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Abstract 

Trititanate nanotube (TiNT) is an inexpensive, harmless semiconductor and can 

be simply prepared from TiO2 via a hydrothermal process. It has a high surface 

area and photoactivity, and it has shown potential applications as adsorbent and 

photocatalyst towards waste water treatment, such as removal of methylene blue. 

However, due to its large band gap, it can only be activated by UV light, which is 

less than 5% in the solar spectrum. Thus, improving the photoactivity of TiNT 

under visible light is necessary.  

 

This thesis aims to improve the photoactivity of TiNT under visible light by surface 

modification of TiNT. In Chapter 4, TiNT was modified by organic compounds with 

a catechol structure, and the light absorbance was extended to the visible light 

range. More importantly, selective enhanced Raman scattering was reported, 

which was explained by the formation of the charge transfer complex and the 

HOMO and LUMO positions of the modifiers. This part of the work was published 

as SERS of Trititanate Nanotubes: Selective Enhancement of Catechol 

Compounds. Chem. Select, 2018, 3 (28), 8338-8343. In Chapter 5, TiNT was 

modified by graphitic C3N4, which was a semiconductor prepared from urea. The 

resulted nanocomposites have shown high adsorption/photodegradation ability 

depending on the annealing temperature. In Chapter 6, TiNT was modified by 

synthesized organic linker and gold nanoparticles. However, the product did not 

show improvement in photodegradation of methylene blue. 
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This thesis introduced the basic background and mechanism of TiNT 

photocatalyst and included a literature review of titanate nanotubes, graphitic 

carbon nitride, and surface plasmon effect by gold nanoparticles. This thesis 

summarized the main outcomes of a PhD project, which contained surface 

enhanced Raman scattering by TiNT-catechol systems, high 

adsorption/photodegradation activities by TiNT-C3N4 composites, and researches 

on AuNP-Organic-TiNT composites.  
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Chapter 1: Introduction 

1.1 Background  

Energy issues and environmental pollution are challenges in the 21st century. 

The current energy supply is heavily based on fossil fuels, with carbon dioxide 

production, which further results in climate change and global warming. Thus, 

people seek new and renewable energy sources such as wind energy, hydro 

energy, hydrogen energy, and solar energy to rebuild energy structures. These 

kinds of energy are clean and green because of low pollution. In the meantime, 

the pollution issue is becoming more and more severe due to the discharge of 

waste gas and wastewater. Waste gas usually contains fine particulate 

pollutants such as PM2.5 and gas pollutants such as SO2 and NO. These 

pollutants can cause significant damage to the human respiratory system. 

What is more important, water pollution has become a significant concern 

because the lives of living beings can be directly affected by the quality of water 

resources.1 In particular, industrial wastewater can cause significant 

environmental damage and endanger human life. For example, the Minamata 

disease event in the 1950s caused severe mercury pollution. These events 

occurred because industrial waste water contains many hazardous pollutants, 

including heavy metals, pesticide residues, and some other organic pollutants 

like organic dyes that can hardly be degraded. In particular, organic dyes, as 
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one kind of organic pollutants, are widely used in many industrial fields, such 

as ink, plastic, textile, cosmetics, and textile.2 It was estimated that the annual 

amount of discharged textile dyes is around 280,000 tons.3 To avoid water 

pollution caused by dyes, the discharge and treatment of dye-polluted 

wastewater are strictly controlled in many countries. 

 

Ideally, the techniques to remove organic pollutants, including dyes, should be 

efficient, inexpensive, and green. In addition, all reagents, energy sources and 

catalysts for removal uses should be inexpensive, abundant, and 

environmentally friendly.4 The mainstream techniques to remove organic 

pollutants from waters and wastewaters are conventional biological and 

physical treatments, such as coagulation, adsorption, and ultrafiltration.4 

However, these methods merely transfer dye from water to solid, and further 

treatments are necessary.2 Thus, the main drawbacks of these techniques are 

high cost, the difficulty of recycling, and secondary pollution. Besides these 

techniques, oxidation of organic pollutants, which converts organic pollutants 

into CO2 and water, is also widely applied. The burning method is a typical 

oxidation technique, and usually, the oxidant is oxygen from the air. However, 

in practice, most organic pollutants are stable under room temperature and can 

release secondary pollutants if the pollutants are not completely burnt. As a 

result, the pollutants must be pre-treated, primarily involving classification and 
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concentration. In addition, a very high temperature is required to activate the 

oxidation reaction, and specific equipment is necessary to control secondary 

pollution. As a result, the cost of the combustion method is high when 

minimizing pollution, thus limiting its application.   

 

1.2 Photodegradation Mechanism                                                                                                                   

As an oxidation technique, photodegradation is an attractive option for 

removing organic dye pollutants due to its reusability, environmental 

friendliness, and low cost. The mechanistic pathways and reaction equations 

of photodegradation are described below in equations (1)-(8).1, 4  When a 

semiconductor is under illumination with light of higher energy than the band 

gap, electrons are promoted from the valence band (VB) to conduction band 

(CB), and thus electron-hole pairs are produced. The produced electrons in the 

conduction band (eCB
-) and the produced electron vacancy in the valence band 

(hVB
+) could migrate to the catalyst surface, where redox reactions can occur 

with other species.1 For photodegradation occurring in water, water and oxygen 

are adsorbed on the catalyst surface. The hVB
+

 can react with water to produce 

hydroxyl radicals (
·
OH) or oxidize the dye molecules directly. On the other hand, 

eCB
- can react with O2 to produce superoxide radical anions (O2

-·) or reduce the 

dye molecules directly. The superoxide radical anions can further react with 
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water to produce peroxide and then produce hydroxyl radicals. The hydroxyl 

radicals can degrade organic dye molecules to smaller organic molecules, and 

finally, degrade them to H2O and CO2. The overall reaction is shown in equation 

(8). The photocatalyst is not consumed during the photodegradation process, 

and the only external energy source is light energy. Dyes are usually used in 

photocatalytic degradation processes as probe molecules because their 

concentrations are easy to measure. 

 

H2O + hVB
+

 → 
·
OH + H+

            (1) 

O2 + eCB
-
 → O2

-·             (2) 

O2
-· + H2O → H2O2             (3) 

H2O2 → 2·OH              (4) 

·OH + dye → dyeox             (5) 

eCB
- + dye → dyered             (6) 

hVB
+

 + dye → dyeox             (7) 

Overall: dye+O2                  H2O + CO2 + inorganic species (8)  

 

1.3 Factors affecting photodegradation 

1.3.1 pH 

The photocatalytic dye degradation efficiency is influenced by many factors, 



28 
 

and pH is one of the significant factors.5 Since catalyst surface charge is highly 

dependents on the pH of the solution,6, 7 dye adsorption onto the catalyst 

surface can be promoted or hindered by adjusting pH values and thus 

influencing the photodegradation rate. The pH value is also related to the 

mechanism and affects the degradation rate. Under low pH, the hVB
+ is the 

primary oxidant to oxidize the dye, but under neutral or higher pH, hydroxyl 

radicals become the major oxidation species.8 Generally, high pH values have 

been found to lead to better photocatalytic degradation of cationic form 

pollutant molecules, while molecules with negative charges are degraded to a 

higher degree at low pH values.9 For example, the removal of an anionic dye 

named reactive orange 4 (Figure 1(a)) at pH=9 was six times as high as that 

at pH=1, and this was explained by TiO2 agglomeration and decreasing of 

hydroxyl radicals at low pH.10 However, conflicting results have been reported 

as well; for example, chromotrope 2B (Figure 1(b)) and amido black 10B 

(Figure 1(c)) are anionic dyes, but they have shown maximum degradation at 

pH=9 under photocatalysis by titanium dioxide.11 It was proposed that with 

increasing concentration of OH-, the generation of hydroxyl radicals by TiO2 

was promoted.11  

 

Figure 1 Structures of (a) Reactive Orange 4; (b) Chromotrope 2B; (c) Amido Black 10B. They 
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are anionic dyes and the degradation rates of them are sensitive to pH values. 

 

For methylene blue (MB) (the structure is shown in Figure 2), it has been 

reported that, at a low pH, the adsorption of cationic MB was reduced because 

of the competition with excess H+ ions, and at a high pH, the adsorption of 

cationic groups of MB was reduced as well due to the strong attraction to OH- 

ions.12 The aqueous MB solution is weak alkaline, which is within the proper 

range of photodegradation. 

 

Figure 2 Structure of Methylene Blue, which is a cationic dye and its aqueous solution is weak 

alkaline. 

 

1.3.2 Photocatalyst Adsorption and Load Amount 

The adsorption of water and dye molecules on photocatalysts is another crucial 

factor that influences the photodegradation efficiency because the 

photodegradation process occurs on the photocatalyst surface. As shown in the 

above mechanism equations (1)-(8), the initial photogenerated species react 

with water or dye on the catalyst surface. The generated radicals do not have 

to migrate to solution if they can react with surface adsorbed molecules, and 
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the electron-hole pairs are not long-lived; therefore, their recombination can 

be prevented if the adsorption of dye molecules is rapid. 13. As a result, the 

degradation rate increases when the adsorption becomes higher. It was 

reported that by increasing the load amount of photocatalyst, the 

photodegradation rate increases correspondingly.14, 15 However, when the 

photocatalyst load amount exceeded a specific number, which was 2.5 g/L 

when degrading reactive blue 4 (RB4) assisted by titanium dioxide, the 

increment of degradation rate was small, and the final degradation ratio did 

not increase anymore.14 In another research, the degradation rate was highest 

when the load amount reached 1g/L.13 There are three possible explanations 

for this phenomenon. Firstly, the addition of photocatalyst can be excess if all 

dye molecules are adsorbed by photocatalyst.5 This may hinder the interaction 

between the catalyst and excited dye molecules or incoming light.5 Secondly, 

when the number of photocatalyst particles increases, the interaction between 

particles becomes significant, and this results in the reduction of site density 

for holes and electrons on the surface.16 Thirdly, at higher photocatalyst loading, 

the opacity of suspension increases and thus, the effective light intensity may 

decrease.16 As a result, the reaction rate decreases when the adding amount 

of photocatalyst is too high. 

 

In this project, the adsorption abilities of samples were compared by measuring 
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UV-Vis absorbance of the liquid system, and the adsorption ratio was calculated 

by the changes of absorbance divided by the initial absorbance of the dye 

solution. The adding amount of photocatalyst was controlled at 0.1 g/L for all 

the photodegradation measurements for giving comparable results. 

 

1.3.3 Light Source 

Due to the characteristic of semiconductors, light can only be utilized if its 

energy is higher than the band gap of the material. It has been reported that 

the photodegradation rate of acid orange 7 (AO7) on TiO2 was higher under 

UV light compared to visible light when two 6 W UV lamps and a 175 W metal 

halide lamp were used as UV light source and visible light source, respectively.17 

Even the visible light source has higher total power, the UV lamp resulted in a 

higher photodegradation rate. Research in 1992 compared the degradation of 

phenol by TiO2 under a 100 W mercury lamp and sunlight from a clear sky and 

sunlight resulted in a higher photodegradation rate.18 The main reason is the 

photocatalyst TiO2 has a large band gap that it can only utilize UV light. 

Therefore the output power of the lump is not equivalent to the effective light 

intensity of illumination. In this project, photodegradation of methylene blue 

solution by samples was measured under a 300W Xenon lamp for simulating 

full-range light illumination, and a 400 nm cut-off filter was applied for 
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simulating visible light illumination, and the results were compared.  

 

 

1.4 Removal of Methylene Blue 

Methylene blue (MB) (its structure is shown in Figure 2 in the previous section ) 

was the first synthetic drug in history and has been used for about 130 years.19 

Nowadays, methylene blue is also widely used as a dye for silk, cotton and 

wood.20, 21 As a strong coloured dye, the presence of methylene blue is obvious 

in water even if the amount is very small; thus, the methylene blue in waste 

water is undesirable. Figure 3 shows the colours of MB solutions with different 

weight concentrations from left to right: 1 g/L, 100 mg/L, 10 mg/L, and 1 mg/L. 
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Figure 3 The colours of MB solutions with different weight concentrations from left to right: 1 

g/L, 100 mg/L, 10 mg/L, and 1 mg/L. The blue colour of MB is still significant under low 

concentration. 

 

In addition, methylene blue is harmful, although it is not strongly hazardous.22 

Therefore, methods for removing as much methylene blue in aqueous solutions 

as possible have been investigated. The adsorption method has been preferred 

due to its capability and simplicity for waste water treatment.21 Many materials 

have been reported to show high adsorption ability for methylene blue, such 

as activated carbon20,  carbon nanotubes23, as well as TiNT and modified TiNT24.  

 

Besides being a model dye in adsorption researches, methylene blue is also 

used as a probe molecule in photodegradation. Methylene blue has a high 
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molar attenuation coefficient (ε660 = 105 dm3mol−1cm−1)25, 26 with maximum 

absorbance at around 660 nm. Its singly reduced form is pale yellow, and it 

can readily form a doubly reduced form of MB, leuco-methylene blue, which is 

colourless19, 26, 27. It is also reported that oxidized methylene blue has a 

maximum absorbance at around 520 nm.26 In brief, methylene blue can easily 

change/lose colour during redox reactions and can be simply measured by UV-

Vis absorbance. Photodegradation is a redox process, and methylene blue is 

commonly used26, 28-30 to indicate the removal progress as a probe molecule. 

Recent research has reported that g-C3N4/TiO2 film can enhance the 

photodegradation of methylene blue.31 Because TiNT is made from TiO2 and 

has shown high adsorption24, 32, which is beneficial to photodegradation, the 

photodegradation ability of TiNT was improved by forming a composite with g-

C3N4 in this project. 

 

1.5 Research Scheme 

In this research, TiNT was firstly synthesized from TiO2. Next, several 

commercial organic compounds which contain a catechol sub-structure were 

attached to the TiNT surface, based on the proposed TiNT-dopamine binding 

models33. The resultant TiNT-catechol structures were investigated using 

several techniques, including solid-state NMR, UV-Vis, FTIR, TEM and Raman. 
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During the measurement of Raman, selective SERS was found to be related to 

the structures of the catechol modifiers. This phenomenon was further 

investigated and discussed in Chapter 4: surface enhanced Raman scattering. 

Research of g-C3N4-TiNT composite started from electrostatic adherence under 

room temperature. Upon annealing the samples, it was found that the 

photodegradation ability of samples had improved. This phenomenon was 

further investigated and discussed in Chapter 5: C3N4-TiNT nanocomposite. The 

synthesis of the TiNT-organic-AuNP system started from the synthesis of AuNPs 

and organic compounds, respectively, followed by combining TiNT, organic 

compounds (as linkers) and AuNPs into TiNT-organic-AuNP system (target 

structure is shown in Figure 4). The characterization and properties of this 

system were further discussed in Chapter 6: AuNP-Organic-TiNT Composites 

and Organic Synthesis. 

 

 

Figure 4 Target structure of TiNT-organic-AuNP system. Organic linkers are attached to TiNT 

surface by catechol structure and attach to AuNPs via free thiol group. 
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1.6 Chapters Summary 

In Chapter 1, the general background of this research was introduced, the 

mechanism of photodegradation was explained, the key factors that affect 

photodegradation were discussed, and the basic background and removal of 

methylene blue were introduced. In addition, the scheme of this research and 

the chapters were summarized. Chapter 2 is a literature review that contains 

three sections. The first section reviewed TiO2 and trititanate nanotubes as 

photocatalyst, including the background, history, properties, and applications 

as photocatalyst. The second section reviewed graphitic carbon nitride as 

photocatalyst, including the properties, applications as photocatalyst, and 

modification methods. The third section reviewed gold nanoparticles, surface 

plasmon resonance effect, and metal plasmonic-semiconductor heterojunctions. 

These three sections reviewed three main materials that were used and 

investigated in this thesis. In Chapter 3, instrumentation, information of all 

used instruments was introduced. Principles of primary instrumentation were 

discussed. Sample preparation and analysis methods were also introduced. In 

Chapter 4, surface enhanced Raman scattering by TiNT-catechol systems was 

reported and discussed. TiNT-catechol systems were synthesized, 

characterizations of these systems were measured and analysed and discussed. 

Chapter 5 is the C3N4-TiNT nanocomposite, which combined two 

semiconductors, and achieved high photoactivity and high adsorption abilities 
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toward removing methylene blue. The characterizations of C3N4-TiNT 

nanocomposites were measured and discussed. In Chapter 6, AuNP-Organic-

TiNT composites were synthesized by the surface modification of TiNT using 

organic linkers and the addition of AuNPs. The synthesized systems’ 

characterizations were discussed, and their photoactivity towards 

photodegradation of methylene blue was tested. In this chapter, several organic 

compounds were synthesized and analysed as well. Chapter 7 is a summary of 

this thesis and an outlook of future work. 
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Chapter 2 Literature Review 

2.1 TiO2 and Trititanate Nanotubes as Photocatalyst 

2.1.1 TiO2 

TiO2 is a natural oxide of titanium. It is not only inexpensive, harmless, and 

chemically stable34, 35, which makes it suitable for pigment and cosmetics, but 

also has appropriate chemical properties to show great potential in water 

splitting36-38, environmental decontamination39-41, fuel cells42, 43, solar cells44-46, 

and energy storage devices47-49. TiO2 is normally described to have three 

polymorphs that are found in nature: rutile, anatase, and brookite. Rutile and 

anatase play important roles in industry, while the rareness and preparation 

difficulty of brookite limits researches related to it.50 The crystal structures of 

rutile, anatase, brookite are shown in Figure 551. All of the three polymorphs 

have distorted TiO6 octahedra, in which titanium cations are coordinated to 6 

oxygen atoms. Anatase structures are formed by sharing the octahedral edges, 

when the rutile and brookite frameworks contain both corner-sharing and edge-

sharing configurations.50, 51 
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Figure 5 Crystal structure of (a)rutile; (b)anatase; (c)brookite. Blue octahedral stands for TiO6 

blocks and purple spheres stand for Ti atoms.51
 They have distorted TiO6 octahedra, in which 

titanium cations are coordinated to 6 oxygen atoms. (Figure reprinted with the permission of 

RSC, ref 51) 

 

The photocatalytic properties of TiO2 were first discovered and reported by 

Fujishima and Honda in 1972.52 During the 1970s, the demonstration of 

hydroxyl radical formation53 and metal ion reduction54 on TiO2 surface were 

investigated. A scheme of the photocatalysis mechanism of TiO2 is shown in 

Figure 6. As a semiconductor photocatalyst, when the material is irradiated by 

light, the electrons (e-) from the valence band of the TiO2 surface are activated 

to the conduction band and leave positive electron holes (h+) in the valence 

band. The activated electron-hole charge carriers can recombine and undergo 

charge annihilation. When they migrate to the surface of the catalyst and do 

not undergo charge annihilation, secondary reactions with the surface 

adsorbed materials are initiated.55 The excited electrons in the conduction band 

are reductive, and the holes are oxidative. The products of the redox reactions 

can take part in the degradation of organic pollutants.  
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Figure 6 Photocatalysis mechanism of TiO2. Electrons are excited to conduction band under 

light illumination and participate in reduction. Holes are left in the valence band and participate 

in oxidation. 

 

The main drawback of TiO2 as a photocatalyst is its large band gap, which is 

3.2 eV for anatase and 3.0 eV for rutile. The relevant wavelength of light is 

calculated by the following equation (9), where E is photon energy, h is the 

Planck constant, c is the speed of light in vacuum, and λ is the wavelength. 

The band gap of anatase TiO2, which is 3.2 eV, corresponds to 388 nm. That 

means TiO2 can only be activated by UV light, which is less than 5% in the 

solar spectrum. As a result, the applications of TiO2 photocatalysts are limited. 

There are many ways to increase the optical activity, including doping, 

sensitizing TiO2 with colourful compounds, and surface modification of TiO2 

nanomaterials with another semiconductor.56  
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           E = hc/λ                (9) 

 

Surface modification is a mild, efficient, and sustainable method to improve the 

photoactivity of TiO2 through light harvesting and electron transfer for charge 

separation.24, 57 TiO2 is modified based on its uncoordinated surface sites by 

the attachment of compounds with specific structures like dopamine, which act 

as ligand.58 TiO2 can be made into the trititanate nanotube (TiNT), which was 

reported to have a high surface area and a porous structure.32  

 

2.1.2 Trititanate Nanotubes 

Compared to TiO2 itself, the tubular form of TiO2 has attracted attention and 

become important due to its larger surface area and higher photocatalytic 

activity59. Among the nanotubes prepared from TiO2, trititanate (H2Ti3O7) 

nanotube has attracted researchers because it can be easily prepared by 

hydrothermal methods from TiO2.
60, 61 The preparation of TiNT was first 

reported by Kasuga et al. in 1998 by hydrothermal treatment of TiO2 with 10 

M NaOH solution62, and this hydrothermal method was latterly improved by 

other researchers.32, 63 Other methods of preparing nanotubes from TiO2 were 

also reported, such as the chemical templating method64 and the 

electrochemical oxidation method.65 The former method usually contains the 



42 
 

following procedures64, 66: firstly, under the help of template agents, solutions 

that contain titanium undergo controlled sol-gel hydrolysis. Then TiO2 deposits 

onto the surface of template aggregate or polymerise in the template molecules. 

Finally, the templating agents are removed. The latter method was firstly 

reported by Grimes et al. in 2001.65 In this method, titanium foil was anodised 

in an H2O-HF electrolyte directly and self-organised TiO2 nanotubes were 

prepared. Compared with these methods, the hydrothermal method only 

involves simply heating and washing processes by non-toxic reagents like NaOH 

and HCl, so this method was mainly used in this project. 

 

The formation mechanism of trititanate nanotubes by hydrothermal synthesis 

was explained by researchers as follows63: firstly, in the early stage, TiO2 reacts 

with NaOH and a highly disordered phase forms. Then this disordered phase is 

recrystallized into thin plates which have only a few layers in thickness. Next, 

individual trititanate layers are peeled off from the plates. Finally, all the plates 

scroll to nanotubes after three days of reaction. Surface tension is the main 

driving force of the cleavage, and this surface tension together with Coulomb 

force as well as interlayer coupling control the formation and dimension of the 

nanotubes. 

 

Compared to TiO2, TiNT has a higher surface area, and it is more easily 
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modified. TiNT shows a similar band gap (3.2 eV) to TiO2, which means it can 

only be driven by UV light and modification of TiNT for improving its 

photoactivity under visible light is necessary. Titanium and oxygen can be 

detected from TiNT by energy-dispersive X-ray spectroscopy (EDX), which is 

the same as TiO2; however, the structure profile of TiNT is different from that 

of TiO2, and thus X-ray diffraction is helpful to distinguish them. Unlike the 

three dimensional structure of TiO2, the trititanate has a layered structure with 

a monoclinic structure (a=1.603, b=0.373, c=0.919 nm and β=101.45°)67, and 

its structural parameters of TiNT are shown in Table 168. What is more, it was 

reported that structural transformation could occur following the sequence: 

titanate →monoclinic TiO2 (B) →anatase69, 70 under heating when TiO2 (B) acts 

as an intermediate product. Figure 769 illustrates the transformation sequence 

during the thermal treatment of protonated titanate nanotubes.  

 

Table 1 Structural parameters of trititanate nanotube68
 (Table reprinted with the 

permission of ACS, ref 68) 

H2Ti3O7 (data from JCPDS 47-0561 monoclinic) 

d h k l 

7.87 2 0 0 

3.65 1 1 0 

3.05 3 1 0 

2.67 3 1 -2 

2.37 1 1 3 

1.88 0 2 0 
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-  

Figure 7 Structural and morphological transformation of a protonated titanate nanotube during 

thermal treatment.69 Titanate can transform to monoclinic TiO2 (B) at <350 oC by loss of water 

and finally to TiO2 anatase at <450 oC. (Figure reprinted with the permission of ACS, ref 69) 

 

TiNT has shown its potential applications in many fields due to its high surface 

area, elongated morphology and semiconductor properties.66 TiNT and 

modified TiNT were applied for energy storage71, 72 and used as a catalyst for 

organic reaction73, adsorbent24, 32 and photocatalyst24, 74. As a catalyst for 

organic synthesis, it was reported that Cu2O nanoparticles supported TiNT can 

catalyse the synthesis of 1,2,3-triazoles under mild conditions and highly 

improve the yield of product compared with Cu2O itself and common catalyst 
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CuI.73 TiNT with high adsorption capacity (58 mg/g) was reported to adsorb 

nearly 95% of fluoride in a short time at low pH and this phenomenon was 

explained by abundant hydroxyl groups on TiNT surface, the high surface area 

of TiNT, ion-exchange between fluoride and hydroxyl groups and electrostatic 

attraction.75 TiNT were also reported to be able to strongly adsorb dyes in an 

aqueous solution due to the high surface area and porous structure of the 

nanotubes.32 Besides TiNT itself, modified TiNT was also reported to show high 

adsorption capacity. In 2012, trititanate nanotubes with high adsorption 

capacity towards methylene blue dye were prepared through self-assembly 

surface modification with dopamine molecules.24 This research suggests the 

possibility of surface modification with specific molecules by self-assembled and 

improvement of photoactivity. By further investigating the TiNT-dopamine 

system, two models for self-assembled dopamine on the surface of trititanate 

nanotubes were proposed, including monomer units linked through π-π 

stacking, and mono-attached interacting by hydrogen bonds.33 It is expected 

to achieve high adsorption and high photodegradation of methylene blue 

through the surface modification of TiNT.  
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2.2 Graphitic Carbon Nitride as Photocatalyst 

Graphitic carbon nitride (g-C3N4) is a metal-free polymer n-type semiconductor 

that only contains carbon, nitrogen, and hydrogen. g-C3N4 contains graphitic 

stacking of C3N4 layers, which is consist of tri-s-triazine units connected by 

planar amino groups. The structure of g-C3N4 is shown in Figure 8.  

 

 

Figure 8 Structure of g-C3N4: consist of tri-s-triazine units connected by planar amino groups. 

 

g-C3N4 has shown good chemical stability that can work under strong acid and 

base, and this has been attributed to the strong covalent bonds.76 It also has 

high stability under light irradiation, and it is environmental-friendly. It shows 

many promising properties, such as unique electric and optical properties, 

which have made g-C3N4 based materials become a new nanoplatform for 

energy, electronic, and catalytic applications.77, 78 The band gap of g-C3N4 is 2.7 
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eV, which means it can absorb light with a wavelength smaller than 460 nm 

and makes g-C3N4 able to absorb visible light. Moreover, the conduction band 

and valence band edge of carbon nitride were reported as -0.8V and 1.9V, 

which was theoretically suitable for photo redox of surface adsorbed water of 

semiconductor.79, 80 The g-C3N4 was firstly reported as a photocatalyst for 

producing hydrogen from water in 2009.81 After that, g-C3N4 applied in 

photoreactions has attracted increasing interest, and the potential applications 

of g-C3N4 in water splitting and photodegradation were further investigated. 

 

However, it was reported that the efficiency of water splitting of g-C3N4 is low, 

which was caused by low surface area and high recombination rate of photo-

generated electron-hole pairs.81 It was also reported that the electrical 

conductivity and localized excitons of g-C3N4 are poor due to its structural 

defects, which leads to the low activity of interfacial electron transfer reaction, 

and the transformation of adsorbed oxygen toward active oxygen radicals is 

hindered.82, 83 There are several approaches to improving the performance of 

g-C3N4 photocatalyst: metal ion doping such as zinc doping84 and Fe doping85; 

non-metal doping such as O86, S87 and P88; noble metal doping like Au89; 

semiconductor coupling with g-C3N4 like polymer semiconductor90, ZnO91, 92 and 

TiO2
93-95. These modifications work through enhancing visible-light absorption, 

accelerating surface reaction kinetics, inhibiting the charge recombination, and 
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improving charge separation efficiency.76, 96 

 

g-C3N4 can be easily synthesized via a one-step polymerization process, which 

only uses cheap nitrogen-rich starting material like urea, thiourea, melamine, 

cyanamide, and dicyandiamide.81, 97, 98 For example, simply heating urea in a 

furnace under 550 oC for 4 hours can give g-C3N4 without further treatment. 

This makes g-C3N4 possible to be mass-produced in factories at a very low cost. 

The mechanism of the reaction pathway of g-C3N4 from urea, thiourea, 

dicyandiamide and melamine is shown in 
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Figure 9.97 Take urea as an example, an ammonia molecule is firstly lost under 

heating, and isocyanic acid forms; isocyanic acid then reacts with urea to form 

biuret; next, nucleophilic addition occurs between biuret and urea to form rings. 

Then this structure reacts with ammonia and forms melamine. Through heating, 

the intermolecular reaction of melamine results in melam and the 

intramolecular of melam give melem. Finally, the melem polymerized to g-C3N4. 

Although different precursors undergo a similar reaction process, the resulting 

g-C3N4 shows a slight difference in chemical activity. Yuewei et al.97 have 

reported that g-C3N4 prepared from urea has a higher surface area due to its 

low polymerization and results in higher efficiency. This is because of the 

stronger C=O bond in urea compared to the C=S bond in thiourea and the 

stronger electronegativity of the O atom.  



50 
 

 

Figure 9 Reaction pathway of g-C3N4
97

 from different precursors including urea, thiourea, 

dicyandiamide and melamine to melam, melem and finally g-C3N4. (Figure reprinted with the 

permission of RSC, ref 97) 
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2.3 Gold Nanoparticles and Surface Plasmon 

Resonance 

Gold nanoparticles can induce SERS because of surface plasmon resonance.99 

Surface plasmon resonance (SPR) is described as the resonant, collective 

oscillation of valence electrons in a solid that is stimulated by incident light.100 

The basic principle of SPR is explained as follows: On one side, under a 

condition of total internal reflection, at the interface, an evanescent field 

(standing wave) will penetrate the exit medium.100 On the other side, in analogy 

to a real plasma, plasmons can be described as an electron cloud with negative 

charges that are coherently displaced from its equilibrium position around a 

lattice, which is made of positively charged ions.101, 102 For a metal nanoparticle 

like a gold nanoparticle, although it is electrically neutral, it can be considered 

as a plasmon. When excited by electromagnetic radiation, including light, a 

coherent oscillation of the surface conduction electrons occurs.103 At a specific 

wavelength, the resonance of standing wave and oscillation of surface electrons 

could happen. This resonance is called surface plasmon resonance. When there 

is SPR, the reflection of the resonance wavelength of the incident light will 

reduce dramatically. 

 

Localized surface plasmons (LSPs) are the plasmons in nanoparticles with sizes 

that are much smaller than the wavelength of the incident light, which are non-
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propagating excitations because the resulting plasmon oscillation is distributed 

over the whole particle.101, 104 Figure 10 is a schematic of a localized surface 

plasmon.103 As metal nanoparticles, gold nanoparticles can undergo localized 

surface plasmon resonance (LSPR) under incident light. In the last two decades, 

plasmon resonance in gold nanoparticles has been a popular research subject. 

It has been reported that the LSPR peaks of gold nanoparticles are strongly 

related to their shape, size, and dielectric constant of the surrounding 

medium105.  

 

 

Figure 10 A schematic of a localized surface plasmon103 (Figure reprinted with the permission 

of ANNUAL REVIEWS, ref 103) 

 

The activity of photocatalysts can be improved by the formation of 

heterojunctions by coupling plasmonic nanostructures with semiconductors, 

and plasmonic can act as light antennas for extending the light absorption 

range of semiconductors.106 There are three main mechanisms of the energy 
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transfer from a plasmonic metal to a semiconductor: plasmon-induced 

resonance energy transfer (PIRET), light scattering/trapping, hot electron 

injection.106 PIRET mechanism explained that dipole could be generated by the 

excitation of plasmons, then the plasmonic energy can be transferred to the 

semiconductor through dipole-dipole interaction, and electron-hole pairs are 

generated.107, 108 The efficiency of PIRET is highly related to the spectral overlap 

between the absorption band of semiconductor and the plasmonic resonance 

band, and the distance between metal and semiconductor.106 Light 

scattering/trapping mechanism explained that the incident light could be 

scattered by metal nanoparticles in the metal-semiconductor heterojunction 

systems.109, 110 The scattering effect is also called ‘light trapping’ due to its 

enhancement in charge separation and light absorption, and this effect only 

works when the energy of scattering photons is larger than the semiconductor’s 

band gap.106 Hot electron injection explained that hot carriers could be 

generated by the non-radiative dissipation of plasmon energy, and the hot 

electrons that have higher energy than the Schottky barrier at the metal-

semiconductor interface can be directly injected into the semiconductor’s 

conduction band.111, 112 Compared to the photogenerated electrons via inter-

band transitions, the hot electrons from plasmonic metal could have a lower 

charge recombination and higher thermodynamic driving force.106 
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In this project, TiNT-AuNPs systems were designed, and several organic 

compounds were synthesized as linkers between gold nanoparticles and TiNT. 

Gold nanoparticles were used to help harvest visible light, and the controlled 

size of gold nanoparticles was expected to adjust the wavelength of absorbed 

visible light to boost photocatalysis. It was expected that the photoactivity of 

TiNT could be improved by forming a plasmonic-semiconductor system. 
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Chapter 3 Instrumentation 

3.1 Instrumentation Information  

UV-Vis absorbance spectra were recorded using Cary 300 UV-Vis for solid 

samples and Cary 60 UV-Vis for liquid samples.13C solid-state NMR spectra were 

measured on a Bruker Advance III 400 spectrometer equipped with a 4 mm 

H/X DVT probe. Liquid NMR was recorded on an AscendTM 400 MHz NMR 

produced by Bruker. FTIR was measured on a Cary 660 FTIR. CHN Element 

Analysis was measured on an Elementar Vario MACRO CHNS. Powder X-ray 

diffraction was recorded on a Bruker D8 advance diffractometer with Cu K at 

40 kV and 40 mA. Transmission electron microscope (TEM) images were carried 

out on an FEI Tecnai F20 operating at 200 kV. Raman measurements were 

made using HORIBA Scientific XploRA. A 785 nm laser was used for excitation. 

Typical spectra acquisition parameters were: laser: 785nm; Filter: 100%; Hole: 

300; Slit: 100; Grating: 1200T; RTD exposure time: 1s; Exposure time: 5s; 

Accumulation number: 3. Experiments were repeated several times on the 

same sample, and the spectra shown were representative and reproducible. 

Zeta potential was recorded on a Malvern Zetasizer Nano. X-ray photoelectron 

spectroscopy was recorded on an ESCALAB 250 XI. GC-MS was recorded by a 

5975 C produced by Agilent Technologies. Mass spectra were recorded on a 

microTOF-Q II produced by Bruker. Heating and annealing processes were 
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carried out in a muffle furnace (model 4-10 TP) produced by Shanghai Huitai 

Equipment Manufacturing Co., Ltd. An oven produced by SENXIN (model DGG-

9030AD) was used for normal drying. Centrifuging was carried out in a Sigma 

1-14 centrifuge. A Xenon light PLS-SXE 300D purchased from PerfectLight was 

used as the light source. Light intensity was measured by a PL-MW2000 

photoradiometer produced by PerfectLight. 

 

3.2 Principles of Primary Instrumentation 

UV-Vis 

Electrons in molecules can absorb the UV light energy and excite to higher anti-

bonding molecular orbitals. The UV-Vis spectrum gives information about the 

light absorbance of the sample at different light wavelengths. The absorbance 

is related to the concentration of the solution, which is described by Beer’s law: 

A=-logT=αlc 

Where A is the absorbance, T is the transmittance, α is the molar absorptivity 

(L/mol/cm), l is the path length of radiation (cm), and c is the concentration.113 

From a series of known concentrations of one substance, a linear calibration 

curve can be plotted within a proper range. Thus the UV-Vis spectrometer can 

be used for quantitative determinations. In our research, UV-Vis was used for 

measuring the absorbance and band gap of solid samples. Absorbances of 
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liquid samples were converted to weight concentration and monitored the 

process of photodegradation. 

 

FTIR 

FTIR spectroscopy is widely used for analysing the chemical bonding and 

molecular structure of organic compounds and some inorganic materials.114 It 

works based on the absorption of infrared radiations, leading to the transitions 

from the ground state to an excited state. The absorption occurs when the 

frequency of light matches the characteristic frequencies of chemical bond 

vibrations.114 For regular IR, the incident IR light, which is different single 

wavelengths, is reflected and absorbed by the sample, and the transmission 

light is detected. FTIR can collect the spectral data of all wavelengths in one 

pass.  

An FTIR spectrometer includes a detector, a source of infrared radiation, a 

beam splitter, a sample chamber, and mirrors. The FTIR collects the 

interferogram as raw data, then Fourier is transformed to produce the IR 

spectrum. ATR-FTIR uses a crystal through which IR light passes and interacts 

with the samples. In our research, FTIR was used to identify the structure of 

samples by characterisation peaks and analyse the changes of organic 

functional groups upon modifications. 
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XRD 

XRD is a non-destructive technique to obtain the crystallographic information 

of material. Basically, diffraction occurs when the photons from the X-ray are 

scattered by the atoms in the lattice. Bragg’s law115 (shown in Figure 11) gives 

an equation: 

𝑛𝜆 = 2𝑑 sin 𝜃 

Where n is the order of reflection, 𝜆 is the wavelength of incident X-ray, d is 

the spacing between the crystal planes, and 𝜃  is the glancing angle. For 

inducing an enhanced interference, the difference in path length of incident 

lights is n𝜆, and its relation to d and 𝜃 can be expressed by trigonometric 

function and finally gives Bragg’s law. The x-ray diffractometer records data 

and provides peaks, and the d-spacing can be calculated by Bragg’s law.  

 

XRD can provide clear and high signal-to-noise ratio peaks of samples. XRD 

can be used for semiquantitative analysis and identification of unknown crystals 

by comparing the characterization peaks with the database. XRD is widely used 

in drug development, geology, engineering, and materials science. The main 

limitation of XRD is that the sample must be tiny, and its accuracy towards 

small crystalline structures is poor. In our research, XRD is mainly used to 

identify the phases of samples and investigate the phase transformation 

process of TiNT under annealing.  
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TEM 

A TEM instrument comprises several components shown in Figure 12, including 

electron gun, condenser, specimen, objective lens, objective aperture, projector 

lens, and viewing screen. Electrons are fired from the electron gun down 

through the specimen, and when the electron beam interacts with the sample, 

an image is created and recorded by a charge-coupled device (CCD) camera. 

Due to wave-particle duality, electrons with high energy can behave like waves. 

Electrons can pass through the specimen and out the other side, then the beam 

is focused to form an image on the screen.  

 

TEM has many advantages. TEM can provide powerful magnification, which can 

be one million times or more, and the images are high-quality. TEM can provide 

θ 

d 

nλ/2 

Figure 11 Illumination of Bragg’s law: 𝑛𝜆 = 2𝑑 sin 𝜃, where n is the order of reflection, 𝜆 is the 

wavelength of incident X-ray, d is the spacing between the crystal planes, and 𝜃 is the glancing 

angle. 
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morphology, element information, and crystallographic information of samples. 

Therefore, TEM has many applications in a variety of fields. Despite the 

advantages, TEM has some limitations. TEM is a large machine and quite 

expensive. The operation and maintenance of it require special training. The 

samples for TEM are limited to the small specimen that is transparent to 

electrons and can be put inside the vacuum chamber, and the specimen may 

be destroyed by the intense electron beams. In our research, we used TEM 

and HRTEM to analyse the morphology and crystallographic information of 

nano-sized materials. 

 

Figure 12 Component of a TEM instrument. From top to bottom: the electron gun, condenser, 

specimen, objective lens, objective aperture, projector lens, and viewing screen, 
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Raman 

Raman spectroscopy is a technique to observe vibrational, rotational, and other 

low-frequency modes in a system. In chemistry, it is used to provide a 

fingerprint to identify molecules.116 For example, silicon shows a 

characterisation peak at 520nm.117 Figure 13 explains the basic principle of 

Raman spectroscopy. Under external light illumination, vibrations, phonons, or 

other excitations interact with light and are motivated to virtual energy states 

with higher energy. Most of them will return to their original energy level and 

release light with the same frequency as the incident light. This kind of 

scattering is called Rayleigh scattering. However, a small portion of them return 

to higher/lower energy levels and release light with a different frequency from 

the incident light. This kind of scattering is called Raman scattering. A Raman 

spectroscopy machine provides laser light, filters off Rayleigh scattering signals, 

and collects Raman scattering signals to provide a spectrum. Usually, laser light 

sources have specific wavelengths, including 532nm, 633nm, and 785nm. 
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Figure 13 Principle of Raman. Stokes and anti-Strokes Raman scattering are caused by the 

excitations going back to higher/lower energy levels and releasing light with a different 

frequency from the incident light. 

 

With the development of laser technology, Raman spectroscopy has been 

widely used for identifying molecules and collecting structure information of 

samples. However, the low intensity of Raman signals has become a limitation. 

Surface enhanced Raman scattering (SERS) is a technique that enhances 

Raman scattering signals of molecules by adsorbing on support materials. 

Typically, the support materials are based on noble metals, such as gold tips 

and gold nanoparticles. In the literature, the exact mechanism of SERS is still 

a matter of debate. There are two main theories to explain the SERS. 
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Electromagnetic (EM) theory explains that SERS is caused by an enhancement 

in the electric field provided by the surface plasmon like AuNPs.99 Chemical 

theory explains the SERS by charge transfer complex formed between the 

substrate and the detected molecules. 

 

The enhancement factor (EF) of SERS is calculated by equation (10)118-121, 

where ISERS and I0 are the intensities of the selected Raman peak in relevant 

spectrums. NSERS and N0 are the average number of molecules in scattering for 

SERS and normal measurement. Equation (11)122 shows the calculation of NSERS 

and N0 under an assumption that the probed molecules disperse uniformly on 

the substrates. N is the number of molecules, C is the molar concentration of 

the probed solution, V is the volume of droplet, NA is the Avogadro constant 

which is 6.22*1023
 particles per mole, and Sscan and Ssub are the areas of laser 

spot and substrate, respectively. The radius of the laser spot is calculated by 

Equation (12), where λ is the wavelength of laser light and NA is the microscope 

numerical aperture of the lens. 

               𝐸𝐹 =  
𝐼𝑠𝑒𝑟𝑠/𝑁𝑠𝑒𝑟𝑠

𝐼0/𝑁0
                          (10) 

           𝑁 = 𝐶𝑉𝑁𝐴𝑆𝑠𝑐𝑎𝑛/𝑆𝑠𝑢𝑏                  (11) 

   𝑅𝑠𝑝𝑜𝑡 = 1.22 × 𝜆/𝑁𝐴                      (12) 
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In our research, the Raman technique was used to provide structural 

information of TiNT and modified TiNT samples and investigate the surface 

enhanced Raman scattering caused by the TiNT-catechol systems. 

 

3.3 Sample preparation and Analysis Methods 

UV-Vis 

For solid samples, the powder was firstly dispersed in water in small sample 

vials by ultrasonication. Then several drops of dispersion were dropped on glass 

slides and dried at 50oC for 30 mins. For liquid samples, the liquid was put in a 

quartz cuvette and measured.  

 

The UV-Vis data was imported into OriginPro and plotted. Band gaps of samples 

were calculated by two methods. One method was plotting a tangent line of 

absorption edge and reading the point of intersection of the tangent line of the 

linear part of the plot and the X-axis. The resulted value of wavelength (in nm) 

was converted to band gap energy (in eV) by the equation: Eg=h*c/λ, where 

Eg is the band gap, h is the Planks constant (6.626*10-34 J/s), c is the speed of 

light (3*108 m/s), and λ is the wavelength. This equation can be simplified to 

Eg=1240/λ. Another method is the Tauc plot. The Y-axis is (αhv)(1/n), where 

n=0.5 for direct semiconductors and α is the absorption coefficient derived 
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from UV-Vis absorbance via Beer’s law. The X-axis is hv derived from the 

wavelength. The point of intersection of the tangent line of the linear part of 

the plot and the X-axis indicates the band gap. For degradation results, a 

correction curve was firstly fitted and plotted by measuring the absorbance of 

known concentrations of methylene blue. The absorbances of degradation 

samples were converted to weight concentrations, then being plotted and 

compared. 

 

NMR  

Insoluble powder samples were directly measured for solid-state NMR. Soluble 

organic samples were dissolved in the deuterated solvents and transferred to 

NMR tubes. 

 

NMR results were analysed using TopSpin. The general analysis process was as 

follows. The peaks of Deuterium reagent and tetramethylsilane (TMS) addition 

were used as a reference for calibration. The solvent peaks were identified 

based on a table of NMR chemical shifts of common solvent123. Other peaks 

were assigned as organic functional groups based on their chemical shifts and 

compared with reference compounds to monitor organic reactions and identify 

the product and by-product. 
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FTIR 

Powder samples were directly measured for ATR-FTIR. For normal FTIR, the 

solid sample was mixed with KBr and ground into a fine powder, and then the 

powder was pressed to tablets and measured. 

 

FTIR data were imported and plotted by OriginPro. Characterisation peaks of 

organic functional groups were compared and identified by literature/database. 

The samples were compared to each other to show the appearance or 

disappearance of peaks, which indicated the changes of functional groups and 

the type of reactions. 

 

XRD 

Powder samples were ground and put on sample holders, then pressed to form 

flat surfaces. 

 

XRD data were plotted by OriginPro. The peaks were compared with the 

literature and JCPDS (The Joint Committee on Powder Diffraction Standards) 

database for identifying the phase of samples. The samples were compared to 

each other for indicating the phase changes during the surface modification 

and annealing process. 
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TEM 

Samples were dispersed in ethanol and ultrasonicated for 15 mins. Then a tiny 

amount of dispersion was dropped on an ultrathin carbon film supported copper 

grid and dried under a heating lamp. 

 

TEM images were processed by GMS3, and the d-spacing of the selected area 

was measured by the software. The measured d-spacing was further compared 

with literature and XRD results. 

 

Raman 

For solid samples, the powder was put on the centre of glass slides and focused 

via both microscope and laser spot. For liquid samples, a flat metal plate was 

firstly measured as a background. Several drops of liquid samples were dropped 

on the centre of the metal plate, focused by laser, and were measured 

immediately to minimise the effects of evaporating.  

 

Raman data were plotted by OriginPro. Characterisation peaks were compared 

and assigned according to literature results. Samples were compared to each 

other for investigating the enhancement of signals. 

Zeta potential 
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Samples were prepared by dispersing solid samples in water followed by 

ultrasonication for 30 minutes. The dispersion was transferred to a sample cell 

then measured. 

 

Zeta potential directly gives values without process. The figures were plotted 

by OriginPro.  

 

XPS 

Powder samples were placed/pressed on tape then measured. 

 

XPS data were plotted by OriginPro. The peaks were split and fitted based on 

the binding energy of the orbitals of each element. The areas of peaks were 

calculated by the software. Samples were compared to each other and 

literature results to indicate the changes of samples upon modification. 

 

GC-MS 

Samples were dissolved in organic solvent then transferred to sample vials. 

 

Peaks from the resulting GC chromatogram were analysed one by one. Each 

GC peak contained a mass spectrum. The peaks from each mass spectrum 

were compared with the molecular weight of organic compounds.  
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Mass Spectrum (Q-TOF) 

Samples were dissolved in organic solvent then measured. 

 

For each spectrum given by Q-TOF, the peaks were compared with the 

proposed molecular weight of each organic product. Organic compounds were 

identified when the exact value of molecular weights was found from Q-TOF. 
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Chapter 4: Surface Enhanced Raman 

Scattering 

4.1 Preface 

In this chapter, based on our previous research of TiNT-dopamine system33, 

the structures of the modifiers of TiNT were extended to other catechol 

compounds, including 3,4-dihydroxybenzoic acid, 4-nitrocatechol, and 3-

hydroxytyrosol. By investigating the characterization of the TiNT-catechol 

system, selective surface enhanced Raman scattering of systems were reported, 

and the reasons were further discussed. The outcome of this chapter was 

published as follows: Liu, R.;  Morris, E.;  Cheng, X.;  Amigues, E.;  Lau, K.;  

Kim, B.;  Liu, Y.;  Ke, Z.;  Ashbrook, S. E.;  Bühl, M.; Dawson, G., SERS of 

Trititanate Nanotubes: Selective Enhancement of Catechol Compounds. Chem. 

Select, 2018, 3 (28), 8338-8343. 

 

4.2 Experimental Section 

Materials 

Titanium dioxide (anatase) and dopamine hydrochloride were purchased from 

Sigma-Aldrich. 4-Nitrocatechol, 3,4-dihydroxybenzoic acid and 3-

hydroxytyrosol were purchased from Aladdin. Concentrated HCl solution and 
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ethanol were purchased from Sinopharm. NaOH was purchased from Greagent. 

Teflon vessels and autoclaves were purchased from Tansoole. Clear glass 

sheets were purchased from Fisher Scientific. Ultrapure water was produced by 

an Advantage A10 water purification system from EMD Millipore. Ultrathin 

carbon film supported copper grids were purchased from Beijing XXBR 

Technology Co., Ltd. 

 

Synthesis 

Synthesis of TiNT was carried out based on a literature procedure61.   

Experimentally, anatase TiO2 (1 g) was added to 10 M NaOH solution (20 mL), 

and the resultant slurry was stirred at room temperature for at least 30 min to 

disperse TiO2 powder well. Then the mixture was transferred into a Teflon 

vessel, and the vessel was sealed in a metal autoclave. Next, the autoclave 

was placed in an oven at 140 oC. After 72 hours, the autoclave was taken out 

of the oven and cooled under running water. The white solid in the Teflon 

vessel was removed and washed with distilled water, 0.1 M HCl solution, and 

finally with a large amount of distilled water until the pH value of the filtrate 

was 7. The solid was then collected, dried at 60 oC, and finally ground into fine 

powder. 
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Surface modification of TiNT: Typically, TiNT was suspended in ultrapure water, 

then 10 wt.% of organic compound was added. For TiNT-3,4-dihydroxybenzoic 

acid, TiNT-4-Nitrocatechol and TiNT-3-hydroxytyrosol, the mixture was stirred 

under room temperature overnight. The resulting solid was filtered, washed 

with water (50 mL) and ethanol (20 mL) to remove any excess ligand. The solid 

was then collected, dried at 60 oC and finally ground into fine powder. 

 

 

4.3 Results and Discussions 

In our previous research, two models for self-assembled dopamine on the 

surface of TiNT were proposed: monodentate model interacted through 

hydrogen bonds shown in  

 

 

 

 

 

 

Figure 14(a) and bidentate model linked by π-π stacking shown in  
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Figure 14(b).33 Dopamine monomer units have shown a close-packed 

arrangement on the TiNT surface via the two ortho hydroxyl groups on the 

aromatic ring: the catechol structure.33 In this chapter, a series of catechol 

compounds functionalized TiNT systems were synthesized, and it is found that 

the functional groups on the sidechain of catechol compounds were of decisive 

significance to the surface enhanced Raman scattering (SERS) effect. Figure 

15 shows the chemical structure of dopamine, 3-hydroxytyrosol, 3,4-

dihydroxybenzoic acid and 4-nitrocatechol. All these compounds contain the 

catechol sub-structure and different functional groups attached to the benzene 

ring. Dopamine and 3-hydroxytyrosol have carbon chains with ending groups  

on the aromatic rings, while the other two have functional groups directly 

attached to the ring. 
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Figure 14 (a) monodentate model of TiNT-dopamine system: one hydroxyl group attach to 

TiNT and the other hydroxyl group interact with other dopamine molecules through hydrogen 

bonds; (b) bidentate model of TiNT-dopamine system: two hydroxyl groups attached to TiNT 

and dopamine molecules interact through π-π stacking 33 (Figure reprinted with the permission  

of John Wiley and Sons, ref 33) 

 

 

 

Figure 15 Structures of dopamine, 3-hydroxytyrosol, 3.4-dihydroxybenzoic acid and 4-

nitrocatechol. They all contain a catechol structure, but the ending groups are different. 

 

Optical Property 

Figure 16 shows the colour of the samples. Before modification, the TiNT and 

modifier were white except 4-nitrocatechol, which was light yellow. During the 
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modification, rapid colour changes of the reaction mixture were observed, with 

the colours of products ranging from light brown to dark brown. Figure 17 

shows the solid UV-Vis of catechol functionalized TiNT systems. Before 

modification, the TiNT showed almost no absorbance within the range 400-800 

nm, which is a visible light range due to its large band gap. After modification, 

all three TiNT-catechol systems showed a similar profile: a charge transfer 

band124 dominating the visible range of the spectrum up to 600 nm and a 

shoulder leading into the band edge at around 380 nm. Among the TiNT-

catechol samples, TiNT-4-nitrocatechol showed the highest intensity of the 

shoulder. However, the UV-Vis absorbance of these samples was close. This 

indicated a similar attachment mode for all samples, which was expected for 

the selection of catechol modification compounds. Similar charge transfer 

bands and the formation of charge transfer between TiO2 and absorbed organic 

compounds were reported by researchers.124-127 Therefore, the colour changes 

and UV-Vis absorbance were explained by the formation of the charge transfer 

complex of the TiNT-catechol system. 
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Figure 16 Photos of TiNT-catechol samples from left to the right: TiNT, TiNT-3,4-

dihydroxybenzoic acid, TiNT-4-nitrocatechol, TiNT-3-hydroxytyrosol, and TiNT-dopamine. TiNT 

is white when the TiNT-catechol compounds show colours from light brown to dark brown. 
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Figure 17 UV-Vis absorbance of catechol functionalized TiNT systems. TiNT-catechol samples 

show charge transfer band124 dominating the visible range of the spectrum up to 600 nm and 

a shoulder at around 380 nm. 

 

Solid-State NMR 

To investigate the binding mode between catechol compounds and TiNT, 13C 

NMR of organic molecules and TiNT-catechol samples were measured and 

compared. Because the modified TiNT samples could not dissolve in any 

common deuterated solvents, solid-state NMR was used instead of liquid-state 

NMR. The ssNMR spectra of modified TiNT samples and their starting materials 

are shown in Figure 18 (a)-(f), and the spectra indicated the attachment of 
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organic molecules on TiNT, as previously observed for TiNT-dopamine.33 This 

was identified through peaks shifting to higher ppm values, which were caused 

by the replacement of C-OH bonds by C-O-Ti bonds. In TiNT-dopamine33 and 

these three TiNT-catechol systems, the peak of C-OH could still be found, which 

indicated the presence of monodentate attachment. Downshifting of an 

aromatic carbon signal was observed and explained by π-π stacking of the 

monomers on the nanotube surfaces.  

 

For the starting material 3,4-dihydroxybenzoic acid shown in Figure 18 (a), the 

13C solid-state NMR peaks were assigned as follows: the carbon atom in the 

carboxylic acid group at δ = 174.7 ppm, the two aromatic carbon atoms 

attached to the hydroxyl groups at δ = 151.5 and 143.1 ppm, and the other 

four aromatic carbon atoms at δ = 126 (two peaks overlapped), 119.6 and 

116.5 ppm. After functionalization, the signals of the carboxylic acid group 

shifted to a lower ppm value, which was 171.6 ppm. The two hydroxyl carbon 

signals shifted to larger ppm values, which were 163.6 and 156 ppm, and the 

shift indicated the replacement of the C-OH bonds to C-O-Ti bonds. The signals 

of the other four aromatic carbon atoms shifted to δ = 124.8, 121, 112 and 

105 ppm, which were lower compared to the starting material. 
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For the starting material 4-nitrocatechol, shown in Figure 18 (c), the 13C solid-

state NMR were assigned as follows: the two aromatic carbon atoms attached 

to the hydroxyl groups at δ = 151.1 and 143.2 ppm, the nitro functionalized 

aromatic carbon at δ = 140.4 ppm, and the other three aromatic carbon atoms 

at δ = 119.6, 117.2, and 111.6 ppm. After functionalization, the two hydroxyl 

carbon signals shifted to larger ppm values, which were 167.2 and 156.8 ppm, 

and indicated the replacement of the C-OH bonds to C-O-Ti bonds. The other 

three aromatic carbon atoms’ signals shifted to δ = 120.1, 111.8, and 107.6 

ppm. 

 

For the starting material 3-hydroxytyrosol, shown in Figure 18 (e), the peaks 

were assigned as follows: the two aromatic carbon atoms attached to the 

hydroxyl groups at δ = 144.9 and 143.5 ppm, the chain functionalized carbon 

at δ = 133 ppm, the other three aromatic carbon atoms at δ = 122.7, 119.2 

and 116.8 ppm, and the carbon atoms in the carbon chain at δ = 64.2, and 

37.8 ppm. After functionalization, the two hydroxyl carbon signals shifted to 

larger ppm values, which were 156.8 and 154.8 ppm, and indicated the 

replacement of the C-OH bonds to C-O-Ti bonds. The other three aromatic 

carbon atoms’ signals shifted to δ = 132.6, 120.8 and 114.8 ppm. The peaks 

which stood for the carbon chain were still present. 



80 
 

 

Figure 18 ssNMR spectrum of (a) 3,4-dihydroxybenzoic acid, (b) TiNT-3,4-dihydroxybenzoic 

acid, (c) 4-nitrocatechol, (d) TiNT-4-nitrocatechol, (e) 3-hydroxytyrosol and (f) TiNT-3-

hydroxytyrosol. The spectra indicated the attachment of organic molecules on TiNT by the 

shifting of peaks. 

 

Fourier Transfer Infrared Spectroscopy  

To support ssNMR results, Fourier Transfer Infrared Spectroscopy was used to 

indicate the changes in functional groups upon surface modification. Figure 19 
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shows FTIR absorbance of (a) dopamine & TiNT-dopamine33, (b) 4-

nitrocatechol & TiNT-4-nitrocatechol, (c) 3,4-dihydroxybenzoic acid & TiNT-3,4-

dihydroxybenzoic acid, and (d) 3-hydroxytyrosol & TiNT-3-hydroxytyrosol. It 

can be observed from Figure 19 (a) that after surface modification, the peak 

at about 1320 cm-1 disappeared, which was assigned as an OH bend.33 This 

phenomenon was explained by the replacement of the C-O-H bond by the C-

O-Ti bond.  

 

FTIR absorbance of the other three organic modified TiNT samples and their 

starting materials were measured and compared. For TiNT-4-nitrocatechol 

system, which is shown in Figure 19 (b), the OH bend peaks exist in both 

unmodified and modified samples. The OH bend peak remaining in TiNT-4-

nitrocatechol was explained as mono attachment of hydroxyl group on TiNT 

surface: one hydroxyl group attached to titanium, and the other hydroxyl group 

was still there. However, on the other side, the OH bend peak could not be 

found in the other samples. Because of the low loading amounts of organic 

molecules on the TiNT surface (below 10 wt.%), FTIR signals of modified TiNT 

samples were poor and not of a similar magnitude to the organic samples. As 

a result, the comparations of FTIR spectra were aimed to support the binding 

model proposed by ssNMR. 
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Figure 19 FTIR of (a) dopamine and TiNT-dopamine33, (b) 4-nitrocatechol & TiNT-4-

nitrocatechol, (c) 3,4-dihydroxybenzoic acid & TiNT-3,4-dihydroxybenzoic acid, and (d) 3-

hydroxytyrosol & TiNT-3-hydroxytyrosol. The weakening of OH peaks indicated the 

replacement of the C-O-H bond by the C-O-Ti bond. (Figure reprinted with the permission of 

John Wiley and Sons, ref 33) 

 

X-Ray Diffraction 

XRD patterns of TiNT and catechol modified TiNT are shown in Figure 20. The 

spectrum of modified TiNT was assigned as follows61: the broad peak at 2θ = 

25o and 28o corresponded to the nanotube interlayer spacing (110) and (310), 

and the peak at 2θ = 48o corresponded to the hydrogen titanate compounds 
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(020). Bragg’s law128 describes the relationship between scattering angle (θ) 

and interplanar distance (d): nλ = 2d sin 𝜃. n is the order of diffraction which 

was 1, and λ is the wavelength of X-ray which was 0.15406 nm. After 

modification, a broad peak centred at 28o can be observed instead of sharp 

peaks. It can be calculated that the d spacing is 3.18 Å. This number is within 

the expected range for - stacking129. The peak at 2θ = 48o
 did not change 

upon modification, which indicated that the TiNT structure did not change. The 

new peak at 2θ = 13o
 was assigned as the interaction between the layers of 

nanotubes. No significant difference between the three modified samples was 

found, which means the crystal structure of modified samples were not 

determined by the ending functional groups of the modifier. 
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Figure 20 XRD patterns of TiNT and TiNT-catechol. TiNT: peaks at 25o and 28o are the nanotube 

interlayer spacing (110) and (310); peak at 48o is the hydrogen titanate compounds (020). 

TiNT-catechol: broad peak at 28o is caused by - stacking; new peak at 13o
 is the interaction 

between the layers of nanotubes 

 

Transmission Electron Microscopy 

Figure 21 shows transmission electron microscopy (TEM) images of (a) TiNT, 

(b) TiNT-dopamine33 and (c) & (d) TiNT-4-nitrocatechol. TEM shows the 

morphology of unmodified and modified TiNT. It was observed that the single 

nanotubes had a diameter around 10 nm and various lengths around 100 nm. 

The morphology of nanotubes did not change upon surface modification. Walls 

of the scrolled nanotubes could be found as the dark area around nanotubes. 

Bright edges were found for the modified samples, which may be thin 

amorphous coatings of 1-2 nm. However, the lattice spacings of samples were 
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indistinct. This was due to the poor crystallinity of TiNT, which was also shown 

from XRD patterns with low intensity. 

 

 

Figure 21 TEM images of (a) TiNT, (b) TiNT-dopamine33 and (c) & (d) TiNT-4-nitrocatechol. 

The nanotube has a diameter around 10 nm and a length around 100 nm. The morphology 

of nanotubes did not change upon surface modification. (Figure 21 (b) was reprinted with the 

permission of John Wiley and Sons, ref 33) 

 

Loading Amount 

For identifying the loading amounts of organic compounds on the TiNT surface, 

thermogravimetric analysis (TGA) and CHN elemental analysis were used, and 

the results were compared. TGA is a technique for measuring the mass of a 



86 
 

sample over time when the temperature changes130. During the heating 

process, surface water and organic compounds were lost and purged out from 

the crucibles. As a result, the weight changes given by TGA can indicate the 

weight of surface water and the loading amount of the organic modifier. Figure 

22 shows the TGA temperature-weight% loss curve of TiNT (a) and TiNT-3,4-

dihydroxybenzoic acid (b). Figure 22 (a) shows two segments: TiNT lost surface 

water up to around 150 oC and continuously lost water on the internal nanotube 

surfaces until around 350 oC. The total wt. % loss was 13.3%. This result was 

comparable to the results from our previous result of TiNT, which was 11 wt. % 

loss of water up to 300 oC33. From Figure 22 (b), it can be seen that TiNT-3,4-

dihydroxybenzoic acid had an additional loss of 4.7 wt. %, which was attributed 

to the loss of 3,4-dihydroxybenzoic acid on the nanotube surfaces. 

 

 

Figure 22 TGA Temperature-Weight % curves of (a)TiNT and (b)TiNT-3,4-dihydroxybenzoic 

acid. TiNT lost 13.3 wt. % of water up to 350 oC, when TiNT-3,4-dihydroxybenzoic acid had an 

additional loss of 4.7 wt. % as loss of 3,4-dihydroxybenzoic acid on the nanotube surfaces. 
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CHN elemental analysis measures the wt. % of elements by combustion of 

samples. Carbon, hydrogen, and nitrogen elements from the organic compound 

were oxidized in the air under 900 oC, and the element amounts were measured 

by detecting their oxide. By this method, wt. % of organic loaded on nanotubes 

were calculated and compared with the results from TGA. Table 2 shows the 

CHN element analysis results of modified TiNT samples, which were calculated 

based on the weight percent of carbon. The overall weight percent of organic 

were various from 2.07 to 4.3 wt. %.  For 3,4-dihydroxybenzoic acid, CHN 

elemental analysis showed the weight percent of organic was 3.05 wt. %, 

which was lower than the result from TGA (4.7 wt. %). It was proposed to be 

caused by the status and accuracy of the two techniques, but the results fell 

within the expected range. 

Table 2 CHN Elemental Analysis of modified TiNT samples 

TiNT-+ N % C% H% Organic 

Molecule 

Formula 

MW Calculated 

wt.% 

3,4-dihydroxybenzoic 

acid 

0.02 1.66 1.908 C7H6O4 154.12 3.05 

4-nitrocatechol 0.27 1.80 1.906 C6H5NO 155.11 3.88 

3-hyroxytyrosol 0.02 1.29 1.879 C8H10O3 154.17 2.07 

dopaminea    C8H11NO2 153.18 4.3 

aData from reference33 
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Surface Enhanced Raman Scattering 

Surface Enhanced Raman Scattering (SERS) of enediol ligands including 

dopamine, salicylate, acetylacetone, and benzoate attached to TiO2 

nanoparticles was reported, which is caused by the formation of a charge 

transfer complex.124, 131 In this project, a similar enhancement was observed 

on TiNT. However, it depended on the structure of the catechol ligands on TiNT. 

Raman signals of 3,4-dihydroxybenzoic acid and 3-hydroxytyrosol at 

concentrations of 0.1 M were recorded. Due to the poor solubility of 4-

nitrocatechol, its concentration was lower than 0.1 M but was on the same 

order of magnitude. 0.1 M of modifiers equates to a wt.% of 1.5%, which was 

of a similar magnitude to the catechol modified samples compared with the 

above loading amounts results by CHN analysis and TGA. 

 

Figure 23 (a) and (b) shows the enhanced Raman signals observed for TiNT-4-

nitrocatechol and TiNT-3,4-dihydroxybenzoic acid. The enhancement of signals 

was ~10 fold for TiNT-3,4-dihydroxybenzoic acid and ~75 fold for TiNT-4-

nitrocatechol. For the other two systems, which were TiNT-dopamine and TiNT-

3-hydroxytyrosol, although they had shown similar UV-Vis spectra, no 

distinguishable Raman enhancement could be observed. The differences 

between 4-nitrocatechol, 3,4-dihydroxybenzoic acid, 3-hydroxytyrosol and 

dopamine (structures are shown in Figure 15) are the proximity and properties 
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of side chains to the benzene ring. The nitro group is a strong withdrawing 

group, and the carboxylic acid group is a moderate electron withdrawing group, 

while the alkyl side chains with amide and hydroxyl groups are electron 

donating groups. In this project, only the catechol compounds which contained 

a directly attached functional group on the benzene ring showed SERS. 

 

The assignment of Raman spectra was based on the literature.132-134 For TiNT-

4-nitrocatechol, the bands from 1100 cm-1 to 1600 cm-1 were assigned as 

follows: NO2 bend (~823 cm-1), phenolate C-O stretch (~1274 cm-1), stretching 

between the two hydroxyl carbons on the benzene ring (~1475 cm-1), and 

skeletal modes of the benzene ring (~1322 cm-1, 1419 cm-1, and 1564 cm-1). 

Similarly, the bands of TiNT-3,4-dihydroxybenzoic acid were assigned as the 

phenolate C-O stretch (~1279 cm-1), stretching between the two hydroxyl 

carbons (~1482 cm-1), and skeletal modes of the benzene ring (~1330 cm-1, 

1430 cm-1, and 1584 cm-1). Bands in the range of 1100-1600 cm-1 showed 

enhancement and were the modes associated with ligand to metal charge 

transfer124, 132, 133. Figure 23 (c) shows the comparison of TiNT and TiNT-4-

nitrocatechol. The bands of TiNT-4-nitrocatechol below 750 cm-1 were highly 

relevant to TiNT. Besides these bands, the peak at around 820 cm-1 was 

interesting. In 4-nitrocatechol and TiNT-4-nitrocatechol systems, this peak was 

assigned as a NO2 bend. This peak was observed in TiNT-3,4-dihydroxybenzoic 
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acid. However, there is no peak around this wavenumber observed in 3,4-

dihydroxybenzoic acid or the unmodified TiNT. This peak was proposed to be 

caused by the changes of the symmetry of the nanotube surface upon 

attachment, so it was proposed to be Ti-O-Ti framework stretching. 

 



91 
 

 

Figure 23 Raman spectra of (a) 4-nitrocatechol (0.1 M) and TiNT-4-nitrocatechol. (b) 3,4-

dihydroxybenzoic acid (0.1 M) and TiNT-3,4-dihydroxybenzoic acid. (c) TiNT and TiNT-4-

nitrocatechol. The enhancement of signals was ~10 fold for TiNT-3,4-dihydroxybenzoic acid 

and ~75 fold for TiNT-4-nitrocatechol. 
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The reason for enhancement was explained by the formation of the charge 

transfer complex, which is the chemical mechanism of SERS. The reason for 

selective SERS on TiNT was further investigated by DFT calculation. DFT 

calculation was carried out by a cooperative research group at the University 

of St. Andrews, and the results are shown in Figure 24135. In this figure, the 

HOMO of the TiNT-catechol system was given by the catechol compounds, and 

the LUMO was given by semiconductor LUMO. Thus, the charge transferred 

from organic HOMO to semiconductor LUMO and formed a charge-transfer 

complex. The HOMO and LUMO positions of TiNT-catechol, TiNT-4-

nitrocatechol and TiNT-dopamine were computed, and the band gaps were 

1.35 eV, 1.62 eV and 1.88 eV, respectively. In the experiments, the wavelength 

of the laser used for Raman was 785 nm, which corresponded to 1.58 eV. SERS 

was observed for TiNT-4-nitrocatechol but not for TiNT-dopamine. It was 

proposed that the energy of the excitation laser was not enough to promote 

the electrons from the valence band of TiNT-dopamine to cross the band gap. 

Thus, no SERS was observed for TiNT-dopamine. 
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4.4 Conclusion 

In this chapter, TiNT was firstly synthesized from anatase, then modified by 

organic modifiers including dopamine, 4-nitrocatechol, 3,4-dihydroxybenzoic 

acid and 3-hydroxytyrosol. The modified samples showed various colours when 

the TiNT was a white powder. UV-Vis absorbances of samples had shown no 

changes of the band gap when new absorbance shoulders were found and 

explained by the formation of charge transfer complex between TiNT and 

organic modifiers. Solid-State NMR was used for indicating the binding model, 

which was a monodentate attachment, of catechol compounds on TiNT. The 

binding model was also supported by FTIR. From XRD patterns were found 

poor crystalline and layer spacing peak of modified samples. The morphology 

of nanotubes does not change upon surface modification according to TEM and 

high resolution TEM images. TGA and CHN were used to identify the loading 

amount of catechol modifiers on TiNT, and their results were comparable and 

have supported each other. SERS was observed on TiNT, and it depended on 

the structure of the enediol ligands. Enhanced signals were reported for TiNT-

4-nitrocatechol and TiNT-3,4-dihydroxybenzoic acid but not for TiNT-dopamine 

and TiNT-3-hydroxytyrosol. The enhancement was explained by the formation 

of the charge transfer complex from UV-Vis absorbance and DFT computation 

results. The organic compounds provided valence band when the 

semiconductor provided conduction band of the sub-band state. The selectivity 
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was explained by the insufficient energy level of 785 nm laser for activating 

TiNT-dopamine, which has a larger HOMO-LUMO energy gap than TiNT-4-

nitrocatechol based on DFT computation results. 

 

  



96 
 

Chapter 5: C3N4-TiNT Nanocomposite 

5.1 Preface 

Graphitic carbon nitride (g-C3N4) is a metal-free polymer n-type semiconductor. 

The band gap of g-C3N4 is 2.7 eV, which means it can absorb light with a 

wavelength smaller than 460 nm. However, it was reported that the efficiency 

of water splitting of g-C3N4 is low, which was caused by low surface area and 

high recombination rate of photo-generated electron-hole pairs.81 In this 

chapter, g-C3N4 was mixed with TiNT to form a nanocomposite. 

Characterizations of composites were measured, and photodegradation of 

methylene blue by composites was tested. The phase transformation of TiNT 

by annealing was also investigated. TiNT-dopamine was used instead of TiNT 

for achieving better interaction with C3N4 via the amino ending group and for 

better dispersion and visible light absorbance. 

 

5.2 Experimental Section 

Materials 

Urea and methylene blue were purchased from Tokyo Chemical Industry. 

Aluminium crucibles were purchased from Tansoole. Other materials used in 

this chapter were the same as the previous chapter. 
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Synthesis of g-C3N4 

Synthesis of g-C3N4 was carried out based on literature method.136 10 g of urea 

was added into a 50 mL alumina crucible (with cover) then heated under 550 

oC or 4 hours respectively in a muffle furnace. The heat-up rate was at 3 K/min. 

Then the crucible was left in the furnace until it cooled down to below 50 oC. 

Next, the resultant yellow loose solid was transferred to a mortar and ground 

to a fine powder. During this process, the product was easily lost because the 

powder was too light. As an improvement, the resultant solid in further 

reactions was transferred into clean storage bags instead to avoid losing. This 

synthesis was repeated several times, and the resultant amounts of product 

were various from 0.07 g to 0.31 g. 

 

Synthesis of protonated g-C3N4 (p-C3N4) 

0.2 g of g-C3N4 was dispersed in 40 mL of ultrapure water, then 40 mL of 1 M 

HCl solution was added dropwise. The mixture was sonicated at room 

temperature for 0.5 h. The mixture was transferred into centrifuge tubes, 

centrifuged for 10 minutes under 2000 rpm, then the liquid was removed, and 

the centrifuge tubes were refilled with ultrapure water. Centrifuge washing was 

repeated until the pH value of the liquid reached 4. The mixture was finally 

filtered, and the resultant yellow powder was collected and labelled as p-C3N4, 
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Synthesis of C3N4-TiNT nanocomposite 

Following is a general synthesis method of C3N4-TiNT nanocomposite. The 

detailed using amount of chemicals varied depending on the sample. 0.05 g of 

g-C3N4 (or p-C3N4) was added into 200 mL of ultrapure water in a beaker, and 

the mixture was ultrasonicated for 30 minutes to produce C3N4 suspension. In 

another beaker, 0.15 g of TiNT (for 1:3 C3N4:TiNT sample) was dispersed in 

500 mL of ultrapure water by ultrasonication and stirring. The well-dispersed 

suspension was added into the C3N4 suspension dropwise under vigorous 

stirring. The undispersed TiNT bulk was mixed with more water to disperse and 

added into C3N4 suspension later. The resultant mixture was stirred overnight 

at room temperature. Finally, the white solid was filtered off, washed with a 

small amount of water, dried at room temperature, and collected. These 

samples were labelled as a format ‘p/g-C3N4-TiNT-ratio’ like ‘p-C3N4-TiNT’-1:2, 

where ‘p’ means protonation, and ‘g’ means graphitic. For C3N4-TiNT-dop 

samples, TiNT-dopamine (synthesis procedures were discussed in the previous 

chapter) was used instead of TiNT in syntheses. 

 

Synthesis of heated C3N4-TiNT nanocomposite 

The C3N4-TiNT samples were transferred into 50 mL crucibles (with cover) and 

heated under 300 or 400 oC in a furnace for 4 hours with a heat-up rate of 
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3K/min. The crucibles were left in the furnace until cooling down to below 50 

oC, and then the resultant powder was collected without further treatment. 

These samples were labelled as a format ‘p/g-C3N4-TiNT-ratio-temperature’, 

such as ‘p-C3N4-TiNT-1:2-400’. 

 

Synthesis of heated TiNT samples 

0.5 g of as-prepared TiNT (synthesis procedures were discussed in the previous 

chapter) was added into a 50mL alumina crucible (with cover) and heated 

under 150/200/250/300/350/400/450/500/550/600 oC for 4 hours respectively 

in a muffle furnace. The heat-up rate was 3K/min for all samples. Then the 

crucible was left in the furnace until it cooled down to below 50 oC. The 

resultant powder was further ground and collected and labelled as TiNT-150, 

TiNT-200, etc. 

 

Photodegradation of Methylene Blue 

The setup of photodegradation is shown in Figure 25. The distance between 

reactor and light source was controlled at 120 cm, and the light was focused 

on the middle of the reactor. The current of the lamp was set to 13 A. For the 

photodegradation under visible light, a 400 nm cut-off filter was applied to the 

lamp holder. The light intensity was measured by a photoradiometer as 69.7 

mW, and the detective pore diameter was 2 cm. The amount of incident light 
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energy upon the detector was calculated as 22.2 mW/cm2. The area of light 

illumination on the beaker was estimated as 35 cm2, and thus the estimation 

of incident light energy was 0.78 W. 

 

The photodegradation experiments were carried out in the same procedures. 

In the reactor, which was a quartz beaker, 10 mg of the photocatalyst was 

firstly weighted out by an analytical balance and mixed with 100 mL of 

methylene blue solution (10 mg/L), then the mixture was sonicated for 10 

minutes for dispersion. Next, the mixture was stirred for 2 hours in darkness, 

followed by illuminating under light for 5 hours. 

 

For the investigation of the photodegradation pathway, 100 mg of TiO2 was 

mixed with 100 mL of methylene blue solution and illuminated under full-range 

light for 5 hours. Then the solid was filtered off then the filtrate was 

concentrated and transferred to a small vial for GC-MS testing. 
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5.3 Results and Discussions 

5.3.1 Protonation of g-C3N4 

The protonation process aimed to improve the mixing of TiNT and carbon 

nitride. The Zeta potential of TiNT, g-C3N4 and p-C3N4 were measured, and the 

results are shown in Figure 26. TiNT has a negatively charged surface, which 

has a zeta potential of -27.3 mV. g-C3N4 showed a zeta potential of 1.6 mV, 

which means it has a nearly neutral surface. The zeta potential of p-C3N4 was 

23.2 mV and proved that the protonation occurred. The alternation of neutral 

surface to positively charged surface indicated that the protonation could 

promote the electrostatic adhesion of TiNT and C3N4. 

 

Figure 25 Setup of photodegradation. Total power of Xe lamp is 300 W, and the distance 

between reactor and lamp is 120 cm. 
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Figure 26 Zeta potential of TiNT (-27.3 mV, a negatively charged surface), g-C3N4 (1.6 mV, a 

nearly neutral surface) and p-C3N4 (23.2 mV, a positively charged surface). 

 

For g-C3N4, it contains abundant nitrogen with lone pairs. The UV-Vis spectra 

of protonated C3N4 and composite prepared from p-C3N4 compared with 

unprotonated samples are shown in Figure 27 (a) and (b), respectively. From 

UV-Vis, no obvious difference of absorbance band position could be found for 

both p-C3N4 and the composite prepared from p-C3N4, which means the 

protonation process of g-C3N4 did not change the band gap. Figure 28 shows 

the XRD patterns of p-C3N4-TiNT-1:3 compared with the same ratio composite 

prepared from the unprotonated g-C3N4. From the patterns, no obvious 

differences could be found, which means the protonation process did not 
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change the phase of samples. No property changes have been observed upon 

protonation, and thus the uses of p-C3N4 and g-C3N4 were not specifically 

mentioned in the following discussion. 

 

 

 

 

Figure 28 XRD of p-C3N4-TiNT-1:3 (top); g-C3N4-TiNT-1:3 (bottom). The XRD patterns show no 

obvious difference, which means the protonation process did not change the phase of samples 

 

Figure 27 UV-Vis spectrum of (a)p-C3N4 compared with g-C3N4; (b)p-C3N4-TiNT-1:3 compared 

with g-C3N4-TiNT-1:3. No obvious difference of absorbance band position could be found for 

both p-C3N4 and the composite prepared from p-C3N4 
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5.3.2 Characterization of C3N4-TiNT System 

Samples were compared in groups. Firstly, composites with various ratios were 

compared with starting materials. Next, annealed samples were compared with 

non-annealed samples. Finally, samples prepared from TiNT-dopamine were 

compared. 

 

UV-Vis Absorbance 

UV-Vis absorbance of p-C3N4, TiNT, C3N4-TiNT-1:2 and C3N4-TiNT-1:3 are 

compared in Figure 29. TiNT shows a band gap of 3.2 eV. For p-C3N4, an 

absorbance band edge was found at 450 nm, which corresponded to a band 

gap of 2.76 eV. For the two composites, their absorbance bands were close to 

p-C3N4, which means their band gap was dominated by carbon nitride. It also 

noticed that a small band could be found at around 350 nm, which was 

attributed to the existence of TiNT.  
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Figure 29 UV-Vis absorbance of TiNT, p-C3N4, C3N4-TiNT-1:2 and C3N4-TiNT-1:3. TiNT shows a 

band gap of 3.2 eV when the C3N4 composites show a similar band gap to carbon nitride, which 

is 2.76 eV. 

 

UV-Vis absorbance of C3N4-TiNT-1:2 and annealed samples which were 

annealed under 300/400 oC were compared in Figure 30. From 250-350 nm, 

the TiNT profile dominated the absorbance, and it was the same for the three 

samples. From 350-400 nm, a peak from C3N4 was observed. This peak was 

strongest in the unannealed sample and weakest in the sample annealed under 

400 oC. This was explained by the loss of C3N4 during the annealing process. 

Within the visible light range, all three samples have shown absorbance before 

443 nm. This wavelength corresponds to a band gap of 2.8 eV, which was very 
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close to the band gap of g-C3N4. The band gap from UV-Vis was close to the 

band gap from the Tauc plot shown in Figure 31. The position of the band gap 

indicated that the g-C3N4 absorbance band was dominating in the composite 

samples. 
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Figure 30 UV-Vis absorbance of C3N4-TiNT-1:2, C3N4-TiNT-1:2-300oC and C3N4-TiNT-1:2-400oC. 

All samples show the same band gap, which is 2.8 eV. 
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Figure 31 Tauc plots of C3N4-TiNT-1:2, C3N4-TiNT-1:2-300oC and C3N4-TiNT-1:2-400oC 

 

UV-Vis absorbance of TiNT-dopamine, C3N4-TiNT-dop-1:2, C3N4-TiNT-dop-1:2-

300oC and TiNT-dop-1:2-400oC were compared in Figure 32. TiNT-dopamine 

showed a significant absorbance band in the visible light range, which was due 

to the formation of the charge transfer complex (also discussed in Chapter 4). 

For C3N4-TiNT-dop-1:2, an absorbance band ended at 450 nm can be found, 

which was attributed to the band gap of carbon nitride. Moreover, an increase 

of absorbance from 450nm up to 600 nm could be found. This band was 

attributed to the presence of TiNT-dop, which indicated that this composite has 

the potential to show activity under visible light. The bands of C3N4-TiNT-dop-

1:2-300oC and 400 oC samples were donated by both TiNT-dopamine and 
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carbon nitride, which means these composites contained sub-bands, which 

may affect their properties. 
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Figure 32 UV-Vis absorbance of TiNT-dopamine, C3N4-TiNT-dop-1:2, C3N4-TiNT-dop-1:2-300oC 

and TiNT-dop-1:2-400oC. TiNT-dopamine and C3N4-TiNT-dop-1:2 show absorbance in the 

visible light range. The bands of composites were donated by both TiNT-dopamine and C3N4. 

 

Attenuated Total Reflectance – Fourier Transform Infrared 

Spectroscopy 

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-

FTIR) is a method different from normal FTIR. For the ATR method, powder 

and liquid samples can be directly used, and reflectance is measured. Moreover, 
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based on total reflection, the IR beam reflects from the internal surface of the 

ATR crystal and creates an evanescent wave into the sample, partially absorbed 

by the sample, and the reflected light returned. As a result, information on the 

sample surface can be obtained. In this chapter, the ATR method was used 

instead of the traditional FTIR method.  

 

ATR-FTIR spectra of heated C3N4-TiNT composites compared to g-C3N4 are 

shown in Figure 33. Overall, the samples with higher TiNT content showed a 

poorer signal-noise ratio because TiNT lacks bond vibrations; thus, its signal is 

low. The peaks were assigned as follows: The peak at 810 cm-1 was attributed 

to the breathing mode of tri-s-triazine137 (monomer unit of g-C3N4), which is a 

characterization peak of g-C3N4. The peaks in the range from 1200 to 1650 cm-

1 were attributed to stretching modes of CN heterocycles138. These peaks, along 

with the characterization peak, indicated that the basic structure of g-C3N4 did 

not change upon protonation, mixing, and heating process. Meanwhile, the 

sharp peak at 890 cm-1 from the 3:1 sample and g-C3N4 was assigned as 

deformation mode of N-H in amino groups139, and the broad peaks in the range 

of 3000-3300 cm-1 were attributed to amino groups exists in the samples138, as 

well as O-H bond from surface adsorbed water. However, these bands cannot 

be found in C3N4-TiNT 1:2 samples. It was proposed that as C3N4 was in excess 

in the 3:1 sample so the peaks can be seen. 
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Figure 33 ATR-FTIR spectrum of g-C3N4, C3N4-TiNT-3:1-400oC, C3N4-TiNT-1:2-300oC, and C3N4-

TiNT-1:2-400oC. The peak at 810 cm-1: breathing mode of tri-s-triazine137; 890 cm-1: 

deformation mode of N-H in amino groups139; 1200-1650 cm-1: stretching modes of CN 

heterocycles138; 3000-3300 cm-1: amino groups138 exists in the samples, and O-H bond from 

surface adsorbed water. 

 

TEM 

For showing the changes in morphology and crystal structure, TEM images of 

a composite sample C3N4-TiNT-1:1 before and after heating are shown in Figure 

34 (a)-(c). From Figure 34 (a) & (b), it was found that the tubular structure of 

TiNT was clear, which meant TiNT structure did not change upon mixing. 

Aggregated nanotubes were found because they are hard to disperse. The 
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morphology of C3N4 was small nanosheets that overlapped with each other and 

TiNT. After heating under 550oC, as Figure 34 (c) shows, no tubular structures 

could be found, but lots of nanoparticles appeared. These particles were 

anatase transformed from TiNT, and the HRTEM of these particles are shown 

in Figure 34 (d). The d-spacing of the nanoparticle was found to be around 

0.35 nm, which corresponded to the (101) surface of anatase as described 

above. Carbon nitride nanostructure could not be seen due to the 

decomposition of C3N4 heated under 550oC for 4 hours, and that was why 

composite samples were not heating to such a high temperature. 
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Figure 34 (a)-(b) TEM of C3N4-TiNT-1:1; (c) TEM of C3N4-TiNT-1:1 heated under 550oC; (d) 

HRTEM of C3N4-TiNT-1:1 heated under 550oC. (a) and (b) shows the morphology of TiNT did 

not change upon mixing. (c) shows the disappearance of tubular structures and the appearance 

of nanoparticles. (d) shows the d-spacing of nanoparticles which is 0.35 nm and corresponds 

to the (101) surface of anatase. 

 

TEM and HRTEM images of C3N4-TiNT-dop-1:2, C3N4-TiNT-dop-1:2-300oC and 

C3N4-TiNT-dop-1:2-400oC are shown in Figure 35 (a) – (f). Figure 35 (a) and 

(b) show the sample before annealing. The tubular structure of TiNT and the 

nanosheet of C3N4 were found, which was similar to the images in Figure 34 

(a) & (b). At this stage, no TiO2 particles were observed from TEM. When this 

sample was annealed under 350 oC, from Figure 35 (c) - (d), the morphology 

of nanosheet and nanotubes did not change when few nanoparticles were 
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found. The HRTEM of these nanoparticles gave a d-spacing of 0.37 nm, and 

the formation of nanoparticles was attributed to the transformation from TiNT 

to TiO2 at the beginning stage. When the sample was annealed under 400 oC, 

a large number of nanoparticles were found along with TiNT and C3N4. HRTEM 

showed good crystalline of the nanoparticles with a d-spacing of 0.35 nm, 

which corresponded to the (101) surface of the anatase. 
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Figure 35 TEM (left) and HRTEM (right) images of (a)&(b): C3N4-TiNT-dop-1:2; (c)&(d): C3N4-

TiNT-dop-1:2-300oC; (e)&(f): C3N4-TiNT-dop-1:2-400oC. (a) and (b) show the morphology of 

TiNT and C3N4 in the composite. (c) and (d) show the appearance of nanoparticles when the 

morphology of nanotubes and nanosheets did not change after annealing at 300 oC. (e) and 

(f) show the existence of nanoparticles with a d-spacing of 0.35 nm, which corresponded to 

the (101) surface of anatase. 
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XPS 

XPS of C3N4-TiNT-1:2, C3N4-TiNT-dop-1:2 and their heated samples were 

measured and compared. The XPS results were calibrated by the C1s peak at 

288.4 eV, which was given by external carbon for calibration purposes. Ti2p, 

N1s, O1s, C1s, and valence band were measured, and the results were 

discussed as follow.  

 

Ti2p of the composites are shown in Figure 36. All six samples show the same 

Ti2p profile as TiNT: peak at 458.8 eV was assigned as Ti2p3/2; peak at 464.5 

was assigned as Ti2p1/2; peak at 471.6 eV was assigned as Ti2p satellite peak. 

The spin-orbit splitting value between Ti2p3/2 and Ti2p1/2 was 5.7 eV, and the 

area ratio Ti2p3/2:Ti2p1/2 was 2:1, which fitted the common splitting value and 

area ratio of Ti4+ in titanium dioxide.140 After heating and modification, the ratio 

of the three peaks remained the same, and the Ti2p3/2 peak of all samples 

showed similar FWHM (1.15-1.3) to each other’s when the positions of peaks 

shifted slightly (~0.1 eV). Considering the low resolution of the XPS machine, 

the shifting was not proposed as any changes of samples. Thus, the oxidation 

state of titanium in the composites did not change upon modification and 

heating. 
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N1s of the composites are shown in Figure 37. Four peaks for each sample 

were fitted and assigned.140-142 The peak at 398.9 eV was assigned as pyridine 

N (C-N=C); the peak at 399.7 eV was assigned as pyrrolic N (C-NH); the peak 

at 401.5 eV was assigned as graphitic N (N-C3). The ratio of these three peaks 

did not change upon modification and heating. The peak at 404.9 eV was 

assigned as weak π-π* satellite features caused by the structure of nitrogen-

containing aromatic polymers140. All the peaks showed the profile of g-C3N4, 

and no signal could be found for the nitrogen in the dopamine structure. This 

could be caused by the low loading amount (~ 5 wt.%) of dopamine in the 

TiNT-dopamine of the composites. It was mentioned in literature141 that the 

shifting of peaks was reflecting the interfacial interaction between g-C3N4 and 

hollow box-shaped TiO2, which would promote the electron transfer and 

therefore improve the photocatalytic efficiency141. However, no obvious shifting 

was observed for the composites. The small shifting (0.1 eV) could be electron 

density changes due to the formation of composites. 
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O1s of the composites are shown in Figure 38. Two main peaks were fitted and 

assigned: the peak at 530.3 eV was a typical TiO2 peak143, and the peak at 

531.2 eV was assigned as Ti-OH species142. The spin-orbit splitting value of 

these two peaks was 0.9-1.0 eV. For the samples which were unheated and 

heated under 300 oC, the area ratio of the TiO2 peak to the Ti-OH peak was 

3:2. However, this ratio was 2:1 for the samples heated under 400 oC. The 

changes in the ratio were explained by the loss of surface water as well as the 

transformation from H2Ti3O7 to anatase, which led to a reduced amount of Ti-

OH species in samples. 
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C1s of the composites are shown in Figure 39. The peak at 288.4 eV was a C-

C peak from carbon which was externally added as a calibration reagent. The 

peak at 284.8 eV was assigned as N-C=N, and the peak at 286.5 eV was 

assigned as a C-N peak.142 The assignment of these two peaks fitted the result 

from N1s spectra. No Ti-C signal, which is normally around 282 eV142, was 

found for the composites. That means no Ti-C bond formed on the surfaces of 

samples during modification and heating. 
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Band Position 

The positions of CB and VB of TiNT were calculated based on the results of 

XPS-VB and UV-Vis. The valence band position from XPS-VB was 2.3 eV (shown 

in Figure 40) when the band gap of TiNT was 3.2 eV. Thus, the conduction 

band was at -0.9 eV. Similarly, the valence band and conduction band position 

of C3N4 was 1.0 eV and -1.76 eV, respectively. The band diagram of the C3N4-

TiNT composite is shown in Figure 41. 
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Figure 40 XPS-VB of TiNT. The valence band position of TiNT was 2.3 eV. The band gap of TiNT 

was 3.2 eV, and thus the conduction band was proposed to be at -0.9 eV. 
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The valence band position of C3N4-TiNT nanocomposites was attempted to be 

directly measured by XPS-VB. Two examples are shown in Figure 42. However, 

the resultant number was even larger than TiNT’s valence band energy. It was 

proposed that the results did not make sense because no bonds formed 

between the C3N4 and TiNT, and the composites contained sub-band. Therefore, 

XPS-VB was not a suitable method for measuring the valence band positions of 

composites directly. DFT calculation can be used for identifying valence band 

position. However, it is not suitable for the composites due to the difficulty of 

identifying the model structure. Electrochemistry may be a suitable method. In 

Figure 41 Band diagram of C3N4-TiNT composite. The band positions were proposed from XPS-

VB spectra and band gaps of TiNT and C3N4. 
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our preliminary attempts, the position of the valence band was not successfully 

measured by the CV method. The reasons were proposed to be the poor 

conductivity and large band gap of composites. 

 

 

 

 

 

 

 

 

 

X-Ray Diffraction  

The XRD patterns of 1:2 ratio samples heated under 300/400 oC were 

compared with anatase and C3N4 and shown in Figure 43. For the 300oC sample, 

the intensity of peaks was low due to the low crystallinity of TiNT. However, 

when heated under 400 oC, obvious anatase peaks could be found with a larger 

breadth compared to pure anatase, and the breadth was because of sample 

size was in nanoscale. Carbon nitride peaks can hardly be seen in the composite 

samples, although C3N4 dominated the band gap of C3N4-TiNT. Figure 44 shows 

XRD patterns of 3:1 ratio samples. Similarly, the samples heated under 400oC 

Figure 42 XPS-VB of (a) g-C3N4-TiNT-dop 1:2; (b) g-C3N4-TiNT-dop 1:2-300oC 
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gave better anatase signals than 300oC samples. The main difference was that 

C3N4:TiNT 3:1 samples had shown distinct g-C3N4 peaks with high intensity due 

to a higher level of C3N4 content. The XRD patterns have supposed that the 

crystal structure of carbon nitride was not changing upon heating to 400oC, 

and this was also supported by ATR-FTIR. What is more important, the 

appearance of anatase peaks in the annealed composites indicated that TiNT 

could transform to anatase under high temperatures. Based on this 

phenomenon, TiNT was annealed under different temperatures to find out the 

changes upon annealing. 

 

 

Figure 43 XRD patterns of TiO2, g-C3N4, C3N4-TiNT-1:2-300oC and C3N4-TiNT-1:2-400oC. The 

composite annealed at 400 oC shows strong signals of anatase TiO2 due to the transformation 

from TiNT to TiO2 when the composite annealed at 300 oC shows poor signals due to the low 

content of TiO2. 
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Figure 44 XRD patterns of TiO2, g-C3N4, C3N4-TiNT-3:1-300oC and C3N4-TiNT-3:1-400oC. The 

composite annealed at 300 oC shows strong C3N4 peaks, but the intensities of anatase peaks 

are low. The composite annealed at 400 oC show strong anatase signals. 

 

5.3.3 Investigation of Annealed TiNT 

Optical Properties 

Figure 45 shows photos of TiNT and heated samples. No colour change 

occurred during the heating process. The white colour fitted the UV-Vis 

absorbance of samples shown in Figure 46. All samples show poor absorbance 

in the visible light range (~380 nm – 800 nm) and have absorbance drops from 

~300nm to 380 nm. The tangent of linear absorbance range has shown that 

the band gap was 3.1 eV, which was calculated from Eg (eV)=1240/λ. This 

method was used to estimate the band gap of the semiconductor. 
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Figure 45 Photos of TiNT and heated TiNT samples (a) TiNT; (b) TiNT-150; (c) TiNT-250; (d) 

TiNT-350; (e) TiNT-450; (f) TiNT-550 

 

 

Figure 46 UV-Vis absorbance of TiNT and heated TiNT samples. Samples have no significant 

difference in absorbance, and the band gap of TiNT did not change upon annealing. 
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X-Ray Diffraction 

To investigate the phase transformation of TiNT under heating, X-Ray 

Diffractions of a series of heated samples were measured and compared with 

TiNT and anatase TiO2, as Figure 47 shows. TiNT (also discussed in Chapter 4) 

has shown peaks at 25.5o, 28.4o, 38.0o and 48.2o, which stood for (110), (310), 

(113), and (020) planes, respectivley68. The intensity, as well as signal to noise 

ratios of these peaks, were very low due to the poor crystallinity of nanotubes, 

and the peaks were broad because the size of tubes was nanometre level. 

When TiNT was annealed to up to 350 oC, the XRD did not show much 

difference from TiNT itself. However, when TiNT was annealed at 400 oC, the 

peaks showed differences in the aspect of intensity, signal to noise ratio, and 

broadness. When the annealing temperature reached 500 oC, the peaks could 

be assigned as anatase TiO2 at 25.4o, 37.0o, 37.9o, 38.7o, 48.1o, 53.9o and 55.1o, 

standing for (101), (103), (004), (112), (200), (105) and (211). The changes 

of peaks were caused by the destruction of the tubular structure and the 

formation of anatase crystals. The transformation in nanoscale was also found 

via the Transmission Electron Microscope (TEM). 
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Figure 47 X-Ray Diffraction of TiNT, heated TiNT, and TiO2. TiNT shows peaks at 25.5o, 28.4o, 

38.0o and 48.2o, which stand for (110), (310), (113), and (020) planes, respectivley68. Anatase 

TiO2 shows peaks at 25.4o, 37.0o, 37.9o, 38.7o, 48.1o, 53.9o and 55.1o, which stand for (101), 

(103), (004), (112), (200), (105) and (211). The annealing process of TiNT leads to the 

destruction of the tubular structure, and the formation of anatase crystal and stronger anatase 

signals can be observed for the TiNT annealed at higher temperatures. 
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Transmission Electron Microscopy 

TEM and High Resolution TEM (HRTEM) were used to find out the morphology 

changes and crystalline changes of TiNT (shown in Figure 48(a)) and an 

annealed sample TiNT-550 (shown in Figure 48 (b)-(d)). TiNT has shown a 

tubular structure with a diameter of ~10nm and a length of ~100nm. However, 

TiNT-550 has shown three morphologies: long tubes like TiNT, small 

nanosheets, and nanoparticles. The long tubes were dehydrated TiNT keeping 

the morphology and transforming to rods. They had poor crystalline; thus, their 

XRD peaks were covered by anatase. The formation of small nanosheets was 

explained by unrolling of nanotubes powered by dehydration under high 

temperatures. The d-spacing of nanoparticle was measured as ~0.34 nm, 

which corresponded to the (101) surface of anatase when a d-spacing of 

nanotube was ~0.19 nm, which corresponded to the (020) surface68 of TiNT. 
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Figure 48 (a) TEM image of TiNT; (b)-(d) TEM and HRTEM images of TiNT-550. TiNT shows a 

tubular structure with a diameter of ~10nm and a length of ~100nm. TiNT-550 has shown 

three morphologies: long tubes like TiNT, small nanosheets, and nanoparticles. The d-spacing 

of nanoparticle was measured as ~0.34 nm, which corresponded to the (101) surface of 

anatase when a d-spacing of nanotube was ~0.19 nm, which corresponded to the (020) 

surface68 of TiNT. 

 

X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) was used to investigate if the binding 

energies of the heated sample were different from TiO2 or TiNT. From Figure 

49, it can be seen that the peaks of TiO2 and TiNT were highly overlapped with 

each other when TiNT-550 peaks have shifted 0.1 eV to lower binding energy. 

From TiNT to anatase, the oxidation state of Ti does not change; thus, this 

shift was considered to be a system error of the XPS equipment instead of 

d=0.34 nm 

d=0.19 nm 
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changes in binding energy.  

 

Figure 49 Binding energy of TiO2, TiNT and TiNT-550 

 

The above results have given a conclusion that TiNT can transform to anatase 

phase by heating with no changes in surface properties like optical absorption 

and binding energy and that the structure can be controlled. Inspired by these 

results, we have mixed TiNT and g-C3N4 and heated them together to allow 

TiNT to decompose to anatase TiO2, which can then self-catalyse the 

attachment of g-C3N4 rather than decompose, thus making a more efficient 

catalyst for methylene blue degradation. 

 

5.3.4 Methylene Blue Standard Curve  

The degradant was 10 mg/L methylene blue solution diluted from the 
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concentrated solution. A methylene blue standard curve was firstly plotted by 

measuring the UV absorbance of methylene blue solutions with weight 

concentrations ranging from 1 mg/L to 10 mg/L. The maximum absorbance 

peak of methylene blue was found at 665 nm, so the absorbance at 665 nm of 

samples was picked to give a standard curve. The linear fitting of data was 

based on the Beer-Lambert equation, which is A=εlc, where A is the 

absorbance, ε is the molar attenuation coefficient, l is the optical path length, 

and c is the concentration of the sample. In principle, within a certain range, 

the data points should drop in one line that passes through the origin point. 

Thus the intercept of linear fitting was set as zero. The fitting result was 

Absorbance=0.21267*weight concentration, and R2 is 0.99895, as Figure 50 

shows. In degradation experiments, UV-Vis absorbance of samples was 

measured, and the actual concentrations of solution in experiments were 

calculated by this standard curve. 
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Figure 50 Methylene blue standard curve. Absorbance=0.21267*weight concentration and R2 

is 0.99895. This equation was used to calculate the weight concentration of samples. 

 

5.3.5 Methylene Blue Degradation Pathway 

The degradation pathway of Methylene Blue was discussed and proposed in 

literature mainly based on LC-MS and GC-MS analysis.28, 144, 145 In this project, 

the Methylene Blue degradation pathway was investigated by GC-MS analysis 

of the product of photodegradation after being concentrated. Many compounds 

were detected, and the pathway was proposed in Figure 51. It was reported 

that the methylene blue could be oxidized144, and here the same m/z value was 

detected for our sample. It was proposed that the N-C bond and S-C bond in 

the middle of methylene blue were broken at the early stage.28 Here, we 
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proposed two possible routes where the positions of breaking bonds were 

different. -N-(CH3)2 was proposed to be degraded into -NH2 in the next stage. 

Finally, the compounds degraded into CO2 and H2O as well as possible 

mineralized products like NH4
+ and NO3

-.  
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Figure 51 Proposed degradation pathway of Methylene Blue. The intermediates were 

determined by GC-MS. 
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5.3.6 Methylene Blue Self-Degradation and Degradation 

Catalysed by TiNT and g-C3N4 

In a typical methylene blue degradation experiment, the mixture of MB solution 

and photocatalysts were stirred in darkness for 2 hours for adsorption before 

degradation, and the initial concentration after adsorption has determined the 

degradation rate. Each set of sample data is shown in two figures with 

emphases on adsorption and degradation.  

 

MB self-degradation (baseline), as well as the photodegradation catalysed by 

TiNT and g-C3N4, are shown in Figure 52. Figure 52 (a) focused on the changes in 

weight concentration (WC) to show the adsorption ability of samples. WC was 

calculated from the absorbances of samples via the standard curve discussed 

above versus time. ‘-2’ in the x-axis means the WC of starting MB solution, ‘0’ 

stands for the MB adsorbed by catalysis within two hours. TiNT adsorbed 0.4 

mg of MB within two hours, which was 12 times that g-C3N4. The kinetic 

adsorption reached equilibrium, so after switching on the light source, the 

concentration of MB decreased mainly because of photodegradation. WC of MB 

did not change so no self-degradation occurred in darkness. g-C3N4 has shown 

poor adsorption, which was caused by its small surface area (~10 m2g-1 for 
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bulk g-C3N4)146. 

 

Figure 52 (b) focuses on the degraded ratio of MB (weight concentration divided 

by the initial weight concentration). 41% of MB has self-degraded after 5 hours 

of illumination. g-C3N4 has shown a rapid degradation rate in the first hour, but 

later the degradation was slow. This was explained by the poor adsorption. 

Photodegradation is a process occurred on the catalysis surface, so the 

methylene blue molecules need to be adsorbed on the surface before being 

photodegraded by photocatalysis. In the fifth hour, the degradation rate of MB 

by g-C3N4 was even lower than the MB self-degradation rate. This was 

explained by a phenomenon observed that the fine g-C3N4 powder was stuck 

on the beaker wall, thus weakening the light intensity illuminated on the whole 

system. TiNT has shown better degradation than g-C3N4, which degraded 71% 

of MB in five hours. 
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Figure 52 Baseline, TiNT and g-C3N4: (a) Weight concentration changed versus time; (b) Weight 

concentration ratio changed versus time. TiNT adsorbed 0.4 mg of MB within two hours which 

was 12 times than g-C3N4. 41% of MB has self-degraded after 5 hours of illumination. g-C3N4 

has shown a rapid degradation rate in the first hour, but later the degradation was slow. TiNT 

has shown better degradation than g-C3N4, which degraded 71% of MB in five hours. 
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5.3.7 Methylene Blue Degradation Catalysed by TiNT-C3N4 

and TiNT-dopamine-C3N4 Composites 

MB degradation results of three samples that have different heating 

temperature/mixture ratios are shown in Figure 53 (a) and (b). The C3N4:TiNT 

3:1 sample has shown the worst adsorption property and catalysis property 

among the three samples, and the reason was considered to be too much C3N4 

in the system, which was not showing good activity. Compared to this high 

C3N4 content sample, the C3N4:TiNT 1:2 samples have shown promising 

photodegradation activity. C3N4-TiNT-1:2-400oC has adsorption of 0.31 mg, 

which was smaller than that of TiNT (0.4 mg) and the similar sample heated 

under 300oC (0.55 mg). However, even adsorbed less MB, it has the highest 

degradation activity. This sample degraded 78% of methylene blue in the first 

hour and 91% within two hours. After that, the rate was slowed down by the 

low concentration of MB that existed in the system. The reason was speculated 

that the carbon nitride and TiO2 decomposed from TiNT could catalyse together 

to give better photoactivity than each of them, and this makes the heated 

samples interesting.  
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Figure 53 Methylene blue degradation catalysed by annealed C3N4-TiNT 1:2 and 3:1 composites: 

(a) Weight concentration changed versus time; (b) Weight concentration ratio changed versus 

time. The C3N4-TiNT-1:2 composite annealed at 300 oC shows the highest absorption ability, 

while the C3N4-TiNT-1:2 composite annealed at 400 oC shows the highest degradation ability. 

The C3N4-TiNT-3:1 sample shows poor absorption and degradation ability due to the high 

content of C3N4. 
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Since the above samples with higher TiNT ratio have performed well, C3N4-TiNT 

composites with mass ratios of 1:3 were synthesized and compared, and the 

degradation results are shown in Figure 54. The 1:3 sample annealed under 

300oC has shown high adsorption of 0.55mg, which was the same as that of 

the 1:2 sample, and slightly higher degradation activity (46% removal rate in 

the first hour). The adsorption ability of the 1:3 sample annealed under 400 oC 

was very low, which was only 0.11 mg. However, this sample had a 71% 

removal rate in the first hour under light illumination and 88.5% within two 

hours. This result has indicated that all 1:2 and 1:3 ratio annealed C3N4-TiNT 

composites samples showed high photodegradation activity under full-range 

light when the samples annealed under 300 oC had higher adsorption ability 

when the samples annealed under 400 oC had higher photodegradation activity. 
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Figure 54 Methylene blue degradation catalysed by annealed C3N4-TiNT 1:3 composites: (a) 

Weight concentration changed versus time; (b) Weight concentration ratio changed versus time. 

The sample annealed at 300 oC shows high adsorption ability and removed 46% of methylene 

blue in the first hour. The sample annealed at 400 oC shows a very low adsorption ability (0.11 

mg). However, this sample had a 71% removal rate in the first hour under light illumination 

and 88.5% within two hours. 
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TiNT modified by dopamine has shown improvement in visible light absorbance 

from the UV-Vis spectrum shown in the previous section (Figure 32). The 

methylene blue degradation catalysed by TiNT-dopamine and two composites 

are shown in Figure 55. TiNT-dopamine and C3N4-TiNT-dop-1:2 annealed under 

300 oC have shown similar adsorption and photocatalytic ability to the 

composite without dopamine. The composite annealed under 400 oC shows 

poorer adsorption than C3N4-TiNT-1:2-400oC, but no obvious difference in 

degradation rate. 
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Figure 55 Methylene blue degradation catalysed by C3N4-TiNT-dopamine 1:3 composites: (a) 

Weight concentration changed versus time; (b) Weight concentration ratio changed versus time. 

TiNT-dopamine and C3N4-TiNT-dop-1:2 annealed under 300 oC have shown similar adsorption 

and photocatalytic ability to the composite without dopamine. The composite annealed under 

400 oC shows poorer adsorption than C3N4-TiNT-1:2-400oC, but no obvious difference in 

degradation rate. 
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5.3.8 Methylene Blue Degradation Catalysed Under Visible 
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Figure 56 Photodegradation of methylene blue under visible light 

 

Figure 56 shows the photodegradation of methylene blue under visible light 

catalysed by several samples. TiO2 showed the same level of degradation ability 

as methylene blue self-degradation (baseline). TiO2 has a band gap of 3.2 eV, 

which corresponded to 388 nm. Since the light filter applied for this light source 

was 400 nm, all UV light was filtered off. The visible light did not have enough 

energy to active TiO2, and thus TiO2 did not show photodegradation activity. g-
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C3N4 has a band gap of 2.76 eV, which corresponds to 449 nm, and it means 

g-C3N4 can be activated by visible light. It removed 23% of methylene blue in 

five hours. C3N4-TiNT-dop-1:2-400oC showed visible light absorbance from UV-

Vis (shown in Figure 32). However, the degradation activity under visible light 

was at the same level as g-C3N4. This was explained by the formation of 

anatase under 400 oC, which showed poor activity and possibly reduced the 

interaction between the two components. TiNT-dopamine, C3N4-TiNT-1:3-300 

oC and C3N4-TiNT-dop-1:2-300 oC showed similar degradation activity under 

visible light. The composites did not show improved activity compared with 

TiNT-dopamine though the composites had high activity under full-range light. 

It was proposed that the band gaps of composites were not small enough to 

show high activity under visible light.  

 

5.4 Conclusion 

In this chapter, g-C3N4 and synthesized by heating urea under 550 oC, and the 

C3N4-TiNT and C3N4-TiNT-dopamine nanocomposites were synthesized by 

electrostatic adherence. Different ratios of C3N4:TiNT composites were 

prepared and heated under 300/400 oC. g-C3N4 was protonated for better 

mixing with TiNT, which’s surface was negatively charged. However, from the 

characterization results, no effect by protonation was observed. From the UV-

Vis of C3N4-TiNT samples, a similar profile was found: from 250-350 nm, the 
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TiNT profile dominated the absorbance, and within visible light range, all three 

samples have shown absorbance before 443nm. This wavelength corresponded 

to a band gap of 2.8 eV and was dominated by C3N4. FTIR showed the 

characterization peak of C3N4, which was 810 cm-1 for all samples. XPS showed 

that the binding energy of Ti, C, and N had no obvious changes upon heating 

and modification and indicated the loss of H-O-Ti from the binding energy 

changes of oxygen. Band position of C3N4-TiNT composite was proposed based 

on XPS-VB and UV-Vis results. The morphology of the composite is shown by 

TEM. From XRD, it was found TiNT could transform to anatase under high 

temperature. The photodegradation pathway of methylene blue was proposed 

based on GC-MS. The photodegradation ability of samples was measured by 

degrading methylene blue, which was used as a probe molecule. It was found 

that for the samples heated under 400 oC, it showed high activity and low 

adsorption ability, which was caused by a high content of anatase in the 

samples. For the samples heated under 300 oC, the photoactivity was lower 

than previous samples but still high compared to the unmodified samples. 

Moreover, they showed high adsorption ability. 
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Chapter 6: AuNP-Organic-TiNT 

Composites and Organic Synthesis 

6.1 Preface 

In this chapter, due to the binding models of catechol structures on TiNT 

proposed above, organic compounds with catechol structures were specifically 

looked for. On the other side, due to the easy binding of thiol on gold 

nanoparticles (AuNPs), organic compounds with free thiol endings were desired. 

The scheme of desired nanocomposite structure is shown in Figure 4. The 

organic compounds were expected to bind to the TiNT surface via catechol 

structure and bind to gold nanoparticles via free thiol to achieve TiNT-Organic-

AuNPs nanocomposites. 

 

Typically, the synthesis of AuNPs involves a reductant for reducing Au3+ in 

HAuCl4 and a stabilizer to exchange the chloride and hydroxyl ligands in HAuCl4 

aqueous solution with longer ligands. There are many methods for synthesizing 

AuNPs, and the sizes and surface properties are highly related to the adding 

amount of reducing agents and stabilizers/ligands. In this chapter, several 

typical literature methods were tried, and one of the methods was chosen for 

preparing TiNT-organic-AuNPs nanocomposites.  
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For the organic linker, no commercial compounds that contain both catechol 

and thiol were found. Thus, the organic compounds were synthesized from 

commercial catechol compounds, and the thiol groups were introduced. The 

structure of three organic linkers in Au-Organic-TiNT nanocomposites F2029, 

F2037, and F2050, are shown in Figure 57. 

 

 

Figure 57 Organic linkers in Au-Organic-TiNT nanocomposites (a) F2029; (b)F2037; (c)F2050. 

They all have catechol structures and a free thiol group as an ending group. 

 

6.2 Experimental Section 

Materials 
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PPh3 and HAuCl4•xH2O (~50% Au basis) were purchased from Sigma-Aldrich. 

TOAB and DMF were purchased from J&K. Toluene, NaBH4, DCM, PE, MeOH, 

Na2CO3, MeCN and EtOAc were purchased from Sinopharm. 1-dodecanethiol 

and potassium thioacetate were purchased from Aladdin. 4-

(Chloroacetyl)catechol, Cysteamine, Et3SiH and TFA were purchased from TCI. 

CDCl3 was purchased from CIL. D2O, DMSO-d6, MgSO4 and methanol-d4 were 

purchased from Adamas. TLC Silica gel 60 F254 were purchased from Merck, 

and NMR sample tubes were purchased from Wilmad-LabGlass. Other materials 

used in this chapter were the same as previous chapters. 

 

6.2.1 Gold Nanoparticles Synthesis 

PPh3 method 

The synthesis of gold nanoparticles by the PPh3 method was based on a 

literature process.147 0.2 g of HAuCl4•xH2O, 0.28 g of TOAB, 12 mL of water, 

12 mL of toluene and a stirrer bar were added into a 250 mL round bottom 

flask. The mixture was stirred for 5 minutes, then 0.575 g of PPh3 was added. 

The organic phase turned white. The mixture was left to stir for 10 minutes. 

Next, 0.4 g of NaBH4 dissolved in 2 mL of water was added rapidly. The organic 

layer turned to brown quickly, and bubbles formed. The mixture was left to stir 

overnight under the protection of Argon and at room temperature. Then the 
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mixture was transferred into a separation funnel with a small amount of toluene, 

and the organic layer was washed with water and brine. The organic layer was 

separated and evaporated to give crude. The crude was dissolved with 

minimum pre-heated DCM, and about 100 mL of PE was added to recrystallize 

the product. Then solid was filtered off and washed with 2*35 mL of PE then 

2*35 mL of 2:3 MeOH: H2O), 2*(20 mL of PE then 20 mL of 1:1 MeOH: H2O), 

and finally with 20 mL of PE to form product 0.1 g. 

 

Brust Method 

The synthesis was based on a literature process that was reported by Brust in 

1994148. This method uses NaBH4 as a reductant and 1-dodecanethiol as 

ligands. Experimentally, 30 mL of HAuCl4 solution (30 mmol/L) was firstly 

filtered by a 2.2 μm membrane. TOAB solution was prepared by dissolving 

2.20g of TOAB into 81 mL of toluene, and the solution was mixed with HAuCl4 

solution. Colour changes were observed from gold to light brown for the 

aqueous layer and from colourless to dark red for the organic layer. After 

vigorously stirring, the aqueous layer became colourless, then 0.184 g of 1-

dodecanethiol was added to the topper layer. 25 mL of fresh prepared NaBH4 

solution (0.4 mol/L) was added dropwise. The mixture was stirred for 3 hours, 

and then the organic layer was separated and concentrated to about 10 mL. 

Next, 400 mL of ethanol was added, and the mixture was kept under -26 oC 
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overnight. The black precipitate was filtered off and washed with 200 mL 

ethanol. The resultant crude was dispersed in about 12 mL of toluene and 

mixed with 400 mL of ethanol. The mixture was kept under -26oC for 4 hours, 

then the precipitate was filtered off and washed with 200 mL of ethanol. Finally, 

the black solid was dried in the air and 0.15 g of product was prepared. 

 

Martin Method 

Gold nanoparticles were synthesized based on the literature method.149 Firstly, 

10 mL of HAuCl4/HCl stock solution (50 mM) was prepared by adding 0.43 g of 

HAuCl4•xH2O, 42 µL of HCl solution (36-38%) and ultrapure water into a 10 mL 

volumetric flask. Then, 15 mL of NaOH/NaBH4 stock solution (50 mM) was 

prepared by mixing 0.034 g of NaOH, 0.033 g of NaBH4 and 15 mL of ultrapure 

water. Fresh NaOH/NaBH4 stock solution was used in the experiments. The 

synthesis was carried out by following procedures: to a 100 mL round bottom 

flask, under stirring, 48 mL of ultrapure water, 0.5 mL of HAuCl4/HCl stock 

solution, and 1.5 mL of NaOH/NaBH4 stock solution were added in order. As 

soon as the NaOH/NaBH4 stock solution was added, bubbles formed, and the 

colour of the mixture changed from yellow to brown and later became ‘wine 

red’. Another ratio of HAuCl4/HCl stock solution to NaOH/NaBH4 stock solution 

was tried, including 1:5 and 1:10, but the resulting mixture was not 

homogeneous. 
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6.2.2 Organic Synthesis 

Experiment F2022: Synthesis of 1-(3,4-dihydroxyphenyl)-2-((2-

mercaptoethyl)amino)ethan-1-one  

 

In a 250 mL round bottom flask, 1.866 g of 4-(Chloroacetyl)catechol (10 mmol), 

0.772 g of cysteamine (10 mmol), 1.59 g of Na2CO3 (15 mmol), 100 mL of 

MeCN and a stirrer bar were added in. The mixture was stirred at room 

temperature and under Ar protection overnight. Then the solvent was 

evaporated, then the residue was diluted with EtOAc. TLC did not show any 

new spot and indicated that the reaction did not occur. 

 

Experiment F2023: Synthesis of 1-(3,4-dihydroxyphenyl)-2-((2-

mercaptoethyl)amino)ethan-1-one 

 

In a 250 mL round bottom flask, 1.867 g of 4-(Chloroacetyl)catechol (10 mmol), 

0.773 g of cysteamine (10 mmol), 70 mL of dry DMF, and a stirrer bar were 
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added. The mixture was stirred at room temperature and Ar protection 

overnight. TLC (EtOAc: PE=3:2) of the reaction mixture showed new spots and 

indicated that the reaction occurred. Then DMF was evaporated, and crude was 

dissolved in H2O (~100 mL), washed with EtOAc (50 mL x 3). The aqueous 

phase was separated and finally evaporated and dried with EtOH. 2.4 g of red 

solid was prepared. Yield: 105.6% because the product was not completely 

dried. 1H NMR (400 MHz, D2O): δppm 7.51-7.54 (dd, 1H, Ar-H), 7.47 (d, 1H, 

Ar-H), 6.95-6.97 (d, 1H, Ar-H), 4.04 (s, 2H, CH2), 3.17-3.20 (t, 2H, CH2), 2.84-

2.87 (t, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δppm 193.29 (CH2COAr), 

150.99 (C-4), 145.14 (C-3), 126.84 (C-1), 121.92 (C-6), 115.27 (C-2), 114.94 

(C-5), 37.85 (COCH2NH), 36.68 (NHCH2CH2), 28.46 (CH3SH). (M+H+) m/z: 

228.071. 

 

Experiment F2031: Synthesis of S-(2-(3,4-dihydroxyphenyl)-2-

oxoethyl) ethanethiol 

 

In a 100 mL round bottom flask, 1.87 g of 4-(Chloroacetyl)catechol (10 mmol), 

1.37 g of potassium thioacetate (12 mmol), 50 mL of dry DMF and a stirrer bar 

were added. The mixture was stirred at room temperature overnight. The solid 
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was filtered off, and the filtrate was rotatory evaporated at 90 oC. The residue 

was diluted with H2O and EtOAc and transferred into a separation funnel. Then 

the aqueous phase was washed with EtOAc 3*50 mL. Next, all organic phases 

were combined, washed with water and brine, dried over MgSO4, and finally 

concentrated to give 2.66 g of crude. The crude was further purified by flash 

chromatography (EtOAc: PE=1:1) to give 2 g of the final product F2031. Yield: 

88.4%. 1H NMR (400 MHz, Methanol-d4): δppm 7.49-7.52 (dd, 1H, Ar-H), 7.45 

(d, 1H, Ar-H), 6.85-6.87 (d, 1H, Ar-H), 4.39 (s, 2H, CH2), 3.39 (s, 3H, CH3). 

13C NMR (100 MHz, Methanol-d4): δppm 194.55 (SCOCH3), 192.60 (CH2COAr), 

151.39 (C-4), 145.22 (C-3), 127.75 (C-1, 122.16 (C-6), 114.78 (C-2), 114.49 

(C-5), 35.50 (CH2S), 28.60 (CH3CO). (M+Na+) m/z: 249.02. 

 

Experiment F2035: Synthesis of 1-(3,4-dihydroxyphenyl)-2-

mercaptoethan-1-one 

 

In a 100 mL round bottom flask were added 0.226 g of F2031 (1 mmol), 0.167 

g of K2CO3 (1.2 mmol), 30 mL of MeOH and a stirrer bar. The mixture was 

heated at 60 oC for 1 hour. Then the reaction was quenched by 1 M HCl solution 

until pH<7. Next, the solvent was evaporated to form a crude. TLC and NMR 
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of the crude showed the formation of the product. 1H NMR (400 MHz, Methanol-

d4): δppm 7.39 (d, 1H, Ar-H), 7.37-7.38 (d, 1H, Ar-H), 6.71-6.73 (d, 1H, Ar-

H), 4.06-4.09 (s, 2H, CH2).  

 

Experiment F2040: Synthesis of 4-(2-chloroethyl)benzene-1,2-diol 

 

This reaction was operated based on literature procedures150 with modifications. 

In a 250 mL round bottom flask, 9 g of 4-(Chloroacetyl)catechol (48 mmol) was 

dissolved in 60 mL of TFA. Next, 28 mL of Et3SiH (180 mmol) were added 

dropwise. The mixture was stirred at room temperature overnight. Then the 

mixture was poured into ice water, extracted with 3*150 mL DCM, dried over 

MgSO4 and given a pink crude. Next, the crude was further purified by flash 

chromatography (EtOAc: PE=1:3) to give 6.09 g of the product F2040. Yield: 

73.5%. 1H NMR (400 MHz, CDCl3): δppm 6.80-6.82 (dd, 1H, Ar-H), 6.75 (d, 

1H, Ar-H), 6.64-6.67 ( m, 1H, Ar-H), 3.64-3.68 (t, 2H, CH2), 2.93-2.97 (t, 2H, 

CH2). 13C NMR (100 MHz, CDCl3): δppm 143.62 (C-3), 142.36 (C-4), 131.20 (C-

1), 121.31 (C-6), 115.90 (C-2), 115.44 (C-5), 45.17 (CH2Cl), 38.53 (CH2Ar). 
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Experiment F2048: Synthesis of S-(3,4-dihydroxyphenethyl) 

ethanethioate 

 

1.08 g of F2040 (6.26 mmol) was dissolved in 300 mL of EtOH in a 500 mL 

round bottom flask. 3.57 g of KSAc (31.3 mmol) was added to the solution. 

The mixture was heated at reflux for 5 hours, and the TLC showed no starting 

material left in the mixture. The mixture was filtered, and the filtrate was 

concentrated to give a yellow solid. The solid was dispersed in 200 mL of H2O, 

then extracted with 4*70 mL of diethyl ether. The organic phases were 

combined, and the rotatory evaporated to give the product F2048. H NMR (400 

MHz, CDCl3): δppm 6.60-6.80 (m, 3H, Ar-H), 3.05 (t, 2H, CH2), 2.73 (t, 2H, 

CH2), 2.33 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3): δppm 196.45 (SCOCH3), 

143.65 (C-3), 142.25 (C-4), 132.89 (C-1), 121.08 (C-6), 115.90 (C-2), 115.38 

(C-5), 35.11 (CH2Ar), 30.71 (CH2S), 30.67 (CH3CO). 

 

6.2.3 Au-Organic-TiNT Nanocomposites Synthesis 

F2029 & F2030 Synthesis 

From F2023, the thiol was firstly bound to the AuNPs prepared from the Martin 

method. The fresh prepared AuNPs mixture was 100 mL and contained 0.1 
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mmol of Au. 0.23 g of F2023 was added all at once, and the mixture was stirred 

at room temperature for 2 hours. The atomic ratio of Au:S was 1:10. 10 mL of 

the AuNP-F2023 mixture was diluted by 40 mL of water in a new 125 mL conical 

flask, and a stirrer bar that was washed by aqua regia was added. Under stirring, 

0.23 g of TiNT was added. The weight percentage of F2023:TiNT was 10 wt.%. 

The mixture was ultrasonicated for 5 minutes and stirred at room temperature 

overnight under the protection of Ar. The precipitate was filtered off, washed 

with H2O and finally dried in the air. The resultant solid was labelled as F2029. 

This synthesis was repeated with 100 wt.%. of F2023:TiNT. The resultant solid 

was labelled as F2030. 

 

F2037 I and II Synthesis 

These two compounds were synthesized by the reaction between TiNT, F2037 

and AuNPs in a different order. Deprotection of F2031 was firstly carried out in 

MeOH under 60 oC. The end of the reaction was confirmed by TLC, then HCl 

was added to quench the reaction and form free thiol. Next, the mixture was 

separated into two flasks. In one flask, as F2037 I, the mixture was diluted by 

water and gold nanoparticles were synthesized by the reduction of HAuCl4 using 

NaBH4, under the existence of free thiol in the mixture. This process resultant 

in a dark purple mixed with black & brown solid on the flask wall. By further 

dilution and addition of NaBH4, the colour of the mixture turned dark red, which 
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indicated the formation of AuNPs. Finally, TiNT was added to isolate the 

composite. The catechol ending of AuNP-thiol could easily bind on the TiNT 

surface. Thus TiNT was able to capture soluble catechol compounds and isolate 

composite as solid phase. The resultant powder was filtered off and washed. 

However, during filtration, it was found the colour of the powder was not 

uniform. It was explained by a lack of purification. Thus, impurities were 

isolated with TiNT together. In addition to this, AuNPs prepared by NaBH4 

reduction was a colloid in water. Thus the purification of AuNPs was difficult. 

As a result, a mixture was gotten. 

 

In another flask, as F2037II, the organic mixture was firstly diluted by water 

and mixed with TiNT. The colour of powder has changed from white to orange 

once mixing due to the binding of the catechol compound on the TiNT surface. 

Next, the solid was filtered off and washed to remove any soluble impurities, 

including unreacted organic compounds, MeOH, and other by-products. Then 

the solid was redispersed in water, and gold nanoparticles were synthesized by 

the reduction of HAuCl4 using NaBH4. During this process, orange dispersion 

turned to brown at the beginning caused by the reduction of HAuCl4. Later the 

mixture turned to dark red, which indicated the formation of gold nanoparticles. 

After stirring overnight, the purple solid was finally filtered off and washed with 

water. Compared with the previous sample, F2037II contained fewer impurities 
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due to two washing processes.  

 

F2041B (TiNT-F2040) Synthesis 

F2041B was synthesized by mixing 0.5 g of TiNT with 0.05 g of F2040 in 100 

mL water. The mixture was stirred over the weekend. The solid was filtered off 

then washed with water and ethanol. The orange solid was further dried to 

give F2041B. 

 

F2050 Synthesis 

In a 100 mL round bottom flask, 0.3 g of KSAc was firstly mixed with 50 mL of 

EtOH, and the mixture was stirred for 5 minutes. Then 0.3 g of F2041B was 

added, and the mixture was stirred overnight. Next, the solid was filtered off 

and washed with water and ethanol. Then 0.2 g of produced solid was mixed 

with 20 mL of MeOH and 0.2 g of K2CO3 in a 50 mL round bottom flask. The 

mixture was heated under 60oC with stirring under the protection of Ar for 240 

minutes. Then the solid was filtered off and washed with water and methanol. 

Next, the solid was dispersed in 100 mL of water to form a slurry. 0.04 g of 

HAuCl4•3H2O was added. Then, fresh prepared NaBH4 solution (0.1 M) was 

added in portions (0.2 mL * 5). The mixture was stirred at room temperature 

and Ar protection overnight. Finally, the purple solid was filtered off and washed 

with a small amount of water. 
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Organic compounds used for photodegradation 

The organic compounds used for photodegradation were listed as follow: 

F2023           

F2035          

F2040           

F2048 reacted with K2CO3     

 

All of them have a catechol structure, a carbon chain, and a thiol group as an 

ending group. Their photodegradation abilities were tested and compared. 
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6.3 Results and Discussions 

6.3.1 Gold Nanoparticles  

AuNP was expected to show the LSPR effect to help harvest visible light, as 

well as bind to synthesized thiol compounds. The SPR peak of AuNPs on the 

UV-Vis spectrum is usually around 520 nm and is highly related to the sizes of 

AuNPs.151 

 

AuNP-PPh3 was produced by using NaBH4 and PPh3, which worked as a 

reducing agent and stabilizer ligand, respectively. The resultant AuNPs were 

black powder and could be easily redispersed in some organic solvents like 

toluene and DCM. It was reported that this kind of AuNP was able to undergo 

the ligand exchange process easily, and it was expected that PPh3
 ligands could 

be replaced by synthesized thiol compounds in this project, according to similar 

ligand exchange reactions in literature152. However, the UV-Vis spectrum of 

AuNP-PPh3 shown in Figure 58 did not show an obvious absorbance peak at 

around 520 nm but a broad, low-intensity increase between 400 and 600 nm. 

This phenomenon was also reported by other researchers152, 153. It was 

explained by the quantum confinement effect, which limits the motion of 

randomly moving electrons when the size of particles is too small to be 

comparable to the wavelength of the electrons. In this synthesis, the average 
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size of AuNP-PPh3 was considered to be around 1.5 nm, according to a similar 

reaction in literature153. However, the SPR peak at ~520 nm played an 

important role in the scheme that it helped absorb visible light. As a result, 

other methods which were able to produce larger AuNPs were tried. 
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Figure 58 UV-Vis absorbance of AuNP-PPh3. No obvious SPR peak was found. 

 

For the gold nanoparticles synthesized by the Brust method148, the UV-Vis 

absorbance is shown in Figure 59. An SPR peak at ~515 nm can be seen from 

the figure, which means the AuNPs were successfully formed. However, it was 

found that the resultant brown powder could not dissolve in water, and it was 

hard to be dispersed in water. This was explained by the stabilizer 1-

dodecanethiol, which was a hydrophobic compound with a long carbon chain. 

Gold nanoparticles were expected to link to organic molecules with thiol group 
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as ending group and work in an aqueous system; thus, hydrophobic AuNPs 

were not preferred, and other methods were tried.  
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Figure 59 UV-Vis absorbance of AuNPs prepared by Burst method. An SPR peak at ~515 nm 

was found. 

  

Martin method was tried for synthesizing gold nanoparticles.149 The main 

reason for choosing this method was that the whole reaction occurred in an 

aqueous system. On the other side, no additional stabilizer in the solution 

means the gold nanoparticles could be easier to link to organic molecules with 

the thiol group. Usually, stabilizers like sodium citrate and 1-dodecanethiol are 

added to the gold colloids to avoid aggregation. However, without an additional 

stabilizer, the prepared gold nanoparticles had not shown obvious aggregation 

for approximately three months since synthesized. The UV-Vis absorbance of 

the prepared gold nanoparticles colloids was measured and shown in Figure 60. 
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The spectrum shows an SPR peak at around 515 nm, which suggests the 

average diameter of gold nanoparticles is less than 10 nm151.  
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Figure 60 UV-Vis absorbance of AuNPs prepared by Martin method. An SPR peak at ~515 nm 

was found. 

 

6.3.2 Discussion of Organic Reactions 

F2023 

The starting material, 2-chloro-1-(3,4-dihydroxyphenyl)ethan-1-one, is 

commercial and has a catechol structure and a chloride. By the leave of chloride, 
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the molecule can react with another nucleophile like cysteamine. It was an SN2 

reaction, and HCl was produced. The synthesis was firstly carried out in MeCN 

under the presence of Na2CO3 (Experiment F2022), which was used as a base 

to neutralize HCl to promote the reaction. However, this reaction did not work. 

The reason was that the solubility of Na2CO3 in acetonitrile was too poor to 

react with H+ in the reaction system, and the water in undried MeCN reduced 

the reactivity of amine groups. Then the synthesis (Experiment F2023) was 

carried out in dry DMF without adding a base. This reaction successfully 

produced the product. The reason was explained by the interaction between 

DMF and HCl154, which reduced the amount and reactivity of H+ in the reaction 

mixture, thus promoting the reaction. 

 

Cysteamine has an amine group and thiol group, which are both nucleophiles 

and possible to substitute the chloride group in the starting material. This 

resulted in a question of the priority of reaction. The difference between the 

two possible products could not be distinguished by mass spectrum or 1H NMR 

because they have the same molecular formula, and the environment of 

hydrogens on these two compounds was very close. The priority was identified 

by a stain called ninhydrin. Ninhydrin is a chemical used to detect amines. For 

the cysteamine on the TLC plate, ninhydrin made it show a purple colour in a 

short time. However, when the product was contacted with ninhydrin, no purple 
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colour was observed. This was considered to be a piece of circumstantial 

evidence that the amine group attacked as a nucleophile, and the ending group 

was free thiol. This product was labelled as F2023 and used in the further 

reaction with TiNT and AuNPs. 

 

F2035 

 

Potassium thioacetate is a commercial compound that can introduce 

thioacetate by substitution in organic reactions. By substitution of chloride, 

F2031 was produced with a yield of 88.4%. The reaction was also carried out 

in dry MeCN, which gave a yield of 85.4%. As a protection group, the acetyl 

group can be removed by both acid and base. The deprotection of the thiol 

group was carried out in MeOH by potassium carbonate. For the first time, the 

reaction was carried out at room temperature and stirred overnight. The TLC 

showed reaction occurred. However, it was found the colour of the product 

changed after storing overnight because the product contains free thiol and it 

had high activity. The reaction was repeated at 60 oC, and the reaction time 

was shortened to 1 hour to reduce the effect of unstable thiol. For the first time, 

the reaction was carried out at room temperature and stirred overnight. The 

TLC showed reaction occurred. However, it was found the colour of the product 
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changed after storing overnight because the product contains free thiol and it 

had high activity. The reaction was repeated at 60 oC, and the reaction time 

was shortened to 1 hour to reduce the effect of unstable thiol. After purification 

by flash chromatography (EtOAc: Petroleum Ether 3:1 v:v), the product was 

collected and confirmed by NMR. However, it was found the product was still 

unstable, even stored under the protection of Ar. To solve this problem, the 

further synthesis of AuNP-F2035-TiNT composite was operated as a one-pot 

reaction together with deprotection of thiol on F2031. 

 

F2040 

 

F2040 was synthesized based on a literature reaction150. The reaction was a 

reduction of the carbonyl group by triethylsilane under TFA. TFA worked as a 

Lewis acid and protonated the oxygen on the carbonyl group, then the minus 

hydrogen on triethylsilane attacked the carbon on the carbonyl group and 

reduced the carbonyl to a secondary alcohol. Next, the secondary alcohol was 

protonated and reduced by triethylsilane via a similar mechanism to give F2040. 

There are several other methods for reducing the carbonyl group, such as 

Clemmensen Reduction, which uses Zinc/Mercury155; Wolff-Kishner Reduction, 

which uses hydrazine156; NaBH4/LiAlH4 as reductant. The chloride group on 
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F2040 was substituted by potassium thioacetate in anhydrous ethanol to form 

F2048, and the reaction was further repeated on the TiNT surface. The 

mechanism of the reaction was an SN2 reaction. F2040 showed good solubility 

in ethanol when the potassium chloride did not dissolve, and thus the reaction 

was moved forward. It was attempted to remove the thioacetate group for 

forming a free thiol. However, the product was quite unstable. Therefore, the 

further deprotection of thiol was operated in one pot followed by synthesizing 

the composite 

 

6.3.3 Results and Discussion of AuNP-Organic-TiNT 

Composite 

Characterization Results 

F2029 & F2030 

The main difference in the synthesis of these two samples was the addition 

amount of the F2023-AuNP mixture. F2029 contained less organic linker and 

gold compared to F2030. Figure 61 shows the UV-Vis absorbance of F2029 and 

F2030. Before 270 nm, both samples showed the same profile of TiNT. For 

F2029, the TiNT profile was found up to 350 nm. The increase of absorbance 

within 350-500 nm was attributed to the charge transfer complex formed 

between TiNT and the catechol linker F2023 when the broad peak at around 
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540 nm was dominated by the LSPR peak of AuNPs. F2030 showed a similar 

profile, but the overall intensity was much stronger due to the higher content 

of F2023 and AuNPs. 
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Figure 61 UV-Vis absorbance of F2029 and F2030. F2029 shows the TiNT profile, a charge 

transfer band, and SPR peak of AuNPs. F2030 shows a charge transfer band and similar SPR 

peak with higher overall intensities. 

 

TEM and HRTEM images of F2029 and F2030 are shown in Figure 62. Figure 

62 (a)&(b) shows the morphology of F2029. Nanotubes were assigned as TiNT, 

and nanoparticles were assigned as AuNPs. The length and shape of TiNT did 

not change upon binding with the organic linker (F2023). AuNPs were located 

around nanotubes. HRTEM of F2029 (shown in Figure 62 (c)) showed that the 

d-spacing of AuNP was 0.24 nm, which corresponded to the (111) surface of 
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Au153. TEM and HRTEM images of F2030 are shown in Figure 62 (d)&(e) and 

Figure 62 (f), respectively. It showed similar morphology and same d-spacing 

compared with F2029. 

 

Figure 62 TEM and HRTEM images of (a)-(c): F2029; (d)-(f): F2030. (a) and (b) shows the 

morphology of F2029, which contained nanotubes from TiNT and nanoparticles from AuNPs. 

(c) indicated the d-spacing of the nanoparticle, which was 0.24 nm and corresponded to the 

(111) surface of Au153.(d)-(f) shows the morphology and HRTEM of F2030, which were similar 

to F2029. 

 

F2037 I & II 

The UV-Vis absorbance of F2037 I and F2037 II is shown in Figure 63. The two 

samples have shown the same profile within the range of 200-300 nm. For 

F2037 I, a TiNT band between 300-350 nm and a shoulder started from 350nm 

could be found. This profile was the same as other TiNT-catechol systems 
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(discussed in Chapter 4), which shows successfully binding between TiNT and 

deprotected F2031 compound. However, no peak around 520 nm could be seen, 

which stands for the SPR peak of AuNPs. This indicated that AuNPs existed in 

the mixture did not bind to TiNT but remained in the filtrate instead. As a result, 

it was proposed that F2037 I was not an ideal composite. For F2037 II, an 

increase at 350-450 nm was contributed by the binding between TiNT and the 

catechol compound. In addition to this, a broad peak at ~550 nm was found, 

which was the SPR of AuNPs, and the broadness indicated that the size 

distribution of AuNPs was broad. The morphology of the F2037 II composite 

was further investigated based on TEM. 
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Figure 63 UV-Vis absorbance of F2037 I and F2037 II. TiNT profile and charge transfer band 

can be found for F2037 I but no SPR peak. Compared to F2037 I, F2037 II has a broad peak 

at ~550 nm.  
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Figure 64 (a) & (b) show TEM and Figure 64 (c) & (d) show high resolution 

TEM images of F2037 II. The tubular structure was TiNT, and it did not change 

upon modification. AuNPs were found on the nanotube surface. The sizes of 

nanoparticles observed were from 3-12 nm with an average diameter of 5.6 

nm, and the sizes were not quite uniform. From HRTEM, the d-spacing of AuNPs 

was 0.23 nm, which corresponded to the (111) surface of Au153. 

 

Figure 64 TEM and HRTEM images of F2037 II. (a) and (b) shows the morphology of composite, 

which contained nanotubes and nanoparticles. (c) and (d) indicated the d-spacing of 

nanoparticles, which corresponded to the (111) surface of Au153. 

 

F2050 

F2040 is a catechol structure with chloride as the ending group (the structure 
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is shown in the above section). This compound was binding to TiNT first via 

two hydroxyl groups and resulted in F2041B. Next, a surface reaction, which 

was a substitution of chloride by thioacetate, was carried out in anhydrous 

EtOH under room temperature. Potassium thioacetate can dissolve in EtOH 

when the solubility of product KCl is very low in EtOH157. After stirring overnight, 

a large amount of undissolved solid, which was KCl, was found in the reaction 

mixture. Thus the reaction occurred. All solid was filtered off, and KCl was 

washed off by water to give the following product F2042: 

 

Next, the thiol group was deprotected by potassium carbonate in MeOH, and 

AuNPs were synthesized in the presence of TiNT-thiol. Finally, the purple 

powder was filtered off and washed to give F2050. UV-Vis absorbance of 

F2041B, F2042 and F2050 are shown in Figure 66. All three samples have 

shown a semiconductor band from 300-350 nm, which means the band gap of 

TiNT did not change. For the two samples without gold, both have shown 

shoulders at a range of 350-500 nm. This was caused by the charge transfer 

complex formed between TiNT and the catechol compound.124, 127 For F2050, 

the shoulder was not obvious but still could be seen, and a strong SPR peak at 

~527 nm was found. Compared with the previous TiNT-thiol-AuNP composite 

F2037II, the LSPR peak was sharper, which means narrower distribution of 

AuNPs.  
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TEM and HRTEM images of F2050 are shown in Figure 65 (a) – (d). From Figure 

65 (a) and (b), it was found the sizes of nanoparticles were not uniform, which 

were from several nanometers to around 100 nm. Figure 65 (c) and (d) showed 

HRTEM of a large nanoparticle (diameter = 28.5 nm) and a small nanoparticle 

(diameter = 5nm). Both of them showed similar d-spacing (0.23-0.24 nm), 

which corresponded to the (111) surface of Au153. 

 

Figure 65 TEM and HRTEM images of F2050. (a) and (b) shows the morphology of composite, 

which contained nanotubes and nanoparticles. (c) and (d) indicated the d-spacing of 

nanoparticles, which corresponded to the (111) surface of Au153. 

 

UV-Vis of F2050 was compared with F2041B and F2042 in Figure 66, which 

were the precursor of F2050 without adding gold. All three samples showed 
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the TiNT profile, which was a band gap of 3.2 eV. F2041B and F2040 showed 

an absorbance within the range 350-600 nm, which was caused by the 

formation of charge transfer complex and the same as other TiNT-catechol 

samples (discussed in Chapter 4). F2050 showed a significant peak at 526 nm. 

This peak was a characterization peak of gold nanoparticles, which was 

attributed to the LSPR effect of AuNPs.  
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Figure 66 UV-Vis absorbance of F2041B, F2042 and F2050. F2041 B and F2042 show TiNT 

profile and charge transfer profile, which was similar to other TiNT-catechol systems. F2050 

shows a strong peak at 526 nm, which was attributed to the LSPR effect of AuNPs. 

 

XPS results of F2050 

Figure 67 shows C1s of F2050. The experimental spectrum was divided into 

three peaks. The peak at 284.4 eV was assigned as C-C and C=C from both 
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aromatic ring and carbon chain158, as well as carbon addiction for calibration 

purposes. The peak at 286.6 eV was dominated by C-O/C-S159, which was from 

the hydroxyl groups on the catechol structure and thiol ending group. 288.9 eV 

was assigned as a C=O double bond. From the proposed F2050 structure, there 

is no C=O bond. However, the synthesis of organic linker involved substitution 

by potassium thioacetate as well as hydrolysis of thioacetate group. The 

existence of C=O signals was explained by residual F2042, in which a contained 

thioacetate group remained in F2050. The organic linker was bound to TiNT 

surface thus it remained in F2050 and can hardly be removed.  
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Figure 67 XPS C1s spectrum of F2050. The peak at 284.4 eV was assigned as C-C and C=C 

from both aromatic ring and carbon chain158, as well as carbon addiction for calibration 

purposes. The peak at 286.6 eV was dominated by C-O/C-S159, which was from the hydroxyl 

groups on the catechol structure and thiol ending group. 288.9 eV was assigned as a C=O 

double bond. 
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Figure 68 shows the XPS O1s spectrum of F2050, and two peaks were fitted. 

On the one hand, the strong peak at 530.4 eV was also observed at the same 

position as in TiNT, which was given by O-Ti bonds in the TiNT structure. Upon 

surface modification of TiNT, the O-Ti peak did not shift, which means the 

oxidation state of oxygen on the sample surface did not change. On the other 

hand, a broad peak at 531.4 eV was found in modified samples, which was 

within the range of binding energy of O-C bonds from organic structure. What 

is more, it was reported that the binding energy of O-H bonds was within this 

range as well. O-H bonds exist in the TiNT structure. However, when compared 

this spectrum with TiNT, it was found that this peak was not at the same 

position as the O1s peak of TiNT. It was explained that the broad peak at 531.4 

eV was contributed by both O-H and O-C bonds from F2050. XPS Ti2p spectrum 

of F2050 is shown in Figure 69. Compared to TiNT, no obvious difference could 

be found, which means the oxidation state of Titanium did not change upon 

adding NaBH4, which was a strong reducing agent for producing AuNPs. 
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Figure 68 XPS O1s spectrum of F2050. The peak at 530.4 eV was assigned as O-Ti. The broad 

peak at 531.4 eV was donated by O-C organic bonds and O-H bonds. 
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Figure 69 XPS Ti2p spectrum of F2050 
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Au4f spectrum is shown in Figure 70. The peaks at 83.4 eV and 87.1 eV stands 

for Au4f7/2 and Au4f5/2 of Au0 respectively.159, 160 No significant signal of Au1 and 

Au3
 could be found in the spectrum, which indicated that Au3+ from HAuCl4 was 

successfully reduced to Au0 by NaBH4. The binding energy of Au4f7/2
 for Au-S 

was reported to be 85.05 eV and 85.35 eV for specific samples.159 However, an 

additional peak at such position was not able to be fitted to the spectrum, 

which means Au-S signals were not efficient enough to be detected by XPS. 

This phenomenon was explained by the principle of XPS as well as the steric 

structure of the sample. XPS can only provide information on the surfaces of 

samples. The organic linker, which contains thiol, was bound to the TiNT 

surface as a thin layer. When AuNPs were produced and bound through thiol, 

the Au-S bonds formed only between TiNT and AuNPs. Since TiNT and AuNPs 

were in nanoscale, the Au-S signals were hindered, which could be shown by 

XPS. 
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Figure 70 XPS Au4f spectrum of F2050. The peaks at 83.4 eV and 87.1 eV stands for Au4f7/2 

and Au4f5/2 of Au0, respectively.159, 160 

 

S2p and Cl2p spectra are shown in Figure 71 (a) and (b). Both spectra have 

shown very poor signals. From S2p, the signals at range 160-162 eV were 

higher than other positions. This was explained by the loading of sulphur to 

the sample. No Cl2p signals could be found, which indicated that all chloride 

groups were substituted by thioacetate in the previous process. 
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Figure 71 XPS (a) S2p ;(b) Cl2p spectra of F2050 

 

Photodegradation of MB by Au-Organic-TiNT System 

Photodegradation of MB catalysed by F2029 and F2030 is shown in Figure 72. 

Both samples showed good adsorption ability, which removed ~60% of 

methylene blue. However, their photocatalytic ability was poor. 

 

 

 



185 
 

-2 -1 0 1 2 3 4 5

2

4

6

8

10

W
e
ig

h
t 
C

o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/)

Time (hours)

 F2029

 F2030

(a)

 

0 1 2 3 4 5

0.0

0.2

0.4

0.6

0.8

1.0

1.2

W
C

/W
C

0

Time (hours)

 F2029

 F2030

(b)

 

Figure 72 Photodegradation of methylene blue catalysed by F2029 and F2030: (a) Weight 

concentration changed versus time; (b) Weight concentration ratio changed versus time. Both 

samples show high adsorption ability, which removed ~60% of methylene blue. However, their 

photocatalytic ability was poor. 
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Photodegradation of MB catalysed by F2037 II, F2041B and F2050 are shown 

in Figure 73. F2037 II and F2050 were TiNT-organic-AuNP composites, and 

F2041B was for comparison. F2037 II has shown a high adsorption ability. 

However, all the samples did not show high photodegradation activity. The poor 

activity was proposed to be caused by the poor charge transfer and weak 

linking between gold nanoparticles and TiNT, contrary to our hypothesis. 
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Figure 73 Photodegradation of methylene blue catalysed by F2037 II, F2041B, and F2050: (a) 

Weight concentration changed versus time; (b) Weight concentration ratio changed versus time. 

F2037 II shows the highest adsorption ability among the three samples. However, no sample 

has shown a high degradation ability. 

 

, 
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6.4 Conclusion 

In this chapter, AuNPs were synthesized by the pph3 method, Brust method, 

and Martin method. The resulting AuNPs were characterized and compared. 

The AuNPs prepared by the Martin method was used for further syntheses. 

Several organic compounds were synthesized from the starting material 4-

(Chloroacetyl)catechol. Three compounds that contained a catechol structure, 

a carbon chain, and a thiol group as an ending group were derived. These 

compounds were used for synthesizing AuNP-Organic-TiNT composites. 

Organic compounds attached on TiNT by catechol structure, and AuNPs bound 

to the thiol group. Three composites were synthesized, and their 

characterization, including UV-Vis, TEM and XPS, were measured. The 

photodegradation activity of these composites was tested by photodegradation 

of methylene blue. However, their activities were not high, and the reason was 

proposed to be poor charge transfer and weak linking between AuNPs and TiNT. 
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Chapter 7: Summary and Future Work 

In this project, TiNT was modified by several catechol compounds. The 

characterization of TiNT-catechol compounds showed the formation of charge 

transfer complex and attachment on TiNT via monodentate attachment. 

Selective surface enhanced Raman scattering were reported. The enhancement 

was explained by the charge transfer complex, and the selectivity was 

explained by the HOMO and LUMO positions of modifiers. 

 

g-C3N4-TiNT nanocomposites were synthesized. It was found that TiNT could 

transform to anatase under high temperatures. The photodegradation activity 

was highest for the samples heated under 400 oC, which was explained by the 

existence of anatase when the samples heated under 300 oC showed high 

adsorption ability. 

 

AuNPs were synthesized by several methods and compared. Several organic 

compounds were synthesized from the starting material 4-

(Chloroacetyl)catechol. Three compounds were derived and used in 

synthesizing AuNP-Organic-TiNT composites. Three composites were 

synthesized and characterized. However, the photodegradation activity of these 

composites was not high. 
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The future work of the project includes three parts: investigation of other TiNT-

catechol systems for SERS, and explore the potential of these systems using as 

biosensor; synthesis of conjugated catechol compounds and measure their 

properties as an organic linker for Au-Organic-TiNT; investigate the 

photodegradation of methylene blue process by Electron Spin Resonance (ESP), 

which was on the schedule but delayed by Covid-19 and cannot be measured 

before submission.  
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