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Abstract 

Nanotechnology is one of the most attracting research objectives in the world. Due to the small 

size, nanomaterials usually show unique properties, making it useful in many fields of research. 

Titanium dioxide, TiO2, which is one kind of metal oxide materials, has become the most widely 

used material.  

In chapter 1, an overview of this dissertation is given. At first, a review of metal oxide 

nanomaterial is given, which focuses on TiO2 with its different structure. In addition, other metal 

oxide materials are mentioned in this chapter. Then, an introduction of photocatalysis is 

summarized, containing the structure of dyes (Rhodamine B, methylene blue) and the general 

photodegradation mechanism of dyes.  

In chapter 2, two different fabrication methods are reported for the fabrication of TiO2. Black 

TiO2 nanoparticles (b-TiO2) with superior solar–thermal water evaporation performance are 

prepared using a one-step solution plasma process (SPP) in ambient conditions. It is found that 

radicals that are generated during SPP play a critical role in b-TiO2 formation by comparing several 

water–alcohol electrolyte environments for the SPP synthesis. Our results show that the radical-

induced formation of a black TiO2–x layer on the Ti electrode is necessary for b-TiO2 formation, 

which was ignored in previous studies. A two-step mechanism for b-TiO2 formation in SPP 

synthesis is proposed: (I) pre-oxidation of a Ti electrode surface; and (II) quenching and 

aggregation of sputtered molten TiOx clusters to form b-TiO2 particles. In addition, EC-SPSC 

method is also used for the fabrication of TiO2. Although it is proved that EC-SPSC is able to form 

TiO2, the morphology of the product is very unstable, resisting the further research. 

In chapter 3, a new kind of TiO2 is fabricated by a one-step method for the visible light 

utilization. This new TiO2 has ellipsoidal shape, so it is called e-TiO2. e-TiO2 is single crystal 

structure, with oxygen vacancies and low-valance Ti components. In the fabrication method, 

hydrogen peroxide was used for the oxidation of titanium plate, and ammonia fluoride was used 

for the microparticle morphology controlling and pore introducing. Characterizations and 

calculations have proved that our as-synthesized TiO2 microparticles were in anatase phase with 

meso pores, single crystal structure and Ti (III) component. UV–vis–NIR spectra have also 

indicated that the bandgap of the e-TiO2 was 2.4 eV, much lower than typical anatase materials 

(3.2 eV). Rhodamine B and methylene blue were introduced as dyes for the photodegradation test 

of the e-TiO2 compared to commercial P25–TiO2. Our e-TiO2 had better adsorption of both dyes 
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and very high efficiency for the photodegradation of Rhodamine B under visible light illumination, 

whose kinetic constant is four times as much as P25–TiO2. Thus, the one-step synthesized e-TiO2 

has high efficiency for visible light dye photodegradation. 

In chapter 4, a facile modification method is introduced to increase the visible light activity of 

TiO2 samples. Titanium isopropoxide (TTIP) is used as the raw Ti source, then hydrolyzing in 

acidic and alkaline solutions, respectively, to fabricate different TiO2 samples as pretreatment TiO2 

together with P25-TiO2. Only hydrogen peroxide and ammonia fluoride are used for this facile 

modification method, and three TiO2 samples are modified for the visible light degradation. The 

present method could promote the transformation of crystalline TiO2 from rutile to anatase, 

increase the specific surface area, and the bandgap of samples shift to lower energy (2.2 – 3.0 eV) 

after the modification. For the visible light photodegradation tests, all the three modified samples 

show a higher visible light photodegradation efficiency. The highest kinetic constant of 

Rhodamine B and methylene blue degradation is 7 and 2 times that of P25, respectively. In addition, 

TiO2 fabricated by TTIP in alkaline solution and its as-modified sample show the highest 

adsorption of methylene blue dye, whose adsorption rate reaches 9 times that of P25. Thus, the 

present facile modification can effectively improve the photocatalytic ability of TiO2 under visible 

light. 

In chapter 5, an overall conclusion of this dissertation is summarized. 

All in all, this dissertation thesis presents a series of systematic research on the enhancement 

of TiO2 metal oxide materials, for the enhancement of visible light utilization. This work shows 

three different pathways to improve the visible light activity of TiO2 materials. Fabricating new 

TiO2 can directly obtain the desired product. However, the yield of both b-TiO2 and e-TiO2 are 

low, which prevents them from further research. Modification is another way for the visible light 

activity improvement. At this point, the modification of TiO2 by H2O2 + NH4F can effectively 

increase the visible light photodegradation efficiency. This method has higher yield than 

fabricating new TiO2. In addition, this method can be combined with other modification methods. 

Therefore, this pathway will be the focus of future research in this experiment.
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CHAPTER 1 

General Introduction 

1.1 Nanomaterials 

Nanotechnology is one of the most promising research fields, which has attracted great 

attention from the researchers worldwide [1]. Nanomaterial is one important part of 

nanotechnology, which is defined as ‘the material with at least one dimension between 1 and 100 

nm’ [2]. Since nanomaterials have different properties from macroscopic matters due to the 

differences of surface effects, small-sized effects, macroscopic quantum tunneling effects and 

quantum confinement effects, nanomaterials often have unique optical, electronic, thermo, and 

mechanical performance [3, 4]. Recently, research on nanomaterials has become more popular, 

and related products also appear, making nanomaterials have very broad research and application 

prospects. According to the dimensions, nanomaterials can be divided into the following categories, 

from 0D (three-dimension scales all at the nanoscale) to 2D (one dimension scale at the nanoscale). 

According to chemical composition, nanomaterials can be divided into nanometals, nanocrystals, 

nanoceramics, nanoglasses, nanopolymers and nanocomposites. Among these materials, metal 

oxide nanoparticles are one of the most widely used nanomaterials due to their unique properties 

[5]. In this chapter, we will focus on metal oxides, with a focus on titanium dioxide, to introduce 

the metal oxides involved in this experiment. At the same time, we will also introduce the dye 

degradation, which works as the application of metal oxide. 

 

1.2 Metal Oxides 

Metal elements refer to the elements with metallic properties. They are usually located on the 

left and bottom left of the periodic table, which mean that they have few valence shell electrons, 

and easy to lose electrons in chemical reactions. This characteristic indicates that the metal element 

is usually reducible. Table 1.1 summarizes the standard electrode potentials of common metals [6]. 

 

Table 1.1. Standard electrode potentials of common metals. 

Element 
Half-reaction 

E0/V 
Oxidant ⇌ Reductant 

Li Li+ + e- ⇌ Li -3.0401 
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Na Na+ + e- ⇌ Na -2.71 

Mg Mg2+ + 2e- ⇌ Mg -2.372 

Al Al3+ + 3e- ⇌ Al -1.662 

Ti Ti2+ + 2e- ⇌ Ti -1.630 

Mn Mn2+ + 2e- ⇌ Mn -1.185 

Fe Fe2+ + 2e- ⇌ Fe -0.447 

Cu Cu2+ + 2e- ⇌ Cu 0.3419 

Zn Zn2+ + 2e- ⇌ Zn -0.7618 

Mo Mo3+ + 3e- ⇌ Mo -0.200 

W WO3 + 6H+ + 6e- ⇌ W + 3H2O -0.090 

 

Generally, as a strong oxidant, oxygen is easy to react with metals and form metal oxides [6]. A 

metal oxide is a type of chemical compound with one or more oxygen atoms as well as another 

metal element in its composition. Alkali metal, alkaline earth metal and transition metal (in lower 

valence) usually form ionic oxides. The high-valence oxides formed by metals usually have 

covalent bonds. [7] Among these metal oxides, transition metal oxides (TMO) are commonly used 

because of their catalytic activity and semiconductive properties due to the unique nature of outer 

d-electrons [8]. Since the overlap between metal d electrons and oxygen orbitals is small, the 

bandgaps of TMO are typically in the order of 1 or 2 eV. This characteristic indicates that transition 

metal oxides have good photoactivity.  

 

Table 1.2 Bandgaps of transition metal oxides (TMO). 

Nature of TMO Bandgap Energy (eV) Reference 

TiO2 (Anatase) 3.2 [9] 

TiO2 (Rutile) 3.0 [9] 

Cr2O3 3.0 [10] 

MnO2 1.3 [11] 

Fe2O3 2.2 [12] 

Cu2O 2.2 [13] 

CuO 1.4 [14] 



 

3 
 

ZnO 3.4 [15] 

MoO3 3.2 [16] 

WO3 2.4 – 2.8 [17] 

 

 

1.3 Titanium Dioxide  

1.3.1 Brief Introduction 

Titanium dioxide (TiO2), also known as titanium (IV) oxide or titania, is one of the most 

promising materials in both research and industry. Generally, TiO2 is a kind of white solid. It has 

the best opacity, best whiteness, and best brightness, which is recognized as the best white pigment 

in the world today. Therefore, TiO2 is widely used in coating, plastic, papermaking, printing ink, 

chemical fiber, rubber, cosmetics, and other industries. TiO2 has high melting point (1840°C) [18], 

so it can also be used to produce high temperature resistant materials. In addition, TiO2 has 

semiconductor properties, and can be used for the electron components such as electrochromic 

displays [19].  

 

Figure 1.1. U.S. TiO2 market size by application, from 2018 to 2028 [20]. 

TiO2 is also chemically stable. It is non-toxic and insoluble in water and dilute sulfuric acid. 

In industry, TiO2 can be produced by gas-phase oxidation method: 

TiCl4 + O2
923K~1023K
→         TiO2 + 2Cl2 (1.1) 
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Besides, TiO2 is generally extracted from Ti-bearing minerals by using the following method. 

At first, ground ilmenite is used with concentrated sulfuric acid (≥ 80%) to react in the continuous 

air and stirring to obtain soluble sulfate. 

FeTiO3 + 2H2SO4
343K~353K
→        TiOSO4 + FeSO4 +2H2O (1.2) 

Then hydrolyzing the Ti liquid: 

TiOSO4 + 2H2O
Hydrolysis
→       TiO2 ∙ H2O + H2SO4 (1.3) 

In laboratory, TiO2 can be prepared by the sol-gel method. 

Ti(OEt)4 + 2H2O → TiO2 + 4EtOH (1.4) 

According to Table 1.2, the bandgap of TiO2 locates at 3 eV, which is in the range of ultraviolet. 

As a result, TiO2 has strong ultraviolet shielding properties because of the high absorption of 

ultraviolet. 

1.3.2 Rutile 

Rutile is the most common natural form of TiO2, which was first described by Abraham 

Gottlob Werner in 1803. Rutile ore is usually red, while rutile-TiO2 is white. Rutile is brittle, with 

a hardness of 6 ~ 6.5, and a density of 4.2 ~ 4.3 g/cm3. Thermodynamically, rutile is the most 

stable structure among all TiO2 materials because of the lower free energy [21].  

As crystal, rutile has tetragonal crystal system. The unit cell parameters of rutile are a = b = 

4.584 Å, while c = 2.953 Å [22]. According to Figure 1.2, Ti cations have a coordination number 

of 6, forming an octahedral structure with surrounding oxygen. O anions have a coordination 

number of 3, forming a flat triangular structure with surrounding Ti. During the reduction process, 

oxygen vacancies would appear in the structure, and couple to Ti3+ centers [23]. Also, hydrogen 

can enter the structure, existing as a single occupant (H+) or forming a hydroxyl group with the 

surrounding oxygen [23]. 

According to Table 1.2, the bandgap of rutile is 3.0 eV, locating in UV range. This makes 

rutile so effective at absorbing UV radiation. So rutile can be used as a sunscreen to prevent the 

skin damage. In addition, rutile can also be used as semiconductor because of the large bandgap 

[24]. 
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Figure 1.2. Sketch of the conventional cells of (a) rutile and (b) anatase [25]. 

1.3.2 Anatase 

Anatase is another metastable naturally mineral form of TiO2 in addition to rutile, which is 

first named by René Just Haüy in 1801. Pure anatase is colorless or white. Generally, compared to 

rutile, anatase is stable only at low temperature. The hardness of anatase is 5.5 ~ 6.5, and the 

density is 3.8 ~ 4.0 g/cm3. Due to its low surface energy, anatase is usually the first phase formed 

in the TiO2 fabrication sample. However, at high temperature, anatase would transform to rutile 

[26]. 

Figure 1.2 shows the crystal structure of anatase. Anatase also has tetragonal crystal system. 

The unit cell parameters of rutile are a = b = 3.7852 Å, while c = 9.5139 Å [27]. According to the 

figure, O anions are cubic closest packing, while Ti cations are in the octahedral voids. The 

coordination number of Ti is 6, and O is 3. The [TiO6] octahedra relate to each other by sharing 
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two pairs of opposite edges, forming a helical chain, which is parallel to the c-axis. The plane (1 0 

1) is the most thermodynamically stable surface [28]. 

Anatase is considered to have higher photoactivity than rutile [29]. Based on Table 1.2, 

anatase (3.2 eV) has a larger bandgap than rutile (3.0 eV). Although reducing the absorbed light, 

the valence band of anatase may raise to higher energy levels relating to the redox potentials of 

adsorbed molecules, which increases the oxidation ability of electrons, and improving its 

transformation from TiO2 to adsorbed molecules [30]. In addition, the surface properties [31, 32], 

and the differences of charge transportation between different polymorphs [33] can also cause the 

higher photoactivity of anatase. 

1.3.3 P25 

Evonik Aeroxide P25-TiO2 (formerly Degussa P25-TiO2 [34], hereinafter called P25) is the 

most famous multiphasic TiO2 nanoparticle material. Appeared in early 1980s, up to now, more 

than 10,000 papers of P25 have been published. P25 has small size (10 – 40 nm) [35, 36] and low 

density (around 4 g/ml), which also has a high specific surface area (50 – 60 m2/g) [37]. The color 

of P25 is usually white, while a small part of P25 is yellow. 

P25 has a binary structure of rutile and anatase, with a ratio of 80:20 (anatase over rutile) [38]. 

It is generally believed that rutile structure hinders the reaction of light on anatase surface. 

However, P25 presents a morphology of nanoclusters, containing small rutile crystallites with 

anatase crystallites. The transfer of excited electrons and holes within the mixed-phase TiO2 may 

enhance the charge separation and increase the efficiency of electron-hole pair utilization [39]. As 

a result, P25 has become the most popular commercial TiO2 for the research of photocatalysis.  

 

1.4 Other Metal Oxide Materials 

1.4.1 Tungsten Trioxide 

Tungsten trioxide (WO3), also known as tungsten (VI) oxide, is a chemical compound 

containing oxygen and tungsten. At ambient temperature, WO3 is pale yellow. As the temperature 

increases, the color changes from light to dark. The color of WO3 in molten state is green. The 

density of WO3 is 7.16 g/cm3, and the melting point is 1473°C. Therefore, WO3 can be used as a 

pigment in ceramics and paints [40]. In addition, WO3 can also be used to fabricate tungstate for 

fireproofing fabrics [41], gas sensors [42], and electrochromic windows [43, 44]. 
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WO3 is stable in air. It is insoluble in water and inorganic acids, except hydrofluoric acid. 

WO3 can be prepared by different ways. Scheelite (CaWO4) is a common mineral which can be 

used for the WO3 fabrication [40]. 

CaWO4 + 2HCl → CaCl2 + H2WO4 (1.5) 

H2WO4 → H2O +WO3 (1.6) 

WO3 is a strong oxidizing agent: 

WO3 + 2Fe → W+ Fe2O3 (1.7) 

2WO3 + Pt → 2WO2 + PtO2 (1.8) 

Figure 1.3 shows the crystal structure of WO3 and H2WO4. The crystal structure of WO3 is 

related to the temperature. At the temperature above 740°C, WO3 shows tetragonal structure, while 

from 330°C to 740°C, WO3 shows orthorhombic structure. Besides, WO3 is monoclinic from 17°C 

to 330°C, and triclinic from -50°C to 17°C. Finally, at the temperature below -50°C, WO3 is 

monoclinic again [45]. 

 

Figure 1.3. Crystal structure of (a) WO3 and (b) H2WO4. 

1.4.2 Manganese Dioxide 

Manganese dioxide (MnO2) is a black or brown solid, which is most stable form in all 

manganese oxides. Generally, MnO2 is present in the form of pyrolusite. The density of MnO2 is 

5.08 g/cm3, while the melting point is 535°C [46]. MnO2 is well-known as an electrode of zinc-
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manganese battery [47]. In addition, MnO2 can be used as catalyst (in the famous decomposition 

of H2O2 to produce O2 reaction [48]) or oxidant (for the oxidation of allylic alcohols). It is also 

used as a pigment and as a precursor to other Mn compounds, e.g., KMnO4.  

In industry, N2O4 is commonly used for the purification of crude MnO2 feedstocks. 

MnO2 + N2O4
400°C
⇋
H2O

Mn(NO3)2 (1.9) 

MnO2 can be used as an oxidant [47]. 

2MnO2 + 2H2SO4 → 2MnSO4 + O2 + 2H2O (1.10) 

MnO2 can also be used as a reducing agent. 

2MnO2 + 4KOH + O2 → 2K2MnO4 + 2H2O (1.11) 

Figure 1.4 shows the crystal structures of MnO2. Like other metal oxide materials, MnO2 

crystallizes in a rutile crystal structure, with three-coordinate oxide and octahedral metal centers 

[47]. This kind of MnO2 is called β-MnO2. The α-polymorph of MnO2, also called as Mn8O16 [49], 

has ‘channels’, which is a very open structure and can accommodate other metal atoms. 

 

Figure 1.4. The crystal structures of (a) β-MnO2 and (b) α-MnO2 [49]. 
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1.5 Common Dyes, Properties, and the Degradation Mechanisms 

1.5.1 Dye definition and common dyes 

A dye refers to a classic of organic compounds which enables other substances to obtain a 

bright and firm color by chemically bonding to the substrate. Dating back to the Neolithic period, 

humans have been using dyes for thousands of years. Natural dyes are usually derived from non-

animal sources [50]. The first synthetic dye, Mauveine, was discovered by William Henry Perkin 

in 1856 [51]. In the 21st century, synthetic materials are widely used. Nowadays, dyes are usually 

used for the color of textiles, paints, cosmetics, foods, and other industries [52]. In addition, photo-

sensitized dyes can be used for the dye-sensitized solar cell [53]. 

Rhodamine B (RhB, C28H31ClN2O3), also called Rhodamine 610, is a chemical compound and 

a synthetic dye. Figure 1.5(a) shows the molecular structure of RhB. The RhB solid is red to violet 

powder, while its aqueous solution is peach red. RhB is easily soluble in water and ethanol, slightly 

soluble in acetone, chloroform, hydrochloric acid, and sodium hydroxide solution. As one of the 

most popular dyes, RhB is widely used in the industry of textile, paper, paint, and so on [54]. In 

addition, RhB can be used as a biomarker for the wildlife vaccines to identify the vaccinated 

animals [55]. RhB is toxic. The effective and lethal concentration (EC50 and LC50) locate in the 

range of 14 – 24 mg/L [56]. RhB is also in the IARC monographs of classification lists, recognized 

as ‘Not classifiable as to its carcinogenicity to humans’ [57]. 

Methylene blue (MB, C16H18ClN3S), also known as methylthioninium chloride, is a chemical 

compound used as a dye and a medication. Figure 1.5(b) shows the molecular structure of MB. 

MB solid is dark green bronze lustrous crystal or powder, while its solution is blue-green. As a 

typical cation dye, MB is used in industries such as textile industry for coloring paper, dying cotton, 

wools, and so on [58]. Moreover, MB is also able to work as a medicine, treating 

methemoglobinemia. MB is also toxic, whose LC50 is 18 mg/L for fish. MB can do harm to the 

human body by causing eye burn, increasing heartbeat, vomiting, and diarrhea [59, 60]. 
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Figure 1.5. Structural formular of (a) RhB and (b) MB. 
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Dye pollution is one of the most disturbing industrial water pollution problems. The dyes not 

only affect the stability of the water biological chain, but also do harm to human health. Figure 1.6 

shows the organic water pollutant emissions of east European countries [61]. Millions of tons of 

organic wastewater are discharged every day, and a large part of it is the pollution caused by dyes. 

This makes day degradation one of the urgent problems to be solved. 

 

Figure 1.6. The organic water pollutant emissions by eastern European countries [61]. 

1.5.2 General dye degradation mechanisms 

In order to solve the dye issues, several techniques, including biological and physicochemical 

methods, have been applied for the degradation. However, biological method has certain 

limitations and cannot treat wastewater containing high concentration of dyes [62], while chemical 

technology may cause secondary pollution. The advanced oxidation processes are considered as 

one of the promising methods for dye degradation [63]. After first proposed by Honda and 

Fujishima in 1972 [64], photocatalytic degradation of dyes have attracted the attention of many 

researchers. Until now, the research on the degradation of dyes by photocatalysis has become more 

and more mature. There are three types of mechanisms for the photodegradation of dyes [65-67]: 

1. Dye sensitization 

2. Indirect dye degradation by oxidation or reduction 

3. Direct photolysis of dye 

The mechanism of dye sensitization is shown in Figure 1.7(a) [63]. Dyes can absorb the 

electrons whose energy are equal to or greater than the bandgap of material, which makes the 

electrons excite from the valence band to the conduction band, forming a pair of electrons and 
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positive hole. Electrons and positive holes can interact with dye molecules and producing ‘exciting 

dye’, the converted to anionic or cationic radicals, followed by decomposition.  

Indirect degradation is another pathway, which is shown in Figure 1.7(b) [63]. In this case, 

the electrons of metal oxide, rather than dyes, are excited to conduction band, forming electron 

pairs and positive holes. Both electrons and holes can react with water and fabricate hydroxyl 

radicals. Hydroxyl radicals are strong oxidizing agent, which is very effective for the 

decomposition of organic pollutants [68, 69]. 

Metal Oxide + hν → h+ + e− (1.12) 

h+ + H2O →∙ OH + H
+ (1.13) 

Dye +∙ OH → Degradation Product (1.14) 

 

Figure 1.7. Mechanism of photocatalysis of pollutants by (a) direct dye sensitization and (b) 

indirect photodegradation [63]. 

 

1.6 Research Motivations and Objectives 

Just as reported in the previous introduction, TiO2 is one of the most used metal oxides for the 

photodegradation. Although P25 and other TiO2 materials have been proved to have high 

photoactivity under UV because of the bandgap [70]. However, TiO2 is not so effective when being 

illuminated by visible light [71]. Therefore, for this dissertation, the fabrication or modification 

method would be focused on, in order to improve the visible light activity of TiO2. 

In this dissertation, several modification methods have been applied for the enhancement of 

TiO2 materials to broaden its absorption wavelength for light, and then improve its visible light 

utilization. Chapter 1 gives a brief introduction about TiO2 and other metal oxide materials, 
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together with some visible light applications. Chapter 2 introduces two fabrication methods of 

TiO2 – ‘submerged photosynthesis of crystallites’ and ‘solution-plasma synthesis’ – and discuss 

about the property increasement of visible light. Chapter 3 introduces ellipsoidal TiO2 (e-TiO2), 

which is a new fabricated single crystal with enhanced visible light photodegradation activity. 

Chapter 4 introduces a facile modification method, which is first used in e-TiO2 fabrication, to 

modify different TiO2 samples and increase their visible light activity. Chapter 5 gives the 

conclusions of this dissertation and some prospects. 
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Chapter 2 

TiO2 Fabricated by Submerged Photosynthesis of Crystallites and Solution 

Plasma Synthesis 

2.1 General Introduction 

Exploration of solar-driven functional materials is currently a hot topic in many fields like 

solar energy utilization, photocatalysis, synthetic chemistry, optoelectronics, and environmental 

science. Among various photosensitive materials, titanium dioxide (TiO2) has been widely used 

owing to its nontoxicity and low cost. However, pristine white TiO2 photocatalysts have absorption 

only in ultraviolet (UV) regime due to their wide bandgap (anatase: ~3.2 eV, rutile: ~3.0 eV), 

which greatly limits their application under solar irradiation. Doping of foreign atoms is a 

commonly used method to introduce sub-bands into TiO2 to enhance light absorption at a broader 

range of wavelength [1-3]. Without introducing impurities, self-structured modification is 

becoming a new strategy in tuning optical and electrical properties of TiO2 [4]. Hydrogenated black 

TiO2 with structural disordered surface, reported by Chen et al., exhibits good solar absorption 

ability [5]. However, the current mainstream fabricating methods for obtaining black TiO2 are 

multi-step and require severe experimental conditions, such as high-temperature annealing and 

oxygen-free atmospheric condition [6]. 

No need for complicated operations, plasma electrolysis in solution with a metal electrode as 

the raw material was used in nanomaterial synthesis of metals, semi-metals, and metal oxides, 

which was also named as solution plasma process (SPP) [7-11]. The nanomaterial formation in 

these synthetic systems was based on a melting/evaporation-quenching mechanism, in which the 

concentrated current flow sharply increased the local temperature of current spots on the electrode 

by Joule heating, thus resulting in the local melting of the metal electrode. The molten electrode 

fraction was quenched in the liquid phase and transformed into the target nano/micro particles [12, 

13]. The SPP method has been applied for the synthesis and activation of TiO2 nanoparticles. 

Several groups synthesized defected black TiO2 particles in a direct current (DC) excited plasma 

in solution with a titanium cathode [12, 13] or using two symmetric titanium electrodes with a 

bipolar-pulsed power supply [14-16]. In those studies, black TiO2 particles were formed from Ti 

electrodes based on a top-down synthetic strategy. A recent study conducted by Yu et al. showed 

that the SPP method could be used for the incorporation of hydrogen dopant into pre-synthesized 
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oxygen-vacancy rich TiO2 nanoparticles to create shallow-level defects [17]. The resulting colored 

TiO2 nanoparticles exhibited much higher photocatalytic ability over CO2 reduction and 

acetaldehyde removal under solar irradiation. However, until now, there is still no clear mechanism 

study on the formation or modification process in black TiO2 synthesis through the SPP method. 

Submerged photosynthesis of crystallites (SPSC) is a new pathway for the fabrication of metal 

oxide materials. First proposed by Jeem et al. [18], SPSC method is based on the submerged liquid 

plasma process. After the fabrication of metal oxide ‘seeds’ by plasma process, UV light is used 

for the growth of metal oxides in the water. Up to now, SPSC method has been successfully used 

in the fabrication of ZnO, Fe2O3, CuO and other metal oxides [19-22]. Generally, SPSC method 

can be summed up in the following equations [18]: 

Semiconductor + hν → h+ + e− (2.1) 

H2O + h
+ →∙ OH + H+ (2.2) 

∙ OH + e− → OH− (2.3) 

These three equations represent the band gap excitation (equation 2.1), water dissociation 

(equation 2.2), and hydroxyl radical reduction (equation 2.3), respectively. Equation 2.1 – 2.3 

reveal the mechanism of water splitting in the presence of light, which can be summarized as: 

H2O + hν → H
+ + OH− (2.4) 

After the water splitting, OH- is able to react with metal ions and form metal oxide.  

Herein, we first synthesized black TiO2 nanoparticles (b-TiO2) through a facile SPP method using 

DC-excited plasma in an aqueous KOH electrolyte solution with a titanium plate cathode. After 

SPP, the black TiO2 was otherwise collected, and the titanium cathode was added into water for 

the SPSC method. A voltage was applied on the Ti electrode in order to increase the reaction rate. 

Both b-TiO2 fabricated by SPP method and TiO2 fabricated by SPSC method were collected for 

the further research.  
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Figure 2.1. Mechanism of SPSC method [18]. 

 

2.2 Experimental Section 

2.2.1 Solution Plasma of TiO2 

Figure 2.2(a) shows the experimental setup of solution plasma device for TiO2 fabrication. A 

Ti plate (30 × 5 × 0.5 mm, 99.5%, NILACO, Japan) and an arc-shape Pt mesh (produced by Pt 

wire, 0.5 mm diameter, 1000 mm length) were used as cathode and anode, respectively. Then the 

Ti cathode supported by Cu wire (1 mm diameter, 99.5%, NILACO, Japan) was placed at the 

center of a glass beaker (300 mL), with the 30-mm cathode-anode distance. 300 mL of 0.1 M KOH 

aqueous solution (Wako, Japan) was heated to 80°C as the electrolyte. The plasma was generated 

near the Ti cathode while applying a voltage of 140 V using a regulated DC power generator 

(Kikusui, PWR1600H, Japan). The obtained TiO2 particle suspension was centrifuged and purified 

with deionized water three times and dried in an oven at 50°C for 12 hours. The deionized water 

was produced by an ultrapure water system (> 18.2 MΩ, RFU424CB, ADVANTEC, Japan). All 

the chemicals were used as received without purification. 
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Figure 2.2. (a) Experimental setup for the SPP synthesis of b-TiO2. The inset images show the b-

TiO2 suspension after SPP synthesis (left) and the plasma emission (right). (b) Optical emission 

spectrum (OES) of the plasma in the SPP synthesis of b-TiO2. 

2.2.2 Electrochemical SPSC fabrication of TiO2 

After the plasma process, the Ti cathode was cleaned and collected for the electrochemical 

SPSC fabrication. In a Metrohm Autolab three-electrode system, Ti plate after plasma was used as 

the working electrode (WE), while a square-shape Pt foil (10 × 10 mm) worked as the counter 

electrode (CE), and a silver chloride electrode (SCE, Ag/AgCl/Cl-) was chosen as the reference 

electrode (RE). 50 mL of the 3.5 wt% sodium chloride aqueous solution (NaCl, Hayashi Pure 

Chemical Ind. Ltd.) worked as the electrolyte. Two steps are taken for the electrochemical SPSC 

method. At first, the whole device was put into a dark chamber for 72 hours, with a voltage of 5 V 

for the dissolving step. Then, a UV light source (300 – 360 nm, HAMAMATSU Lightningcure) 

was applied on the Ti surface for another 72 hours, together with a voltage of -1 V for the 

deposition process. After these two steps, the Ti plate was collected and cleaned for the further 

characterization. 

2.2.3 Characterizations 

The morphologies of b-TiO2 and SPSC TiO2 were examined by using a JEOL JSM-7001F 

scanning electron microscope (SEM) operated at 15 kV and a JEOL JEM-2000FX transmission 

electron microscope (TEM) operated at 200 kV. High-resolution transmission electron microscopy 

(HRTEM) images were taken by using a JEOL JEM-2100F TEM operated at 200 kV. X-ray 

diffraction (XRD) patterns were collected by using a RIGAKU Miniflex X-ray diffractometer with 

the Cu Kα radiation, λ = 1.5418 Å, as the source. X-ray fluorescence spectrometry (XRF) was 
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measured by using a JEOL JSX-3100RII spectrometer. UV-VIS-NIR absorption spectrums were 

recorded using a JASCO V-770 spectrophotometer. Raman spectrum was measured by using a 

HORIBA XploRA PLUS Raman microscope. A JEOL JPS-9200 photoelectron spectrometer with 

monochromatic Al Kα radiation was used for X-ray photoelectron spectroscopy (XPS). The optical 

emission spectrum (OES) of plasma was obtained by using a USB-2000+ visible-light 

spectrophotometer (Ocean Optics). The contact angle measurements were done by using a 

DropMaster contact angle meter (KYOWA). 

 

2.3 Results and Discussion 

2.3.1 The characterization of b-TiO2 

The b-TiO2 fabricated by SPP method in KOH electrolyte exhibits deep dark blue color, which is 

shown in the inset image of Figure 2.3(c). The X-ray diffraction pattern (XRD) shows a mix-phase 

structure, in which peaks located at 25° and 56° indicate the existence of anatase, while 36°, 42°, 

54°, and 57° represent the rutile. In special, the peak at 29° shows a high intensity, which 

corresponds to the oxygen-deficient phase (ODP) of TiO2. Figure 2.3(c) and (d) display the SEM 

and TEM images of b-TiO2, showing the spherical morphology and broad size distribution. The 

lattice spaces of 2.49 Å and 2.28 Å shown in the HRTEM image of b-TiO2 could be indexed to 

rutile plane (1 0 1) and rutile plane (2 0 0), while the lattice space 2.01 Å is attributed to the ODP 

of TiO2 (Figure 2.3e). The blurred fringe of the particle suggests the amorphous phase on the b-

TiO2 particle surface. Figure 2(b) shows the Raman spectrum of b-TiO2. Three broad bands 

centered at 441.5, 509.2, and 620.9 cm−1 were attributed to the Raman active modes of B1g (A) 

with Eg (R), A1g + B1g (A), and A1g (R) with Eg (A), respectively (hereinafter (A) and (R) refer to 

anatase and rutile phase). The broadening of these bands indicates the existence of the disordered 

phase of TiO2. The bands that located at 171. 9 and 269.0 cm−1 were attributed to the ODP of TiO2. 

Figure 2.4 shows the XPS O 1s spectrum of b-TiO2. A large proportion of Ti3+-O and Ti-OH 

species, indicating the existence of a large number of defects. 
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Figure 2.3. The XRD pattern (a), Raman spectrum (b), SEM (c), TEM (d), and HRTEM (e) images 

of as-prepared SPP synthesized b-TiO2. The inset image in (b) shows the black-powder like b-

TiO2 sample. Scale bars shown in (c), (d), and (e) are 5 μm, 100 nm, and 5 nm, respectively. 

 

Figure 2.4. The XPS O 1s and Ti 2p spectrum of b-TiO2. 

The as-synthesized b-TiO2 shows an excellent property for the absorption of solar light. Figure 

2.5(a) shows the UV-vis-NIR spectra of b-TiO2. Compared to commercial P25, b-TiO2 has a high 
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light absorption, especially in vis-NIR range. Figure 2.5(b) shows the Tauc’s plot transformed 

from UV-vis-NIR. The SPP synthesized b-TiO2 gets a smaller bandgap compared to P25 according 

to the Tauc’s plot [23]. 

 

Figure 2.5. (a) A broader absorption of b-TiO2 in the UV-vis-NIR regime compared with the 

absorption spectrum of commercially available TiO2 P25; (b) the Tauc plot if b-TiO2 and TiO2 P25 

reference. 

In our experiment, it is found that radicals play an important role in the fabrication of b-TiO2, 

which is generated in the plasma process. It is well known that ∙H and ∙OH radicals can be formed 

through multiple processes during the plasma. For example, it has been proved that water can split 

during the SPP synthesis in aqueous electrolyte as Equation 2.5 [24]: 

H2O →∙ H +∙ OH (2.5) 

Furthermore, during the electrolysis and evaporation of water happened in SPP method, H2 

gas and water vapor are generated and upwelling around the Ti electrode. Meanwhile, O2 gas and 

small water vaper are formed at the anode. The discharge in the liquid can ignite H2 near the Ti 

cathode [25], making the thermal decomposition of H2 in the plasma region and form hydrogen 

radical ∙H, as Equation 2.6 [26].  

H2 →∙ H +∙ H (2.6) 

To investigate the role of radicals (∙H and ∙OH) in the fabrication of b-TiO2 via SPP, short-

chain alcohols are introduced to remove the effects of highly reactive radicals. The chosen short-

chain alcohols, such as methanol, ethanol, and 1-propanol, have a strong ability for radical 

scavenging. The following reaction can occur after this addition [27]: 
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ROH +∙ H →∙ RO + H2 (2.7) 

ROH +∙ OH →∙ RO + H2O (2.8) 

whereas “R” represents a carbon chain. The presence of alcohol molecules could transform highly 

reactive ∙H and ∙OH radicals to stable alcohol radicals (∙ROH). As shown in Figure 2.2(b), the OES 

result of plasma in typical SPP synthesis of b-TiO2 indicates that the plasma zone is filled with 

species including ∙H, ∙OH radicals, and atomic O [13, 28].  

Notably, the amount of black precipitate is significantly reduced after the addition of alcohol. 

Methanol, ethanol, and 1-propanol are used to create different radical environments for the SPP 

synthesis of b-TiO2. Figure 2.6 shows the inhibitory effect of alcohol addition on the formation of 

b-TiO2. All three alcohols involved in SPP reduced the formation of b-TiO2 and the mass loss of 

the Ti cathode. The suppression effect is found to be inversely related to the carbon number in 

these n-alcohols with a molar ratio of 0.01 (alcohol: water). In addition, as shown in Figure 2.7, 

while using ethanol as electrolyte, the supernatant of solution would turn yellow, which is different 

from KOH electrolyte. Figure 2.8 shows the XRF results. No Ti-based species are detected in the 

supernatant after SPP synthesis of b-TiO2. 

 

Figure 2.6. Effects of alcohol addition in electrolyte on the production of b-TiO2 through the SPP 

method. (a) The mass loss of Ti electrode and (b) the weight of precipitates after centrifugation 

after SPP for 20 min. The parameter of “0.1” and “0.01” refer to the molar ratio of alcohol and 

water in the electrolyte. The blank sample was in the condition of using aqueous KOH (0.1 M) as 

the electrolyte (typical synthesis of b-TiO2 through the SPP method). 
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Figure 2.7. Image of dark yellow supernatant of SPP synthesis of b-TiO2 in water-ethanol 

electrolyte. 
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Figure 2.8. XRF element analysis of supernatant of SPP synthesis in alcohol-water mixed solution. 
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At the same time, the Ti electrode surface after SPP synthesis has obvious characteristics 

between the electrolyte with and without short chain alcohol (the molar ratio of alcohol to water 

is 1:10). After a typical SPP synthesis of black TiO2 particles in KOH aqueous solution without 

alcohol addition, it is found that the Ti electrode (hereinafter named as ‘Ti-Std’) is covered by a 

black layer, which is shown in Figure 2.9(a). It is observed that the introduction of alcohols leads 

to the formation of dark yellow color on the electrode surface (hereinafter referred to as samples 

"Ti-Me", "Ti-Et" and "Ti-Pr" with the introduction of methanol, ethanol and 1-propanol in the 

electrolyte solvent, respectively) (Figure 2.9b-d). According to the optical microscopy and SEM 

images (Figure 2.10a&b), Ti-Std samples show relatively smooth and dense surfaces with micron 

sized pores, while Ti-Me, Ti-Et and Ti-Pr samples show cracks and nano sized pores on the coarser 

surfaces. The corresponding XRD patterns and Raman spectra revealed significant differences in 

surface conditions after the introduction of alcohol in different electrolyte compositions (Figure 

2.10c&d). No obvious peak corresponding to anatase or rutile phase are found in all Ti electrode 

samples. The diffraction peaks marked by blue arrows are attributed to the presence of ODPs of 

TiO2, including Ti6O11, Ti8O13, Ti13O22, and Ti19O30. The high relative peak intensity at 36.2° 

indicates a large amount of TiO2 ODPs formed. In the XRD patterns of all Ti electrode samples 

after SPP synthesis, the two overlapping peak groups are concentrated at 34.9°, 39.9°, 52.4°, 62.7°, 

69.7°, 75.7°, 77.0°, 86.2° and 35.1°, 40.2°, 52.9°, 63.0°, 70.6°, 76.2°, 77.4°, 86.9° due to the gap 

structure of Ti6O (JCPDS No. 01-072-1907) and metal Ti (JCPDS No. 44-1294) (Fig. 2.10c) [29]. 

The peaks at 37.3 and 43.5° are related to TiO2 (JCPDS No. 08-0117), indicating that in our 

experiment, a cubic TiO2 phase is formed on the Ti electrode under all SPP conditions [30, 31]. 

Therefore, no Raman active modes of anatase and rutile were found in all titanium electrode 

samples (Fig. 2.10c). In the Ti-Std samples, the disorder induced broadband at 146, 179, 214, 351 

and 594 cm-1 indicate the formation of defect rich TiO2 characteristics corresponding to the XRD 

results. The two broad bands centered at 230 and 450 cm-1 in the samples Ti-Me, Ti-Et and Ti-Pr 

are the characteristics of the highly disordered phase of titanium oxide [32, 33]. Compared with 

Ti-Me, Ti Et and Ti-Pr, XPS O 1s of Ti Std electrode shows a significantly larger proportion of 

Ti-OH (shown in Figure 2.10e).  
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Figure 2.9. Optical images of Ti electrodes after SPP in different electrolytes (scale bar: 5 mm). 
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Figure 2.10. Surface characterization of Ti electrode after the SPP synthesis. (a) Optical images, 

(b) SEM images, (c) XRD patterns, (d) Raman spectrums, and (e) XPS O 1s spectrum of Ti 

electrodes processed in aqueous electrolyte (Ti-Std), water-methanol electrolyte (Ti-Me), water-

ethanol electrolyte (Ti-Et) and water-1-propanol electrolyte (Ti-Pr). 

The non-negligible phase differences between b-TiO2 and black layer on the Ti electrode 

suggests that the formation of b-TiO2 particles is not a simple disengagement process of molten 

species from the black layer. Since the role of ∙H and ∙OH are not properly emphasized in the 
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previous research, the mechanism is still ambiguous. One process is proposed by Zhang et al. [13], 

which uses ‘melting-quenching’ to clarify the mechanism of the formation of b-TiO2 by SPP 

method. Because of the Joule heating by concentrated current flow, the local melting of Ti 

electrode happens with the rapid rising of plasma temperature, and then sputters molten Ti cluster 

species, which aggregates to form spherical particles in sequence. In another research, it is 

hypothesized that in the SPP fabrication of b-TiO2, before being quenched, the sputtered molten 

Ti species are oxidized in plasma region and hydrogenated in or near plasma-liquid interface in 

the electrolyte [14]. According to the previous report, the excitation temperature calculated by the 

results of Hα and Hβ lines in DC-excited discharge with Ti electrode can reach over 8000 K, which 

is much higher than the melting point of Ti and TiO2 solid [28, 34]. Based on this temperature, the 

pre-oxidized surface of TiO2 layer is melted and sputtered to form molten TiO2 cluster species, 

then quenched by the electrolyte in sequence, thus forming the b-TiO2 containing stable and 

metastable phases. 

In addition, it is found that after being SPP treatment by KOH electrolyte (0.1 M) with an 

ethanol-water ratio of 1:10, the black surface on the Ti-Std sample can be removed and transformed 

to dark yellow color. Meanwhile, after centrifugation, black precipitates can be collected. The 

record of Ti electrode mass loss shows a rapid decrease in weight before the full removal of the 

black layer on the Ti electrode, while the dark yellow surface appears, the mass decreases much 

slower, as Figure 2.11 shows. Compared to typical SPP product, the obtained b-TiO2 precipitates 

show the same properties. Although alcohols have been used as reducing agents for the noble metal 

s, like Ag, Au, and Pt [35, 36], the reduction potential of Ti is low, so that alcohols cannot reduce 

Ti oxides. This finding indicates that the disengagement of TiOx species occurs as a separated step 

with a suppressed supply of ∙H and ∙OH radicals in the presence of alcohols. 
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Figure 2.11. XPS Ti 2p spectra of Ti-Std, Ti-Me, Ti-Et, and Ti-Pr. 

According to the above discussion, the formation of b-TiO2 by SPP can be divided to two 

steps. In step 1, Ti cathode is bombarded by the dominated negative ions, such as O2
- and OH-, 

causing the damage of Ti surface, which exhibits as the increase of surface roughness. Meanwhile, 

with the effect of strong oxidant ∙OH, TiO2 surface with rich oxygen vacancies is formed on the 

Ti electrode [25]: 

Ti → TiO2−x (2.9) 

During the SPP synthesis, hydrogen radical ∙H can be produced by water splitting and 

decomposition of H2 in plasma. As a strong reduction agent, ∙H involves in many reduction 

reactions. In SPP synthesis, ∙H fabricated in the plasma helps the hydrogen doping into the pre-

oxidized TiO2-x layer with oxygen vacancies, and forms black TiO2-x layer in the plasma created 

by DC discharging [17]: 

TiO2−x +∙ H → H − TiO2−x (2.10) 
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Pre-oxidized TiO2 is necessary for the formation of b-TiO2, as reported by Yu et al. [17]. In 

step 2, the black TiO2-x layer on the electrode melts by Joule heating from DC discharge, and the 

molten TiOx are sputtered and quenched by electrolytes with lower temperature. The b-TiO2 

particles are formed by the aggregation of TiOx clusters. 

2.3.2 Basic Characterization of TiO2 fabricated by EC-SPSC method 

Figure 2.12 shows the SEM and XRD characterization of TiO2 fabricated by EC-SPSC method. 

After the synthesis method, fine-grained oxides are formed on the surface of the Ti plate. Several 

cracks appear on the surface. According to the EDS mapping of O in Figure 2.12(b) and (c), the 

oxygen content of cracks is low, while Ti content is high, suggesting that these parts do not form 

Ti oxides. As shown in Figure 2.12(d), XRD patterns shows mainly Ti peaks instead of TiO2 peaks. 

This result indicates that Ti substrate would affect the characterization results of TiO2. Compared 

to the SEM of Ti cathode just after the plasma, EC-SPSC is workable for the fabrication of TiO2. 

The elemental ratio of Ti/O is unpredictable, indicating that the repeatability of this method is bad. 

In addition, the TiO2 product by EC-SPSC method is not homogeneous. These two problems 

hinder the further research. 
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Figure 2.12. Basic characterization of EC-SPSC fabricated TiO2. 

 



 

37 
 

2.4 Conclusion 

In this work, we use a one-step SPP method to fabricate b-TiO2, whose solar absorption 

property is superior. In addition, EC-SPSC method is used for the attempting of TiO2 fabrication. 

A two-step mechanism for the formation of b-TiO2 is proposed as follows:  

(1) The formation of black TiO2-x layer caused by the Ti electrode surface pre-oxidation.  

(2) The electrode surface melted by Joule heating in plasma, then sputtered molten TiOx 

clusters quenched by electrolyte and aggregated to form b-TiO2 particles. 

In these steps, the pre-oxidized TiO2-x layer is found to be necessary for the b-TiO2 formation 

by SPP method. The b-TiO2 is proved to be effective on the generation of water vapor under solar 

light irradiation [37]. As a result, it is easily upscaled and used in clean, facile production of solar 

harvesting materials. 

As for TiO2 fabrication by EC-SPSC method, although it has been proved that TiO2 can be 

fabricated by this method, the low-repeatability and bad-homogeneity prevent the further research. 

As a result, we do not recommend using the EC-SPSC method for the fabrication of TiO2 

nanoparticles. 
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Chapter 3 

Mesoporous Single Crystal Titanium Oxide Microparticles for Enhanced 

Visible Light Photodegradation 

3.1 General Introduction 

Titanium dioxide (TiO2) has played a very important role in the photodegradation of dyes due 

to its unique properties, such as better stability, non-toxicity, and better photocatalytic performance 

due to its bandgap (~ 3 eV) [1]. Commercially available TiO2 products, for example, P25-TiO2 

(hereinafter called P25), a well-known material which is the composite of rutile and anatase, have 

been widely used in the field of photocatalytic degradation of organic pollutants [2-4]. In spite of 

high photoactivity of P25 under ultraviolet condition, its efficiency is limited under visible light 

irradiation [5]. 

On this account, researchers have been working on the improvement of the photodegradation 

efficiency of TiO2 materials under visible light. For example, impurity doping is an effective way 

to extend usable light wavelength range of titanium dioxide [6-9]. Park et al. [6] used graft 

polymerization method to fabricate N-doped TiO2, which has enhanced methyl orange degradation 

activity under visible light. Choi et al. [7] doped metal ion into TiO2 to increase its visible light 

photoactivity. Introducing defects can also help to improve visible light activity. Dong et al. [8] 

successfully synthesized black TiO2 through facile anodization technique, with a high 

photocatalytic activity under visible light. In addition to the methods above, pores and high specific 

surface area would contribute to the higher performance of TiO2. Naik et al. [9] fabricated super 

porous TiO2 photocatalyst (with over 100 m2/g specific surface area) by sol-gel method and shows 

better adsorption and photodegradation ability of amaranth dyes. 

Compared to the above methods, lattice defect introduction can not only take the advantage 

of doping effects, but also avoid introducing impurities [10-14]. Zhu et al. [10] used solution 

plasma synthesis method to fabricate black TiO2 with Ti (III) component and prove its high activity 

for solar-thermal water evaporation. Xin et al. [11] successfully introduced Ti (III) into TiO2 with 

significantly improved performance. Xu et al. [12] also fabricated TiO2 microspheres with Ti (III) 

defects and proves the higher photodegradation efficiency, almost three times under visible light 

irradiation. In addition, single crystal has unique optical application, which makes TiO2 work 

better under visible light. Zheng et al. [13] successfully fabricated mesoporous single crystal TiO2 
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by using silica-templated hydrothermal method which works well for the photodegradation of 

methyl orange. Cheng et al. [14] also used KTiOPO4 to fabricate single crystal TiO2, which 

enhanced photoelectrochemical performance and shows a high conversion for benzene to phenol. 

In addition to the methods above, Ti metal can also be used for fabrication. Generally, H2O2 will 

play an important role in the direct oxidation of Ti metal, while several additives (e.g., HF, NaF 

or NaCl) will be used to control the product [15, 16]. The direct oxidation of Ti metal by H2O2 

solution can also avoid impurity-introducing and create Ti (III). 

Herein, we developed a facile one-step method to fabricate mesoporous single-crystalline 

ellipsoidal TiO2 microparticles (e-TiO2 MPs), which only requires common materials of Ti, an 

additive of NH4F with hydrogen peroxide, and a simple process at elevated temperature. 

Additionally, the product is mesoporous structure with both Ti (III) and Ti (IV) components, which 

can make it have unique properties. The photocatalytic degradation of Rhodamine B and 

Methylene blue solution were conducted under visible light condition to compare the 

photocatalytic performance of the as-synthesized e-TiO2 MPs with commercial P25. The possible 

mechanisms of the photocatalytic performance enhancement from the view of microstructure and 

their optical properties are also discussed.  

 

3.2 Experimental section 

3.2.1 Synthesis of e-TiO2 MPs 

The e-TiO2 MPs were fabricated by a one-step method. The titanium plates (Nilaco 

Cooperation, Japan) were cut into the standard pieces (3.75 mm × 20 mm × 0.2 mm), and cleaned 

in acetone, ethanol, and distilled water under ultrasonication. Ti plates were then placed in a 

polymethyl methacrylate (PMMA) cuvette (3 ml) contained with 2 mL of hydrogen peroxide 

solution (30 wt%, H2O2, Kanto Chemical Co., inc.). 15 mg of NH4F (97%, Wako Pure Chemical 

Cooperation, Wako special grade) was then added into the cuvette. The reaction was controlled at 

80°C for 72 h. The precipitates were collected by centrifugation and cleaned with ethanol three 

times, then dried for 24 h at 50°C.  

3.2.2 Structural characterizations 

The as-synthesized e-TiO2 MPs were observed using a transmission electron microscope 

(TEM, JEOL JEM-2000FX) operated at 200 kV and a field emission scanning electron microscope 

(FESEM, JEOL JSM-7001F) operated at 15 kV. High-resolution transmission electron microscopy 
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(HRTEM) images were taken using a scanning transmission electron microscopy (FEI Titan G3 

60-300) operated at 300 kV. X-ray diffraction (XRD) measurement were conducted using an X-

ray diffractometer (RIGAKU Miniflex 600) with the Cu Kα radiation as the source. UV-vis-NIR 

absorption spectra were measured using a UV-vis-NIR spectrometer (JASCO V-770 

spectrophotometer). The band gap information was obtained by the Tauc’s plot from the spectra. 

A photoelectron spectrometer with monochromatic Mg Kα radiation was used for X-ray 

photoelectron spectroscopy (XPS, JEOL JPS-9200). Brunauer–Emmett–Teller (BET) analysis was 

carried out using a sorption analyzer (Autosorb 6AG, Yuasa Ionics) to measure the specific surface 

area and the pore size distribution. P25 (particle sizes of 15-40 nm, Evonik Aeroxide) was tested 

as the control group. 

3.2.3 Photodegradation experiments 

Rhodamine B (RhB, 10-5 M, C28H31ClN2O3, Wako Pure Chemical Cooperation) and 

Methylene blue (MB, 10-5 M, C16H18N3SCl·3H2O, Wako Pure Chemical Cooperation) were 

chosen as the typical dye for the photodegradation experiment of e-TiO2. The commercially 

available P25 was set as the control group. For all experiments, 20 mg of the photocatalyst was 

added into 50 mL of the dye solution. A visible light source (Hamamatsu Lightningcure LC8, with 

a band filter of 400-600 nm, 300 VA) was used for illumination. Before the photodegradation, all 

the photocatalyst samples were stirred (~ 300 rpm) in dye solution for 30 min in dark to make good 

suspension and to exclude the effects of dye adsorption. All photodegradation experiments were 

set for 1 h, and a 2-ml aliquot was taken every 10 minutes for UV-vis-NIR spectra testing of the 

supernatant. 

 

3.3 Results and discussion 

3.3.1 Structural characterizations 

Figure 3.1(a) shows the SEM images of the as-synthesized e-TiO2 MPs, whose color is light 

yellow. The size distribution of e-TiO2 based on the Figure 3.1(a) is shown in Figure 3.1(b). The 

particles with ellipsoidal shape were selected for the particle size distribution statistics. As shown 

in Figure 3.1(b), the polar diameter of the e-TiO2 particles is in the range of 305 ± 56 nm. It is 

obvious that e-TiO2 MPs have much larger size than P25 (~ 20 nm), which is shown in 

supplementary Figure 3.2(a). Furthermore, Figure 3.2(b) shows the titanium plate surface after the 

synthesis. After the reaction, the titanium plate surface was homogeneously covered by e-TiO2 
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MPs. These MPs remain on the surface even after ultrasonic cleaning, showing a strong connection 

to the titanium plate. This result suggests that e-TiO2 MPs were first generated on the surface of 

titanium plate, and then separated into the solution. The supersaturated Ti4+ ions could also be a 

Ti source for e-TiO2 sediment in the solution. In addition, the EDS analysis results show the same 

Ti: O atomic ratios (1: 1.7) of both e-TiO2 MPs in the solution and on the titanium plate surface.  

 

Figure 3.1. (a) SEM image of e-TiO2, (b) size distribution figure from (a). 

 

Figure 3.2. SEM image of (a) P25 and (b) Ti plate after fabrication. 

The results of XRD patterns for the e-TiO2 and P25 are compared in Figure 3.3. The diffraction 

peaks for e-TiO2 are only attributed to the anatase phase. The typical peaks located at 25° and 37° 

correspond to the (101) and (103) planes of anatase phase. While the commercial P25 have an 

anatase-rutile binary phase structure. P25 shows both rutile peaks (27°, 41°, 54° for the planes 

(110), (111) and (211)) and anatase peaks (25° for (101) and 37° for (103), similar to e-TiO2). 

Most of the time, if controlling the product as anatase, special methods are required for the 

selective production, such as using the sol-gel method by 3.3% molar concentration of glacial 
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acetic acid [17], or separating rutile/anatase/brookite complex by using 3 mol/L HNO3 solution 

[18]. Compared to these methods, our synthesis of e-TiO2 doesn’t require other methods to control 

the product, simplifying the experimental steps, and making the product not interfered by 

impurities. 

 

Figure 3.3. The XRD patterns of e-TiO2 and P25. (Top: e-TiO2, bottom: P25). 

To analyze the surface of e-TiO2 in detail, XPS analysis was carried out. Figure 3.4(a) shows 

the XPS analysis results of Ti for both e-TiO2 and P25. According to the XPS database (NIST 

Standard Reference Database 20, Version 4.1 [19]), the XPS spectra of Ti range (455-467 eV) for 

e-TiO2 can be fitted to 3 peaks. The peak located at 458 eV is recognized as typical TiO2 Ti 2p3/2 

peak. There is another TiO2 peak at around 462 eV, which refers to the TiO2 Ti 2p1/2 peak. In 

addition to the above two peaks, the peak located at 460 eV represents the existence of Ti (III). 

For P25, only typical TiO2 Ti 2p1/2 (463 eV) and Ti 2p3/2 (458 eV) peaks are shown in the spectra. 

The binding energy of TiO2 Ti 2p1/2 for e-TiO2 and P25 are not same, suggesting that the surface 

elemental makeup of e-TiO2 and P25 are different. The XPS spectra of oxygen also contains the 

information of low valence Ti. According to the database [19], the typical TiO2 oxygen peak is 
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located at 529 eV. For e-TiO2, there are two different peaks shown in the spectra. The peak at 531 

eV indicates the Ti-O-H bond, and the peak which located at 533 eV is the peak of TiO2-x [19-21]. 

Furthermore, two peaks at around 690 eV prove the existence of fluoride, which is shown in Figure 

3.5. The peak located at 684 eV represents the F 1s peak of F- [22], while the peak at 687 eV 

represents the F 1s peak of TiO2-xFx. [16]. Generally, to introduce Ti (III) in TiO2, TiO2 should be 

fabricated first, and then reduced by using other methods, which may require high temperature or 

other materials, for example, by using hydrogen reduction method under higher temperature (573 

K) [23], or by introducing Ti-O-Fe structure formed by ferric nitrate (Fe(NO3)3·9H2O) [20] 

However, the present synthesis of e-TiO2 and does not require high temperature or introduce other 

metal atoms, making this fabrication method more convenient. 

 

Figure 3.4. (a) XPS data of e-TiO2 and P25 in Ti 2p binding energy range (Top: e-TiO2, bottom: 

P25); (b) XPS data of e-TiO2 and P25 in O 1s binding energy range. (Top: e-TiO2, bottom: P25). 
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Figure 3.5. XPS wide scan spectra of e-TiO2. 

In order to figure out the specific surface area and pores, Brunauer–Emmett–Teller (BET) 

method is used for the pore size distribution analysis of e-TiO2. Figure 3.6(a) shows the BET 

adsorption and desorption curve of e-TiO2, which displays a type IV isotherm with hysteresis loop 

located at relative pressures of P/P0 = 0.40-0.90. [24, 25]. This type IV isotherm with hysteresis 

loop is caused by capillary condensation initiated by mesopores [26]. For e-TiO2, the BET surfaces 

area is calculated as 26 m2/g. To prove that e-TiO2 MPs are porous by BET specific surface area, 

we calculate the specific surface area of one perfect prolate spheroid (equatorial radius equals to 

each other) with the same size as e-TiO2, and then compare with each other. According to the 

particle sized distribution in Figure 3.1(b), we assume the equatorial radius of e-TiO2 is 50 nm, 

and the polar radius is 150 nm. Figure 3.7 shows the simulated perfect prolate spheroids, and the 

surface area of perfect prolate spheroids is calculated by the following equation: 
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𝑆𝑝 = 2𝜋𝑎
2 (1 +

𝑐

𝑎𝑒
arcsin 𝑒) (3.1) 

where a is the equatorial radius, c is the polar radius. e is the ellipticity of the prolate spheroid, 

defined by 

𝑒 ≡ √
𝑐2 − 𝑎2

𝑐2
= √1 −

𝑎2

𝑐2
(3.2) 

For a perfect prolate spheroid, we assume the equatorial radius a of e-TiO2 is 50 nm, and the 

polar radius c is 150 nm (according to the particle size distribution), the average surface area is 

calculated as 7.723×104 nm2. 

Also, the volume of ellipsoid is calculated as: 

𝑉 =
4𝜋𝑎2𝑐

3
(3.3) 

For prolate spheroid, the volume of an e-TiO2 particle is 1.571×106 nm3. Since the density of 

anatase is 3.8 g/cm3, the specific surface area of one perfect ellipsoid anatase should be 13.39 m2/g. 

Compared to the BET specific surface area, e-TiO2 has much higher specific surface area than 

the perfect particle with same size, which suggests the porous structure of e-TiO2. 

In addition, as shown in Figure 3.6(b), Barrett-Joyner-Halenda (BJH) method is used to 

determine the pore size distribution. Most pores are distributed in the mesoporous interval (2-50 

nm). The pore size inside e-TiO2 is concentrated around 2 nm and remains high concentration 

within 5 nm range. 

 

Figure 3.6. (a) BET adsorption and desorption curve of e-TiO2; (b) BJH pore volume and pore size 

distribution curves of e-TiO2. 
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Figure 3.7. e-TiO2 perfect prolate spheroids. 

TEM images of e-TiO2 in Figure 3.8(a) shows a clear ellipsoidal shape for e-TiO2, whose 

aspect ratio is 14:5. As shown in Figure 3.8(b), the electron diffraction pattern of a single e-TiO2 

particle indicates that the whole e-TiO2 particle is a single crystal with uniform orientation. Both 

(101) and (103) planes noted on this diffraction pattern are consistent with the XRD results of 

anatase. The results of diffraction pattern also suggest that e-TiO2 growth towards (103) direction. 

Figure 3.8(c) and Figure 3.8(d) show the underfocus and overfocus TEM images, respectively, for 

the same area of an e-TiO2 particle. In the highlighted area of underfocus TEM image, several 

lighter spots can be seen, while in the same area of overfocus TEM image, the lighter spots become 

darken. These contrast difference between the two different-defocused pictures suggests the 

existence of nano-pores. In our one-step method, NH4F is considered to play a very important role 

[27] in the formation of bumpy surfaces and pores by the generation of coordination ion [TiF6]
2-. 

Uneven surfaces of e-TiO2 shows that F- ions have successfully corroded TiO2 surface and 

introduced pores. 
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Figure 3.8. (a) TEM image of e-TiO2; (b) diffraction pattern of e-TiO2 single crystal, with (101) 

and (103) plane pointed out; (c) underfocus image of e-TiO2 (d) overfocus image of e-TiO2. 

To examine the e-TiO2 MPs more specifically, scanning transmission electron microscopy 

(STEM) is used for precision analysis. In the high-resolution TEM image of Figure 3.9(a), for an 

e-TiO2, there are several blurred areas which are observed. Based on the previous TEM analysis, 

these blurred areas are presumably nano pores with defects. In order to confirm this, Fast Fourier 

Transform (FFT) and Inverse Fast Fourier Transform (IFFT) methods are used for the 

characterization [28]. Figure 3.9(c) shows the FFT image of selected area in Figure 3.9(b). The 
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FFT diffractogram is very similar to the diffraction pattern of e-TiO2, also showing a regular 

arrangement, suggesting the fact that e-TiO2 is a single crystal. Figure 3.9(d) of the IFFT image 

masked by the spot pair (plane (103)) in Figure 3.9(c) depicts several lattice discrepancies could 

be seen with some alone, and others in pair. These dislocations or related lattice defects suggest 

that there exist mesopores in the e-TiO2 particle, as we discussed above, which are presumably 

generated by the movement of oxygen vacancies created by F- ions in the e-TiO2 particles [29]. 
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Figure 3.9. (a) High resolution TEM image of e-TiO2; (b) Enlarged image of highlighted area in 

(a); (c) Fast Fourier Transform of (b); (d) Inverse Fast Fourier Transform of (c) selected (103) spot 

pair. 

Figure 3.10 shows the electron energy loss spectroscopy (EELS) results. Two ranges of energy 

loss have been chosen, including low loss part (a) and core loss Ti part (b). Log-Ratio method is 

used to calculate the thickness of sample particles based on the data of zero and low loss part EELS 

[30]: 

𝑡
𝜆⁄ = ln(𝐼𝑡 𝐼0⁄ ) (3.4) 

where t is the thickness of sample, λ is the inelastic mean free path of electron, It is the total 

integrated intensity of all EELS spectrum, I0 means the total integrated intensity of zero loss peak 

(ZLP). For inorganic compound, Seah and Dench [31] proposed the following empirical formula 

to calculate its inelastic mean free path: 

𝜆 = 2170𝑎𝐸−2 + 0.72𝑎3 2⁄ 𝐸
1
2 (3.5) 

where a is the average single layer thickness for the selected material, and E is the electron energy. 

For e-TiO2 MPs, we can assume that a is 0.35 nm (interplanar spacing of layer (101)), and the 

thicknesses of two different positions are calculated by the data in Figure 3.10(a) and shown in 

Table 3.1. The calculated thickness of two positions is approximately 48 nm, while the measured 

thickness is 80-90 nm. Therefore, the estimation results of sample thickness by EELS data suggest 

the existence of pores in the e-TiO2 MPs. 

Table 3.1. Low loss EELS related data. 

 I0 It ln(It/I0) λ (nm) t (nm) 

Position 1 2.13 × 106 3.65 × 106 0.5391 89.64 48.32 

Position 2 2.32 × 106 3.98 × 106 0.5386 89.64 48.28 

Figure 3.10(b) shows the core loss EELS of e-TiO2 MPs, for both Ti core loss range (450-470 

eV) and O core loss range (520-540 eV). For position 1 (black line), there are two single peaks 

located in Ti core loss range, and one peak in O core loss range. According to Huang’s research 

[32], two single peaks in Ti core loss range and one peak in O core loss range refer to the Ti (III) 

component. Position 2 (red line) shows two double peaks in Ti range and two peaks in O range, 

which refer to the TiO2 component [32]. The EELS results are consistent with the XPS results, 

which proves the existence of Ti (III) in e-TiO2. 
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Figure 3.10. (a) EELS low loss spectra of e-TiO2; (b) EELS Ti and O core loss spectra of e-TiO2. 

3.3.2 The reaction mechanism for the fabrication of e-TiO2 MPs 

In an aqueous solution, hydrogen peroxide could be hydrolyzed, and the following reaction 

occurs: 

H2O2↔H
+ + HO2

− (3.6) 

causing the solution to be acidic [33]. The pH of 30% H2O2 would be around 3. 

Under 80°C, Ti surface would be oxidated and TiO2 formed. During this process, the pH of 

H2O2-NH4F solution decreases, indicating the solution more acidic. Since the oxidation occurred 

on the surface of TiO2, in the mixed-oxidation solution, the following electrode reaction occurred: 

Ti + 2H2O → TiO2 + 4H
+ + 4e− (3.7) 

Which decreased the pH. Also at this stage, the supersaturated Ti4+ ions generated by H2O2 

would be hydrolyzed to TiO2. Then electrons combined with oxidant and the cathode reaction is 

HO2
− + 3H+ + 2e− → 2H2O (3.8) 

After fabrication of TiO2, fluoride ion could corrode small amount of TiO2 and form water-

soluble complex [27], 

TiO2 + 6F
− + 4H+ → [TiF6]

2− + 2H2O (3.9) 

which made TiO2 on the surface separated from plate and generated the mesoporous structure. 

Fluoride can also cause the reduction of the TiO2, converts some Ti4+ to Ti3+ and create oxygen 

vacancies by charge compensation [16], which is consistent with the XPS and EELS analysis 

results. In addition, metallic Ti could also be a possible reason for the Ti (III) reduction. 
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3.3.3 Photocatalytic properties 

Figure 3.11(a) shows the UV-vis-NIR spectra of e-TiO2 and P25. The band gap energy 

(indirect) of e-TiO2 can be determined in the Tauc’s plot shown in Figure 3.11(b). Two different 

bandgaps of e-TiO2 can be figured out. One band gap locates at 3.2 eV, which refers to the band 

gap of anatase. Another band gap is calculated as 2.4 eV [34], which may be due to the oxygen 

vacancy states of e-TiO2 from the voids caused by F- influence. The band gap of P25 can be also 

calculated from Figure 3.11(b), which locates at 3.0 eV. Generally, the band gap of anatase is 3.2 

eV [35], and rutile 3.0 eV [36]. The e-TiO2 has higher absorbance of visible light (400-500 nm 

wavelength) and lower band gap than these mentioned TiO2 materials, suggesting that e-TiO2 is 

more photo-effective under visible light [35, 37, 38].  

 

Figure 3.11. (a) UV-vis-NIR spectra curve of e-TiO2 and P25; (b) Tauc’s plot of e-TiO2 

transformed by UV-vis-NIR spectra. 

The photocatalytic performance of the e-TiO2 was investigated by RhB and MB solution 

degradation experiments under visible light. Table 3.2 shows the residual concentration of the dyes 

at each stage degraded by e-TiO2 and P25. Figure 3.12(a) shows the degradation of the dyes within 

60 min. Figure 3.12(b) shows the photodegradation kinetic constant k, calculated by the following 

equation [39]: 

𝑐

𝑐0
= exp(−𝑘𝑡) (3.10) 

For RhB degradation, mesoporous e-TiO2 MPs could adsorb more dyes than P25 after 30 mins 

stirring. In the photodegradation process, the photodegradation kinetic constant k of RhB by e-

TiO2 is ke,R = 0.053 min-1, 4 times as much as P25. Therefore, the e-TiO2 shows much better 

photocatalytic performance than P25 under visible light. In this process, pores may play the most 
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important role. This is because the pores increase the specific surface area of the e-TiO2 and 

increase the reaction area, making the degradation process faster. The anatase structure of the e-

TiO2 could also promote the photodegradability. As in the previous report, generally, anatase is 

more optically active than rutile [40]. Additionally, the single crystalline structure of e-TiO2 could 

also promote the photoactivity. The uniformity and regularity of the crystalline structure has been 

proved to improve the photodegradation efficiency of TiO2 [14]. Furthermore, trivalent Ti (III) 

and oxygen vacancies could cause the shift of the energy band gap and improve the photocatalytic 

performance. Hence, our mesoporous anatase e-TiO2 shows higher photocatalytic activity than 

P25. 

Table 3.2. The residual concentration of the dyes degraded by e-TiO2 and P25. 

 30 min dark stirring 1 h degradation under visible light 

RhB (by e-TiO2) 22% 1% 

RhB (by P25) 93% 37% 

MB (by e-TiO2) 38% 17% 

MB (by P25) 80% 18% 

 

For MB degradation, the e-TiO2 shows better adsorption in the initial 30 mins than P25. As 

shown in Table 2, MB is degraded to 38% by the e-TiO2. Compared to RhB, the photodegradation 

rate of MB by e-TiO2 decreased significantly. Photosensitization is one possible explanation for 

the selectively photodegradation of RhB instead of MB. RhB has been proved to be photosensitive 

during the TiO2 photodegradation [41, 42]. During the step, RhB could also be excited by visible 

light, which accelerates the self-decomposition, making the degradation rate of RhB higher. 

Although there is no report to directly explain how photosensitization affects the degradation of 

MB by TiO2, based on the RhB process, if MB needs to undergo the same process, it needs to 

absorb light first. According to Figure 3.13, the absorption peak of RhB locates in the range of 

450-600 nm, while MB locates in the range of 550-700 nm. The wavelength of the visible light 

source is 400-600 nm, which can be well absorbed by RhB, but not by MB. This may be the reason 

why for e-TiO2, photodegradation efficiency of MB is worse than RhB. Also, the photodegradation 

by e-TiO2 did not perform well compared to P25. It has been reported that the ratio of anatase to 

rutile affects the photodegradation of MB due to the interaction between these two kinds of 
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crystallites. When the ratio of anatase and rutile is 4:1, the highest photodegradation efficiency 

could be obtained [43, 44]. Therefore, e-TiO2 MPs (anatase main) is not as effective as P25 (20% 

rutile) for the photodegradation of MB. In addition, according to Figure 3.14, e-TiO2 is considered 

as a one-time photocatalyst for both RhB and MB.  

 

Figure 3.12. Photodegradation and (b) photodegradation kinetic constant calculation of RhB and 

MB by e-TiO2 and P25. 

 

Figure 3.13. The UV-vis absorbance spectra for the photodegradation of (a) Rhodamine B and (b) 

Methylene blue. 
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Figure 3.14. The e-TiO2 photodegradation resuability test results of (a) RhB and (b) MB. 

3.3.4 Photodegradation mechanism 

During the process, the color of RhB solution would turn to yellow from red, which is 

supported by UV-vis-NIR data. The absorbance peak of 10-5 mol/L Rhodamine B is at around 540 

nm (shown in Figure 3.13), which is in the range of yellow light. In the process of degradation, 

not only did the absorbance peak intensity decrease, but the position also began to shift towards 

the lower wavelength range (500 nm, which is in the range of green light), making the solution 

orange, then yellow. Cui et al. [45] reported a degradation mechanism of RhB that makes the 

intermediate during the process yellow. At first, deethylation reaction happened and RhB degraded 

to N, N-diethyl-N’-ethylrhodamine (DER). Thereafter, the deethylation continues. Depending on 

the position of the deethyl group, the intermediate product is also different. If the same side is 

deethylated, N, N-diethylrhodamine (DR) would be formed, otherwise would be N-ethyl-N’-

ethylrhodamine (EER). These two substances have same chemical formula, while their structures 

are not same. Further deethylation would continue, forming N-ethylrhodamine (ER) and 

rhodamine (R) successively, and finally destructed its chromophore structure. 

According to Honda-Fujishima effect [46], electrons in TiO2 can be excited by UV light and 

promote the water decomposition. Hirakawa et al. [47] proposed a mechanism of light absorption 

by TiO2 for Honda-Fujishima effect: 

TiO2 + hν → e
− + hvb

+ (3.11) 

hvb
+ → htr

+ (3.12) 

in which hvb
+ is the hole in the valence band state, and htr

+ is the trapped hole. The bandgap of e-

TiO2 is 2.4 eV, and it can be excited by visible light and absorb the energy of photons for the 
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photodegradation [48]. Figure 3.15 shows the mechanism of RhB photodegradation by e-TiO2. 

After the absorption of light, the hole of TiO2 would absorb the electrons in the water molecule 

and form the reactive oxygen species: 

H2O + htr
+ → H+ +∙ OH (3.13) 

Based on Cui’s photodegradation mechanism [45], RhB molecule would first deethylate: 

C28H31ClN2O3(RhB) +∙ OH →∙ C26H26ClN2O3 + C2H5OH (3.14) 

Then the intermediate product will combine with hydrogen radical fabricated by H+ and 

electrons: 

∙ C26H26ClN2O3 + H
+ + e− → C26H27ClN2O3 (DER) (3.15) 

No gas is generated during this step, which is consistent with the experiment results. 

The same mechanism could be applied on DER for the further deethylation process. Both DR 

and EER is fabricated by the deethylation of DER. After this step, the deethylation continues and 

ER formed by both DR and EER. These intermediate products make the color of dye solution shift 

to yellow during the photodegradation. After degraded to Rhodamine (R), the dye continues to 

degrade, finally become colorless. The photosensitization would also happen during the progress 

and increase the photodegradation efficiency [41, 42]. 

As for MB, since its peak did not shift, MB could be one-step degradation to colorless particle. 

At the beginning of the photodegradation, the energy of light is stilled absorbed by TiO2 and form 

reactive oxygen species according to the Honda-Fujishima effect. Then the reactive oxygen species 

would react with MB molecule by causing the sulfur ring cleavage and degrade the blue dyes [49, 

50].  
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Figure 3.15. Photodegradation mechanism of e-TiO2 for RhB. 

 

3.4 Conclusions 

In summary, we have successfully fabricated e-TiO2 with high visible light photodegradation 

activity. Compared to conventional methods, this method only requires raw Ti, H2O2, NH4F, at 

temperature of 80°C and atmospheric pressure. These requirements are easy to achieve compared 

to other methods using Ti plate as a raw material, making this method facile. The e-TiO2 itself also 

has many advantages compared to commercial P25. Because of the effects of fluoride ions and 

H2O2, e-TiO2 MPs are one kind of single crystal micromaterials, containing mesopores generated 

by oxygen vacancies and Ti (III) component. These modifications would lead to superior 

performances, such as high adsorption for dyes. Furthermore, e-TiO2 has been proved to have 

much better photodegradation efficiency. When degrade RhB under visible light, the 

photodegradation kinetic constant of e-TiO2 could be 4 times as much as P25. Therefore, the 

present work provides a facile route to fabricate single crystal TiO2 with mesoporous structure for 

high efficiency visible light dye photodegradation.  
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Chapter 4 

Facile Modification of TiO2 Nanoparticles with H2O2 + NH4F for Enhanced 

Visible Light Photodegradation of Rhodamine B and Methylene Blue 

4.1 General Introduction 

Using metal oxide nanomaterials is a common countermeasure for photodegrading dyes due 

to their supreme performances [1]. Titanium dioxide (TiO2) has stood out among metal oxide 

materials because of higher stability, non-toxicity, and UV-region bandgap (~ 3 eV) [2, 3]. P25-

TiO2 (hereinafter called P25), one commercial TiO2 product, has been widely used for the 

photodegradation of organic pollutants [4, 5]. P25 has been proved to be efficient by ultraviolet 

light degradation, while for visible light, the performance is limited [6]. 

For this reason, researchers have been working on the modification of TiO2 materials to 

improve its visible light performance. Doping other elements is an effective way to improve the 

visible light performance of TiO2 [7]. Iron, tungsten, and manganese are common elements used 

for the visible light photodegradation improvement of TiO2 for different cases [8-10]. Co-doping 

is also fruitful for the enhancement of visible light photodegradation efficiency [11-13].  

Apart from metals, non-metal materials, such as boron, nitrogen, carbon, iodine, and 

phosphorus, could also be used for TiO2 modification [14-19]. Fluoride has been proved to be 

effective on the modification of titania materials [20]. Although rutile-TiO2 and anatase-TiO2 have 

been determined to be metastable near room temperature [21, 22], fluorides could react with them, 

making modification possible [23, 24]. It has been proved that fluoride materials can modify TiO2 

particles and improve its visible light activity [25, 26]. In addition to the elements above, hydrogen 

peroxide (H2O2) is also effective for the sensitization of TiO2 and increase the visible light 

photodegradation efficiency [27]. In our previous study, it has been proved that H2O2 is effective 

on the fabrication of ellipsoidal TiO2, which has enhanced visible light photodegradation activity 

[28].  

Herein, we developed a facile modification method to increase the visible light 

photodegradation efficiency of TiO2, which only uses hydrogen peroxide (H2O2) and NH4F. We 

modified the commercial P25 and TiO2 samples fabricated from titanium isopropoxide (TTIP) by 

using H2O2 + NH4F. The samples before and after modification are tested for the characterization 

and property analysis. This modification method is able to increase the specific surface area of 
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TiO2, change the color and lower the band gap. Rhodamine B (RhB) and methylene blue (MB) are 

used to test under visible light (400 nm-600 nm) performance to compare the photodegradation 

efficiency for the before and after modification samples. All three modified samples show higher 

visible light efficiency for RhB. The modification is also proved to be effective on TiO2 for the 

visible light photodegradation of MB. The possible mechanisms of TiO2 fabrication, H2O2 + NH4F 

modification, and dye photodegradation are also discussed in the manuscript. 

 

4.2. Materials and Methods 

4.2.1 Synthesis of Different TiO2 Nanoparticles 

1 M sodium hydroxide solution (NaOH, Kanto Chemical Co., Inc, pH ~ 14) was used as the 

alkaline solution for the hydrolysis of TTIP ([(CH3)2CHO]4Ti, Wako Pure Chemical Cooperation, 

95%), while 1 M hydrochloric acid (HCl, Wako Pure Chemical Cooperation, pH ~ 0) was chosen 

as the acidic solution. 1 mL of the TTIP was added into 10 mL of the solution with different pH 

and stirred (~ 300 rpm) in a dark chamber for 24 h. The precipitates were collected by 

centrifugation and purified with ethanol three times, then dried in an oven for 24 h at 50°C. P25 

(Evonik Aeroxide) was also chosen as the TiO2 material for the further modification.  

4.2.2 Modification by H2O2 + NH4F Solution 

300 mg of ammonia fluoride (NH4F, 97%, Wako Pure Chemical Cooperation, Wako special 

grade) was added into 90 mL of hydrogen peroxide (30 wt%, H2O2, Kanto Chemical Co., inc.) to 

control the mass fraction at 3.3 wt%. Then, 0.1 g of TiO2 was added into 10 mL of solution and 

kept at 80°C for 72 h. The products were collected by centrifugation and purified for 

characterization. 

4.2.3 Structural Characterization 

All TiO2 nanoparticles were observed by a field emission scanning electron microscope 

(FESEM, JEOL JSM-7001F) operated at 15 kV and a transmission electron microscope (TEM, 

JEOL JEM-2000FX) operated at 200 kV. High-resolution transmission electron microscopy 

(HRTEM) images were taken by a scanning transmission electron microscopy (FEI Titan G3 60-

300) operated at 300 kV. X-ray diffraction (XRD) measurement were conducted using an X-ray 

diffractometer (RIGAKU Miniflex 600) with the Cu Kα (λ = 1.5406 Å) radiation as the source. A 

photoelectron spectrometer with monochromatic Mg Kα radiation was used for X-ray 

photoelectron spectroscopy (XPS, JEOL JPS-9200). UV-vis absorption spectra were measured 
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using a UV-vis spectrometer (JASCO V-770 spectrophotometer). The band gap information was 

obtained from the Tauc’s plot calculated by the spectrometer.  

4.2.4 Photodegradation Experiments 

Rhodamine B (RhB, 10-5 M, C28H31ClN2O3, Wako Pure Chemical Cooperation) and 

Methylene blue (MB, 10-5 M, C16H18N3SCl·3H2O, Wako Pure Chemical Cooperation) worked for 

the photodegradation tests as the dyes. All the TiO2 samples were tested by RhB and MB solution 

in a dark chamber, respectively. 50 mL of the dye solution were prepared for the test with 20 mg 

of TiO2 nanoparticles. A visible light source (Hamamatsu Lightningcure LC8, 400-600 nm) was 

used for illumination. All photocatalysts were stirred (~ 300 rpm) in dye solution for 30 min to 

spread in water better and to eliminate the dye adsorption before the photodegradation process. 

These experiments were all set for 1 h, and during this period, a 2-mL aliquot was taken every 10 

minutes for UV-vis spectra measurement of absorbance. 

 

.3. Results and Discussion 

4.3.1 Sample Characterization of TiO2 samples 

Table 4.1 shows the properties of all TiO2 samples used in this research with the sample names 

and the corresponding fabrication method. Figure 4.1 shows the SEM images of them. The as-

prepared samples are shown in the above, while after-modification samples are shown in the below. 

Among the three samples without H2O2 + NH4F modification, P25 and TH shows the almost same 

size, with an average diameter of 20 nm. TN is different in size from the P25 and TH, which size 

is over 100 nm, and presents in lump form. This result suggests that TNF has a lower specific 

surface area than P25 and TH. For the three samples after the H2O2 + NH4F modification, they all 

have similar sizes (~ 20 nm). Compared to their pre-modification samples, PF and THF do not 

show changes in size, indicating that modification does not contribute to the size change. For TNF, 

after modification, the size of particle become smaller, which means that this modification has 

corroded TN and breaks it into smaller particles to lead to an increase in the specific surface area. 

Table 4.1. Properties of all TiO2 samples prepared in the research. 

Sample 

Name 
Fabrication Method Modification Structure 

Specific Surface 

Area (m2/g) 

P25 
Commercial 

chemical 
None 

Anatase (00-064-0863) 

Rutile (00-001-1292) 
54.4 
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(Evonik Aeroxide) 

PF 

Commercial 

chemical 

(Evonik Aeroxide) 

H2O2 + NH4F Anatase + Rutile 65.0 

TH TTIP + HCl None Rutile + Anatase 147.5 

THF TTIP + HCl H2O2 + NH4F Anatase + Rutile 114.7 

TN TTIP + NaOH None Amorphous 24.1 

TNF TTIP + NaOH H2O2 + NH4F Amorphous 266.8 

 

 

Figure 4.1. SEM images of TiO2 samples: (a) P25, (b) TH, (c) TN, (d) PF, (e) THF and (f) TNF. 

The XRD patterns are shown in Figure 2 for TH, TN, P25 and their as-modified samples. As 

shown in Figure 2(a), both anatase and rutile peaks are detected in P25 and PF samples, showing 

an anatase-rutile mixed phase. Compared to P25, the peak of PF dose not shift, suggests that the 

crystal structure doesn’t change during the modification. For TH and THF, as shown in Figure 

2(b), TH is mainly rutile, while THF is mainly anatase after the modification. Figure 2(c) shows 

the XRD results of TN and TNF. Different from the previous samples, the XRD pattern of TN and 

TNF suggests that TN and TNF have amorphous structure [29]. 
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Figure 4.2. XRD patterns of (a) P25 and PF (b) TH and THF and (c) TN and TNF. 

XPS was carried out to analyze the surface of TiO2 different samples. The results of Ti 2p 

range and O 1s range are collected and shown in Figure 4.3. Figure 4.3(a) shows the XPS of P25 

and PF. The XPS spectra of P25 is based on the previous report [28], which is used as a control 

group. The peak located at 458 eV is determined as the TiO2 Ti 2p3/2 peak, while 464 eV is 

recognized as the TiO2 Ti 2p1/2 peak. There is no peak shift in Ti 2p spectra, however, the O 1s 

spectra changes after the treatment. P25 only have one peak located at 529 eV, which is the typical 

TiO2 O peak. For PF, in addition to the peak of 529 eV, there is another peak, which is at 531 eV. 

This new peak suggests the existence of oxygen vacancies after the modification, which may be 

because of H2O2 + NH4F [26]. Figure 3(b) shows the XPS results of TH and THF. In Ti 2p spectra, 

both TH and THF show standard TiO2 2p peaks (458 eV for Ti 2p3/2 and 464 eV for Ti 2p1/2). 

However, for TH and THF, the two Ti peaks shift slightly, suggesting that the surface of TH and 

THF are not totally same. For the O spectra, TH shows three different peaks, while THF shows 

two different peaks. The XPS spectra indicates that both TH and THF has oxygen vacancies on 

the surface. The region with more oxygen vacancies, the higher the surface binding energy [30]. 

The effect of H2O2 + NH4F could cause the reduction and re-oxidation of Ti (IV) and formed new 

TiO2, which may block some oxygen vacancies on the surface of these samples [26, 28]. Also, the 

O 1s peaks are not at the same position, suggesting the difference of the surface properties. For the 

XPS results of TNF, Ti peaks change after the modification. TiO2 Ti 2p3/2 peak (locates at 458 

eV) and 2p1/2 peak (464 eV) are indicated in Figure 4.3(c), which are recognized as red line and 

blue line. In addition, purple line and green line show that the peaks of Ti2O3 Ti 2p3/2 and Ti2O3 

Ti 2p1/2 appear on the surface of TNF [31]. According to Figure 4.4, after modification, two 

fluoride 1s peaks are detected by XPS. The peaks locate at 684 eV and 687 eV represent the F 1s 

peak of F− and F 1s peak of TiO2-xFx, respectively [26, 32]. The results indicate that F− has 

successfully reacted with all TiO2 samples. 
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Figure 4.3. XPS spectra of (a) P25 and PF; (b) TH and THF; (c) TN and TNF. 
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Figure 4.4. XPS wide scan of (a) TH, (b) TN, (c) THF and (d) TNF. 

The specific surface area and pore size distribution of TiO2 samples have been analyzed by 

the Brunauer–Emmett–Teller (BET) method. As shown in Table 1, TNF shows the highest specific 

surface area, which is 266.8 m2/g, almost five times that of P25. After the H2O2 + NH4F 

modification, the specific surface of TN series increases the most. As SEM image (Figure 1) shows, 

TN is blocky with large size, which may be the reason for its low specific surface area. After 

modification, blocky TN becomes small-sized TNF. P25 series don’t show significant surface area 

increase, which is presumably due to the small size of P25. The specific surface area of TH 

decreases after the modification, which is different from other samples. This is presumably because 

of the TiO2 rearrangement caused by F− ions [26]. For sample TH, fluoride would also cause the 

reduction of TiO2, while H2O2 can re-oxidize Ti (III) to Ti (IV). The re-formed TiO2 is possible to 

block the holes, making THF reconstituted into large spheres, and causing the specific surface area 
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to decrease [33]. From the XRD pattern of THF in Figure 2, the full width at half maxima (FWHM) 

of THF is smaller than that of TH, which also indicates the larger particle size of THF. 

For detailed structural characterization, TEM observations are carried out for the all six TiO2 

samples. As shown in Figure 4.5, compared to P25, PF doesn’t show noticeable size change, 

however, its surface becomes rough. These results suggest that H2O2 + NH4F treatment doesn’t 

change the size but corrodes the surface of P25. For TH and THF, the shape changes from strip 

(less than 100 nm) to ellipsoid (~ 100 nm) by the modification, which may answer the question 

why the specific surface area of THF is less than TH. According to the TEM images, TH has a 

high probability of being composed of many small particles. The modification process could cause 

the rearrangement of these small particles, making the specific surface area lower [26, 33]. The 

shape of TN also changed after the modification. The size of TN is larger (over 100 nm), while 

TNF is much smaller (~ 20 nm). These results indicate that the H2O2 + NH4F modification 

successfully corrodes TN and breaks it apart. The selected area electron diffraction (SAED) 

patterns of each TiO2 sample are also shown in Figure 4.5. P25, PF TH and THF are all anatase-

rutile binary structure. Although TH and THF have both rutile and anatase structure, just as P25 

and PF. The SAED patterns of TH and THF are not as clear as P25 and PF, suggesting that TH 

and THF are chemically disordered. This result suggests that TH and THF may have higher 

chemical activity than P25 and PF [34]. Also, SAED patterns of TN and TNF can prove their 

amorphic structure. In TEM characterization, the antithesis between overfocus and underfocus 

TEM images of same area (as shown in Figure 4.6) can figure out the pores in the area. Compared 

to these overfocus and underfocus images, we can see that P25 and PF don’t have pores. Therefore, 

the specific surfaces areas of P25 and PF are much lower than other samples. TNF cannot see the 

pores clearly, neither. This result may be due to its small size, making it easier to separate rather 

than introduction of pores.  
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Figure 4.5. TEM images of TiO2 samples with SAED patterns. 

 

Figure 4.6. Overfocus (left) and underfocus (right) TEM images of TiO2 samples: (a) P25, (b) TH, 

(c) TN, (d) PF, (e) THF and (f) TNF. 

Scanning Transmission Electron Microscopy (STEM) is also used for the characterization of 

the six TiO2 samples. Figure 4.7 shows the HRTEM images of TH, TN, THF and TNF. In TH and 

THF, regular arrangements can be seen, suggesting that TH and THF are crystalline structure. In 

addition, the atomic arrangements have different orientation, indicating that TH and THF are 

polycrystalline. Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT) can be 

used for micro characterization in detail [35]. The bottom right partial enlarged view shows the 

mask filtered IFFT image for TH ((1 1 0) plane of rutile) and THF ((1 0 1) plane of anatase). These 

IFFT images depict several defects in these materials, which could clarify the reason why TH and 

THF work well in photodegradation, which will be discussed later. Furthermore, the interplanar 

spacing of both samples calculated by IFFT match the actual data (plane (1 1 0) of rutile: 3.2 Å, 

plane (1 0 1) of anatase: 3.5 Å). These results also revealed that TH is composed of rutile and THF 

is of anatase, respectively. Figure 5(b) and (d) show the detail of TN and TNF, while partial 
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enlarged perspectives are shown in the corresponding bottom right. TN and TNF are mainly 

amorphous, which is consistent with the XRD results. According to the partial enlarged view, TN 

still have some crystal structures, which are shown as bright spots in the FFT image, but the FFT 

image of TNF does not show any bright spots, indicating that TNF in the HRTEM region is 

amorphous.  

 

Figure 4.7. HRTEM images of (a) TH (b) TN (c) THF (d) TNF. 

4.3.2 The formation mechanism of TiO2 samples. 

TTIP is an effective material for the fabrication of TiO2 nanoparticles. 
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TTIP
Hydrolysis
→       TiO2 (1) 

In the solution with different pH, TTIP could fabricate TiO2 with different structure. Acidic 

solution promotes the amorphous-to-crystal process, while alkaline solution inhibits this process 

[36]. 

TTIP
HCl,1M
→    Rutile + Anatase (2) 

TTIP
NaOH,1M
→      Amorphous TiO2 (3) 

Also, the presence of HCl would enhance the transformation of anatase-to-rutile [36], which 

may be the reason for the high content of rutile in TH. 

In the modification process, H2O2 and NH4F could react with TiO2 particles, corroding the 

sample and creating pores. For crystal TiO2 (P25 and TH), low temperature under 100°C would 

promote the transformation from rutile to anatase [37]. 

Rutile
80°C
→  Anatase (4) 

Fluoride ion is usually considered as a corrosive for TiO2 [38]. 

TiO2 + 6F
− + 4H+ → [TiF6]

2− + 2H2O (5) 

In addition, fluoride ion is able to reduce TiO2, making Ti (IV) convert to Ti (III) and creating 

oxygen vacancies [26]. 

Ti (IV)
F−

→ Ti (III) + oxygen vacancies (6) 

Due to the presence of H2O2, Ti (III) will be oxidized again [39]. 

Ti (III)
H2O2
→   TiO2 (7) 

Reaction (7) makes Ti (III) not present on the TiO2. 

4.3.3 Photocatalytic Performance 

Table 2 shows the optical properties of TiO2 samples. After H2O2 + NH4F solution treatment, 

all TiO2 samples show a significant color change, as shown in Figure 4.8(a), white TiO2 

nanoparticles turn yellow. The color change in TNF is apparent, followed by THF. PF has the 

lightest color. These color changes can be directly reflected in the UV-vis spectra, as shown in 

Figure 4.8(b), with the scanning range set from 190 nm to 1000 nm. The dotted lines represent the 

pretreatment sample, while solid lines represent the after-treatment sample. For TH and TN, after 

the modification, their absorption spectra shift towards the visible light direction, suggesting that 

these two samples are successfully modified for visible light photodegradation by the H2O2 + 
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NH4F solution treatment. For P25, there is no obvious shift in the absorption spectrum. The indirect 

band gap of these TiO2 samples can be determined by Tauc’s plot transformed from UV-vis spectra, 

which is shown in Figure 4.8(c) [40, 41]. Compared to the pretreatment samples (shown as dotted 

lines), bandgaps of all three after-treatment samples shift towards the low energy area. TN has the 

largest decrease, followed by TH, and P25 is the smallest. Table 2 also shows the bandgap energy 

of these TiO2 samples. TNF has the lowest bandgap energy, at around 2.2 eV. The next is THF, 

which bandgap is around 2.5 eV. The band gap of PF is 3.0 eV, only 0.1 eV lower than P25. In 

addition to the bandgaps mentioned above, PF and THF also show other bandgaps locating at 3.1 

eV and 3.0 eV, respectively, which are the bandgaps of pretreatment samples P25 and TH. These 

results suggest that P25 and TH are not completely modified by H2O2 + NH4F. In conclusion, after 

modification, these TiO2 samples yield more effective under visible light. 

Table 4.2. Optical properties of TiO2 samples and the photodegradation kinetic constants. 

Sample 

Name 
Color 

Bandgap 

(eV) 

RhB kinetic constant 

(min-1) 

MB kinetic constant 

(min-1) 

P25 white 3.1 0.010 0.027 

PF light yellow 3.0 0.022 0.006 

TH white 3.0 0.027 0.006 

THF light yellow 2.5 0.043 0.048 

TN white 3.5 8.39 × 10-4  

TNF yellow 2.2 0.069  

 

 

Figure 4.8. (a) Photograph of the TiO2 samples; (b) UV-vis spectra of six TiO2 samples; (c) Tauc’s 

plot transformed by (b). 

RhB and MB are chosen as the dye for the photodegradation ability test of the six samples to 

evaluate the improvement of photodegradation efficiency after the fluoride solution processing. 
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Figure 4.9(a) shows the results of the photodegradation tests of RhB, and Figure 4.9(b) shows the 

photodegradation kinetic calculated by the following equation [42]. 

𝑐 = 𝑐0 exp(−𝑘𝑡) (8) 

The results of the kinetic constants of TiO2 samples for RhB photodegradation are shown in 

Table 2. In three pretreatment samples, TH has the highest photodegradation efficiency, whose 

kinetic constant is 0.027 min-1, followed by P25 (0.010 min-1), while TN is difficult for RhB 

photodegradation under visible light because of its high bandgap energy (3.5 eV), which is out of 

visible light range. The reason why TH works more efficient than P25 is presumably higher 

specific surface area. After modification, it can be clearly seen that the photodegradation efficiency 

of RhB by three groups of TiO2 has been improved to varying degrees. The efficiency of group 

TN improves the most. After the treatment, TNF sample, whose kinetic constant reaches 0.069 

min-1, almost 7 times higher than that of P25, becomes the highest among all the TiO2 samples. 

This is because of its high specific surface area (266.8 m2/g) and low bandgap (2.2 eV). The 

photodegradation kinetic constant of THF increases to 0.043 min-1, which reaches 4 times that of 

P25. This may be due to the phase transition (rutile to anatase) occurred during the modification 

[43]. The shift of bandgap caused by fluoride also suggests that THF has higher visible light 

activity [44, 45]. According to Figure 7(b), the photodegradation efficiency of THF decreased after 

30 min, which may because of the decrease of specific surface area. The photodegradation kinetic 

constant of PF increases to 0.022 min-1. This is also due to the increase of specific surface area and 

the decrease of bandgap energy [44, 45]. Since the increase of specific surface area and the 

decrease of energy bandgap are not significant, the efficiency improvement of photodegradation 

is not as significant as that of THF and TNF. 
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Figure 4.9. (a) Photodegradation curves of RhB by TiO2 samples; (b) Photodegradation kinetic 

constant calculation of RhB by TiO2 samples; (c) Photodegradation curves of MB by P25, PF, TH 

and THF; (d) Photodegradation kinetic constant calculation of MB by P25, PF, TH and THF. 

Figure 4.9(c) shows the photodegradation tests of MB, while Figure 4.9(d) shows their 

photodegradation kinetic constants. Only four samples are mentioned in these two figures. The 

absorbance data of P25 used as the control group is based on the previous report [28]. TN and TNF 

will be discussed later. The visible light photodegradation kinetic constants of MB by different 

TiO2 samples are shown in Table 2. Among these TiO2 samples, THF shows the highest efficiency 

for the MB photodegradation, which is 0.048 min-1. P25 also shows the high visible light 

photodegradation kinetic constant at 0.027 min-1. Compared these two samples, the 

photodegradation kinetic constant of PF and TH (both 0.006 min-1) are much lower, reducing the 

efficiency of visible light driven photodegradation. These results are highly possible to be caused 



 

79 
 

by structural changes due to the H2O2 + NH4F modification. For MB photodegradation by TiO2, 

the efficiency reaches the highest when the ratio of anatase and rutile is 4:1 [46, 47]. According to 

the XRD pattern in Figure 2, after the H2O2 + NH4F modification, the proportion of anatase in 

TiO2 sample increases, while the proportion of rutile decreases. TH is mainly rutile, so its 

photodegradation efficiency of MB is low. After modification, the proportion of anatase phase in 

THF increases, making the kinetic constant of MB photodegradation increases. However, the ratio 

of anatase and rutile for P25 has already been 4:1. Therefore, as the proportion of anatase increases, 

the photodegradation efficiency of PF decreases instead.  

For TN and TNF, the efficiency of photodegradation under visible light cannot be determined 

because of their high adsorption rate. After 30 mins stirring even in dark condition, compared to 

P25, which adsorbed 11.3% of the MB, TN adsorbed 94.4% of the MB dyes, while TNF adsorbed 

98.8% of the MB dyes, almost 9 times that of P25. Both solutions became colorless, which is quite 

effective, but unable to conduct the photodegradation kinetic constant. Since TN didn’t show such 

high adsorption ability for RhB, it is possible for TN to have good selectivity for MB. This 

phenomenon is probably due to the differences between MB and RhB dyes. Although both MB 

and RhB are cationic dyes, MB has only positive group (-N(Et)2), while RhB has both positive 

group and negative group (-COOH). The surface of TiO2 nanoparticles is highly negatively 

charged, making it repel RhB, but has high adsorption of MB [48].  

The results of recycle test are shown in Figure 4.10. RhB is taken as the dyes for the recycle 

dyes. Four of the TiO2 samples (PF, TH, THF, and TNF) are tested for the cyclability. P25 is not 

considered as the control group, while TN is not good as a kind of photodegradation material. We 

set the dye degradation amount as 1 for the first time, and then plot the ratio of the degradation 

amount of the second and third time. According to the results, although fluctuating, all four 

samples show good cycle performance. Among them, sample PF and TH show the better 

cyclability, making their recycled photodegradation ratios float around 1. The cyclability of THF 

is worse, but during the third time, it remains over 70% photodegradation efficiency. In conclusion, 

all four TiO2 samples have good recyclability.  
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Figure 4.10. The cyclability test of sample PF, TH, THF, and TNF. 

4.3.4 Photodegradation Mechanism 

Figure 4.11 shows the absorbance spectra of RhB solution degraded by the six TiO2 samples. 

Except for the groups degraded by P25 and TN, all the RhB solution degraded by the rest four 

samples turns to yellow, which is presented as the absorbance peak shifting to 500 nm. Based on 

the previous report, it is possible for RhB solution to turn yellow during the photodegradation 

process [49-51]. The electrons of TiO2 can be excited by light and then create holes [52, 53]. 

TiO2 + hν → e
− + hvb

+ (9) 

hvb
+ → htr

+ (10) 

In equation (9) and (10), hvb
+ is the hole in the valence band state, and htr

+ is the trapped hole. 

In this experiment, TiO2 samples absorb visible light to varying degrees, making the water 

molecule splitting, and releasing protons and hydroxyl radicals.  
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H2O + htr
+ → H+ +∙ OH (11) 

Hydroxyl radicals are active, which promotes the deethylation process of RhB molecule [54]. 

After that, the as-synthesized radicals would combine the protons (created by H2O splitting) and 

electrons (excited from TiO2 by light) and produce N, N-diethyl-N′-ethylrhodamine (DER)  

C28H31ClN2O3(RhB) +∙ OH →∙ C26H26ClN2O3 + C2H5OH (12) 

∙ C26H26ClN2O3 + H
+ + e− → C26H27ClN2O3 (DER) (13) 

The same process applies for DER, which fabricates N, N-diethylrhodamine (DR) and N-

ethyl-N’-ethylrhodamine (EER). Then the deethylation would continue and fabricate N-

ethylrhodamine (ER) and rhodamine (R). These intermediate products make the solution become 

yellow before complete decomposition [49-51].  

 

Figure 4.11. The UV-vis absorbance spectra of RhB photo-degraded by (a) P25 (b) TH (c) TN (d) 

PF (e) THF and (f) TNF. 

According to Figure 4.11, the absorbance peak of P25 does not shift, suggesting that the 

photodegradation mechanism of P25 is different from other TiO2 samples. The decomposition of 

conjugated structure caused by photosensitization of RhB, instead of deethylation, plays a very 

important role in RhB photodegradation by P25 [55, 56]. The range of visible light source we use 

is 400-600 nm, which contains the RhB light absorption peak. Although will be discussed 

elsewhere, TN does not show a very good photodegradation efficiency. 
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For MB photodegradation, according to Figure 4.12, the absorption peak of all four samples 

do not shift, suggesting the mechanisms are same. The hydroxyl radicals are believed to be able to 

photo-degrade MB [57]. Two mechanisms have been proposed to clarify the MB photodegradation 

by TiO2 [58]. In these two mechanisms, N-demethylation would happen first because of the low 

bond energy of N-CH3 bond (296.2 kJ/mol). C-S and C-N bonds can be oxidized and broken in 

the following oxidation, and finally decomposed to CO2, H2O, Cl−, SO4
2−, and NO3

− [59]. In 

summary, Figure 4.13 schematically shows the photodegradation mechanisms under visible light 

for six TiO2 samples. 

 

Figure 4.12. The UV-vis absorbance spectra of MB photo-degraded by (a) P25 (b) TH (c) PF and 

(d) THF. 
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Figure 4.13. Schematics of photodegradation mechanism of TiO2 samples under visible light. 

 

4.4. Conclusion 

In summary, we have successfully modified TiO2 nanoparticles with H2O2 + NH4F to enhance 

its visible light photo-driven activity. Compared to conventional methods, the present method is 

facile to obtain the modified TiO2 samples of different structures from TTIP. The pH can affect 

the structure of TiO2 hydrolyzed by TTIP, fabricating crystal TiO2 under acidic conditions, and 

amorphous TiO2 under alkaline conditions. The modification method is also easy to access by only 

requiring H2O2, NH4F and 80°C temperature. P25, PF, TH and THF are crystal, while TN and 

TNF are amorphous. The modification would increase the transformation from rutile to anatase 

(for crystal TiO2 samples) and amorphization (for amorphous TiO2 samples). Furthermore, this 

facile modification method is proved to be effective on the increasement of visible light 

photodegradation efficiency by reducing their bandgap, especially for RhB. The photodegradation 

kinetic constant of TNF can reach almost 7 times that of P25, which is the highest among all the 

TiO2 samples. THF has the highest visible light photodegradation kinetic constant for MB, which 

is about 1.8 times that of P25. Finally, TN and TNF show very high MB dye adsorption, almost 9 

times that of P25. Therefore, the present work provides a facile new route for the modification of 

TiO2 and gives a unique performance improvement.  
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Chapter 5 

Summary 

5.1 General Conclusions 

The research target of this dissertation is the design and modification of Ti oxide materials, 

for the high photoactivity under visible light condition. In order to achieve this goal, three different 

kind of TiO2 particles (b-TiO2, EC-SPSC TiO2, e-TiO2) are fabricated by different methods, while 

two of them are homogenous and worthy of further research for the visible light photocatalyst. In 

addition to the newly formed TiO2, one facile method is used for the modification of common TiO2 

in the market. This method is proved to be effective for the visible light photodegradation of 

common dyes. Furthermore, an attempt to the synthesize of TiO2-related heterojunction is made. 

Green TiO2/WO3 and red TiO2/WO3/MnOx are successfully fabricated and proved to have higher 

absorption of visible light compared to origin TiO2. 

In chapter 2, two different methods are used for the fabrication of TiO2 for the enhancement 

of the visible light activity. In this work, a one-step SPP method is proposed to fabricate b-TiO2, 

which is a superior photo material with high solar absorption property. In addition, EC-SPSC 

method is used for the attempting of TiO2 fabrication. A two-step mechanism for the formation of 

b-TiO2 is proposed. At first, the formation of black TiO2-x layer is caused by the Ti electrode 

surface pre-oxidation. After that, the electrode surface melted by Joule heating in plasma, then 

sputtered molten TiOx clusters quenches by electrolyte and aggregates to form b-TiO2 particles. In 

these steps, the pre-oxidized TiO2-x layer is found to be necessary for the b-TiO2 formation by SPP 

method. The b-TiO2 is proved to be effective on the generation of water vapor under solar light 

irradiation. As a result, it is easily upscaled and used in clean, facile production of solar harvesting 

materials. As for TiO2 fabrication by EC-SPSC method, although it has been proved that TiO2 can 

be fabricated by this method, the low-repeatability and bad-homogeneity prevent the further 

research. As a result, we do not recommend using the EC-SPSC method for the fabrication of TiO2 

nanoparticles. 

In chapter 3, e-TiO2 is successfully fabricated by a facile method. Compared to conventional 

methods, this method only requires raw Ti, H2O2, NH4F, at temperature of 80°C and atmospheric 

pressure. These requirements are easy to achieve compared to other methods using Ti plate as a 

raw material, making this method facile. The e-TiO2 itself also has many advantages compared to 

commercial P25. Because of the effects of fluoride ions and H2O2, e-TiO2 MPs are one kind of 
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single crystal micromaterials, containing mesopores generated by oxygen vacancies and Ti (III) 

component. These modifications would lead to superior performances, such as high adsorption for 

dyes. Furthermore, e-TiO2 has been proved to have much better photodegradation efficiency. 

When degrade RhB under visible light, the photodegradation kinetic constant of e-TiO2 could be 

4 times as much as P25. Therefore, the present work provides a facile route to fabricate single 

crystal TiO2 with mesoporous structure for high efficiency visible light dye photodegradation.  

In chapter 4, the facile method for the fabrication of e-TiO2 is used for the modification of 

common TiO2 nanomaterials to enhance the visible light photo-driven activity. Compared to 

conventional methods, the present method is facile to obtain the modified TiO2 samples of different 

structures from TTIP. The pH can affect the structure of TiO2 hydrolyzed by TTIP, fabricating 

crystal TiO2 under acidic conditions, and amorphous TiO2 under alkaline conditions. The 

modification method is also easy to access by only requiring H2O2, NH4F and 80°C temperature. 

P25, PF, TH and THF are crystal, while TN and TNF are amorphous. The modification would 

increase the transformation from rutile to anatase (for crystal TiO2 samples) and amorphization 

(for amorphous TiO2 samples). Furthermore, this facile modification method is proved to be 

effective on the increasement of visible light photodegradation efficiency by reducing their 

bandgap, especially for RhB. The photodegradation kinetic constant of TNF can reach almost 7 

times that of P25, which is the highest among all the TiO2 samples. THF has the highest visible 

light photodegradation kinetic constant for MB, which is about 1.8 times that of P25. Finally, TN 

and TNF show very high MB dye adsorption, almost 9 times that of P25. Therefore, the present 

work provides a facile new route for the modification of TiO2 and gives a unique performance 

improvement. 

5.2 Future Prospects 

5.2.1 General Introduction 

Although b-TiO2, e-TiO2 and modified TiO2 have been proved to be effective to visible light, 

there are still some other methods to enhance the properties of TiO2 materials. Doping is an 

effective way to broaden the absorption wavelength of light of a certain metal oxide [1]. Tungsten 

trioxide is one of the potential doping material for TiO2, which is sensitive to the visible light. Fujii 

et al. have proposed a facile method to fabricate WO3 by H2O2 and tungsten metal [2]. Based on 

this research, we have successfully fabricated W-doped TiO2 and W/Mn doped TiO2.  
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5.2.2 Experimental methods 

Tungsten solution was prepared for the fabrication of doped TiO2 materials. 0.5 g of tungsten 

metal (Nilaco Cooperation, Japan) were cleaned in acetone, ethanol, and distilled water under 

ultrasonication for 15 mins each. 10 wt% of H2O2 solution was diluted by H2O2 solution (30 wt%, 

Kanto Chemical Co., inc.) as the solvent. Then 0.5 g of W metal was dropped into 20 mL 10 wt% 

H2O2 solution and illuminated by a UV lamp (λ = 365 nm) for 24 hours. Clear solution was 

collected for the further fabrication. 

TTIP solution ([(CH3)2CHO]4Ti, Wako Pure Chemical Cooperation, 95%) was used as the Ti 

source of the doped material. 0.1 mL of TTIP solution was added into the 20 mL clear solution, 

then put under the same UV lamp for other 72 hours with stirring (~ 300 rpm). The suspension 

was then centrifuged to get the product. The product was cleaned three times and dried in 50°C. 

In addition, to get the Mn-doped material, 0.2 g of the Manganese flake (Mn, KANTO 

CHEMICAL CO., INC) was added in W solution after the TTIP, keeping other procedures same. 

All the chemicals were used as received without purification. 

5.2.3 The Characterization of W-doped TiO2 and W/Mn co-doped TiO2 

Figure 5.1 shows the SEM image of W-doped TiO2. Figure 5.2 shows the XPS spectra of W-

doped TiO2. Peaks appear in all three regions (Ti 2p, W 4f, O1s), suggesting that all W has 

successfully doped on the Ti surface. 
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Figure 5.1. SEM image of W-doped TiO2. 

 

Figure 5.2 XPS spectra of (a) Ti 2p range (b) W 4f range (c) O 1s range of W-doped TiO2. 

The HRTEM images of W-doped TiO2 are shown in Figure 5.3. The plate WO3 structure can 

be seen clearly in the figure, surrounded by TiO2. Figure 5.3(b) and (c) shows the detailed structure 

of WO3 and TiO2, respectively. According to the SAED result, WO3 may be a single crystal 

structure, while TiO2 is amorphous. 
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Figure 5.3. HRTEM images of (a) W doped TiO2 (b) WO3 with SAED (c) TiO2 with SAED. 

Figure 5.4 shows the SEM images of W/Mn doped TiO2 with the EDS results. Compared to Figure 

5.1, long strip substances appear, which is probably Mn oxides. The EDS dotting map shows that 

all three metal elements appear at the same point, suggesting that Mn participates in the reaction 

and form oxides. 
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Figure 5.4. SEM image of W/Mn-doped TiO2 with EDS analysis data. 

Figure 5.5 shows the sample images of W-doped TiO2 and W/Mn doped TiO2. The original 

TiO2 is white, while original WO3 is yellow. The color of the doped TiO2 changes. W-doped TiO2 

is green, while W/Mn doped TiO2 is brown. The changes of color harbingers the changes of 

bandgap. Figure 5.6 shows the UV-vis spectra of W-doped TiO2 and W/Mn doped TiO2, together 

with the data of TiO2 and WO3 as control groups. Whether it is W-doped TiO2 or W/Mn doped 

TiO2, the absorption of visible light is stronger than that of the two control groups.  
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Figure 5.5. Sample image of (a) TiO2 (b) WO3 (c) W-doped TiO2 (d) W/Mn doped TiO2. 
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Figure 5.6 UV-vis spectra of WO3, TiO2, W-doped TiO2 and W/Mn doped TiO2. 

5.2.4 Possible Research Directions 

Based on the existing research, we have successfully fabricated so called doped ‘TiO2’ 

material with different color. Since all the metal elements are detected by the previous research, 

more microscopic characterizations are required to determine what forms of coexistence between 

these different metal oxides. Compared to the white TiO2, the color indicates that the material 

begins to absorb visible light at a specific wavelength. Therefore, it is necessary to find out the 

photocatalytic properties of the material under visible light. In addition, the clarification of 

photoelectrochemical performance and related applications are also in the consideration.  
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