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treatment 

 

Ton Nu Thanh Nhan 

1720422 

 

 

Heterogeneous photocatalysis using titanium dioxide is a well-known advanced oxidation process 

for water treatment. However, the large band gap, a short lifetime of photo-excited electron-hole pairs, 

and the ability as an absorbent limit its applications. Hybridization of TiO2 with graphene emerges as a 

promising approach to diminish these drawbacks. Many efforts have been reported on the preparation of 

TiO2/graphene composites, but most of them utilized graphene oxide (GO) as a starting material. 

Subsequent reduction of GO into so-called reduced graphene oxide (rGO) leads to the formation of 

defect-rich graphene with disadvantageous electronic properties. Furthermore, the aggregation of TiO2 is 

usually observed because the sensitivity of titanium alkoxide to water (GO usually contains) significantly 

impedes the uniform and controlled growth of TiO2 on graphene. Hence, the aim of this thesis is to 

explore a novel and effective approach for the preparation of the TiO2/graphene nanocomposites to 

obtain excellent visible-light photocatalysts for water treatment application.  

In Chapter 2, a novel GO-free route for the fabrication of TiO2/graphene nanocomposites was 

explored. This route involved the ultrasonication-assisted exfoliation of graphite in a titanium tetra-n-

butoxide and subsequent sol-gel reaction to form TiO2 using the graphene dispersion. Featured with 

various advantageous characteristics (Figure 1), the obtained the TiO2/graphene nanocomposites 

exhibited an excellent performance for the visible-light photocatalytic decomposition of methylene blue 

in an aqueous medium. 

Chapter 3 concentrated on the exploration of new solvents for liquid-phase exfoliation of graphite 

via ultrasonication. Various new exfoliating solvents were found through screening of different solvents 

and their mixtures. Most importantly, the preparation of a graphene dispersion in the presence of 

different metal alkoxides was demonstrated, which could be useful as a direct precursor of various 

oxide@graphene nanocomposites without mediating GO.  

In Chapter 4, further improvement in the visible-light photocatalytic performance of the 

TiO2/graphene nanocomposites was achieved by chlorine doping. The chlorine-doped TiO2/graphene 

nanocomposites were synthesized based on the synthetic method established in Chapter 2. With the aid 

of chlorine radicals in accelerating the photodecomposition of target organic compounds and a significant 

reduction of the amount of graphene defects, the chlorine-doped TiO2/graphene nanocomposites 

exhibited a significant improvement in the photocatalytic performance compared to that of the undoped 

TiO2/graphene nanocomposite (Figure 1). 

To the end, I have successfully established a novel and effective route for the synthesis of the 

TiO2/graphene nanocomposites and demonstrated its usefulness in the field of water treatment based on 

excellent visible-light photocatalysis. The results are expected to be useful not only in the field of 

photocatalysis, but also in the development of various oxide/graphene functional composite materials. 

 

 
Figure 1. Development of TiO2/graphene nanocomposites for the enhancement of visible-light 

photocatalytic activity. 

 

Keywords: TiO2/graphene, Chemical exfoliation, Sol-gel, Photocatalysis, Water treatment 
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Preface  

 

The present thesis is submitted for the Degree of Doctor of Philosophy at Japan 

Advanced Institute of Science and Technology, Japan. The thesis is a unification of 

results of the research works that were performed on the topic “Development of 

TiO2/graphene nanocomposites as visible-light active photocatalysts for water 

treatment” from October 2017 to September 2020 under the supervision of Assoc. Prof. 

Toshiaki Taniike at Graduate School of Advanced Science and Technology, Japan 

Advanced Institute of Science and Technology from October 2017 to September 2020.. 

Chapter 1 describes a general introduction of the research field and the objective of 

this thesis. Chapter 2 introduces a novel synthetic route for TiO2/graphene 

nanocomposites with an excellent visible-light photocatalytic activity. Chapter 3 

presents a solvent screening for the exploration of solvents for the liquid-phase 

exfoliation of graphite. Chapter 4 reports the synthesis of the chlorine-doped 

TiO2/graphene nanocomposites for a further improvement of the visible-light 

photocatalytic activity. Chapter 5 gives a conclusion for this thesis. All of these works 

are original and no part of this thesis has been plagiarized. 

Ton Nu Thanh Nhan 

Graduate School of Advanced Science and Technology 

Japan Advanced Institute of Science and Technology 
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CHAPTER 1: General introduction 

 

 

1.1 Water treatment 

In recent years, clean water shortage is becoming a severe problem due to the 

expeditious growth of industry and the environmental pollution [1,2]. As a consequence of 

the industrial revolution, the rapid development of manufacturing technology has 

significantly enhanced the living standard of our human beings; however, it is also a factor 

threatening the environment and human health. Along with the diversification of high-tech 

industry, pollutants are now quantitatively and qualitatively changing, in which around 

38,000 kinds of chemicals and more than 300 new materials are synthesized every year 

[3,4]. Thus, industrial wastewater is becoming severely and complicatedly contaminated to 

be managed. In addition, consideration of effective treatment methods for litter leachate and 

livestock manure is not sufficient. Residual organic compounds and toxic pesticides from 

industry are polluting rivers, groundwater and becoming more and more severe worldwide, 

which cannot be solved by a natural cleaning system [5–7]. Moreover, it is found that nearly 

4 billion people worldwide are facing with a lack of clean and sanitized water supply, and 

millions of people died because of waterborne disease annually [8]. Thus, the development 

of advanced technologies of high efficiency as well as of low cost for water treatment is 

significantly important. 

Several water treatment methods have been investigated or even commercialized. 

These methods include filtration, biodegradation [9,10], adsorption [11], 

coagulation/precipitation [12,13], Fenton oxidation [14,15], or biological treatment using 

microbial metabolism [16–18]. Though these conventional water treatment strategies are 
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economical and safe, each strategy has their own problems for removal of pollutants. In the 

coagulation and precipitation method, pollutants are precipitated as separable flocs by 

adding polymer coagulators or inorganic coagulants under proper pH control [19–22]. 

Although this method has high processing efficiency, the pipe blockages and water 

deterioration due to the usage of chemicals and the residual biological sludge constitute 

main drawbacks. In the Fenton oxidation technology, organic pollutants are decomposed by 

a strong oxidation power of Fenton’s reagents. The process involves a coagulation process, 

neutralization, and oxidative reaction. However, this easy process might produce large 

amount of sludge and to be high cost for the operation [23–26]. Biological treatment can 

also be considered as an environmentally friendly method for water treatment; nevertheless, 

unstable processing with the production of a large amount of sludge limits the usage of this 

method [16–18]. Advanced oxidation processes (AOPs) have appeared as groundbreaking 

technologies for water treatment, which realize the elimination of organic compounds 

resistant to the conventional treatment methods. Based on physicochemical processes, 

AOPs produce powerful oxidative species such as H2O2, O2
•–/HO2

•, and HO•, which are the 

most oxidative agents, contributing to the redox process to destruct the target pollutants and 

transform them to less or non-toxic compounds [27–29]. Based on the generation 

mechanism of hydroxyl radicals, the AOPs can be classified into ozone-based, Fenton-based, 

electrochemical-based, and photocatalysis-based processes. Among these AOPs methods, 

heterogeneous photocatalysis has received a great interest due to its low cost with the usage 

of solar energy and its efficiency to decompose a wide range of ambiguous refractory 

organics into non-toxic compounds, or even mineralized them into carbon dioxide and water 

[30,31].  
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1.2 TiO2 photocatalysis  

1.2.1. Fundamental and mechanism for TiO2-based photocatalytic degradation of organic 

compounds 

Basically, photocatalytic research is related to the improvement of the solar energy 

utilization efficiency including solar batteries [32,33], solar thermal systems [34], and 

photocatalysis [35], in which solar energy is converted into chemical energy. After the 

finding of Fujishima and Honda about the hydrogen production by photocatalytic water 

splitting under solar light using a semiconductor as a catalyst [36], semiconductor 

photocatalysis, especially TiO2 photocatalysis, has received a tremendous attention in both 

academy and industry with a wide range of applications such as hydrogen evolution [37–40], 

air cleaning [41–43], anti-corrosion of metals [44,45], self-purification [46–48], and 

antibacterial [49,50]. In particular, TiO2 photocatalysis has been considered suitable to 

requirements of heterogeneous photocatalysis in water treatment, which includes i) ambient 

operating conditions, ii) complete mineralization of the pollutants and their intermediate 

compounds without production of any secondary pollution, and iii) low cost. In fact, the 

formation of highly reactive oxygen species on TiO2 by the photo-induced charge 

separation realizes complete mineralization of organic pollutants without generating 

secondary pollutants [51,52].  

The fundamental of the heterogeneous photocatalysis in general and for TiO2 in 

particular has been reported in many literatures [36,53]. As shown in Figure 1.1, under the 

illumination with the photo energy (hν) of greater than or equal to the band gap of TiO2 (3.2 

eV for anatase or 3.0 eV for rutile), an electron in the valence band (VB) of TiO2 is photo-

excited to the empty conduction band (CB) of TiO2 in the time scale of femtoseconds, and 

this leaves a hole in VB, thus creating a photo-excited electron-hole pair, which undergoes a 

series of reactions summarized as follows: 
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Photoexcitation: TiO2 + hν → e– + h+ (1.1) 

Charge carrier trapping of e‒: e–
CB → e–

TR (1.2) 

Charge carrier trapping of h+: h+
VB → h+

TR (1.3) 

Electron-hole recombination: e‒
TR + h+

VB(h+
TR) → e‒

CB + heat (1.4) 

Photoexcited electron scavenging: (O2)ads + e‒ → O2
•‒ (1.5) 

Oxidation of hydroxyls: HO‒ + h+ → HO• (1.6) 

Photodegradation by HO•: R–H + HO• → R• + H2O (1.7) 

Direct oxidation by photo-induced holes: R• + h+ → R•+ → 

intermediate(s)/final degradation 

products 

(1.8) 

Protonation of superoxide: O2
•‒ + H+ → HOO• (1.9) 

Co-scavenging of e‒: HOO• + e‒ → HOO‒ (1.10) 

Formation of H2O2: HOO‒ + H+ → H2O2 (1.11) 
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Figure 1.1. Photocatalytic process over TiO2. Reproduced from Ref. [54]. 

 

In the absence of electron scavengers, the photo-excited electrons recombine with the 

holes in nanoseconds with the release of heat (Equation 1.4). Therefore, the existence of 

electron scavengers is critical for the successful functioning of photocatalysis. As seen in 

Equation 1.5, the presence of O2, which works as an electron scavenger, prevents the 

electron-hole recombination through the formation of superoxide radicals. In most 

applications, photocatalytic decomposition reactions are conducted in the co-presence of air, 

water (moisture), the target compound, and the photocatalyst, in which water plays a crucial 

role in the reaction. This is because water molecules lead to, the production of highly 

reactive hydroxyl radicals for the photodegradation of organic compounds in liquid phase. 

Moreover, holes have a significant potential to oxidize organic species directly or indirectly 

by the combination with hydroxyl radicals in an aqueous solution to form intermediate(s) or 
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final products (Equations 1.6–1.9) [55,56]. Superoxide radicals are protonated to form 

hydroperoxide radicals and superoxide (Equation 1.9–1.11). The co-existence of these 

radicals can further prolong the lifetime of the electron-hole pairs in the photocatalytic 

reaction. Furthermore, these highly reactive intermediated radicals concomitantly act with 

holes and hydroxyl radicals to oxidize organic pollutants including bioaerosols or volatile 

organic compounds [57,58].  

Recently, many mechanistic studies are reported on the photodegradation of different 

organic compounds over the TiO2 surface. By highly reactive hydroxyl radicals, aromatic 

compounds can be hydroxylated, leading to successive oxidation/addition or even ring 

opening [59]. Then the resulting intermediates (aldehydes and/or carboxylic acids) are 

further oxidized to produce carbon dioxide and water if the irradiation time is adequate 

(Equation 1.13) 

Organic compounds  Intermediate(s) → CO2 + H2O 
(1.13) 

In detail, the photocatalytic reaction in Equation 1.13 can be divided into 5 steps 

(Figure 1.2) [60,61]: 

Step 1. Mass transfer of organic compound(s) (e.g. A) in the liquid phase to the TiO2 

photocatalyst surface; 

Step 2. Adsorption of the organic compounds onto the photo-activated surface of TiO2; 

Step 3. Photocatalysis on the TiO2 surface for the adsorbed organic compounds (e.g. 

A→B); 

Step 4. Desorption of the intermediates (e.g. B) from the TiO2 surface; 

Step 5.  Mass transfer of the intermediates (e.g. B) to the bulk fluid from the interface 

region. 



Chapter 1 

16 
 

 

Figure 1.2. Steps involved in heterogeneous photocatalysis. Reproduced from Ref. [61].  

 

In the consideration of rate determination step, it is clear that Steps 1 and 5 for the 

mass transfer are very fast compared to Steps 2, 3, and 4. According to the finding of 

Vinodgopal et al. in 1992 about the dependence of the photodegradation rate on the surface 

coverage of the photocatalyst [62], reactant adsorption and desorption (i.e. Steps 3 and 4) 

are believed to be impactful on the overall rate of the photocatalytic reaction. 

 

1.2.2. Design strategies of TiO2-based photocatalysts 

So far, water treatment using TiO2 photocatalysis has been restricted to the scale of 

laboratory experiments due to many technical challenges. First, the band gap of TiO2 (3.2 

eV for anatase) corresponds to the energy of ultraviolet (UV) irradiation [63‒65]. In solar 

light, UV light accounts only 5 % of the total energy, a small fraction compared to 45 % for 

the visible light. Hence, improving visible-light response of TiO2 is the primary focus of 

research towards its practical applications. Second, as mentioned above, the photocatalytic 
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reaction mainly arises on TiO2 surfaces. Nevertheless, the adsorption of organic pollutants 

on the surface of TiO2 is relatively poor (especially hydrophobic organic pollutants), which 

significantly reduces the photocatalytic degradation rate. Third, during the reaction, an 

aggregation of TiO2 nanoparticles (NPs) may occur because of the instability of nanosized 

particles feature with a large surface-to-volume ratio and surface energy. This can obstruct 

the light absorption on the active center and decrease the photocatalytic activity of TiO2 

[66,67]. Finally, the short lifetime of electron-hole pairs (ranging from nanosecond to 

microsecond) of TiO2 significantly limits its photocatalytic activity [68]. Thus, modification 

of TiO2 as well as optimization of the catalyst synthesis to obtain the catalyst with a defined 

crystal structure, a high ability to adsorb various organic pollutants, an enhancement of 

electron-hole separation, and most importantly an improvement of a visible-light 

photocatalytic activity are the main focuses of the recent TiO2-based photocatalysis research. 

A large number of efforts on TiO2 modification have been devoted to improve its 

photocatalytic activity. They include doping with metal or non-metal elements, introducing 

heterojunctions, and surface modification with organic ligands. Past efforts presented along 

these three strategies are reviewed as follows. 

Doping with metal and non-metal 

It is known that the properties and efficiency of nanomaterials are highly influenced 

by the surface composition and the lattice structure. Many reports pointed out the significant 

improvement in the optical absorption and the charge carrier lifetime of the nanomaterials 

by introducing electronically active secondary species. Roy et al. reported hydrothermal 

preparation of Cu-doped TiO2 and found the reduction of the band gap of the TiO2 into 2.06 

eV [69]. Sood et al. prepared Fe-doped TiO2 using an ultrasonication-assisted hydrothermal 

method. The obtained material presented improved visible-light photocatalytic response due 

to the extension of the optical absorption edge to visible region through band gap reduction 
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to 2.9 eV [70]. In addition, the modification of TiO2 by doping of metal ions like La3+, Ce3+, 

Er3+, Pr3+, Nd3+, or Sm3+ exhibited an improvement in the ability to adsorb organic pollutant, 

resulting in the enhancement in the photocatalytic activity [71,72]. 

Improvement of the visible-light photocatalytic activity of TiO2 doped with non-

metals was also reported. In 2008, Yang et al. introduced N and C dopants in the TiO2 

lattice and found that the mixing of N 2p and O 2p states narrows the band gap to improve 

the visible-light response [73]. Bakar et al. prepared S-doped TiO2 by a template-free 

peroxide route and followed by a hydrothermal treatment [74]. It was reported that the 

replacement of oxygen atoms by sulfur atoms in the crystal lattice of TiO2 led to a band gap 

narrowing of TiO2 [75,76]. In addition, the incorporation of sulfur atoms generated surface 

oxygen vacancies, which work as trapping centers for the photo-induced electrons, resulting 

in the reduction of the charge carrier recombination. These factors led to the improvement 

of its visible-light photocatalytic performance. The improvement of the visible-light 

photocatalytic activity was also identified in C-doped TiO2 [77]. The incorporation of 

carbon atoms on the TiO2 crystal lattice could generate oxygen vacancies. These led to the 

introduction of some defect levels between the VB and CB of TiO2, resulting in the optical 

absorption extension to visible region [78‒80].  

In summary, doping with metals and non-metals can increase the visible-light 

photocatalytic activity of TiO2 primarily based on the band gap narrowing or gap state 

introduction, and secondly due to the creation of trapping centers for photo-induced 

electrons. Several challenges were also reported. In the case of metal-doped TiO2, the 

photocatalytic activity of these photocatalysts can be affected by the concentration of 

dopants [81,82]: Below an optimum dosage level, dopant ions can act as electron-hole 

separation centers improving the photocatalytic activity. Nevertheless, if the dosage level of 

dopant ions exceeds an optimum value, they can become recombination centers. Moreover, 
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deteriorated thermal stability and high cost due to the requirement of expensive ion-

implantation facilities also limit the usage of metal-doped TiO2 photocatalysts [83]. In the 

case of non-metal doping, several negative aspects were also reported including the energy 

intensive aspect of non-metal doping at high temperature and the usage of toxic, expensive, 

and unstable precursors as well as the formation of undesirable gaseous byproducts [84]. 

Heterojunction 

In order to overcome the limitations of TiO2 in photocatalysis, constructing 

heterojunctions with noble metal or other semiconductor oxides are considered to be 

effective to enhance the stability, optical absorption, and the electron-hole separation of 

TiO2 photocatalysts. Choosing a proper substrate to couple is significantly important to 

increase the photocatalytic efficiency and the stability of TiO2. The substrate with a large 

surface area can offer more active sites, essential for photocatalytic reaction. A proper band 

gap with an appropriate band edge alignment is also significant since the energy level at the 

interface junction dictates the transportation and separation direction of charge carriers. 

According to these, heterojunction can be classified into heterojunction with noble metals 

and heterojunction with semiconductors.  

Heterojunction with noble metals 

It has been found that the coupling of noble metal nanoparticles with TiO2 could 

greatly enhance the visible-light photocatalytic performance of TiO2 through surface 

plasmon resonance (SPR) that originates from the collective oscillation of electrons in these 

nanoparticles. When irradiated, hot electrons transfer into the CB of the coupled 

semiconductor across the Schottky barrier. It is well known that compared to 

semiconductors, metals have lower Fermi levels. If a semiconductor and a metal contact 

physically, electrons flow from the semiconductor to the metal until the Fermi level 



Chapter 1 

20 
 

equilibration, and this leads to the formation of a Schottky barrier, which serves as an 

electron trap [85]. In addition, noble metal NPs present an absorption in the visible-light 

region because of SPR [86,87]. There have been three mechanisms proposed to explain 

SPR-semiconductor photocatalysis [88]. The first one is a direct electron transfer from an 

excited plasmon state of the metal to the CB of the coupled semiconductor. The second 

mechanism is based on an increase in the optical path length of photons in the 

semiconductor matrix by light scattering on the metal NPs. The third one relies on the 

electromagnetic near-field enhancement in the vicinity of the excited plasmonic NPs.  

Heterojunction with semiconductors 

In the case of heterojunction between TiO2 and another semiconductor, both of the 

components can generate electrons and holes by the photoexcitation. On the other hand, the 

direction of charge transfer relies on the relative position of VB and CB of the two 

components, facilitating the charge carrier separation. When TiO2, a n-type semiconductor 

couples with p-type semiconductor, a p-n heterojunction can be generated. Figure 1.3 

presents the formation of a space charge region at the interface by the diffusion of electrons 

and holes in the p-n heterojunction [89]. It is found that a strong electric field created by the 

difference in the electric potential can accelerate the charge carrier separation, in which the 

electrons are transferred from the CB of the p-type semiconductor to CB of the n-type 

semiconductor while holes are transferred to the VB of the p-type semiconductor. Copper 

oxides have received a great attention to be coupled with TiO2 to form a p-n heterojunction 

for the photocatalytic reduction of CO2 [90‒93]. Xu et al. [90] prepared Cu2O/TiO2 with a 

porous and heterojunction structure by a two-step strategy. With a high surface area (4 times 

higher than that of TiO2-P25), the Cu2O/TiO2 presented significant improvement in the 

adsorption ability, resulting in the improvement in the photocatalytic performance in the 

visible-light photoreduction of CO2. In et al. reported hollow CuO nanotubes loaded on 
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titanium oxynitride, denoted as CuO-TiO2−xNx, which exhibited 3 times higher 

photocatalytic activity compared to that of TiO2-P25 [94].   

 

 

Figure 1.3. Schematic illustration of the band structure and charge carrier transfer in 

the a) p-n heterojunction and b) non p-n heterojunction. Adapted from Ref. [89]. 

 

In addition to the p-n heterojunction, non p-n heterojunction also exists, where a 

staggered band gap combination is usually employed in photocatalytic applications (Figure 

1.3b). The heterostructure in this type is constructed when the two semiconductors with 

matching band properties tightly bond together. When the CB level of the semiconductor B 

is lower than that of the semiconductor A, electrons can transfer from the CB of the 

semiconductor A to that of B. Similarly, when the VB level of the semiconductor B is lower 

than the VB level of the semiconductor A, holes can transfer from the VB of the 

semiconductor B to that of A. These processes promote the migration and separation of 

photo-induced charge carrier by the internal field, preventing the recombination of electrons 

and holes. As a result, the photocatalytic activity of the catalyst is improved due to the 

effectiveness of a large number of electrons and holes in the surface of the semiconductor B 

and A to directly or indirectly decompose organic pollutants. Various combinations of non 

p-n heterojunction have been examined including CdS/TiO2 [95‒99], Bi2S3/TiO2 [100‒104], 

PbS/TiO2 [105‒108], or CeO2/TiO2 [109‒112]. It was found that the formation of 
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heterojunction with TiO2 can moderate the photocorrosion of sulfide semiconductor and 

also enhance the photocatalytic performance of TiO2. Beigi et al. reported the synthesis of 

CdS/TiO2 nanocomposites by the hydrothermal process and found that with an optimal ratio 

of CdS and TiO2, the CdS/TiO2 nanocomposite exhibited around 14 times higher in 

photocatalytic activity compared to that of TiO2 and CdS [97]. Li et al. reported Bi2S3 or 

CdS loaded into TiO2 by a precipitation method for the photoreduction of CO2 to methanol 

[98]. Bi2S3/TiO2 and CdS/TiO2 exhibited around 2 times greater photocatalytic performance 

compared to that of TiO2-P25 and TiO2 nanotubes. Wang et al. reported the loading of PbS 

quantum dots on TiO2 for the photoreduction of CO2 and identified significant improvement 

of the photocatalytic performance [108]. Jiao et al. loaded CeO2 onto 3D ordered 

microporous (3DOM) TiO2 [112]. The 3DOM CeO2/TiO2 showed 2 times higher 

photocatalytic performance compared to that of TiO2-P25. The improvement was explained 

due to the benefits of the heterojunction including the extension of the optical absorption to 

visible region based on the introduction of CeO2 photosensitization and the improvement of 

electron-hole separation based on the inner electric field. Furthermore, the addition of CeO2 

was thought to be advantageous in generating surface oxygen radicals.  

Surface modification with organic ligands 

The visible-light photocatalytic performance of TiO2 can also be improved by an 

organic modification on the surface of TiO2, in which the modified TiO2 shows the 

extension of the optical absorption into the visible region. This surface organic modification 

of TiO2 includes the dye-sensitization and organic coating. 

Dye-sensitization 

Dye-sensitized TiO2 photocatalysts are given by adsorption of dye molecules such as 

erythrosin B [113], thionine [114], substituted and unsubstituted bipyridine [115,116], or 
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phthalocyanine [117] on TiO2. By sensitizing with a proper dye molecule, the light 

absorption could be extended to the visible-light range [115]. The dye-sensitized TiO2 has 

been widely applied to the photodegradation of pollutants in an aqueous media [118,119]. 

As presented in Figure 1.4, the reaction process is started by HOMO-LUMO 

photoexcitation in dye molecules adsorbed on the surface of TiO2 upon the visible-light 

irradiation, and subsequently by the electron transfer from the excited dye to the CB of TiO2. 

Consequently, dyes get oxidized in the existence of proper electron donors e.g. EDTA, 

water, alcohol, etc., the oxidized dye is formed. The injected electrons at the TiO2 CB react 

with O2 adsorbed on the catalyst surface to form O2
•‒, which further produce HO2

•, H2O2 

and subsequently HO•, leading to the oxidation of the target organic pollutants.  

In the photocatalytic mechanism, beginning with the light absorption by dye 

molecules and followed by the electron transfer to the TiO2 CB, the quantity and also the 

stability of adsorbed dye molecules on the surface of TiO2 are essential [120]. Insufficient 

stability is an intrinsic problem of the dye sensitization approach. There is no steady 

chemical bond formed between TiO2 and dye molecules, and thus the desorption of dye 

molecules tends to occur, which necessarily reduces the photocatalytic efficiency during the 

photodegradation reaction. Furthermore, the competitive adsorption with coexisting 

pollutants at a high concentration can also strongly depress the activity of the catalyst.  
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Figure 1.4. Schematic illustration of the band structure of dye-sensitized TiO2. 

Adapted from Ref. [121]. 

 

Organic coating 

Surface modification of TiO2 NPs with organic chelating ligands has also received a 

great attention due to its ability to change the electrical and optical properties of the NPs. In 

2007, Jiang et al. reported modification of the TiO2 nanocrystal surface by a traditional 

reaction between the NCO groups of toluene diisocyanate (TDI) and the hydroxyl groups on 

the TiO2 surface to form a steady chemical bond [122]. The presence of the surface complex 

leads to the extension of the absorption edge into the visible-light region, improving the 

photocatalytic activity compared to the unmodified TiO2. The mechanism of the visible-

light photocatalysis for TDI-modified TiO2 is similar to that for dye-sensitized TiO2. Upon 

the absorption of visible light, electrons are transferred from the organic ligand to the CB of 

TiO2, then react with the adsorbed O2 to produce O2
•‒ radicals, and so on. However, the 

organic ligand is not cleaved differently from dye molecules. By capturing an electron from 

the environment, it can be recovered and then involved in another reaction cycle by the 

absorption of another photon [123]. 
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1.3 TiO2/graphene in photocatalysis 

Among different materials that can be paired with TiO2, carbon materials are regarded 

as promising owing to their unique advantages such as chemical inertness and high stability 

in both acidic and basic environments as well as tunable chemical and textual properties. 

Recently, carbon nanomaterials including carbon nanotubes, fullerenes, and graphene 

nanosheets have been widely investigated to be paired with TiO2, opening a new generation 

for this material in photocatalysis [124‒126]. Among carbon nanomaterials, graphene 

appeared as the newest material to be paired with TiO2. Graphene is a versatile material, 

featured with advantageous characteristics like high electron mobility (15000 cm2 V−1 s−1), 

extremely high specific surface area (2630 m2 g−1), excellent thermal conductivity (~4000 

W m−1 K−1), and outstanding mechanical strength (tensile strength of 130 GPa) [127‒130]. 

In paring with TiO2, the zero band gap of graphene satisfies a prerequisite to be an excellent 

sensitizer. In addition, high electron mobility of graphene resulting from a delocalized 

conjugated π electrons is advantageous to the effective charge carrier separation, resulting in 

the enhancement of photocatalytic activity of the material [131‒133]. In addition, an 

extremely large specific surface area of graphene as a support provides a favorable scaffold 

to anchor TiO2 NPs and also improves the adsorption capacity of the TiO2 catalyst with 

pollutants [134,135].  

 

1.3.1. Fundamental of TiO2/graphene photocatalysts 

In the preparation of the TiO2/graphene photocatalyst, most of the conventional 

methods have used graphene oxide (GO) as a starting material and then reduced into 

graphene; thus, the term reduced graphene oxide (rGO) was always appeared in the sample 

name. The first report in the preparation of TiO2/graphene (denoted as TiO2/rGO) 
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composites was released in 2008 by Williams et al. [136], in which UV-assisted 

photocatalytic reduction was employed. In brief, in the presence of ethanol and under UV 

irradiation, photogenerated holes in TiO2 VB were scavenged to form ethoxy radicals, 

leaving electrons accumulating within TiO2 NPs. When GO was added, the accumulated 

electrons interacted with GO and reduced certain surface groups to form rGO (Equations 

1.14 and 1.15, and Figure 1.5).  

TiO2 + hν → TiO2(h
+ + e‒)  TiO2(e

‒) + H+ + C2H4OH• (1.14) 

TiO2(e
‒) + GO → TiO2 + rGO (1.15) 

 

 

Figure 1.5. Preparation of a TiO2/rGO composite with the reduction of GO and the 

formation of HO• under UV irradiation [137]. 

 

There have been several pathways to explain the photodegradation of pollutants in the 

presence of TiO2/rGO composites. Liu et al. studied the degradation of methylene blue 

(MB) in water using rGO-wrapped TiO2 photocatalysts and indicated that rGO acted as a 
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sink for photo-generated electrons [138]. By the irreversible adsorption process on the 

surface of the catalyst, adsorbed MB molecules would be oxidized by O2
•‒ produced from 

the reaction between a dissolved O2 molecule and an electron contained in rGO surface. The 

photogenerated holes in TiO2 could also generate the active HO•. Chen et al. prepared 

TiO2/rGO composites and observed that with the behavior of p-type semiconductor, GO 

also presented as a sensitizer improving the visible-light photocatalytic activity [139]. 

Similarly, Du et al. also confirmed the role of GO as a sensitizer by investigating the 

interface between the graphene and TiO2 rutile [140]. They found that a significant charge 

was transferred to TiO2 from graphene, producing a hole doping in the graphene layer. 

Therefore, under this hypothesis, electrons can be excited and transferred from graphene to 

the CB of TiO2 under visible-light irradiation. 

 

1.3.2. Synthesis of TiO2/graphene photocatalysts 

In recent years, many efforts have been devoted on the synthesis of TiO2/graphene 

photocatalysts with varied morphologies. Various methods have been proposed, for 

example, mechanical mixing, hydrothermal/solvothermal, sol-gel, vacuum activation, 

heterogeneous coagulation, and so on. This section summarizes synthetic methods widely 

used in literature for the preparation of TiO2/graphene. 

Mechanical mixing method 

Among the synthetic methods for TiO2/graphene photocatalysts, mechanical mixing is 

the easiest one, which includes mixing and sonication steps between TiO2 NPs and 

graphene or GO. The formation of chemical bonds is not expected in this case, resulting in 

the weak interaction of the two phases [136]. Zhang et al. synthesized P25/GO/Pt hybrid 

photocatalyst based on a mechanical mixing strategy [141]. The obtained photocatalyst 

presented improved photocatalytic performance in the hydrogen production via water 
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splitting even though the weak interaction between the hybrids was found. Kamegawa et al. 

utilized a mixing process at high temperature to crystallize TiO2 NPs on a mesoporous silica 

support along with graphene coating [142]. The synthesized photocatalyst showed high 

performance in the photodegradation of 2-propanol. This improvement was attributed to the 

transfer of electron to graphene, enhancing the charge carrier separation and also to the high 

adsorption ability of the material.  

Hydrothermal and solvothermal methods 

Hydrothermal and solvothermal methods are popular methods for the production of 

TiO2/rGO composites. The methods involve treatment under elevated temperature and 

pressure using a stainless steel autoclave to convert GO into rGO. The term “hydrothermal” 

indicates a strategy in which crystals are grown in an aqueous medium at high temperature 

and pressure. High pressure comes from the usage of water above its boiling point and the 

use of high temperature is beneficial to produce high-quality crystals of the material. In the 

hydrothermal technique, TiO2 NPs and nanowires are utilized as TiO2 sources [143]. In 

addition, other precursors such as TiCl4, (NH4)2TiF6, or titanium alkoxides are also 

alternatively used to prepare TiO2/graphene nanocomposites [144]. For examples, Zhang et 

al. prepared TiO2-P25/rGO composites by a hydrothermal method [145], which maintained 

the surface area and identical crystalline structure of TiO2-P25. However, a poor connection 

between TiO2 NPs and rGO sheets was observed in the produced composite. To deal with 

this limitation, Liang et al. synthesized similar composites by a two-step method consisting 

of the deposition of TiO2 on GO sheets by a slow hydrolysis of titanium tetra-n-butoxide 

and then a hydrothermal treatment to convert TiO2 into the anatase form [146]. Liu et al. 

also synthesized the composites through a two-phase strategy [147]. First, TiO2 nanorods 

were dispersed in toluene and then stabilized with oleic acid to form the first phase. The 

second phase was formed by dispersing GO sheets in deionized water. The self-assembly of 
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these two materials took place at the water/toluene interface. The usage of ecofriendly 

reducing agents was also considered to reduce GO in the hydrothermal method. For 

examples, Shen et al. introduced glucose as a reducing agent to prepare TiO2/rGO 

composites; nonetheless, the utilization of glucose led to incomplete reduction of GO under 

hydrothermal conditions [148]. 

Similar to the definition of the hydrothermal method, the term solvothermal process 

illustrates the growth of crystals at high temperature and pressure but in a non-aqueous 

solution. Nevertheless, the operated temperature can be much higher than that in the 

hydrothermal strategy due to the usage of high boiling points organic solvents. It has been 

reported that compared to hydrothermal one, the solvothermal method usually presents a 

better control in the shape, size distribution and crystallinity of the TiO2 NPs, thus it is more 

widely used to prepare NPs with narrow size range and dispersity [149‒151]. A variety of 

research works on the synthesis of TiO2/graphene nanocomposite have been published 

based on the solvothermal method. For example, Li et al. synthesized TiO2/graphene 

nanocomposites using a solvothermal method with the aid of a surfactant to prevent the 

agglomeration of TiO2 NPs and increase the surface area of the nanocomposites [152]. The 

formed TiO2/graphene nanocomposites presented high photocatalytic activity and stability 

in the visible-light photodegradation of dye molecules. This high activity was ascribed to 

the band gap narrowing, the improvement of textural properties, and restricted charge career 

recombination in the prepared nanocomposites. The next efforts on the synthesis of 

TiO2/graphene nanocomposites based on a solvothermal method introduced a sort of 

structure-directing agents to control the shape and the morphology of the nanocomposites 

[153‒156]. For instance, Xie et al. utilized glucose to control the morphology and shape of 

TiO2/graphene [153]. They found that through the surface hydroxyl groups, a low content of 

glucose can bridge chemically the GO surface and TiO2 nanoparticles, resulting in the 
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formation of the well-dispersed TiO2/graphene nanocomposites. A similar result in 

controlling the shape and morphology of the TiO2/graphene nanocomposites was also 

obtained using HF [157‒160], ethylene glycol [161], or ammonia [162,163]. 

Sol-gel method 

The sol-gel method is a technique to prepare inorganic ceramics from a solution by 

converting a liquid precursor to a sol, which is subsequently transformed to a gel network 

[164]. The precursors are firstly mixed together in a liquid phase. Then via hydrolysis and 

condensation processes, a stable colloidal suspension is formed, called as a sol. 

Subsequently, the colloidal particles in the sol aggregate to form a three-dimensional 

network structure of the gel. The final products are obtained after drying and/or calcination 

processes. The particle sizes of the nanomaterials can be tuned by controlling pH, solution 

composition, and reaction temperature [165]. This method has been widely used in the 

synthesis of TiO2/graphene nanocomposites. The main advantage of the sol-gel method is 

the mild synthetic condition, in which high temperature and pressure are not required. In 

addition, the controllability and low cost are also the highlights of this synthetic method 

[166]. Wang et al utilized the sol-gel method for in-situ growth of nanocrystalline TiO2 on 

graphene sheets [167]. At first, the sol was formed by mixing graphene sheets, titanium 

sources, sulfate surfactants, and solvents. Subsequently, the nucleation and condensation 

processes led to the in-situ crystallization of TiO2 on graphene sheets with a desired phase 

and morphology. In another work, Liu et al. prepared TiO2/graphene nanocomposites via 

the sol-gel method using titanium isopropoxide as the TiO2 precursor and graphene (formed 

by a reduction of GO using hydrazine hydrate) [168]. Titanium isopropoxide was dropwise 

added into a graphene dispersion in ethanol in the presence of cetyltrimethylammonium 

bromide as a cationic surfactant. Water was then added dropwise into the mixture. The 
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obtained TiO2/graphene nanocomposite exhibited an excellent visible-light photocatalytic 

performance in the photodegradation of methylene blue. 

 

 

1.4 Research objective 

Owing to the expeditious growth of industry and the environmental pollution in both 

quantity and quality, clean water shortage is becoming more and more serious. Thus, the 

development of efficient and low-cost water treatment technologies is of paramount 

importance. Several economical and safe methods for water treatment have been established 

like filtration, biodegradation, coagulation/precipitation, Fenton oxidation, etc. However, 

the pipe blockages due to the production of a large amount of sludge is one of the main 

drawbacks of these conventional methods. AOPs have emerged as innovated alternatives for 

water treatment. Among AOPs approaches, heterogeneous photocatalysis is one of the 

promising methods owing to its low cost and high efficiency to decompose a wide range of 

organic pollutants into non-toxic compounds and even achieving their mineralization. 

TiO2 has received an enormous interest as a photocatalyst in a wide range of 

applications and especially in water treatment because of its ambient operation conditions, 

low cost, and an ability to mineralize completely the pollutants and their intermediate 

compounds. However, the large band gap, a short lifetime of photo-excited electron-hole 

pairs, and the low adsorption ability limit the photocatalytic efficiency of TiO2. 

Considerable efforts have been made to eliminate these pitfalls of TiO2 including doping 

with metallic or non-metallic elements, introducing heterojunctions, or surface modification 

with organic ligands. Among these modifications, hybridization of TiO2 with graphene is a 

promising approach.  
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In recent years, many efforts have been reported on the synthesis of TiO2/graphene 

nanocomposites. In these efforts, nanocomposites were mostly prepared from GO, in which 

GO sheets were coupled with TiO2 or some molecular precursor such as titanium alkoxides, 

and then reduced to rGO. Compared to the commercial TiO2-P25, the produced 

nanocomposites exhibited an enhancement in the photocatalytic activity in the visible-light 

region. However, the reported improvements are still unsatisfactory for practical 

applications. This is partly because the GO reduction process can generate a large amount of 

defects on the graphene framework [169–171]. These defects inevitably affect the electronic 

properties of the photocatalyst by the decrease of the ballistic transport path length and the 

introduction of scattering centers. In addition, the aggregation of TiO2 was usually observed 

because the sensitivity of titanium alkoxide to water (GO usually contains) significantly 

impedes the uniform and controlled growth of TiO2 on graphene 

Thus, the aims of this thesis are to explore a novel and effective approach for the 

preparation of the TiO2/graphene nanocomposites which can solve the above-mentioned 

difficulties in the conventional synthetic methods, and to develop excellent visible-light 

photocatalysts for water treatment application. These objectives are effectuated and 

developed in the following three chapters of this thesis. 

Chapter 2 demonstrates a novel GO-free route to synthesize the TiO2/graphene 

nanocomposites. Via the chemical exfoliation of graphite in titanium tetra-n-butoxide, a 

graphene dispersion was obtained, which was used for the sol-gel reaction to produce the 

TiO2/graphene nanocomposites in the presence of different catalysts. Featured with various 

advantages for effective visible-light photocatalysts, the obtained the TiO2/graphene 

nanocomposites exhibited excellent performance for the photocatalytic decomposition of 

methylene blue in an aqueous medium.  
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Chapter 3 focuses on the solvent exploration for the liquid-phase exfoliation of 

graphite under ultrasonication. By screening different solvents and their mixtures, various of 

new exfoliating solvents were found. A synergistic effect among different effective 

functional groups had been identified. The synergism was found to be more effective in a 

form of solvent mixtures. In addition, this solvent-mixture strategy was also effective for the 

preparation of a graphene dispersion with metal alkoxides, precursors for the synthesis of 

oxide@graphene nanocomposite. 

Chapter 4 presents further improvement in the visible-light photocatalytic 

performance of the TiO2/graphene nanocomposites by doping chlorine. Chlorine-doped 

TiO2/graphene nanocomposites were synthesized based on the synthetic method discovered 

in Chapter 2. With the aid of chlorine radicals in accelerating the photodecomposition of 

organic compounds, dramatic improvement in the visible-light photocatalytic activity was 

achieved.  

This thesis is expected to be useful for the synthesis of excellent visible-light 

TiO2/graphene photocatalysts in particular and for the synthesis of a variety of 

oxide@graphene nanocomposites with desirable properties for a wide range of applications 

in general.  
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CHAPTER 2: Synthesis of TiO2/graphene 

nanocomposites based on chemical exfoliation method. 

 

 

Abstract 

Facile electron-hole recombination and the broad band gap are two major bottlenecks of 

titanium dioxide (TiO2) applied in visible-light photocatalysis. Hybridization of TiO2 with 

graphene is a promising strategy to alleviate these drawbacks. In this paper, we demonstrate 

a novel technique to synthesize TiO2/graphene nanocomposites without the use of graphene 

oxide (GO). Graphene dispersion was obtained through the chemical exfoliation of graphite 

in titanium tetra-n-butoxide by ultrasonication. The dispersion was directly used for the sol-

gel reaction in the presence of different catalysts, affording TiO2/graphene nanocomposites 

featured with several advantages: i) the formation of a TiO2 nano layer that uniformly and 

thinly covered graphene sheets, ii) a trace amount of defects on graphene sheets, iii) a 

significant extension of the absorption edge into the visible light region, and iv) a dramatic 

suppression of electron-hole recombination. When tested for methylene blue decomposition 

under visible light, our nanocomposites exhibited the photocatalytic activity 15 and 5 times 

greater than that of TiO2-P25 and a conventional GO-based nanocomposite, respectively. 
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2.1. Introduction 

The advantages of TiO2 as a photocatalyst are recognized by its superior properties 

including chemical stability [1], strong oxidizing power [2], and nontoxicity, as well as a 

wide spectrum of applications in solar cell [3], gas sensor [4], optoelectronic devices [5], 

and so on. However, the broad band gap (3.2 eV) and a short lifetime of photoexcited 

electron-hole pairs (2 to 3 μs) [6] are the major drawbacks of TiO2 in visible-light 

photocatalysis. Since the early 2000’s, considerable efforts have been devoted to lighten the 

said shortfalls of TiO2. For example, implanting with foreign metal ions or non-metals [7–

12] can narrow the band gap of TiO2. Tailored heterojunction with other semiconductors 

[13,14], noble metal doping [15–17], and grafting of organic chelating ligands [18–20] are 

effective ways to improve the charge carrier separation. Among these modifications, 

graphene is the newest material to be paired with TiO2. In addition to the extremely high 

specific surface area as a support [21–23], graphene plays a role in collecting photoexcited 

electrons from the conduction band of TiO2 [24]. The appropriate work function of 

graphene (4.42 eV) [25], as well as the 2D π-conjugate structure, ensures the effective 

charge carrier separation.  

Owing to the expected advantages of the TiO2/graphene nanocomposites in visible-

light photocatalysis, a variety of synthetic approaches have been explored, in which most of 

the fabrication processes have employed graphene oxide (GO) as a starting material. GO 

was coupled with TiO2 and then or simultaneously reduced to graphene by chemical [26–

29], thermal [30,31], solvothermal [25,32], microwave-assisted [33], or photochemical 

[34,35] reduction. Nevertheless, the use of a reduction process to prepare graphene can 

generate a non-negligible amount of defects on the graphene framework including vacancies 

[36] and residual oxygen-containing functional groups [37,38]. A large amount of defects 

on the graphene framework unavoidably affect the electronic properties of the 
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nanocomposites by introducing scattering centers and decreasing the ballistic transport path 

length. Thus, the defect-rich graphene can obstruct the charge carrier separation probability 

in the TiO2/graphene nanocomposites [39]. In addition, the sensitivity of titanium alkoxide 

to water (GO usually contains) significantly impedes the uniform and controlled growth of 

TiO2 on graphene [40]. To the best of my knowledge, these problems are still challenging in 

the fabrication of TiO2/graphene nanocomposites. It is expected that minimization of 

defects on graphene sheets lets the photoexcited electrons be more successfully stored and 

shuttled away from the TiO2/graphene interfaces [41,42]. Moreover, the interfacial contact 

between graphene sheets and nano-sized TiO2 particles or films is also considered as a 

crucial factor for the effective transfer of photoexcited electrons [43,44].  

In this chapter, I propose a novel GO-free route to synthesize TiO2/graphene 

nanocomposites, starting from a graphene dispersion in titanium alkoxide. The dispersion 

was obtained using the chemical exfoliation of graphite in titanium tetra-n-butoxide with the 

aid of ultrasonication. To the obtained dispersion, an aqueous solution of a catalyst was 

added for promoting the sol-gel reaction in the presence of dispersed graphene sheets and 

eventually affording TiO2/graphene nanocomposites with defect-less graphene sheets 

uniformly and thinly covered by a TiO2 nano layer. The nanocomposites presented a 

significant extension of the absorption edge into the visible-light region as well as 

dramatically enhancement in the electron-hole separation efficiency. The visible-light 

photocatalytic ability of the nanocomposites was tested in the methylene blue degradation, 

in which the developed TiO2/graphene nanocomposites exhibited the activity 15 times 

greater than TiO2-P25 and 5 times greater than a conventional GO-based nanocomposite.  
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2.2. Materials and methods 

2.2.1. Materials 

Graphite powder (≥ 98%, 45 μm) and benzylamine (> 98%) were obtained from 

Wako Pure Chemical Industries, aqueous ammonia solution (NH3) (28–30%) from Kanto 

Chemical, and titanium tetra-n-butoxide (Ti(OnBu)4, ≥ 97%) from Sigma Aldrich. 

Graphene nanoplatelets (GNP) (Strem Chemicals) with the surface area of 750 m2 g‒1 and 

anatase TiO2-TKP 101 (Tayca) with the primary crystallite size of 6 nm were used to 

estimate the graphene content in TiO2/graphene nanocomposites. A commercial 

photocatalyst, TiO2-P25 (Sigma Aldrich) with the primary crystallite size of 21 nm was 

utilized after calcination at 400 °C for 2 h under nitrogen as a reference sample. Hexane and 

acetone (Kanto Chemical) were used after being dried over molecular sieves 4A under 

nitrogen bubbling. 1,2-dichlorobenzene (> 99%) was obtained from TCI Chemicals. 

Methylene blue (MB) (≥ 98.5%) was obtained from Kanto Chemical, which was used as a 

dye for the photocatalytic test. GO was prepared from graphite powder using the modified 

Hummers method [45]. It was used as a graphene source to prepare a conventional 

nanocomposite, i.e. TiO2/reduced graphene oxide (termed as TiO2/rGO).  

 

2.2.2. Synthesis of TiO2/graphene nanocomposites 

2.2.2.1 Preparation of graphene dispersion in Ti(OnBu)4 

A graphene dispersion in Ti(OnBu)4 was prepared from graphite by a chemical 

exfoliation method [46]. Briefly, 44.0 mg of graphite was sonicated in 5.5 mL of Ti(OnBu)4 

at 43 kHz and 60 °C for 4 h under N2 atmosphere. The resultant black mixture was 

centrifuged at 3000 rpm for 4 h in order to precipitate non-exfoliated graphite. Finally, a 

graphene dispersion in Ti(OnBu)4 at 0.18 mg/mL was obtained as the supernatant. For 
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comparison, a graphene dispersion was also prepared in benzylamine, which is one of the 

most widely used exfoliating solvents [47,48]. 

 

2.2.2.2 Synthesis of TiO2/graphene nanocomposites using the sol-gel process  

A TiO2/graphene nanocomposite was obtained via the sol-gel method from the 

graphene dispersion in Ti(OnBu)4. The synthetic procedure was as follows: H2O or aqueous 

NH3 mixed with benzylamine at different volume ratios (total 5.0 mL) was dropwise added 

into 5.0 mL of the graphene dispersion in Ti(OnBu)4 under vigorous magnetic stirring and 

N2 atmosphere. After 2 h of the reaction at room temperature, a grayish gel was obtained, 

which was subsequently washed with anhydrous hexane and acetone for three times, 

alternately. Finally, the precipitate was fully dried in vacuum at 70 °C for 12 h. All of the 

TiO2/graphene nanocomposites prepared in this chapter are summarized in Table 2.1. 

 

Table 2.1. Synthetic conditions for TiO2/graphene nanocomposites.  

Sample Catalyst for the sol-gel reactiona
 Powder appearance 

TG-H2O Only H2O Non-uniform, grayish 

TG-H2O/9BA H2O/BA (1/9 v/v) Uniform, yellowish 

TG-NH3 Only aq. NH3 Non-uniform, grayish 

TG-NH3/1BA aq. NH3/BA (1/1 v/v) 

Uniform, yellowish TG-NH3/3BA aq. NH3/BA (1/3 v/v) 

TG-NH3/5BA aq. NH3/BA (1/5 v/v) 

TG-NH3/5BA 

(washed)b 
aq. NH3/BA (1/5 v/v) Uniform, yellowish 

a Benzylamine is abbreviated as BA. 

b Obtained by additionally washing TG-NH3/5BA with methanol for 3 times. 

 

2.2.2.3 Preparation of TiO2/rGO nanocomposite  

For comparison, a TiO2/rGO nanocomposite was also synthesized by following the 

procedure reported by Jiang et al. [49]: 1.0 mg of GO was dispersed in 36.7 mL of methanol 

by ultrasonic treatment at 43 kHz and room temperature for 30 min, and then 5.7 mL of 
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Ti(OnBu)4 was dropwise added into the dispersion under stirring and N2 atmosphere for 1 h. 

Thereafter, the mixture was transferred under nitrogen into a Teflon-lined autoclave (100 

mL) and subjected to a solvothermal treatment at 180 °C for 24 h, followed by natural 

cooling to room temperature. The precipitate was collected by centrifugation at 4000 rpm, 

then washed thoroughly by ethanol and DI water for three times alternately. After drying in 

vacuum at 80 °C for 12 h, the product was calcined at 400 °C for 2 h under nitrogen. The 

obtained sample is denoted as TiO2/rGO. 

 

2.2.3. Characterizations 

The Raman spectra of graphene in the dispersion and the nanocomposites were 

recorded on a laser Raman spectrometer (NRS-4100, JASCO) with a 532 nm laser. The 

graphene dispersion in Ti(OnBu)4 as well as that in benzylamine (for a comparison purpose) 

were dropped on a glass slide and dried under nitrogen flow at room temperature prior to 

the measurements. The measurements were carried out using the slit of 100 × 8000 µm with 

the exposure time of 80 s and 50 accumulations. In the case of the nanocomposites, dried 

powder samples were directly placed on a glass slide. The measurements were executed 

using the slit of 10 × 8000 µm with the exposure time of 30 s and 10 accumulations. For the 

Raman-active modes of TiO2, the Eg bands are related to the symmetric stretching vibration 

of O−Ti−O bonds, while the B1g and A1g bands are attributed to the symmetric and 

asymmetric bending vibrations of O−Ti−O [50–52]. In the case of graphene, the G band 

provides information on the in-plane vibration of sp2 carbon atoms [53], while the D band 

suggests the presence of defects on the graphene sheets [54]. The intensity ratio of the D 

and G bands (ID/IG) is a measure of the concentration of defects with respect to the sp2 

hybridized graphene domains [55]. The broadness and shift of the 2D band can be utilized 

to estimate the number of the graphene layers [56]. 
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The thickness of graphene samples was measured by an atomic force microscope 

(AFM, HITACHI SII SPI-3800/SPA400) equipped with a SI-DF40 cantilever. A graphene 

dispersion was diluted in o-dichlorobenzene, then casted on a SiO2/Si substrate under N2 

atmosphere, and finally washed by anhydrous hexane and dried at 70 °C prior to the 

measurements. Images were obtained based on dynamic force mapping at a scan rate of 1.5 

Hz and a resolution of 512 pixels and 512 lines. 

The appearance of the nanocomposites was captured by a digital microscope (VHX-

900F, KEYENCE), in which a dried powder sample was loaded on a glass slide. The 

images were captured using a 1/1.8-inch CMOS image sensor with the resolution of 1600 × 

1200 pixels. The morphology of the nanocomposites was studied by a transmission electron 

microscope (TEM) (H-7100, HITACHI) operated at a voltage of 100 kV and a high-

resolution TEM (HR-TEM, HITACHI H-9000NAR) operated at 300 kV. A carbon-coated 

copper grid was used as a sample holder. A powder sample was suspended in methanol, 

then cast onto the grid and dried overnight at room temperature prior to the measurements. 

Fourier-transformed infrared (FTIR) spectra were acquired on JASCO FT/IR-6100 at room 

temperature and over the range of 4000–400 cm–1 with a resolution of 4 cm–1. KBr pellets 

were prepared from powder samples (1.0 wt%) thoroughly ground with dried KBr. X-ray 

diffraction (XRD) patterns were acquired in a reflection geometry on a Rigaku Smartlab X-

ray diffractometer using a Cu Kα radiation (1.542 Å) at a voltage of 40 kV and a current of 

30 mA. The measurements were performed at room temperature in the range of 2θ of 10–

80º with a scan speed of 0.3º min–1.  

UV-Vis spectra were recorded in the diffuse reflectance (DRS) mode for the powder 

samples and in the transmittance mode to measure the concentration of a MB solution for 

photocatalysis. The UV-Vis DRS spectra of the powder samples were obtained on a UV-Vis 

spectrometer (V630, JASCO) equipped with an ISN-470 integrating sphere assembly. The 
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powder samples were thoroughly ground by mortar and pestle and then loaded into a quartz 

cuvette. The measurements were performed in the range of 300-800 nm at a resolution of 2 

nm and a scanning rate of 100 nm min–1, where a BaSO4 plate was used as the background. 

The reflectance spectra were converted to the absorption spectra according to the Kubelka-

Munk (K-M) function (F(R∞)). The optical band gap was derived from the Tauc equation 

(Equation 2.1) [57], 

(hυF(R∞))1/n = A (hυ – Ebandgap) (2.1) 

where h is the Plank constant, υ is the photon frequency, and A is a proportion constant. The 

exponent (1/n) reflects the nature of the electron transition [58] and is set to ½ in the case of 

TiO2 (corresponding to an indirect transition). The band gap is obtained as the x-intercept of 

a linear part of (hυF(R∞))1/2 as a function of hυ. The UV-Vis DRS spectra were also used for 

the estimation of the graphene content in the TiO2/graphene nanocomposites: The 

absorbance at 750 nm was converted into the graphene content in wt% based on a 

calibration curve, which was derived by separate measurements for TiO2-TKP 101 ground 

with 0.02–0.08 wt% of GNP. In determining the concentration of MB, the absorbance at 

665 nm was used. 

Photoluminescence (PL) emission spectra were recorded at room temperature on a 

spectrofluorometer (FP-6500, JASCO) equipped with a powder holder accessory. The 

excitation wavelength was set at 300 nm, and the emission spectra were collected from 360 

to 520 nm at the scanning rate of 50 nm/min, the excitation and emission bandwidths of 5 

nm, and the response time of 2 s.   

 

2.2.4. Photocatalytic test 

The photocatalytic degradation of MB was chosen as a model reaction to evaluate the 

photocatalytic activity of the samples. A specified amount of catalyst powder was 
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suspended in 25 mL of an aqueous solution of MB at 50 mg/L. The suspension was kept in 

dark under constant stirring for 12 h to ensure the adsorption/desorption equilibrium. After 

reaching the equilibrium, 2.0 mL of the suspension was extracted in order to determine the 

concentration of MB in the supernatant. Then, the suspension was irradiated under visible 

light for 6 h, where temperature was maintained at room temperature. The light source was 

provided by a light irradiator (MAX-303, Asahi spectra) using a 300 W xenon short arc 

lamp and a 422 nm longpass filter. A guide light rod unit (LG series, Asahi spectra) was 

inserted in the suspension at the location of 4 cm away from the reactor bottom. During the 

irradiation, 2.0 mL of the MB solution was sampled every 2 h to track the concentration of 

MB. The photocatalytic activity of a catalyst was evaluated by the amount of MB 

decomposed per gram of the catalyst per hour. The activity was reported as an average of at 

least three catalytic tests per sample.  

 

2.2.5. Investigation of active species  

Active species produced in the TiO2/graphene photocatalysts under the visible light 

were investigated by adding different types of scavengers. Tert-butyl alcohol, ammonium 

oxalate, and benzoquinone were used as scavengers for hydroxyl radicals, holes, and 

superoxide radicals, respectively. A scavenger which lets the activity of a catalyst reduced 

by its addition dictates the importance of the corresponding active species. The 

photodegradation of MB was utilized to investigate the inhibition effect. In brief, 25 mg of a 

catalyst was dispersed in 25 mL of an aqueous MB solution at 100 ppm. After stirring in 

dark for 12 h to achieve the adsorption/desorption equilibrium, a specified amount of a 

scavenger was added into the dispersion before irradiation (24 μL for tert-butyl alcohol, 7.8 

mg of ammonium oxalate, and 0.3 mg of benzoquinone). During the reaction, 2.0 mL of the 

MB solution was sampled to track the consumption of MB every 40 minutes. 
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2.3. Results and discussion 

2.3.1. Synthesis of the TiO2/graphene nanocomposites 

The quality of graphene, that was obtained by chemical exfoliation, was investigated 

by Raman spectroscopy (Figure 2.1a). It was found that the quality of graphene produced in 

Ti(OnBu)4 was superior to that produced in benzylamine, in which a sharp 2D band with a 

relatively low FWHM value (28 cm–1) suggested successful preparation of bi-layer 

graphene [59] in Ti(OnBu)4. In the case of graphene prepared in benylamine, the 

broadening of the 2D band together with a relatively high FWHM value (70 cm–1) indicated 

the formation of few-layer graphene [59]. Lorentzian fitting for the 2D band supported the 

formation of bi-layer graphene when prepared from Ti(OnBu)4 and few-layer graphene for 

benzylamine (Figure 2.1b,c). AFM was also employed to determine the layer number of the 

exfoliated graphene. The acquired AFM images are shown in Figure 2.2. It is known that 

the thickness of graphene layers measured by AFM depends on the substrates, i.e. on a 

SiO2/Si substrate the thickness of single-layer graphene (SLG) is around 1 nm [60], while 

on mica it is around 0.4 nm [61]. This difference is generally related to the interaction of 

graphene with the substrate and the AFM probe [62]. It is possible to determine the layer 

number by measuring the thickness of graphene sheets and then dividing it by the thickness 

of SLG. The graphene prepared using Ti(OnBu)4 exhibited the thickness around 2 nm, 

corresponding to bi-layers on the employed SiO2/Si substrate. On the other hand, the 

thickness of the graphene produced using benzylamine was measured as ca. 4 nm, 

corresponding to four layers. Thus, the AFM results were highly consistent with the 

estimation from the 2D band of Raman spectroscopy. In addition, Ti(OnBu)4 also exhibited 

its potentiality to produce high-quality graphene. As shown in Figure 2.1a, the ID/IG ratio of 
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graphene prepared in Ti(OnBu)4 was 0.20, much lower than 0.69 for graphene produced in 

benylamine, and than values reported in literature such as 0.67 for electrochemical 

exfoliation of graphite [63,64], over 0.87 for reduced graphene oxide [65–67], and over 1.6 

for pyrolysis-based graphene [68,69]. It is also noted that the spectrum of graphene 

produced in Ti(OnBu)4 was free from the D’ band, while it existed at 1620 cm–1 for 

graphene prepared in benzylamine [70,71]. These results revealed the excellent performance 

of Ti(OnBu)4 for the production of a high-quality graphene, which is indeed an ideal 

precursor for the synthesis of TiO2/graphene nanocomposites (as demonstrated below). 

 

Figure 2.1. a) Raman spectra of graphene prepared using Ti(OnBu)4 and benzylamine. The 

2D band of the graphene prepared using b) Ti(OnBu)4, and c) benzylamine was fitted with 

four and six Lorentzian components, corresponding to bi-layer and few-layer graphene, 

respectively [72,73]. 
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Figure 2.2. AFM images and line profiles for graphene prepared using a) Ti(OnBu)4 and b) 

benzylamine.  
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In performing the sol-gel reaction, a variety of conditions was examined in order to 

convert Ti(OnBu)4 into TiO2 without losing the uniformity of the dispersion. Obviously, the 

dropwise addition of pure water or an aqueous NH3 solution caused sedimentation of 

graphene as graphite before being embedded in the TiO2 matrix, thus leading to a non-

uniform white/black precipitate (Figure 2.3). A successful sol-gel reaction was performed 

when water or aqueous NH3 was mixed with benzylamine, a catalyst having an exfoliation 

ability by itself. The dropwise addition of this mixture afforded uniform precipitates (Figure 

2.3).  

 

 

Figure 2.3. Optical microscope images of TiO2/graphene precipitates prepared in different 

conditions. 

 

Figure 2.4a shows the FTIR spectra of the TiO2/graphene nanocomposites prepared in 

different conditions. An intense and broad band in the range of 515–480 cm–1 was ascribed 

to the vibration of Ti–O of TiO2 [74]. The peaks in 2940-2839 cm–1 (attributed to aliphatic 

C–H stretching vibration [75]) and the peak at 721 cm–1 (the rocking vibration of CH3 

groups [76]) indicated the presence of unreacted butoxide, which was significantly reduced 

in the presence of NH3. When benzylamine was added, the resultant nanocomposites also 

contained residual peaks of benzylamine such as 1364 cm–1 for the C–N stretching [77,78], 
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1193, 1104, and 1028 cm–1 for the C–H in-plane ring bending [79], and 698 cm–1 for the C–

H out-of-plane bending [80]. This residual benzylamine was never completely removed, 

even when the product was subjected to additional washing with methanol, and it was likely 

that a part of benzylamine was tightly immobilized in the product during the fabrication 

process. The formation of TiO2 from the graphene dispersion in Ti(OnBu)4 was also 

confirmed in the Raman spectra of TG-H2O/9BA and TG-NH3/9BA nanocomposites 

(Figure 2.4b). The specific vibration modes located at 141 cm–1 [Eg(1)], 396 cm–1 [B1g(1)], 

514 cm–1 [A1g + B1g(2)], and 637 cm−1 [Eg(2)] indicated the formation of TiO2 in the anatase 

form [81]. In addition to the TiO2 modes, the D, G and 2D bands of graphene appeared at 

1340, 1600 and 2615 cm−1. The ID/IG ratio of the TiO2/graphene nanocomposites 

synthesized in the presence of benzylamine was 0.29 for TG-H2O/9BA and 0.21 for TG-

NH3/3BA nanocomposites, which were much smaller than 0.93 for the conventional 

TiO2/rGO nanocomposite. These results confirmed the successful synthesis of the 

TiO2/graphene nanocomposites with a greatly reduced amount of defects on the graphene 

framework. Figure 2.4c plots XRD patterns of TG-H2O/9BA and TG-NH3/3BA 

nanocomposites. Broad diffraction peaks were observed at 27.8º, 47.1º, and 62.5º, 

corresponding to the formation of TiO2 in the anatase form. The broadness of the peaks was 

attributed to the formation of nano-sized crystallites. 
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Figure 2.4. a) FTIR spectra, b) Raman spectra, and c) XRD patterns of TiO2/graphene 

nanocomposites synthesized from a graphene dispersion in Ti(OnBu)4 under different 

conditions. As a reference, the Raman spectrum of a TiO2/rGO nanocomposite prepared 

based on a conventional solvothermal method is added in b).  
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In Figure 2.5, TEM images of the TiO2/graphene and TiO2/rGO reference 

nanocomposites are compared. The morphology of the two types of the nanocomposites was 

found to be completely different: When the nanocomposites were prepared from the 

graphene dispersion in Ti(OnBu)4, the morphology was represented by sheet-like structures, 

and the periphery of these thin sheets was decorated by a layer with the thickness ranging 

from below 1 nm to 5 nm. It was suggested that the nanocomposites were composed by 

isolated graphene sheets that were uniformly and thinly covered by a TiO2 nano layer. A 

HR-TEM image of the TG-NH3/3BA nanocomposite (Figure 2.5g) displays a sheet-like 

morphology, and a magnified image detects the lattice fringe of ca. 0.35 nm, corresponding 

to that of the anatase (101) plane [82,83]. In contrast, the TiO2/rGO reference 

nanocomposite consisted of agglomerated granular particles of ca. 10–20 nm, where the 

presence of sheet-like structures was hardly observed. As was reported in literature, the 

presence of water in GO could cause the formation and sedimentation of TiO2 without 

preferential growth on graphene sheets [38]. Thus, it became evident that by starting from a 

uniform mixture of the two components, I could create a promising morphology for 

effective charge carrier separation, i.e. the largest interfacial connection with a short passage 

of carriers in TiO2 [84,85].  
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Figure 2.5. TEM images of TiO2/graphene nanocomposites: a,b) TG-H2O/9BA, c,d) TG-

NH3/3BA, and e,f) TiO2/rGO. g) A HR-TEM image of TG-NH3/3BA. 

 

UV-Vis DRS spectra were used to study optical properties of the TiO2/graphene 

nanocomposites. According to Figure 2.6a, an increase in the background absorption in the 

visible-light region was observed in the case of the nanocomposites due to the incorporation 

of graphene into the matrix of TiO2 [86]. The graphene content in the TG-NH3/3BA and 

TiO2/rGO nanocomposites was respectively estimated as 0.065 and 0.115 wt% based on a 

calibration curve using physical mixtures of GNP and TiO2-TKP 101 powder (Figure 2.7). 
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The absorption edge of the TiO2/rGO sample (396 nm) was found to be comparable with 

that of TiO2-P25 (390 nm). On the other hand, a remarkable extension of the absorption 

edge to 578 nm was obtained for the TG-NH3/3BA sample. Note that the absorption edge of 

nano-sized TiO2 in the anatase form is at 360 nm [87]. 

Based on the Tauc plot, the band gap was acquired by extrapolating a linear part of 

(hυF(R∞))1/2 to the x axis [88–90] (Figure 2.6b, Table 2.2). A small reduction in the band 

gap energy of the TiO2/rGO sample (3.25 eV) with respect to that of TiO2-P25 (3.35 eV) 

was simply brought by the background absorption from graphene. In the case of TG-

NH3/3BA, the first band gap energy was located at 3.54 eV and the second one was at 2.33 

eV. The increase in the first band gap as well as the blue-shift of the absorption edge of TG-

NH3/3BA nanocomposite can be explained due to the nano-sized of TiO2. It has been 

reported that the band gap of semiconductor crystalline is a function of the particle size [91–

93]. Below a certain threshold, the defects density of semiconductor crystalline increases 

with the decrease in particle size. Owing to the delocalization of molecular orbitals on the 

semiconductor surface, these defects can generate deep or shallow traps near the band edge 

of its electronic state, leading to the reduction of band gap or the red-shift in absorption 

spectrum [91,92]. On the other hand, when the particle size of semiconductor decreases 

from its bulk to that of Bohr radius, the size-quantization effect appears because of the 

charge carrier spatial confinement. As a consequence, electrons and holes in the quantum 

sized semiconductor are limited in a potential well and enable to undergo the delocalization 

occurring in the bulk. Thus, the band gap of the ultra-fine semiconductor increases with the 

decrease in the particle size when it smaller than the band gap minimum [91,92]. This 

phenomenon has been well examined and confirmed [94–96].   
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Table 2.2. The band gap energies of TiO2-P25, TiO2/rGO, and TiO2/graphene 

nanocomposite. 

Sample Band gapa (eV) 

TiO2-P25 3.35 

TiO2/rGO 3.25 

TG-NH3/3BA 3.54, 2.33 
a Derived from UV-Vis DRS spectra based on the Tauc plot (cf. Figure 2.6b). 

 

In order to address the origin of this extraordinary extension, the UV-Vis DRS spectra 

of TiO2/graphene nanocomposites synthesized using different catalysts were investigated 

(Figures 2.6c). First, the extension of the absorption edge was obtained only when the 

nanocomposites were prepared in the presence of benzylamine, in which residual 

benzylamine was always present (Figure 2.4a). Second, in spite of the significance of 

benzylamine in the extension of the absorption edge, the amount of benzylamine negligibly 

influenced this edge extension (Figure 2.6d). To the increase of the benzylamine amount by 

changing the ratio of NH3 to benzylamine or the decrease of the benzylamine amount by 

additional washing, the change in the absorption edge extension of the resultant 

nanocomposites was trivial. Third, when benzylamine was added to TiO2-P25 and the 

TiO2/rGO nanocomposite, similar edge extension was hardly obtained (Figure 2.8). Finally, 

the calcination of the TiO2/graphene nanocomposites at 400 C for 24 h under dry air 

completely removed the residual benzylamine and it accompanied the disappearance of the 

second absorption edge (Figure 2.9). Till this point, I can conclude that a trace amount of 

benzylamine was firmly immobilized in the course of the synthesis through the formation of 

a charge-transfer complex, which significantly extended the absorption edge.  
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Figure 2.6. a) UV-Vis DRS spectra of TiO2-P25, TiO2/rGO, and TiO2/graphene 

nanocomposites, b) Tauc plot, c) effect of the catalysts, and d) effect of the benzylamine 

amount on the absorption edge extension. 

 

 



Chapter 2 

73 
 

Figure 2.7. The calibration curve for the graphene content. The calibration curve was 

built using mixtures of GNP and TiO2-TKP 101. The absorbance values at the wavelength 

of 750 nm in the UV-Vis DRS spectra were plotted against the graphene content.   

 

 

Figure 2.8. UV-Vis DRS spectra of TiO2-P25 and the TiO2/rGO nanocomposite before and 

after adding benzylamine. A treatment of TiO2-P25 and TiO2/rGO samples with 

benzylamine hardly extended the absorption edge in the UV-Vis DRS spectra. It is also 

noted that the complexation of benzylamine was not observed in the IR spectra (insets) for 

these samples.  
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Figure 2.9. a) FTIR and b) UV-Vis DRS spectra of TG-H2O/9BA before and after 

calcination at 400 °C for 24 h under dry air. 

 

It is well-known that the PL emission spectrum is a powerful tool to study the 

efficiency of the charge carrier trapping, immigration, transfer, and separation in 

semiconductors since the photon emission arises from the recombination of the 

photoexcited electrons and holes. Therefore, a lower PL intensity is related to a lower 

recombination rate of the electrons and holes, suggesting higher separation efficiency under 

light irradiation. Figure 2.10 displays the PL spectra of TiO2-P25 and TiO2/graphene 

nanocomposites. The PL spectra of all the samples showed the emission peaks at 398, 420, 

450, 468, 482, and 493 nm. The peak at 398 nm corresponds to the band gap energy of TiO2 

[97]. The peak at 420 nm was attributed to the radiative recombination process related to 

hydroxylated Ti3+ surface complexes [98] that are formed by the charge transfer excitation 

of TiO2. The four peaks observed in the range of 450–493 nm resulted from excitonic PL of 

non-stoichiometric TiO2 and surface oxygen vacancies of TiO2. The peaks at 450 nm and 

468 nm were likely attributed to band-edge free excitons, and the peaks at 483 nm and 493 

nm were from bound excitons [99]. It was observed that the PL intensity of the TiO2/rGO 

and TiO2/graphene nanocomposites was significantly decreased compared to that of TiO2-

P25. This indicates that the recombination of electron-hole pairs in TiO2 was suppressed by 
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being paired with graphene. In addition, the nanocomposites prepared from the graphene 

dispersion (TG-H2O/9BA and TG-NH3/3BA) presented the lowest PL intensities, which 

proved the excellence of the created morphology in suppressing the electron-hole 

recombination.  

 

 

Figure 2.10. PL spectra of TiO2-P25, TiO2/rGO, and TiO2/graphene nanocomposites. The 

excitation source of 300 nm was employed.  

 

The specific charge carrier dynamics of TiO2-P25 and the TiO2/graphene 

nanocomposite was probed by the time-resolved PL spectroscopy (Figure 2.11). The 

emission decay curves of the two samples were fitted by biexponential kinetic function. The 

two decay components were derived (insert in Figure 2.11), where , fast decay component 

is caused by the nonradiative recombination of the surface trapped electron-hole pair; , 

slow decay component arises from the recombination of free excitons in the TiO2 [100]. The 

average emission lifetime, which presents the overall emission decay behavior of the sample 

is calculated using Equation 2.2 [101]. 
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(2.2) 

In the case of TG-NH3/3BA nanocomposite, the emission lifetime of both components 

is shorter than that of TiO2-P25. The average emission lifetime of TG-NH3/3BA 

nanocomposite (3.90 ns) also shows a significant decrease compared to that of TiO2-P25 

(8.70 ns). Lifetime reduction accompanying with the obvious PL quenching (Figure 2.10) 

indicated the formation of electron transfer channel from TiO2 to graphene in a nonradiative 

quenching pathway [102].  

 

 

Figure 2.11. Time-resolved transient PL decay of TiO2-P25 and TiO2/graphene 

nanocomposite  

 

2.3.2. Photocatalytic test 

The photocatalytic activity of TiO2-P25, TiO2/rGO, and the TiO2/graphene 

nanocomposites was evaluated based on the photodegradation of MB under visible light. 

First, the adsorption ability of the catalysts was evaluated by the adsorption of MB in dark 
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for 12 h, which was sufficiently long for reaching the adsorption/desorption equilibrium. 

Figure 2.11a compares the MB adsorption ability of the catalysts. It can be seen that the 

presence of graphene more or less enhanced the adsorption ability of the nanocomposites 

compared to that of TiO2-P25, which could be attributed to both/either enhanced surface 

area and/or enhanced affinity of the catalysts towards conjugated molecules. It is well-

known that, in aqueous phase, the adsorption of methylene blue on the photocatalyst 

contains three main steps: i) transport of the methylene blue from the bulk solution to the 

outer surface of the photocatalyst (film diffusion); ii) internal diffusion of the methylene 

blue molecules from the outer surface to the inner surface of the photocatalyst; and iii) 

adsorption of the methylene blue molecules on the external surface of the photocatalyst 

through binding of the adsorbate to the active sites [103–105]. With ideal sheet-like 

structure and the benefit of high surface area, the TiO2/graphene nanocomposites prepared 

in the presence of benzylamine exhibited far the highest adsorption capacity. Moreover, 

with a uniform nanosized TiO2 layer, it is possible for methylene blue molecules to diffuse 

deeper through TiO2 layer and undergo the chemisorption with graphene based on the π–π 

stacking between the aromatic rings in MB molecules and the aromatic domains of 

graphene [106].  

In order to normalize the significant difference in the MB adsorption capacity, the 

amount of the catalysts was adjusted to unify the initial concentration of MB before 

irradiation (after 12 h in dark). After the equilibration in dark, visible light was irradiated 

under constant stirring and the MB concentration in the supernatant was tracked along the 

irradiation time (inset of Figure 2.11b). Then, the activity of the three catalysts was 

quantified by the MB decomposition per gram-catalyst per hour (Figure 2.11b). The MB 

degradation rate was found to be greater in the order of TiO2-P25 < TiO2/rGO << TG-

H2O/9BA < TG-NH3/3BA. The TiO2/graphene nanocomposites that were prepared from the 
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graphene dispersion in the co-presence of NH3 and benzylamine exhibited far the highest 

photocatalytic activity (0.201 mmol gcat
–1 h–1), which was 5 times higher than that of the 

conventional TiO2/rGO nanocomposite (0.041 mmol gcat
–1 h–1) and 15 times higher than that 

of TiO2-P25 (0.013 mmol gcat
–1 h–1). Note that the self-decomposition of MB was negligible 

in the absence of the catalysts (Figure 2.12). 

In understanding the origin of the highest photocatalytic activity of the TiO2/graphene 

nanocomposites, three potential factors were identified in the characterization parts: 

i) A special morphology, i.e. graphene sheets uniformly covered by a TiO2 nano layer, led 

to far the greatest adsorption capacity of the nanocomposites.  

ii) A significant extension of the absorption edge enhanced the utilization efficiency of the 

visible light.  

iii) The thin TiO2 layer covering graphene sheets as well as a low defect density of 

graphene promoted the most effective separation of charge carriers.  

These three factors were necessarily accompanied as long as the nanocomposites were 

prepared from the graphene dispersion in the presence of benzylamine, so that it might be 

difficult to isolatedly discuss the impact of respective factors. Nonetheless, if one compares 

the catalyst activity based on the adsorption amount of MB rather than the gram catalyst, the 

factor i) could be distinguished from the other two factors (Figure 2.11c). For instance, the 

activity of TG-NH3/BA was 5.0 times higher than that of TiO2/rGO on the basis per gram 

catalyst, while it became 1.4 times per MB adsorption. This fact indicates that a large 

portion of the activity enhancement (ca. 70%) was attributed to the factor i). On the other 

hand, the 1.4 times enhancement in the activity per MB adsorption dictates non-negligible 

contributions of the factors ii, iii). Thus, I conclude that the highest activity of the developed 

TiO2/graphene nanocomposites benefitted from the combination of all the advantages that 

were brought by the direct conversion of the graphene dispersion in Ti(OnBu)4.  
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Figure 2.11. a) Equilibrium adsorption of MB on TiO2-P25, TiO2/rGO, and TiO2/graphene 

nanocomposites. 3.0 mg of a sample was placed in 50 mg/mL aqueous solution of MB in 

dark for 12 h under constant stirring. The amount of the adsorption was derived by 

measuring the MB concentration in the supernatant after 12 h. b) Photocatalytic activity per 



Chapter 2 

80 
 

gram catalyst. The activity was evaluated from the loss of the MB concentration after 6 h 

irradiation. The grams in the parentheses correspond to the amount of the catalysts 

employed in the photocatalytic test in order to unify the initial concentration of MB in the 

supernatant (after 12 h in dark and before the irradiation). c) Photocatalytic activity per MB 

adsorption. The activity per gram catalyst in b) was normalized by the MB adsorption 

capacity per gram catalyst in a).  

 

 

Figure 2.12. Photodecomposition of methylene blue.  

 

2.3.3. Identification of active species 

Figure 2.13 shows the impact of the addition of different scavengers on the activity of 

nanocomposites. The impact was quantified in terms of the MB decomposition rate with 

respect to that in the absence of any scavengers. It can be seen that the addition of 

ammonium oxalate, a hole scavenger, exhibited the largest impact on the activity for both 

catalysts, indicating the importance of holes in the photocatalytic degradation of MB. 

However, the impact was most pronouncedly observed for the TiO2/graphene 

nanocomposite. The addition of tert-butyl alcohol, a scavenger for hydroxyl radicals, 



Chapter 2 

81 
 

reduced the activity of TiO2/rGO when compared to that of the TiO2/graphene 

nanocomposite. Last, the addition of benzoquinone, a superoxide radical scavenger, 

marginally influenced the photocatalytic performance of TiO2/rGO nanocomposite. 

Contrary, the activity of the TiO2/graphene nanocomposite was largely inhibited by the 

existence of benzoquinone.  

 

  

Figure 2.13. Effect of radical scavengers on the photocatalytic efficiency of TiO2/rGO, and 

the TiO2/graphene nanocomposite. The activity in the MB photodecomposition was 

compared in the presence and absence of a scavenger for individual catalysts.  

 

In general, different types of active species can be generated during the photocatalytic 

process, such as electrons, holes, hydroxyl radicals, and, superoxide radicals [107‒109]. The 

roles of these active species in the photodegradation reactions are different. Photo-excited 
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electrons can reduce the oxygen molecules adsorbed on the catalyst surface to produce 

superoxide radicals (O2 ads + e‒ → O2
•‒) and/or can be directly involved in the reduction of 

various ionic pollutants [110]. Photo-induced holes can contribute to the formation of 

hydroxyl radicals (HO‒ + h+ → HO•) and/or can be directly involved to oxidize organic 

pollutants (R• + h+ → R•+ → intermediate(s)/final degradation products). Subsequently, the 

generated hydroxyl and superoxide radicals directly participate in the degradation of organic 

pollutants [111,112]. Thus, in my photocatalyst systems for the MB photodegradation, holes, 

hydroxyl, and superoxide radicals were considered as potential active species. In the case of 

TiO2/rGO, holes and hydroxyl radicals were mainly involved in the photocatalytic reaction 

while for the TiO2/graphene nanocomposite, holes and superoxide radicals played key roles 

for the photodegradation reaction. Whereas, hydroxyl radicals seemed not to be the major 

oxidation species in the TiO2/graphene nanocomposite. Firstly, the sheet-like morphology 

of the TiO2/graphene nanocomposite was advantageous in suppressing the electron-hole 

recombination. The large amount of photo-excited electrons subsequently reduced the 

adsorbed oxygen molecules to form superoxide radicals. Additionally, the ideal morphology 

of the TiO2/graphene nanocomposite led to its excellent ability to adsorb organic pollutants 

(MB in this case). It was expected that MB molecules strongly adsorb on the surface of the 

TiO2/graphene, and this facilitates the direct decomposition of MB by photo-induced holes 

(in turn decreases a chance for holes to generate hydroxyl radicals).  

 

  

2.4. Conclusion 

In this chapter, a new synthetic route for the preparation of TiO2/graphene 

nanocomposites was developed, which was based on the chemical exfoliation of graphite in 

titanium alkoxide with the aid of ultrasonication, and subsequent sol-gel reaction in the 



Chapter 2 

83 
 

presence of a specific catalyst, i.e. benzylamine. It was found that the titanium alkoxide 

afforded the graphene dispersion of a high quality in terms of a trace amount of defects and 

a few layers of dispersed graphene. Moreover, the sol-gel reaction from this dispersion led 

to TiO2/graphene nanocomposites featured with promising characteristics for visible-light 

photocatalysts: A special morphology composed by graphene sheets uniformly and thinly 

covered by a TiO2 nano layer, a significant extension of the absorption edge to the visible-

light region, and suppression of charge carrier recombination. These advantages were 

successfully demonstrated in the photocatalytic decomposition of methylene blue under 

visible-light irradiation. The TiO2/graphene nanocomposites exhibited 15 and 5 times higher 

activity than TiO2-P25 and a conventional TiO2/reduced graphene oxide nanocomposite. 

Investigation of active species clarified the significance of holes and superoxide radicals in 

the photodegradation reaction using the TiO2/graphene nanocomposites.  
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CHAPTER 3: Solvents screening for efficient chemical 

exfoliation of graphite 

 

 

Abstract 

Chemical exfoliation of graphite is an effective method to produce graphene of 

relative high quality, where the choice of solvents plays an important role in the product 

yield and quality. Here, screening of different solvents and their mixtures for the liquid-

phase exfoliation of graphite was performed under ultrasonication. A synergistic effect 

among aromatic, amine, and halogen groups was identified. The synergy was more 

effectively exploited when these functional groups were combined through solvent mixtures 

compared to when they were introduced in the molecular structure of single solvents.  
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3.1. Introduction 

Novoselov and Geim demonstrated the production of graphene by peeling graphite with 

a Scotch tape [1]. As such, one of the advantages of graphene over the other carbon 

nanomaterials is that it is directly producible from graphite in a top-down manner. This fact 

indicates that the cost of graphene would be comparable to that of graphite if the production 

process became highly efficient. Currently, the production of graphene at a relatively large 

scale mainly relies on the graphene oxide (GO) route [2‒5]. Graphite is oxidized by 

potassium permanganate in a sulfuric acid media [6]. This leads to GO with various oxygen-

containing functional groups introduced onto graphene sheets. Thermal or chemical 

reduction of GO eventually affords graphene, also termed reduced GO. Disadvantages of 

the GO route are that it emits a huge amount of harmful wastes and that it leaves non-

negligible chemical and structural defects on graphene sheets [7‒11].  

Thus, liquid-phase exfoliation without relying on chemical energy is regarded a 

promising alternative for the mass production of graphene of a higher quality [12]. Here, the 

higher quality refers to graphene consisting of fewer layers with a reduced defect density. 

The route requires physical energy for achieving exfoliation as well as a solvent for 

stabilizing produced graphene sheets as a dispersion. The most frequently employed 

physical energy is cavitation, which includes ultrasonication [13‒15], jet cavitation [16‒19], 

and high-pressure homogenization [20,21]. A variety of solvents have been reported as 

effective for liquid-phase exfoliation of graphite. Among these, N-methylpyrrolidone 

[22,23], 1,2-dichlorobenzene [24,25], and benzylamine [26,27] are the most popular 

solvents, which are originally used to disperse other carbon nanomaterials, and indeed 

afford high-quality graphene. Other known solvents include N,N-dimethylformamide [28], 

dimethyl sulfoxide [29], 1,3-dimethyl-2-imidazolidinone, N,N‐dimethylacetamide, γ-

butyrolactone [23], and etc. Early attempts to find exfoliation solvents focused on the 



Chapter 3 

98 
 

production of high-quality graphene at a higher yield. In general, the yield and quality of 

graphene are not solely determined by the choice of the solvents. For instance, prolonged 

ultrasonication monotonously enhances the graphene yield in cost of defect formation, and 

centrifugation at a higher speed provides thinner graphene sheets by sacrificing the yield. 

Nonetheless, the yield in literature mostly fell in the range of 0.1–1 mg of graphene per 

milliliter of a solvent [22‒29]. Another focus of solvent exploration is the development of a 

green process. The addition of a surfactant or a polymer compensates a gap of the surface 

tension [13,30‒35]. This enables exfoliation of graphite even in water, while the persistence 

of the additive during the solvent removal is an important issue to be solved. Last, 

exploration of exfoliation solvents finds its motivation in the diversification of the solvent 

library. Such research aims not only to provide proper solvents for individual applications, 

but also to understand molecular features that determine the yield and quality of produced 

graphene. Many of exfoliation solvents possess surface tension close to that of graphene (40 

mJ m–2) [36], but this does not explain large deviation of the yield among solvents with 

comparable surface tension. Other features such as the Hildebrand and Hansen solubility 

parameters also posed a similar problem, arising from the difficulty to describe molecular 

interaction based on macroscopic parameters. In 2009, Bourlinos et al. reported a number of 

new exfoliating solvents [30]. Starting from the finding of perfluorinated aromatic 

molecules as exfoliation solvents, they hypothesized a role of electron withdrawing groups 

in augmenting π–π interaction through charge transfer. Then, they claimed electron 

donating groups may hold a similar augmenting role as pyridine was usable as an 

exfoliation solvent. However, these features in addition to the surface tension matching still 

do not completely describe the inability of some solvents such as aniline, pyrrole, and 

thiophene.  



Chapter 3 

99 
 

This Chapter delivers my efforts on further solvent exploration for the liquid-phase 

exfoliation of graphite under ultrasonication. A number of exfoliation solvents were newly 

identified. In particular, chlorobenzylamine, a combination of the molecular structures of 

two famous exfoliation solvents, i.e. chlorobenzene and benzylamine, exhibited the highest 

graphene yield. Titanium alkoxide gave a reasonable yield even though its surface tension 

was much lower than that of graphene. The most important finding of this study is that a 

synergy of combining different functional groups is better exploited in a form of solvent 

mixtures, e.g. a chlorobenzene/benzylamine mixture gave a better yield than 

chlorobenzylamine. 

 

 

3.2. Materials and methods 

3.2.1. Materials 

Graphite powder (≥ 98%, 45 μm) was obtained from Wako Pure Chemical Industries. 

Graphene nanoplatelets (GNP) (Strem Chemicals) with the surface area of 750 m2 g‒1 was 

used to estimate the concentration of a graphene dispersion. Solvents, as an exfoliation 

media of graphite, were purchased from either of TCI Chemicals, TCI Chemicals, and 

Wako Pure Chemical Industries. Air/water-sensitive chemicals (such as benzylamine 

derivatives, titanium alkoxide) were appropriately stored and handled in an inert atmosphere.   

 

3.2.2. Chemical exfoliation of graphite  

44 mg of graphite suspended in 5.0 mL of a solvent was sonicated at 43 kHz and 60 ℃ 

for 4 h. The resultant mixture was centrifuged at 2000 rpm for 2 h to precipitate a non-

exfoliated portion of graphite. A graphene dispersion was obtained as the supernatant. The 

performance of a solvent or solvent mixture was evaluated in two stages. First, the 
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appearance of a supernatant was classified into clear (no graphene yield), gray (yield below 

0.1 mg mL‒1), and black (yield over 0.1 mg mL‒1). When classified into black, the graphene 

concentration of the supernatant was determined based on the absorbance at 550 nm 

(JASCO V-670 UV-Vis spectrometer). The measured absorbance was referenced to a 

calibration curve that was externally acquired using GNP dispersions. 

 

 

3.3. Results and discussion 

3.3.1. Screening of single solvents 

First, 57 single solvents were screened for the liquid-phase exfoliation of graphite under 

ultrasonication. These commercially available solvents were selected for variation in 

chemical structures and for reasons described later. The screening was performed in two 

steps: When the supernatant looked clear or grayish, the yield was regarded to be 0 or < 0.1 

mg mL‒1, respectively; When black, the graphene concentration was quantified based on 

UV/Vis measurements. Table 3.1 summarizes the screening results for the 57 single 

solvents. The surface tension values are also shown when they are available in literature. 

The screening was started from the four most popular solvents: N-methylpyrrolidone 

(NMP), N,N-dimethylformamide (DMF), benzylamine (BA), and 1,2-dichlorobenzene 

(ODCB), corresponding to Runs 1–4 in Table 3.1. They possess surface tension comparable 

to that of graphene and exhibited an exfoliation ability from weak to reasonable. Then, the 

screening was extended to derivatives and related compounds of BA and ODCB (note that 

few derivatives are commercially available for NMP and DMF). Such selection was based 

on a consideration that combinations of specific functional groups could be important in 

addition to the surface tension matching. This consideration was indeed effective to identify 

new solvents: A combination of an aliphatic amine and an aromatic ring led to relatively 
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high exfoliation yields (Runs 5,7), unless the amine was ternary (Run 6). The utilization of 

an aromatic amine instead of aliphatic one (Runs 8–10), the lack of the aromatic ring (Runs 

11,12), and the substitution with electron-withdrawing groups (Runs 13,14) were found to 

be all negative. Regarding BA and relevant solvents, one can notice that the surface tension 

matching hardly explains the exfoliation capability of these solvents. In general, surface 

tension is related to the strength of intermolecular interactions within a liquid and does not 

describe an interaction between solvent molecules and graphene. The essentiality of the 

aromatic ring clearly indicates an interaction based on π–π stacking. One potential scenario 

is that an aliphatic amine orients outwards to assist the solvation of solvent-decorated 

graphene sheets. This would explain the necessity of a hydrocarbon spacer (between the 

aromatic ring and the amine) and the N–H bond for stronger solvation. Among ODCB-

related compounds, only chlorobenzens exhibited the exfoliation capability in moderate 

yields (Runs 15,16). Substitution with heavier halogens failed plausibly due to their 

insufficient acceptor ability for π–π stacking (Runs 17,18) [36,37]. Aliphatic chlorides also 

failed simply due to the lack of the aromatic ring. 

According to the above results and discussion, combinations of effective functional 

groups were expected to be more reliable than the surface tension for describing the 

exfoliation ability. Thus, halogenated benzylamine derivatives were tested (Runs 23–25). It 

was found that these solvents bearing three effective functional groups improved the 

exfoliation yield 1.5–2 times compared to BA and ODCB having only two functional 

groups. At the best of my knowledge, a synergism among different functional groups was 

not reported elsewhere, and this implies a cooperative mechanism in stabilizing exfoliated 

graphene, e.g. aryl chloride for π–π stacking [38] and alkyl amine for solvation.  

At the end of the screening of single solvents, a variety of unproven solvents were tested. 

Briefly, only 2-ethylhaxanol and 2-methoxyethanol exhibited a weak exfoliation ability 
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among alcohols (Runs 27–36). No exfoliation ability was observed for ketones (Runs 37,38), 

esters (Runs 39–41), and aliphatic and aromatic hydrocarbons (Runs 42–53). In Chapter 2, I 

reported the exfoliation of graphite using titanium tetra-n-butoxide, and the obtained 

dispersion was used to prepare TiO2/graphene nanocomposites as highly efficient 

photocatalysts under visible light [11]. Here, the exfoliation ability of titanium alkoxides 

was confirmed (Runs 54,55). Conversely, titanium tetrachloride and silicon 

tetraethoxysilane did not show exfoliation (Runs 56,57). The formation of stable 

intercalation compounds due to strong donor-acceptor interactions was reported for many 

Lewis acidic compounds including metal chlorides [39]. Probably, a moderate donor-

acceptor interaction is required for the exfoliation, as an excessively strong interaction 

results in an assembled intercalation compound. 

 

Table 3.1. Screening results for single solvents 

Run Solvent Functional groups 
Surface tension40–47 

[mJ m‒2] 

Yielda 

[mg mL‒1] 

1 N-Methylpyrrolidone Cycloalkylamide 40.79 0.2 

2 N,N-Dimethylformamide Alkylamide 36.42 <0.1 

3 Benzylamine R‒NH2, aromatic 38.82 0.2 

4 1,2-Dichlorobenzene Aryl halide (Cl) 36.61 0.1 

5 N-Methylbenzylamine R2‒NH, aromatic n.d. 0.3 

6 N,N-Dimethylbenzylamine R3‒N, aromatic 38.81 0 

7 3-Phenylpropylamine R‒NH2, aromatic 37.6 0.3 

8 2,6-Diisopropylaniline Ar‒NH2 33.9 <0.1 

9 2,4,6-Trimethylaniline Ar‒NH2 33.92 <0.1 

10 Aniline Ar‒NH2 43.40 0 

11 Triethylamine R3‒N 20.22 0 

12 Ethylenediamine R‒NH2 42 0 

13 Benzonitrile Nitrile, aromatic 38.79 0 

14 Nitrobenzene Nitro, aromatic 46.34 0 

15 1,2,4-Trichlorobenzene Aryl halide (Cl) 39.1 0.2 

16 Monochlorobenzene Aryl halide (Cl) 33.60 0.2 

17 Bromobenzene Aryl halide (Br) 36.50 0 

18 Iodobenzene Aryl halide (I) 39.70 0 

19 Chloroform Alkyl halide (Cl) 27.50 0 

20 1,2-Dichloroethane Alkyl halide (Cl) 33.30 0 

21 Dichloromethane Alkyl halide (Cl) 26.50 0 

22 Tetrachloroethylene Alkenyl halide (Cl) 31.74 0 

23 2-Chlorobenzylamine R‒NH2, aryl halide (Cl) 42.0 0.5 

24 4-Chlorobenzylamine R‒NH2, aryl halide (Cl) 42.0 0.4 

25 2-Fluorobenzylamine R‒NH2, aryl halide (F) n.d. 0.3 

26 2-Chloroaniline Ar‒NH2, aryl halide 43.66 0 



Chapter 3 

103 
 

27 Benzylalcohol Alcohol 39.00 0 

28 2-Ethylhexanol Alcohol 28.00 0.1 

29 2-Methoxyethanol Alcohol, ether 30.84 <0.1 

30 Methanol Alcohol 22.70 0 

31 Ethanol Alcohol 22.10 0 

32 1-Propanol Alcohol 23.75 0 

33 2-Propanol Alcohol 23.00 0 

34 1-Butanol Alcohol 24.93 0 

35 2-Butanol Alcohol 23.0 0 

36 2-Methyl-1-propanol Alcohol 23.0 0 

37 Acetone Ketone 25.20 0 

38 2-Butanone Ketone 23.97 0 

39 Methylmethacrylate Ester 28 0 

40 Diethylphthalate Aromatic, ester 37.5 0 

41 Dibutylphthalate Aromatic, ester 34 0 

42 Styrene Aromatic hydrocarbon 32.3 0 

43 4-Methylstyrene Aromatic hydrocarbon n.d. 0 

44 Benzene Aromatic hydrocarbon 28.88 0 

45 Xylene Aromatic hydrocarbon 30.10 0 

46 Toluene Aromatic hydrocarbon 28.40 0 

47 1-Octene Aliphatic hydrocarbon 21.76 0 

48 1-Decene Aliphatic hydrocarbon 24 0 

49 Octane Aliphatic hydrocarbon 21.62 0 

50 Hexane Aliphatic hydrocarbon 18.43 0 

51 n-Tetradecane Aliphatic hydrocarbon 26.56 0 

52 Hexadecane Aliphatic hydrocarbon 27.47 0 

53 Cyclohexane Aliphatic hydrocarbon 24.95 0 

54 Titanium tetra-n-butoxide Titanium alkoxide 28.0 0.3 

55 Titanium tetraethoxide Titanium alkoxide 23.1 0.2 

56 Titanium tetrachloride Titanium halide (Cl) n.d. 0 

57 Tetraethoxysilane Silicone alkoxide 22.8 0 
a The screening was performed in two steps: When the supernatant looked clear or grayish, 

the graphene yield was regarded to be 0 or < 0.1 mg mL‒1, respectively; When black, the 

graphene concentration was quantified based on UV/Vis measurements. 
 

3.3.2. Screening of solvent mixtures 

In the screening of single solvents, synergism of combining effective functional groups 

was suggested. However, to achieve the coexistence of multiple functional groups within a 

single molecule is not practical in terms of synthetic elaboration and the temperature range 

of a liquid state. It was considered that if these functional groups owed different roles in 

stabilizing exfoliated graphene sheets, synergism would be also exploited in the form of 

solvent mixtures. Thus, a series of solvent mixtures were screened. The results are shown in 

Table 3.2. The mixtures consisted of two or three solvents, at least one of which was 

selected from effective solvents. In this study, the screening was limited to equivolume 

mixtures so that the yield would be improved from the reported values through optimization 
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of the mixture composition. The surface tension of a mixture was estimated based on the 

mole-fraction-weighted average of the surface tension of individual components [48]. 

As can be seen in Table 3.2, the equivolume mixtures of BA and a chlorobenzene (i.e. 

combinations of two effective solvents) led to a graphene yield, which was far greater than 

those for the corresponding two solvents, or their average yields (Runs 58–60). Among 

these, the performance of the BA/ODCB mixture was even superior to that of 2-

chlorobenzylamine, the best single solvent. These results proved my hypothesis that the 

synergism of combining effective functional groups holds even when the combination is 

achieved based on a solvent mixture. It is hard to determine which intra- or intermolecular 

combination was superior since the composition of the effective functional groups was not 

identical (e.g. the amine/aromatic ring molar ratio is ca. 1/2 for BA/ODCB and 1/1 for 2-

chlorobenzylamine). However, the solvent mixture is considered as more advantageous due 

to the above-mentioned reasons as well as due to the tunability of the composition for 

desired applications. 

Next, binary mixtures of strong solvents (those with the graphene yield above 0.1 mg 

mL‒1) and weak solvents (those with the graphene yield equal to or below 0.1 mg mL‒1) 

were tested (Runs 61–67). It can be seen that these mixtures gave yield values not far 

greater than those for the corresponding strong solvents (e.g. 0.3 mg mL‒1 for 2-

ethylhexanol/BA vs. 0.3 mg mL‒1 for BA), but still greater than the estimation from the 

average (0.3 mg mL‒1 (measured) vs. 0.16 mg mL‒1 (estimated) for 2-ethylhexanol/BA). 

Thus, the synergism of effective functional groups was again confirmed in these mixtures. 

Exceptions were also observed. When two chlorozbenzens were mixed, the graphene yield 

became completely zero (Runs 68–70). It is known that organic halides undergo 

polymerization and decomposition when subjected to elongated ultrasonication 

[25,28,49,50]. Probably, the mixtures accelerated such decomposition as compared to single 
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solvents. It was also found that the addition of non-solvents (i.e. no exfoliation ability) 

strongly deteriorates the ability of effective solvents. In Runs 71–81, the addition of ethanol 

or methanol eliminated or greatly diminished the yields. Similar synergism (Runs 82–85) 

and antagonism (Runs 86,87) were observed in ternary mixtures. 

To the end of the screening, an alternative merit of studying solvent mixtures is denoted. 

Titanium alkoxides possessed an ability to stabilize exfoliated graphene sheets (Runs 54,55). 

In the previous Chapter, the graphene dispersion in titanium tetra-n-butoxide was used as a 

direct precursor to prepare TiO2/graphene nanocomposites suitable for visible-light 

photocatalysis [11]. On the other hand, it is known that most of Lewis acidic metal 

alkoxides are solids at normal temperature. The solvent-mixture strategy can alleviate such 

the problem. In Run 88, 500 mg of aluminum isopropoxide, a crystalline solid at room 

temperature, was dissolved in 5.0 mL of ODCB. Then, this solution was used to obtain a 

graphene dispersion by ultrasonication, which would derive to graphene@Al2O3 

nanocomposites in relation to highly thermal conductive fillers with electric insulation 

coating [51].  

 

Table 3.2. Screening results for solvent mixtures 

Run Solvent mixturea 
Surface tensionb 

[mJ m‒2] 
Yield 
[mg mL‒1] 

58 Benzylamine/1,2-dichlorobenzene 37.73 0.6 

59 Benzylamine/monochlorobenzene 36.11 0.5 

60 Benzylamine/1,2,4-trichlorobenzene 38.95 0.4 

61 2-Ethylhexanol/2-chlorobenzylamine 35.90 0.5 

62 2-Ethylhexanol/benzylamine 34.37 0.3 

63 2-Ethylhexanol/1,2,4-trichlorobenzene 34.18 0.2 

64 N,N-Dimethylformamide/benzylamine 37.42 0.3 

65 N,N-Dimethylformamide/monochlorobenzene 35.20 0.1 

66 N,N-Dimethylformamide/1,2-dichlorobenzene 36.49 0.3 

67 N,N-Dimethylformamide/1,2,4-trichlorobenzene 37.45 0.3 

68 Monochlorobenzene/1,2-dichlorobenzene 35.01 0 

69 Monochlorobenzene/1,2,4-trichlorobenzene 36.07 0 

70 1,2-Dichlorobenzene/1,2,4-trichlorobenzene 37.79 0 

71 Ethanol/N,N-dimethylformamide 28.26 <0.1 
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72 Ethanol/benzylamine 27.93 <0.1 

73 Ethanol/1,2,4-trichlorobenzene 27.53 0 

74 Ethanol/monochlorobenzene 26.30 0 

75 Ethanol/2-ethylhexanol 23.70 0 

76 Methanol/N,N-dimethylformamide 27.41 0 

77 Methanol/benzylamine 26.83 0 

78 Methanol/monohlorobenzene 25.81 0 

79 Methanol/1,2-dichlorobenzene 26.36 0 

80 Methanol/1,2,4-trichlorobenzene 26.73 0 

81 Methanol/2-ethylhexanol 23.79 0  

82 2-Ethylhexanol/benzylamine/1,2,4-trichlorobenzene 35.98 0.8 

83 2-Ethylhexanol/benzylamine/1,2-dichlorobenzene 35.18 0.7 

84 2-Ethylhexanol/benzylamine/monochlorobenzene 34.08 0.5 

85 2-Ethylhexanol/benzylamine/2-chlorobenzylamine 37.02 0.5 

86 Ethanol/1,2-dichlorobenzene/benzylamine 30.11 0 

87 Methanol/1,2-dichlorobenzene/benzylamine 29.03 0 

88c Aluminum isopropropoxide/1,2-dichlorobenzene n.d. <0.1 
a Equivolume mixtures of two or three solvents. 
b The surface tension of a solvent mixture was derived based on the mole-fraction-weighted 

average of the surface tension of individual solvents.  
c 500 mg of aluminum isopropropoxide in a solid state was dissolved in 5.0 mL of 1,2-

dichlorobenzene, and the resultant mixture was used for the exfoliation of graphite.  

 

 

 

3.4. Conclusion 

Liquid-phase exfoliation of graphite is a promising method for large-scale production 

of high-quality graphene. A solvent plays a role of stabilizing exfoliated graphene sheets 

and exerts a significant influence on the productivity of the process. Here, screening of 

different solvents and their mixtures for the liquid-phase exfoliation of graphite was 

performed under ultrasonication. The aims of such screening were to diversify available 

solvents for individual applications, and to understand molecular features that determine the 

graphene yield. The major findings were summarized below.  

i) Out of 57 single solvents tested, 17 solvents exhibited an ability to stabilize exfoliated 

graphene sheets. A combination of effective functional groups was effective for exploring 
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new solvents. In particular, chlorobenzylamine, which possesses aryl chloride and aliphatic 

amine as effective functional groups, exhibited the best yield among the single solvents.  

ii) The most important finding here is that synergism among effective functional groups 

is obtained not only when they were introduced in the molecular structure of single solvents 

but also when they were combined through solvent mixtures. Solvent mixture as a choice of 

the exfoliation medium are advantageous in terms of the availability, diversity and 

tunability compared with single solvents.  

iii) Based on the strategy of solvent mixtures, it was possible to prepare a graphene 

dispersion with metal alkoxides, as precursors for functional oxide@graphene 

nanocomposites.  

I believe these findings are useful in further exploration of exfoliation solvents, as well 

as in applied studies of using high-quality graphene as functional nanomaterials.  
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CHAPTER 4: Chlorine-doped TiO2/graphene 

nanocomposites for improving visible-light photocatalytic 

activity  

 

Abstract 

TiO2/graphene nanocomposites have increasingly attracted an attention due to their 

high visible-light photocatalytic efficiency in the photodecomposition of organic pollutants. 

In Chapter 2, it was established that a novel GO-free technique to synthesize the 

TiO2/graphene nanocomposites with an excellent visible-light photocatalytic activity. In this 

Chapter, I introduced a preparation of the chlorine-doped TiO2/graphene nanocomposites 

using the chemical exfoliation of graphite in titanium tetra-n-butoxide and subsequently by 

a sol-gel reaction in the presence of chlorine organic compounds. With the aid of chlorine 

radicals, which accelerate the photodecomposition of target organic compound and a 

significant reduction of the amount of defects on the graphene framework, the chlorine-

doped TiO2/graphene nanocomposites exhibited a significant improvement photocatalytic 

performance compared to that of the undoped TiO2/graphene nanocomposite. 
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4.1. Introduction 

Recently, photocatalysts have attracted a great attention in terms of decomposition of 

the environmental pollutants in water, air, and soil [1‒3]. During the past decades, many 

remarkable efforts have been made in the fabrication of new photocatalysts which work in 

the UV or visible-light region, and TiO2-based photocatalysts have been considered as one 

of the most excellent candidates for solving environmental concerns due to its desirable 

properties [4‒6]. However, its large band gap limits the utilization efficiency of solar 

energy, and the short lifetime of photo-excited electron-hole pair restrains its applicable 

catalytic efficiency. Enormous efforts have been devoted to alleviate these shortfalls 

including implanting with foreign metal ions or non-metals [7‒12], tailoring heterojunction 

with other semiconductors [13‒15], and noble metals [16‒18], or grafting with organic 

chelating ligands [19‒21]. Among them, hybridization of TiO2 with graphene is a promising 

solution [22‒26].  

In recent years, many attempts on the synthesis of TiO2/graphene nanocomposites 

using graphene oxide (GO) as a starting material have been reported. However, a 

nonuniform and uncontrolled growth of TiO2 on graphene [27] as well as high density of 

defects in the reduced GO framework [28‒30] are the challenges of the GO-based method. 

In Chapter 2, a novel GO-free route for the synthesis of TiO2/graphene nanocomposites has 

been established, which involved the preparation of graphene dispersion in titanium 

alkoxide by exfoliating graphite, followed by a sol-gel reaction to achieve the 

TiO2/graphene nanocomposites. The obtained TiO2/graphene nanocomposites exhibited an 

excellent visible-light photocatalytic performance in the degradation of MB compared to 

that of a commercially available TiO2 catalyst, TiO2-P25, and the conventional TiO2/rGO 
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nanocomposite [22]. Further enhancement of the visible-light photocatalytic activity of the 

TiO2/graphene nanocomposites is the next challenge.  

The essential factors affect the visible-light photocatalytic performance of the 

TiO2/graphene nanocomposites need to be considered in order to further improve their 

photocatalytic activity. For example, the following characteristics are important as essential 

factors: the enhancement in adsorption capacity, the visible-light utilization efficiency by 

the extension of optical absorption, electron-hole separation or the generation of highly 

active species to accelerate the photodecomposition of the target organic compounds. Back 

to the modification of TiO2, most recently, halogen have drawn great interests as promising 

dopants for TiO2 for the improvement in the visible-light photocatalytic activity. It has been 

reported that halogen doping can enhance surface properties of TiO2 by adjusting the 

chemical compositions, surface acidity, and surface area, improving the charge transfer 

process on the catalyst surface [31]. Another important benefit was that the optical 

absorption of the TiO2 photocatalysts was extended into the visible-light region when 

doping with halogen [31] which includes fluorine [32‒35], chlorine [36‒39], and iodine 

doping [40‒42]. In fact, fluorine was firstly utilized as a dopant for the improvement of the 

UV light photocatalytic activity of TiO2 and then the investigation expanded to the 

development of the activity in the visible light. It was found that fluorine would affect the 

photocatalytic reaction by changing the surface charge distribution, surface-substrate 

interaction, and the interfacial electron-hole transfer, attributing to the improvement in 

surface acidity, hydroxyl radicals formation, and the generation of oxygen vacancies [35]. 

Further studies revealed that halogen doping could modify the position of the valence band 

(VB) and the conduction band (CB) of TiO2 photocatalysts to extend the intrinsic absorption 

edge to the visible-light area [39‒41]. In addition, the high electron-withdrawing capability 

of halogen also decreased the recombination of photo-induced electrons and holes. Thus, 
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the halogen doping can produce many ways to control the optical property and electronic 

structure, consequently reading to the improvement in the photocatalytic activity of TiO2 

[42], and hence it should give rise a positive influence on the performance of TiO2/graphene 

nanocomposite catalysts.  

This chapter represents my efforts to further improve the visible-light photocatalytic 

activity of the TiO2/graphene nanocomposites by introducing chlorine element. The 

chlorine-doped TiO2/graphene nanocomposites were synthesized based on the chemical 

exfoliation of graphite in titanium tetra-n-butoxide and subsequently the sol-gel reaction in 

the presence of chlorine organic compounds as catalysts or co-catalysts. A significant 

improvement in the visible-light photocatalytic activity in the photodecomposition of 

methylene blue, naphthalene and phenol in aqueous media were achieved in the chlorine-

doped TiO2/graphene nanocomposites compared to the undoped nanocomposite. This 

enhancement was attributed not only to the already reported basic phenomena in halogen 

doping to TiO2, but also to the support of chlorine radicals to accelerate the 

photodecomposition process as well as a significant minimization of the defect amount on 

the graphene framework. 

 

4.2.  Materials and methods 

4.2.1. Materials  

Graphite powder (≥ 98%, 45 μm), benzylamine (> 98%), and 1,2-dichlorobenzene 

(ODCB, > 98%) were obtained from Wako Pure Chemical Industries, 2-chlorobenzylamine 

(> 97%) from ACROS Organic, aqueous ammonia solution (NH3) (28‒30%) from Kanto 

Chemical, and titanium tetra-n-butoxide (Ti(OnBu)4, ≥ 97%) from Sigma Aldrich. 

Hydrochloric acid (HCl) (35‒37%) was obtained from Wako Pure Chemical Industries. A 

commercial photocatalyst, TiO2-P25 (Sigma Aldrich) with the primary crystallite size of 21 
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nm was utilized after calcination at 400 °C for 2 h under nitrogen as a reference sample. 

Acetone and hexane (Kanto Chemical) were used after being dried over molecular sieves 

4A under nitrogen bubbling. Ethyl alcohol (Kanto Chemical) were also used as a solvent for 

washing. Methylene blue (MB) (≥ 98.5%) was obtained from Kanto Chemical, which was 

used as a dye for the photocatalytic test. Phenol from Wako Pure Chemical, naphthalene 

from Sigma Aldrich (≥ 99%) were as aromatic and polyaromatic compound for the 

photocatalytic test. Acetonitrile (≥ 99.8%) purchased from Wako was used as a solvent for 

the preparation of the stock solution of naphthalene. GO was synthesized from graphite 

powder using the modified Hummers method [43] and it was utilized as a graphene source 

in the preparation of a conventional TiO2/reduced graphene oxide. 

 

4.2.2.  Synthesis of graphene dispersion in Ti(OnBu)4   

As a starting material of the catalysts, graphene dispersion in Ti(OnBu)4 was 

prepared from graphite by a chemical exfoliation method. Briefly, 44.0 mg of graphite was 

sonicated in 5.5 mL of Ti(OnBu)4 at 43 kHz and 60 °C for 4 h under a N2 atmosphere. The 

resultant black mixture was centrifuged at 3000 rpm for 4 h in order to precipitate non-

exfoliated graphite. Finally, the graphene dispersion in Ti(OnBu)4 was obtained as the 

supernatant and denoted as graphene/Ti(OnBu)4. 

 

4.2.3.  Synthesis of chlorine-doped graphene dispersion in Ti(OnBu)4   

The chlorine-doped graphene dispersion was prepared by the impregnation following 

by the chemical exfoliation. In brief, 500 mg of graphite was added into 20 mL of HCl and 

stirred at 70 ℃ for 8 h. The mixture was then washed with DI water for several times until 

the pH of the supernatant was neutral. The remaining black solid was fully dried under 

vacuum at 70 ℃ for 12 h to obtain the chlorine-doped graphite, which was denoted as Cl-
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graphite. Similar to the preparation of the graphene dispersion in Ti(OnBu)4, 44.0 mg of Cl-

graphite was sonicated in 5.5 mL of Ti(OnBu)4 for 4 h under N2 atmosphere. The black 

mixture was centrifuged at 3000 rpm for 4 h to precipitate non-exfoliated graphite and 

denoted as Cl-graphene/Ti(OnBu)4. The graphene concentration of the supernatant was 

evaluated based on the absorbance at 550 nm (JASCO V-670 UV-Vis spectrometer). The 

measured absorbance was referenced to a calibration curve that was externally acquired 

using GNP dispersions. 

 

4.2.4. Fabrication of chlorine-doped TiO2/graphene nanocomposites using sol-gel 

method 

The chlorine-doped TiO2/graphene nanocomposites were fabricated from 

graphene/Ti(OnBu)4 based on sol-gel method in the presence of a chlorine organic 

compounds. 2-chlorobenzylamine and ODCB were chosen as chlorine sources. ODCB was 

used as a mixture with benzylamine (v/v = 1: 1) because benzylamine is important to obtain 

performant catalysts in terms of the extension of the absorption edge as well as an excellent 

photocatalytic activity of the TiO2/graphene nanocomposites which was identified in 

Chapter 2. Three types of TiO2/graphene catalysts were synthesized with varying the 

catalysts (H2O or NH3) and chlorine sources (2-chlorobenzylamine or ODCB) to explorer a 

better performant chlorine-doped catalyst. Firstly, aqueous (aq.) NH3 or H2O and a chlorine 

source (2-chlorobenzylamine or ODCB/benzylamine mixture) were mixed at a volume ratio 

of 1:8 (total 5.0 mL), and then the mixture was added dropwise into 5.0 mL of the 

graphene/Ti(OnBu)4 with vigorous magnetic stirring under a N2 atmosphere. A grayish gel 

obtained after 2 h of the reaction at room temperature was washed subsequently with 

anhydrous hexane and acetone for three times before being fully dried in vacuum at 70 ℃ 

for 12 h. Thus, obtained catalysts were termed as TG-NH3/8ClBA, TG-H2O/8ClBA, and 
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TG-NH3/8(ODCB, BA). For comparison, another chlorine-doped TiO2/graphene 

nanocomposite was also prepared via a different route. The Cl-graphene/Ti(OnBu)4 instead 

of graphene/Ti(OnBu)4 was used in the similar procedure using the mixture of aq. NH3 and 

benzylamine (v/v = 1:3) as a catalyst for the sol-gel reaction. The obtained nanocomposite 

was denoted as Cl-TG-NH3/3BA. In addition, the undoped TiO2/graphene nanocomposite 

was also prepared by the similar procedure using graphene/Ti(OnBu)4 as a starting material 

and the mixture of aq. NH3 and benzylamine as a catalyst for the sol-gel reaction. All of the 

synthetic conditions for the preparation of the chlorine-doped TiO2/graphene 

nanocomposites are summarized in Table 4.1. Due to a significantly low solubility in water 

of the chlorine organic compounds, the volume ratio between H2O, aq. NH3 solution and 

chlorine organic compounds was smaller compared to that between aq. NH3 solution and 

benzylamine. 

 

 Table 4.1. Synthetic conditions for chlorine-doped TiO2/graphene nanocomposites.  

Sample Catalyst for the sol-gel reactiona
 

TG-NH3/8ClBA aq. NH3/ClBA (1/8 v/v) 

TG-H2O/8ClBA aq. H2O/ClBA (1/8 v/v) 

TG-NH3/8(ODCB, BA)b aq. NH3/ODCB and BA (1/8 v/v) 

TG-NH3/3BAc aq. NH3/BA (1/3 v/v) 

Cl-TG-NH3/3BAd aq. NH3/BA (1/3 v/v) 
a Benzylamine and 2-chlorobenzylamine are abbreviated as BA and ClBA, respectively. 
b

 Catalyst is the mixture of ODCB and benzylamine with volume ratio of 1:1. 
cThe TiO2/graphene nanocomposite was prepared by the sol-gel reaction of the 

graphene/Ti(OnBu)4 and the mixture of aq. NH3 and benzylamine (v/v = 1:3). 
d The chlorine-doped TiO2/graphene nanocomposite was prepared from Cl-

graphene/Ti(OnBu)4. 

 

4.2.5. Preparation of TiO2/rGO 

For comparison purpose, a TiO2/rGO nanocomposite was also prepared by the 

procedure reported by Jiang et al. [44]: 1.0 mg of GO was dispersed in 36.7 mL of methanol 

under ultrasonication at room temperature for 30 minutes. 5.7 mL of Ti(OnBu)4 was then 
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dropwise added into the dispersion under a N2 atmosphere and vigorously stirred for 1 h. 

The mixture was transferred into a Teflon-lined autoclave (100 mL) prior to a solvothermal 

process at 180 °C for 24 h, followed by natural cooling to room temperature. After thorough 

washing by ethanol and DI water for three times alternately and subsequently drying in 

vacuum at for 12 h 80 °C, the product was calcined at 400 °C for 2 h under nitrogen. The 

produced nanocomposite is denoted as TiO2/rGO. 

 

4.2.6. Characterizations 

The morphology of the nanocomposites was examined using a transmission 

electron microscope (TEM) (H-7100, HITACHI) operated at a voltage of 100 kV. A sample 

was dispersed in methanol, then casted onto a carbon-coated copper grid and dried 

overnight at room temperature prior to the measurements. The Raman spectra of the 

nanocomposites were measured on a Laser Raman spectrometer (NRS-4100, JASCO) with 

a 532 nm laser. The dried powder samples were placed on a glass slide. The Raman 

measurement was conducted with the slit of 10 x 8000 μm and the exposure time of 80 s 

and 50 accumulations. In the Raman active modes of TiO2, the Eg bands are characterized to 

the symmetric vibration of O‒Ti‒O bonds, while the B1g and A1g bands are related to the 

symmetric and asymmetric bending vibration of O‒Ti‒O [45‒47]. For graphene modes, the 

G band is originated from the in-plane vibration of sp2 carbon atoms [48], whereas the D 

band indicates the existence of defects on the graphene [48,49]. In order to estimate the 

relative concentration of defects compared to the sp2 hybridized graphene domain, the 

intensity ratio of the D and G bands (ID/IG) is evaluated. X-ray diffraction (XRD) patterns 

were acquired in a reflection geometry on a Rigaku Smartlab X-ray diffractometer using a 

Cu Kα radiation (1.542 Å) at a voltage of 40 kV and a current of 30 mA. The measurements 
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were performed at room temperature in the range of 2θ of 10‒80º with a scan speed of 0.3º 

min–1.  

UV-visible (UV-Vis) spectra were recorded in the transmittance mode to evaluate 

the MB concentration in photocatalysis and in the diffuse reflectance (DRS) mode for the 

powder samples using a UV-Vis spectrometer (V770, JASCO). The fine powder samples 

were loaded into a quartz cell with a 2 mm path length. The measurements were conducted 

in the range of 300‒800 nm at a scanning rate of 100 nm min‒1 and at the resolution of 2 nm, 

in which a BaSO4 plate was utilized as the background.  

The chlorine contained was evaluated by X-ray Photoelectron Spectroscopy (XPS) 

analysis which was carried out on a Shimadzu Kratos AXIS-ULTRA DLD high 

performance XPS system operating at 150 W and vacuum level of 1 x 10‒8 Torr. 

Photoelectrons were excited by monochromated Al Kα radiation and detected with a delay-

line detector (DLD) and a concentric hemispherical analyzer (CHA). The pass energy of the 

CHA was 160 eV for the survey scan and 20 eV for narrow-scan spectra. For each element, 

a narrow scan was swept in 240 s and repeated 3 times. An analyzed area was 300 x 700 

μm2 on the specimen surface and located in the center of the irradiation. A fine powder 

sample was stacked on a copper substrate. The stage position was adjusted to achieve the 

best intensity for C 1s for each sample and to avoid a signal from the substrate (e.g. Cu 2p) 

 

4.2.7.  Photocatalytic test 

4.2.7.1 Photodegradation of methylene blue 

The photocatalytic activity of the nanocomposites was investigated preliminarily by 

the photodegradation of methylene blue. A specified amount of the catalyst powder was 

suspended in 25 mL of aqueous solution of MB at 50 mg L‒1 and kept in dark under a 

constant stirring for 12 h to ensure the adsorption/desorption equilibrium. 2.0 mL of the 
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suspension was then extracted in order to determine the initial concentration of MB in the 

reaction medium.  The rest of the suspension was irradiated for 6 h under the visible light at 

room temperature. The light source was supplied by a light irradiator (MAX-303, Asahi 

spectra) using a 300 W xenon short arc lamp and a 422-nm longpass filter. A guide light rod 

unit (LG series, Asahi spectra) was inserted into the suspension at the location of 4 cm away 

from the reactor bottom. The photocatalytic activity of a catalyst was evaluated through the 

amount of MB degraded per one gram of the catalyst per hour. The activity was recorded as 

an average of at least three photocatalytic tests per sample. 

 

4.2.7.2 Photodecomposition of naphthalene 

The photocatalytic activity of the catalysts was further examined by the 

photodecomposition of naphthalene in aqueous media. Briefly, a specific amount of the 

catalyst was added in 20 mL of the solution of 25 ppm of naphthalene prepared in the 

mixture of DI water and acetonitrile (v/v = 1:1) and kept stirring in dark for 6 h to achive 

the adsorption and desorption equilibrium. The suspension was irradiated for 4 h under the 

visible light at room temperature under an O2 atmosphere at 0.1 MPa using light irradiator 

(MAX-303, Asahi spectra) with a 300 W xenon short arc lamp and a 422-nm longpass filter. 

The concentration of the naphthalene was determined by gas chromatography (GC) using 

benzyl alcohol as an internal standard. The conditions for GC are presented in Table 4.2. 

The photocatalytic activity was calculated by the amount of naphthalene decomposed per 

one gram of the catalyst per hour with the average of three tests per sample. 

 

4.2.7.3  Photodecomposition of phenol 

The photodecomposition of phenol in aqueous media was conducted also to evaluate 

the catalytic ability of the samples. In brief, a specific amount of the catalyst was added into 
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20 mL of aqueous solution of phenol 100 ppm under stirring and kept in dark for 6 h to 

achieve the adsorption/desorption equilibrium. The suspension was then purged with pure 

O2 for 10 minutes and irradiated for 4 h under visible light at 0.1 MPa. Similarly, the 

photocatalytic activity was recorded as the amount of phenol being decomposed per gram 

catalyst per hour. 

 

Table 4.2. Measurement conditions for GC 

Parameters Details 

Column  DB-FATWAX 

Inject volume  1 μL 

Injection mode Spitless for NAP and split ratio of 5:1 for others 

Carrier gas  N2 with flow rate of 25 mL/min 

Detector  FID, temp = 300 ℃ 

 

 

4.3. Results and discussion 

4.3.1. Preparation of chlorine-doped TiO2/graphene nanocomposites 

Figure 4.1 compares the TEM images of the TiO2/graphene nanocomposites with 

and without chlorine doping. Uniform sheet-like structures are presented in all of the 

chlorine-doped and undoped TiO2/graphene nanocomposites. It can be considered that the 

isolated graphene sheets are uniformly and thinly covered by TiO2 nanolayers, which is 

promising for an effective charge carrier separation. Figure 4.2 presents Raman spectra of 

the chlorine-doped and undoped TiO2/graphene nanocomposites. Compared to the undoped 

TiO2/graphene (TG-NH3/3BA), the chlorine-doped samples showed different TiO2 modes. 

Beside the peaks of TiO2 anatase at 397 [B1g], 516 [A1g + B1g], and 638 cm‒1 [Eg], there was 

a peak appeared at 241 cm‒1 in all chlorine-doped TiO2/graphene samples, which was 

attributed to the second-order scattering (Eg) peak of rutile. In addition, the Eg peaks of 

anatase at 144 and 197 cm‒1 were also disappeared in the case of chlorine-doped 
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TiO2/graphene samples. Thus, different from the undoped TiO2/graphene nanocomposite, 

the chlorine-doped TiO2/graphene nanocomposites contained TiO2 with the combination of 

anatase and rutile forms. For graphene modes, it can be observed that in the presence of 

chlorine significantly decreased the ID/IG, except in the case of using ODCB, which 

suggested the decrease of defects on the graphene framework. The most significant 

difference between TG-NH3/3BA and Cl-TG-NH3/3BA was the starting materials. TG-

NH3/3BA was synthesized using graphene/Ti(OnBu)4 while Cl-TG-NH3/3BA was prepared 

from Cl-graphene/Ti(OnBu)4. It has been found that Brønsted acids can be intercalants and 

thus, expand the interlayer distance of graphite [50]. The intercalated graphite can be 

obtained during the impregnation process with HCl at 70 ℃, which was able to accelerate 

the exfoliation process. As a result, an improvement in graphene yield was achieved. As a 

matter of fact, the graphene concentration in Cl-graphene/Ti(OnBu)4 was 0.4 mg mL‒1, 

which was higher than that in graphene/Ti(OnBu)4, 0.3 mg mL‒1. This high efficiency of 

graphene exfoliation probably led to a smaller number of defects in graphene framework. 

On the other hand, this reduction was also observed in TG-NH3/8ClBA and TG-

H2O/8ClBA nanocomposites, which can be attributed to the effectiveness of 2-

chlorobenzylamine in stabilizing graphene sheets during the sol-gel process. The difference 

between TG-NH3/3BA and TG-NH3/8ClBA or TG-H2O/8ClBA was the catalyst utilized in 

the sol-gel reaction. It is known that ideal solvents to stabilize graphene are those which can 

minimize the interfacial tension between solvent and graphene flakes [51‒53]. In another 

ways, solvents with surface tension σ ≈ 40 mJ m‒2, comparable to that of graphene, are the 

most suitable to stably disperse graphene [54]. Both benzylamine (σ = 38.82 mJ m‒2) [55] 

and 2-chlorobenzylamine (σ = 42.0 mJ m‒2) [56] with surface tension matching exhibited 

ability to stabilize graphene, which was found in Chapter 3. However, 2-chlorobenzylamine 

might present a better performance in stabilization due to the synergistic effect among 
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aromatic, amine, and halogen functional groups. However, a similar result was not obtained 

in TG-NH3/8(ODCB, BA). It can be considered that the usage of combination of 

benzylamine and ODCB did not show any change compared to that of benzylamine itself. 

Figure 4.3 plots XRD patterns of the chlorine-doped and undoped TiO2/graphene 

nanocomposites. Only three broad diffraction peaks of TiO2 anatase at 27.8º, 47.1º, and 

62.5º was observed, which indicate the formation of nano-sized TiO2 crystals. The absence 

of graphite diffraction peaks also evidenced the sufficient exfoliation or formation of 

graphene.   
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Figure 4.1. TEM images of a) TG-NH3/3BA b) Cl-TG-NH3/3BA, c) TG-NH3/8ClBA, d) 

TG-H2O/8ClBA, e) TG-NH3/8(ODCB, BA) nanocomposites. 
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Figure 4.2. Raman spectra of the chlorine-doped and undoped TiO2/graphene 

nanocomposites. 

 

 

Figure 4.3. XRD patterns of the chlorine-doped and undoped TiO2/graphene 

nanocomposites  

 

In order to investigate the optical absorption feature of the chlorine-doped 

TiO2/graphene nanocomposites, the UV-Vis DRS spectra were acquired (Figure 4.4). TG-

NH3/3BA showed a larger background absorption in the visible-light area compared to the 

other samples, which was attributed to the incorporation of graphene into the TiO2 matrix 

[57]. The absorption edge is recorded as the intercept of a linear part of absorption spectra 
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and a linear part of the background absorption. The absorption edges of TG-NH3/3BA, Cl-

TG-NH3/3BA, TG-H2O/8ClBA, TG-NH3/8ClBA, and TG-NH3/8(ODCB, BA) were 578, 

440, 540, 574, and 461 nm, respectively. Each sample showed a remarkable extension 

compared to the nano-sized TiO2 anatase (360 nm) [58]. Among the chlorine-doped 

TiO2/graphene nanocomposites, Cl-TG-NH3/3BA and TG-NH3/8(ODCB, BA) showed a 

smaller extension of the absorption edge, which may reduce the light utilization efficiency 

compared to others. 

 

 

Figure 4.4 UV-Vis DRS spectra of chlorine-doped and undoped TiO2/graphene 

nanocomposites prepared in different conditions. 

 

4.3.2. Photocatalytic test 

The photocatalytic activities of the catalysts were examined by the decomposition 

of MB under the visible-light irradiation. At first, the adsorption abilities of the catalysts 

were evaluated by the adsorption of MB in dark for 12 h. Figure 4.5a compares the 

adsorption ability of the catalysts. Compared to TiO2-P25 and TiO2/rGO nanocomposite, the 

TiO2/graphene nanocomposites exhibited by far the better adsorption abilities. In addition, 
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the chlorine-doped TiO2/graphene showed 1.2‒1.5 times higher in adsorption ability 

compared to that of the undoped TiO2/graphene nanocomposite. In order to normalize the 

difference in the MB adsorption capacity, the amount of the catalysts was adjusted to unify 

the initial concentration of MB before irradiation which is shown in Table 4.3. After 

achieving the equilibration in dark, the visible light was irradiated under constant stirring at 

room temperature. Firstly, the activities of the catalysts were quantified by the MB 

degradation per gram catalyst per hour (Figure 4.5b). Compared to TG-NH3/3BA, the 

chlorine-doped TiO2/graphene nanocomposites exhibited higher activity. Especially, the 

TG-NH3/8ClBA and TG-H2O/8ClBA presented the highest photocatalytic activity (2.4 

times higher than that of the TiO2/graphene nanocomposite). Next, the photocatalytic was 

then compared based on the adsorption amount (Figure 4.5c). It can be observed that the 

TG-NH3/8ClBA exhibited the highest activity, which was 2.4 times higher in compared to 

that of TiO2/rGO nanocomposite and 1.8 times greater in compared to TG-NH3/3BA.  

 

https://www.sciencedirect.com/topics/engineering/adsorption-capacity
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Figure 4.5. a) Equilibrium adsorption of MB on the photocatalysts. 3.0 mg of a sample was 

placed in a 50 mg/mL aqueous solution of MB in dark for 12 h under constant stirring. The 

amount of the adsorption was derived by measuring the MB concentration in 

the supernatant after 12 h. b) Photocatalytic activity per gram catalyst. The activities were 

evaluated from the loss of the MB concentration after 6 h irradiation. c) Photocatalytic 

https://www.sciencedirect.com/topics/engineering/supernatant
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activity per MB adsorption. The activity per gram catalyst in b) was divided by the 

MB adsorption capacity per gram catalyst in a).  

 

Table 4.3 Adjusted catalyst amount for the photodegradation of methylene blue 

Catalyst Catalyst amount (mg) 

TiO2-P25 7.74 

TiO2/rGO 3.00 

TG-NH3/3BA 0.86 

Cl-TG-NH3/3BA 0.72 

TG-NH3/8ClBA 0.67 

TG-H2O/8ClBA 0.57 

TG-NH3/8(ODCB, BA) 0.70 

 

The study about the active species in the TiO2/graphene nanocomposites in Chapter 2 

investigated the significant role of superoxide radicals on the excellent photocatalytic 

activity of the TiO2/graphene nanocomposites, in other words, it implied the ability of the 

nanocomposites to activate molecular oxygen. Based on that fact, the photocatalytic activity 

of the chlorine-doped TiO2/graphene nanocomposites were examined by the 

photodecomposition of obstinate polyaromatic and aromatic compounds (naphthalene and 

phenol) under an O2 atmosphere. Figure 4.6a presents the naphthalene adsorption ability of 

the catalysts. Obviously, the TiO2/graphene nanocomposites showed higher adsorption 

capacity compared to that of TiO2-P25 and TiO2/rGO nanocomposite. Among 

TiO2/graphene nanocomposites, further improvement in adsorption capacity was achieved 

for the chlorine-doped nanocomposites, especially in the TG-NH3/8ClBA and TG-

H2O/8ClBA nanocomposite. Table 4.4 shows the amount of the catalysts, which was 

adjusted to unify the initial concentration of naphthalene before irradiation (after 6 h in 

dark). After obtaining the equilibration in dark, the visible light was irradiated under a 

constant stirring at room temperature. The activities of the catalysts were quantified by the 

naphthalene decomposition per gram catalyst per hour (Figure 4.6b). Obviously, under an 

https://www.sciencedirect.com/topics/engineering/adsorption-capacity
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O2 atmosphere, the TiO2/graphene nanocomposites presented excellent catalytic activity 

compared to TiO2-P25 and TiO2/rGO, which can be observed in the order of TiO2-P25 < 

TiO2/rGO << [TG-NH3/3BA < TG-NH3/8(ODCB, BA) ≈ Cl-TG-NH3/3BA << TG-

H2O/8ClBA < TG-NH3/8ClBA]. Compared to TiO2-P25 and TiO2/rGO nanocomposite, 

TG-NH3/3BA nanocomposite exhibited 16 and 4 times higher in the photocatalytic activity. 

Further improvement in the photocatalytic activity was obtained in the presence of chlorine, 

especially TG-NH3/8ClBA and TG-H2O/8ClBA exhibited the highest activity (0.0732 and 

0.0728 mmol gcat
–1 h–1), which were 2 times higher than that of  TG-NH3/3BA 

nanocomposite. While in the comparison per mmol of naphthalene adsorbed, TG-

NH3/8ClBA and TG-H2O/8ClBA showed 1.2 and 1.4 times higher in the activity compared 

to that of TG-NH3/3BA nanocomposite, respectively (Figure 4.6c). 
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Figure 4.6. a) Equilibrium adsorption of naphthalene on the photocatalysts. 20.0 mg of a 

sample was placed in 20 mL of naphthalene solution (25 mg/mL) in dark for 6 h under 

constant stirring. The amount of the adsorption was derived by measuring the naphthalene 

concentration in the supernatant after 6 h. b) Photocatalytic activity per gram catalyst. The 

adjusted amount of the catalysts is presented in Table 4.4. The activities were evaluated 

https://www.sciencedirect.com/topics/engineering/supernatant
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from the loss of the naphthalene concentration after 4 h irradiation. c) Photocatalytic activity 

per naphthalene adsorption. The activity per gram catalyst in b) was divided by the 

naphthalene adsorption capacity per gram catalyst in a).  

 

Table 4.4 Adjusted catalyst amount for the photodegradation of naphthalene 

Catalyst Catalyst amount (mg) 

TiO2-P25 82.62 

TiO2/rGO 20.00 

TG-NH3/3BA 7.00 

Cl-TG-NH3/3BA 5.62 

TG-NH3/8ClBA 3.84 

TG-H2O/8ClBA 4.53 

TG-NH3/8(ODCB, BA) 6.69 

 

 

The visible-light photocatalytic activity of the TiO2/graphene nanocomposites was 

also evaluated by the decomposition of phenol in an O2 atmosphere. Figure 4.7a displays 

the adsorption capacity of the photocatalysts, which was recorded after 6 h stirring in dark. 

It is clear that the TiO2/graphene nanocomposites presented an excellent adsorption capacity 

compared to that of TiO2-P25 and TiO2/rGO nanocomposite and the chlorine-doped 

TiO2/graphene nanocomposites therein exhibited further enhancement compared to the 

undoped nanocomposite. The photocatalytic activity is shown in Figure 4.7b. Similar to the 

results for MG and naphthalene decomposition, the TiO2/graphene nanocomposites 

demonstrated the excellent photocatalytic performance. Among the results of the 

TiO2/graphene nanocomposites, it can be seen that further improvement was observed in the 

presence of chlorine and especially the TG-NH3/8ClBA and TG-H2O/8ClBA 

nanocomposites showed the highest enhancement in photocatalytic activity. TG-

NH3/8ClBA nanocomposite presented 2.6 times higher in the activity compared to that of 

TG-NH3/3BA nanocomposite, while 2.2 times greater improvement was found in the case 

https://www.sciencedirect.com/topics/engineering/adsorption-capacity
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of TG-H2O/8ClBA nanocomposite. In comparison per mmol of phenol adsorption, TG-

NH3/8ClBA and TG-H2O/8ClBA nanocomposites presented 1.6 and 1.5 times higher in 

activity compared to TG-NH3/3BA nanocomposite (Figure 4.7c). 

 

 

 

Figure 4.7. a) Equilibrium adsorption of phenol on the photocatalysts. 100.0 mg of a sample 

was placed in 20 mL of phenol solution (100 mg/mL) in dark for 6 h under constant stirring. 
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The amount of the adsorption was derived by measuring the phenol concentration in 

the supernatant after 6 h. b) Photocatalytic activity per gram catalyst. The activities were 

evaluated from the loss of the phenol concentration after 4 h irradiation. The amount of the 

catalysts was adjusted to unify the initial concentration of phenol before irradiation, 

summarized in Table 4.5. c) Photocatalytic activity per phenol adsorption. The activity per 

gram catalyst in b) was divided by the phenol adsorption capacity per gram catalyst in a).  

 

Table 4.5. Adjusted catalyst amount for the photodegradation of phenol 

Catalyst Catalyst amount (mg) 

TiO2-P25 298.84 

TiO2/rGO 100.00 

TG-NH3/3BA 51.78 

Cl-TG-NH3/3BA 31.29 

TG-NH3/8ClBA 35.11 

TG-H2O/8ClBA 40.48 

TG-NH3/8(ODCB, BA) 40.89 

 

The three decomposition tests showed that the TiO2/graphene nanocomposites, 

especially the chlorine-doped ones, exhibited an excellent visible-light photocatalytic 

activity compared to TiO2-P25 and TiO2/rGO nanocomposite (30 times and 6 times higher 

in activity, respectively); while in literatures, only 4‒7 times improvement in the visible-

light photocatalytic performance was found in chlorine-doped TiO2 compared to that of 

TiO2-P25 [36,37,39]. As concluded in Chapter 2, a large portion of the activity 

improvement (ca. 70 %) was attributed to the superb adsorption capacity benefited from the 

special morphologies of the TiO2/graphene nanocomposites. On the contrary, in the case of 

the chlorine-doped TiO2/graphene nanocomposites, the activity of TG-NH3/8ClBA was 

2‒2.6 times higher than that of TG-NH3/3BA on the comparison per gram of the catalyst, 

while the improvement in the organic compounds adsorption was 1.2‒1.6 times, and hence 

only around 40 % of the catalytic enhancement was attributed to the improvement in the 

https://www.sciencedirect.com/topics/engineering/supernatant
https://www.sciencedirect.com/topics/engineering/adsorption-capacity
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adsorption capacity. Thus, there would be another factor contributing to the improvement in 

the visible-light photocatalytic performance of the chlorine-doped TiO2/graphene 

nanocomposites. The order of the photocatalytic activity was TG-NH3/8ClBA ≈ TG-

H2O/8ClBA >> Cl-TG-NH3/3BA ≈ TG-NH3/8(ODCB, BA) > TG-NH3/3BA 

nanocomposites. Several factors for the photocatalytic improvement were examined. At first, 

the effect of their optical property was considered. In comparison between chlorine-doped 

and undoped nanocomposites, even Cl-TG-NH3/3BA and TG-NH3/8(ODCB, BA) 

nanocomposites presented the lower absorption edge extension than TG-NH3/3BA 

nanocomposite, whereas they both exhibited better catalytic activity compared to that of 

TG-NH3/3BA nanocomposite. On the other hand, among the chlorine-doped TiO2/graphene 

nanocomposites, the catalysts which showed a lower absorption edge extension (Cl-TG-

NH3/3BA and TG-NH3/8(ODCB, BA)) exhibited more or less lower photocatalytic activity. 

It is because the visible-light utilization efficiency of Cl-TG-NH3/3BA and TG-

NH3/8(ODCB, BA) might be reduced compared to the other chlorine-doped catalysts. It can 

be concluded from the fact that the absorption edge extension must be important to improve 

the photocatalytic activity, but it is not exclusive factor. The role of the chlorine dopant was 

the next consideration. By XPS measurement, the amount of chlorine content in the TG-

NH3/8ClBA, TG-H2O/8ClBA, Cl-TG-NH3/3BA, and TG-NH3/8(ODCB, BA) were 

determined as 0.96, 1.50, 0.10, and 2.03 wt%, respectively. It is possible that under visible-

light irradiation, the chlorine radicals which are less energetic than hydroxyl radicals can be 

formed [59]. Chlorine radicals can attack organic substrates having weakly bound branch 

hydrogen and destruct them to smaller molecules by chain transfer oxidation. For aromatic 

and polyaromatic compounds, it is difficult to decompose them by chlorine radicals directly 

under the visible light, while the holes, hydroxyl radicals and especially superoxide radicals 

are more reactive for the cleavage of aromatic rings [60,61]. Thus, the existence of chlorine 
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radicals can further accelerate the overall photodecomposition reaction of the organic 

compounds. However, TG-NH3/8(ODCB, BA) showed less activity improvement compared 

to others even though it had the highest chlorine content. Therefore, even though the 

existence of chlorine radicals was important to accelerate the photodecomposition of 

organic compounds, chlorine content was not the most important factor in the development 

of the photocatalytic activity of the chlorine-doped TiO2/graphene nanocomposites. The 

final factor is the number of defects on the graphene framework. It is known that the 

photocatalytic decomposition of organic compounds was likely driven by the highly 

reactive radicals e.g. hydroxyl radicals, superoxide radicals, and etc., which were generated 

by photo-excited electrons injected into graphene. Thus, graphene quality, especially a less 

number of defects, was most likely correlated to the photocatalytic activity of the 

nanocomposites. In fact, it was reported that the electrical mobility of the nanocomposite 

can be increased by minimizing the number of defects [62]. This improvement can in turn 

enhance the transportation and separation of photogenerated charge carriers within graphene, 

resulting in the enhancement of the photocatalytic activity of the TiO2/graphene 

nanocomposites. As shown in Figure 4.2, except TG-NH3/8(ODCB, BA), the defect 

minimization was found in the chlorine-doped TiO2/graphene nanocomposites compared to 

that of the undoped one. This fact was consistent with the photocatalytic performance of the 

chlorine-doped TiO2/graphene nanocomposites. 

 

4.4. Conclusion 

The visible-light photocatalytic activity of the TiO2/graphene nanocomposites was 

successfully improved by chlorine-doping. The chlorine-doped nanocomposites were 

prepared based on the chemical exfoliation of graphite with the aid of titanium tetra-n-

butoxide followed by sol-gel reaction in the presence of chlorine organic compounds. Four 
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types of chlorine-doped nanocomposites were prepared with different chlorine sources and 

protocols, on which the enhancement in photocatalytic activity depended. From the 

difference in the performance and characteristics of the nanocomposites, it was found that 

the enhancement in the catalytic activity would be achieved by the mix contribution of 

extending in adsorption edge, formation of chlorine radicals, and reducing the number of 

defects in the graphene framework.  
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CHAPTER 5. General Conclusion and Future Plan 

 

 

5.1. General conclusion 

According to the high ability to adsorb organic pollutants, the improvement of the 

photo-induced charge career separation, as well as the absorption of visible light, 

TiO2/graphene has been widely studied for the utilization in various applications, especially 

in the detoxification and disinfection of wastewater. However, the photocatalytic 

performance of the TiO2/graphene was insufficient for practical applications. 

Conventionally, the TiO2/graphene was synthesized from graphene oxide (GO) coupled 

with TiO2 or a titanium alkoxide, which was subsequently reduced to rGO. However, this 

reduction process always led to the formation of defect-rich rGO. Furthermore, the 

aggregation of TiO2 was usually observed which was caused by the hydrophilic nature of 

GO. In this thesis, a novel method for the fabrication of TiO2/graphene nanocomposites has 

been established, which alleviated the problems in the conventional TiO2/rGO 

photocatalysts. 

A novel GO-free route to synthesize TiO2/graphene nanocomposites has been 

examined in Chapter 2. The synthetic approach involved the chemical exfoliation of 

graphite in a titanium tetra-n-butoxide and subsequent sol-gel reaction catalyzed with 

benzylamine. This afforded the TiO2/graphene nanocomposites featured with i) a 

morphology in which TiO2 nanolayers uniformly and thinly covered graphene sheets, ii) a 

trace amount of defects on the graphene frameworks, iii) a dramatic inhibition of charge 

carriers recombination, and iv) a significant extension of absorption edge into visible-light 

area. Owing to these advantages, the TiO2/graphene nanocomposites exhibited an 
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outstanding photocatalytic performance in the degradation of methylene blue in water. The 

obtained TiO2/graphene nanocomposites presented 5 and 15 times greater in photocatalytic 

activity compared to that of the conventional TiO2/rGO nanocomposite and the commercial 

TiO2-P25.  

Motivated by the finding that a titanium alkoxide can exfoliate graphite into high-

quality graphene, I focused on the exploration of solvents for the liquid-phase exfoliation of 

graphite under ultrasonication in Chapter 3. Through the screening of different solvents and 

their mixtures, a number of new exfoliating solvents have been identified. Particularly, 

chlorobenzylamine, which is a combination of the molecular structure of chlorobenzene and 

benzylamine, known as famous exfoliating solvents, presented the highest graphene yield. 

In addition, titanium alkoxides showed a high yield although its surface tension was far 

from that of graphene. More importantly, a synergistic effect among different functional 

groups e.g. aromatic, amine, and halogen groups was identified, and this was more 

effectively exploited in a form of solvent mixtures. 

In Chapter 4, further enhancement in the photocatalytic activity of the 

TiO2/graphene nanocomposites was achieved by pursuing the fabrication of chlorine-doped 

TiO2/graphene nanocomposites. The chlorine-doped TiO2/graphene nanocomposites were 

fabricated based on the synthetic method established in Chapter 2. With the aid of chlorine 

radicals in accelerating the photodecomposition of organic compounds, the nanocomposites 

exhibited a significant enhancement in the visible-light photocatalytic activity compared to 

that of the undoped TiO2/graphene nanocomposites in the photodecomposition of methylene 

blue, phenol, and naphthalene.  

This thesis has established a novel and effective route for the synthesis of the 

TiO2/graphene nanocomposites and demonstrated its usefulness in the field of water 

treatment based on excellent visible-light photocatalysis. It was also suggested that a similar 



Chapter 5 

148 
 

method is applicable for the synthesis of different oxide@graphene nanocomposites with 

advantageous features.   

 

 

5.2. Future plan 

Nowadays, organic pollution of rivers and lakes by sewage released from human 

activities like farming, industry, or even daily life increasingly affects ecosystems and 

human worldwide. The containing of pathogens in untreated urban wastewater can cause a 

variety of serious diseases, which can kill human life. Organic pollutants accumulating in 

rivers and lakes accelerate the growth of microbial, resulting in oxygen exhaustion and 

consequently destroy the river and lake ecosystems. With the concern to reduce the amount 

of organic pollutants in water, the target of future research is to develop a unique and simple 

photocatalytic water treatment system, which can operate in polluted rivers and lakes using 

solar light. The TiO2/graphene nanocomposites developed in this thesis are expected to fit to 

this purpose. There are several requirements, which need further consideration. For example, 

one of the most important requirements is the long-term stability of the immobilized catalyst 

in different water flow rates. Thus, it is necessary to develop an effective immobilization 

method to significantly improve the adhesion stability of the immobilized photocatalysts. 

Further enhancement of the photocatalytic performance of TiO2/graphene nanocomposites 

is also required since the amount as well as the diversity of the pollutants in the applied 

environment is significantly different compared to the laboratory conditions. The 

improvement of light utilization efficiency of the catalyst under the water is the next 

concern. In order to achieve an expected performance efficiency of the photocatalytic water 

treatment, an effective solar light accumulation should be considered for this system. The 



Chapter 5 

149 
 

successful establishment of the photocatalytic water treatment system can contribute partly 

to the global efforts in combating global warming.  
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