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Abstract 

In recent years, clean renewable energy and sustainable environment are emerging 

as the top issues and challenges for humanity. Photocatalysis can be applied to convert 

solar energy into chemical energy, and is considered as an attractive strategy to tackle 

the environmental and energy challenges. Since the traditional photocatalyst TiO2 is 

limited in ultraviolet (UV) range applications, alternative materials have been widely 

explored. Among them, BiVO4 has shown great potential to extend beyond the UV 

region due to its suitable band-gap of 2.4 eV and favorable band edge alignment to 

water splitting. In this work, monoclinic m-BiVO4 nanoparticles were synthesized and 

surface-modified in order to improve the photocatalytic property. 

The present work started from the mechanism study of m-BiVO4 synthesis. It was 

found that a pH ≤ 9 was essential in the phase formation. Owing to the different reaction 

mechanisms involved under various pH conditions, the state and morphology of the Bi-

precursor played a crucial role in determining the particle size and morphology of the 

synthesized product. In addition, the photocatalytic activity of these m-BiVO4 powders 

was found to be greatly influenced by both the specific surface area and local structure 

variation. Synthesis in acid solution was found to benefit complete crystallization with 

large distortion of the VO4
3-

 tetrahedron in the local structure, and the product exhibited 

the highest photocatalytic activity. 

In strong acid condition and with the presence of sodium dodecyl benzene 

sulfonate (SDBS), m-BiVO4 octahedral single crystals were successfully obtained with 

sizes adjustable in a broad range from 200 nm to 5 m. The influences of SDBS 

addition, reaction time, and acid concentration were studied while the products were 
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extensively characterized to discover the crystal growth mechanism, which was 

proposed as a supersaturation process followed by the Ostwald ripening. Compared 

with irregular shaped particles, these octahedral crystals showed superior visible-light 

photocatalytic performance. 

Further, -Bi2O3, the best photocatalytic polymorph of Bi2O3, was formed on the 

surface of m-BiVO4 octahedral crystals through an alkaline “etching” process. The 

product resulted in m-BiVO4@-Bi2O3 core-shell heterostructure with p-n junction 

formation. It was found that such formation and yield of Bi2O3 was determined by both 

the alkaline concentration and reaction time. Moreover, the effect of Bi2O3 formation on 

the specific surface area of the composite particles was investigated. The RhB 

degradation test indicated that a 34% Bi2O3 composite phase provided the highest 

improvement of photocatalytic performance, which was attributed to a higher specific 

surface area and improved charge carrier transfer in the p-n heterojunction structure. 

In parallel, based on the photocatalytic capability of m-BiVO4, Au or Pt 

nanoparticles were successfully synthesized and loaded onto the surface of the m-BiVO4 

nanocrystals, as evidenced by extensive characterization. Suitably loaded Au- and Pt-

BiVO4 heterogeneous nanoparticles exhibited much higher visible-light photocatalytic 

activities than the pure m-BiVO4 crystals. Further study and comparison between Au 

and Pt loading revealed that the superior photocatalytic activity of Pt/m-BiVO4 

composite nanoparticles lied in the better dispersion of Pt nanoparticles, while Au-

loading resulted in severe particle agglomeration that decrease the specific surface area. 

Finally, as a combination of the achievements in the p-n composite formation and Pt 

nanoparticles loading, m-BiVO4/-Bi2O3/Pt multi-composite nanoparticles were 

synthesized, which could further improve the photocatalytic performance. 
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Chapter 1.  Introduction 

1.1 Motivation 

Nano-materials have been extensively explored due to their attractive chemical 

and physical properties for potential applications to overcome the energy and 

environmental problems, which are considered as one of the greatest challenges in the 

21st century. Since the photoelectrochemical water splitting (the Honda-Fujishima-

effect) was reported in 1972 [1], TiO2 has become the most widely used semiconductor 

in photocatalysis for environmental and energy applications. It has many advantageous 

properties including being highly oxidative, chemically stable, inexpensive and non-

toxic. However, because of its large band gap energy around 3.2 eV, TiO2 can only be 

excited by UV light, which constitutes only 4% of the solar spectrum [2]. Therefore, 

the use of visible-light-driven photocatalysts will not only increase the outdoor 

photocatalytic activity but also enable the extension to indoor application where there 

is almost no UV irradiation.  

There are two main strategies to develop visible-light-driven photocatalysts. The 

first one is the band-gap modification of TiO2 to extend its absorption to visible range, 

through O-site doping, such as TiO2-xNx, TiO2-xCx [3-5] and metal ions doping using V, 

Cr, Mn, Fe et al. [6-9]. However, the methods used for the dopant introduction are not 

easily controlled, and the low thermal stability of these compounds limits their 

applications. Moreover, these dopants may also work as recombination center between 

photogenerated electrons and holes and consequently decrease photocatalyst efficiency. 

The second strategy is to exploit other materials that absorb visible light directly. As 

highlighted by Kudo A. et al in 2008 [10], monoclinic scheelite structure BiVO4 (m-
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BiVO4) with a narrow band gap of 2.4 eV has recently been considered as one of the 

most promising photocatalysts under visible light irradiation and has nowadays 

attracted much attention. BiVO4 is stable and has neutral characteristic in water 

without changing the pH value, hence is suitable for environmental applications. 

On the other hand, according to the photocatalytic kinetics [11-14], large specific 

surface area, well crystallization and less structural defects are usually required to 

achieve excellent photocatalytic performance. Meanwhile, it has been reported that the 

photocatalytic performance of BiVO4 powders can be greatly influenced by the 

variation of electronic structure through the slight change of V−O band length, which 

is related to the crystal phase, crystallization and different morphologies [15]. Thus, 

synthesis optimization to control the phase, size and morphology of BiVO4 crystals 

still remains a great challenge. 

Besides the synthesis modification, construction of heterogeneous structure, such 

as p-n junction formation and noble metal surface loading, are considered to be 

effective strategy to separate electron-hole pairs, thus improve the photocatalytic 

property. Research work in this field is of great interest and is highly desired. 

1.2 Objectives 

The objective of this work is to improve the photocatalytic properties of m-

BiVO4-based nanoparticles under visible light irradiation, which is achieved by the 

control of synthesis mechanism, crystal size and morphology evolution, as well as 

surface modification by using hydrothermal-based wet chemical synthesis routes. 

Systematic work is firstly conducted to study the pH effect on phase formation 

mechanism in a hydrothermal synthesis of BiVO4, and the factors affecting their 

photocatalytic performance, both of which form the basis of further development. 
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Next, the hydrothermal synthesis process is modified in order to further control 

the morphology and the crystal size of the as-prepared m-BiVO4 particles. The 

synthesis of well crystallized nanocrystals is explored for the enhancement of the 

photocatalytic performance. 

Further, heterogeneous nanostructures are explored based on these as-prepared 

m-BiVO4 nanocrystals in order to enhance the separation of photogenerated electron-

hole pairs, and consequently improve the photocatalytic activity. This goal is achieved 

by two strategies: the p-n junction formation through the synthesis of Bi2O3 on m-

BiVO4, and the metal-m-BiVO4 construction through the surface loading of Au or Pt 

nanoparticles. These heterogeneous nanostructures are carefully characterized and 

extensively studied.  

Finally, the above two strategies are combined to achieve multi-composite 

nanostructure, which is promising to achieve further photocatalytic improvement. In 

addition, preliminary research works, such as scale-up synthesis and thin film 

deposition are also performed. 

1.3 Major Contribution of the Thesis 

This thesis has contributed to a better understandings on hydrothermal synthesis 

mechanism, developments in preparation methods, and improvement of photocatalytic 

activity of BiVO4-based nanocrystals, which can be summarized as follows: 

1. The first part of this work has provided clear understandings on the phase 

formation mechanisms in the hydrothermal synthesis of BiVO4. It is found that, pH ≤ 9 

is necessary to obtain the monoclinic scheelite phase, m-BiVO4. Based on the 

systematic study on pH effects, for the first time, it is concluded that the phase 
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formation and the crystal morphology of final BiVO4 product are determined by the 

state and morphology of various Bi-precursors formed under different pH conditions. 

2. Then, for the first time, it is proposed that the strong acid condition benefits 

good crystallization and size control in the hydrothermal synthesis of m-BiVO4 

crystals. Under this guidance, mono-dispersed m-BiVO4 octahedral nanocrystals are 

firstly obtained with good crystallization and uniform size adjustable in a wide range. 

This work also provided detailed crystallography information of these single crystals 

based on extensive characterization efforts. Moreover, through the well synthesis 

control, these m-BiVO4 octahedral nanocrystals have exhibited superior high 

photocatalytic performance whereby the degradation of RhB could be completed 

within 12 hours under visible light of normal indoor fluorescent irradiation. 

3. Next, for the first time, a novel “etching” method has been developed to 

synthesize -Bi2O3 on the surface of m-BiVO4 octahedral crystals, where the great 

challenge in chemical synthesis of -Bi2O3 phase was overcome. This method could 

achieve m-BiVO4@-Bi2O3 core-shell p-n heterostructure with adjustable phase ratio 

of the two oxides. Based on the p-n junction formation and the combination of these 

two excellent visible-light photocatalytic materials (both phases are the best 

photocatalyst among their polymorphs, respectively), the visible-light photocatalytic 

performance in RhB degradation was greatly improved. 

4. Meanwhile, it is the first time to systematically study, compare, and optimize 

the surface modification effects of Au and Pt nanoparticles on m-BiVO4 nanocrystals. 

The Au/ and Pt/m-BiVO4 heterogeneous nanoparticles exhibit much improved visible-

light photocatalytic activity, whereby the RhB degradation could be finished within 7 

hours under visible light of normal indoor fluorescent irradiation. In comparison, the 



Chapter 1 

5 

origin of such superior photocatalytic activity of Pt/m-BiVO4 nanoparticles was found 

to be in the better dispersion of Pt nanoparticles than Au species. 

5. Finally, for the first time, m-BiVO4–based multi-composite nanocrystals are 

developed by combination of p-n junction formation with surface loading of noble 

nanoparticles. By using these m-BiVO4/-Bi2O3/Pt nanoparticles, the RhB degradation 

could be finished within 4 hours under visible light of normal indoor fluorescent 

irradiation. The significance of this part of work is not only the further improvement in 

photocatalytic performance, but also the successful demonstration of a synergistic 

strategy, which can guide other materials development for photocatalysis and 

photoinduced energy conversion applications.  

1.4 Organization of the thesis 

The thesis contains 9 chapters, including the present introduction as Chapter 1. 

Chapter 2 is composed of a literature review on the fundamental of 

photocatalytic reaction, some typical photocatalysts and their limitations. This chapter 

also reviews the various strategies to improve the photocatalytic efficiency under 

visible light irradiation. 

Chapter 3 describes the preparation procedures of the BiVO4 by hydrothermal 

method. Characterization methods of BiVO4 on crystal structure and photocatalytic 

properties are also presented in details. 

Chapter 4 investigates the pH effect and phase formation mechanism in the 

hydrothermal synthesis of monoclinic BiVO4 particles. The morphology evolution is 

discussed based on the analysis on different reaction mechanisms and various states of 

Bi precursors. The factors affecting the photocatalytic performance, such as band gap 

energy, specific surface area as well as the local structure variation are also discussed. 
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Chapter 5 presents the size and morphology control of m-BiVO4 octahedral 

nanocrystals through hydrothermal synthesis modification. Based on crystal 

characterization and property testing, the crystal growth mechanism and photocatalytic 

activities of as-prepared m-BiVO4 nanocrystals are investigated. 

Chapter 6 studies the m-BiVO4/-Bi2O3 heterostructure with p-n junctions for 

photocatalytic performance improvement. The fabrication method through a simple 

etching process in alkaline solution is introduced. Also, the possible mechanisms in the 

enhancement of photocatalytic performance are discussed. 

Chapter 7 explores the surface modification of m-BiVO4 octahedral nanocrystals 

by loading Au or Pt nanoparticles. The mechanism behind the photocatalytic 

enhancement is illustrated. In addition, influences of Au- and Pt-loading are compared, 

and the resulting different photocatalytic performances are explained as well. 

Moreover, this chapter also illustrates the further improvement of photocatalytic 

activity by the combination of p-n junction formation with Pt surface loading. 

Chapter 8 presents the conclusions as well as the recommended future works. 
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Chapter 2.  Literature Review 

2.1 Photocatalytic Reaction 

Photocatalytic reactions are induced by photons (light) in the presence of a 

photocatalyst [16-21]. Photocatalysis on semiconductor particles involves three main 

steps: (i) absorption of photons with higher energies than the semiconductor band gap, 

leading to the generation of electron (e
−
)–hole (h

+
) pairs in the semiconductor particles; 

(ii) charge separation followed by migration of these photogenerated carriers in the 

semiconductor particles; and (iii) surface chemical reactions between these carriers 

with various compounds (e.g., H2O); electrons and holes may also recombine with 

each other without participating in any chemical reactions. 

Figure 2.1 summarizes the generation of the electron-hole pair, its recombination 

and the redox reaction [22]. 

 

Figure 2.1 photocatalytic reaction; generation and recombination of 

electron-hole pair and redox reactions [22]. 
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The photocatalytic reaction can be summarized as followed [23]. For the redox 

reaction, the photogenerated electrons diffuse to the surface and reduce electron 

acceptor; while the holes oxidize electron donor. The electron donors include absorbed 

substrate (RX), water or OH ions. As there is a higher concentration of OH from water 

dissociation, it is more likely to oxidize OH ions: 

H2O + h
+
 → •OH + H

+   
     (2-1) 

OH
−
 + h

+
 → •OH       (2-2) 

h
+
 + RX → RX

+
       (2-3) 

For electron acceptor, oxygen molecules act as the scavenger to absorb electrons 

and form super-oxide anions, •O2
−
: 

O2 + e
−
 → •O2

−
       (2-4) 

This super-oxide anions undergo further reactions to form •OH and •OOH 

radicals and hydrogen peroxide: 

H2O + •O2
−
 → •OOH + OH

−
     (2-5) 

2 •OOH → O2 + H2O2      (2-6) 

•OOH + H2O + e
−
 → H2O2 + OH

−
     (2-7) 

H2O2 + e
−
 → •OH + OH

−
        (2-8) 

The radicals, (•OH, •OOH, H2O2) formed from the redox reaction, are able to 

oxidize organic pollutants to form carbon dioxide and water. The overall reaction is 

shown in equation (2-9) [16]. The organic pollutant can be volatile organic compound 

(VOC) [24-27], or bacteria [28-30] and this has created interest as it has potential 

applications in water splitting, air quality control, water treatment, antibacterial and 

self-cleaning surfaces. 

Organic pollutant + O2 → CO2 + H2O + mineral acids   (2-9) 
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2.2 Photocatalytic Materials 

2.2.1 Historical overview 

In 1921, Renz reported that titania can be partially reduced with sunlight in the 

presence of an organic compound glycerol, the color of this oxide turning from white 

to dark; and he also found similar phenomena with CeO2, Nb2O5 and Ta2O5. The 

reaction for TiO2 was proposed to generate Ti2O3 or TiO [31]. In 1924, Baur and Perret 

first reported the photocatalytic deposition of a silver salt on ZnO to produce metallic 

silver [32]. At this early date, the authors suspected that both oxidation and reduction 

happened simultaneously and it is proposed as: 

ZnO + hv → h
+
 + e

-
       (2.10) 

OH + h
+
 → 1/4O2 + 1/2H2O     (2.11) 

e
-
 + Ag

+
 → Ag       (2.12) 

After three years of study, they proposed simultaneous oxidation and reduction 

to explain the production of hydrogen peroxide on ZnO [33]: 

CH2O + 2h
+
 + 2OH

-→ CO + 2H2O     (2.13) 

2e
-
 + O2 + H

+
 → H2O2      (2.14) 

It was not until 8 years later that the proposal was confirmed. In 1932, Renz 

reported the photocatalytic reduction of silver nitrate to metallic silver and gold 

chloride to metallic gold with a number of illuminated oxides, including TiO2 and 

Nb2O5 [34], and subsequently discussed the results according to the Baur redox 

mechanism. It has been recognized for quite a long time that titania-based exterior 

paints tend to have “chalking” effect under strong light. This effect was considered 

resulting from the actual removal of part of the organic component of the paint, leaving 

the titania itself exposed. In 1938, Goodeve and Kitchener made a study on the 
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photocatalytic decomposition of a dye with titania powder in air [35]. They proposed 

that titania acts as a catalyst to accelerate the photo chemical oxidation and also 

studied a number of other oxides. 

During the 1950s, ZnO got much more attention for the development of 

photocatalysis. In these studies, the overall reactions and mechanisms were completely 

clarified, and it became clear that organic compound was oxidized while oxygen was 

reduced. Markham with her co-worker constructed and studied a number of different 

types of photo-assisted fuel cells, using illuminated ZnO as the photo-anode and 

alcohols as the organic substrates [36-38]. But the inevitable problem of ZnO photo-

corrosion prevented this system from reaching practical application. In 1958, Kennedy 

et al. studied the photo-absorption of O2 on TiO2 in order to fully understand the 

photocatalytic process [39]. They concluded that electrons were transferred to O2 

because of photo excitation, and led to reduced form of O2 adsorbed on the TiO2 

surface. The authors found a relationship between the ability of the TiO2 to 

photocatalytically decompose chlorazol sky blue and the ability of photo-adsorb O2. 

This phenomenon is very important for understanding photocatalysis. 1964 in Japan, 

Kato and Mashio found that different types of titania powders had different 

photocatalytic activities. With the Fujishima report of the ability to simultaneously 

generate hydrogen gas in 1972 [1], the photocatalysis field started to receive much 

more attention, because of its implications for solar energy conversion. 

2.2.2 Titanium Dioxide, TiO2 

TiO2 has always been of great interest. This is mainly because of its unique 

properties such as being inert, physically and chemically stable, non-toxic, inexpensive, 

and sensitive to UV light. Under visible light, TiO2 displays almost no absorption, and 

hence, it is white. TiO2 exists in the forms of anatase, rutile and brookite. Table 2.1 
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summarizes the bulk properties of the three phases [40]. The two crystal phases of 

titanium dioxide that are commonly used in photocatalytic applications are rutile and 

anatase. 

Table 2.1 Properties of bulk TiO2 and its different phases [40]. 

Bulk TiO2 

Atomic Radius (nm) O = 0.066 (Covalent) Ti = 0.146 (Metallic) 

Ionic Radius (nm) O (-2) = 0.14 Ti (+4) = 0.064 

Individual Phases 

Crystal Structure System 
Density 

(kg/m
3
) 

Lattice Constants (nm) 

a b c c/a 

Rutile Tetragonal 4240 0.4584 - 0.2953 0.644 

Anatase Tetragonal 3830 0.3733 - 0.937 2.51 

Brookite Rhombohedral 4170 0.5436 0.9166 0.5135 0.944 

 

Of the two phases, anatase shows relatively greater photocatalytic activity and is 

used more frequently for photocatalytic oxidation reactions, while rutile is primarily 

used as pigments due to its light scattering properties. The amorphous-anatase-rutile 

phase transformation temperatures depend on several variables such as: initial particle 

size [41], doping concentration [42], original phase [43], and reaction atmosphere [44]. 

At room temperature bulk TiO2 rutile is the stable phase; however, the phase stability 

of nanoparticles depends on the particle size. Zhang and Banfield [41] have shown that 

when particle size becomes less than 14 nm, anatase becomes more stable than rutile. 

Among the three phases, rutile has the smallest band gap (3.0 eV), but its 

photocatalytic reactivity is much lower than anatase, that is mainly because of the 

higher recombination rate for electron-hole pair in rutile phase than anatase [45]. 

While, anatase, with a band gap of 3.2 eV, has the highest photocatalytic property, 

which can be further improved by mixing with rutile. The differences in the band edge 

position can help holes move to anatase phase while electrons migrate into rutile phase, 

and hence reduce recombination [46]. This mixed phase TiO2 makes Degussa P25 as 
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the benchmark for photocatalyst. P25 has a ratio of 8:2 for anatase to rutile with BET 

measurement at around 50 m
2
/g and several hundred nanometers in particle size [47]. 

2.2.3 Zinc Oxide, ZnO 

ZnO is the next best alternative to TiO2. Similar to TiO2, it has a band gap of 3.2 

eV at the same band edge position. Moreover, it has a direct band gap, that gives rise 

to a higher efficiency in electron-hole pair generation [48]. In some instances, it has 

shown better photocatalytic performance than TiO2. However, ZnO suffers from 

photocorrosion, where it is oxidized by photogenerated holes to form Zn
2+

. This leads 

to the loss of photocatalytic property. 

Photocorrosion can be inhibited by removing the photogenerated holes from 

ZnO. Zhang et al. showed similar degradation rate of methylene blue for 3 cycles with 

polyaniline-ZnO [49]. They proposed that the hybrid structure enhance electron-hole 

separation with holes migrating to polyaniline, which prevents the holes from 

oxidizing ZnO. 

2.2.4 Cadmium sulfide, CdS, and Cadmium Selenide, CdSe 

CdS and CdSe are studied for its narrow band gap [50]. A narrow band gap is 

favorable for photocatalytic reaction as it could absorb visible light. However, the 

major problem with these kinds of materials is the photocorrosion as well. In addition, 

Cd
2+

 ions can be released which is toxic to our environment, so it would not be feasible 

for consumer applications. 

2.2.5 Strontium Titanate, SrTiO3 

The perovskite-type oxides are very famous among the metal oxide photocatalyst 

because they have wide diversity of properties. Figure 2.2 shows an ideal perovskite-

type cubic structure of ABO3 with the space group Pm3m, the coordination number of 
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cation A is 12-fold and B cation is 6-fold coordinated with the oxygen anions. The 

corner-sharing BO6 octahedral forms the skeleton of the cubic structure, in which the 

center position is occupied by the A cation. A wide range of cations and valences can 

be accommodated in this simple crystal structure. Due to the susceptibility of partial 

substitution at both A and B sites, it renders perovskite with diverse and flexible 

chemical tailoring [51]. As a typical A
2+

B
4+

O
3-

 type perovskite, SrTiO3 has been 

known as a photocatalyst capable of decomposing H2O into H2 and O2 without 

applying an external bias potential [52]. SrTiO3 has a large band gap (3.2 eV), which 

can only absorb UV light, many researches focus on the doping of foreign elements, 

mostly transition metals, into SrTiO3 to improve its absorption to visible light. For 

example, chromium has been paid much attention because the occupied Cr
3+

 level is 

usually about 2.2 eV lower than the conduction band bottom formed by Ti 3d or 1.0 

eV higher than the valence band top formed by O2p [53]. 

ABO3 perovskites have a very important characteristic which is their ability of 

partial substitution of cations at both A and B sites and the stability of mixed oxidation 

states or unusual oxidation states in the crystal structure. For example, if the Cr cations 

are alternatively doped at the Sr
2+

 site rather than the Ti
4+

 site, different photophysical 

and photocatalytic properties might be obtained. 
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Figure 2.2 Ideal ABO3 perovskite structure. The BO6 octahedron links 

through corners to form a three-dimensional cubic lattice, and the A 

cation is in the center of the cube [51]. 

 

2.3 BiVO4 for Visible light Photocatalysis 

2.3.1 Visible light induced photocatalysis 

Due to the large band gap, the anatase and rutile TiO2 photocatalysts mainly 

absorb UV light. However, the solar spectrum only comprises a small amount of 

ultraviolet photons (about 4%), and room light lamps emit mainly visible photons. 

Therefore, many efforts have been devoted to extending the spectral response of pure 

TiO2 material to visible light. This includes doping TiO2 with metal impurities [54], 

non-metal atoms [55], coupling TiO2 with narrow band-gap semiconductors [56] and 

oxygen-deficient TiO2 [57]. 

Asahi et al. first reported visible light photocatalysis with N-doped TiO2 [3]. 

They prepared the photocatalyst by two methods: one was by sputtering a TiO2 target 

in an N2/Ar mixture gas; the other was by calcinating TiO2 powder in an NH3/Ar 

atmosphere. Both methods produced yellow TiO2 photocatalyst that absorbed light at 

less than 500 nm and showed activity under visible light for the decomposition of 
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methylene blue solution (Figure 2.3). As the direct evidence of N doping, XPS studies 

on N-doped TiO2 materials often gave two kinds of N1s peaks, one at about 396 eV, 

and the other one at 400 eV [58]. It was thus believed that at least two kinds of 

nitrogen doping were responsible for the visible light photo activity. The 396 eV peak 

is generally assigned to substitution nitrogen doping; while the 400 eV peak is 

believed to relate to interstitial nitrogen doping. 

 

Figure 2.3 (a) optical absorption spectra of TiO2-xNx and TiO2 films and 

(b) N1s XPS spectra of TiO2 and TiO2-xNx films [3]. 

 

As commented by Serpone, it is impossible that a low level of doping (<2 

atomic %) can rigidly shift up the valence band [59]. Irie et al. reported that the 

quantum yields of gaseous 2-propanol decomposition on N-doped TiO2 powders under 

visible light were several times lower than those under UV source [60]. This 

observation could not be explained by the band gap narrowing model. Instead, it 

suggested that nitrogen doping led to the formation of localized mid-gap states above 

the valence band edge as shown in Figure 2.4. 
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Figure 2.4 Various schemes illustrating the possible band-gap electronic 

structure and excitation processes of visible light responsive TiO2 

materials: (a) pure TiO2; (b) band-gap narrowing model for non-metal-

doped TiO2; (c) oxygen-deficient TiO2; (d) localized mid-gap level model 

for non-metal-doped TiO2; (e) oxygen vacancy levels and non-metal-

doped mid-gap levels are considered together [59]. 

Irie et al. also reported the preparation of C-doped TiO2 by oxidative heating of 

TiC powders [61]. Either anatase or rutile type C-doped TiO2 was prepared by 

controlling of the heating temperature. The prepared materials were yellow with 

observable shifts to visible light, and the carbon dopant showed a peak at 281.8 eV in 

the C1s XPS spectra. But the photocatalytic activity of C doped TiO2 under visible 

light was quite weak, as evaluated by the decomposition of gaseous 2-propanol. 

2.3.2 Bismuth vanadate (BiVO4) 

During past decades, the non-titania-based visible-light-driven semiconductor 

photocatalysts such as InTaO4, BiVO4, BaCr2O4 and Ta3N5, as a rapid growing 

material family, have been employed for the degradation of organic contaminants and 

water splitting to generate oxygen and hydrogen [62-66]. As highlighted by Kudo A. et 

al in 2008 [10], BiVO4 with a low band gap of 2.4 eV has recently been considered as 

one of the promising photocatalysts under visible light irradiation and has nowadays 

attracted much attention owing to its stable and neutral characters in water without 

changing the pH value, which is suitable for environmental applications. 
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Figure 2.5 Schematic representation of (a) monoclinic scheelite structure, 

(b) tetragonal scheelite structure and (c) tetragonal zircon structure. 

 

BiVO4 presents in three crystalline phases, monoclinic scheelite structure (s-m), 

tetragonal scheelite structure (s-t) and tetragonal zircon structure (z-t) [67-69], as 

shown in Figure 2.5. Among them, BiVO4 with monoclinic scheelite structure (m-

BiVO4) is found to exhibit the best photocatalytic performance under visible light 

illumination [70]. The reason lies in its distinct electronic structure due to the 

asymmetric crystal structure. 

Actually, the crystal structure of m-BiVO4 is very close to that of the tetragonal 

scheelite phase (st-BiVO4), as shown in Figure 2.5 and compared as follows: 

m-BiVO4: a = 5.1966 Å, b = 11.7044 Å, c = 5.0935 Å, and  = 90.383°; 

st-BiVO4: a = c = 5.1509 Å, b = 11.730 Å, and  = 90° [71] 

Due to the high symmetry of st-BiVO4, only one type of V–O bond (V–O = 1.72 

Å) exists in the VO4
3–

 tetrahedron. Then the bismuth cation is coordinated by eight 

identical VO4
3–

 tetrahedrons. Therefore, there is no lone-pair distortion around Bi
3+

 

due to the balanced symmetry constraints [71]. In contrast, the low symmetry in m-

BiVO4 results in a distorted VO4
3–

 tetrahedron, and there are two distinct bond lengths 

(V–O
I
 = 1.69 Å and V–O

II
 = 1.77 Å). In this condition, the Bi–O bond lengths around 
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the bismuth cation are different and a typical lone-pair distortion can be observed. 

Such asymmetry of crystal structure provides a distinct electronic structure. The 

valence band of m-BiVO4 is formed by a hybrid of the Bi 6s and O 2p orbitals, while 

the conduction band is composed of V 3d orbitals [66]. It has been reported that the 

distortion of the VO4
3–

 tetrahedron, corresponding to the lone-pair electron of Bi
3+

 in 

the local structure of BiVO4, can result in the overlap between the Bi 6s and O 2p 

orbitals, which can greatly benefit the migration of photogenerated holes, thus, its 

higher photocatalytic performance [15]. 

Generally, photocatalyst require large surface area to ensure high photocatalytic 

efficiency, although m-BiVO4 has been fabricated for yellow pigment long ago, the 

ultra fine powder synthesis for photocatalysis has not been studied until early this 

century. So far, it has been reported that m-BiVO4 micro-/nano-particles or thin films 

can be generated by means of various methods, such as solid-state reaction [72], 

aqueous approach [66,68], hydrothermal treatment [15,73-75], chemical bath 

deposition [76] and sonochemical route [77]. Among these strategies, the “bottom up” 

hydrothermal method has attracted much attention due to its simplicity and 

effectiveness in producing m-BiVO4 with perfect crystalline structures and regular 

morphologies in an environmentally mild way [74,75]. In order to increase the specific 

surface area of the material, up to now, there have been a lot of morphologies of 

BiVO4 powders achieved under different reaction conditions, such as polyhedral and 

rod-like morphologies by a hydrothermal process with ammonia as pH adjusting agent 

[15], micro-tubes single crystal structure by a simple reflux method [78], and flower-

like BiVO4 mesocrystals by a facile additive-free aqueous strategy [79]. However, the 

discussion on the reaction mechanism has seldom been reported [78,80], and the 

control of crystal size and morphology needs further improvement. 
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2.3.3 Approaches to enhance the photocatalytic performance 

Apart from the synthesis process control of a photocatalytic semiconductor itself, 

the strategies to enhance its photocatalytic property can generally be classified into two 

categories [81]: doping with metal/ nonmetal species, and constructing heterostructure. 

Through modifying the electronic structure and tailoring the surface structure of 

photocatalyst, doping is a powerful strategy. By properly designing the configuration 

and distribution of dopants in semiconductor photocatalysts, the modification of 

electronic structures can realize visible-light activity of wide band gap materials, while 

the formation of surface heterogeneous structures allow high-efficiency photocatalysis 

[81]. Since Asahi group first reported N-doped TiO2 in 2001 [3], almost all metals and 

non-metals have been explored as dopants to modify the electronic structure of TiO2 to 

improve its photocatalytic performance; while the process on other photocatalyst is 

undergoing. Nonetheless, there are still some great challenges in the development 

through doping: (1) to exactly control the spectral distribution of dopant-induced 

electronic states; (2) to control the surface heterogeneous structure, thereby to ensure 

the sufficient energy of the photogenerated electron-hole pairs in order to migrate to 

surface for photoreaction, (3) to make sure that the dopant does not act as a defect 

center; and (4) to realize homogeneous distributions of dopants throughout 

photocatalyst crystals.  

Then, for constructing heterostructure, the objective is to enhance the separation 

of photogenerated electron-hole pairs through various carrier-transfer pathways, and to 

extend the light-response range by coupling suitable electronic structures. According to 

the charge carrier-transfer mechanisms, six heterostructure modes can generally be 

classified [81], as shown in Figure 2.6. Among them, traditional charge-carrier transfer, 
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sensitization and co-catalyst coupling have been the most widely investigated in recent 

years.  

     

(a) Traditional charge-carrier transfer;     (b) Sensitization 

 

(c) Co-catalyst coupling    (d) Indirect Z-Scheme 

 

(e) Direct Z-Scheme   (f) Vectorial electron transfer   

Figure 2.6 Mechanisms in heterostructured photocatalytic materials [81]. 

 

The traditional charge-carrier transfer can be involved through the formation of 

heterojunction between two different semiconductors. In general, electrons can be 

smoothly transferred from one semiconductor with a higher conduction band (CB) 

minimum to another with a lower one, while the holes on valance band migrate 
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reversely, which can effectively reduce the recombination of electron-hole pairs by 

keeping the reduction and oxidation reaction on different materials. 

Sensitization process is similar to the traditional one in semiconductor junctions. 

The difference is that electrons are injected from excited dye to semiconductor rather 

than from one semiconductor to another. After the absorption of photon energy, the 

excited states are formed in an organic dye, and the light induced electrons are soon 

transferred onto the photocatalyst. Efficient dye-sensitizers are helpful in broadening 

the light response range of wide band gap semiconductors, thus in the improvement of 

solar energy absorption. This research field has attracted great attention and been 

widely used in solar cell and photocatalytic applications [82]. 

Co-catalyst coupling is very useful to improve the eventual efficiency of the 

actual redox reactions. Noble metals, such as Au, Ru, Ag and Pt, are widely used as 

reduction catalyst that can improve the utilization of photogenerated electrons in 

reducing reaction, especially the hydrogen generation in water splitting. The oxygen 

evolution catalysts are usually transition metal oxides, such as NiO and RuO2 [83]. 

2.3.4 Strategies to enhance the charge separation in BiVO4 

Although m-BiVO4 with band gap around 2.4 eV can utilize a greater portion of 

the solar light than TiO2 does, the photocatalytic activity of the pure BiVO4 is 

comparatively lower, which is mostly due to the rapid recombination of 

photogenerated electron–hole pairs [84-89]. Thus towards practical applications, the 

photocatalytic activity of BiVO4 needs to be further improved through the promotion 

of charge carrier separation. Recent progress has been achieved through the successful 

preparation of BiVO4 composite materials in combination with metals or metal oxides 

[90-92]. Especially, the construction of p-n junction by both p- and n-type materials is 

considered as the most efficient way to enhance the charge carrier transfer. As a matter 
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of fact, the explanations about the migration of photogenerated electron-hole pairs on 

semiconductor photocatalysis are still under debate. Some viewpoints are summarized 

as follows: 

(1) The migration is totally driven by inner electric field. At the thermodynamic 

equilibrium of a p-n heterojunction semiconductor, an inner electric field can be 

established with a direction from n-type material to p-type one. So the electron will 

move to n-type semiconductor while simultaneously holes can be transferred in the 

opposite direction. This explanation is accepted and cited by many researchers [93-96]. 

(2) The migration is determined by the band edge position between two p-n 

heterojunction interfaces. After combination, the excited electron is easy to transfer to 

even lower conduction band, and the excited hole will transfer to the material with 

higher valence band, finally the recombination of charge carries is inhibited [97,98].  

(3) Recently, Long’s group indicated that both the inner electric field and band 

edge position have effect on the migration of electron and hole pairs [99], as illustrated 

in Figure 2.7. Among three different types of configurations, type (a) is the most 

efficient one for photocatalytic enhancement, where both the band edge position and 

inner electric field direction are preferable for the charge carrier. Type (b) is still 

helpful based on the feasible migration of holes. However, in type (c), both the 

migration of electrons and holes towards favorable bands are prohibited by the inner 

electric field. 

Despite the debate in the charge transfer mechanism, several statements are 

widely recognized, and have been followed to guide the design and preparation of the 

semiconductor composites. In order to improve the photocatalytic performance under 

visible light irradiation, successful coupling of the two semiconductors should be 

achieved with the following conditions: (i) semiconductors should be photocorrosion 
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free, (ii) the semiconductor should possess appropriate band gap values for visible 

light excitation, (iii) the band gap structures of the two semiconductor should be 

suitable for coupling, and (iv) electron injection should be fast as well as efficient. 

 

Figure 2.7 Charge transfer mechanisms in composite photocatalytic 

materials with p-n junction formation [99]. 

 

Apart from semiconductor-semiconductor junctions, metal-semiconductor 

contact, forming Schottky junction, can also be explored to facilitate the charge carrier 

separation. This can be achieved by loading metal nanoparticles onto the surface of 

photocatalytic semiconductors. Similar to the semiconductor p-n junctions, the space 

charge region and a built-in potential in a Schottky junction are able to promote the 

migration of photogenerated electron-hole pairs. However, the impact of metal-loading 

can be more complicated due to other possible contributions of metal nanoparticles 

such as the co-catalyst effect and the surface plasmon resonance (SPR) [100]. For 

example, in some reported work, it was claimed that the SPR of the loaded metal 

nanoparticles can provide additional visible light absorption, which can also contribute 

to the overall photocatalytic activities [101]. 

So far, varieties of semiconductors and metals were tried to composite with 

BiVO4, including Co3O4/BiVO4 [99], Ag-AgCl/BiVO4 [102], CeO2/BiVO4 [87], 



Chapter 2 

24 

CuO/BiVO4 [90], Pt-RuO2/BiVO4 [103], WO3/BiVO4 [104], V2O5/BiVO4 [105], 

Bi2O3/BiVO4 [106], Cu/BiVO4 [107], Pd/BiVO4 [108,109], Ag/BiVO4 [110-112], 

Au/BiVO4 [113,114], etc. These results and progresses are exciting and stimulating 

further investigations on this material.  

2.4 Summary 

Recently, photocatalytic semiconductor materials have attracted considerable 

attention due to their potential in organic contaminants degradation and water splitting 

by utilizing abundant solar light. Since Fujishima and Honda used a TiO2 photoanode 

in 1972 to split water, researchers have been attempting to modify or exploit materials 

that can efficiently use visible light. BiVO4 with a narrow band gap of 2.4 eV has 

nowadays attracted much attention for its visible light application. Many morphologies 

have been achieved, but the formation mechanism is not well discussed. In addition, 

due to the severe recombination of the photogenerated electron-hole pairs, the 

photocatalytic activity of BiVO4 needs to be improved by constructing composite 

materials with metal and p-type oxides. Therefore, based on the fundamental 

understandings of photocatalysis and preliminary developments on this material, 

synthesis improvement is essential for better size/morphology control, while the 

preparation and investigation on heterogeneous structured composite are of huge 

interest for further photocatalytic enhancement. 
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Chapter 3.  Experimental Methods 

3.1 Sample Fabrication 

Chemicals: Bi(NO3)3·5H2O (99.9%), NH4VO3 (99.9%), HAuCl4·3H2O (99.9%), 

H2PtCl6·6H2O (>37.5% Pt basis) and Sodium Dodecyl benzene sulfonate 

(SDBS, >98%) were purchased from Sigma Aldrich. NaOH (99.9%), nitric acid 

solution (99.9%), were derived from Fluka. Fluorine-doped tin oxide (FTO) (obtained 

from USA, sheet resistivity: ~10 /sq) was cut into pieces with a size about 3 × 7 cm
2
 

and used as substrate for thin film deposition. De-ionized (DI) Milli-Q water (> 18.2 

MW) with total organic carbon (TOC) ~57 ppb, was used as aqueous solvent in the 

synthesis. Ethanol (>99.9%, from Merck) was used as solvent in the photochemical 

synthesis of Au or Pt nanoparticles. All chemical reagents were used without further 

purification. 

The syntheses of BiVO4 nano- to micron sized particles, as well as the control of 

different morphologies were conducted by a simple hydrothermal method, as shown in 

Figure 3.1. In a typical synthesis, 1 mmol Bi(NO3)3·5H2O and 1 mmol NH4VO3 were 

separately dissolved in 2 M nitric acid solution. These solutions were then mixed 

together, followed by vigorous stirring to obtain an orange solution. Appropriate 

amount of DI water was also added into the prepared solution to dilute the solution to a 

total volume of 35 ml. The final solution was transferred into a 50 ml Teflon-lined 

autoclave and maintained at 150 °C for 20 h, followed by naturally cooling to room 

temperature. The yellow product was collected and washed with DI water and ethanol 

for several times to remove ions and possible remnants, and finally dried in oven at 

70 °C. 
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Figure 3.1 Synthesis procedure of BVO4 crystals by hydrothermal method. 

 

Based on the synthesis of m-BiVO4 crystals, further composite processing or 

modification were also applied in terms of the p-type Bi2O3 phase generation, Au/Pt 

nanoparticles synthesis and thin film deposition. The method and procedure are 

detailed in the corresponding chapters. 

3.2 Characterization 

The powder and thin film X-ray diffraction (XRD) patterns were collected by 

using Shimadzu 6000 X-ray diffractometer with Cu Ka radiation (λ = 1.5406 Å) over 

the 2θ range of 5º~75º. The crystal structure study and quantitative analysis by 

Rietveld simulation were conducted by using the software Topas (Version 3, from 

Bruker). 

The morphology, microstructure and chemical composition of the as-prepared 

samples were analyzed by scanning electron microscopy (SEM) (Model 5410, JEOL) 

equipped with energy dispersive spectroscopy (EDS) detector (Oxford), as well as a 

field emission SEM (FESEM) (Model 6340F, JEOL). 
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Transmission electron microscopy (TEM) was used to further study the 

microstructure, crystal phase and elemental composition of the powder samples. For 

lattice imaging and phase identification, high-resolution transmission electron 

microscopy (HR-TEM) images and selected-area election diffraction (SAED) patterns 

were taken using a JEM-2100F (JEOL) with point resolution of 1.9 Å and working at 

200 kV. The JEOL 2100F was also equipped with EDX systems, which was used for 

composition analysis under scanning transmission electron microscopy (STEM) mode. 

The electron probe size for EDX was about 1~1.3 nm. 

Optical properties of the samples were analyzed by an UV-Vis diffused 

reflectance spectrophotometer (UV-2450, Shimadzu), while the photoluminescence 

(PL) spectra were recorded on a spectrofuorophotometer (RF 5301, Shimadzu). 

Raman spectra of BiVO4 powders were recorded using a confocal Raman 

microscopy system with an excitation line of 488 nm and an air cooling charge 

coupled device (CCD) as the detector (CRM200, WITec).  

The specific surface area values of the samples were analyzed by an adsorption 

analyzer (ASAP 2020, Micromeritics) using BET method. For all powder samples, the 

degas was conducted for 12 hours with heating at 180 °C. 

The flat band potential of an m-BiVO4 thin film was evaluated by the Mott-

Schottky plots, which were derived from electrochemical impedance spectroscopy 

(EIS) measurements. The EIS measurements were conducted in dark condition by 

using a potentiostat from Solartron Instruments, model SI 1287 Electrochemical 

Interface, combined with an SI 1255 HF Frequency Response Analyzer. The m-BiVO4 

thin film was used as a photo working electrode with 4.9 cm
2
 geometric area exposure 

to the electrolyte solution. And the three-electrode configuration was completed by 

using a Pt-wafer counter electrode and an Ag/AgCl reference electrode (in 3 M KCl 
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solution, 0.21 V vs. NHE). The experiment was carried out in 0.1 M Na2SO4 solution 

with AC amplitude 50 mV at each applied potential, and measurements were 

conducted at four different frequencies: 200, 300, 500 and 1000 Hz.  

Surface photovoltage spectroscopy (SPS) technique is a non-destructive method 

to study the separation and transfer behavior of photo-induced charge carriers at 

semiconductor solid surface [115]. Here it was used to demonstrate the photo-induced 

charge transfer in the synthesized BiVO4 composite powders for photocatalytic 

applications. This value was characterized by measuring the change of contact 

potential difference (ΔCPD) in dark and under illumination using a commercial UHV 

Kelvin probe unit (from KP Technology Ltd) incorporated with an optical 

monochromatic illumination system through a quartz window, as illustrated in Figure 

3.2. 

 

Figure 3.2 Overview of the Kelvin probe system (from KP Technology). 
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The optical system consisted of an ASB-XE-175 Xenon Fiber Optic Light 

Source and a linear variable filter with the wavelength range between 340 nm and 700 

nm coupled by Oriel VIS liquid light guides. Meanwhile, a switchable high-power 

LED source from UV (365 nm) to near infrared (850 nm) was also incorporated as an 

alternative. In the SPS measurement, the CPD is defined as  

e·CPD = Ws – Wm      (3.1) 

where Ws is the surface work function of sample powders and Wm is Kelvin probe 

work function, which was calibrated on Au surface. The ΔCPD is defined as 

CPD = CPD in dark – CPD under illumination     (3.2) 

Since the work function of the probe does not change under illumination, it is assumed 

that  

e·CPD = Ws = – e Vs = – e·SPV,     (3.3) 

where Vs is the change of surface potential, which is the surface photovoltage (SPV) 

measured in the Kelvin probe system. 

3.3 Photocatalytic tests 

Photocatalytic activities of the m-BiVO4 particles were evaluated by degradation 

of Rhodamine-B (RhB) in aqueous solution under visible light. Ten fluorescent lamps 

(8 W × 10) were used with a 400-nm cutoff filter to provide only visible-light 

irradiation. The illuminance was around 1200 lux, which is about the typical lighting 

level in office. In each individual photocatalysis experiment, 0.1 g of the as-prepared 

BiVO4 powder sample was added into 50 ml RhB solution (15 µM). Before irradiation, 

the solution was stirred in dark condition for at least 4 hours to ensure saturation of 

RhB adsorption on the photocatalyst powders. During photocatalytic test under 

irradiation, around 3 ml RhB solution was taken out at given time intervals, to check 
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the absorbance at 553 nm using the Shimadzu UV-2450 UV-Vis spectrometer. The 

ratio (Ct/C0) of RhB concentrations after reaction for time t (Ct) and at the initial (C0) 

was adopted to evaluate the photocatalytic performance. The RhB degradation 

efficiency , after irradiation time t was calculated by the following: 

0

0

C

CC t
        (3.4) 

In addition, by plotting ln(C/C0) versus the irradiation time (t), the first order 

reaction constant in the dye degradation could be derived from the tangent of the 

curves: 

kt
C

Ct )ln(
0

.       (3.5) 
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Chapter 4.  pH-directed BiVO4 Synthesis 

Mechanism and Product Morphology 

4.1 Introduction 

Up to now, there have been a lot of morphologies of BiVO4 powders achieved 

under different reaction conditions, such as polyhedral and rod-like morphologies [15], 

micro-tubes single crystal structure [78], and flower-like BiVO4 mesocrystals [79]. 

However, the discussion on the reaction mechanism over a wide pH range has seldom 

been reported [78,80]. Especially, there was not enough attention paid to the influence 

of Bi precursor on the product morphology of BiVO4 particles by aqueous method. In 

addition, although some morphologies could demonstrate higher specific surface area 

of BiVO4 powders, there might also be more surface defects introduced resulting in 

lower photocatalytic performance. Meanwhile, it has been reported that the 

photocatalytic performance of BiVO4 powders can be greatly influenced by the 

variation of electronic structure through the slight change of V-O bond length [15]. 

Thus, the optimization of crystalline structure, morphology and electronic structure of 

BiVO4 powders still remains a great challenge to enhance their photocatalytic 

performance. 

In this chapter, the hydrothermal synthesis of m-BiVO4 in aqueous solution over 

a wide pH range from 0.4 to 12 is investigated. The evolution of various morphologies 

of m-BiVO4 particles are discussed in terms of the reaction mechanisms involved and 

the states of Bi precursors presented. The factors affecting the photocatalytic 

performance are also discussed. 
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For the sample synthesis, before the mixed solution was transferred into 

autoclave, the pH of the suspension was adjusted from 0.4 to 3, 5, 7, 9, 11 and 12 with 

NaOH solution (1 M), and the as-prepared samples were named as BVO-x (x = 0, 3, 5, 

7, 9, 11 and 12) respectively, as described in Table 4.1. 

Table 4.1 Sample name, the solution pH values in corresponding synthesis 

and resultant crystal phase of the as-prepared m-BiVO4 powder samples. 

Sample 

Name 

pH Value in 

Synthesis Solution 

Crystal Phase in 

Resultant Powders 

BVO-0 0.4 m-BiVO4 

BVO-3 3 m-BiVO4 

BVO-5 5 m-BiVO4 

BVO-7 7 m-BiVO4 

BVO-9 9 m-BiVO4 

BVO-11 11 t-BiVO4 

BVO-12 12 Bi2O3 –based complex 

4.2 The crystalline structure of BiVO4 

The crystal structure of the BiVO4 samples prepared in aqueous solution with 

various pH values were studied by the XRD analysis as shown in Figure 4.1. It was 

seen that pure phase of m-BiVO4 (JCPDC No. 14-0688) could be successfully obtained 

in the pH range from 0.4 to 9. The characteristic splitting of peaks at around 19º and 

35º of 2θ angles is a clear evidence to differentiate the monoclinic phase from the 

tetragonal structure (JCPDC No. 48-0744) [80]. When the synthesis was conducted in 

a solution with pH = 11, the resultant powders were mainly composed of tetragonal 

zircon BiVO4 (JCPDC No. 14-0133) without much quantity of m-BiVO4 phase. For 

synthesis in stronger alkaline condition (pH = 12), the XRD pattern of collected solid 

precipitates could not match with any crystal structures of BiVO4 polymorphs. Instead, 
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they were attributed to the complex mixture of many bismuth oxides, oxynitrates, 

subnitrates, etc. Based on the XRD characterization, it was concluded that both acid 

and relatively neutral solution (pH ≤ 9) are favorable for the formation of m-BiVO4 in 

hydrothermal process, which is consistent with the reported pH region, although 

different temperatures were applied in their works [15,116]. 

 

Figure 4.1 XRD patterns of the as-prepared samples (a) BVO-0, (b) BVO-

3, (c) BVO-5, (d) BVO-7, (e) BVO-9, (f) BVO-11 and (g) BVO-12. 

 

4.3 The morphologies of BiVO4 

Figure 4.2 shows SEM images of the as-prepared m-BiVO4 samples fabricated 

hydrothermally in aqueous solution with different pH values of 0.4, 3, 5, 7 and 9. 
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Apparently, the morphology of successfully prepared m-BiVO4 is strongly related to 

the pH value of the precursor solution. It is seen that sample BVO-0 exhibited peanut-

like morphology with the particle size about 2-3 m in length and ~ 1 m in maximum 

diameter. Meanwhile, when the precursor solution became weakly acidic (pH = 3 and 

5), the morphology of the as-prepared samples BVO-3 and BVO-5 have resulted in 

dendrite shapes, whose hyper-branched structure was composed of a trunk with some 

ordered branches on the side. For the sample BVO-3, the length of the trunk was about 

several microns, and for the branches the length ranged from 500 nm to 1 µm. By 

comparison, the particles of sample BVO-5 were even smaller and thinner with nano-

sizes. For the sample BVO-7 synthesized in neutral solution, the particles morphology 

grew into leaf-like about 10 m in size and 1 m in thickness. On the contrary, if 

synthesized in a soft alkaline solution (pH = 9), flower-like morphology with layered 

structure was typical for the resultant m-BiVO4 particles. 

In this work, it was noted that the pH value of the precursor solution plays an 

important role in controlling the final morphology of the as-prepared m-BiVO4 

particles. As a matter of fact, this can be associated with the different Bi-precursors 

after the hydrolysis of bismuth nitrate salts in an aqueous solution. Although some 

morphologies of m-BiVO4 powders, such as dendrites and flower-like, have been 

reported, the association between product morphology and pH value of synthesis 

solution has not been sufficiently discussed. In this present work, it was proposed that 

the morphology of as-prepared m-BiVO4 powders is determined by the state and/or 

morphology of the Bi-precursors presented in the solutions with different pH values. 

This would result in different reaction mechanisms and morphology evolutions as 

discussed in the following parts. 
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Figure 4.2 SEM images of as-prepared m-BiVO4 powders (a) BVO-0, (b) 

BVO-3, (c) BVO-5, (d) BVO-7 and (e) BVO-9. 

 

In strong acid solution with pH < 1, Bi
3+

 is soluble and the hydrolysis of bismuth 

nitrate is suppressed. Hence bismuth ions would directly react with VO3
–
 during the 

hydrothermal process, which is regarded as an ionic reaction (Equation 4-1). In this 

way, the formation of m-BiVO4 in the homogeneous solution is simply a solidification 

process (from supersaturated liquid), followed by agglomeration and Ostwald ripening 

[117], and the morphology evolution is not restricted by the precursors. Based on such 

“bottom-up” synthesis, the as-prepared m-BiVO4 crystals result in spherical or peanut 

morphology with uniform size. Subsequently, although the original BiVO4 nuclei can 

be considerably small in size, crystal growth should be fast due to the great amount of 
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nuclei and sufficient supply of Bi
3+

 and VO3
–
 in ambient solution. As a consequence, 

the as-prepared BiVO4 powders can result in relative large and uniform particle size. 

Bi
3+

 + VO3
–
 + 2OH

–
 → BiVO4↓+ H2O    (4-1) 

At pH > 1, the state of Bi-precursors are dominated by the hydrolysis of bismuth 

nitrate [118]. Thus, the synthesis of m-BiVO4 undergoes different reaction mechanisms, 

and the final morphology of product is strongly dependent on the morphology of Bi-

precursors. In dilute acid solution (1 < pH < 7), the hydrolysis of Bi(NO3)3·5H2O 

results in the formation of BiONO3 flocculent precipitates. When pH ≥ 7, a more 

intensive and complicated hydrolysis occurs. The precipitates may compose of 

hydroxides and many other Bi complexes such as oxynitrates, subnitrates, hydroxide 

nitrate, etc. according to different precipitation conditions [119]. In these two cases, 

the formation of m-BiVO4 can be regarded as solid-liquid reactions as indicated in 

equations (4-2) to (4-5): 

Bi(NO3)3 + H2O → BiONO3↓ + 2H
+
 + NO3

–
;   (4-2) 

BiONO3↓ + VO3
–
 → BiVO4↓ + NO3

–
;    (4-3) 

Bi(NO3)3 + 3OH
–
 → Bi(OH)3↓ + 3NO3

–
;    (4-4) 

Bi(OH)3↓ + VO3
–
 → BiVO4↓ + OH

–
 + H2O;   (4-5) 

During the hydrothermal process, the displacement reaction takes place at the 

solid-liquid interface and the morphology of the final products evolve from those of 

the solid Bi precursors. For 1 < pH < 7, the Bi precursors after hydrolysis are of 

BiONO3 thin sheets or belts, as shown in Figure 4.3 (a). Next, the replacement of the 

anions can be considered as a 2D etching process along certain crystal direction. 

Therefore, the BiONO3 thin sheets gradually transform into m-BiVO4 dendrites. For 

pH ≥ 7, the Bi precursors (hydroxides-based complex) are thick and dense plates, as 
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shown in Figure 4.3 (b). Thus, the displacement reaction moves from the solid surface 

into the inner parts, like a 3D etching. As a result, the structure evolves into thick leaf 

or flower-like morphologies for the final m-BiVO4 products.  

For both conditions, there are hardly any Bi ions soluble in the solution, and the 

nucleation happens at the surface of large Bi-precursor precipitates. Therefore, 

intensive size growth may not be involved and the particle size of resultant m-BiVO4 

particles is directly dependent on the original size of the Bi-precipitates. 

 

Figure 4.3 SEM images of different Bi-precursors (a) BiONO3 pH = 5 (b) 

Bi(OH)3-based complex in pH = 9. 

 

The morphology evolution regarding different pH value in the reaction solution 

is illustrated in Figure 4.4. In addition, based on above discussion, it can be concluded 

that once the precipitation formed for Bi-precursors, it is relatively difficult for size 

control and morphology modification of the final product. On the contrary, it would be 

applicable to achieve small particles with desired morphology for the as-prepared m-

BiVO4 particles in strong acid solution with pH < 1 through synthesis control and/or 

the addition of template materials. 
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Figure 4.4 Schematic illustration on the formation mechanism of the m-

BiVO4 particles in the solution with different pH values. 

 

4.4 The photo-physical properties of BiVO4 

The photocatalytic performance of the as-prepared m-BiVO4 samples were 

evaluated by the photodegradation of RhB under visible light irradiation as shown in 

Figure 4.5, and after 24 hours irradiation, the overall degradation efficiencies of each 

sample are listed in Table 4.2. It is clearly seen that all these m-BiVO4 powders 

exhibited superior photocatalytic activity under visible light. In addition, sample BVO-

0 with peanut-like morphology showed best performance with fastest degradation rate 

among these samples. 

Table 4.2 Band gap energies, BET surface area values, Stretching Raman 

shift V–O bonds, RhB degradation efficiencies after 24 hours and particle 

morphologies of the as-prepared m-BiVO4 powder samples. 

Sample 

Name 

Band-gap 

Energy 

(eV) 

BET Surface 

Area Value 

(m
2
/g) 

Stretching Raman 

Shift V–O Bonds 

(cm
-1

) 

Degradation 

Efficiency 

of RhB (%) 

Particle 

Morphology 

BVO-0 2.26 2.50 826.7 75 Peanut-like 

BVO-3 2.36 6.47 806.5 52 Dendrite-like 

BVO-5 2.40 8.79 807.1 47 Dendrite-like 

BVO-7 2.32 0.95 802.4 42 Leaf-like 

BVO-9 2.28 0.94 803.9 50 Flower 
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Figure 4.5 The photocatalytic degradation of RhB for as-prepared m-

BiVO4 samples. 

 

Primarily, the band-gap-energy (Eg) associated optical absorption performances 

of the as-prepared monoclinic BiVO4 powders were evaluated as shown in Figure 4.6. 

It is found that all the five samples exhibit absorption bands in the visible light region 

with the estimated Eg values around 2.26 ~ 2.4 eV, which is characteristic for the 

reported m-BiVO4 particles [15,116,120]. Such small Eg ensures the efficient optical 

absorption for high photocatalytic property in degradation of organic dyes under 

visible light illumination. Furthermore, the specific surface area of these powder 

samples were analyzed using BET method. Due to different micro morphologies, these 

samples resulted in a wide range of specific surface area. Especially, the dendrite-

shaped sample (BVO-5) possessed large specific surface area, which was about 10 

times larger than that of BVO-7 and BVO-9. However, although higher specific 

surface area is favorable for better photocatalytic property [116], it is noted that the 

degradation efficiency of BVO-5 and BVO-3 was still poorer than that of BVO-0. One 
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of the reasons can be proposed that, the dendrite or branched morphology of these two 

samples may also involve great amount of surface structural defects, where the high 

energy dangling bonds could be attached with impurity atoms and molecules. This 

usually happens at the tip or corner of the dendrite particles. It is well recognized that 

structural defects can also act as the recombination center of electron-hole pairs, which 

drastically decreases the overall photocatalytic performance of a material [10]. 

 

Figure 4.6 (a) UV-Vis diffused reflectance spectra and (b) plots of 

h

versus photon energy (h) of the as-prepared BiVO4 samples.  
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Moreover, the significant difference in the photocatalytic properties can also be 

associated with the local structure variation of these as-prepared m-BiVO4 powders. 

According to the reported simulation of m-BiVO4, the valence band is formed by a 

hybrid of the Bi 6s and O 2p orbitals, while the conduction band is composed of V 3d 

orbitals [66]. The higher level distortion of Bi-O tetrahedron leads to more orbital 

overlap, which can support a better transportation of holes in the valence band. As a 

result, it improves the electron-hole pair separation and benefits the photocatalytic 

performance [15]. This is also the reason that the monoclinic BiVO4 exhibits better 

photocatalytic property than the tetragonal phase. For the monoclinic BiVO4 phase, a 

less distortion corresponds to the tendency towards tetragonal phase, thus, exhibits 

slightly poorer photocatalytic performance.  

According to our study, normal XRD characterization can only give a rough 

indication of m-BiVO4, while the tiny variation of local structure can be verified by the 

Raman spectroscopy through directly analyzing the vibrational bands of materials. As 

shown in Figure 4.7 (a), the Raman bands at around 800 ~ 826 cm
-1

 corresponds to one 

type of V–O bonds of m-BiVO4. It is found that, compared with that of BVO-0, the 

Raman peaks of other samples shifted to lower frequencies. This red-shift of the 

Raman stretching band corresponds to the longer V–O bond lengths and is considered 

to give the less distortion of the VO4
3-

 tetrahedron in the local structure. Therefore, it 

can be expected that for sample BVO-3~BVO-9, less distortion in the local structure 

results in their lower photocatalytic performance than that of the sample BVO-0. This 

can be illustrated in Figure 4.7 (b), where the overall degradation efficiency, after 24 h 

degradation of RhB, of the m-BiVO4 powder samples are plotted as a function of 

stretching Raman shift V–O bonds. 
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Figure 4.7 (a) Raman spectra and (b) the dependence of the RhB 

degradation efficiency on stretching Raman shift V–O bonds of as-

prepared m-BiVO4 samples. 

 

Based on the above discussion, the better photocatalytic performance of BVO-0 

than other samples can be summarized as follows: Firstly, it is mostly attributed to its 

perfect monoclinic structure. Based on our investigation, it can be concluded that 

higher pH synthesis tends to form tetragonal zircon BiVO4. Although the products 

from both acid and relatively neutral solution (pH ≤ 9) can be classified as m-BiVO4 

by XRD characterization, we found that perfect monoclinic scheelite structure can only 

be obtained in strong acid condition (pH=0). This can be identified by Raman 

spectroscopy, where perfect monoclinic structure corresponds to the high level 

distortion of Bi-O tetrahedron. This ensures the better separation of the excited 

electron-hole pairs for higher photocatalytic performance. Hence in this work, among 

these five samples BVO-0 ~ BVO-9, BVO-0 exhibits the perfect monoclinic structure, 

and thus has the best degradation performance.  

Secondly, BVO-0 also exhibits quite high specific surface area (2.5 m
2
/g), 

which is necessary for the dispersion and efficient photocatalytic reaction. For BVO-3 

and BVO-5 with even higher specific surface area values, their dendrite morphology 
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may also involve large amount of surface defects, in terms of high dangling bonds 

attached with impurity atoms and molecules. These may affect the surface red-ox 

reaction in a photocatalyst test by dye degradation. 

4.5 Concluding remarks 

In summary, monoclinic scheelite structure BiVO4 particles with various 

morphologies were synthesized by a simple hydrothermal method in aqueous solution 

with pH value ≤ 9. Due to different reaction mechanism under various pH values, the 

state and morphology of Bi-precursor played crucial roles in determining the particle 

size and morphology of the final m-BiVO4 products. Given the small band gap values 

for visible light response, 2.26 ~ 2.40 eV, these as-prepared m-BiVO4 powders showed 

superior photocatalytic performance in the degradation of RhB under visible light 

irradiation. In addition, the degradation efficiency was found to be greatly influenced 

by the specific surface area and the local structure variation. Among these samples, 

BVO-0, synthesized in pH = 0.4 aqueous solution, exhibited the highest degradation 

efficiency. And for BVO-3 and BVO-5, despite larger specific surface area, their 

shorter V–O bond corresponded to less distortion of the VO4
3-

 tetrahedron in the local 

structure, which results in lower photocatalytic performance. 
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Chapter 5.  Mono-Dispersed m-BiVO4 

Octahedral Single Crystals 

5.1 Introduction 

Based on the study in chapter 4, strong acid condition is found favorable for 

morphology and particle size control. So in this chapter, a modified hydrothermal 

synthesis with solution pH<1 is carried out, in order to further control the product 

morphology and particle size for photocatalytic performance enhancement.  

It is well recognized that good crystallization with less structural defects, as well 

as high specific surface area, are usually required to achieve excellent photocatalytic 

performance, in accordance to the photocatalytic kinetics [11-14]. The synthesis of 

BiVO4 with various morphologies has been achieved in the presence of organic 

additives or surfactants, such as one-dimensional (1D) nanofibrous [74], two-

dimensional (2D) nanosheets [75] and hierarchical frameworks [121], with enhanced 

photocatalytic performance. In addition, photocatalytic properties were found strongly 

related to the preferred crystallographic facets as well. For example, ZnO nanodisks 

with (001) face demonstrated excellent photo degradation of methylene blue [122]. 

Also, }001{  facets of TiO2 single crystals was reported to show superior photocatalytic 

performance for the degradation of 4-chlorophenol [123]. Moreover, Xi et al reported 

that monoclinic BiVO4 nanoplates, with highly exposed (010) face, have led to the 

dramatic enhancement of visible light photocatalytic oxidization reactivity [11], and 

higher O2 evolution rate [12]. All of these results indicated that good crystallization 
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and appropriate crystal-facet control of the photocatalysts are of essential importance 

for photocatalytic performance enhancement. 

In this chapter, we report for the first time the successful synthesis of mono-

dispersed m-BiVO4 octahedral single crystals by hydrothermal route. These single 

crystals octahedrons exhibit uniform sizes with good crystallization and possess 

}120{ and }021{ facets with clean surfaces. The time-dependent crystal evolution and 

the growth mechanism are investigated based on the electron microscopy. The 

photodegradation of RhB is used to evaluate the photocatalytic activities of these 

octahedral m-BiVO4 crystals under visible light irradiation. 

The synthesis procedure in the last chapter was slightly modified as follows: 0.1 

g sodium dodecyl benzene sulfonate (SDBS) was dissolved in 2 M nitric acid solution 

separately. It was then mixed together with Bi and V solution, followed by vigorous 

stirring to obtain a clear orange solution. Appropriate amount of deionized (DI) water 

and 2 M nitric acid (if applicable) were also added to the prepared solution to adjust 

the acid concentration from 0.8 M to 1.5 M. In this strong acid condition, both Bi and 

V precursors were soluble to form a homogeneous solution. 

5.2 The crystalline structure of m-BiVO4 

Figure 5.1 presents the typical XRD pattern of the as-prepared m-BiVO4 

products, which can be well-indexed with the pure phase of monoclinic BiVO4 

(JCPDC No. 14-0688). Moreover, the peak splitting around 19º and 35º of 2θ angles, 

zoomed in the insets in Figure 5.1 gives a clear evidence to differentiate the 

monoclinic phase of synthesized products from the tetragonal structure (JCPDC No. 

48-0744) [80].  
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Figure 5.1 Typical XRD pattern of m-BiVO4 as-prepared nano-particles. 

The insets are zoomed XRD patterns near 19º and 35º, respectively. 

 

From the SEM images in Figure 5.2 (a) and (b), it can be seen that BiVO4 

particles tended to develop into octahedral crystals in the presence of SDBS. 

Furthermore, these BiVO4 octahedral particles were mono-dispersed with uniform size 

distribution, and possessed a smooth surface and sharp edges. The size of as-prepared 

m-BiVO4 octahedra was controllable depending on the synthesis parameters, such as 

concentration of precursors, acid concentration and reaction time, which is detailed 

further. The EDX analyses of these octahedral particles showed the calculated Bi: V 

elemental ratio of 51.1: 48.9, which is close to the theoretical stoichiometric ratio of 

BiVO4. For comparison, the BiVO4 particles were also synthesized at the same 

conditions without the presence of SDBS. As shown in Figure 5.2 (c) and (d), the 

shape of obtained BiVO4 particles was irregular with non-evenly distributed particle 

size. It indicated that the addition of SDBS surfactant has played a crucial role in the 

morphology evolution of as-prepared m-BiVO4 particles. 
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Figure 5.2 (a) low-magnification SEM image, (b) high-magnification 

FESEM image and (d) EDX spectrum of the as-prepared m-BiVO4 

octahedral single crystals compared with (c) and (d) the SEM image of the 

sample synthesized without SDBS. The inset in (e) shows the expanded 

closely spaced signal peaks of the V and O elements in the EDX spectrum. 

5.3 The morphologies of m-BiVO4 

The crystal structure and orientation of the m-BiVO4 octahedra were further 

investigated by TEM-SAED observation. Figure 5.3 illustrates the morphology, SAED 

patterns and lattice images of m-BiVO4 octahedra observed along different zone axes. 

All the SAED patterns were well matched to the single-crystalline structure of m-
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BiVO4 as indicated in Figure 5.3 (a) (c) and (e), respectively. These SAED patterns 

clearly indicated that each mono-dispersed octahedron was composed of m-BiVO4 

single crystal. In particular, the angle about 90.4° between (200) and (002) in the 

SAED pattern in the inset of Figure 5.3 (a) was consistent with the monoclinic phase 

( = 90.38º), which has slight deviation from the scheelite tetragonal structure of (s-t) 

BiVO4 ( = 90º). Moreover, these octahedral crystals were of high crystalline quality 

with flat and clean surface morphology. The corresponding HRTEM images were 

taken at the edge of each m-BiVO4 octahedron, as shown in Figure 5.3 (b), (d) and (f), 

respectively. The facets and orientation of the m-BiVO4 single crystal octahedron were 

further determined by combination of TEM-SAED analysis along different crystal 

zone-axes. If the crystal was tilted with the TEM zone axis perpendicular to the four 

edges, the diffraction spots of (200) and (002) indicated that these edges were along 

[100] and [001] directions, as shown in Figure 5.3 (a) and its inset. Figure 5.3 (b) 

indicates the d-spacing values measured from SAED (zone axis [010]) are 2.55 Å and 

2.60 Å, which well agree with the lattice spacing values, 2.546 Å and 2.598 Å for (002) 

and (200) of monoclinic BiVO4, respectively, in the XRD pattern. When the crystal 

was tilted to a zone axis parallel to a crystal surface while perpendicular to one of its 

edges, as shown in Figure 5.3 (e) (left border) and its inset, according to the diffraction 

spots of (0 4 2) and (200) reflections, the corresponding surface facet and crystal edge 

were determined as (0 2 1) plane and [100] direction, respectively. From the three 

groups of TEM-SAED images, it can be concluded that the surface of the octahedral 

m-BiVO4 crystal was composed of }120{ and }021{  facets. And from the centre of 

each octahedron, the six corners are pointing along [101], [101], [101], [101], [010], 

and [010] directions, respectively. A schematic illustration of the crystal orientation of 

an m-BiVO4 octahedron is shown in Figure 5.4. 
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Figure 5.3 (a), (c) and (e) TEM images of as-prepared single-crystalline m-

BiVO4 octahedra, with the insets showing the corresponding SEAD 

patterns observed along different zone axes. The HRTEM images (b), (d) 

and (f) were taken from the edge of the crystals in Figure 5.3 (a), (c) and 

(e), respectively, with the insets giving the schematic illustrations of the 

octahedra with the corresponding angles. (The closed circles in the 

illustrations indicate the corners of the octahedral). 
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Figure 5.4 Schematic illustration of the crystal orientation of the m-BiVO4 

octahedron with specific facets. 

 

In order to understand the formation mechanism of these mono-dispersed m-

BiVO4 octahedral single crystals, the effect of reaction time on crystal size control was 

investigated by hydrothermal reaction from 3 to 48 hours at fixed acid concentration of 

1.2 M and the reaction temperature of 150 ºC. In the first 3 h, there was no precipitate 

found in the autoclave. Then, with reactions from 3 to 24 h, the yield of BiVO4 

powders was gradually increased with longer reaction time. After reacting for 24 h, the 

solution became clear, and the product yield increased no further when extending the 

reaction time further to 48 h. In morphology, the m-BiVO4 octahedral crystals were 

found to grow larger gradually with reaction time. The size of m-BiVO4 crystals after a 

6 h reaction was around 100~200 nm as shown in Figure 5.5 (a). These nanocrystals 

were already mono-dispersed with spherical and polyhedral shapes, indicating that the 

evolution toward octahedron was incomplete. After a 12 h reaction, the powder 

product mainly consisted of well-defined 1-3 m octahedral crystals, as indicated in 

Figure 5.5 (b); while uniform size of around 3-4 m of octahedra could be achieved by 



Chapter 5 

51 

reacting for 24 h (Figure 5.5 (c)). The crystal size grew further while the reaction was 

extended to 48 h. 

 

 

Figure 5.5 SEM images of the m-BiVO4 crystals synthesized at different 

reaction times with fixed acid concentration 1.2 M (a) 6 h, (b) 12 h, (c) 24 

h, & (d) 48 h. 

 

Based on these observations, it was concluded that the formation and growth of 

the octahedral shape is typically a supersaturation process combined with Ostwald 

ripening [117] at the latter stage. This was consistent with the previous report that m-

BiVO4 could be successfully synthesized by co-precipitation process in similar acid 

media, although such a co-precipitation process required a long time (more than a 

week) without the promotion of high pressure and elevated temperature [124]. 

Moreover, the strong acid condition was considered to be an essential factor to control 

the particle size and shape of the final products. In our experiment, the yellow color 

precursor solution, containing Bi
3+

 and VO3
-
 ions, was maintained clear without 
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forming any precipitates before transferred into the autoclave. At pH ≥ 2, hydrolysis of 

Bi(NO3)3 would take place to form BiONO3 suspension, giving rise to the solid state 

phase in the solution [78]. In this case, the formation of m-BiVO4 could only take 

place via the reaction of VO3
-
 ions with BiONO3 clusters at the liquid-solid interface. 

Such a reaction process was relatively difficult for the size control and morphology 

modification of the final product. Recently, there have been a lot of approaches 

reported on the synthesis of m-BiVO4 particles with various morphologies [75,78,79]. 

However, the synthesis was mostly processed in aqueous solution with pH > 1, and the 

efforts towards nano-size and morphology control of m-BiVO4 synthesis were limited 

due to the suspension precursor. In this work, we highlight the essential importance of 

making a clear precursor solution with pH value below 1 in order to provide a bottom-

up synthesis condition to effectively control the particle size and shape of the final 

products. In this acid condition, Bi
3+

 is soluble and it would directly react with VO
3–

 

during the hydrothermal process, which is regarded as an ionic reaction. As shown in 

Figure 5.7 (a), the surface of ripened octahedral crystal composed of step morphology, 

which indicates the layer-by-layer growth mode during the crystal growth and Ostwald 

ripening process. Meanwhile, it is proposed that the m-BiVO4 crystals can grow along 

preferential directions with the assistance of SDBS surfactant. Therefore, without the 

restraint from the precursor morphologies, an m-BiVO4 crystal is able to grow from 

tiny nuclei into regular octahedron. The growth evolution of an m-BiVO4 octahedron is 

illustrated in Figure 5.6. Compared to the previous synthesis of m-BiVO4 in the 

presence of SDBS [75], the morphology difference of the obtained particles was 

mostly attributed to the different pH values of the reaction solution. 
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Figure 5.6 Schematic illustration of the proposed growth evolution of an 

m-BiVO4 octahedron. 

 

The above conclusion can be further confirmed by studying the influence of acid 

concentration on crystal size. This time, the acid concentration was changed from 0.8 

M to 1.5 M while keeping the reaction time fixed at 24 hours. Meanwhile, m-BiVO4 

particles synthesized under pH= 2 were also prepared for comparison. As shown in 

Figure 5.7, the octahedral crystal size became larger with increasing acid concentration 

of the solution. The obtained m-BiVO4 seed crystals were around 100~200 nm and 

500~600 nm in the acid concentration of 0.8 M and 1 M respectively, showing their 

growth tendency towards octahedral shapes. With the acid concentration increased to 

1.2 M, a wider distribution of crystal size was observed, some larger crystals were 

formed together with the predominantly smaller crystals of around 3~4 m as shown 

in Figure 5.7 (b). A further increase of the acid concentration to 1.5 M would result in 

the formation of larger size octahedra of more than 4 m as shown in Figure 5.7 (a). In 

Comparison, the obtained m-BiVO4 at pH = 2 demonstrated the dendrites morphology 

shown in Figure 5.7 (e), which was similar with the structure reported [79]. During the 

m-BiVO4 crystal growth in the latter stage of the reaction, especially the ripening 

process, mass transportation was dominated by ions in the solutions. Therefore, the 

crystal growth speed was strongly dependent on the concentration of Bi
3+

 and VO3
-
 

ions. Our experiment has also indicated that m-BiVO4 powders could be totally 
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dissolved in concentrated nitric acid solution (> 4 M), and the solubility of m-BiVO4 

was found to increase with a higher acid concentration. Thus, when the synthesis was 

carried out at higher acid concentration, there would be more soluble ions to contribute 

to the faster crystal growth rate due to the dynamic mechanism, and hence large m-

BiVO4 octahedra would be obtained. In contrast, crystal size could be successfully 

suppressed to around 200 nm if synthesized at lower acid concentration, as shown in 

Figure 5.7 (d). 

 

 

Figure 5.7 SEM images of different acid concentration (fixed reaction 

time 24 h): (a) 1.5 M, (b) 1.2 M, (c) 1 M, (d) 0.8 M and (e) pH = 2. 
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5.4 The photo-physical properties of m-BiVO4 

The photocatalytic performance of the as-prepared mono-dispersed m-BiVO4 

octahedral crystals, as well as m-BiVO4 sample prepared without SDBS additive (S0), 

were evaluated by the photodegradation of RhB under visible light irradiation. The 

tested samples with corresponding synthesis parameter, particle size, specific surface 

area through BET analyses and geometric calculation, photocatalytic reaction constant 

K, and band gap energy are listed in Table 5.1. As shown in Figure 5.8 (a), it can be 

clearly seen that m-BiVO4 octahedral crystals showed better photocatalytic 

performance than the sample S0 with irregular morphology and size distribution by 

surfactant-free synthesis. Moreover, a smaller octahedral crystal size resulted in a 

higher photodegradation rate. Among these samples, the sample S4 with 200~300 nm 

octahedral crystals exhibited the highest activity with fast degradation of RhB within 

10 hours under the visible light of normal indoor fluorescent illumination. This result 

is also consistent with the reaction constant, as shown in Figure 5.8 (b). Such superior 

photocatalytic activity could be attributed to the good crystallization with less 

structural defects and preferred crystal facets for surface-controlled photocatalysis. 

 

Table 5.1 Specific surface area, photocatalytic reaction constant k and 

band gap energy of the samples according to the crystal sizes. 

Sample 

Name 

Acid 

Concen- 

tration 

Crystal 

Sizes 

(m) 

BET 

Surface area 

(m
2
/g) 

Calculated 

Surface area 

(m
2
/g) * 

Reaction 

Constant K 

(h
-1

) 

Band 

Gap 

(eV) 

S1 1.5 M 4~5 0.30 0.21 0.0488 2.29 

S2 1.2 M 1~1.5 1.50 1.06 0.084 2.26 

S3 1.0 M 0.5 2.34 2.12 0.2454 2.25 

S4 0.8 M 0.2~0.3 3.97 3.53-5.29 0.3783 2.25 

 

*Geometric calculation was done by regular octahedron approximation. 
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Figure 5.8 (a) The photocatalytic degradation of RhB for m-BiVO4 

octahedral crystals and (b) First-order plots for the photocatalytic 

degradation of RhB by samples S1~S4 showing the linear relationship for 

ln(C/C0) versus irradiation time (t), ln(C/C0) = kt, where C is the 

concentration of the RhB, C0 is the initial concentration of the RhB, and k 

is the first order reaction constant. 

 

Additionally, photocatalytic performance was strongly related to the optical 

absorption property and specific surface area [125]. The UV-Vis diffused reflectance 

spectra of the as-prepared m-BiVO4 powders were collected in order to further 
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investigate the band-gap energy (Eg) values of the octahedral crystals. As shown in 

Figure 5.9, all the four samples showed absorption bands in the visible light region. 

The estimated Eg values of all the octahedral crystalline powders were similar, around 

2.25 to 2.29 eV, which is characteristic of monoclinic scheelite BiVO4 [10]. Thus, 

despite different crystal sizes, the band gap of the m-BiVO4 crystals was unlikely to be 

affected; nor should the optical absorption behavior be influenced. Alternatively, the 

superior photocatalytic performance of smaller m-BiVO4 octahedra could originate 

from their higher specific surface area. As shown in Table 5.1, the tested specific 

surface area of the powder m-BiVO4 octahedra agreed well with the geometric 

calculation results. With the decrease of crystal size from 5 m to around 200 nm, a 

higher specific surface area value of 3.97 m
2
/g was achieved, which is among the 

highest values reported for m-BiVO4 powders [116]. 

Finally, the recyclability of the as-prepared m-BiVO4 octahedral crystals was 

also tested, as shown in Figure 5.10. Samples after photodegradation reaction were 

recollected and dried for the repeat test. It was found that the degradation curves were 

maintained during the repeated test, indicating the good chemical and photocatalytic 

stabilities of these mono-dispersed octahedral m-BiVO4 crystals. 
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Figure 5.9 (a) UV-Vis diffused reflectance spectra and (b) plots of h

 

versus photon energy (h) of the as-prepared m-BiVO4 octahedral 

crystals. 

 

Figure 5.10 The repeated photocatalytic degradation of RhB for the 

recollected m-BiVO4 octahedral crystals after the first test. 
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5.5 Concluding remarks 

In summary, mono-dispersed m-BiVO4 octahedral single crystals have been 

synthesized by a simple hydrothermal method with the assistance of SDBS. These 

single crystals showed uniform sizes and preferred }120{ and }021{  crystalline facets 

with good degree of crystallization. The formation and growth of the octahedral shape 

was considered to be a typical supersaturation process combined with Ostwald 

ripening process. The crystal size of m-BiVO4 octahedra could be facially adjusted in a 

broad range from 5 m to less than 200 nm. Moreover, these octahedral single crystals 

showed superior high photocatalytic performance in the degradation of RhB under 

visible light irradiation. The successful synthesis of m-BiVO4 octahedra with preferred 

facets validated the further investigation of the different facet effects on the 

photocatalytic performance, and also led to an alternative strategy for the facet-

engineering towards chemical, biomedical and environmental applications. 
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Chapter 6.  m-BiVO4@-Bi2O3 Composite 

with Core-Shell Heterogeneous Structure 

6.1 Introduction 

Although mono-dispersed m-BiVO4 octahedral single crystals have been 

successfully synthesized, and they exhibit superior high photocatalytic performance in 

the degradation of RhB under visible light irradiation, their photocatalytic activity is 

not ideal for practical application yet, and the efficiency is still low as compared to 

TiO2 (under UV light). One of the main reasons is the rapid recombination of 

photogenerated electrons and holes in m-BiVO4, because of the limited migration of 

photogenerated electrons and holes. 

As reviewed in Section 2.3.4, composite semiconductors can reduce the 

recombination rate of photogenerated electrons and holes and thus have been widely 

employed for improved photocatalytic efficiency. Among various the composite 

structures, the formation of a p-n heterojunction has been considered as the most 

efficient way to separate the generated electron-hole pairs. This is mainly because of 

the inherent establishment of internal electric field directed from the n-type to p-type 

semiconductor [90,126]. Recently, many efforts for photocatalytic performance 

enhancement through p-n composite fabrication have been attempted, such as 

Co3O4/BiVO4, CuO/BiVO4, Bi2O3/BiVO4, etc. [90,126-128]. To a certain extent, they 

can enhance the separation of electron-hole pairs and improve the photocatalytic 

performance of BiVO4. However, Co and Cu are transition elements with variable 

valences and low chemical stability, and are not suitable for recyclable photocatalysis. 
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In addition, due to the much narrower band gap of some p-type oxides than that of 

BiVO4 (1.20 for CuO and 2.40 for m-BiVO4), the resultant composite materials would 

exhibit a much lower redox capability in photocatalytic application. Alternatively, as a 

main group element, Bi has a much more stable cation valence, and its chemical 

property is closer to BiVO4 than other p-type oxides. Furthermore, the conduction 

band edge and valence band edge of Bi2O3 are close to those of BiVO4. Therefore, 

photoinduced electrons in Bi2O3 would easily transfer to BiVO4 under the inducement 

action of the internal p-n electric field, leaving holes in the Bi2O3 valence band. In such 

a way, the photoinduced electrons and holes could be effectively separated, thus 

further improve the photocatalytic activity of materials. 

Recently, intrinsic p-type semiconductor bismuth oxide (Bi2O3) has attracted 

much attention because of their extensive applications in solid oxide fuel cells, gas 

sensors and catalysts [129]. Bi2O3 has several polymorphs, such as -and -

phase [130]. And among them, -Bi2O3 has been reported as the best photocatalyst 

mainly due to its unique valence band structure [131-133]. However, because of the 

meta-stable nature of -Bi2O3, synthesis and study of this crystal phase has seldom 

been reported. In this chapter, we proposed a novel “etching” method to fabricate -

Bi2O3 on the surface of m-BiVO4 to form the m-BiVO4@-Bi2O3 core-shell hetero-

structure. Moreover, by controlling the “etching” condition and duration, m-BiVO4@-

Bi2O3 composite with various ratios can be prepared. We also demonstrated that by 

combining the two excellent photocatalytic materials together, the visible-light 

photocatalytic performance in RhB degradation can be greatly improved.  
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6.2 Synthesis of m-BiVO4@-Bi2O3 composite 

The synthesis procedure is given in the flow chart in Figure 6.1. In this part, the 

as-prepared m-BiVO4 octahedral single crystals with size around 1-2 m were used 

(for ease of characterization). 0.2 g as-prepared m-BiVO4 crystals were dispersed in 40 

ml NaOH solution followed by ultrasonic treatment. The NaOH solution, 0.1 ~ 0.3 M, 

was prepared by adding certain amount of NaOH powder into de-ionized (DI) water 

under vigorous stirring. The mixed solution was then transferred into an autoclave, 

heated at 130 °C for 3 ~ 10 h, and cooled down naturally to room temperature. The 

final yellow orange solid products obtained were collected and washed for further 

characterization and testing. The amount of alkaline reagent and reaction duration were 

used to control the phase ratio between -Bi2O3 and m-BiVO4 in the final product. 5 

typical samples synthesized are listed in Table 6.1. The phase ratios (in percentage) of 

m-BiVO4@-Bi2O3 composite samples were calculated based on the Rietveld analysis 

of the corresponding XRD patterns. For simplification, the samples with increasing -

Bi2O3 content were named as BB01 to BB05 in the subsequent test and discussion. 

 

Figure 6.1 Synthesis procedure of m-BiVO4@-Bi2O3 composites. 



Chapter 6 

63 

Table 6.1 List of sample name, composition, and orthogonal experiment 

details of the as-prepared m-BiVO4@-Bi2O3 composite samples. 

Sample 

Name 

Composition 

(Calculated through 

XRD Rietveld Analysis) 

Reaction 

Duration 

(h) 

NaOH 

Concentration 

(M) 

BB01 95% m-BiVO4/5% -Bi2O3 6 0.1 

BB02 86% m-BiVO4/14% -Bi2O3 3 0.2 

BB03 66% m-BiVO4/34% -Bi2O3 6 0.2 

BB04 25% m-BiVO4/75% -Bi2O3 6 0.3 

BB05  1% m-BiVO4/99% -Bi2O3 10 0.2 

 

6.3 Crystal phase of m-BiVO4@-Bi2O3 composite 

The crystal structure of the m-BiVO4@-Bi2O3 composite samples was studied 

by the XRD analysis as shown in Figure 6.2. It can be seen that all five samples were 

composed of scheelite monoclinic BiVO4 (JCPDC No. 14-0688) and -Bi2O3 (JCPDC 

No. 45-1344). In addition, by increasing the reaction duration from 3 hours to 10 hours 

(Sample BB02, BB03 and BB05), the amount of m-BiVO4 phase was reduced and 

more -Bi2O3 phase was formed. Especially for sample BB05, only trace amount of m-

BiVO4 could be detected in the XRD pattern, and it has become -Bi2O3 dominant. It 

was evident that given longer reaction time, more m-BiVO4 crystals could change into 

-Bi2O3 phase. Meanwhile, alkaline concentration was found to accelerate the 

formation of -Bi2O3 phase. As the alkaline increased from 0.1 M to 0.3 M, less m-

BiVO4 phase can be found in the resultant powders, as indicated by samples BB01, 

BB03 and BB04. Base on the XRD analysis, it was concluded that both alkaline 

amount and reaction duration are favorable for the formation of -Bi2O3 from m-BiVO4 

in this hydrothermal synthesis method. 
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Figure 6.2 XRD patterns of the as-prepared samples. (a) BB01 (0.1 M/6 

h), (b) BB02 (0.2 M/3 h), (c) BB03 (0.2 M/6 h), (d) BB04 (0.3 M/6 h), and 

(e) BB05 (0.2 M/10 h). 

 

6.4 Morphology of m-BiVO4@-Bi2O3 composite 

The SEM images in Figure 6.3 show the morphology change of the m-

BiVO4@-Bi2O3 composite particles with different reaction durations. Apparently, for 

BB02 and BB03, the surface of the composite particles became rough and corroded 

when compared with that of the pure m-BiVO4 octahedral crystals. As the reaction 

time increased, the surface corrosion went deeper, although the particles still remained 

in octahedral shape. Sample BB05 was an exception. After long-time reaction (10 

hours), -Bi2O3 phase has become dominant in BB05 and the crystals have grown into 

a tetrahedron based shape with much larger crystal size up to ~5 m. This indicates an 

intensive crystal growth and ripening process at the final stage of the synthesis reaction. 
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Figure 6.3 SEM images of as-prepared m-BiVO4@-Bi2O3 composite 

particles with different reaction durations, (a) & (b) 0 h pure m-BiVO4, (c) 

& (d) 3 h BB02, (e) & (f) 6 h BB03, (g) & (h) 10 h BB05. 
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Figure 6.4 SEM images of as-prepared m-BiVO4@-Bi2O3 composite 

particles fabricated under different alkaline concentrations, (a) & (b) 0.1 

M BB01, (c) & (d) 0.2 M BB03, (e) & (f) 0.3 M BB04. 

 

The SEM images of the m-BiVO4@-Bi2O3 composite particles prepared under 

different alkaline concentration are compared in Figure 6.4, where different degrees of 

corrosion on crystal surface could be obviously observed. Despite slight roughness, 

crystals in sample BB01 still exhibited complete octahedra and sharp edges, which 

were least different from pure m-BiVO4 crystals. By increasing the alkaline 

concentration, BB03 and BB04 resulted in deeper corroded surface and destruction 

tendency of octahedral shape. Especially, some of the crystals in BB04 have been 
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deeply corroded and the sharp corner parts start to peel-off or crack. These cracked 

pieces are supposed to grow rapidly along certain directions during the ripening 

process, and finally evolve into large polyhedrons, as shown in Figure 6.3 (g) and (h) 

for BB05.  

Figures 6.3 and 6.4 together clearly illustrate the surface corrosion and 

morphology evolution of the m-BiVO4@-Bi2O3 composite particles. Importantly, the 

degree of surface corrosion was found corresponding to the content of -Bi2O3 phase. 

For example, BB01 with least surface corrosion corresponds to the least amount of -

Bi2O3 phase among 5 composite samples. This correlation strongly indicated the 

surface “etching” mechanism in the formation of m-BiVO4@-Bi2O3 composite. 

The crystal structure of m-BiVO4@-Bi2O3 composite was further investigated 

by TEM-SAED observation. Figure 6.5 (a) indicates the rough particle surface in 

BB03, as compared to the smooth octahedron in pure m-BiVO4, Figure 6.5 (c). The 

morphology change was consistent with the SEM observations. More importantly, the 

SAED pattern in Figure 6.5 (b) clearly implies a composite structure composed of both 

m-BiVO4 and -Bi2O3 crystal phases. In detail, some additional diffraction spots could 

be found and indexed to single crystal phase of -Bi2O3. In comparison, the diffraction 

pattern of pure m-BiVO4 is given in Figure 6.5 (d). 
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Figure 6.5 (a) TEM image, (b) the corresponding SAED pattern, (e) EDX-

line scan and (f) HR-TEM image of m-BiVO4@-Bi2O3 composite BB03, 

with (c) TEM image and (d) its corresponding SAED pattern of a pure m-

BiVO4 octahedral single crystal as comparison. 
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Figure 6.6 Crystal structure comparison between (a) cubic -Bi2O3 and (b) 

monoclinic scheelite BiVO4. 

 

It was also noticed that some diffraction spots of -Bi2O3, such as (400) and 

(004), overlapped with or were very close to the m-BiVO4 phase, (200) and (002), 

respectively. This could be explained by the relationship of the two crystal structures 

with certain alignment. Figures 6.6 (a) and (b) represent the structure illustrations of 

the two crystal phases. The lattice parameter of -Bi2O3 is 10.267 Å, which is nearly 

twice of a and c values of m-BiVO4 phase, 5.195 Å and 5.092 Å, respectively. In 

addition,  of m-BiVO4 is 90.4°, which is only a slight deviation from the right angle. 

As a result, d(200) = 2.598 Å and d(002) = 2.546 Å for m-BiVO4 are very close to d(400) = 

2.567 Å for -Bi2O3. Thus, the diffraction pattern in Figure 6.5 (b) not only represents 

a composite structure, but also indicates the locally crystal alignment or epitaxial 

relationship of the latter grown -Bi2O3 on the m-BiVO4 crystals. The orientation 

relationship could be given as follows: [010] -Bi2O3 || [010] m-BiVO4, approximately 

[100] -Bi2O3 || [100] m-BiVO4, and approximately [001] -Bi2O3 || [001] m-BiVO4. In 
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addition, the lattice mismatch of -Bi2O3 from m-BiVO4 in a and c directions, about 

1.25% and 0.75%, respectively, were found to be the least among those of other Bi2O3 

polymorphs, as listed in Table 6.2. Such small lattice mismatch, as well as the 

hydrothermal synthesis conditions, is considered to be some probable reasons for the 

successful formation of -Bi2O3 rather than other crystal phases. 

Table 6.2 Comparison of crystal structure and lattice mismatch from m-

BiVO4 of variousBi2O3 polymorphs. 

Polymorph 

Crystal 

Structure 

(Space group) 

Crystal 

Parameters 

(Å / °) 

Lattice-mismatch 

From m-BiVO4  

at a & c directions 

Reference 

PDF Card 

Number 

-Bi2O3 
Cubic 

(197) 
a: 10.26 

2a: –1.25% 

2c: +0.75% 
45-1344 

-Bi2O3 
Monoclinic 

(14) 

a: 5.849 

b: 8.169 

c: 7.512 

: 112.98 

a: +12.6% 

c: +47.5% 
41-1449 

-Bi2O3 
Tetragonal 

(114) 

a: 7.742 

c: 5.631 

a: +49.0% 

c: +52.0% 

1.5a: –0.65% 

1.5c: +1.36% 

27-0050 

-Bi2O3
Cubic 

(224) 
a: 5.525 

a: +6.35% 

c: +8.50% 
27-0052 

 

Figure 6.5 (e) represents the STEM-EDX line scan result of the m-BiVO4@-

Bi2O3 composite at the surface region. It clearly shows that the -Bi2O3 phase is 

located at the surface, while the inside dark area of image corresponds to the thick m-

BiVO4 octahedral crystals. Such core-shell structure could be further confirmed by the 

HRTEM observation as shown in Figure 6.5 (f). The lattice distance of the outer 

crystal about 0.36 nm is consistent with the d-spacing of -Bi2O3 (202) plane (and 

cannot be indexed with any d-spacing values for m-BiVO4 phase). 
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Based on the above analysis and discussion, the formation mechanism of -Bi2O3 

on the surface of m-BiVO4 crystals could be elaborated as follows: Firstly, VO4
-
 is 

quite soluble in alkaline solution, while Bi
3+

 ions are not. Although m-BiVO4 is quite 

chemically stable in aqueous solution at room temperature under open system, the 

dissolving of VO4
-
 ions can be significant in strong alkaline solution in the high 

temperature and high pressure conditions in an autoclave. This can be considered as an 

“etching” reaction. With the surface part of a BiVO4 crystal losing VO4
-
 ions, Bi

3+
 ions 

can only precipitate as -Bi2O3 phase and re-construct as the outer shell. Hence, the 

single phase m-BiVO4 crystals can transfer into m-BiVO4@-Bi2O3 core-shell structure 

to form the p-n hetero structure. Further, as the reaction duration increased, more VO4
- 

ions dissolved in the alkaline solution, and more m-BiVO4 phase would gradually 

decompose into -Bi2O3 crystals. The decomposition of m-BiVO4 happened at the 

surface and progressed deep into the crystals. At the same time, the latter -Bi2O3 

formation exhibited a fast crystal growth and ripening. Such fast growth of Bi2O3 has 

been widely reported elsewhere [134-137]. Therefore, the final product after 10 hour 

reaction has resulted in much larger -Bi2O3 crystals, as indicated in Figure 6.3 (g) and 

(h). The overall synthesis route of -Bi2O3 from m-BiVO4 crystals can be summarized 

in Equation 6-1 as below: 

2 m-BiVO4↓ + 2 OH
–
 → -Bi2O3↓+ 2 VO4

-
+ H2O   (6-1) 

The surface morphology transformation and core-shell heterostructure formation could 

be schematically illustrated in Figure 6.7. 
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Figure 6.7 Schematic illustration of the surface reaction mechanism and 

morphology evolution of m-BiVO4@-Bi2O3 core-shell heterostructure. 

 

6.5 Photo-absorption of m-BiVO4@-Bi2O3 composite 

The color of pure m-BiVO4 octahedral crystals is vivid yellow. After the 

“etching” reaction to form m-BiVO4@-Bi2O3 composite, the color changes to yellow-

orange. 

 

Figure 6.8 UV-Vis diffused reflectance spectra of the as-prepared m-

BiVO4@-Bi2O3 composite samples. 
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Figure 6.8 shows the UV–Vis diffused reflectance spectra of these five as-

synthesized m-BiVO4@-Bi2O3 composite samples, respectively. The optical 

absorptions of BB01 start at around 520 nm, and as the amount of -Bi2O3 shell phase 

increases, the beginning of absorption can be extended to around 580 nm for BB05. 

Therefore, the visible-light absorption range of m-BiVO4 octahedral crystals can be 

enlarged by the coupling of p-type -Bi2O3. 

The photocatalytic performance of the five as-prepared composite samples, as 

well as the pure m-BiVO4 octahedral crystals, were evaluated by the photodegradation 

of RhB under visible light irradiation and shown in Figure 6.9. The overall degradation 

efficiencies (after 10 hours irradiation) of each sample were calculated and listed in 

Table 6.3. It can be clearly seen that the photocatalytic performance of sample BB01, 

BB02 and BB03 has been greatly enhanced, as compared with that of pure m-BiVO4 

sample. Typically, BB03 shows the best performance with fastest degradation rate 

among these samples, with 31% improvement, as compared to that of the pure m-

BiVO4 octahedral crystals. The enhancement mechanism involved by heterojunction 

structure is elaborated in the Section 6.6. 

It was also noticed that sample BB04 and BB05 exhibit lower photocatalytic 

activity than pure m-BiVO4 despite their composite heterostructure. Thus, besides the 

p-n heterojunction formation induced prohibited electron-hole pair recombination, 

other factors should also be involved to determine the final photocatalytic performance 

of these m-BiVO4@-Bi2O3 composites. Based on our experiments and analysis, 

possible factors are proposed as follows: 
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Figure 6.9 Photocatalytic degradation of RhB for the as-prepared m-

BiVO4@-Bi2O3 composite samples. 

 

Firstly, by forming -Bi2O3 phase on m-BiVO4 octahedral crystals, the specific 

surface area of the powder samples was influenced. A high specific surface area can 

cater for a high photocatalytic performance. As illustrated in Section 6.4, the synthesis 

of -Bi2O3 phase could be considered as an “etch” process of m-BiVO4 octahedral 

crystals. At early stage, the dissolution of V ions not only leaves -Bi2O3 phase, but 

also results in a rough surface. The specific surface area values of these samples were 

investigated through BET method, and the results are listed in Table 6.3. It is clearly 

indicated that as the “etching” reaction at early stage goes further, rougher surface with 

larger specific surface area could be achieved. BB03 possessed the largest value, 

around 3.17 m
2
/g. However, at the later stage, the dissolving of V ion from inside 

crystals could not influence much on surface morphology. Meanwhile, the increase of 

-Bi2O3 phase also combines with fast crystal growth and rapid ripening. Especially 

sample BB05 is composed of smooth crystals with much larger particle size. Thus, 

crystal surface area drops greatly, and sample BB04 and BB05 exhibit a decreasing 

trend in specific surface area. 
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Table 6.3 Degradation efficiencies of RhB after 10 hours and specific 

surface area of the as-prepared m-BiVO4@-Bi2O3 composite samples. 

Sample 

Name 

Degradation 

Efficiency of RhB 

(1-C10/C0) 

Specific 

Surface Area 

(m
2
/g) 

Pure BiVO4 55% 1.50 

BB01 68% 2.24 

BB02 80% 2.54 

BB03 86% 3.17 

BB04 45% 1.75 

BB05 27% 0.52 

 

Secondly, despite the formation of p-n heterojunction, whether photocatalytic 

performance can be improved or not also relies on the thickness of -Bi2O3 outer shell. 

Too thin a layer, such as in BB01, cannot induce sufficient electrons or holes although 

their recombination could be inhibited. On the contrary, if the shell material is too 

thick, like in BB04 & BB05, the light that arrived at the space charge layer can be 

attenuated dramatically, and the recombination cannot be suppressed efficiently since 

the -Bi2O3 layer is much thicker than the space charge layer. Similar results that the 

thickness of shell material can significantly affect the electron transfer ability of the 

heterojunction have also been reported for TiO2-based core-shell materials [138,139]. 

In this work, although it was practically difficult to estimate the exact thickness of -

Bi2O3 layer in each sample, an increasing shell thickness upon higher -Bi2O3 contents 

was quite reasonable according to the “etching” reaction mechanism, and could be 

evidenced by the crystal morphology evolution. Among five heterostructured samples, 

BB03 may possess an optimal shell thickness that contributes much to its best 

photocatalytic performance.  
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In short, although p-n heterostructure is an effective method to suppress the 

recombination of photogenerated electron-hole pairs, the formation of the 

heterojunction may also involve other issues that influence the final photocatalytic 

performance. In this study, both specific surface area and shell thickness are 

considered as important contributing factors, which could be a useful guideline in the 

design and development of heterostructured photocatalytic materials. 

Finally, the recyclability of the best two samples, BB02 and BB03, was 

examined by repeated photodegradation test. Their chemical stability was studied by 

crystal phase characterization after photodegradation reaction. Figures 6.10 (a) and (b) 

clearly indicate that there was no phase change in the two samples before and after 

photocatalytic test. Meanwhile, the degradation efficiency was maintained during the 

repeated photodegradation test, as shown in Figure 6.11. Thus, the good chemical and 

photocatalytic stabilities of these composite particles can be concluded. 
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Figure 6.10 XRD patterns of the samples (a) BB02 and (b) BB03 before 

(lower black) and after (upper red) photocatalytic test in the degradation 

of RhB. 
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Figure 6.11 the repeated photocatalytic test of the samples BB02 and 

BB03 in the degradation of RhB. 

 

6.6 Mechanism of enhanced charge carrier transfer 

In our experiment, Bi2O3 phase was formed on the surface of m-BiVO4 during 

the m-BiVO4 phase decomposition. As we know, Bi2O3 is a p-type semiconductor, and 

m-BiVO4 is determined as an n-type material. Therefore, at the interface region, p-n 

heterojunction would be formed. Compared to single-phase photocatalysts, hybrid-

semiconductor systems possess significant advantages in promoting the separation of 

electron-hole pairs and keeping reduction and oxidation reactions at two different 

reaction sites. Among different constructions of heterostructure, p-n junction was the 

mostly efficient way to enhance the charge carrier transfer. This is one of the most 

announced mechanisms for the great photocatalytic improvement in our m-BiVO4@-

Bi2O3 composite samples, which could be illustrated as follows:  

Before the contact of the two materials, the band edge positions of their 

conduction band (CB) and valence band (VB) at the point of zero charge (pHzpc) can 

be predicted by the empirical equation: 

ECB
0
 = X - E

c
 - 1/2 Eg       (6-2) 
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where ECB
0
 is the CB edge potential; X is the absolute electronegativity of the 

semiconductor, which is the geometric mean of the absolute electronegativity of the 

constituent atoms (X values for BiVO4 and Bi2O3 are 6.04 [99] and 5.95 eV [106], 

respectively); E
c
 is the energy of free electrons on the hydrogen scale (about 4.5 eV); 

and Eg is the band gap of the semiconductor. The predicted band edge positions of 

Bi2O3 and BiVO4 by the above equation are shown in Table 6.4, and illustrated in 

Figure 6.12 (a). 

When the p-n junction between Bi2O3 and BiVO4 is formed and thermodynamic 

equilibrium is reached, an inner electrical field can be established with a direction from 

n-type semiconductor to p-type semiconductor. Meanwhile, the energy bands of Bi2O3 

shift upward while those of the BiVO4 shift downward until the Fermi levels of both 

semiconductors join at a same level. According to this band edge position, the 

photogenerated electrons on the conduction band of the p-type semiconductor are 

transferred to that of the n-type one, and simultaneous holes on the valence band of n-

type material can move to that of p-type one under the potential of the band energy 

difference. In addition, the migration of photogenerated carriers can be promoted by 

the internal field near the p-n junction. Therefore, the recombination of electron-hole 

pairs can be significantly suppressed, and the photocatalytic reaction can be greatly 

enhanced. This can be schematically illustrated in Figure 6.12 (b). 

Table 6.4 Absolute electronegativity, estimated band gap, calculated 

energy levels of conduction band edge and valence band edge at the zero-

charge point for m-BiVO4 and-Bi2O3. 

Oxide 

Material 

X, Absolute 

Electronegativity 

Estimated 

Band Gap (eV) 

Calculated 

CB (eV) 

Calculated 

VB (eV) 

BiVO4 6.04 2.26 0.41 2.67 

Bi2O3 5.95 2.04 0.43 2.47 
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Figure 6.12 Schematic illustrations of the energy band structures (a) for 

separate phases and (b) after the formation of m-BiVO4@-Bi2O3 p-n 

hetero junction. 

 

Furthermore, the enhanced charge carrier transfer by p-n heterostructure can also 

be evidenced by the surface photovoltage (SPV) spectra. Figure 6.13 shows the 

transient light-on/light-off SPV response of pure m-BiVO4 crystals (a) and BB03 

powders (b), respectively, under the irradiation of LED light with the wavelength of 

455 nm. When the working current was higher than 50 mA, the light-on SPV values of 

both samples exceeded 200 mV, which indicated their excellent photocatalytic 

performance. The averaged light-on SPV of the two samples are compared in Figure 

6.13 (c), which clearly shows the saturation trends of light-on SPV under the 

increasing working current for the two samples. Specifically, the SPV of pure m-

BiVO4 crystals saturated at around 220 mV; while BB03 exhibited a distinctly higher 

SPV level higher than 300 mV. According to the surface photovoltage spectroscopy 

technique, a high SPV response corresponds to the more efficient charge carrier 

separation and transfer [140]. Therefore, the higher SPV response of BB03 indicated 

that the introduction of p-n heterojunction structure is beneficial to the separation of 
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the photogenerated electron-hole pairs in BiVO4 and eventually improve the 

photocatalytic performance.  

 

 

Figure 6.13 Transient SPV spectra of (a) pure m-BiVO4 and (b) BB03, and 

(c) the comparison of average SPV values under different working 

current. 
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Finally, the recombination property of these two samples was also investigated 

based on the light-off transient response in SPV spectra, as indicated in Figure 6.14 (a) 

and (b). It can be seen that the recombination rate of BB03 was slightly lower than that 

of pure m-BiVO4. This could also be ascribed to the p-n heterojunction structure where 

the electron-hole pairs are separated onto different material surfaces, and the 

recombination has to overcome the inner electrical field in the p-n junction. 

 

Figure 6.14 Transient SPV spectra of (a) pure m-BiVO4 and (b) BB03 

after irradiation turned off. 
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6.7 Concluding remarks 

In summary, m-BiVO4@-Bi2O3 composite crystals with core-shell 

heterostructure have been successfully synthesized based on m-BiVO4 crystals under 

alkaline hydrothermal condition. Such reaction could be considered as a simple 

“etching” process that the surface V ions of m-BiVO4 octahedra dissolve in strong 

alkaline solution, while the Bi ions precipitate as -Bi2O3 phase on the m-BiVO4 core. 

It was found that the degree of etching, corresponding to the Bi2O3 phase content, was 

determined by the alkaline concentration and reaction time. In addition, the specific 

surface area could be increased at the beginning of Bi2O3 formation, because of the 

roughening of the m-BiVO4 surface. In the latter reaction, the specific surface area 

would decrease promptly, which was due to the rapid ripening of Bi2O3 phase. The 

optical property analysis indicated that the m-BiVO4@-Bi2O3 composite crystals 

exhibited a slightly wider range of visible light response as compared to pure m-BiVO4 

crystals. And most importantly, these composite powders showed superior 

photocatalytic performance in the degradation of RhB under visible light irradiation. 

Besides the increase in specific surface area, such enhancement could be mostly 

attributed to the p-n heterojunction structure that can promote the charge carrier 

transfer and reduce their recombination probability. This could also be evidenced by 

the surface photovoltage spectra. Based on our analysis, the degradation efficiency of 

RhB after 10 hours reached 86% for the sample BB03, which was 31% higher than 

pure m-BiVO4 crystals.  
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Chapter 7.  Surface Modification of m-

BiVO4 crystals by loading Au and Pt 

7.1 Introduction 

In Chapter 6, enhancement of m-BiVO4 photocatalytic performance has been 

derived from the improved charge carrier transfer by compositing m-BiVO4@-Bi2O3 

p-n junctions. As reviewed in Section 2.3, another type of heterogeneous structure, 

metal/semiconductor Schottky junction, can also effectively promote the charge carrier 

transfer in a photocatalytic reaction. In addition, the surface plasmon resonance (SPR) 

effect of noble metal nanoparticles, such as Au, Ag and Pt, has recently been applied in 

the field of photocatalysis for organic decomposition [101,141-143]. Based on the SPR 

effect, noble metal nanoparticles can show strong absorption in a wide range of visible 

light region, thus, can contribute to the overall photocatalytic performance when they 

are loaded onto the semiconductor surface. So far, variety of metals have been used to 

achieve metal/BiVO4 heterogeneous structure, including Cu/BiVO4 [107], Pd/BiVO4 

[108], Fe/BiVO4 [144], etc. 

In this chapter, we report the surface modification of m-BiVO4 with either Au or 

Pt by loading gold or platinum nanoparticles, respectively, on octahedral m-BiVO4 

crystals through a simple photochemical reduction method. The synthesis method is 

briefly introduced, followed by extensive characterization and analysis. Significantly, 

these Au/m-BiVO4 and Pt/m-BiVO4 heterogeneous nanoparticles exhibited much 

higher visible-light photocatalytic activities than the pure m-BiVO4 nanoparticles. The 

possible mechanisms behind the photocatalytic enhancement are discussed. Moreover, 
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the photocatalytic performances of Au- and Pt-loaded nanoparticles are also compared 

and explained. 

7.2 Synthesis of Au (or Pt)/m-BiVO4 nanoparticles 

As a great effort towards the green chemistry, the photochemical route has been 

developed for synthesis of noble metal nanoparticles [82,145,146]. In a typical 

photochemical reaction, as shown in Figure 7.1 (a), electron and hole pairs are 

generated in the photocatalyst particles under irradiation, where the photogenerated 

electrons can be transferred to and thus reduce the related ions, while the holes are 

scavenged by the ethanol. This method has many advantages, such as: the process can 

be carried out without using any other reducing agent; the reduction reaction is 

uniform by continuous stirring; and for practical application, this photochemical 

method is cost-effective and can be scaled up easily. 

 

Figure 7.1 (a) schematic illustration of the Au particle formation on the 

surface of m-BiVO4 crystals and (b) synthesis procedure of Au (or Pt)/m-

BiVO4 nanoparticles. 
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In our synthesis of Au (or Pt) based on BiVO4 nanoparticles, the synthesis 

procedure is shown in flow chart Figure 7.1 (b). Small amount of as-obtained 

octahedral monoclinic m-BiVO4 powders, about 500 nm in size, were dispersed in high 

purity ethanol (99.95%) under vigorous stirring and ultrasonic treatment. Meanwhile, 

certain amount of HAuCl4 (or H2PtCl6) was dissolved in other high purity ethanol to 

achieve a homogeneous solution. The HAuCl4 (or H2PtCl6) solution was then mixed 

with m-BiVO4 suspension, followed by continuous stirring. After that, the mixture was 

placed under photoirradiation for 24 hours by the fluorescent lamps (8W × 10) with the 

illuminance around 3000 lux. Finally, the products were repeatedly washed and dried. 

Based on the wide range investigation on Au-loading (0 ~ 8%), a slightly narrower 

range (0.5% ~ 4%) was studied for Pt-loading. The Au- and Pt-loaded samples were 

named as “Au x” and “Pt x”, respectively, where x indicating the molecular percentage 

of noble metals. 

Table 7.1 List of sample name, molecular percentage of metal (M = Au, 

Pt) precursors and resultant weight percentage of metal of the as-

prepared M/m-BiVO4 nanoparticles. 

Sample 

Name 

Molecular percentage of 

HAuCl4 / H2PtCl6 (mol%) 

Weight percentage 

of Au /Pt (wt%) 

Au0.3% 0.3 0.18 

Au0.5% 0.5 0.30 

Au1.0% 1.0 0.61 

Au2.0% 2.0 1.23 

Au4.0% 4.0 2.47 

Au8.0% 8.0 5.02 

Pt0.5% 0.5 0.30 

Pt1.0% 1.0 0.60 

Pt2.0% 2.0 1.21 

Pt4.0% 4.0 2.45 
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7.3 Characterization of Au/m-BiVO4 nanoparticles 

Figure 7.2 presents the XRD patterns of the as-prepared m-BiVO4 powders with 

Au loading from 0.3% to 8.0%. It can be seen that all the samples were composed of 

monoclinic BiVO4 (JCPDC No. 14-0688) as main phase. Moreover, for the powder 

samples with Au amount more than 1.0%, diffraction peaks of gold metal with cubic 

structure (JCPDC No. 65-2870) could be found, which clearly indicated the formation 

of Au secondary phase besides m-BiVO4 crystals. Apparently, the intensity of Au 

diffraction peaks gradually increased with the more Au loading. Although no obvious 

Au phase could be found in the XRD patterns of the samples Au0.3% and Au0.5%, we 

suspected that some Au metallic phase was also formed. The slight amount could be 

lower than the XRD detection limit. 

 

Figure 7.2 XRD patterns of the as-prepared Au/m-BiVO4 nanoparticles. 
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It is also worth to mention that the diffraction peaks of the m-BiVO4 phase had 

not shifted for these Au/m-BiVO4 samples. This implied that m-BiVO4 crystal 

structure was not influenced, and Au atoms should not be doped into its crystal lattice. 

In short, based on the XRD characterization, it was concluded that Au metallic phase 

could be successfully synthesized through the photochemical reduction method based 

on the photocatalytic property of m-BiVO4, which resulted in binary-phased composite 

nanocrystals. 

The typical SEM images of Au/m-BiVO4 nanoparticles in Au4.0% are shown in 

Figure 7 3 (a) and (b). It was revealed that the m-BiVO4 crystals still maintained the 

octahedral morphology, while some gold nanoparticles were stuck onto the surface of 

m-BiVO4 octahedra. The size of these gold nanoparticles was around 50~100 nm. In 

the EDX area analyses, the Au content in the composite sample Au4.0% was found 

around 4.04%, which was close to the reagent amount ratio present. Thus, the 

composition analysis of product powder was consistent and most of the HAuCl4 were 

successfully reduced into Au particles by our photocatalytic synthesis. Moreover, the 

SEM and TEM observations revealed that most Au nanoparticles were well attached 

onto the m-BiVO4 surface, while few could be found separated. This could be well 

evidenced by the TEM-mapping analysis as shown in Figure 7.4. It can be seen that 

Au crystals were formed at the corner of an m-BiVO4 octahedral crystal, while leaving 

a spherical surface outside for lower surface energy. Such good connection between 

gold nanoparticles and m-BiVO4 crystals was considered to be the key factor for the 

efficient separation of photogenerated electron-hole pairs in the enhancement of 

photocatalytic performance. 
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(a)      (b) 

Figure 7.3 (a) low and (b) high magnification SEM images of Au4.0%. 

 

 

Figure 7.4 TEM image of a composite nanocrystal in Au4.0% with 

elemental mapping under STEM-EDX. 

 

The Au species in these Au/m-BiVO4 composite nanoparticles were also 

investigated by the X-ray photoelectron spectroscopy (XPS). Figure 7.5 (a) represents 

the typical XPS spectra for Au/m-BiVO4 composite nanoparticles (Au4.0%), which 

clearly indicated the existence of Au species. Moreover, the fine scan of Au 4f doublet 

in Figure 7.5 (b) indicated the binding energy of 87.8 eV and 84.1 eV for Au 4f (5/2) 



Chapter 7 

89 

and 4f (7/2), respectively, with the spin energy separation about 3.7 eV. The binding 

energy values correspond to metallic gold [147,148]. Thus, it could be deduced that the 

gold atoms were not oxidized into compound, but presented as gold metal among the 

m-BiVO4 crystals. At this point, both XRD results and XPS analysis have indicated the 

formation of Au/m-BiVO4 composite material with mixed crystal phases. 
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Figure 7.5 (a) XPS full scan spectrum of Au4.0% with (b), (c) and (d) fine 

scan spectra on main elements. 

7.4 Photo-physical properties of Au/m-BiVO4 

The energy band structure feature of a semiconductor is considered as the key 

factor in determining its optical properties, thus influencing the photocatalytic activity. 

Figure 7.6 shows the UV-Vis diffused reflectance spectra of these six as-synthesized 

Au/m-BiVO4 composites, as well as the pure m-BiVO4 sample. All the six modified 
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samples showed absorption bands in the visible light region, 520 ~ 530 nm, which 

were slightly blue shift compared to that of the pure octahedral m-BiVO4. 

 

Figure 7.6 UV-Vis diffused reflectance spectra of the as prepared pure 

and Au-loaded m-BiVO4 nanoparticles. 

 

On the contrary, along with much darker color in appearance, the absorption 

edge of Au4.0% and Au8.0% shifts to red light, around 535 nm and 550 nm, 

respectively. This opposite change could be explained by the heavy loading of gold in 

these two samples. Since more gold particles were formed on m-BiVO4 nanocrystals, 

they could cover the most surface area of the oxide, or could even constitute a metallic 

shell. Eventually, the high coverage or shell formation of gold nanoparticles 

significantly hindered the light absorption of m-BiVO4, and resulted in the abrupt 

change of overall optical property of the composite. 
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Table 7.2 RhB degradation efficiencies after 12 hours irradiation and 

specific surface area (BET) of the as-prepared Au/m-BiVO4 composite 

samples. 

Sample 

Name 

Degradation efficiency 

(1-C12/C0) 

 

 

(1-C12/C0) 

Specific surface 

Area (m
2
/g) 

Pure m-BiVO4 87.0% 2.34 

Au0.3% 88.9% 2.31 

Au0.5% 95.0% 2.24 

Au1.0% 99.5% 2.29 

Au2.0% 71.8% 1.57 

Au4.0% 57.6% 0.93 

Au8.0% 57.3% 0.46 

 

 

The photocatalytic activities of the as-prepared Au/m-BiVO4 composite 

nanoparticles were evaluated by the photodegradation of RhB under visible light 

irradiation. The results were compared with that of the pure m-BiVO4 octahedral 

crystals in Figure 7.7 (a). The overall degradation efficiencies for each sample, after 12 

hours reaction, were also calculated and listed in Table 7.2. It was clearly seen that 

small amount of Au-loading could effectively improve the visible-light photocatalytic 

activity. However, if Au-loading was higher than 2%, the photocatalytic performance 

became worse than the pure m-BiVO4 crystals. The overall degradation efficiency of 

the composite Au/m-BiVO4 samples, after 12 h degradation of RhB, were plotted as 

the function of Au content, as illustrated in Figure 7.7 (b). Obviously, among these 

samples, Au1.0% exhibited the best photocatalytic performance with the highest 

degradation efficiency, and photochemical oxidation of RhB dye could almost be 

completed after 12 h of irradiation. 
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(a)  

(b)  

Figure 7.7 (a) The photocatalytic degradation of RhB and (b) 12-h 

degradation efficiency of the An/m-BiVO4 composite samples. 

 

The photodegradation test on organic dye clearly indicated the photocatalytic 

enhancement of m-BiVO4 nanocrystals through the surface modification of gold 

nanoparticles. This could be attributed to the promoted charge carrier separation, 

which is detailed in the next section. The worse photocatalytic performance of heavily 

Au-loaded m-BiVO4 crystals could be attributed to several factors. Firstly, if exceeds 

the optimum content, Au can also act as recombination centers and reduce the charge 

separation efficiency, as suggested by Ge [108]. Secondly, excess Au may cover the 
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active sites of m-BiVO4 for the photo-oxidation as reported by Zhang et al [110]. 

Thirdly, too much Au loading may also form thick Au shell that hindered the light 

absorption of m-BiVO4 core. Last but not the least, according to our study, abundant 

Au photosynthesis could result in significant agglomeration of the m-BiVO4-based 

nanoparticles as well as the abnormal growth of gold crystal. As shown in Figure 7.8, 

m-BiVO4 nanoparticles were united by Au, and resulted in large particle agglomeration, 

about 10 micron in diameter. In addition, some m-BiVO4 crystals were fully covered 

by fast grown gold species. Eventually, the specific surface area of the nanoparticles 

was greatly reduced, as listed in Table 7.2, thereby decreasing the photocatalytic 

activity. 

 

Figure 7.8 (a) SEM image and (b) spot EDX spectrum of Au8.0% derived 

from the marked point in (a), which indicated significant agglomeration 

by heavy Au-loading. 

7.5 Enhance mechanism of metal loading 

The photocatalytic performance of these m-BiVO4 nanoparticles was 

successfully improved by a small amount loading of Au particles as surface 

modification. Based on our results, this could be mostly attributed to the enhanced 

separation of photogenerated electron-hole pairs by the Schottky junction at Au/m-
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BiVO4 interfaces. It is known that the Fermi level of Au is around 0.5 eV (versus NHE) 

[113,149], which is larger than the conduction band (CB) edge of n-type m-BiVO4 (0.3 

~ 0.4 eV versus NHE). When Au nanoparticles were prepared on m-BiVO4 surface 

through the photochemical reduction, electron migrated from the oxide to Au until the 

two Fermi levels were equal and a thermodynamic equilibrium was reached. At this 

time, the ohmic contact has formed a Schottky junction with the establishment of a 

Schottky barrier, as illustrated in Figure 7.9 (a). The barrier height (b) is the energy 

difference between the work function of gold (Au) and the electron affinity of m-

BiVO4 (E) [150]: 

b = Au - E       (7-1)

 

Figure 7.9 Schematic illustration of (a) the Schottky barrier between m-

BiVO4 and Au and (b) the enhanced separation of electron-hole pair at 

the interface of Au/m-BiVO4 composite. 

 

As a result, when m-BiVO4 was irradiated by visible light with photon energy 

larger than its band gap, electrons in the valance band (VB) were excited to the CB, 

while the holes remained in the VB. Under the effect of Schottky barrier at the 

interface, the photogenerated electrons would continuously migrate across the junction 

to gold, while holes were diffused to the m-BiVO4 surface for the oxidation reaction, 
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as shown in Figure 7.9 (b). Such an electron transfer process could effectively limit the 

electron-hole recombination and thereby enhance the photocatalytic performance. 

To validate the above analysis, we also performed the photoluminescence (PL) 

analysis for these Au/m-BiVO4 photocatalysts, which has been widely applied to 

disclose the migration, transfer, and recombination processes of the photogenerated 

electron-hole pairs in semiconductors [90]. Figure 7.10 represents the PL spectra of 

pure and Au-loaded m-BiVO4 nanoparticles with the excitation wavelength of 350 nm.  

 

Figure 7.10 Photoluminescence (PL) spectra of Au/m-BiVO4 

nanoparticles. 

 

It was found that the PL emission spectra of all the samples showed the main 

peaks at 468 nm, 482 nm and 491 nm as well as a big hump at around 500 nm. In 

addition, as the Au loading content increased, the PL peak intensities were 

significantly reduced, which clearly indicated that the recombination of the hole 

formed in the O 2p band and the electron in the V 3d band was effectively suppressed 

by the Au-loading onto the m-BiVO4 surface. 

Besides the charge separation enhancement through Au/m-BiVO4 heterogeneous 

junction, other mechanisms were also proposed in noble metal loaded semiconductor 
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photocatalysts. For example, it has been recently reported that noble metal 

nanoparticles exhibit strong absorption in the range of visible light due to surface 

plasmon resonance (SPR) effect, which can boost the photocatalytic activity of TiO2 

[142,151]. In our experiment, light absorption peak at around 630 nm could also be 

found, as indicated in Figure 7.6 (a), which could be attributed to the SPR of Au 

nanoparticles. However, pronounced SPR absorption peak could only be found in 

heavily Au-loaded sample, Au8.0%. Thus, SPR effect may not be dominant in the 

photocatalytic improvement of m-BiVO4 nanoparticles. In other reported work on 

Pt/m-BiVO4 composite photocatalyst, PtCl4 was found in the final products, and was 

considered to contribute photocatalytic activity through photosensitization effect. 

Nevertheless, this mechanism should not be involved in our Au/m-BiVO4 

nanoparticles (as well as the Pt/m-BiVO4 samples in the latter sections), since Cl 

species was not present in our samples as indicated by the XPS analysis.  

In summary, the significant photocatalytic enhancement in these Au/m-BiVO4 

nanoparticles in our work was mostly attributed to the improved separation of 

photogenerated electron-hole pairs resulting from the formation of Schottky junction at 

the Au/m-BiVO4 interface. 

7.6 Synthesis and Characterization of Pt/m-BiVO4 

Based on the previous study, heavy Au loading leaded to the agglomeration of 

m-BiVO4 nanocrystals, thus, limited the enhancement on photocatalytic performance. 

It is well known that Pt has better dispersion performance in coating and surface 

modification of nanoparticles. Thus, it is quite promising to use Pt instead of Au in the 

surface modification of m-BiVO4 nanoparticles towards higher photocatalytic 
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performance. In this part of work, Pt/m-BiVO4 nanoparticles were prepared by similar 

photocatalytic reduction method, and studied as follows. 

 

 

Figure 7.11 XRD patterns of the as-prepared Pt/m-BiVO4 nanoparticles. 

 

Figure 7.11 represents the XRD patterns of the as-prepared Pt/m-BiVO4 

nanoparticles with 0.5 % to 4.0 % Pt loadings. It can be seen that all the samples are 

well crystallized, and the BiVO4 still maintained the monoclinic structure (JCPDC No. 

14-0688). Similar to the Au-loading results, no diffraction peak shift could be found 

for the Pt-loaded samples, which indicated the absence of Pt-doping into the m-BiVO4 

crystal structure. Due to the very low content of Pt phase among m-BiVO4 crystals, the 

diffraction peaks of cubic Pt (JCPDC No. 65-2868) were very weak in these XRD 

patterns. Especially, the strongest one, Pt (111) at 2 = 39.8°, was not obvious due to 

the overlap with the (211) peak of m-BiVO4. 

In contrast, Pt could be easily found under SEM/TEM observation combined 

with EDX analysis. The typical SEM image, as shown in Figure 7 12 (a) and (b), 
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revealed that many Pt nanoparticles, with particle size around 10 ~ 30 nm, were 

homogenously deposited on the octahedral m-BiVO4 nanocrystals. 

The TEM observation and EDX line scan further confirmed the formation of Pt 

phase and the heterogeneous nanostructure. As indicated in Figure 7.13, some Pt 

nanoparticles, with less than 10 nm size, were found on the surface of m-BiVO4 

octahedra. In addition, these Pt particles were well crystallized and were firmly 

attached onto m-BiVO4 crystal surface. The chemical state of Pt species in these Pt/m-

BiVO4 composite nanoparticles was also studied by XPS analysis, as shown in Figure 

7.14. The XPS fine scan spectra of Pt 4f doublet on the sample Pt2.0% demonstrated 

only the pronounced signal of Pt with binding energy of 71.25 eV and 74.60 eV, as 

well as a spin energy separation about 3.35 eV, which corresponded to metallic 

platinum [152]. Thus, similar to the experiment results in gold loaded m-BiVO4 

samples, all Pt reagents were reduced into metallic platinum nanoparticles on the 

surface of on m-BiVO4 octahedral crystals, and resulted in binary phased Pt/m-BiVO4 

composite. 

   
(a)      (b) 

Figure 7.12 (a) Low and (b) high magnification SEM images of Pt2.0%. 
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(a)      (b) 

Figure 7.13 (a) TEM image and (b) STEM line scan analysis of a Pt/m-

BiVO4 composite crystal in Pt2.0%. 
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Figure 7.14 (a) XPS full scan spectrum of Pt2.0% with (b), (c) and (d) fine 

scan spectra on main elements. 
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7.7 The photo-physical properties of Pt/m-BiVO4 

Figure 7.15 shows the UV-Vis diffused reflectance spectra of four as-synthesized 

Pt/m-BiVO4 composite nanoparticles, as compared with that of the pure m-BiVO4 

sample. All the four modified samples showed absorption bands in the visible light 

region around 530 nm. Thus, within the investigated range of Pt loading content, the 

optical property of Pt/m-BiVO4 nanoparticles remained almost unchanged. 

 

Figure 7.15 UV-Vis diffused reflectance spectra of the as prepared pure 

and Pt-loaded m-BiVO4 nanoparticles. 

 

The Pt/m-BiVO4 nanoparticles showed superior photocatalytic performance 

under visible light, where the degradation of RhB could be mostly completed after 10 

hours irradiation. The results were compared with the pure m-BiVO4 nanoparticles, as 

plotted in Figure 7.16, and the overall degradation efficiencies of each sample are 

listed in Table 7.3. Especially, the sample Pt2.0% exhibited the highest degradation 

activity among these samples, and the degradation time could be reduced to around 7 

hours. Further investigation on these nanoparticles indicated that the specific surface 

area did not affect much by the Pt nanoparticles load. Thus, different from the 

formation of Au nanoparticles, the loading of Pt onto m-BiVO4 crystals did not result 
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in severe particle agglomeration. Therefore, improvement of photocatalytic 

performance could be observed in all these Pt/m-BiVO4 nanoparticles, including the 

heavily loaded sample, Pt4.0%. Nevertheless, the optimum loading amount of Pt 

nanoparticles was found to be 2%, while the slight worse photocatalytic performance 

of Pt4.0% might due to the over high coverage of Pt nanoparticles that blocked the 

active site of m-BiVO4 in the photoinduced oxidation reaction. 

 

Figure 7.16 The photocatalytic degradation of RhB for as-prepared Pt/m-

BiVO4 composite samples. 

Table 7.3 RhB degradation efficiencies after 10 hours irradiation (12 

hours for pure m-BiVO4) and specific surface area (BET) of the as-

prepared Pt/m-BiVO4 composite samples. 

Sample 

Name 

Degradation  

Efficiency 

1-C10/C0 

Specific surface 

Area (m
2
/g) 

Pure m-BiVO4   87% 2.34 

Pt0.5%   99% 2.33 

Pt1.0% 100% 2.34 

Pt2.0% 100% 2.30 

Pt4.0%   95% 2.25 
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The photoluminescence (PL) analysis was also performed for these Pt/m-BiVO4 

nanoparticles. The spectra in Figure 7.17 clearly showed that the main PL peaks of 

these Pt/m-BiVO4 nanoparticles were still located at 468 nm, 482 nm and 491 nm as 

well as a big hump at around 500 nm, which was the same as the pure m-BiVO4 

sample. As the Pt-loading content was increased, the PL peak intensities were 

significantly decreased. Especially for Pt4.0%, the PL hump at around 500 nm 

disappeared, and most PL phenomenon was inhibited. The PL spectra of these Pt/m-

BiVO4 nanoparticles were consistent with the results from Au-loaded samples, which 

clearly indicated the improved charge transfer through the metal-oxide heterojunction, 

thus the suppressed recombination of electron-hole pairs in the photocatalytic reaction. 

As discussed in previous Section 7.4, this was considered as one of the most important 

mechanism in the enhancement of photocatalytic activity in these surface modified m-

BiVO4 nanocrystals.  

 

 

Figure 7.17 Photoluminescence (PL) spectra of Pt/m- BiVO4 

nanoparticles. 
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7.8 Comparison of Au- and Pt-loading 

The photocatalytic performance of the two best Pt-loaded m-BiVO4 samples 

were compared with two Au-loaded counterparts, as shown in Figure 7.18 (a). 

Obviously, Pt1.0% and Pt2.0% exhibited higher photocatalytic activity by much faster 

RhB degradation. Further, the degradation efficiencies of all these composite samples 

were plotted against the metal loading contents, which could clearly illustrate the 

different influences of the two loading metals, as shown in Figure 7.18 (b). It is found 

that all the Pt-loaded m-BiVO4 nanoparticles showed better photocatalytic performance 

than Au-loaded samples with the same metal contents. In addition, the optimum 

loading amount of Pt was around 2.0%, which was higher than the best Au-loaded 

sample, ~1.0%.  

Based on our experiments, these differences were most likely originated from the 

different growth behavior of Au and Pt nanoparticles on m-BiVO4 nanoparticles. As 

indicated in Figure 7.19, Pt nanoparticles exhibited better dispersion on the surface of 

m-BiVO4 crystals, while Au could agglomerate into much larger particles. Hence, in 

Pt-loaded nanoparticles, more metal-oxide heterojunction could be created, which 

contributed more to the electron-hole separation. However, for Au-loaded samples, 

over-large gold particles would hinder the visible light irradiation onto junctions, as 

well as block the active sites of m-BiVO4 for dye oxidation. Moreover, the great 

agglomeration of gold was also able to unit m-BiVO4 crystals through further Au 

formation and growth. As a consequence, heavily Au-loaded m-BiVO4 nanoparticles 

resulted in dramatically decreased specific surface area. On the contrary, as compared 

in Figure 7.18 (c), the BET results of Pt-loaded samples were not affected too much. 

Therefore, slightly heavy Pt loading only served higher coverage of m-BiVO4 surface, 

and the optimum Pt-loading sample was found with higher metal content, 2.0%. 
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 (a)  

(b)  

(c)  

Figure 7.18 Comparison between Au- and Pt-loading on m-BiVO4 crystals 

in (a) the photocatalytic degradation of RhB along irradiation time, (b) 

the photocatalytic enhancement in terms of degradation efficiency and (c) 

the influences on specific surface area. 
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Figure 7.19 SEM mapping results of Au1.0% (up) and Pt1.0% (down) 

composite nanoparticles. 

 

In this section, both specific surface area and heterogeneous structure are 

important in determining the photocatalytic performance of the m-BiVO4-based 

crystals. High specific surface area ensures large amount of photo-induced electron-

hole pairs, while surface modification with Au/Pt can help on the separation of these 

electron-hole pairs. In one case, for Pt-loaded m-BiVO4 samples and lightly Au-loaded 

ones, the specific surface area is only decreased slightly. Thus, the negative influence 
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on photocatalytic property is limited. In contrast, the formation of heterojunction can 

effectively improve the charge separation, and can provide more significant 

contribution to the photocatalytic performance. So the influence of specific surface 

area is compensated and cannot be reflected in degradation results. In another case, for 

the heavily Au-loaded samples (Au > 2%), the specific surface area is found to 

decrease dramatically. Hence the negative influence becomes significant, and these 

samples resulted in lower degradation efficiency. 

7.9 m-BiVO4/-Bi2O3/Pt composite 

The successful two approaches, by forming heterojunction structure with -Bi2O3 

and surface modification with noble metals, respectively, are actually possible to be 

combined to further improve the photocatalytic performance of m-BiVO4 nanocrystals. 

Very recently, multiple modification of BiVO4 has been attempted for photocatalysis 

enhancement. Li Can’s group reported that m-BiVO4 micron-sized particles loaded 

with Pt and RuO2 co-catalysts exhibit better photocatalytic activity in thiophene 

oxidation [103]. In the study done by Long’s group, micron-sized BiVO4 was modified 

by Ag/AgCl composite [102]. The coupling Ag-AgCl composite was found beneficial 

in BiVO4 photocatalytic degradation of methyl orange. In another works, cobalt-

phosphate has been used to modify W- or Mo-doped BiVO4 electrode, which was 

claimed to improve the water oxidation performance [153,154]. In our previous study, 

it was quite successful to enhance the separation of electron-hole pairs, hence improve 

the photocatalytic performance of m-BiVO4, by forming heterojunction structure with 

-Bi2O3 and surface modification with noble metals. In this part, both approaches are 

combined together by loading Pt on m-BiVO4@-Bi2O3 composite for further 

photocatalytic improvement. 
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A multi-composite sample, named as BBPt, was prepared based on the optimized 

compositions: BB03 and Pt2.0%, in Chapter 6 and 7, respectively. Firstly, through the 

“etch” reaction in alkaline as developed in Chapter 6, m-BiVO4/-Bi2O3 heterogeneous 

nanostructure were prepared based on m-BiVO4 octahedral nanoparticles with crystal 

size around 400~500 nm. Then certain amount of Pt nanoparticles (2 mol%) were 

synthesized on the resultant m-BiVO4@-Bi2O3 composite nanoparticles by using the 

photochemical reaction mentioned in this Chapter 7. The final product, BBPt, was 

investigated in comparison with BVO (the pure m-BiVO4 octahedral nanocrystals 

around 400~500 nm, in Chapter 5) and BPt (the Pt2.0% in this Chapter 7).  

The XRD pattern of BBPt in Figure 7.20 clearly indicated the formation of -

phased Bi2O3 (JCPDC No. 45-1344) among the monoclinic BiVO4 structure (JCPDC 

No. 14-0688). Similar to the XRD pattern of BPt, neither the diffraction peaks of m-

BiVO4 were shifted by Pt-loading, as compared to the pattern of BVO, nor the cubic Pt 

phase (JCPDC No. 65-2868) could be observed, since the loading amount was small.  

 

Figure 7.20 XRD patterns of the as-prepared m-BiVO4/-Bi2O3/Pt 

composite nanoparticles. 
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The state and location of Pt species were disclosed by STEM observation 

combined with EDX analysis, as shown in Figure 7.21. The results clearly indicated 

the m-BiVO4@-Bi2O3 core-shell heterogeneous nanostructure of the main particle, 

where some of the outside part (the grey area in Figure 7.21) corresponded to -Bi2O3 

phase, and the inside region (the dark body in Figure 7.21) represented the m-BiVO4 

core crystal. In addition, some nanoparticles, around 10~20 nm, could be found on the 

surface of either Bi2O3 or BiVO4 phase, and they were recognized as Pt species by 

EDX analysis. Thus, from the STEM-EDX investigation, it was concluded that the m-

BiVO4/-Bi2O3/Pt composite nanostructure has been successfully fabricated, where the 

step-by-step synthesis route as well as the morphology evolution of the nanostructure 

could be schematically illustrated in Figure 7.22. 

 

 

Figure 7.21 STEM image and EDX line scan on one of the m-BiVO4/-

Bi2O3/Pt composite nanoparticles. 
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Figure 7.22 Schematic illustration on the synthesis route and the 

morphology evolution of the m-BiVO4/-Bi2O3/Pt composite nanoparticles. 

 

After characterization on the composite nanostructure, the visible light 

photocatalytic activity of these BBPt composite nanoparticles was examined through 

RhB degradation. The result was compared with BVO and BPt, as plotted in Figure 

7.23. Just as expected, BBPt exhibits even faster degradation rate, where the oxidation 

of RhB could be completed around 4 hours irradiation. Thus, as compared with Pt-

modified crystals, the formation of m-BiVO4/-Bi2O3/Pt composite nanostructure 

further improved the photocatalytic performance. As discussed in Chapter 6 and 7, 

both heterogeneous structures, p-n junction formation of m-BiVO4@-Bi2O3 and 

surface modification into m-BiVO4/Pt, could effectively separate the photogenerated 

electron-hole pairs, thus improved the photocatalytic performance. Nevertheless, it was 

also found that too much -Bi2O3 phase or noble metal loading would result in 

significant agglomeration of the composite crystals. Here, by combining the two 

strategies, the charge separation mechanism could be strengthened through the 

synergistic effect from multi-heterogeneous nanostructure, while the agglomeration 

phenomena could be largely avoided. Therefore, the significance of this part of work 

was not only the further enhancement in photocatalytic performance, but also lies in 

the successful demonstration of the synergistic strategy, which could guide the 
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materials development for photocatalysis and photoinduced energy conversion 

applications. 

 

Figure 7.23 The photocatalytic degradation of RhB for as-prepared m-

BiVO4/-Bi2O3/Pt composite nanoparticles. 

 

7.10 Concluding remarks 

In summary, metal-oxide heterogeneous nanostructures have been successfully 

prepared through surface modification of the m-BiVO4 octahedral nanocrystals with 

Au and Pt nanoparticles, respectively, by a simple photochemical reduction method. 

The experimental results revealed that the m-BiVO4 particles maintained monoclinic 

structures after loading with Au and Pt species. Au and Pt would be reduced into 

metallic phase and crystallized as nanoparticles on the m-BiVO4 crystal surface. Due to 

the formation of such heterogeneous nanostructure, these Au/- and Pt/m-BiVO4 

composite nanoparticles exhibited much higher visible-light photocatalytic activities 

than the pure m-BiVO4 crystals. Especially, Pt2.0% resulted in the best photocatalytic 

performance, and the RhB photodegradation could be completed around 7 hours. 

Based on the extensive discussion, the enhanced photocatalytic performance was 
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mostly attributed to the effective electron transfer from m-BiVO4 to the attached noble 

metal nanoparticles. In addition, it was also found that Pt/m-BiVO4 composite 

nanoparticles exhibited better photocatalytic performance than the Au-loaded 

counterparts. And this lied in the better dispersion of Pt nanoparticles than Au species 

on the surface of m-BiVO4 crystals. In the end, a multi-composite sample BBPt with 

m-BiVO4/-Bi2O3/Pt nanostructure was successfully synthesized by loading Pt 

nanoparticles on the resultant m-BiVO4@-Bi2O3 composite crystals. The STEM-EDX 

characterization revealed the location of Pt nanoparticles was mostly on the -Bi2O3 

shell. As expected, the RhB degradation test indicated the further improved 

photocatalytic performance of these m-BiVO4/-Bi2O3/Pt composite nanoparticles, 

which could be attributed to the strengthened charge separation promotion through the 

synergistic effect from the multi-heterogeneous nanostructure. 
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Chapter 8.  Conclusions and future work 

8.1 Conclusions 

This thesis investigated the synthesis and development of m-BiVO4-based 

materials for photocatalytic applications. Based on the fundamental investigations on 

the chemical synthesis and photocatalytic mechanisms, novel synthesis method was 

developed and modified in order to control the particle size as well as crystal 

morphology and to establish heterogeneous nanostructures towards the improvement 

in photocatalytic performance.  

The present work started from the mechanism investigation in the chemical 

synthesis of m-BiVO4 particles by hydrothermal method. It was found that the pH ≤ 9 

was essential in the formation of m-BiVO4 phase. In addition, due to different reaction 

mechanism involved under various pH values, the state and morphology of Bi-

precursor played crucial roles in determining the particle size and morphology of the 

final m-BiVO4 products. With the suitable band gap values, 2.26 ~ 2.40 eV, these as-

prepared m-BiVO4 powders showed superior photocatalytic performance under visible 

light irradiation in the degradation of RhB. Furthermore, the degradation efficiency 

was found to be greatly influenced by both specific surface area and local structure 

variation of the materials. Among these samples, BVO-0, synthesized in pH = 0.4 

aqueous solution, exhibited the highest degradation efficiency. And for BVO-3 and 

BVO-5, despite larger specific surface area, their shorter V–O bond corresponded to 

less distortion of the VO4
3-

 tetrahedron in the local structure, which resulted in lower 

photocatalytic performance. 
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After the investigation of pH value effect on BiVO4 structure and morphology 

control, mono-dispersed m-BiVO4 octahedral single crystals have been synthesized in 

aqueous solution with pH < 1, with the addition of SDBS surfactant. These single 

crystals showed uniform sizes and preferred }120{ and }021{  crystalline facets with 

good crystallization. The formation and growth of the octahedral shape was considered 

to be a typical supersaturation process combined with Ostwald ripening process. The 

crystal size of m-BiVO4 octahedra could be facially adjusted in a broad range from 5 

m to less than 200 nm. Moreover, these octahedral single crystals showed superior 

high photocatalytic performance in the degradation of RhB under visible light 

irradiation. 

Subsequently, based on the m-BiVO4 octahedral single crystals, m-BiVO4@-

Bi2O3 composite crystals with core-shell heterostructure have been synthesized under 

alkaline hydrothermal condition. Such reaction could be considered as a simple 

“etching” process that the surface V ions of m-BiVO4 octahedra dissolve in strong 

alkaline solution, while the Bi ions precipitate as -Bi2O3 phase on the m-BiVO4 core. 

It was found that the degree of etching, corresponding to the phase ratio of Bi2O3 to 

BiVO4, was determined by the alkaline concentration and reaction time. In addition, 

the specific surface area could be increased at the beginning of Bi2O3 formation, 

because the smooth surface of BiVO4 crystals became rough. In the latter reaction, the 

specific surface area would decrease promptly, which was due to the rapid ripening of 

Bi2O3 phase. Importantly, these composite powders showed superior photocatalytic 

performance in the degradation of RhB under visible light irradiation. The degradation 

efficiency of RhB after 10 hours reached 86% for the sample BB03, which was 31% 

higher than pure m-BiVO4 octahedral nanocrystals. Besides the increase in specific 

surface area, such enhancement could be mostly attributed to the p-n heterojunction 
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structure that can promote the charge carrier transfer and reduce their recombination 

probability. This was confirmed by the surface photovoltage spectra analysis. 

In parallel, metal-oxide heterogeneous nanostructures were also prepared 

through surface modification of the m-BiVO4 octahedral nanocrystals with Au and Pt 

nanoparticles, respectively. In this part, a simple photochemical reduction method was 

conducted, by which metallic Au and Pt nanoparticles were successfully synthesized 

and loaded onto the surface of m-BiVO4 nanocrystals, resulting in metal/m-BiVO4 

heterogeneous nanostructure. As a consequence, the properly loaded Au/- and Pt/m-

BiVO4 composite nanoparticles exhibited much higher visible-light photocatalytic 

activities than the pure m-BiVO4 crystals. Especially, Pt2.0% resulted in the best 

photocatalytic performance, and the RhB photodegradation could be almost completed 

within 7 hours. The possible enhancing mechanisms were extensively discussed. The 

improved photocatalytic performance in these Au- and Pt-loaded m-BiVO4 

nanoparticles was mostly attributed to the effective electron transfer from m-BiVO4 to 

the attached noble metal nanoparticles. In addition, the results from Pt/m-BiVO4 

composite nanoparticles were also compared with those from Au-loaded samples. It 

was concluded that the superior photocatalytic activity of Pt/m-BiVO4 composite 

nanoparticles lied in the better dispersion of Pt nanoparticles than Au species on the 

surface of m-BiVO4 crystals. 

Last but not the least, as a combination of the achievements in the p-n composite 

formation and Pt nanoparticles loading, m-BiVO4/-Bi2O3/Pt multi-composite 

nanoparticles (BBPt) were synthesized by loading Pt nanoparticles on the as-prepared 

m-BiVO4/-Bi2O3 composite crystals. The m-BiVO4/-Bi2O3/Pt heterogeneous 

nanostructure was evidenced through XRD and STEM-EDX characterization. As 

expected, these composite nanoparticles exhibited a further improved photocatalytic 
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performance in RhB degradation test, which could be attributed to the strengthened 

charge separation promotion through the synergistic effect from the multi-

heterogeneous nanostructure.  

8.2 Recommended future work 

The results of the present work have inspired the following interesting future 

work based on the current material system: 

8.2.1 Synthesis-scale-up of m-BiVO4 octahedral nano-crystals 

Although the hydrothermal method proposed in Chapter 5 for the synthesis of m-

BiVO4 octahedral single crystals is quite stable and well repeatable, the synthesis 

production of this method is relatively low, about 0.5 g product each time. Meanwhile, 

the increase in precursor concentration would give rise to difficulty in the crystal size 

control. Nevertheless, due to the high pressure reaction involved, large autoclaves 

always require intricate design and are seldom used. Thus, the hydrothermal synthesis 

cannot be simply scaled up. At this point, we are also seeking for other approaches 

towards high-yield synthesis for practical application, while trying to maintain the 

octahedral morphology with small particle size. 

A modified synthesis was conducted in normal glass beaker in open system by 

using a temperature controlled hot plate magnetic stirrer instead of a hydrothermal 

autoclave. Figure 8.1 (a) gives the schematic illustration of the reaction setup. In such 

open system, large volume synthesis was feasible by simply choosing large beaker size. 

The raw materials could be multiplied while maintaining the same precursor 

concentration as those in the hydrothermal method. In a typical scale-up synthesis, 10 

mmol reagents were prepared in 350 ml solution, and around 4 g m-BiVO4 
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nanocrystals could be obtained in the final product from a single pot. The production 

was nearly 10 times of the hydrothermal route.  

 

Figure 8.1 Schematic illustration of (a) the setup and (b) the procedure of 

the scale-up synthesis of m-BiVO4 octahedral nanocrystals. 

 

The XRD result in Figure 8.2 clearly indicated that the resultant powders were 

still composed of monoclinic phase with good crystallization. Moreover, these m-

BiVO4 nanocrystals preserved the octahedral morphology, as indicated in the SEM 

image in Figure 8.3. The crystal size of these m-BiVO4 nanocrystals were found in the 

range from 50 nm to 500 nm. As discussed in Chapter 5, these well crystallized 

nanoparticles crystals could exhibit high specific surface area, which ensures the 

superior photocatalytic performance. By comparison of the particle size distribution, as 

shown in Figure 8.4, it was noticed that these octahedral particles through scale-up 

synthesis were not as uniform as the product from hydrothermal route. By 

hydrothermal synthesis, the crystal size could be well controlled around 500 nm. On 

the contrary, in the final product of a scale-up fabrication, a great amount of small 

crystal seeds, about 60 nm, were preserved among the larger crystals around 330 nm. 
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Actually, although large amount of powders could be obtained after a 20-hours open-

system synthesis, the reaction was not fully completed. This could be evidenced from 

the colorful solution after liquid-solid separation that some reagents were still 

remained. It was thus deducted that when the synthesis was stopped, some small 

crystals were just nucleated and had not experienced extensive crystal growth. 

 

Figure 8.2 XRD pattern of as-prepared m-BiVO4 nanoparticles by the 

scale-up open system synthesis. 

 

 

Figure 8.3 Typical SEM image of as-prepared m-BiVO4 octahedral 

nanocrystals by the scale-up open system synthesis. 
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Figure 8.4 Comparison of particle size distribution of m-BiVO4 

nanocrystals between (a) hydrothermal synthesis and (b) scale-up in open-

system. 

 

The main differences between hydrothermal synthesis and the open system route 

are the pressure and temperature during the reaction, which leads to different 

influences on phase formation and crystal growth control. In our work, the phase 

formation of m-BiVO4 could be considered as a co-precipitation process from 

homogeneous solution. According to our experiment, if the open-system synthesis 

were conducted at room temperature or with heating lower than 80 °C, hardly any 

precipitates could be collected from the transparent solution. Thus, the heating above 

90 °C was required for the m-BiVO4 phase formation. However, compared to open-

system synthesis, the high temperature above boiling point and high pressure 

environment in hydrothermal route were not necessary. Instead, they could contribute 

to higher reaction rate and benefit fast nucleation and sufficient crystal growth. 

Therefore, in a hydrothermal synthesis, most reaction could be completed within 20 
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hours and homogeneous crystal size could be achieved, whereas the open-system 

fabrication requires longer reaction duration. 

8.2.2 Preliminary development of m-BiVO4 film 

As we know, photocatalytic nanopowders always face the great challenge in the 

particle recycling in practical utilization. The separation and post-recovery of such tiny 

particles from the large volume of water solution involve further processing and 

expense. On the other hand, the developments in thin film growth techniques enable us 

to fabricate high quality thin films in recycled photocatalytic application, and this thin 

film facilitates the various surface and photoelectrochemical analysis, which can 

provide detailed experimental data as well as further insight on the mechanism. Recent 

m-BiVO4 thin films have been fabricated through electrochemical synthesis [155], 

spin-coating [156], dip-coating [157], combustion synthesis [158] etc. However, these 

approaches require high temperature annealing, around 400~500 °C, which may not be 

suitable for pre-deposition processing in device fabrication. Hence based on our 

successful synthesis of nanocrystals, we are trying to develop a fabrication technique 

for m-BiVO4 thin films by using hydrothermal assisted chemical bath deposition. 

Dense and well crystallized m-BiVO4 thin films could be achieved at low temperature 

fabrication, around 150 °C. Some preliminary results on the m-BiVO4 thin films were 

discussed. 

A hydrothermal chemical bath deposition method has been developed to prepare 

m-BiVO4 thin films on Fluorine doped Tin Oxide (FTO) glass substrate. As indicated 

in Figure 8.5, separately prepared bismuth and vanadate solutions were mixed and 

transferred into an autoclave. Then a piece of FTO substrate, cleaned and sonicated in 

ethanol and rinsed with DI water, was loaded in the autoclave before sealing and 
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heating. After the hydrothermal reaction, the film sample was washed with DI water 

followed by drying in air. 

 

Figure 8.5 Schematic illustration and procedure of m-BVO4 film 

preparation by hydrothermal chemical bath deposition. 

 

The XRD pattern of the as-prepared thin film is shown in Figure 8.6. All 

diffraction peaks could be indexed with m-BiVO4 phase and the cubic structure of FTO. 

Thus, the XRD pattern clearly indicated the good crystallization of m-BiVO4 phase as 

well as the absence of other impurity phases. It was also observed that the diffraction 

peaks of (020), (040), (060) and (080) exhibited higher intensity than those indicated 

in JCPDC card (No. 14-0688). Especially, the peak intensity of (040) has exceeded the 

doublet (-121) and (121), although the latter corresponds to the strongest peak for 

randomly oriented polycrystals. Therefore, the XRD pattern indicated the preferred 

orientation of the m-BiVO4 thin film in [010] direction.  
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Figure 8.6 XRD pattern of m-BVO4 thin film on FTO substrate. 

 

Typical SEM images of the as-prepared m-BiVO4 film are shown in Figure 8.7. 

It could be clearly seen that all surface of the FTO substrate has been covered by dense 

and homogeneous m-BiVO4 film. Moreover, the octahedral morphology could also be 

preserved in the m-BiVO4 film with one of the corners normal to the substrate surface. 

This was consistent with the preferred orientation in XRD pattern and the octahedral 

characterization in Chapter 5 that the octahedral corner pointed to the [010] direction. 

 

  
(a)      (b) 

Figure 8.7 (a) low and (b) high magnification SEM images of m-BVO4 thin 

film on FTO substrate. 
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The flat band potential of a semiconductor is a very important thermodynamic 

parameter in the interfacial electron transfer steps occurring in a photocatalytic 

reaction. For a n-type semiconductor, it can be assumed that the position of the flat 

band potential is very close to the bottom of the conduction band, and normally can be 

considered to be located just under the conduction band [159]. Hence, the investigation 

on flat band potential provides accurate assessment of the band structure, and thus 

further insight on the redox capability in photocatalytic application. Generally, the flat 

band potential can be estimated by Mott-Schottky method through the electrochemical 

analysis [160,161]. Meanwhile, thin film format of a semiconductor on conductive 

substrate offers the easy access to electrochemical investigation. In this part of work, 

electrochemical impedance spectroscopy (EIS) measurements were performed on the 

m-BiVO4 thin film and the resultant Mott-Schottky (MS) plots are given in Figure 8.8. 

Firstly, the positive slope of MS plots from the as-prepared m-BiVO4 film is consistent 

with the n-type conduction behavior. Secondly, the estimated flat band potential is 

around –0.7 V vs Ag/AgCl (–0.49 V vs NHE), which is consistent with the reported m-

BiVO4 electrodes [126,159]. The preliminary work here provides the useful 

experimental information on band structure. This was of great significance because in 

realistic conditions the surface band structure would be much different from ideal bulk 

material, due to the presence of nanostructures, interfaces, and impurities etc. 

Nevertheless, the present work should be followed up by more experimental 

investigations, especially in combination with other spectral and photoelectrochemical 

techniques, in order to achieve further insight on the thermodynamic and kinetic 

mechanisms in photocatalysis process. 
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Figure 8.8 Mott-Schottky plots of the m-BVO4 thin film recorded at 

different frequencies. 

 

Moreover, compared to nanoparticles, film may differ a lot in particle size, 

morphology, interactions and stability, a dense thin film provides a better platform to 

conduct spectral, electrical and photoelectrochemical characterizations. Thus, based on 

m-BiVO4 thin films, more experimental analysis could be performed in the 

investigation of band structure, surface states, charge carrier transport behaviors, etc. 

These experimental information and possible discovery are essential to reveal the 

underlying mechanisms, and are beneficial to the further development of both film and 

powder photocatalysts. 

The m-BiVO4 thin films can also be further explored by morphology control in 

order to increase the specific surface area. Recently, TiO2 nano-arrays have been 

successfully prepared by hydrothermal method. The specific surface area is very high, 

which could significantly contribute to the improved photocatalytic and photoelectric 

performance [162]. This could be an interesting direction in the development of m-

BiVO4 thin films in photocatalytic applications. 
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8.2.3 Magnetization of m-BiVO4 octahedral nanocrystals for recycling 

Generally, photocatalytic nanoparticles can be employed in the suspended state 

in liquids in the water treatment and purification. However, the difficulty in 

nanoparticles cycling will significantly increase the cost in realistic processing. The 

ease of powder recovery could be achieved by synthesizing the photocatalytic 

materials as functional shell on magnetic core materials. With regards to this issue, 

many core-shell structures have been synthesized, such as Fe3O4/TiO2, BiFeO3/TiO2, 

ZnFe2O4/TiO2 and MnFe2O4/TiO2 [123,163-165]. For m-BiVO4 materials, synthesis 

developments of magnetic core-shell nanocrystals will be of great interest towards the 

practical water treatment application. 

8.2.4 Other morphologies of m-BiVO4 nanoparticles 

Mono-dispersed m-BiVO4 octahedral single crystals have been successfully 

obtained by hydrothermal method with the addition of SDBS surfactant, which was 

proven to be a novel and effective morphology for the enhancement of photocatalytic 

performance. Meanwhile, some other morphologies, such as nanowires, nanoporous, 

hollow spheres, etc, benefit a high specific surface area, thus further improvement in 

the photocatalytic activity. In recent studies, synthesis of m-BiVO4 hollow spheres, 

rod-like, tubular [116] have been reported. Further reducing the micron sized crystals 

into nanometer grade is promising for even higher photocatalytic performance. On the 

other hand, the pursuit of small particle size should not be achieved at the expense of 

crystallization. If nanoparticles are prepared with poor crystallization or amorphous 

outer layer, the electronic band structure can be affected and the photo-generation of 

the electron-hole pairs can be greatly influenced. In addition, the impurity sites can act 

as the recombination centers that significantly reduce the photocatalytic property [166-
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169]. Therefore, contributions from crystal morphology, particle size and 

crystallization have to be well balanced in the design and development of synthesis 

methods in m-BiVO4 and other photocatalytic materials. 
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