from orange to dark 

green. Likewise, when KCl-BiVO4 is calcined in air at 400 °C, it also shows similar 

dark green in color. However, the color alters to bright yellow, similar to pristine 

BiVO4 when the temperature is increased to 500 °C and 600 °C. 

 

Fig. 5-6. Photographs of pristine BiVO4, KCl-BiVO4, and calcined KCl-BiVO4 at various 

temperatures in air and Ar gas. 

The optical properties of the samples are investigated using UV-vis diffuse 

reflectance spectra (DRS). Absorption spectra are transformed from reflectance 

spectra using Kubelka-Munk function, F(R) = (1-R)2/2R, where R is diffuse 

reflectance. The absorption spectrum of each sample is depicted in Fig. 5-7a and 5-

7c. Since BiVO4 is a direct transition semiconductor, the plot, F(R)hν)2 vs. hν, can 

be used to estimate the bandgaps [10,40,41], where each bandgap value (Eg), as 

shown in Table 5-1, is determined by extrapolating the linear part of the curve in 

Fig. 5-7b and 5-7d. Based on Fig. 5-7, the pristine BiVO4 sample exhibits the Eg 

value of 2.48 eV, similar to that of pristine BiVO4 reported by an earlier study [10]. 

On the other hand, the KCl-BiVO4 sample possesses a narrower Eg of 2.34 eV, 

indicating that the addition of KCl (in precursor) reduces the Eg value of BiVO4. 

Figure 5-7 also demonstrates the absorption spectra and bandgap of the KCl-BiVO4 

sample, calcined at various temperatures either in air (oxygen-rich gas) or in Ar gas 

(oxygen-deficient gas). 
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Fig. 5-7. UV-vis absorption spectra (left) and (F(R)hv)2 vs hv plot (right) of pristine BiVO4 

and KCl-BiVO4 calcined at different temperatures in (a-b) air and (c-d) Ar gas. 

As shown in Fig. 5-7a and 5-7b, the absorption edge of the KCl-BiVO4 

sample calcined in air exhibits a blueshift, and the Eg value of the sample calcined 

at 600 °C in air is almost that of the pristine BiVO4. On the other hand, the Eg value 

of the KCl-BiVO4 sample remains to be at 2.34 eV, as shown in Fig. 5-7c and 5-7d. 

Since BiOCl possesses a bandgap of about 3.3 eV [42], which is substantially wider 

than that (2.34–2.48 eV) of BiVO4, it may not influence the bandgap of BiVO4. 

Moreover, earlier study [42] reported no significant change in bandgap of BiVO4 

in BiOCl/BiVO4 composite even with their interface formed at a nanosized level. 

Thus, the modification of the bandgap may not be originated from the residual 

BiOCl in the samples (XRD result in Fig. 5-3). The Bi4V2O11 phase, on the other 

hand, is only observed in KCl-BiVO4 600-Ar (Fig. 5-3b), whose Eg value is equal 

to those of KCl-BiVO4, KCl-BiVO4 400-Ar, and KCl-BiVO4 500-Ar. Thus, the 

small amount of Bi4V2O11 might not influence the bandgap of BiVO4. Hence, the 

change in the bandgap is more likely to be attributed to oxygen vacancies, which 
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had been found to influence the light absorption and bandgap of BiVO4 [36,37]. 

This result is consistent with the presence of oxygen vacancies from the XPS result. 

The oxygen vacancies in metal oxides are reported to create defect levels inside the 

electronic bandgap, either just below the bottom end of the conduction band or just 

above the upper end of the valence band. This would result in a decrease of the 

bandgap due to overlapping of the defect states with either the conduction band 

minimum or the valence band maximum [20,21].  

The present study shows the bandgaps of KCl-BiVO4 samples before and 

after Ar-calcination (400, 500, and 600 °C) are unchanged. This result defers from 

that of earlier report [14], which revealed that bandgap values of Ar-calcination 

BiVO4 were slightly reduced by 0.02 and 0.05 eV at temperatures of 500 and 700 °C, 

respectively, compared with untreated BiVO4. It was attributed to an increase in 

oxygen vacancies. The different outcomes between the said report and this study 

could be a large number of oxygen vacancies already present in the untreated KCl-

BiVO4 (from the XPS results). Thus, calcining the KCl-BiVO4 sample in Ar could 

not further induce more oxygen vacancies in the sample. To confirm this, the KCl-

BiVO4 sample was first calcined at 600 °C (1 h) in air, then at 600 °C (1 h) in Ar 

gas. The sample was allowed to cool to room temperature in between both 

calcinations. Bandgaps of the samples were determined using the Tauc’s plot, as 

shown in Fig. 5-8. The result showed that the bandgap of the said sample increased 

from 2.34 to 2.45 eV when calcined in air (600 °C for 1 h), and then decreases to 

2.40 eV when calcined in Ar (600 °C for 1 h). It implies that if the amount of oxygen 

vacancies in KCl-BiVO4 is relatively low, Ar calcination could induce oxygen 

vacancies and reduce the bandgap of KCl-BiVO4. The results of this study are in 

agreement with those of previous study [43], in which the BiVO4 was annealed in 

air at 450 °C for 2 h before being heated in Ar gas (300 – 400 °C for 2 h). 
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Fig. 5-8. (a) UV-vis absorption spectra and (b) (F(R)hv)2 vs hv plot of KCl-BiVO4, KCl-

BiVO4 600-air, and KCl-BiVO4 600-air-Ar (KCl-BiVO4 was calcined at 600 °C in air and 

then Ar gas). 

It is worth mentioning that although absorption edges and bandgaps remain 

unchanged for the Ar-calcination samples (Fig. 5-7c and 5-7d), their baselines of 

absorption spectra (550–800 nm) shift upward, which could be ascribed to the 

change in color (dark green) of Ar-calcination samples in Fig. 5-6. This 

phenomenon has also been observed by Qin et al. [44], who treated BiVO4 film by 

electrochemical and chemical (NaBH4) reduction. They mentioned the dark green 

color occurred after the electrochemical and chemical reduction treatment, which 

generated a considerable amount of V4+ in BiVO4. Hence, the dark green color of 

BiVO4 might be caused by electrical energy and the large amount of V4+ present in 

the BiVO4. In the case of the current study, a likely cause of the color change is 

heat energy (instead of electrical energy) and the large amount of V4+ present in the 

KCl-BiVO4 sample, which would explain the dark green color of Ar-calcination 

samples. It suggests that high temperature may modify the surface state of BiVO4 

that possesses a considerable amount of V4+
.
 It is further confirmed by the KCl-

BiVO4 400-air sample, which exhibits a greenish-yellow color (Fig. 5-6) due to a 

moderate amount of V4+ still present in the sample. On the other hand, the KCl-
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BiVO4 500-air and KCl-BiVO4 600-air samples display bright yellow, comparable 

to the pristine BiVO4, because of their low amount of V4+. 

Table 5-1 shows the relationship between Vo and Eg of all the samples. The 

Eg value decreases along with an increase in the Vo value, strongly suggesting that 

an increase in oxygen vacancies narrows the bandgap of the sample, which is 

consistent with earlier research [36,37,45]. As a result, the correlation between 

bandgap and oxygen vacancies in present study can be constructed in a linear 

relationship, as plotted in Fig. 5-9. A similar linear relationship between bandgap 

and oxygen vacancies has been reported in ZnO thin films, produced via varying 

the oxygen partial pressure [16]. It should be noted that the data of KCl-BiVO4 600-

Ar are not used to construct Fig. 5-9 because the said sample contains Bi4V2O10 

phase (from XRD results), possessing V4+ states that are not responsible for oxygen 

vacancies in BiVO4. 

 

 

Fig. 5-9. Correlation between bandgap and oxygen vacancies of the samples. 
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Based on all results and analyses, it can be inferred that a large number of 

oxygen vacancies was produced during the sample preparation of BiVO4 with the 

addition of KCl, which in turn narrows the bandgap of BiVO4. The bandgap value 

of KCl-BiVO4 can be restored to that of pristine BiVO4 by heating the sample in 

air. When the KCl-BiVO4 sample is calcined in air (oxygen-rich atmosphere), the 

oxygen from the air can effectively fill the oxygen vacancies [22,23] in the BiVO4 

system as temperature increases, leading to reducing some vacancy defects and 

restoring its Eg value close to that of pristine BiVO4. Conversely, when the KCl-

BiVO4 sample is calcined in Ar gas (oxygen-deficient atmosphere), the oxygen 

vacancies remain in the system, resulting in no change in its Eg value. Therefore, it 

can be concluded that the addition of KCl during BiVO4 preparation induces 

additional oxygen vacancies in the KCl-BiVO4 sample and narrows the bandgap of 

the sample. The underlying cause behind this effect will be discussed in the next 

section. Additionally, the bandgap value of KCl-BiVO4 can be tunable by heating 

the sample in different atmospheric conditions, as shown in Fig. 5-8. 

5.3.5. Relationship between the addition of KCl and oxygen vacancies in the 

KCl-BiVO4 samples 

Based on study [18] in Chapter 4, KCl concentration could influence the 

bandgaps of BiVO4 due to the defects in the BiVO4 crystal structure. The study in 

this chapter suggests the defects could be the oxygen vacancies introduced via 

addition of KCl to the BiVO4 precursor. Thus, there should be a connection between 

KCl concentration and formation of oxygen vacancies in the KCl-BiVO4 sample. 

In order to confirm this point, the KCl-BiVO4 samples were prepared with different 

concentrations of KCl (0, 1, 2, 3, 4, and 5 mmol). The Eg and Vo [Eq (5-1)] values 

of the samples produced with various KCl concentration are listed in Table 5-2, the 

values of which are determined using Tauc’s’s’s plot (Fig. 1 in Appendix C) and 

XPS V 2p3/2 spectra (Fig. 2 in Appendix C). 
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Table 5-2. XPS peak areas of V5+ and V4+ from V 2p3/2, estimated % oxygen vacancies (Vo), 

and bandgaps (Eg) of the KCl-BiVO4 with various concentrations of KCl. 

KCl 
concentration 
in KCl-BiVO4 

Peak area 
V5+ (%) 

Peak area 
V4+ (%) 

Vo
a from XPS 

V 2p3/2 (%) 

Eg (eV) Vo’b from Eg 
value (%) 

5 mmol 91.0 9.0 4.5 2.35 4.2 

4 mmol 90.8 9.2 4.6  2.32 4.8 

3 mmol 91.2 8.8 4.4 2.34 4.4 

2 mmol 94.2 5.8 2.9 2.43 2.7 

1 mmol 95.6 4.4 2.2 2.45 2.3 

0 mmol 96.1 3.9 2.0 2.48 1.7 

a oxygen vacancies, Vo, are estimated using XPS V 2p3/2 spectra and Eq (5-1);  
b oxygen vacancies, Vo’ , are estimated using Eg and correlation between bandgap and 
oxygen vacancies in Fig. 5-9. 

 

The relationship between oxygen vacancies and KCl concentration is 

demonstrated in Fig 5-10. There are two data plotted in the figure. One set of data 

is calculated using the Eq (5-1) and XPS V 2p3/2 spectra (Table 5-2), and the other 

is using the Eg values (Table 5-2) and correlation between bandgap and oxygen 

vacancies (Fig. 5-9). Both results are comparable and follow a similar trend, where 

oxygen vacancies increase along with an increase in KCl concentration up to 3 

mmol and remain almost constant from 3 to 5 mmol of KCl. 
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Fig. 5-10. Relationship between oxygen vacancies and KCl concentration of data calculated 

from XPS spectra and bandgap. 

The increase in oxygen vacancies corresponding to the addition of KCl (Fig. 

5-10) could be explained as follows. Generally, the formation of oxygen vacancies 

in metal oxides is involved with the oxygen-deficient environment, the chemical 

reduction, the dynamics of ionic defects, the plasma treatment, and the hydrogen 

treatment [14,20,46]. In case of this study, a plausible explanation of the increase 

in oxygen vacancies along with KCl concentration could be the reduction reaction 

of V5+ to V4+ by Clˉ during the synthesis. The existence of V4+ in the final product 

of BiVO4 generates oxygen vacancies to retain charge neutrality in the BiVO4 

sample [37,47]. Considering the reaction (5-2) below, the formation reaction of 

VO2+ (V4+) ions is favored, as the change in Gibbs free energy (ΔG° = -11.66 kJ 

mol-1) is negative at standard condition of 298.15 K and 1 bar (see the calculation 

(b) in Appendix A). 

2VO3ˉ (aq) + 2Clˉ (aq) + 8H+ (aq) ⇌ 2VO2+ (aq) + Cl2 (g) + 4H2O (l) (5-2) 

  (V5+)  (V4+)  
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Moreover, earlier study has reported a small amount of V4+ was produced in 

a solution of V5+ and chlorine [48].  Thus, adding more Clˉ would result in 

generating more VO2+ with V4+, which could contribute to the formation of oxygen 

vacancies in BiVO4. Although this does not accurately represent the actual 

condition of synthesis, which involves other chemicals and hydrothermal 

conditions, it may provide an insight on the correlation between concentrations of 

Clˉ and V4+, which is in good agreement with the increase in oxygen vacancies in 

the KCl-BiVO4 sample.  

On the other hand, the increase of oxygen vacancies is almost constant from 

3 to 5 mmol of KCl (Fig. 5-10) because only the addition of KCl might not be able 

to induce more V4+ ions since the process also depends on acidity. It is also worth 

mentioning that there is a small decrease in oxygen vacancy levels calculated from 

bandgaps of the KCl-BiVO4 sample with KCl of 5 mmol (Fig. 5-10).  It might imply 

that the bandgap of KCl-BiVO4 could be influenced by other minor factor besides 

oxygen vacancies. The minor factor might possibly be a Cl-doping effect caused by 

a small amount Cl existing in the KCl-BiVO4 sample. The Cl observed in KCl-

BiVO4 (the XPS result) could correspond to both BiOCl and Cl elements in the 

sample. Earlier studies on the Cl-doping effect on optical properties of ZnO [49] 

and CdS [50] found that the bandgaps of both materials widened with the increase 

in Cl-doping concentration. This doping effect might also occur on BiVO4, resulting 

in a slight increase in bandgap when KCl concentration increases. Therefore, the 

oxygen vacancies calculated using the bandgap of the sample might be 

underestimated and less accurate at a relatively high concentration of KCl (5 mmol). 

The above analysis indicates that KCl concentration in the BiVO4 precursor 

influences oxygen vacancies, in turn modifying the bandgap of BiVO4.  Therefore, 

oxygen vacancies and bandgap of BiVO4 could be controlled not only by 

calcination conditions, but also by varying KCl concentration during the BiVO4 

preparation. 
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5.4. Conclusions 

The KCl-BiVO4 sample was synthesized via hydrothermal method with 

addition of KCl in the BiVO4 precursor, and compared with pristine BiVO4. The 

KCl-BiVO4 sample exhibits narrower bandgap compared with pristine BiVO4 

sample. The bandgap modification is ascribed to the oxygen vacancies, which could 

be partially eliminated via calcination of the sample in air (oxygen-rich atmosphere) 

up to 600 °C. The linear correlation is found between the amount of oxygen 

vacancies in the KCl-BiVO4 sample and the bandgap value, in which an increase in 

the former reduces the latter value. Since altering the KCl concentration in the 

BiVO4 precursor and the calcination condition would influence the level of oxygen 

vacancies in BiVO4, it is thus possible that the bandgap of BiVO4 can be tunable 

via controlling these two factors. These findings are beneficial not only in the field 

of photocatalysis, but also in other potential applications that involve bandgap 

engineering. 

  



 

102 
 

Reference 

[1] G. Xi, J. Ye, Synthesis of bismuth vanadate nanoplates with exposed {001} 
facets and enhanced visible-light photocatalytic properties, Chem. Commun. 
46 (2010) 1893–1895. https://doi.org/10.1039/b923435g. 

[2] T. Senasu, S. Youngme, K. Hemavibool, S. Nanan, Sunlight-driven 
photodegradation of oxytetracycline antibiotic by BiVO4 photocatalyst, J. 
Solid State Chem. 297 (2021) 122088. 
https://doi.org/10.1016/j.jssc.2021.122088. 

[3] T. Inoue, A. Fujishima, S. Konishi, K. Honda, Photoelectrocatalytic 
reduction of carbon dioxide in aqueous suspensions of semiconductor, 
Nature. 277 (1979) 637. 

[4] S. Banerjee, D.D. Dionysiou, S.C. Pillai, Self-cleaning applications of TiO2 
by photo-induced hydrophilicity and photocatalysis, Appl. Catal. B Environ. 
176–177 (2015) 396–428. https://doi.org/10.1016/j.apcatb.2015.03.058. 

[5] C. Dette, M.A. Pérez-Osorio, C.S. Kley, P. Punke, C.E. Patrick, P. Jacobson, 
F. Giustino, S.J. Jung, K. Kern, TiO2 anatase with a bandgap in the visible 
region, Nano Lett. 14 (2014) 6533–6538. https://doi.org/10.1021/nl503131s. 

[6] W. Qin, D. Zhang, D. Zhao, L. Wang, K. Zheng, Near-infrared 
photocatalysis based on YF3:Yb3+, Tm3+/TiO2 core/shell nanoparticles, 
Chem. Commun. 46 (2010) 2304–2306. https://doi.org/10.1039/b924052g. 

[7] Z. Wang, X. Mao, P. Chen, M. Xiao, S.A. Monny, S. Wang, M. Konarova, 
A. Du, L. Wang, Understanding the roles of oxygen vacancies in hematite-
based photoelectrochemical processes, Angew. Chemie - Int. Ed. 58 (2019) 
1030–1034. https://doi.org/10.1002/anie.201810583. 

[8] Z. Zhang, C. Shao, X. Li, Y. Sun, M. Zhang, J. Mu, P. Zhang, Z. Guo, Y. 
Liu, Hierarchical assembly of ultrathin hexagonal SnS2 nanosheets onto 
electrospun TiO2 nanofibers: Enhanced photocatalytic activity based on 
photoinduced interfacial charge transfer, Nanoscale. 5 (2013) 606–618. 
https://doi.org/10.1039/c2nr32301j. 

[9] X. Hao, Y. Hu, Z. Cui, J. Zhou, Y. Wang, Z. Zou, Self-constructed facet 
junctions on hexagonal CdS single crystals with high photoactivity and 
photostability for water splitting, Appl. Catal. B Environ. 244 (2019) 694–
703. https://doi.org/https://doi.org/10.1016/j.apcatb.2018.12.006. 



 

103 
 

[10] G. Zhao, W. Liu, Y. Hao, Z. Zhang, Q. Li, S. Zang, Nanostructured shuriken-
like BiVO4 with preferentially exposed {010} facets: Preparation, formation 
mechanism, and enhanced photocatalytic performance, Dalt. Trans. 47 
(2018) 1325–1336. https://doi.org/10.1039/c7dt04431c. 

[11] H.L. Tan, R. Amal, Y.H. Ng, Alternative strategies in improving the 
photocatalytic and photoelectrochemical activities of visible light-driven 
BiVO4: A review, J. Mater. Chem. A. 5 (2017) 16498–16521. 
https://doi.org/10.1039/c7ta04441k. 

[12] J.K. Cooper, S.B. Scott, Y. Ling, J. Yang, S. Hao, Y. Li, F.M. Toma, M. 
Stutzmann, K. V. Lakshmi, I.D. Sharp, Role of hydrogen in defining the n-
type character of BiVO4 photoanodes, Chem. Mater. 28 (2016) 5761–5771. 
https://doi.org/10.1021/acs.chemmater.6b01994. 

[13] T.W. Kim, Y. Ping, G.A. Galli, K.S. Choi, Simultaneous enhancements in 
photon absorption and charge transport of bismuth vanadate photoanodes for 
solar water splitting, Nat. Commun. 6 (2015) 1–10. 
https://doi.org/10.1038/ncomms9769. 

[14] H.L. Tan, A. Suyanto, A.T. De Denko, W.H. Saputera, R. Amal, F.E. 
Osterloh, Y.H. Ng, Enhancing the photoactivity of faceted BiVO4 via 
annealing in oxygen-deficient condition, Part. Part. Syst. Charact. 34 (2017). 
https://doi.org/10.1002/ppsc.201600290. 

[15] C. Qin, H. Liao, F. Rao, J. Zhong, J. Li, One-pot hydrothermal preparation 
of Br-doped BiVO4 with enhanced visible-light photocatalytic activity, Solid 
State Sci. 105 (2020) 106285. 
https://doi.org/10.1016/j.solidstatesciences.2020.106285. 

[16] H. Liu, F. Zeng, Y. Lin, G. Wang, F. Pan, Correlation of oxygen vacancy 
variations to band gap changes in epitaxial ZnO thin films, Appl. Phys. Lett. 
102 (2013). https://doi.org/10.1063/1.4804613. 

[17] M.R.U.D. Biswas, W.C. Oh, Synthesis of BiVO4-GO-PVDF 
nanocomposite: An excellent, newly designed material for high 
photocatalytic activity towards organic dye degradation by tuning band gap 
energies, Solid State Sci. 80 (2018) 22–30. 
https://doi.org/10.1016/j.solidstatesciences.2018.03.021. 

[18] S. Meng, T. Ogawa, H. Okumura, K.N. Ishihara, The effect of potassium 
chloride on BiVO4 morphology and photocatalysis, J. Solid State Chem. 302 
(2021) 122291. https://doi.org/10.1016/j.jssc.2021.122291. 



 

104 
 

[19] C. Künneth, R. Batra, G.A. Rossetti, R. Ramprasad, A. Kersch, 
Thermodynamics of phase stability and ferroelectricity from first principles, 
2019. https://doi.org/10.1016/B978-0-08-102430-0.00006-1. 

[20] F. Gunkel, D. V. Christensen, Y.Z. Chen, N. Pryds, Oxygen vacancies: The 
(in)visible friend of oxide electronics, Appl. Phys. Lett. 116 (2020). 
https://doi.org/10.1063/1.5143309. 

[21] S. Wang, T. He, P. Chen, A. Du, K. Ostrikov, W. Huang, L. Wang, In situ 
formation of oxygen vacancies achieving near-complete charge separation in 
planar BiVO4 photoanodes, Adv. Mater. 32 (2020) 1–10. 
https://doi.org/10.1002/adma.202001385. 

[22] W. Yu, F. Chen, Y. Wang, L. Zhao, Rapid evaluation of oxygen vacancies-
enhanced photogeneration of the superoxide radical in nano-TiO2 
suspensions, RSC Adv. 10 (2020) 29082–29089. 
https://doi.org/10.1039/d0ra06299e. 

[23] K. Yamada, H. Yamane, S. Matsushima, H. Nakamura, K. Ohira, M. Kouya, 
K. Kumada, Effect of thermal treatment on photocatalytic activity of N-
doped TiO2 particles under visible light, Thin Solid Films. 516 (2008) 7482–
7487. https://doi.org/10.1016/j.tsf.2008.03.041. 

[24] G. Wang, Y. Ling, X. Lu, F. Qian, Y. Tong, J.Z. Zhang, V. Lordi, C. Rocha 
Leao, Y. Li, Computational and photoelectrochemical study of hydrogenated 
bismuth vanadate, J. Phys. Chem. C. 117 (2013) 10957–10964. 
https://doi.org/10.1021/jp401972h. 

[25] G. Wang, H. Wang, Y. Ling, Y. Tang, X. Yang, R.C. Fitzmorris, C. Wang, 
J.Z. Zhang, Y. Li, Hydrogen-treated TiO2 nanowire arrays for 
photoelectrochemical water splitting, Nano Lett. 11 (2011) 3026–3033. 
https://doi.org/10.1021/nl201766h. 

[26] W. Mtangi, F.D. Auret, W.E. Meyer, M.J. Legodi, P.J. Janse Van Rensburg, 
S.M.M. Coelho, M. Diale, J.M. Nel, Effects of hydrogen, oxygen, and argon 
annealing on the electrical properties of ZnO and ZnO devices studied by 
current-voltage, deep level transient spectroscopy, and Laplace DLTS, J. 
Appl. Phys. 111 (2012). https://doi.org/10.1063/1.4709728. 

[27] T. Zhang, Y. Liu, S. Jiang, B. Li, J. Wang, X. Shao, D. Wang, K. Wang, Z. 
Yan, Bacitracin-assisted synthesis of spherical BiVO4 nanoparticles with C 
doping for remarkable photocatalytic performance under visible light, 
CrystEngComm. 22 (2020) 1812–1821. https://doi.org/10.1039/c9ce01908a. 



 

105 
 

[28] C. Ravidhas, A. Juliat Josephine, P. Sudhagar, A. Devadoss, C. Terashima, 
K. Nakata, A. Fujishima, A. Moses Ezhil Raj, C. Sanjeeviraja, Facile 
synthesis of nanostructured monoclinic bismuth vanadate by a co-
precipitation method: Structural, optical and photocatalytic properties, Mater. 
Sci. Semicond. Process. 30 (2015) 343–351. 
https://doi.org/10.1016/j.mssp.2014.10.026. 

[29] S. Xie, Z. Shen, H. Zhang, J. Cheng, Q. Zhang, Y. Wang, Photocatalytic 
coupling of formaldehyde to ethylene glycol and glycolaldehyde over 
bismuth vanadate with controllable facets and cocatalysts, Catal. Sci. 
Technol. 7 (2017) 923–933. https://doi.org/10.1039/c6cy02510b. 

[30] X. Liu, Y. Su, Q. Zhao, C. Du, Z. Liu, Constructing Bi24O31Cl10/BiOCl 
heterojunction via a simple thermal annealing route for achieving enhanced 
photocatalytic activity and selectivity, Sci. Rep. 6 (2016) 1–13. 
https://doi.org/10.1038/srep28689. 

[31] U. Eggenweiler, E. Keller, V. Krämer, Redetermination of the crystal 
structures of the “arppe compound” Bi24O31Cl10 and the isomorphous 
Bi24O31Br10, Acta Crystallogr. Sect. B Struct. Sci. 56 (2000) 431–437. 
https://doi.org/10.1107/S0108768100000550. 

[32] P. Cui, J. Wang, Z. Wang, J. Chen, X. Xing, L. Wang, R. Yu, Bismuth 
oxychloride hollow microspheres with high visible light photocatalytic 
activity, Nano Res. 9 (2016) 593–601. https://doi.org/10.1007/s12274-015-
0939-z. 

[33] S. Sorokina, R.E. Enjalbert, P. Baules, A. Castro, J. Galy, Continuous 
structural evolution of (Bi2O2)2V2yO4y+2 (1 ≤ y ≤ 4) aurivillius phases in the 
Bi2O3–VO2 system, J. Solid State Chem. 125 (1996) 54–62. 
https://doi.org/https://doi.org/10.1006/jssc.1996.0264. 

[34] J. Galy, R. Enjalbert, P. Millan, A. Castro, New Aurivillius phases in the 
bismuth-vanadium-oxygen system crystal structure of Bi4V2O10, Comptes 
Rendus l’Academie Des Sci. Ser. 2. 317 (1993) 43–48. 
http://inis.iaea.org/search/search.aspx?orig_q=RN:24068739. 

[35] C. Satto, P. Millet, P. Sciau, C. Roucau, J. Galy, α-Bi4V2O10 crystal structure 
and oxidation mechanism. X-ray and electron diffraction analysis, Mater. 
Res. Bull. 34 (1999) 655–664. https://doi.org/https://doi.org/10.1016/S0025-
5408(99)00058-6. 

[36] Y. Yuan, Y. Huang, F. Ma, Z. Zhang, X. Wei, Effects of oxygen vacancy on 



 

106 
 

the mechanical, electronic and optical properties of monoclinic BiVO4, J. 
Mater. Sci. 52 (2017) 8546–8555. https://doi.org/10.1007/s10853-017-1069-
7. 

[37] S. Selim, E. Pastor, M. García-Tecedor, M.R. Morris, L. Francàs, M. Sachs, 
B. Moss, S. Corby, C.A. Mesa, S. Gimenez, A. Kafizas, A.A. Bakulin, J.R. 
Durrant, Impact of oxygen vacancy occupancy on charge carrier dynamics 
in BiVO4 photoanodes, J. Am. Chem. Soc. 141 (2019) 18791–18798. 
https://doi.org/10.1021/jacs.9b09056. 

[38] D.K. Ma, M.L. Guan, S. Sen Liu, Y.Q. Zhang, C.W. Zhang, Y.X. He, S.M. 
Huang, Controlled synthesis of olive-shaped Bi2S3/BiVO4 microspheres 
through a limited chemical conversion route and enhanced visible-light-
responding photocatalytic activity, Dalt. Trans. 41 (2012) 5581–5586. 
https://doi.org/10.1039/c2dt30099k. 

[39] C. Feng, D. Wang, B. Jin, Z. Jiao, The enhanced photocatalytic properties of 
BiOCl/BiVO4 p-n heterojunctions via plasmon resonance of metal Bi, RSC 
Adv. 5 (2015) 75947–75952. https://doi.org/10.1039/c5ra13886h. 

[40] D.P. Jaihindh, B. Thirumalraj, S.M. Chen, P. Balasubramanian, Y.P. Fu, 
Facile synthesis of hierarchically nanostructured bismuth vanadate: An 
efficient photocatalyst for degradation and detection of hexavalent 
chromium, J. Hazard. Mater. 367 (2019) 647–657. 
https://doi.org/10.1016/j.jhazmat.2019.01.017. 

[41] S. Sun, W. Wang, L. Zhou, H. Xu, Efficient methylene blue removal over 
hydrothermally synthesized starlike BiVO4, Ind. Eng. Chem. Res. 48 (2009) 
1735–1739. https://doi.org/10.1021/ie801516u. 

[42] J. Cao, C. Zhou, H. Lin, B. Xu, S. Chen, Surface modification of m-BiVO4 
with wide band-gap semiconductor BiOCl to largely improve the visible 
light induced photocatalytic activity, Appl. Surf. Sci. 284 (2013) 263–269. 
https://doi.org/10.1016/j.apsusc.2013.07.092. 

[43] Y. Li, B. Yang, B. Liu, Synthesis of BiVO4 nanoparticles with tunable 
oxygen vacancy level: The phenomena and mechanism for their enhanced 
photocatalytic performance, Ceram. Int. 47 (2021) 9849–9855. 
https://doi.org/10.1016/j.ceramint.2020.12.126. 

 [44] D.D. Qin, T. Wang, Y.M. Song, C.L. Tao, Reduced monoclinic BiVO4 for 
improved photoelectrochemical oxidation of water under visible light, Dalt. 
Trans. 43 (2014) 7691–7694. https://doi.org/10.1039/c3dt53575d. 



 

107 
 

[45] C. Cheng, Q. Fang, S. Fernandez-Alberti, R. Long, Controlling charge 
carrier trapping and recombination in BiVO4 with the oxygen vacancy 
oxidation state, J. Phys. Chem. Lett. 12 (2021) 3514–3521. 
https://doi.org/10.1021/acs.jpclett.1c00713. 

[46] Q. Wang, S. Zhang, H. He, C. Xie, Y. Tang, C. He, M. Shao, H. Wang, 
Oxygen vacancy engineering in titanium dioxide for sodium storage, Chem. 
- An Asian J. 16 (2021) 3–19. https://doi.org/10.1002/asia.202001172. 

[47] S. Byun, G. Jung, Y. Shi, M. Lanza, B. Shin, Aging of a vanadium precursor 
solution: influencing material properties and photoelectrochemical water 
oxidation performance of solution-processed BiVO4 photoanodes, Adv. 
Funct. Mater. 30 (2020) 1–7. https://doi.org/10.1002/adfm.201806662. 

[48] S. Kim, M. Vijayakumar, W. Wang, J. Zhang, B. Chen, Z. Nie, F. Chen, J. 
Hu, L. Li, Z. Yang, Chloride supporting electrolytes for all-vanadium redox 
flow batteries, Phys. Chem. Chem. Phys. 13 (2011) 18186–18193. 
https://doi.org/10.1039/c1cp22638j. 

[49] E. Chikoidze, M. Nolan, M. Modreanu, V. Sallet, P. Galtier, Effect of 
chlorine doping on electrical and optical properties of ZnO thin films, Thin 
Solid Films. 516 (2008) 8146–8149. 
https://doi.org/10.1016/j.tsf.2008.04.076. 

[50] T. Sivaraman, V. Narasimman, V.S. Nagarethinam, A.R. Balu, Effect of 
chlorine doping on the structural, morphological, optical and electrical 
properties of spray deposited CdS thin films, Prog. Nat. Sci. Mater. Int. 25 
(2015) 392–398. https://doi.org/10.1016/j.pnsc.2015.09.010. 

 

 

 

 





 

109 
 

6. Enhanced Photocatalytic Activity of 

BiVO4/Bi2S3/SnS2 Heterojunction for 

Photodegradation of Rhodamine B under 

Visible Light 

 

 

 

6.1. Introduction  

In recent years, a tremendous effort has been made to develop efficient 

photocatalysts due to their potential applications in water splitting [1–3], CO2 

reduction [4,5], and pollutant removal [6–8]. A good photocatalyst needs a suitable 

bandgap to work in the visible light region, in addition to satisfying other important 

criteria, e.g., abundance, low cost, nontoxicity, low electron–hole recombination 

rate, and stability. Photocatalysts such as SnS2 and BiVO4 fit most of these 

conditions; in particular, they can absorb visible light because their bandgaps are 

2.18–2.4 eV [1,9]. Although both materials have many advantages as a single 

photocatalyst, incorporating them with different photocatalysts to form a 

heterojunction has proved very effective in attaining superior photocatalytic activity 

[1,10–12]. The interface can act as a bridge allowing electrons to migrate between 

photocatalysts, which, in turn, suppress the photoinduced electron–hole 

recombination and improve the performance of photocatalysts [11,13]. In addition, 

the heterojunction may also induce a Z-scheme system in which the redox ability is 

enhanced via coupling two or more narrow-bandgap semiconductors [1,14]. 

To date, no attempt has been made to fabricate the BiVO4/SnS2 heterojunction 

despite many publications on SnS2 and BiVO4 [7,15]. One of the reasons for this 
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could be an occurrence of the reaction between Bi3+ and S2− that leads to formation 

of Bi2S3 at elevated temperatures [6,16]. It would be challenging to obtain a 

BiVO4/SnS2 heterojunction without formation of Bi2S3. However, the composites 

containing Bi2S3, such as Bi2S3/ZnS [17], Bi2S3/MoS2 [5,18], and TiO2/Bi2S3 [3], 

have been shown to promote photocatalytic activity. Furthermore, earlier 

researchers have demonstrated that both SnS2 and BiVO4 were successfully 

fabricated with Bi2S3 to produce Bi2S3/SnS2 and Bi2S3/BiVO4, respectively, 

exhibiting enhanced photocatalytic performance in dye degradation [15,19–21]. 

Additionally, ternary heterojunction based on Bi2S3 (e.g., Bi2O3/Bi2S3/MoS2 [2], 

Bi2S3/SnS2/Bi2O3 [6], and Bi2O3/Bi2S3/MoS2 [16]) have also been proven to 

improve the photocatalytic activity. Therefore, viewed from a different perspective, 

Bi2S3 formation from the reaction between SnS2 and BiVO4 might enhance 

photocatalytic performance of the composite via formation of a ternary 

heterojunction.  

In this study, the BiVO4/Bi2S3/SnS2 heterojunction was thus synthesized by 

combining SnS2 and BiVO4 via ultrasonic mixing and solvothermal synthesis. The 

formation of Bi2S3 during the synthesis would then constitute a ternary composite 

with SnS2 and BiVO4. Various molar ratios of BiVO4 to SnS2 were prepared to 

investigate the properties of three-phase photocatalysts (BiVO4, Bi2S3, and SnS2) 

and optimize the amount of BiVO4 in the composite. The photocatalytic 

performance of the composite was compared with pure BiVO4 and SnS2, and the 

charge transfer pathway in the heterojunction system was examined. A dual Z-

scheme model was then proposed to consistently explain the enhanced 

photocatalytic activity of BiVO4/Bi2S3/SnS2 heterojunctions. 

6.2. Experimental 

6.2.1. Preparation of SnS2 

Preparation of SnS2 was conducted via a typical synthesis method. The 

powder of SnCl4·5H2O (5 mmol) was dissolved in 40 mL of 5% (v/v) acetic acids 

under magnetic stirring. Then, 10 mmol amount of thioacetamide was added to the 
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solution. After 30 min of vigorous stirring to achieve a homogeneous solution, the 

solution was transferred to a stainless-steel autoclave attached with a Teflon liner 

to fill 80% of its maximum capacity (50 mL). It was then put in a preheated electric 

oven at 150 °C for 12 h under autogenous pressure. After letting the autoclave cool 

to room temperature, SnS2 precipitate was collected via centrifuge at 4000 rpm for 

5 min. The SnS2 was then washed several times with DI water and ethanol, and 

dried at 90 °C overnight. 

6.2.2. Preparation of BiVO4 

Typical hydrothermal synthesis was used to prepare BiVO4. The first solution 

was prepared by dissolving 2.43 g of Bi(NO3)3·5H2O in 20 mL of 2 M HNO3 acid, 

and the second solution was made by dissolving an equimolar amount of NH4VO3 

in 2 M NaOH solution. Then, the second solution was poured drop by drop into the 

first solution. The clear solution turned yellow as BiVO4 precipitate was formed. 

The mixture solution was continuously stirred for another 10 min before adding 1 

mL of acetic acid into the solution. After 1 h of stirring, the solution was transferred 

to the stainless-steel autoclave with a Teflon liner. The autoclave was heated at 

180 °C for 24 h. Finally, BiVO4 precipitate was collected, washed, and dried at 

90 °C overnight. 

6.2.3. Preparation of BiVO4/Bi2S3/SnS2 composites 

The composite was prepared using ultrasonic mixing and solvothermal 

synthesis. A specific amount of BiVO4 (0.01, 0.03, 0.06, and 0.12 mmol) was mixed 

with 1 mmol of SnS2 in 40 mL of ethylene glycol. The mixture was thoroughly 

mixed via ultrasonication at 45 kHz for 1 h before transferring to the autoclave. It 

was then sealed and heated at 150 °C for 8 h. The final product of the composite 

was obtained through washing and drying, following the same procedure as stated 

in Sections 6.2.1 and 6.2.2. The composites with different ratios of BiVO4 to SnS2 

were denoted, respectively, as 0.01 BiVO4/SnS2, 0.03 BiVO4/SnS2, 0.06 

BiVO4/SnS2, and 0.12 BiVO4/SnS2.  
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For reference, a bare Bi2S3 was synthesized as follows. First, 5 mmol of 

Bi(NO3)3∙5H2O was dissolved in 40 mL of ethylene glycol via sonication for 10 

min. After that, Thiourea (10 mmol) was added to the solution and magnetically 

stirred for 10 min. The homogeneous solution was then transferred to a stainless 

steel autoclave attached with Teflon-liner and heated at 160 ℃ for 18 h. The Bi2S3 

precipitates were then collected and washed several times with deionized water and 

ethanol, and dried at 90 ℃ overnight. 

6.2.4. Characterization 

X-ray diffraction (XRD) measurement was conducted using a Rigaku 

RINT2100 at 40 kV and 30 mA with Cu Kα radiation (λ = 0.15418 nm), where the 

diffractogram was obtained via scanning the sample in a 2θ angle range from 10° 

to 80°. Microstructures and morphologies of the samples were investigated using 

an FE-SEM (Hitachi SU6600 Scanning Electron Microscope) equipped with 

Bruker EDX operated at 15 and 20 kV for SEM and EDX, respectively, where all 

samples were coated with Au via sputtering prior to the analyses. UV–Vis diffuse 

reflectance spectra (DRS) were obtained using a Lambda 750S UV/Vis/NIR 

Spectrophotometer with BaSO4 as reference. X-ray photoelectron spectroscopy 

(XPS, JPS-9030 X-ray photoelectron spectrometer) was conducted with Mg Kα 

radiation using C 1s = 284.8 eV as reference. The Brunauer–Emmett–Teller (BET) 

specific surface area was measured and evaluated using nitrogen gas adsorption 

with a FlowSorb III 2305 Micromeritics Instrument (Shimadzu, Japan). 

6.2.5. Measurement of photocatalytic activity for rhodamine B degradation 

Evaluation of photocatalytic activity was conducted via the photodegradation 

of RhB dye under visible light irradiation using a 500 W Xe lamp (Ushio, UXL-

500D-O) equipped with a UV cutoff filter (λT = 420 nm). In each measurement 

process, 30 mg of the photocatalyst was put into 80 mL of RhB solution (5 mg/L, 

0.01 mmol/L) in a beaker with 100 mL capacity. The sampling procedure is 

described in Section 3.3 (Chapter 3). Before irradiation, the establishment of 
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adsorption–desorption equilibrium between photocatalyst and RhB solution was 

achieved to ensure an accurate result of photocatalytic activity. 

Since SnS2 exhibits exceptionally strong adsorptivity for RhB dye [22], an 

initial dye concentration (C0) for each photocatalytic test would be different, 

depending on the ratio of BiVO4/SnS2 composites, after achieving an adsorption–

desorption equilibrium. To ensure that all samples had relatively similar initial 

concentrations at the start of illumination, all samples were subjected to the 

adsorption–desorption process twice. Each sample was added to a RhB solution, 

which was then agitated by sonication for 10 min and magnetically stirred for 60 

min in the dark. Then, the sample was collected via centrifuge and put into a fresh 

RhB solution, where the adsorption–desorption procedure was performed again 

prior to the photocatalytic test. This devised method allowed an initial RhB 

concentration (C0) to be similar for each photocatalytic test, using various 

composite ratios. 

6.3. Results and discussion 

6.3.1. Crystal structure of the samples 

The crystalline phases of as-prepared samples with different ratios of BiVO4 

to SnS2 were investigated through XRD (X-ray diffraction) patterns, as shown in 

Fig. 6-1. The characteristic peaks at 14.9°, 28.3°, 32.3°, 49.5°, and 52.4° correspond 

to (001), (100), (101), (110), and (111) planes of hexagonal SnS2, respectively 

(ICDD PDF No. 00-023-0677). Other visible peaks can be observed at 18.7°, 19.0°, 

28.8°, and 30.5°, assigned to (110), (011), (1ത21), and (040) planes of monoclinic 

BiVO4, respectively (ICDD PDF No. 00-014-0688). In addition to these obvious 

peaks, there are four small peaks at 22.3°, 23.6°, 24.9°, and 25.2°, which can be 

assigned to (202), (101), (130), and (310) planes of orthorhombic Bi2S3, 

respectively (ICDD PDF No. 01-089-8965). The XRD patterns of individual 

synthesized materials (BiVO4, SnS2, and Bi2S3) are shown in Fig. 6-2. These 

characteristic diffraction peaks confirm three crystal phases of SnS2, B2S3, and 

BiVO4 in the composites. As the content of BiVO4 during the synthesis is reduced, 
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the diffraction intensities of BiVO4 and Bi2S3 decrease and almost disappear for the 

0.01 BiVO4/SnS2 sample due to the very low content of BiVO4 and Bi2S3 in the 

composite. According to the result, the content of Bi2S3 depends on the initial 

concentration of BiVO4 during the hydrothermal synthesis. 

 

Fig. 6-1. XRD patterns of BiVO4/SnS2 samples with various ratios of BiVO4 and SnS2. 

 

 

Fig. 6-2. XRD pattern comparisons of SnS2, Bi2S3, BiVO4, and 0.12 BiVO4/SnS2 composite. 
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6.3.2. Morphology and microstructure of the samples 

Fig. 6-3a and 6-3b reveal agglomerates of SnS2, composed of ultrafine 

nanoparticles with a diameter of approximately 50 nm. On the other hand, BiVO4 

exhibits micron-sized polyhedral particles with a smooth surface, i.e., particular 

features of microcrystals with many facets, as observed in Fig. 6-3c. The ultrafine 

nanoparticles of SnS2 and microparticles of BiVO4 explain a large difference (more 

than 100 times) in the specific surface area of SnS2 and BiVO4 in Table 6-1. 

Furthermore, Fig. 6-3d shows a micrograph image of the 0.03 BiVO4/SnS2 

composite, in which the nanoparticles of SnS2 are attached to, and cover, the 

particles of BiVO4. Based on the EDS elemental mapping of 0.03 BiVO4/SnS2 in 

Fig. 6-4, the elements of Sn, S, Bi, V, and O are uniformly dispersed in the 

composite, indicating good distribution of BiVO4 and SnS2 after the incorporation. 

 

Fig. 6-3. FE-SEM micrographs of (a) SnS2, (b) magnified image of SnS2, (c) BiVO4, and 

(d) 0.03 BiVO4/SnS2 with schematic illustration. 
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Fig. 6-4. EDS elemental mapping of Sn, S, Bi, V, and O elements in 0.03 BiVO4/SnS2. 

 

Table 6-1. Comparison of molar/weight percent BiVO4, specific surface area, and pseudo-

first-order-kinetic degradation constant, for SnS2, BiVO4, and BiVO4/SnS2 composites with 

various BiVO4-to-SnS2 ratios. 

Sample 
Molar Percent 
of BiVO4  
(mole %) 

Weight 
Percent of 
BiVO4 (wt %) 

SBET
a (m2 g-1) 

kb 
(10-3 min-1) 

SnS2 0 0 75.7 0.60 

0.01 BiVO4/SnS2 1.0 1.7 83.3 1.40 

0.03 BiVO4/SnS2 2.9 5.1 74.7 1.60 

0.06 BiVO4/SnS2 5.7 9.6 68.5 1.25 

0.12 BiVO4/SnS2 10.7 17.5 56.3 0.68 

BiVO4 100 100 0.6 0.55 

a SBET is BET specific surface area; b k is photodegradation rate constant 

 

6.3.3. Optical absorption properties of the samples 

UV–Vis diffuse reflectance spectra (DRS) were used to study the optical 

properties of as-prepared samples. The reflectance spectra were converted to 

absorption spectra via the Kubelka–Munk function using Eq. (3.1). The absorption 

spectra of the samples are plotted in Fig. 6-5a; all composites exhibit absorption 

edges around the wavelength of 550 nm, indicating that they are photoactive in the 
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visible light region. The curves of 0.06 BiVO4/SnS2 and 0.12 BiVO4/SnS2 are 

noticeably different from the remainder as their absorption regions extend beyond 

550 nm. This could be attributed to an increase in the content of Bi2S3 in the 

composite. 

 

Fig. 6-5. (a) UV–Vis diffuse reflectance spectra and (b) (F(R)hv)2 vs. hν plot of SnS2, 

BiVO4, and the BiVO4/SnS2 composites with various ratios of BiVO4. 

The bandgaps (Eg) can be estimated using Eq. (3.2). The (F(R)hυ)2 vs. hυ 

graph (Tauc’s plot) can be plotted as in Fig. 6-5b, and the Eg values are evaluated 

by extrapolating the linear part of the curve to intercept the F(R) = 0 line. The Eg 

values of BiVO4, SnS2, and Bi2S3 are accordingly estimated to be 2.38, 2.18, and 

1.46 eV, respectively, which are similar to those in previous reports [23,24]. In 

addition, the effective Eg values of 0.01 BiVO4/SnS2, 0.03 BiVO4/SnS2, 0.06 

BiVO4/SnS2, and 0.12 BiVO4/SnS2 are estimated to be 2.17, 2.17, 2.11, and 2.04 

eV, respectively. It appears that the apparent Eg value of the composite is decreased 

with an increase in BiVO4. This bandgap modification may be ascribed to a small 

composition variation of SnS2, BiVO4, and Bi2S3, especially near the interface. This 

bandgap reduction effect is also reported in previous publications [3,16,19]. 

6.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples 

The XPS survey spectrum of 0.03 BiVO4/SnS2 composite is shown in Fig. 6-

6a, demonstrating that it consists of Sn, S, Bi, V, and O elements, which are in 
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agreement with the EDS result. The chemical state of each element, investigated 

via the high-resolution XPS analyses, is shown in Fig. 6-6b and 6-6c. As observed 

in Fig. 6-6b, two separate spectra with peaks at 494.89 and 486.49 eV (with an 

energy difference of 8.4 eV) correspond to Sn 3d3/2 and Sn 3d5/2 of Sn4+, respectively, 

for a common SnS2 [4,10,19]. On the other hand, for the 0.03 BiVO4/SnS2 

composite, it is noted that both Sn 3d peaks shift to the higher binding energy side 

by about 0.30–0.35 eV, compared with those of pure SnS2. The blueshift observed 

in the Sn 3d spectra is also found in, and synchronous with, the S 2p spectra. 

 

Fig. 6-6. (a) XPS survey spectra of 0.03 BiVO4/SnS2 and pure SnS2 and high-resolution 

XPS spectra of (b) Sn 3d orbital and (c) Bi 4f and S 2p orbital. 

As shown in Fig. 6-6c, the S 2p3/2 (161.34 eV) and S 2p1/2 (162.52 eV) peaks, 

corresponding to typical Sn-S bonds of pure SnS2 [4,9,10], also exhibit a blueshift 

in the binding energy by 0.1–0.3 eV for the 0.03 BiVO4/SnS2 composite. 

Furthermore, the synchronized binding energy shift is also observed, with an 

opposite direction, for the Bi 4f spectra. The spectral peaks for the 0.03 BiVO4/SnS2 

composite at 158.75 and 164.34 eV, which belong to Bi 4f7/2 and Bi 4f5/2 of BiVO4, 
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respectively, exhibit the redshift, by 0.2–0.5 eV, compared with Bi 4f peaks (159.23 

and 164.53 eV) of pure BiVO4 [15]. Importantly, the synchronous phenomena are 

reproducible. 

The shift of binding energy in the core-level of XPS spectra should be largely 

attributed to the change in electron concentration of semiconductors due to the 

interaction between SnS2 and BiVO4 [25]. As the electron concentration decreases, 

the binding energy of the semiconductor increases, and vice versa, due to the so-

called electron screening effect [26]. When a heterojunction is formed through 

chemical interaction, the Fermi energy levels of both materials are adjusted, 

allowing the electron transfer between materials to achieve equilibrium [10,25,26]. 

In the case of the 0.03 BiVO4/SnS2 composite, it implies that SnS2 has a higher 

Fermi energy level than that of BiVO4, thus the electron migrates from SnS2 to 

BiVO4. This consequently reduces the electron concentration of SnS2 and increases 

that of BiVO4. As a result, the Sn 3d and S 2p spectra of the composite exhibit the 

blueshift, while Bi 4f spectra exhibit the redshift.  

Furthermore, the broad peaks of the Bi 4f exhibited in the 0.03 BiVO4/SnS2 

composite may be caused by the presence of Bi2S3. The Bi 4f7/2 and Bi 4f5/2 spectral 

peaks of a typical Bi2S3 are reported to be at 158.4 and 163.8 eV [27], respectively, 

which are slightly lower than those of BiVO4. Moreover, the S 2p peaks at 161.45 

and 162.81 eV in the 0.03 BiVO4/SnS2 composite could also correspond to S2− of 

Bi2S3 [28]. The results from XPS spectra and XRD patterns (Section 6.3.1) strongly 

suggest the coexistence of SnS2, Bi2S3, and BiVO4 in the composite. Additionally, 

the shifts in binding energy indicate that the interaction among SnS2, Bi2S3, and 

BiVO4 in the 0.03 BiVO4/SnS2 composite involves a chemical bonding rather than 

a physical contact only. 

Fig. 6-7 illustrates valence band XPS spectra of pristine SnS2, Bi2S3, and 

BiVO4. The difference between the Fermi level and VBMs (valence band 

maximums) of SnS2, Bi2S3, and BiVO4 is found to be 1.3, 0.3, and 2 eV, 

respectively. Fermi level positions of SnS2, Bi2S3, and BiVO4 with respect to their 

VBs (valence bands) can be determined from the potential difference between VBM 
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and Fermi level from the valence band XPS spectra [12]. The result indicates that 

SnS2 and BiVO4 are n-type semiconductors, whereas Bi2S3 is a p-type 

semiconductor, which is in agreement with prior studies [2,6,16]. 

 

Fig. 6-7. Valence band XPS spectra of bare BiVO4, Bi2S3, and SnS2. 

6.3.5. Photocatalytic activities of the samples for rhodamine B degradation 

Photocatalytic activity was evaluated via concentration reduction in RhB 

(rhodamine B) dye solution over time, as shown in Fig. 6-8a, where C0 is the initial 

RhB concentration at the time of light irradiation (t = 0), and Ct is the RhB 

concentration at any sampling time during irradiation. Blank RhB (a control test) in 

Fig. 6-8a demonstrates that the RhB dye solution was stable under this test 

condition without any photocatalyst in the solution and that the photolysis of RhB 

dye was negligible over 240 min of visible light irradiation. Conversely, the 
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concentration of RhB decreased over time for all other RhB solutions containing 

any photocatalyst, evidencing that photocatalysts used in this study respond to 

visible light (λ > 420 nm). Importantly, all composited powders exhibit higher 

photocatalytic degradation of RhB than that of bare SnS2, Bi2S3, or BiVO4 under 

visible light irradiation for over 240 min. The temporal evolution of RhB absorption 

spectra for each photocatalyst can be seen in Fig. 2 of Appendix B. 

 

Fig. 6-8. (a) Photocatalytic RhB degradation for various photocatalysts; (b) pseudo-first-

order-kinetics for RhB photodegradation; (c) RhB degradation efficiency of 0.03 

BiVO4/SnS2 over four cycles; and (d) the effect of methanol, ascorbic acid (AA), and 

isopropyl alcohol (IPA) on RhB photodegradation by 0.03 BiVO4/SnS2 under visible light 

irradiation (λ > 420 nm) for 240 min. 

The degradation rates were compared using a photodegradation rate constant 

(k), assuming a pseudo-first-order reaction model, ln(C0/Ct) = kt, as shown in Fig. 

6-8b. The kinetic model fits the data well, and the k value of the 0.03 BiVO4/SnS2 

sample is about 2.3 times or 2.9 times greater than that of a single SnS2 or BiVO4, 

respectively (Table 6-1). As shown in Fig. 6.9, the photocatalytic activity of the 

composite is enhanced as the content of BiVO4 is increased from 0.01 to 0.03, 
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whereas further addition of BiVO4 leads to a reduction in photocatalytic activity of 

the composites (0.06 BiVO4/SnS2 and 0.12 BiVO4/SnS2). It is thus reasonable to 

consider that an optimal molar ratio exists at a relatively low concentration of 

BiVO4. One possible reason could be the variation in the “effective” specific 

surface area. As shown in Table 6-1, the specific surface area of the composites 

mostly decreases with an addition of BiVO4, ascribed to the significantly small 

value of bare BiVO4 (0.6 m2/g). Furthermore, the interfacial reaction and 

agglomeration of powders may affect the effective active area for photocatalytic 

activity. As previously mentioned, the formation of Bi2S3 is intensive as the amount 

of BiVO4 in the composite is increased. Although a small amount of Bi2S3 would 

be favorable for the composite, excess content may lead to deterioration of the 

photocatalytic performance because Bi2S3 has a low photocatalytic activity of RhB 

degradation compared to SnS2 and BiVO4, possibly due to its rapid recombination 

rate of the photogenerated electron-hole [17]. Thus, excessive Bi2S3 could act as a 

recombination center for electron-hole pairs in the composite, which is similar to 

the findings of previous studies [13,19]. 

 

Fig. 6-9. Variation of photodegradation rate constant (k) with respect to molar ratio of 

BiVO4/SnS2. 
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In addition to the photocatalytic activity of the material, stability and 

reusability are also important to determine its value in practical applications. Thus, 

the reusability test was also conducted by collecting the used sample (0.03 

BiVO4/SnS2) after irradiation via centrifuge and putting it back into the fresh RhB 

solution. The same procedure for the photocatalytic activity measurement was 

repeated in this reusability test. Fig. 6-8c shows the degradation efficiencies of 0.03 

BiVO4/SnS2 composite over four cycles, illustrating stability and reusability of the 

0.03 BiVO4/SnS2 composite. A slight loss (around 6%) of the degradation 

efficiency in the 4th run could be due to a loss of photocatalyst during the recovery 

process. Furthermore, the stability of the composite was also confirmed by XRD 

pattern before and after irradiation (Fig. 6-10), in which the crystal structure of 0.03 

BiVO4/SnS2 was not significantly altered after RhB degradation process. 

 

Fig. 6-10. XRD patterns of 0.03 BiVO4/SnS2 before and after RhB photodegradation. 

To determine main reactive species responsible for RhB photodegradation by 

0.03 BiVO4/SnS2 during irradiation, scavenger tests were conducted using various 

types of scavengers. In this study, methanol (10 mM) [6], ascorbic acid (AA, 10 

mM) [29], and isopropyl alcohol (IPA, 10 mM) [16] were used as the scavengers 

for superoxide radicals (O2
•–), holes (h+), and hydroxyl radicals (•OH), respectively. 

As shown in Fig. 6-8d, the addition of methanol into the system has only a slight 



 

124 
 

effect on RhB degradation, indicating that O2
•– radicals play a minor role in the 

degradation process. Conversely, AA (h+ scavenger) and IPA (•OH scavenger) 

greatly suppress photocatalytic RhB degradation. The result strongly suggests that 

h+ and •OH radicals are the main reactive species for the RhB photodegradation 

process with the 0.03 BiVO4/SnS2 photocatalyst under visible light (λ > 420 nm) 

irradiation. 

6.3.6. Possible mechanism for photocatalytic activity enhancement of 

BiVO4/Bi2S3/SnS2 heterojunction for rhodamine B degradation 

A plausible photocatalytic mechanism of the BiVO4/Bi2S3/SnS2 

heterojunction could be explained by understanding the band energy structures of 

the photocatalysts, as illustrated in Fig. 6-11. The empirical equations (6.1) and 

(6.2) are often used to estimate the band edge of the semiconductor, such as 

conduction band edge potential (ECB) and valence band edge potential (EVB) 

[15,19]: 

𝐸௏஻ =  𝜒 − 𝐸௘ + 0.5𝐸௚ (6.1) 

𝐸஼஻ =  𝐸௏஻ − 𝐸௚ (6.2) 

where, χ is absolute electronegativity of a semiconductor, determined by the 

geometric mean of absolute electronegativity values of constituent atoms. Eg values 

of SnS2, Bi2S3, and BiVO4 are 2.18, 1.46, and 2.38 eV, respectively (in Section 

6.3.3). The absolute electronegativity values of Bi, V, O, Sn, and S are 4.69, 3.6, 

7.54, 4.3, and 6.22 eV, respectively, taken from Pearson’s experimental data [30]. 

The value Ee is the energy of the free electron on the hydrogen scale, which is 4.5 

eV. According to this calculation, ECB and EVB of SnS2 are estimated to be −0.09 

and 2.09 eV, respectively, whereas BiVO4 exhibits ECB of 0.47 eV and EVB of 2.85 

eV, and Bi2S3 possesses ECB of 0.33 eV and EVB of 1.79 eV.  

The calculated values of band positions of SnS2 in the present study are similar to 

those in earlier research [11]. Moreover, the calculated values are similar to the 

experiment ones reported by Huang et al. [31]. Likewise, the calculated values 

(band positions) of the BiVO4 are also closed to those reported in the literature 
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[32,33]. In comparison with experiment values (ECB = 0.21 eV and EVB = 2.56 eV) 

[34], they are about 0.2−0.3 eV difference. In contrast, the calculated values (ECB = 

0.33 eV and EVB = 1.79 eV) of Bi2S3 in the current work are not matched with those 

(ECB ~ 0.1 eV and EVB ~ 1.5 eV) in previous reports  [13,35,36] because they used 

different value of the absolute electronegativity of Bi, which was 4.12 eV [37,38] 

instead of 4.69 eV (Pearson’s data) [30]. In fact, the band positions values of Bi2S3 

calculated using 4.12 eV are closer to those (ECB = −0.18 eV and EVB = 1.22 eV) 

measured in experiment results [39], compared with those (ECB of 0.33 eV and EVB 

of 1.79 eV) using 4.69 eV. Thus, it may be more reasonable to use 4.12 eV (the 

absolute electronegativity of Bi) specifically for Bi2S3 in the present study. Thus, 

the more suitable ECB and EVB values of Bi2S3 are 0.05 eV, and 1.51 eV, respectively. 

Additionally, including the positions of Fermi levels of SnS2, Bi2S3, and BiVO4 

from XPS results in section 6.3.4, the band energy structures (calculation model) of 

BiVO4, SnS2, and Bi2S3 can be constructed, as shown in Fig. 6-11. 

 

Fig. 6-11. Calculation model (left) and proposed model for heterojunction (right) of band 

energy structures of BiVO4, Bi2S3, and SnS2 of  

In the calculation model of the band energy structures (Fig. 6-11), the 

conduction bands (CBs) of BiVO4, Bi2S3, and SnS2 are less negative than −0.33 eV 

(O2/ O2
•–) to generate O2

•–, which is inconsistent with the scavenger test in Section 

6.3.5. It is worth noting that the XPS results (Section 6.3.4) suggest that the 

photocatalysts are chemically bonded at the interface, and their Fermi levels are 
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aligned in the heterojunction. Thus, another model with consideration of the 

heterojunction in the composite is proposed to fit the experiment results. For this 

study, the Fermi levels of BiVO4 and Bi2S3 are assumed to be aligned with that of 

SnS2, thus that the CB potential of Bi2S3 (after adjustment) could possess an 

overpotential to reduce dissolved O2 to O2
•– for consistency with the result of 

scavenger test (Section 6.3.5). Therefore, their band energy structures are 

accordingly adjusted, creating a heterojunction as depicted in Fig. 6-11. It is worth 

mentioning that it is possible for the CB position of Bi2S3 in the composite to be 

more negative than −0.33 eV (O2/ O2
•–), as reported by previous research [6,40].  

To understand the charge-transfer pathway in the BiVO4/Bi2S3/SnS2 

heterojunction system, two possible models are explored and examined for the 

charge transfer process, as proposed in Fig. 6-12. All of the photocatalysts in both 

models are capable of generating electron-hole pairs upon visible light illumination 

due to their narrow bandgaps. In model A, the photogenerated electrons (e-) would 

migrate from the CB (conduction band) of Bi2S3 to CBs of SnS2 and BiVO4. Thus, 

O2
•– radicals would not be produced by the heterojunction since the CBs of both 

SnS2 and BiVO4 are incapable of reducing dissolved O2 to produce O2
•– because 

their CBs are less negative than −0.33 eV (O2/ O2
•–) [16]. On the other hand, the 

generated holes (h+) would move from the VBs of both SnS2 and BiVO4 to the VB 

of Bi2S3. In this scenario, the heterojunction also could not oxidize H2O to form 

•OH because VB of Bi2S3 is less positive than 2.72 eV (for •OH/H2O) [8,16]. It has 

been reported that O2
•–, •OH, and h+ play major roles in the RhB photodegradation 

process [16,32,33]. Although model A might improve charge separation of 

photoinduced electrons and holes, it would be less efficient as the composite would 

be unable to produce O2
•– and •OH to degrade the RhB dye. Moreover, the model 

is inconsistent with the trapping experiment (the scavenger test in Section 6.3.5) in 

which O2
•– and h+, •OH were observed in the RhB degradation process. 
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Fig. 6-12. Proposed charge-transfer pathway models, RhB degradation mechanism of 

BiVO4/Bi2S3/SnS2 under visible light illumination, and band energy diagram of RhB [43–

45]. 

A more plausible scenario might be that of model B in Fig. 6-12, involving a 

dual Z-scheme process. Based on this model, we can explain the presence of O2
•–, 

•OH, and h+ for the RhB degradation process. In the dual Z-scheme process, the 

photoinduced e- from the CBs of both SnS2 and BiVO4 could migrate to and 

recombine with h+
 in the VB of Bi2S3. Consequently, e- from the CB of Bi2S3 would 

be able to react and reduce the dissolved O2 in H2O to produce O2
•– because the CB 

of Bi2S3 is more negative than −0.33 eV. According to the scavenger test, O2
•– 

played only a minor role in the RhB degradation process by the 0.03 BiVO4/SnS2 

heterojunction, which fits well with the current model in which there is the low 

optimal content of Bi2S3 in the composite. Meanwhile, since h+ in the VB of Bi2S3 

quickly recombine with e- transferred from BiVO4 and SnS2, it would leave h+ in 

the VBs of BiVO4 and SnS2, the former of which would oxide H2O to generate •OH 

(2.72 V vs. NHE). Although the VB of SnS2 is not negative enough to produce •OH, 

the h+ would decompose RhB directly because the VB of SnS2 (2.09 eV) is more 

negative than HOMO of RhB (0.95 V vs. NHE) [43–45]. Thus, the dual Z-scheme 

model is consistent with the experimental result, and may be used to explain the 

charge-transfer pathway of the BiVO4/Bi2S3/SnS2 heterojunction system. 
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6.4. Conclusion 

In summary, three-phase photocatalysts consisting of BiVO4, Bi2S3, and SnS2 

were prepared by the chemical reaction between BiVO4 and SnS2 via solvothermal 

synthesis. The composite photocatalyst produced via a molar ratio of 1:0.03 

(SnS2:BiVO4) demonstrates the highest photocatalytic performance for RhB 

degradation among the prepared samples. The composite is proved to be stable after 

several cycles under visible light irradiation. The main reactive species for the 

photocatalytic degradation of RhB for 0.03 BiVO4/SnS2 are h+ and •OH, whereas 

O2
•– also plays a minor role in the degradation process. The enhanced photocatalytic 

activity is attributed to the formation of Bi2S3, allowing a suitable condition for the 

electron pathway (the dual Z-scheme model) in the BiVO4/Bi2S3/SnS2 

heterojunction. I believe this discovery of beneficial formation of Bi2S3 could 

encourage more research that focuses on materials prone to reaction with each other 

at elevated temperature and pressure. The finding may provide a different approach 

for preparing ternary composite by taking advantage of the chemical reaction 

between combined photocatalysts. 
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7. Comparison of BiVO4/Bi2S3/SnS2 Composites 

with Different Morphologies of BiVO4 

 

 

7.1. Introduction 

Composite photocatalyst has garnered much attention in recent decades due 

to its advantages over a single photocatalyst, such as the suppression of electron-

hole recombination [1,2], efficient charge separation [3,4], and enhanced light 

absorption [5]. Among the composites, BiVO4-based composites have 

demonstrated a promising result by many research in pollutant degradation [4], 

water splitting [6], H2 production [7], and CO2 reduction [8], attributed to the 

favorable properties of BiVO4, including photostability, narrow bandgap (~2.4 eV), 

and non-toxicity [9]. 

The study [10] in Chapter 6 has demonstrated that an enhanced 

BiVO4/Bi2S3/SnS2 composite can be produced by the chemical reaction between 

BiVO4 and SnS2 via a solvothermal method. Earlier report [6,11] have suggested 

that the photocatalytic activity of the composite depends on the morphology of its 

individual components. Thus, the BiVO4 with different morphologies would be able 

to influence the photocatalytic performance of BiVO4/Bi2S3/SnS2 composites. It is 

worth mentioning that the process of BiVO4/Bi2S3/SnS2 synthesis involves the 

chemical reaction between two materials to produce the third one, the expected 

outcome may differ from the conventional process. 

In this work, the BiVO4/Bi2S3/SnS2 composites with two different 

morphologies of BiVO4 (shuriken-like BiVO4 and polyhedral BiVO4) were 

prepared by incorporating each of them with SnS2 using solvothermal synthesis. 

Based on previous research [10], the BiVO4/Bi2S3/SnS2 composite with a molar 
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ratio of 1:0.03 (SnS2:BiVO4) exhibits the highest photocatalytic activity. Thus, the 

molar ratio of 1:0.03 (SnS2:BiVO4) was used in this study. Both composites were 

measured and characterized via various methods to compare and study their 

properties, such as morphology, crystal structure, optical absorption, surface 

chemical state, and photocatalytic activity. The results show the photocatalytic 

degradation of RhB in the presence of the BiVO4/Bi2S3/SnS2 composite depends on 

the morphology of BiVO4. 

7.2. Experimental 

The preparation of the shuriken-like BiVO4 is described in Section 4.2 of 

Chapter 4, whereas the preparations of polyhedral BiVO4, Bi2S3, and SnS2 are 

shown in Section 6.2 of Chapter 6. 

7.2.1. Preparation of BiVO4/Bi2S3/SnS2 composites 

The BiVO4/Bi2S3/SnS2 composite was prepared via the method used in 

Chapter 6. The preparation of the composite with different morphologies of BiVO4 

started with mixing 0.03 mmol of either shuriken-like BiVO4 (denoted as S-BiVO4) 

or polyhedral BiVO4 (denoted as P-BiVO4) with 1 mmol of SnS2 in 40 ml of 

ethylene glycol via ultrasonication for 1 h. Then, the suspension was transferred to 

a Teflon-liner inside a stainless steel autoclave, which was heated in a pre-heated 

oven at 150 °C for 8 h. The obtained composite was collected via a centrifuge, 

washed several times with DI water and ethanol, and then dried at 90 °C overnight. 

Finally, the powder sample was ground for 1 min. The composites prepared with S-

BiVO4 and P-BiVO4 were denoted as S-BiVO4/SnS2 and P-BiVO4/SnS2, 

respectively. 

7.2.2. Characterization 

The crystal structures of the samples were measured using a Rigaku 

RINT2100 with Cu Kα radiation (λ = 0.15418 nm) to record X-ray diffraction 

(XRD) diffractogram. Microstructures and morphologies of the samples were 

analyzed using an FE-SEM (Hitachi SU6600 Scanning Electron Microscope) 
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equipped with Bruker EDX operated at 20 kV. Prior to the analyses, each sample 

was sputtered with Au to avoid the charging effect. A Lambda 750S UV/Vis/NIR 

spectrophotometer equipped with a 60 mm integrating sphere was used to record 

UV-vis diffuse reflectance spectra (DRS. a JPS-9030 X-ray photoelectron 

spectrometer was used to measure X-ray photoelectron spectra. It was conducted 

with Mg Kα radiation using C 1s = 284.8 eV as reference. A Flowsorb III 2305 

Micromeritics instruments (Shimadzu, Japan) with N2 gas adsorption was used to 

determine the specific surface area (SBET) of the samples. 

7.2.3. Measurement of photocatalytic activity for rhodamine B degradation 

Photocatalytic degradation of rhodamine B (RhB) was used to evaluate the 

photocatalytic activity of the samples. The experimental setup consisted of A 500 

W light source (Xe lamp, UXL-500D-O, Ushio), a water filter, a UV cutoff filter 

(λT = 420 nm), and a 100ml beaker on a magnetic stirrer. The measurement was 

conducted at room temperature (25 °C). The light intensity (source) with 100 

mW/cm2 (calibration with a spectroradiometer, S-2440 model II) was used to 

illuminate the sample solution, with around 40 mW/cm2 after passing through water 

and cutoff filters. Powder of photocatalyst (30 mg) was dispersed in 40 ml of RhB 

solution (0.01 mmol L-1), agitated with ultrasonication (10 min), and magnetically 

stirred (50 min) in dark to attain adsorption-desorption equilibrium. As SnS2 

demonstrates strong adsorptivity for RhB dye [12], we followed the previous 

method [10] by performing adsorption-desorption procedure twice with fresh RhB 

solution in order to allow initial RhB concentration (C0) to be similar for all samples. 

During the irradiation, around 3 ml of RhB solution was taken every 60 min. The 

supernatant was filtered with a syringe filter (0.22 µm, PTFE) and analyzed using 

the Lambda 750S UV/Vis/NIR Spectrophotometer. 

7.3. Results and discussion 

7.3.1. Crystal structure of the samples 

Crystal phases of S-BiVO4/SnS2 and P-BiVO4/SnS2 composites are 

illustrated in Fig. 7-1. The XRD diffractograms of both composites display similar 
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patterns. The characteristic peaks correspond to hexagonal SnS2 (ICDD PDF No. 

00-023-0677) can be seen in both composites at 14.9°, 28.3°, 32.3°, 49.5°, and 52.4°. 

Other noticeable peaks at 19.0°, 28.8°, and 30.5°, corresponding to (011), (1ത21), 

and (040) planes of the standard monoclinic BiVO4, respectively (ICDD PDF No. 

00-014-0688). In addition, a small peak at 25° can be assigned (130) plane of 

orthorhombic Bi2S3 (ICDD PDF No. 01-089-8965). This peak would become more 

visible if the BiVO4 content was increased, based on the previous study [10]. There 

is a visible difference between both composites around the peak at 30.5°, assigned 

to (040) plane of BiVO4, where the peak intensity of S-BiVO4/SnS2 is higher than 

that of P-BiVO4/SnS2. It can be ascribed to the relative intensity ratio I(040)/I(1̄21) of 

S-BiVO4, which is greater than that of P-BiVO4, as shown in Fig. 7-2. The high 

I(040)/I( 1̄ 21) indicates the preferential orientation along {010} planes of BiVO4 

[13,14]. It should be noticeable that the relative intensity ratio I(040)/I(1̄21) of S-BiVO4, 

2.46, reduces to that of 1.14 of S-BiVO4/SnS2, perhaps because the S-BiVO4/SnS2 

composite was ground into smaller particles, which could lose its preferential 

orientation. Nevertheless, both composites retain crystal structures of both SnS2 and 

their respective BiVO4. 

 

Fig. 7-1. XRD patterns of composites with different types of BiVO4. 
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Fig. 7-2. XRD patterns of Bi2S3, SnS2, P-BiVO4, and S-BiVO4. 

 

7.3.2. Morphology and microstructure of samples 

Fig. 7-3 depicts micrograph images of SnS2, P-BiVO4, P-BiVO4/SnS2, S-

BiVO4, and S-BiVO4/SnS2. In Fig. 7-3a, SnS2 possesses nanoparticles with a size 

of ~50 nm, while P-BiVO4 (Fig. 7-3b) and S-BiVO4 (Fig. 7-3e) exhibit polyhedron 

with a diagonal length of ~5 μm and shuriken shape with a diagonal length of ~12, 

respectively. Fig. 7-3c and 7-3f illustrate the P-BiVO4/SnS2 and S-BiVO4/SnS2, 

respectively, demonstrating the micro-sized particles covered with the 

nanoparticles of SnS2. Moreover, the shapes of P-BiVO4 and S-BiVO4 are still 

visible after being covered by the nanoparticles of SnS2. It is further confirmed by 

EDS mapping in Fig. 7-4 and Fig. 7-5, demonstrating the existence of Sn, S, Bi, V, 

and O elements. 
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Fig. 7-3. FE-SEM micrographs of (a) SnS2, (b) P-BiVO4, (c) P-BiVO4/SnS2, (d) S-BiVO4, 

and (e) S-BiVO4/SnS2. 

 

Fig. 7-4. EDS elemental mapping of Sn, S, Bi, V, and O elements in P-BiVO4/SnS2. 

 

Fig. 7-5. EDS elemental mapping of Sn, S, Bi, V, and O elements in S-BiVO4/SnS2. 
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7.3.3. Optical absorption properties of the samples 

Absorption spectra of the samples were transformed from reflectance spectra 

using Kubelka-Munk function in Eq. (3.1), and the absorption spectra were plotted 

in Fig. 7-6a. According to the figure, all the samples are capable of absorbing visible 

light because their absorption edges are in a range of 520–570 nm. It is worth 

mentioning that S-BiVO4 exhibits tailing in the absorption spectrum due to the 

presence of the oxygen vacancies (confirmed in Chapter 5). The absorption 

spectrum can be used to estimate bandgaps of each sample is using equation Eq 

(3.2). Since SnS2 and BiVO4 are direct transition materials (n = 1, described in 

Section 3.2.4 of Chapter 3) [15,16], (F(R)hv)2 vs. hv graph can be used for Tauc’s 

plot, as shown in Fig. 7-6b [13,17,18]. 

 

Fig. 7-6. (a) UV-vis absorption spectra and (b) (F(R)hv)2 vs hv plot of SnS2, P-BiVO4, S-

BiVO4, P-BiVO4/ SnS2, and S-BiVO4/ SnS2. 

Bandgap value of each sample can be determined by extrapolating the linear 

part of the curve to intercept x-axis. The estimated Eg values of SnS2, S-BiVO4, and 

P-BiVO4 are 2.18, 2.34, and 2.38 eV, respectively, similar to earlier reports 

[14,19,20]. On the other hand, effective Eg values of S-BiVO4/SnS2 and P-

BiVO4/SnS2 are around 2.17 eV. Based on the results in Chapter 6, Bi2S3 exists in 
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the BiVO4/Bi2S3/SnS2 composite, and its bandgap (1.46 eV) could be determined 

in the composites with higher content of BiVO4. Since this work uses low content 

of BiVO4 with the ratio of 1:0.03 (SnS2:BiVO4), the effect of Bi2S3 is too small to 

observe in the Tauc’s plot. Based on the above result, there is no significant 

difference in terms of the bandgap between S-BiVO4/SnS2 and P-BiVO4/SnS2. 

7.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples 

The XPS survey spectra of SnS2, S-BiVO4/SnS2, and P-BiVO4/SnS2 are 

shown in Fig. 7-7a. The survey spectra indicate that the samples are composed of 

Sn, S, Bi, V, and O elements, which are consistent with the result from EDS. High-

resolution XPS spectra in Fig. 7-7b (Sn 3d) and 7-7c (Bi 4f and S2p) demonstrate 

the chemical state of the samples. 

 

Fig. 7-7. (a) XPS survey spectra of SnS2, P-BiVO4/SnS2, and S-BiVO4/SnS2; and high-

resolution XPS spectra of (b) Sn 3d, and (c) Bi 4f and S 2p orbitals of the samples. 

As can be seen in Fig. 7-7b, the two peaks at 494.9 and 486.5 eV correspond 

to the splitting peaks of Sn 3d, belonging to Sn4+ of a typical SnS2 [15,21,22]. Both 

S-BiVO4/SnS2, and P-BiVO4/SnS2 composite also possess the splitting peaks of Sn 

3d at 495.3 and 486.8 eV, which have a blueshift to the higher binding energy by 
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0.4 eV, compared with SnS2. In Fig. 7-7c, the blueshift is also observed in S 2p 

spectra of both composites, where both peaks of S 2p shift by about 0.1–0.4 eV, 

compared with those of SnS2 (162.5 and 161.3 eV). The S 2p peak fittings can be 

found in Fig. 2 of Appendix D. Fig. 7-7c also shows the splitting peaks (Bi 4f) of 

P-BiVO4 (164.5 and 159.2 eV) and S-BiVO4 (164.6 and 159.3 eV) are similar in 

value and only different by 0.1 eV. The splitting peaks of Bi 4f correspond to Bi3+ 

of a common BiVO4 [23]. After forming composite, those Bi 4f peaks have redshift 

to lower binding energy, 159.2158.8 eV and 164.5164.3 eV for P-BiVO4/SnS2, 

and 159.3158.9 eV and 164.6164.2 eV for S-BiVO4/SnS2. These shifts are in 

the opposite direction, compared to Sn 3d and S 2p. The shift of binding energy in 

the composites is likely due to the electron screening effect [24], which has been 

explained in Section 6.3.4 of Chapter 6. It also indicates a formation of the 

heterojunction in the composite [10]. It should be mentioned that the broad peak of 

Bi 4f may also be caused by the existence of Bi2S3, whose peaks located at 158.4 

and 163.8 eV [25]. 

XPS results demonstrate Both S-BiVO4/SnS2, and P-BiVO4/SnS2 composites 

exhibit similar chemical states at the core level of XPS spectra and the 

heterojunction of BiVO4/Bi2S3/SnS2. Therefore, different morphologies of BiVO4 

in BiVO4/Bi2S3/SnS2 composites do not have any significant change in the chemical 

state. 

7.3.5. Photocatalytic activities of the samples for rhodamine B degradation 

RhB degradation was used to evaluate the photocatalytic performance of the 

as-synthesized samples. Fig. 7-8a shows the degradation of RhB over time in the 

presence of the photocatalyst. After 4 h of irradiation, SnS2, P-BiVO4, P-

BiVO4/SnS2, S-BiVO4, and S-BiVO4/SnS2 exhibit the RhB degradation efficiency 

of 14.2%, 13.1%, 32.6%, 41.1%, and 48.8%, respectively. The S-BiVO4/SnS2 

composite demonstrates the highest RhB degradation efficiency among the samples. 
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Fig. 7-8. (a) Photodegradation of RhB solution in presence of SnS2, P-BiVO4, S-BiVO4, P-

BiVO4/ SnS2, and S-BiVO4/ SnS2 photocatalysts under visible light (λ >420 nm); and (b) 

their pseudo-first-order kinetic degradation. 

For comparison, photodegradation constant rate (k) of each sample was 

calculated using pseudo-first-order reaction in Eq. (3.4), producing a graph in Fig. 

7-8b. Thus, the slopes from linear lines of all samples are their k values, which are 

shown in Table 7-1. The samples can be arranged in the descending order of k 

values from big to small, as follows: S-BiVO4/SnS2 > S-BiVO4 > P-BiVO4/SnS2 > 

SnS2 > P-BiVO4. It is worth mentioning that the k value of P-BiVO4/SnS2 is 2.9 

times greater than that of P-BiVO4, while S-BiVO4/SnS2 exhibits the k value only 

1.2 times that of S-BiVO4. Both P-BiVO4/SnS2 and S-BiVO4/SnS2 are improved 

over their individual components in terms of photocatalytic degradation of RhB 

likely due to the dual Z-scheme model proposed in Chapter 6. Moreover, the k value 

of S-BiVO4/SnS2 is higher than that of P-BiVO4/SnS2 by 1.7 times although their 

bandgaps and specific surface areas (SBET) values are equal. Although single S-

BiVO4 exhibits high photocatalytic activity, the amount of S-BiVO4 used in the 

composite is rather low. Thus, its individual photocatalytic activity may not 

contribute to the composite unless it possesses morphology, which can enhance the 

charge-transfer pathway in the composite. Furthermore, S-BiVO4 possesses a large 

number of oxygen vacancies (Chapter 5), narrowing the bandgap and promoting 

light absorption efficiency. To some extent, this may also contribute to the 

improved photocatalytic activity of S-BiVO4/SnS2. Therefore, the enhanced 

photocatalytic activity of S-BiVO4/SnS2 may be attributed to the narrower bandgap 
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and higher I(040)/I( 1̄ 21) ratio of S-BiVO4 (increase in {010} facets [13,14,26]), 

compared with those of P-BiVO4. This will be discussed in a later section. Finally, 

both composites exhibit their stability by showing no significant alteration in the 

crystal structure after being used in the RhB degradation process, as shown in Fig. 

7-9. 

Table 7-1. Bandgap, specific surface area, RhB degradation efficiency and 

photodegradation constant rate of the samples. 

Sample Eg
a (eV) SBET

b (m2 g-1) RhB degradation 

efficiency (%) 

kc (×10-3 min-1) 

P-BiVO4 2.38 0.6 13.1 0.55 

S-BiVO4 2.34 0.6 41.1 2.2 

SnS2 2.18 75.7 14.2 0.60 

P-BiVO4/SnS2 2.17 74.7 32.6 1.6 

S-BiVO4/SnS2 2.17 74.7 48.8 2.7 

a Eg is Bandgap value; b SBET is BET specific surface area; c k is photodegradation rate 

constant 

 

 

Fig. 7-9. XRD patterns of (a) P-BiVO4/SnS2 and (b) S-BiVO4/SnS2 before and after 

irradiation 
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7.3.6. Possible explanation for enhanced photocatalytic activities in S-

BiVO4/SnS2 composites for rhodamine B degradation 

Both P-BiVO4/SnS2 and S-BiVO4/SnS2 possess some similarities in terms of 

the surface chemical states, effective bandgaps, crystal structure, and specific 

surface area, based on XPS, optical absorption, XRD, and BET results, respectively. 

According to SEM results, their morphologies are different due to their source of 

BiVO4. Thus, it is plausible that both composites are likely to follow the same 

model (dual Z-scheme), which is proposed for BiVO4/Bi2S3/SnS2 composite (P-

BiVO4/SnS2) in Chapter 6. In addition, Fig. 7-10 displays XPS valence band spectra 

of S-BiVO4 and P-BiVO4 and demonstrates that their differences between the Fermi 

level and valence band maximum (VBM) are almost the same (2 eV). Since their 

bandgap values are different (2.34 and 2.38 eV for S-BiVO4 and P-BiVO4, 

respectively), their band edge potentials are slightly different. However, as S-

BiVO4 and P-BiVO4 possess the same energy gap value of 2 eV between the Fermi 

level and VBM, their EVB would be the same after the alignment of the band energy 

structures. Using these results and the data from Chapter 6, charge-transfer pathway 

models of both composites can be made and compared, as shown in Fig. 7-1. 

 

Fig. 7-10. Valence band XPS spectra of S-BiVO4 and P-BiVO4 
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Fig. 7-11. Proposed charge-transfer pathway models of P-BiVO4/SnS2 (left) and S-

BiVO4/SnS2 (right) composites. 

The enhanced photocatalytic activity of the S-BiVO4/SnS2 composite, 

compared with that of the P-BiVO4/SnS2 composite, could be explained as follows. 

As mentioned above, the S-BiVO4 possesses large number of oxygen vacancies, 

introducing defect levels that produce tailing in the absorption spectrum (Fig. 7-6a) 

and narrow bandgap of S-BiVO4. Thus, S-BiVO4 exhibits superior light absorption 

efficiency than that of P-BiVO4, which in turn may contribute to the enhanced 

photocatalytic activity of the S-BiVO4/SnS2 composite. In addition, S-BiVO4 

exhibits higher relative intensity ratio of I(040)/I(1̄21), indicating the higher exposed 

{010} facets. The {010} facets have been known to be active reduction sites, 

accumulating electrons after photoexcitation [27–31]. The XRD results 

demonstrate the S-BiVO4/SnS2 composite exhibit higher I(040)/I(1̄21) ratio of the S-

BiVO4, compared with that of the P-BiVO4 in the P-BiVO4/SnS2 composite. Thus, 

the more exposed {010} facets, the more accumulation of electrons at conduction 

band (CB) of S-BiVO4, leads to the enhanced electron transfer from CB of S-BiVO4 

to VB of Bi2S3 (Fig. 7-11), consequently suppressing recombination rate and 

promoting charge separation efficiency [27]. As a result, the photocatalytic 

performance of the S-BiVO4/SnS2 composite is improved. The chemical reaction 

between S-BiVO4 and SnS2 might modify the surface of S-BiVO4 in the composite 

to some extent, however, the majority (bulk) of crystal structures of the individual 

components (S-BiVO4 and SnS2) in the composite remain unchanged (XRD result). 

Thus, the enhanced photocatalytic activity of the S-BiVO4/SnS2 composite, 
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compared to that of P-BiVO4/SnS2, could happen at the sites, in which the chemical 

reaction induces only mild effect, and the exposed {010} facets of S-BiVO4 still 

remain and in contact with Bi2S3. 

Based on the above analyses, the photocatalytic performance of the 

BiVO4/Bi2S3/SnS2 composite can be further enhanced using different morphologies 

of BiVO4 with superior morphology (e.g., high exposed {010} facets) and narrower 

bandgap. Nevertheless, it should be pointed out that this method may only work if 

the particle size or the specific surface area of BiVO4 is similar to that of BiVO4 

used in the present study because small particle size or high specific surface area of 

BiVO4 could lead to an increase in the reaction rate of BiVO4 and SnS2, resulting 

in a substantial change of the composite properties. Consequently, more 

optimization of the solvothermal method may be required to achieve a desirable 

result. 

7.4. Conclusion 

The BiVO4/Bi2S3/SnS2 composites with different morphologies of BiVO4 

were prepared via solvothermal route. The results show that the surface chemical 

states, effective bandgaps, crystal structures, and specific surface areas of both P-

BiVO4/SnS2 and S-BiVO4/SnS2 samples do not significantly differ from each other. 

The composites could retain morphologies of their respective BiVO4 to some extent, 

which in turn influences their photocatalytic performance. The S-BiVO4/SnS2 

sample exhibits higher photocatalytic degradation of RhB than that of the P-

BiVO4/SnS2 sample, where the bandgap and morphology of S-BiVO4 were 

attributed to for facilitating the electron-transfer pathway in S-BiVO4/SnS2. These 

findings indicate that the BiVO4/Bi2S3/SnS2 composite can be further improved 

using BiVO4 with morphology that can promote electron migration in the composite. 
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8. Discussion and Prospect for Future 

 

 

 

This work aims to improve the photocatalytic activity of BiVO4-based 

photocatalysts for the RhB photodegradation. The present study demonstrates two 

main approaches to enhance the photocatalytic performance (RhB 

photodegradation) of BiVO4-based photocatalysts via hydrothermal/solvothermal 

method. One utilized KCl as a directing agent during BiVO4 preparation to control 

the various properties of BiVO4 and produce the shuriken-like BiVO4 (Chapter 4 

and 5). Another realized a BiVO4-based composite (BiVO4/Bi2S3/SnS2) by 

incorporating BiVO4 and SnS2 through a chemical reaction (Chapter 6). 

Additionally, further enhanced photocatalytic performance of BiVO4-based 

composite can be achieved by combining the shuriken-like BiVO4 and SnS2 

(Chapter 7). This chapter discusses the findings identified in both techniques. It also 

compares photocatalytic activity (RhB photodegradation) of BiVO4-based 

photocatalysts in this study and their potential application. The last part presents 

recommendations for future work. 

8.1. Discussion of findings 

The discussion is organized into two subsections for both techniques: BiVO4 

preparation using KCl as a directing agent and preparation of BiVO4-based 

composite via incorporation with SnS2. 

8.1.1. Preparation of BiVO4 using KCl as a directing agent 

This study revealed the shuriken-like BiVO4 with a narrow bandgap exhibited 

superior photocatalytic degradation of RhB among the samples, mainly due to its 

high exposed {010} facets (high relative intensity ratio I(040)/I(1̄21)). The increase in 

exposed {010} facets appears to enhance the photocatalytic performance of BiVO4, 
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which is consistent with many studies [1–7]. Wang et al. [7] and Yao et al. [3] found 

the photocatalytic activity of BiVO4 for O2 evolution was enhanced with the 

increase in exposed {010} facets. However, the {010} facets of BiVO4 are known 

for the site for reduction reaction, while {110} facets are responsible for oxidation 

reaction [5,6,8]. At first glance, it seems counter institutive to increase the reduction 

site ({010} facets) to enhance O2 evolution (oxidation reaction). However, Tan et 

al. [6] argued that enlarging the {010} facets allowed a larger number of surfaces 

available for photogenerated electrons. It facilitated the electron transfer to the 

{010} facets and suppressed the electron trapping on {110} facets, which led to the 

loss of photogenerated holes through recombination of electron-hole pair. As a 

result, the increase in the {010} facets improved both photo-reduction and photo-

oxidation efficiency. The high exposed {010} facets are beneficial not only for the 

O2 evolution, but also for the degradation of organic dyes, such as methylene blue 

[1] and RhB [9,10], which are in line with the results found in this study.  

The result of this study also found that the KCl concentration used in the 

precursor could influence the morphology and the {010} facets of BiVO4. Previous 

studies used TiCl3 [7] and NaCl [11] as directing agents and found that the {010} 

facets could be controlled by modifying the concentration of the directing agent. 

Xie et al. [11] claimed that Clˉ ions in the Cl-containing agents played the main role 

in controlling the {010} facets of BiVO4. Their DFT calculation revealed that the 

Clˉ ions reduced surface energy of the {010} facets of BiVO4 when the Clˉ ions 

were adsorbed on the said facets. Thus, more Clˉ ions in the solution suppressed the 

growth rate in [010] direction, leading to the increase in {010} facets. Therefore, 

Clˉ ions in KCl could also play a key role, influencing {010} facets in the present 

study. 

Unpon Comparison with the mentioned literature [7,11], Clˉ ions in this study 

had another function for controlling morphology. It is worth mentioning that the 

agent containing Clˉ used in the literature [7,11] was added into the precursor at the 

later stage of BiVO4 preparation, in which tetragonal zircon-type BiVO4 had 

already formed [12], as described in Chapter 4. In contrast, this study added Clˉ 
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ions (from KCl) to the precursor of BiVO4 before VO3ˉ addition (from NH4VO3). 

Since the BiOCl readily forms by the reaction of Bi3+ and Clˉ in water [13], the 

BiOCl intermediate could form first before Bi3+ reacts with VO3ˉ. This synthetic 

route is similar to BiVO4 preparation using BiCl3, containing both Bi3+ and Clˉ 

[9,14]. In this synthetic route, the final morphology of BiVO4 was found to depend 

on the number of BiOCl (intermediate) particles. Ackermann [15] claimed that the 

concentration of H3O+ ions and Clˉ dictated the formation and dissolution of BiOCl, 

in turn influencing the number of BiOCl particles in the precursor. The morphology 

of BiVO4 was drastically changed when Xi and Ye [9] varied the acidity (H3O+ 

ions) of the precursor solution and used BiCl3 (containing Clˉ ions) as a source of 

Bi3+ for BiVO4. In the case of this study, controlling Clˉ concentration could also 

alter the morphology of BiVO4 because Clˉ ions are another factor affecting the 

number of BiOCl particles. Therefore, this study suggests that, in addition to the 

role of controlling {010} facets, Clˉ concentration plays another major role in 

shaping the final morphology of BiVO4 in various forms, such as rod-like, cruciate, 

shuriken-like and tabular structures.  

Among various morphologies of BiVO4 produced in this study, the shuriken-

like structure was found to exhibit the highest photocatalytic degradation of RhB 

due to its facetted structure that maximizes the relative intensity ratio I(040)/I(1̄21) and 

exposed {010} facets. This finding is in agreement with that obtained by Zhao et al. 

[1], producing a similar shuriken-like BiVO4 using ethylenediamine tetraacetic acid 

disodium (EDTA) as a directing agent in glycerol/water mixed solvent. In fact, 

many other studies [3,16–20], synthesizing similar cruciate or dendritic structure, 

often found the structure exhibiting the high relative intensity ratio I(040)/I(1̄21) and 

high exposed {010} facets of BiVO4. However, a result obtained by Li et al. [21] 

revealed that if the cruciate or dendritic structure was made by small irregular 

particles, it would not increase the relative intensity ratio I(040)/I(1̄21). Therefore, it 

suggests that BiVO4 should either be a single crystal with the exposed {010} facets 

or a particle consisting of smaller particles with the {010} planes facing the same 

direction to increase the relative intensity ratio I(040)/I(1̄21). 
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Furthermore, the results in this work demonstrated that KCl concentration in 

precursor also influenced the optical properties of BiVO4. The increase in the KCl 

concentration reduced the bandgap of BiVO4 due to the formation of oxygen 

vacancies. These results do not match those observed in the previous studies [7,11], 

in which the bandgap of BiVO4 remained unchanged regardless of differences in 

Clˉ concentration (in the precursor). This could also be attributed to the different 

synthetic routes (the order of adding Clˉ ions in the precursor) used in the previous 

studies and this work. As discussed in Chapter 5, the decrease in bandgap in this 

study was caused by oxygen vacancies induced by Clˉ ions, which might reduce 

VO3ˉ (V5+) to VO2+ (V4+) ions during hydrothermal synthesis. Since the previous 

study [7,11] added Clˉ ions to the precursor where tz-BiVO4 had already formed 

[12], there would be few to no VO3ˉ ions left to interact with the Clˉ ions; then, 

oxygen vacancies may not be induced by increasing concentration of Clˉ ions, 

leading to the unchanging in bandgap of BiVO4.  

The present work also found that the concentration of KCl could tune the 

bandgap of BiVO4 via introduction of oxygen vacancies in BiVO4 during the 

hydrothermal synthesis. Furthermore, a linear relationship between bandgap and 

oxygen vacancies in BiVO4 was also discovered. Liu et al. [22] reported a similar 

linear relationship between bandgap and oxygen vacancies in ZnO thin films, 

produced via varying the oxygen partial pressure. Thus, it is also possible to modify 

the bandgap of the BiVO4 sample with the addition of KCl in the precursor by 

altering oxygen vacancy levels in BiVO4. The results in Chapter 5 demonstrated 

that oxygen vacancies could be reduced by calcining the sample at a temperature 

range of 400-600 °C in air (oxygen-rich atmosphere). The result is in line with other 

works on TiO2 [23,24], which suggested that oxygen from air could effectively fill 

the oxygen vacancies in the oxide materials with the increase in temperature, 

resulting in widening the bandgap of the materials. The current study also found 

that the BiVO4 sample with relatively low levels of oxygen vacancies could be 

further induced by thermal treatment in Ar gas (oxygen-deficient atmosphere), 

which is consistent with an earlier study by Tan et al. [25]. However, the BiVO4 

sample with a large number of oxygen vacancies could not be further increased via 
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calcination in Ar gas. These findings suggest bandgap of BiVO4 can be tunable by 

both KCl concentration in precursor and calcination conditions via controlling 

oxygen vacancies in BiVO4. 

In this study, besides the main factor (the exposed {010} facets) enhancing 

the photocatalytic performance (RhB degradation) of BiVO4, some minor factors 

might also affect the photocatalytic activity of BiVO4. It was found that there was 

residual BiOCl (XRD and XPS results in Chapter 4) present in the BiVO4 samples, 

prepared with a high concentration of KCl. Thus, there was a possibility that the 

residual BiOCl might be able to form BiOCl/BiVO4 composite. He et al. [26] and 

Song et al. [27] reported in their respective studies that BiOCl/BiVO4 composite 

exhibited enhanced photocatalytic activity for dye photodegradation. Thus, it might 

have a minor effect on the photocatalytic activity of the BiVO4 samples in this study. 

In addition to this, the Cl elements observed in XPS results indicate the presence of 

Cl in not only BiOCl, but also in BiVO4 powder. Thus, we could not rule out the 

possibility of Clˉ modification or Cl-doping effect on BiVO4. Li et al. [28] 

discovered that Clˉ modification on the surface of BiVO4 improved photocurrent 

density of BiVO4 because it facilitated a carrier transfer and enhanced a charge 

separation efficiency. Therefore, the effect might also influence the 

photodegradation of RhB in the present study. Future research may conduct a 

detailed investigation on the effect of both BiOCl/BiVO4 composite and Clˉ 

modification on BiVO4 to further explore the benefits of the synthetic technique 

used in this study. 

This study demonstrates the synthetic technique for BiVO4 preparation, using 

KCl as a directing agent and involving BiOCl intermediate. The technique is useful 

for controlling not only the morphology of BiVO4 (the exposed {010} facets and 

particle shape of BiVO4), but also the oxygen vacancies and bandgap of BiVO4. In 

addition, the oxygen vacancies and bandgap of the as-synthesized BiVO4 could be 

modified via calcination conditions. Controlling these factors is essential for 

improving the photocatalytic activity of BiVO4 and designing a high performance 

BiVO4 for practical use. Moreover, there may be other interesting effects (involving 
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residual BiOCl and Cl in BiVO4) produced by the mentioned method to be further 

explored in the future research. 

 

8.1.2. Preparation of BiVO4-based composites via incorporation with SnS2 

The results in Chapter 6 found the photocatalytic activity (RhB degradation) 

of BiVO4-based composite (BiVO4/Bi2S3/SnS2) was higher than those of the single 

BiVO4, Bi2S3, and SnS2. Earlier works have also reported that the composite 

photocatalysts exhibit superior photocatalytic activity [29–32] because the 

composite interface allows electrons to migrate between photocatalysts, in turn 

enhancing the charge separation efficiency and suppressing the photoinduced 

electron-hole recombination [30,33].  

The results demonstrated Bi2S3 was produced from BiVO4 and SnS2 during 

solvothermal synthesis because Bi3+ (BiVO4) and S2− (SnS2) are rather reactive at 

elevated temperatures to form Bi2S3 [34,35]. It was found that the Bi2S3 may play 

the main role in improving the photocatalytic activity (RhB degradation) of the 

BiVO4-based composite because it might act as a bridge to connect SnS2 and BiVO4. 

The results are in agreement with those of previous studies [36–41], which 

fabricated composites involving Bi2S3. Although Bi2S3 may be beneficial for the 

composite, the high content of Bi2S3 could act as a recombination center for 

electron-hole pairs in the composite due to its rapid recombination rate of the 

photogenerated electron-hole [33,38,41]. This could be the reason that the optimal 

ratio of BiVO4:SnS2 for the high photocatalytic performance is rather low (0.03:1) 

since Bi2S3 content rises with the increase in the molar ratio of BiVO4:SnS2, as 

evidently shown in the XRD result in Chapter 6. 

In this work, the dual Z-scheme model was proposed to explain the possible 

charge-transfer pathway in the BiVO4/Bi2S3/SnS2 composite. A method used for 

building the model relied on the individual band energy structure of each 

photocatalyst and the experimental scavenger test (identifying the reactive oxygen 

species). This kind of method is widely used by numerous studies [34,35,37,42,43]. 
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However, after forming heterojunction (especially a chemical contact), the 

properties of the interphase of the composite may be altered. Moreover, B2S3 was 

formed from Bi of BiVO4 and S of SnS2, hence, there might be vacancies of Bi and 

S in their respective site at the interphase. Thus, the bandgap of each component of 

composite may not be the same as it was before the component was incorporated 

into the composite. Hence, using the bandgap of the single photocatalysts to explain 

the band energy structure of the composite might not be accurate. However, it is 

rather difficult to investigate or measure the actual bandgap of composite interphase. 

As a result, the current method is used with an assumption that the bandgap of each 

component approximately remains the same after being incorporated into a 

composite. Although the method might be flawed and far from perfect, it is still a 

commonly used method to explain the charge-transfer pathway in the composite 

[34,35,37,42,43] because it is useful to estimate the band energy structure of each 

semiconductor in the composite and predict the direction of charge migration. 

Nevertheless, future research may need to develop an effective technique to 

investigate the electronic properties of the composite interphase in order to 

construct an accurate representation of the band energy structure of the composite. 

The results in Chapter 7 revealed that the shuriken-like BiVO4-based 

composite exhibited superior photocatalytic activity in RhB degradation, compared 

with the polyhedral BiVO4-based composite that possesses a wider bandgap and 

lower exposed {010} faceting. Previous studies [44,45] reported that the 

photocatalytic activity of the composite depended on the morphology of its 

individual components. However, since the production of composite in this study 

involved a chemical reaction, it could not exclude the possibility that some damage 

has been done to the surface of the shuriken-like BiVO4. Thus, the enhanced 

photocatalytic degradation of RhB might be attributed to mildly affected sites on 

{010} facets, which still could accumulate the photogenerated electrons and 

transfer them to Bi2S3. The findings suggest that using a BiVO4 with high exposed 

{010} facets and narrower bandgap for building BiVO4/Bi2S3/SnS2 composite 

could further improve the photocatalytic performance (RhB degradation) of the 

composite. 
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The present study demonstrates an incorporating technique for producing 

BiVO4/Bi2S3/SnS2 composite using a chemical reaction between BiVO4 and SnS2 

via solvothermal method. The formation of Bi2S3 plays a crucial role in connecting 

both BiVO4 and SnS2 to create a dual Z-scheme system, which facilitates electron 

transfer to enhance charge separation efficiency. As a result, the photocatalytic 

performance in RhB degradation of the BiVO4/Bi2S3/SnS2 composite has an 

improvement over those of the single photocatalysts. Moreover, the further 

enhancement of the photocatalytic activity can be attained by producing the 

BiVO4/Bi2S3/SnS2 composite, using the BiVO4 with high exposed {010} facets and 

narrower bandgap. Therefore, these findings could provide a different approach for 

preparing composite by taking advantage of the chemical reaction between 

combined photocatalysts. 

8.2. Photocatalytic performance (rhodamine B degradation) 

comparison of BiVO4-based photocatalysts and their 

potential applications 

Among the BiVO4-based photocatalysts synthesized in this thesis, the 

shuriken-like BiVO4 (S-BiVO4) and the BiVO4/Bi2S3/SnS2 composite with 

shuriken-like BiVO4 as a source (S-BiVO4/SnS2) exhibit the highest photocatalytic 

performance in photodegradation of RhB. It is worth mentioning that the S-

BiVO4/SnS2 composite has a slightly better photodegradation rate (k) than that of 

the single S-BiVO4 by around 1.2 times. Even though the composite shows better 

performance, the enhancement over S-BiVO4 is rather small after incorporating 

with SnS2. Thus, it may not be worth adding additional steps to produce the S-

BiVO4/SnS2 composite for RhB degradation. Therefore, the S-BiVO4 may be 

sufficient to use for this purpose in order to avoid an unnecessary increase in time 

and cost of production. Furthermore, S-BiVO4 may have a potential application in 

O2 generation, as its valence band potential is suitable to oxidize water to O2 [46]. 

Although it could not reduce H+, it may still be used as the photoanode in a 

photoelectrochemical cell for water splitting [47]. 
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On the other hand, the S-BiVO4/SnS2 composite may be potentially useful in 

other applications, compared with single S-BiVO4, considering their band energy 

structures. In this study, the conduction band potential of Bi2S3 in the composite 

was estimated to be slightly more negative than O2/O2
•– (-0.33 V) due to the 

scavenger test in Chapter 6; it is consistent with a previous study [48]. In addition, 

Liu et al. [49] reported the conduction band potential of Bi2S3 to be slightly below 

2H+/H2 potential (-0.41 V). Thus, the conduction band potential of Bi2S3 might 

locate between 2H+/H2 and O2/O2
•–

 potentials and may not be able to generate H2, 

as shown in Fig. 8-1. Based on the figure, although BiVO4 alone can oxidize H2O 

to produce O2 due to its valence band (VB) potential being more positive than that 

of H2O/O2, the conduction band (CB) potential of BiVO4 is not negative enough for 

CO2 reduction [50,51]. The S-BiVO4/SnS2 composite, on the other hand, could 

utilize the CB potential of Bi2S3 via the dual Z-scheme process for CO2 reduction. 

Previous research [52] has reported the CB potential of Bi2S3 was suitable for such 

a reductive reaction. Additionally, similar to the single S-BiVO4, the S-BiVO4/SnS2 

composite might be potentially used for O2 evolution, however, it might need a 

sacrificial electron acceptor such as AgNO3. 

 

Fig. 8-1. Band energy structures of shuriken-like BiVO4 (S-BiVO4) and BiVO4/Bi2S3/SnS2 

(S-BiVO4/SnS2) composite relative to energy level of the redox couples [53]. 
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This study explores the possibility of the S-BiVO4/SnS2 composite used in 

CO2 reduction. Iwase et al. [54] reported CO2 reduction to form CO, using a Z-

scheme system made of a CoOx/BiVO4, metal sulfides, and a reduced graphene 

oxides (RGO) as electron mediator. Compared with the said system, the S-

BiVO4/SnS2 composite may have a slight advantage since the current work 

demonstrates the direct Z-scheme in the composite without electron mediators. 

Sasaki [55] suggested that electron mediators may provide negative effects such as 

light-shielding effect. However, the CO2 reduction in this work might depend on 

Bi2S3, which is relatively low in quantity in the composite. This issue may be 

remedied by increasing Bi2S3 content via either increasing the molar ratio of 

BiVO4:SnS2 or prolonging hydrothermal duration. In addition, although the S-

BiVO4/SnS2 composite may not be able to generate CH3OH or CO because the 

conduction band potential of Bi2S3 might lack the overpotential for such reduction, 

it may produce formic acid (HCOOH) or formaldehyde (HCHO) from CO2 and 

methanol (as a solvent), as reported by Chen et al. [52]. Moreover, to increase its 

effectiveness, a metal nanoparticle cocatalyst, such as Pt, Au, Ag, or Rh, may be 

selectively photodeposited on Bi2S3 in the S-BiVO4/SnS2 composite to engineer 

active sites for CO2 reduction [56]. Since the bandgap of Bi2S3 is the narrowest 

among other components in the composite, the suitable light energy can be used to 

excite only Bi2S3 for the selective photodeposition. Base on the analyses, the S-

BiVO4/SnS2 composite may have a potential application in CO2 reduction, and its 

effectiveness and photocatalytic activity for CO2 reduction may be enhanced with 

some modifications. 

8.3. Recommendations for future work 

The suggestions for further study are presented as follows: 

The photocatalytic degradation of organic pollutants in this study was mainly 

based on the degradation of rhodamine B. Although it represents one of the most 

common dye in industrial wastewater, there are other dyes whose properties are 

different than those of rhodamine B, which in turn could influence the 

photocatalytic activity of the photocatalyst. Thus, various dyes with different 
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properties, for example, cationic and anionic dyes, should be used to measure the 

photocatalytic degradation of pollutants in the presence of photocatalyst in order to 

determine the effectiveness of the photocatalyst.  

The changing in the exposed {010} facets of the BiVO4 samples was 

indirectly determined by measuring the relative intensity I(040)/I(1̄21) ratio from XRD 

pattern. Although this technique is effective and used by many research, the direct 

identification and observation of the {010} facets and other facets of the BiVO4 

samples could further improve the understanding of their interaction, which 

contributes to the enhanced photocatalytic activity of BiVO4. 

The incorporation of BiVO4 and SnS2 via chemical reaction produced Bi2S3, 

resulting in the formation of heterojunction and the enhanced photocatalytic activity, 

based on the results from various characterization techniques. However, the 

detailed interfacial study at the contact zone (interphase) has not been done due to 

difficulty in measurement and observation. Therefore, there is a need for a direct 

investigation on the morphology, optical properties, and other properties at the 

interphase of the composite to further promote the understanding of the charge-

carrier migration in the composite photocatalyst. 

 As mentioned in Section 8.2, the shuriken-like BiVO4 and the 

BiVO4/Bi2S3/SnS2 composite may have potential applications in O2 production and 

CO2 reduction. Thus, future work may extend the measurement of the 

photocatalytic performance beyond the pollutant degradation to CO2 reduction and 

O2 generation. 

As the specific surface area of a photocatalyst can influence its photocatalytic 

activity, further improvement on the photocatalytic performance of the 

BiVO4/Bi2S3/SnS2 composite could be realized using nano-sized particles of BiVO4 

as a source. However, since the incorporation technique involves producing a third 

component via a chemical reaction, the size of particles will affect the reaction rate 

of the materials. Therefore, future research may need to use different synthesis 
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parameters (molar ratio of BiVO4 to SnS2, heating duration, and temperature) to 

obtain the optimal result for the photocatalytic activity of the composite. 
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9. Conclusion 

Photocatalytic performance of BiVO4-based photocatalysts was enhanced via 

two different techniques. First one was used to control crystal growth, morphology 

and bandgap of BiVO4 using KCl as a directing agent in hydrothermal synthesis. 

KCl concentration is found to influence the formation of BiOCl intermediate, which 

in turn alters the crystal growth and morphology of the final production of BiVO4. 

In addition, the concentration of KCl in the precursor also introduces the defects 

which reduces the bandgap of BiVO4. Shuriken-like BiVO4 exhibits the highest 

photocatalytic degradation of RhB under visible light owing to its high exposed 

{010} facets and narrow bandgap. 

The shuriken-like BiVO4 was calcined at various temperature in different 

atmospheric conditions (either in air or in Ar gas) to study the defects and optical 

properties. The defects are found to be oxygen vacancies, which influence the 

bandgap of BiVO4. Calcining the BiVO4 sample in air reduces the level of oxygen 

vacancies, subsequently widening the bandgap of the sample, while Ar calcination 

of the sample retains the level of oxygen vacancies and maintains its bandgap value. 

Moreover, KCl concentration in the precursor also affects the oxygen vacancies in 

BiVO4. Therefore, KCl concentration and calcination can be used to control the 

oxygen vacancies and alter the bandgap of the BiVO4. 

Second technique utilized chemical reaction between BiVO4 and SnS2 via 

solvothermal synthesis to produce BiVO4/Bi2S3/SnS2 composite. The 

heterojunction was formed in the composite. The composite with the molar ratio of 

0.03:1 (BiVO4:SnS2) demonstrates the highest photocatalytic activity in RhB 

degradation among the composites and the single photocatalysts (BiVO4, Bi2S3, and 

SnS2) in this study. The dual Z-scheme model is proposed to explain the enhanced 

photocatalytic preformation of the composites with formation of Bi2S3 as a key role.  

Two BiVO4/Bi2S3/SnS2 composites with different morphologies of BiVO4 

(shuriken-like and polyhedral BiVO4) were prepared, using the same incorporation 
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technique and molar ratio of BiVO4:SnS2 (0.03:1). Both composites share a lot of 

similarities in terms of their properties except for morphology and photocatalytic 

activity. The composite with shuriken-like BiVO4 exhibits superior photocatalytic 

degradation of RhB, compared with that of the composite with polyhedral BiVO4, 

attributed to the narrow bandgap and morphology (high exposed {010} facets) of 

the shuriken-like BiVO4, which might facilitate the charge transfer in the composite. 

Although the photodegradation rate of RhB for the shuriken-like BiVO4-based 

composite is only slightly enhanced by 1.2 times that of the single shuriken-like 

BiVO4, the shuriken-like BiVO4-based composite with the dual Z-scheme process 

might be able to reduce CO2.  Therefore, the applications of the shuriken-like 

BiVO4-based composite may potentially extend beyond pollutant degradation to 

CO2 reduction. 
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Appendix A 

 

a. Calculation of BiCl− concentration at equilibrium (298.15 K and 1 bar) 

when the amount of KCl increases 

Table 1 Standard Gibbs free energies of formation (ΔGf°) for various species.  

Species ΔGf°, kJ mol-1 (298.15 K and 1 bar)[1] 

Cl− (aq) -131.23 

Cl2 (g) 0 

H2O (aq) -237.13 

Bi3+ (aq) 82.80 

BiO+ (aq) -146.4 

BiCl4
− (aq) -481.5 

BiOCl (s) -322.1 

VO3ˉ (aq) -783.6 

VO2+ (aq) -446.4 

 

Using the Gibbs energies in Table 1, we could obtain the Gibbs energy change 

(ΔG°) of the reaction. The equilibrium constant (K) was then calculated using the 

relationship between ΔG° and K through the following equation (1): 

 

∆𝐺° = −𝑅𝑇𝑙𝑛𝐾 (1) 

 

where ΔG° is the Gibbs energy change, R is the gas constant (8.314 J mol-1 K-1), T 

is the absolute temperature (298.15 K), and K is the equilibrium constant. The 

results of the calculation were shown in Table 2. 
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Table 2 Reactions, Gibbs energy change, equilibrium constant K, and equilibrium 

expression for the reaction. 

Reactions 
ΔG° kJ mol-1 
(298.15 K and 
1 bar) 

Equilibrium 
constant K  

Equilibrium 
expression 

Bi3+ (aq)+ H2O (l) ⇌ BiO+ + 
2H+ (aq) 

7.93 0.0408 

[𝐵𝑖𝑂ା][𝐻ା]ଶ

[𝐵𝑖ଷା]
 

 

BiO+ (aq) + 2H+ (aq)+ 4Clˉ 

(aq) ⇌ BiCl4ˉ (aq)+ H2O (aq) 
-47.31 19.4 × 107 

[𝐵𝑖𝐶𝑙ସ
ି]

[𝐵𝑖𝑂ା][𝐻ା]ଶ[𝐶𝑙ି]ସ

 

 

The total volume of the precursor was adjusted to 30 ml for all samples, and the 

initial concentrations of Bi3+ and Cl− in the precursor were listed in Table 3. Since 

the pH of the solution at equilibrium was about 1.8, the concentration of [H+] is 

then approximately 0.016 M. Consequently, we can determine the concentration of 

BiO+, H+, Cl−, and BiCl4ˉ at equilibrium (Table 3) using the equilibrium expression 

in Table 2. The remaining BiO+ and Cl− can react with each other and form BiOCl. 

Therefore, we can conclude that the increase in Cl− content reduces the amount of 

BiOCl and raises the BiCl4ˉ ions in the solution. 

 

Table 3 Initial concentration and calculated concentration of various species at equilibrium 

(298.15 K and 1 bar). 

Sample 

Initial concentration of 
various species in 
solution (mol L-1)  

Concentration of various species in the solution at 
equilibrium at 298.15 K and 1 bar (mol L-1) 

Bi3+ Clˉ BiO+ H+ Clˉ BiCl4ˉ 

Bi1 0.033 0.033 0.032 0.016 0.029 0.001 

Bi2 0.033 0.067 0.027 0.016 0.045 0.005 

Bi3 0.033 0.100 0.022 0.016 0.056 0.011 

Bi5 0.033 0.167 0.011 0.016 0.080 0.022 
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b. Calculation of Gibbs energy change for possible reduced reaction from 

VO3ˉ (V5+) to VO2+(V4+) at equilibrium (298.15 K and 1 bar)  

 

Gibbs energy change (ΔG°) of the reaction is calculated by using the known Gibbs 

energies of each species in Table 1. The equilibrium constant (Keq) was then 

calculated using the equation (1): 

 

The reduced reaction from V5+ to V4+ is expressed in reaction (2): 

 

2VO3ˉ (aq) + 2Clˉ (aq) + 8H+ (aq) ⇌ 2VO2+ (aq) + Cl2 (g) + 4H2O  (2) 

 

ΔG° = -11.66 kJ mol-1, (298.15 K and 1 bar) 

Keq = 110.37 
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Appendix B 

 

 

Fig. 1. Absorbance spectra of RhB dye solution (40 ml)as a function of irradiation time 

under visible light (λ > 420 nm) in the presence of (a) Bi0, (b) Bi1, (c) Bi2, (d) Bi3, and (e) 

Bi5 samples. 
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Fig. 2. Absorbance spectra of RhB solution (80 ml) as a function of time during the 

degradation process under visible light (λ > 420 nm) in the presence of (a) 0.01 BiVO4/SnS2, 

(b) 0.03 BiVO4/SnS2, (c) 0.06 BiVO4/SnS2 (d) 0.12 BiVO4/SnS2, (e) SnS2, and (f) BiVO4. 
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Fig. 3. Absorbance spectra of RhB solution (80 ml) as a function of time during the 

degradation process under visible light (λ > 420 nm) in the presence of (a) P-BiVO4, (b) P-

BiVO4/SnS2, (c) S-BiVO4 (d) S-BiVO4/SnS2, and (e) SnS2. 



 

184 
 

Appendix C 

 

Fig. 1. (F(R)hv)2 vs hv plots and average bandgap values of KCl-BiVO4 with KCl 

concentrations of (a) 0 mmol, (b) 1 mmol, (c) 2 mmol, (d) 3 mmol, (e) 4 mmol, and 

(f) 5 mmol. Each sample was measured three times, and the bandgap value of each 

sample was determined using the average value. 
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Fig. 2. High-resolution XPS spectra of V 2p3/2 of KCl-BiVO4 samples with KCl 

concentration of (a) 0 mmol, (b) 1 mmol, (c) 2 mmol, (d) 3 mmol, (e) 4 mmol, and 

(f) 5 mmol.  
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Appendix D 

Fig. 1 shows Tauc’s plots of materials using either n = 1 (direct transition) or 

n = 4 (indirect transition) in equation 3.2. The estimated bandgap values of BiVO4, 

SnS2, and 0.03 BiVO4/SnS2 (n = 1, direct transition) are 2.38 eV, 2.18 eV, and 2.17 

eV, respectively. These values are closed to those of pure BiVO4 (2.38–2.48 eV) 

and pure SnS2 (~2.2 eV) reported by earlier studies [1-5]. On the other hand, if n = 

4 (indirect transition) is used, the bandgap values are smaller and not matched with 

those of previous reports [1-5]. It indicates that n = 1 is more suitable to estimate 

the bandgap of the samples. 

 

Fig. 1. Tauc’s plot using n = 1 (direct bandgap) and n = 4 (indirect bandgap) of (a) 

pure SnS2, (b) pure BiVO4, and (c) 0.03 BiVO4/SnS2 (BiVO4/Bi2S3/SnS2).  
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Fig. 2. High resolution XPS spectra of S 2p orbitals with peak fittings of (a) S-

BiVO4/SnS2, (b) P-BiVO4/SnS2, and (c) SnS2. S-BiVO4/SnS2 is BiVO4/Bi2S3/SnS2 

with shuirken-like BiVO4, and P-BiVO4/SnS2 is BiVO4/Bi2S3/SnS2 with polyhedral 

BiVO4. 
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