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This thesis describes the preparation and characterization of nanostructured 

TiO2-based photocatalysts for environmental and energy applications. 

Technologies that protect the environment and act as alternative sources of 

clean energy are emerging as important global issues, providing a number of 

challenges to the sustainable development of human society. TiO2 

photocatalysis is a process that occurs on the surface of TiO2 under light 

irradiation. It is one of the most promising technologies for achieving both 

environmental remediation and renewable energy. Currently, the practical 
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applications of TiO2 photocatalysts are extremely restricted owing to two 

main issues that reduce the photocatalytic efficiency: limited light absorption 

due to the wide band gap of TiO2, and recombination of the photogenerated 

charge carriers. Therefore, it is highly important to develop TiO2 

photocatalysts with extended light absorption and enhanced charge transport 

for high-efficiency. The aim of this study was to identify the factors that 

could be varied in order to achieve these requirements by examining the 

theoretical considerations, and then to design various nanostructured TiO2 

materials for photocatalytic applications. 

Part I provides a general introduction regarding TiO2 photocatalysts. 

Using theoretical considerations and state of the art analysis, the factors for 

highly-efficient photocatalysis are extracted. The aims of the present work 

are introduced on the basis of these derived factors.  

In Part II, with the aim of enhancing charge transport, TiO2 nanotube and Ti-

metal-organic framework (MOF)-based photocatalysts were prepared, and 

the effect of morphology and porosity on the photoactivity was examined. It 

was found that one-dimensional, porous TiO2 nanotubes contributed to 

enhancing the photocatalytic activity. In addition, Ti-MOFs, which are 

extremely porous solids are suggested as a new class of photocatalyst.  

Part III discusses the preparation and properties of N-doped TiO2 

nanoparticles as a strategy to extend the light absorption of the material to 
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the visible region. The absorption threshold of the obtained TiO2 

nanoparticles was shifted to the visible region due to N-doping in TiO2, 

which contributed to improving the photocatalytic activity under visible light. 

Part IV presents Ni-doped TiO2 nanostructures as a strategy to both 

extend the light absorption and enhance the charge transport. The 

nanostructure of the TiO2 could be controlled by Ni-doping, which resulted 

in reduced recombination and efficient charge transfer. Simultaneously, the 

light absorption of TiO2 was extended to the visible region, which enabled 

the achievement of a highly efficient photocatalyst under visible light. 
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Chapter 1.  

Introduction 

 

1.1. Overview of TiO2 photocatalysts 

Since the Industrial Revolution, there have been rapid increases in the 

world population and economic development. This has resulted in the 

reckless destruction of nature and serious depletion of fossil fuels 

(coal, oil, and natural gas). Environment-protecting technologies and 

alternative clean energy production are therefore emerging as major 

global issues, providing numerous challenges for the sustainable 

development of human society. Photocatalysis is a catalytic process 

that occurs on the surface of semiconducting materials under light 

irradiation. It is one of the most promising technologies with the 

potential to achieve both environmental remediation, such as 

photocatalytic water or air purification, and renewable energy, such as 

H2 production from water-splitting, and dye-sensitized solar cells [1-3]. 

Among the various semiconductor photocatalysts, TiO2 has been 

intensively researched and is already used in many applications 

related to the environment and energy production because of its strong 

redox power, chemical stability, photo-corrosion resistance, non-

toxicity, low cost, and transparency to visible light [4, 5]. 
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Fig. 1.1. Examples of environmental pollution. 

 

 

Fig. 1.2. World reserves of Fossil fuels in 2011. 

(Source: BP Statistical Review of World Energy) 
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1.2. Fundamentals of TiO2 photocatalysts 

1.2.1. Basic mechanism of TiO2 photocatalysts 

From a photochemical standpoint, the role of a photocatalyst is to 

initiate or accelerate specific reduction and oxidation reactions under 

the irradiation of photons [4, 6]. When a TiO2 photocatalyst absorbs 

light with an energy greater than its band gap energy (Eg), an electron–

hole pair is generated (Figure 1.3). These photogenerated charge 

carriers are subsequently separate and migrate to the surface of the TiO2. 

The photogenerated hole reacts with adsorbed water molecules to form 

hydroxyl radicals (•OH), and the electron produces a superoxide radial 

anion (O2•
-
) by reacting with oxygen from the air. The hydroxyl radical 

super oxide anion can participate in reduction or oxidation reactions to 

remove pollutants from the surrounding medium. In particular, as the 

hydroxyl radical has excellent oxidation ability, it can be used to 

eliminate the most common environmental contaminants, including 

NOx, SOx, volatile organic compounds (VOCs), odors, waste-water, 

and other industrial waste. 
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Fig. 1.3. Schematic illustration of the photocatalytic mechanism of 

TiO2 [6]. 
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1.2.2. Main processes of TiO2 photocatalysts 

In general, the photocatalytic processes of TiO2 involve three basic 

steps: the excitation, separation and diffusion, and surface transfer of 

photogenerated electrons and holes. 

The first step is absorption of light (photons) to generate the 

electron–hole pair. Most photocatalysts have semiconducting properties. 

Semiconductors have a band structure in which the conduction band 

(CB) is separated from the valence band (VB) by an Eg of an adequate 

magnitude. When the energy of the incident light is greater than Eg, 

electrons and holes are generated in the CB and VB, respectively. 

Figure 1.4 shows the band structure and Eg of various semiconductor 

photocatalysts. In the case of TiO2, the Eg is 3.0 eV for rutile and 3.2 

eV for anatase. Due to its wide band gap, TiO2 can only absorb UV 

light and the band gap of a visible light-active TiO2 photocatalyst 

should be narrower than 3.0 eV (λ > 420 nm). 

Eg (eV) = 1240/ λ (nm)               (1) 

Therefore, accurate energy band engineering is essential for the design 

and development of TiO2 with visible light-driven photocatalytic 

activity. 

The second step of the catalytic process comprises separation and 

migration of the photoinduced charge carriers. However, this can be 

hindered by the generated electron and hole undergoing a 
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recombination process, producing thermal energy. Charge 

separation/migration and recombination are two important competitive 

processes that affect the efficiency of TiO2 photocatalytic reactions. 

Enhancing charge separation/transport and reducing the recombination 

are fundamentally crucial for obtaining good photocatalytic activity. 

The final step involves chemical reactions on the surface of the 

photocatalyst. The key points involved in this step are the surface 

character (active sites) and surface area. If active sites for 

reduction/oxidation reactions do not exist on the TiO2 surface, the 

photogenerated electrons and holes will rapidly recombine. Therefore, 

adequate control of surface properties and characteristics are required 

for efficient photocatalytic reactions of TiO2. 
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Fig. 1.4. Band structure of semiconductor photocatalysts [2]. 
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1.2.3. Applications of TiO2 photocatalysts 

TiO2 photocatalysis has many potential applications in environmental 

protection and renewable clean energy production (Figure 1.5). The 

main applications that are the focus of current research are the 

following: (i) photocatalytic H2 fuel production from water-splitting, 

(ii) photodecomposition or photooxidization of environmental 

pollutants, (iii) artificial photosynthesis, (iv) photo-induced super-

hydrophilicity, and (v) photoelectrochemical conversion (solar cells) 

[7]. 
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Fig. 1.5. Applications of TiO2 photocatalysts [6]. 
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1.3. Main challenges and issues of TiO2 photocatalysts 

Currently, the practical applications of TiO2 photocatalysts are 

extremely restricted due to two issues that result in reduction of 

photocatalytic efficiencies. The first of these is limited light absorption 

due to the wide band gap of TiO2, and the second is the low separation 

probability of the photogenerated electrons and holes. It is highly 

important that these challenges are overcome to achieve high-efficiency 

TiO2 photocatalysts. 

 

1.3.1. Limited light absorption 

The band gap of semiconductors is an important factor that determines 

the absorption of incident photons. Because of its large band gap (3.0–

3.2 eV), TiO2 is only active in the UV region, which contributes less 

than 5% of the total energy of the solar spectrum (Figure 1.6). Shifting 

the absorption wavelength range of TiO2 to involve visible light, which 

composes a larger portion of the solar spectrum (43%), is one of the 

requirements for enhancing the efficiency of the photocatalytic 

reactions of TiO2. Band-gap engineering therefore plays an important 

role in extending the absorption of light into the visible region to obtain 

more effective utilization of solar energy. 

 

1.3.2. Charge recombination 
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After photoexcited charge carriers are generated, they undergo one of 

two competitive processes, charge separation or recombination. Charge 

recombination reduces the photogenerated electrons and holes by 

emitting light or creating phonons. It involves both surface and bulk 

recombination and is classified as a deactivating and ineffective process 

for photocatalytic activity (Figure 1.7). In contrast, charge separation 

and migration is a beneficial activation process that results in the 

charges being on the surface of TiO2 available for a suitable chemical 

reaction. Efficient charge separation/migration and inhibition of 

bulk/surface charge recombination are fundamentally important for 

high-efficiency TiO2 photocatalysts. The effective diffusion length of 

electrons, L, can be a useful parameter for describing the competition 

between the diffusive transport and recombination of charge carriers [8, 

9]. It is defined as the average displacement of an electron before 

recombination, and if first order recombination is obeyed, it can be 

expressed as:  

                       L = (D0τ0)
1/2

                      (2) 

where D0 is the CB electron diffusion coefficient and τ0 is the CB 

electron lifetime. Many researchers have sought to enhance the charge 

separation and increase the electron diffusion length via 

nanostructuring the morphology of TiO2, which will be discussed 

further in section 1.4.2. 
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Fig. 1.6. Solar energy distribution graph (Source: Heat Island Group, 

Lawrence Berkeley National Laboratory). 

 

 

Fig. 1.7. The fate of photoinduced electrons and holes: charge 

separation and recombination [1]. 
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1.4. State of the art of TiO2 photocatalysts 

1.4.1. Approach to extending the light absorption 

1.4.1.1. Nonmetal-doping 

Nonmetal-doping is an effective approach for narrowing the band gap 

and enhancing visible light-driven photocatalysis. Nonmetal ion 

dopants work by shifting the VB edge upward, resulting in a narrowing 

of the band gap, as shown in Figure 1.8. Various nonmetallic elements 

such as N, C, S, and F [10-22], have previously been doped into TiO2, 

and the optical and photocatalytic properties of the resulting materials 

were investigated (Table 1.1). Nonmetal-doped TiO2, which can absorb 

light of longer wavelengths, exhibited enhanced photocatalytic 

activities compared to those for pure TiO2, especially in the visible light 

region.  
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Table 1.1. Synthesis and characterization of nonmetal-doped TiO2 

materials 

 

 

 

 

Fig. 1.8. New VB formation by doping of nonmetal 

ions [1]. 
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N-doped TiO2 has been widely investigated and successfully 

prepared using various approaches, including sol–gel, sputtering, ion 

implantation, and plasma enhanced chemical vapor deposition methods 

[12-15]. Asahi and co-workers [10] reported that N-doped TiO2 

exhibited visible light absorption at wavelengths above 400 nm, and 

improved photocatalytic activity compared to that of pure TiO2 under 

visible light irradiation (Figure 1.9(a)). Using X-ray photoelectron 

spectroscopy (XPS), they found that substitution of N for O contributed 

to narrowing the band gap by the mixing of the 2p states of N with the 

2p of O from the N 1s (Figure 1.9(b)).  

Irie and co-workers [11] investigated the dependence of 

photocatalytic activity on the concentration of N in N-doped TiO2. 

They found that a lower N concentration (<2%) provided better 

photocatalytic activity, and reported that the enhancement was due to 

O–Ti–N bond formation during the substitutional doping process. 
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Fig. 1.9. Optical absorption spectra (a) and N 1s XPS spectra (b) of 

TiO2-xNx and TiO2 films. 
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The optical properties and photocatalytic activity of S-doped TiO2 

have also been studied. Umebayashi et al. reported that S-doping 

contributed to an extension of the light absorption of TiO2 into longer 

wavelengths. They synthesized S-doped TiO2 by oxidation annealing of 

TiS2 powder [16] or by S ion implantation [17]. In both cases, the 

absorption edge was shifted to a longer wavelength region compared to 

pure TiO2 (Figure 1.10), and the S-doped TiO2 materials were able to 

generate a photocurrent and decompose methylene blue in aqueous 

solution under visible light irradiation. It was found that the mixing of 

S 3p states with the VB of O contributed to narrowing of the band gap 

energy of TiO2. 

Ohno and co-workers [18] prepared S-doped TiO2 using a 

chemically modified sol–gel process. S-doped TiO2 was obtained by 

mixing Ti(IV) isopropoxide with thiourea as a source of S, and heating 

the powder. It exhibited strong absorption of visible light and high 

activity in the degradation of methylene blue in aqueous solution under 

visible light irradiation. The oxidation state of the S atoms incorporated 

into the TiO2 particles was determined to be S
6+

 from the XPS spectra, 

which contributed to reducing the band gap. 
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Fig. 1.10. Diffusion reflectance spectra (DRS) (a) and S 2p XPS spectra 

(b) of pure TiO2 and S-doped TiO2 powder. 
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Khan and co-workers [19] prepared C-doped TiO2 by controlled 

combustion of Ti metal in a natural gas flame. They reported that C 

atoms substituted for some of the lattice O and that this contributed to 

the absorption of light at wavelengths below 535 nm and narrowing of 

the Eg (3.00 eV for pure TiO2 versus 2.32 eV for C-doped TiO2). This 

material showed photochemical water splitting behavior with a higher 

photoconversion efficiency compared to that of pure TiO2 under Xe 

lamp illumination (Figure 1.11). 

Kisch and Sakthivel reported the wet process synthesis of C-

doped TiO2 by hydrolysis of TiCl4 with tetrabutylammonium hydroxide 

followed by calcination of the precipitates [20]. They also reported 

visible light absorption by the resulting C-doped TiO2 samples, and 

improved photocatalytic activity for degradation of 4-chlorophenol 

(4CP) compared to pure TiO2 under artificial light (λ ≥ 455 nm). 
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Fig. 1.11. UV–vis spectra (a) and photoconversion efficiency (b) of 

pure TiO2 (n-TiO2) and C-doped TiO2 (CM-n-TiO2) powder. 
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Yu and co-workers [21] prepared F-doped TiO2 by hydrolysis of Ti 

tetraisopropoxide in a mixed NH4F/H2O solution. It was found that F-

doped TiO2 samples exhibited stronger absorption in the UV–visible 

light region and better photocatalytic activity for acetone oxidation 

compared to pure TiO2 (Figure 1.12). 

Nanoporous F-doped TiO2 spheres were synthesized by a simple 

and template-free hydrothermal approach using TiF4 as both a source of 

F dopant and a precursor of TiO2 [22]. F-doped TiO2 samples showed 

high visible light-driven photocatalytic activity on the degradation of 

4CP. It was deduced that the visible light photocatalytic activity of F-

doped TiO2 was achieved by the creation of O vacancies rather than by 

the improvement of the absorption of bulk TiO2 in the visible light 

region. 
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Fig. 1.12. UV–vis absorption spectra (a) and the apparent rate constants 

for photocatalytic decomposition of acetone (RF: the ratio of F to Ti) (b) 

of pure TiO2 (P25) and F-doped TiO2 (TiO2-xFx) powder. 
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1.4.1.2. Metal-doping 

Metal-doping is another approach to developing visible light-active 

photocatalysts. Metal-doping into TiO2 creates new impurity levels in 

the forbidden band, which makes the wide band gap TiO2 active under 

visible light irradiation. Figure 1.13 illustrates the mechanisms by 

which metal-doping can affect visible light-active photocatalysts. In the 

forbidden band of the photocatalyst, either a donor level above the VB 

or an acceptor level below the CB contributes to narrowing the band 

gap. The preparation methods and photocatalytic properties of metal-

doped TiO2 materials are summarized in Table 1.2. 

 

 

Table 1.2. Synthesis and characterization of metal-doped TiO2 

materials 
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Fig. 1.13. New VB formation by doping of metal ions [1]. 
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Choi et al. performed a systematic study on the photocatalytic 

activity of TiO2 nanoparticles doped with 21 different transition metal 

ions for the reduction of CCl4 and the oxidation of CHCl3 [23]. 

Doping with Fe
3+

, Mo
5+

, Ru
3+

, Os
3+

, Re
5+

, V
4+

, and Rh
3+

 at 0.1–0.5 

at% significantly increased the photoactivity for both oxidation and 

reduction, while Co
3+

 and Al
3+

 doping decreased the photoactivity. 

The nature of the metal ion dopants in the TiO2 significantly affected 

the charge recombination and electron transfer rates. The 

photocatalytic activity of metal-doped TiO2 appears to be a complex 

function of the dopant concentration, the energy level of dopants 

within the TiO2 lattice, their d electron configuration, the distribution 

of dopants, the electron donor concentration, and the light intensity. 

Cao and co-workers [24] reported that Sn
4+

 doped TiO2 

nanoparticulate films prepared by plasma-enhanced chemical vapor 

deposition exhibited higher photocatalytic activity for 

photodegradation of phenol than did a pure TiO2 film under both UV 

and visible light irradiation (Figure 1.14). It was found that the 

introduction of a doping energy level of Sn
4+

 ions contributed to the 

separation of photogenerated carriers. 
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Fig. 1.14. Variation in phenol concentration with reaction time under 

UV (a) and visible light (b) irradiation. In each plot, curves a and b 

correspond to the TiO2 film and the TiO2–Sn
4+

 film, respectively. 
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Anpo and co-workers [25] prepared Fe
3+

–TiO2 photocatalysts by 

combining a sol–gel method with hydrothermal treatment. From the 

results of UV–vis DRS, Fe
3+

-doped TiO2 extended its absorption edge 

to a wavelength above 500 nm, which led to clear photocatalytic 

activity under visible light irradiation (Figure 1.15). It was found that 

Fe
3+

 contributed to the separation of photogenerated electrons and 

holes by temporarily trapping them. The photocatalytic activity of 

TiO2 doped with an appropriate amount of Fe
3+

 exceeded those of 

non-doped TiO2 and P25 both under UV and visible light irradiation. 
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Fig. 1.15. UV–vis DR spectra (a) and photodegradation of XRG dye 

under visible light irradiation (b) of pure TiO2 and Fe-doped TiO2. 
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Kim et al. reported Ni 8 wt%-doped TiO2 synthesized by 

mechanical alloying [26]. The UV/Vis-DRS analysis showed that the 

UV absorption for the Ni 8 wt%-doped TiO2 powder moved to the 

visible region with wavelengths over 500 nm (Figure 1.16). In 

addition, results of photoluminescence (PL) experiments indicated that 

the new absorption was induced by localization of the Ni trapping 

level near the VB or CB. Ni-doped TiO2 displayed high reaction 

activity for photodecomposition of 4CP in aqueous solution under UV 

and visible light. 

Employing a similar method to that used for Fe-doped TiO2, Cr
3+

-

doped TiO2 photocatalysts were prepared by the combination of a sol–

gel process with hydrothermal treatment [27]. Owing to the excitation 

of the 3d electron of Cr
3+

 to the CB of TiO2, the Cr-doped TiO2 

showed a good ability for absorbing visible light to degrade XRG dye. 

Doping of Cr
3+

 ions into TiO2 significantly enhanced the 

photocatalytic activity under both visible light irradiation with optimal 

doping concentrations of 0.15% and 0.2%, respectively. 
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Fig. 1.16. UV-vis DR spectra (a) and photocatalytic decomposition of 

4CP under UV and visible light irradiation (b) of pure TiO2, Ni-doped 

TiO2, and P25. 
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1.4.2. Approach to enhancing charge transport 

1.4.2.1. Controlling the morphologies of TiO2 

photocatalysts 

Particle size of TiO2 is an important parameter for photocatalysis 

because it directly affects the specific surface area of the material [2, 

28, 29]. For pure TiO2, the electron–hole recombination may be 

grouped into two categories: volume and surface recombination. 

Volume recombination is a dominant process in well-crystallized large 

TiO2 particles and can be decreased by reducing the particle size. This 

reduction in size also leads to a larger surface area, increasing the 

quantity of active sites available on the surface. In addition, a decrease 

in particle size should lead to greater photonic efficiency owing to a 

higher interfacial charge carrier transfer rate (Figure 1.17) [2]. 

However, when the TiO2 particle size becomes extremely small (i.e. 

several nm in diameter), surface recombination becomes a dominant 

process [28]. For ultrafine particles, most of the electron–hole pairs 

are generated close to the surface, meaning that they rapidly reach it 

and undergo fast recombination. This is mainly due to abundant 

surface trapping sites and the lack of a driving force for electron–hole 

pair separation. Therefore, an optimal particle size exists in the pure 

TiO2 system for obtaining maximum photocatalytic efficiency (Figure 

1.18). 
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Fig. 1.17. Effect of particle size and boundaries on photocatalytic 

activity. 

 

 

Fig. 1.18. Photonic efficiency for CHCl3 decomposition under UV 

irradiation with different particle sizes of TiO2. 
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The design of nanostructured TiO2 is also a significant factor 

which can influence on the properties of charge transport [6, 7]. 

Various TiO2 nanostructures with their corresponding structural 

dimensionality are demonstrated in Figure 1.19. For example, zero-

dimensional (0D) nanospheres or nanoparticles have a large specific 

surface area that can contribute to the enhanced photocatalytic 

degradation of organic pollutants [30]. 1D nanofibrous or nanotubular 

structures have a number of advantages, including reduced charge 

recombination due to the short diffusion length for charge carriers, 

light-scattering properties, and fabrication of self-standing nonwoven 

mats [31-33]. 2D nanosheets or nanoplates have smooth surfaces, high 

aspect ratios, and good adhesion [34], whereas 3D monoliths may 

have high carrier mobility as a result of their interconnecting structure. 

The tailored design of TiO2 materials with appropriate dimensionality 

and nanostructure is highly important for enhancing charge transport 

and photocatalytic efficiency. 
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Fig. 1.19. Schematic illustration of various TiO2 nanostructures with 

their corresponding structural dimensionality [6]. 
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1.4.2.2. Controlling the porosity of TiO2 photocatalysts 

The introduction and development of porosity in TiO2 photocatalysts 

is another effective solution to enhance their activity [35, 36]. 

Compared to bulk TiO2 materials, porous TiO2 photocatalysts have a 

number of merits, including a high density of photoactive sites for 

surface chemical reactions, improved light-harvesting properties due 

to light reflection and scattering by the pores, and easy recovery after 

the photocatalytic reaction [35]. Figure 1.20 shows the light-

harvesting process of nonporous and macro/mesoporous TiO2 [37]. 

Incorporation of macropores into mesoporous frameworks improves 

both the inner-pore accessibility and the light absorption efficiency 

owing to the light-transfer pathway created by the macropores.  

Several preparation methods have been employed for obtaining 

porous TiO2 materials, including soft-templating, hard-templating, and 

template-free methods (see Figure 1.21 for examples). The soft-

templating approach utilizes soft matter, such as single organic 

molecules or surfactant micelles, as a template. The porous structure is 

then created by eliminating the organic matter from the TiO2 

frameworks. Hard, rigid structures, such as mesoporous silica, porous 

alumina, and polymeric beads, can also be used to produce porosity 
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Fig. 1.20. Schematic illustration of the light-harvesting process of 

nonporous and macro/mesoporous TiO2. 

 

 

 

Fig. 1.21. Images of porous TiO2 prepared using (a) soft templating 

[38], (b) hard templating [39], and (c) template-free methods [40]. 
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1.5. Scope and aim of this research 

As discussed in the previous sections, there are two critical challenges 

that need to be overcome in order to enhance the photocatalytic 

activity of TiO2: limited light absorption and charge recombination. 

The aim of this research was to develop TiO2 nanomaterials for use as 

highly efficient photocatalysts by investigating the two different 

approaches of improving the light absorption and enhancing the 

charge transport. Chapter 2 describes the control of the morphology 

and porosity of TiO2 for reducing charge carrier recombination and 

enhancing charge transport. Porous carbon/TiO2 composite nanotubes 

were prepared via an electrospinning method, and their adsorption 

capacity and photocatalytic activity for Rhodamine B (RhB) 

degradation under UV light were measured. Chapter 3 details the 

synthesis of Ti-based metal-organic frameworks (MOFs), and their 

use as photocatalysts for producing H2 from water-splitting. A MOF is 

an extremely porous crystalline solid with functional metal-oxo 

clusters and a large surface area. The unique porosity of MOFs makes 

them promising candidates for photocatalysts with high-efficiency. 

The effect of nonmetal-doping on the light absorption of TiO2 is 

discussed in Chapter 4. Using an amine-containing Ti-MOF as a 

precursor, N-doped TiO2 nanoparticles were obtained and the effect of 

the N-doping on the light absorption was investigated. Finally, in 
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Chapter 6, two approaches for extending the light absorption and 

enhancing the charge transport were combined to achieve highly 

efficient TiO2 photocatalysts. Using Ni-modified Ti-MOFs, Ni-doped 

TiO2 nanostructures were prepared, and the effect of Ni-doping on the 

morphology and the light absorption is discussed. 
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Chapter 2.  

Preparation and characterization of carbon/TiO2 

nanotubes 

 

2.1. Introduction 

The photocatalytic decomposition of organic pollutants in liquid or 

gaseous states has attracted much attention [1-4], and TiO2 has been 

widely used for this purpose owing to its chemical stability, photo-

corrosion resistance, non-toxicity, and strong redox power [5, 6]. In 

photocatalytic processes involving TiO2, electron–hole pairs are 

generated upon light absorption, which can produce O
2-

 and OH 

radicals that degrade liquid or gaseous organic pollutants effectively 

[7-9]. Despite its merits, conventional powder-type TiO2 displays 

limited light absorption due to a wide band gap (3.2 eV for the anatase 

and 3.0 eV for the rutile phases) and the fast rate of recombination 

between the photogenerated electrons and holes [10, 11]. In addition, 

from a practical perspective, difficulties associated with the separation 

of the powder from reaction media hinder recovery processes [2]. 

Adsorption by porous materials provides an alternative and 

attractive route to removing organic pollutants [12-15]. Among the 

various adsorbents available for this application, porous carbon 
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materials have been used extensively [16-18]; however, their 

remarkable adsorption capacity or excellent selectivity toward specific 

molecules diminishes over time as the pores become saturated with 

pollutants [11]. When this occurs, they either have to be discarded and 

replaced or regenerated under an oxidative atmosphere [12, 19]. 

One approach that has been investigated for overcoming such 

drawbacks is the implementation of two removal mechanisms within a 

single material by combining adsorption on porous carbon with 

photodegradation by TiO2 [20]. To this end, TiO2-loaded activated 

carbon [11, 21, 22] and/or carbon-coated TiO2 [23-26] have been 

developed. Unfortunately, the adsorption capacity and photoactivity of 

TiO2-supported porous carbon were found to be low because adsorbed 

TiO2 particles prevented the effective adsorption of porous carbon and 

the porous C blocked the photocatalytic active sites of TiO2 [21, 24, 

26].  

Recent efforts have focused on developing nanostructured 

carbon/TiO2 composites that can enhance the synergistic effects of the 

TiO2 and carbon [20, 27]. Nanotubular carbon/TiO2 composites are 

excellent candidate materials for highly efficient photocatalysts 

because they provide direct conduction paths for the photogenerated 

electrons through the nanotube channels and hinder charge carrier 

recombination [28, 29]. Furthermore, TiO2 photocatalysts can be 
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supported by hollow nanofibers in order to utilize the large surface 

areas of the porous substrates [30]. 

Recently, electrospinning has attracted considerable interest as a 

simple method for producing long micro and nanofibers, and its 

application to the preparation of hollow fibers is well established [31-

35]. Two approaches are available for the fabrication of inorganic 

hollow fibers by electrospinning. Caruso et al. [36, 37] produced TiO2 

hollow nanofibers by sol–gel coating of electrospun polymer fiber 

templates. Tubes were subsequently formed by selective dissolution or 

thermal degradation of the template fibers (tubes by fiber templates 

process (TUFT)). The main drawback to this is the complexity of the 

synthetic procedure, with the use of templates inevitably leading to the 

requirement for multiple processes, including template design, coating 

of wall materials around the templates, and ultimately their removal 

from the composite structure. Xia et al. [38, 39] reported the 

preparation of TiO2 nanotubes via a co-electrospinning method using 

two-capillary spinnerets. However, this required complicated 

adjustment of numerous experimental parameters and was confined to 

the selection of two immiscible liquids.  

In this chapter, we demonstrate a simple process for fabricating 

carbon/TiO2 composite nanotubes in which a thermoplastic polymer 

was directly electrospun in a bath containing isopropanol and a TiO2 
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precursor, obtaining polymer-core-and-TiO2-shell-type nanofibers. 

These materials were subsequently heat-treated to achieve 

carbon/TiO2 composite nanotubes. In contrast to conventional 

electrospinning processes, this method did not require special 

spinnerets or additional coating processes. The aim of the nanotubular 

structure was to provide an efficient electron transfer path and a large 

surface area, which could contribute to enhancing the photocatalytic 

activity. Using several characterization methods, it was confirmed that 

the composite nanotubes consisted of anatase TiO2 nanocrystals 

embedded in a porous carbon matrix. The resulting nanotubes showed 

a high adsorption capacity for Rhodamine B compared with a 

commercial porous carbon, and also exhibited photocatalytic activity 

toward an aqueous solution of RhB under UV irradiation, which was 

comparable to photodecomposition by P-25 and ST-01. The dual 

functionalities of adsorptivity and photocatalytic activity enabled the 

composite nanotubes to adsorb and decompose pollutants repeatedly 

without additional activating processes, and can therefore being 

classed as “self-regenerating”. 

 

2.2. Experimental 

2.2.1. Materials and chemicals 

Poly(vinyl alcohol) (PVA, Acros, Mw = 88,000), Ti(IV) 
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tetraisopropoxide (TTIP, Aldrich, 98%), isopropanol (IPA, Daejung, 

99.9%), RhB (Aldrich), mesoporous C (BET surface area: ~ 230 m
2
/g, 

Aldrich), P-25 (Evonik, Germany) and ST-01 (Ishihara, Japan) were 

used as received without further purification. 

 

2.2.2. Fabrication of nanofibers and nanotubes 

A solution of PVA (1 g) in distilled H2O (9 g) was added to a syringe 

connected to a metallic needle. The metallic needle was connected to a 

high-voltage power supply, and a Cu mesh was placed inside a bath 

containing a coagulation solution of TTIP and IPA (1:200 v/v). The 

distance between the tip of the needle and the bath collector was set at 

20 cm, and the spinning voltage was set to 25 kV. The collected 

nanofiber web was dried at 70°C in an isothermal oven. After heat 

treatment at various temperatures under a N2 atmosphere, the 

carbon/TiO2 composite nanotubes were obtained. The samples were 

designated CT-xxx, where xxx denotes the heating temperature. 

 

2.2.3. Structural characterization 

Changes in the surface morphologies of the samples were examined 

by field emission scanning electron microscopy (FE-SEM, JSM-

6330F, JEOL, Japan) and transmission electron microscopy (TEM, 

Tecnai F20, FEI, USA). X-ray diffraction (XRD) patterns were 
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obtained using Cu-Kα radiation (λ = 0.154184 nm) on a D-MAX2500-

PC (Rigaku, Japan) to evaluate the crystal structures of the samples 

according to standard procedures [40]. N2 adsorption–desorption 

behavior was monitored using an ASAP 2020 (Micrometrics, USA) at 

77 K, and the isotherms were fitted according to the Barrett–Joyner–

Halenda (BHJ) theory to give the surface area, pore size, and pore size 

distribution. XPS (AXIS-HSi, Kratos, UK) was employed to analyze 

the chemical structure, and photoluminescence (PL) was examined at 

room temperature using a PL spectrometer (Shimadzu RF-5301 PC) 

with an excitation wavelength of 300 nm. 

 

2.2.4. Adsorptivity and photocatalytic activity 

measurement 

To evaluate the dual functions of adsorptivity and photocatalytic 

activity, RhB was used as a model organic pollutant. To compare with 

the adsorption capacities of composite nanotube samples, 

commercially available mesoporous carbon (Meso C, Aldrich) was 

used as a reference adsorbent. The commercial photocatalysts P-25 

and ST-01 were also used as references as they are known to display 

high photocatalytic activities. To investigate the adsorption behavior, 

25 mg samples of each catalyst were added to 40 mL glass vials 

containing 20 mL of an aqueous solution of RhB (0.024 g/L, 5 × 10
–5

 



51 

 

M) and maintained in the dark. Aliquots (3 mL) of the solution were 

taken at regular intervals, filtered through a 0.2 μm hydrophilic PTFE 

syringe filter, and the concentration of RhB was calculated as a 

function of time based on the absorbance changes at 554 nm, 

measured using a UV–vis spectrophotometer (Cary 5000, Varian). To 

distinguish between the adsorptivity and photocatalytic activity, 

pristine catalyst samples were fully saturated with RhB solution until 

the concentration of RhB remained constant, indicating complete 

adsorption in the pores. The photocatalytic activities of the samples 

were then evaluated by measuring the time-dependent 

photodecomposition of a 5 × 10
–5

 M aqueous solution of RhB upon 

UV irradiation. The irradiation was applied to the samples by directing 

the light from two UV lamps (20 W, Shimadzu) positioned a distance 

of 3 cm from the vials. As in the adsorption measurements, the 

concentration of RhB solution was calculated as a function of UV 

irradiation time by measuring the absorbance changes at 554 nm. 

After complete photodecomposition of RhB, a fresh solution at the 

same initial concentration was used to saturate the catalyst under dark 

conditions, and the adsorption behavior was monitored again as a 

function of UV irradiation. 

 

2.3. Results and discussion 
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2.3.1. Morphological and structural characteristics of 

carbon/TiO2 composite nanotubes  

PVA was selected for the electrospinning as it is well-suited to the 

processes, and its hydroxyl groups enable good interaction with the 

TTIP. Moreover, PVA acts as a source of carbon during the heat 

treatment process, yielding carbon/TiO2 composites. In this work, an 

aqueous solution of PVA was electrospun directly into a bath 

containing a TTIP/IPA solution. During the electrospinning, a TiO2 

shell formed around the electrospun PVA nanofiber template through 

in situ sol–gel coating and subsequent hydrolysis and poly-

condensation of TTIP. Figure 2.1(a) shows that numerous TiO2-coated 

PVA nanofibers were fabricated successfully, and the average diameter 

of a fiber was 440 ± 78 nm. From Figure 2.1(b), it was confirmed that 

the composite nanofibers had a PVA-core/TiO2-shell structure and the 

thickness of TiO2 layer was approximately 100 nm. The elemental line 

profile obtained by energy-dispersive spectroscopy (EDS, inset of (b)) 

further validated the formation of the PVA-core/TiO2-sheath structure 

(See C and Ti profiles). 

FE-SEM micrographs of the composite nanofibers that were 

calcined in a N2 atmosphere at various temperatures, are shown in 

Figure 2.1(c), (d), (e), and (f). Interestingly, all samples exhibited 

uniform nanotubular morphology, with diameters in the range of 370 
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to 400 nm, and a shell thickness of 80 nm (Table 2.1). The decrease in 

the diameter of the composite nanotubes resulted from the 

decomposition of PVA and the crystallization of the TiO2 layer during 

the heat treatment. The presence of a carbonaceous species in the 

composite nanotubes was confirmed using elemental analysis (Table 

2.1). 
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Fig. 2.1. FE-SEM images of (a) and (b) PVA-core/TiO2-shell 

composite nanofibers, (c) and (d) CT-500, (e) CT-600, and (f) CT-700. 

The inset of (b) shows the elemental line profile of PVA-core/TiO2-

shell composite nanofibers based on the EDS results. 
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Table 2.1. Characteristics of the products studied in the present work. 

Samples 

Average 

nanotube 

diameter 

(nm) 

BET 

surface 

area 

(m2/g) 

Pore 

diametera 

(nm) 

Pore 

volumeb 

(cm3/g) 

Contents of 

carbonaceous 

speciesc 

(wt%) 

Anatase 

crystallite 

Sized 

(nm) 

xR
e 

CT-500 390±48 88 9.8 0.07 19 5.3 0 

CT-600 369±37 142 5.0 0.12 15 6.3 0 

CT-700 383±62 192 4.4 0.17 15 7.5 43 

a
 Determined by the BJH equation. 

b
 BJH adsorption cumulative volume of pores between 1.7 nm and 300 

nm. 

c
 Calculated from elemental analysis. 

d
 Determined by the Scherrer equation. 

e
 Rutile composition estimated by (1), 

1

1 0.8 A
R

R

I
x

I



 
  
 

                                       (1) 

where IA and IR are the XRD peak intensities of anatase (101) and 

rutile (110) reflections, respectively. 
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A possible mechanism of formation for the carbon/TiO2 

composite nanotubes is suggested in Figure 2.2. PVA nanofibers with 

hydroxyl groups facilitated formation of a sol–gel TiO2 surface 

coating. During the heat treatment under a N2 atmosphere, the 

thermoplastic PVA softened and melted at 200°C, leading to diffusion 

and penetration into the TiO2 shell. Further heat treatment above 

500°C resulted in some decomposition of PVA, with the remaining 

polymer in the TiO2 layer being carbonized, and TiO2 nanocrystallites 

forming within the carbon matrix to produce the nanotubes with 

carbon/TiO2 composite sheaths. 
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Fig. 2.2. Schematic illustration of the mechanism of formation of the 

carbon/TiO2 composite nanotubes. 

 

 

 

Fig. 2.3. XRD patterns of carbon/TiO2 composite nanotube samples. 
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The XRD peaks at 2θ = 25.3° and 27.4° arose from the anatase 

(101) and rutile (110) crystal phases, respectively. The composition of 

the rutile phase in the TiO2 samples was calculated from the 

characteristic XRD peak intensities using the anatase-to-rutile quality 

factor ratio (1.265) [41], and the crystallite size was estimated using 

the Scherrer formula [42]. Figure 2.3 shows the XRD patterns of the 

samples. CT-500 and CT-600 presented pure anatase phases, and their 

crystallite sizes were 5.3 and 6.3 nm, respectively (Table 2.1). As the 

heat treatment temperature was raised, the anatase XRD peaks became 

more intense, indicating that the crystallinity and crystallite sizes 

increased. However, when the temperature reached 700°C, the rutile 

phase (43%) coexisted with the anatase phase (57%), suggesting that a 

phase transformation from the anatase to rutile phases occurred. 

The microstructures of the composite nanotubes were confirmed 

by TEM imaging and EDS measurements. The TEM images show 

clear nanotubular structures of CT-600 (Figure 2.4(a)). The higher 

magnification view shown in Figure 2.4(b) indicates that the 

carbonaceous layers were interspersed among TiO2 nanocrystallites. 

Previous studies of C/TiO2 composites demonstrated that TiO2 was 

often lost from the carbon support during practical use due to weak 

interactions between the two materials [2, 26]. In this work, the 

composite nanotubes showed an improved morphology that featured 
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TiO2 nanoparticles bound via the interspersed carbon domains, with 

this structure strengthening the adhesive forces between the TiO2 and 

the carbonaceous species. The EDS spectrum of CT-600 (inset of 

2.4(a)) verified the presence of carbon atoms in the composite 

nanotubes. The Cu peaks were attributed to the Cu TEM grid. The 

inset of 2.4(b) is a selected area electron diffraction (SAED) pattern of 

CT-600, showing the Debye-Scherrer rings of the (101), (004), (200), 

(105), and (204) diffractions of the anatase plane. The elemental 

profile along the radial axis of the nanotubes (blue arrow in Figure 

2.4(a)) demonstrates that the carbon and TiO2 domains were 

distributed uniformly over all areas of the composite tubes (Figure 

2.4(c)). The electron energy loss spectrum (EELS) of the sample 

shows a well-defined C–K edge, characteristic of carbonaceous 

species in the range 280–300 eV (Figure 2.4(d)). The C–K edge in the 

EEL spectrum was split into two peaks, π* (284 eV) and σ* (291 eV) 

pre-ionization, which indicated the presence of both sp
2
 and sp

3
 

bonding in the carbonaceous species [42, 43]. 
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Fig. 2.4. (a, b) TEM images, (c) elemental line profile based on the 

EDS results, and (d) EEL spectrum of CT-600. The inset of (a) and (b) 

show the corresponding EDS pattern and the SAED pattern, 

respectively. 
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Fig. 2.5. (a) N2 adsorption–desorption isotherms at 77 K and (b) pore 

size distributions of carbon/TiO2 composite nanotube samples. 
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The pore characteristics of the product were investigated by 

measuring the N2 adsorption isotherms at 77 K (Figure 2.5). The N2 

adsorption–desorption isotherms (Figure 2.5(a)) of CT-500 and CT-

600 were found to be type II, with a sharp increase over the range 0.8–

1.0 relative pressure, corresponding to non-porous or macroporous 

materials. In contrast, CT-700 demonstrated a type IV isotherm, 

revealing the presence of mesopores in the composite nanotubes; it 

also had the largest BET surface area (190 m
2
/g) among the samples 

(Table 2.1). The pore size distribution of the samples was determined 

using the BJH equation (Figure 2.5(b)). Compared to CT-500 and CT-

600, CT-700 had a uniform pore size of 4.4 nm, which suggested a 

well-defined porous structure. 

 

2.3.2. Adsorptivity, photocatalytic activity, and self-

regeneration behavior measurement 

The adsorptive and photocatalytic functionalities of the composite 

nanotube samples were monitored in the presence of the model 

organic pollutant, RhB. The adsorption behavior of the samples was 

measured in the dark (Figure 2.6(a)). Whereas commercial P-25 and 

ST-01 adsorbed negligibly small amounts of RhB, the C/TiO2 

composite nanotubes decolorized the RhB solution completely within 

30 min. Moreover, the composite nanotubes showed repeatable 
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adsorption capacities over several cycles, with the total amount of 

RhB adsorbed for each sample plotted in Figure 2.6(b). Despite the 

smaller BET surface areas of CT-600 and CT-700 (140 and 190 m
2
/g, 

respectively), compared with commercial mesoporous carbon (Meso 

C, 230 m
2
/g), they showed high adsorption capacities for RhB, at 50 

mg/g for CT-600 and 54 mg/g for CT-700, which were comparable 

values to that for Meso C (49 mg/g). The high adsorptive properties of 

the prepared nanotubes arose from the highly porous carbon layer on 

the nanotubular surface. The major driving force for the adsorption of 

the dye molecules appeared to be the hydrophobic π–π interactions 

between the carbonaceous surfaces and the aromatic rings of the dye 

molecules [25]. The sp
2
 character (see the EEL spectrum shown in 

Figure 2.4(d)) of the carbonaceous surface provided further evidence 

for this superior adsorption performance [42]. 
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Fig. 2.6. (a) Adsorption behavior toward RhB aqueous solutions and 

(b) total amount of RhB adsorbed (mg) per g of Meso C, P-25, ST-01, 

and carbon/TiO2 composite nanotube samples. 
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Fig. 2.7. (a) UV–vis spectra showing degradation of RhB with CT-600 

as a function of time, (b) photocatalytic degradation of aqueous RhB, 

and (c) transformed linear graph of ln(C0/C) of the samples. (the 

corresponding degradation rate constants are listed in parentheses) 
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Fig. 2.8. (a) PL spectra and (b) high-resolution O 1s XPS spectra of 

carbon/TiO2 composite nanotube samples. 
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The photodecomposition of an aqueous solution of RhB in the 

presence of Meso C, P-25, ST-01, and the carbon/TiO2 composite 

nanotube samples under UV irradiation is presented in Figure 2.7. The 

two mechanisms of RhB removal, adsorption and photodecomposition, 

were distinguished by fully saturating each sample in aqueous RhB in 

the dark. The photocatalytic properties of the samples could then be 

evaluated by photooxidation of the RhB solution. Figure 2.7(a) shows 

that the characteristic UV–vis absorption intensities of the RhB 

solution decreased with UV irradiation time. The curves showing the 

change in relative concentration of RhB (calculated from the 

absorption at 554 nm) vs. UV irradiation time for each sample are 

demonstrated in Figure 2.7(b), and the logarithms of the values are 

shown in Figure 2.7(c). The linear relationship between ln(C/C0) and 

time demonstrated that the overall kinetics of the photocatalytic 

decomposition reactions were first-order with respect to the RhB 

concentration [6, 7, 44]. The photodegradation rate constants 

calculated from the slopes of the linear plots are given in Figure 2.7(c). 

The photodegradation rate of RhB in the presence of CT-600 was 

comparable with that of P-25, and higher than that of ST-01. CT-500 

and CT-700 showed lower photocatalytic activities than ST-01 and 

CT-600. 

To further investigate the photocatalytic activities of the products, 
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PL spectra were obtained for the products at room temperature (Figure 

2.8(a)) [45]. Two main emission peaks at 368 and 473 nm were 

observed, the former corresponding to emission due to a band gap 

transition, and the latter from a charge-transfer transition from Ti
3+

 to 

an O anion in a TiO6
8–

 complex [10, 46]. CT-600 displayed a lower 

emission intensity than the other samples. The PL emission resulted 

mainly from the recombination of photogenerated electrons and holes, 

and the lower PL intensity indicated a decrease in the recombination 

rate [10]. Therefore, the superior photocatalytic activity of CT-600 

was attributed to the reduced recombination rate. 

The hydroxyl groups present on the surface of the TiO2 were 

beneficial for enhancing the photocatalytic performance [47, 48]. 

They were crucial for the photocatalytic reactions because 

photoinduced holes can attack them to yield surface hydroxyl radicals 

with a high oxidation capability. Figure 2.8(b) shows the high-

resolution O 1s XPS spectra of the C/TiO2 composite nanotubes. Each 

O 1s spectrum consisted of a strong signal at 530.4 eV and a shoulder 

at 531.7 eV, attributed to lattice O in TiO2 and surface-adsorbed 

hydroxyl groups, respectively [49, 50]. The integrated area under the 

two peaks corresponds to lattice O (Olat) and surface hydroxyls (Osur), 

and the O content and atomic ratios of Osur:Otot (Otot = Olat + Osur) for 

all samples could therefore be calculated (Table 2.2) [47]. CT-600 had 
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the highest Osur value, indicating the presence of abundant hydroxyl 

groups on the surface that reinforced the photocatalytic degradation of 

RhB. 

 

 

Table 2.2. Summary of XPS data for carbon/TiO2 composite nanotube 

samples. 

Sample Olat (at%) Osur (at%) Olat/Otot
a 
(%) 

CT-500 72 21 22.5 

CT-600 61 34 35.8 

CT-700 67 24 26.3 

a
 Ratio of Olat and Otot was calculated from area integral of Olat and 

Osur in O 1s XPS spectra (Otot = Olat + Osur). 

 

 

After complete photodecomposition of RhB, a fresh RhB solution 

was added under dark conditions and the adsorption behavior was 

monitored (Figure 2.9(a)). Interestingly, CT-600 and CT-700 showed 

an additional large adsorption capacity of RhB solution within 30 min, 

while Meso C and commercial photocatalysts, P-25 and ST-01, only 

adsorbed very small amounts of RhB. The total quantity of RhB 

adsorbed was maintained at the 2
nd

 adsorption measurement in the 

presence of CT-600 and CT-700 samples (Figure 2.9(b)). This 
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suggests that when the pores of the C/TiO2 composite nanotubes were 

saturated with the model pollutant, the TiO2 decomposed it 

photocatalytically so as to regenerate the pores, even without 

additional pore-activating processes. However, in the case of the 

commercial adsorbent, Meso C, the adsorption capacity of RhB 

disappeared after the 1
st
 adsorption test because the pores that were 

saturated with RhB could not be regenerated. In conclusion, the 

C/TiO2 composite nanotubes could both adsorb and degrade organic 

pollutants repeatedly through a “self-regenerating” process. 

Finally, to investigate the durability of this self-regeneration 

process, CT-600 was selected to test the cycling performance of the 

adsorption–photodecomposition of RhB (Figure 2.10). CT-600 

showed good, stable adsorption–decomposition properties up to the 5
th

 

cycle, demonstrating its high durability and therefore its great 

potential for use in the removal of organic pollutants from water. 
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Fig. 2.9. (a) Self-regeneration behavior toward RhB and (b) 

adsorption cycling performance of Meso C, P-25, ST-01, and the 

carbon/TiO2 composite nanotube samples. 
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Fig. 2.10. RhB adsorption-photodecomposition cycle performances of 

CT-600. “On” represents UV irradiation, “Off” represents dark 

conditions. 
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2.4. Conclusions 

Carbon/TiO2 composite nanotubes were fabricated using a simple 

method that included direct electrospinning of a polymer (PVA) 

solution into a coagulation solution containing TTIP followed by in 

situ sol–gel coating of TiO2, and finally heat treatment. This process 

has the advantages that it did not require special spinnerets or 

additional coating processes. It was confirmed that the composite 

nanotubes consisted of anatase TiO2 nanocrystallites bound via the 

interspersed porous carbon domains. The composite nanotubes 

exhibited the dual functions of adsorptivity and photocatalytic activity 

toward the model pollutant, RhB. The adsorption capacity of CT-600 

and CT-700 were comparable to that of commercial meso C. CT-600 

showed excellent photocatalytic activity, comparable to that of 

commercial TiO2 catalysts, P-25 and ST-01. Moreover, CT-600 was 

able to adsorb and degrade the RhB organic pollutant repeatedly 

without the need for a separate pore-regenerating process, and its 

performance was maintained for up to 5 cycles. These results clearly 

reveal a new class of photocatalyst with dual functionality for 

environmental water purification.   
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Chapter 3. 

Preparation and characterization of Ti-MOF 

photocatalysts  

 

3.1. Introduction 

Photocatalysis is a catalytic process occurring on the surface of 

semiconducting materials under the light irradiation, which enable to 

achieve both environmental pollution treatment and renewable energy 

production [1, 2]. Various metal oxide semiconductors, including 

TiO2, ZnO, WO3, SrTiO3, and BiVO4, have been widely used as active 

photocatalysts for photodecomposition of environmental pollutants in 

the gas or liquid phase [3, 4], and for photocatalytic H2 production 

from water-splitting [5, 6]. However, the photocatalytic efficiency of 

these semiconductors is still low at present due to limited light 

absorption and charge recombination [7]. For practical applications, 

the development of new photocatalysts with enhanced activity is 

extremely important.  

MOFs are extended crystalline materials with regular arrays of 

metal ions or metal clusters, and organic linkers. Over the past decade, 

They have received great attention due to their large specific surface 

area, controllable pore size and tunable properties. These factors 
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provide MOFs with great potential for use in applications such as gas 

storage and separation, catalysis, sensing, and drug delivery [8-10]. In 

addition, it was recently reported that MOFs exhibit semiconducting 

behavior when exposed to light, which would enable them to be used 

as photocatalysts [11-16]. For high-efficiency and practical use of 

MOF photocatalysts, their stability during photocatalytic reactions is 

still a major issue. In particular, most MOFs are moisture-sensitive 

owing to their metal–oxygen coordination bonds that are subject to 

attack from the H2O present in air [17]. H2O molecules can displace 

carboxylic groups coordinated to metal centers, resulting in the 

destruction of the framework. Cohen and co-workers incorporated 

hydrophobic alkyl chains onto an amine-containing MOF-5 using a 

post-synthetic modification approach [18]. Dingemans and co-workers 

have reported that by simply introducing one or two hydrophobic 

methyl groups on the benzene-1,4-dicarboxylate (BDC) moiety, the 

MOF structure was significantly less sensitive to water, without 

impairing the H2 uptake capacity [19]. Very recently, our group 

reported that the incorporation of carbonaceous material into the 

framework contributed to improving the hydrostability of MOFs, with 

the preparation of a CNT@MOF-5 hybrid [20] or C-coated MOF-5 

[21]. 

In this chapter, for the first time, a water-stable TiMOF was 
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synthesized, which showed the same topology as the porous MOF, 

MIL-125 (Ti8O8(OH)4(BDC)6), by simply introducing hydrophobic 

methyl groups into the framework [22]. MIL-125 has eight fused TiO6 

octahedron units connected by BDC linkers to form a three-

dimensional microporous framework. Moreover, it has been shown to 

be suitable as a photocatalyst for the reduction of CO2 [22-24]. 

However, there are no previous reports on enhancement of the water 

stability of MIL-125. The effect of methyl functionalization on the 

hydrostability of MIL-125 was here investigated. Finally, to elucidate 

the relationship between water stability and photocatalytic activity of 

Ti-MOF, photocatalytic H2 production from H2O-splitting was 

monitored under UV light irradiation. 
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3.2. Experimental  

3.2.1. Materials and chemicals  

TTIP (Acros), tetramethylterephthalic acid (Aldrich), anhydrous N,N′-

dimethylformamide (DMF; Aldrich), and anhydrous methanol 

(Aldrich) were used without further purification. 

 

3.2.2. Synthesis 

MIL-125 was prepared according to the literature [18]. TTIP (0.60 mL, 

2.0 mmol) and H2BDC (0.50 g, 3.0 mmol) were added to a mixed 

solvent system of DMF  (9.0 mL) and methanol (1.0 mL). The 

reaction mixture was then stirred at ambient temperature for 30 min to 

produce a homogeneous solution. The resulting clear solution was 

transferred to a 23 mL Teflon vessel in a digestion bomb. The reactor 

was tightly capped and heated at 150°C for 18 h, yielding a white 

crystalline powder. The solid was filtered and washed with neat DMF 

(5  10 mL) and methanol (3  10 mL) before drying under reduced 

pressure. 

The methyl-modified MIL-125 was synthesized using 2,3,5,6-

tetramethylterephthalic acid via the same method as for the MIL-125. 

The two compounds, MIL-125 and the methyl-modified version, are 

denoted as TiBDC and m-TiBDC, respectively. 
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3.2.3. Characterization 

Powder XRD patterns were obtained on a Rigaku Miniflex 

diffractometer with Cu-Kα (λ = 1.5418 Å ) radiation. 

Thermogravimetric analyses (TGA) were performed on a TA SDT 

Q600 with a temperature change of 10°C/min. N2 adsorption 

isotherms were measured on an ASAP 2020 (Micrometrics, USA) at 

77 K. Prior to the measurements, the samples were activated at 180°C 

for 12 h. Specific surface areas were calculated according to the BET 

equation with isotherm points under P/P0 < ca. 0.1. SEM images were 

obtained on a JSM-6330F (JEOL, Japan) under an accelerating 

voltage of 10 kV. DR spectra were obtained using a Cary 5000 (Varian, 

Australia) UV–vis spectrophotometer. 

 

3.2.4. Photocatalytic H2 production from H2O-splitting  

The photocatalytic reactions for H2 evolution were conducted at room 

temperature in an outer-irradiation-type quartz reactor. A 450 W high-

pressure Hg lamp was used as the UV light source and a 300 W Xe 

lamp with cut off filter (λ > 420nm) was used as the visible light 

source. The distance between the reactor and the lamp was set at 1 cm. 

The photocatalyst powder (0.1 g) was dispersed in an aqueous 

solution of methanol (105 mL deionized H2O, 15 mL methanol by 

sonication (10 min) and magnetic stirring. Before irradiation, the 
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closed gas circulation system and the reactor were well-purged with 

high-purity Ar gas (99.999%). The amount of H2 that evolved was 

detected via gas chromatography (Donam, DS6200). The Pt co-

catalyst was loaded on the surface of the powder samples by an in situ 

photodeposition method using an aqueous H2PtCl6•6H2O solution. 

 

3.3. Results and discussion 

3.3.1. Microstructure 

The PXRD patterns indicate that the topology of the m-TiBDC 

was analogous to that of the non-modified TiBDC, with both 

structures corresponding to the simulated MIL-125 pattern (Figure 

3.1(a)). From the TG curves (Figure 3.1(b)), the molar ratio of ligand 

to metal was calculated to be 1:1.3 for m-TiBDC, which is the same as 

that of TiBDC, indicating that the methyl-modified version had an 

identical formula to the non-modified. 
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Fig. 3.1. (a) PXRD patterns and (b) TGA curves of TiBDC and m-

TiBDC. 
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Figure 3.2(a) and (b) shows the simulated structure of TiBDC and 

m-TiBDC. In comparison to the TiBDC, m-TiBDC had poor 

accessibility due to the introduction of the bulky methyl groups. This 

result is supported by the N2 sorption behavior (Figure 3.2(c) and (d)). 

Compared with TiBDC, the BET surface area, micropore volume, and 

pore size of m-TiBDC decreased, indicating that the reduced pore 

openings of m-TiBDC prevented easy access of gas molecules. 
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Fig. 3.2. Simulated structures of (a) TiBDC and (b) m-TiBDC, (c) N2 

adsorption–desorption isotherms, and (d) pore size distributions of 

TiBDC and m-TiBDC. 
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3.3.2. Water stability 

To investigate the water stability of the two TiMOFs, they were 

immersed in water for set time periods and their structural stability 

was assessed using PXRD (Figure 3.3). For TiBDC, the intensity of 

the original peaks can be seen to decrease significantly with 

immersion time; after 4 h the structure of TiBDC was completely 

collapsed. However the PXRD pattern of m-TiBDC remained 

unchanged even after 4 h of immersion in water. This result indicates 

that introduction of methyl groups into the TiMOF enhanced its 

structural stability in water. 
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Fig. 3.3. PXRD patterns of (a) TiBDC and (b) m-TiBDC with water 

immersion time. 
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Figure 3.4 displays the change of pore size distribution and 

micropore volume. The BET surface area and micropore volume of 

TiBDC decreased dramatically with the water immersion time, and 

after 2 h, it had lost its original microporous structure (Table 3.1). 

Although the surface area of m-TiBDC was reduced with immersion 

time, the microporosity remained stable, even after 4 h. It was 

therefore deduced that introducing the hydrophobic methyl groups 

contributed to enhancing the water stability. 

 

Table 3.1 Pore characteristics of Ti-MOFs with and without water 

treatment.  

Samples 
SBET 

(m
2
/g) 

SLANG 

(m
2
/g) 

Vtotal 

(cm
3
/g) 

Vmicro 

(cm
3
/g) 

TiBDC 1550 1700 0.74 0.55 

TiBDC_1h 950 1190 0.83 0.29 

TiBDC_2h 280 440 0.37 0.07 

TiBDC_4h 140 420 0.30 - 

m-TiBDC 830 940 0.40 0.30 

m-TiBDC_1h 660 880 0.42 0.26 

m-TiBDC_2h 550 690 0.41 0.18 

m-TiBDC_4h 490 680 0.39 0.15 

*Water-treated MOFs are labeled TiBDC_xh and m-TiBDC_xh, x = 

water immersion time 
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Fig. 3.4. Pore size distribution of (a) TiBDC and (b) m-TiBDC with 

water immersion time, determined from N2 adsorption isotherms at 77 

K. 
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3.3.3. Photocatalytic H2 production from H2O-splitting 

The UV–vis DRS of TiBDC and m-TiBDC suggest that the two Ti-

MOFs are both semiconducting materials with a band gap of 3.6 eV 

for TiBDC and 3.3 eV for m-TiBDC (Figure 3.5(a)). This 

semiconducting behavior is due to the ligand-to-metal charge transfer 

(LMCT) [25]. Because Ti-MOFs have well-ordered porous structures, 

large surface areas, and metal-oxo clusters with semiconducting 

properties, they are promising materials for a new class of 

photocatalysts. Photocatalytic H2 production from H2O-spiltting under 

UV light was examined using Ti-MOF and Pt-deposited Ti-MOF 

samples (Figure 3.5(b)). The amount of H2 production for TiBDC and 

m-TiBDC was found to be 278 and 242 µmol/g h, respectively. This 

considerable H2 evolution demonstrates their suitability for use as 

photocatalysts. m-TiBDC, with its superior water stability, was 

expected to have higher photocatalytic activity than TiBDC because 

the H2 evolution measurements were conducted in aqueous solution. 

However, contrary to expectations, the amount of H2 evolved for the 

two Ti-MOFs was similar, indicating that there are other factors that 

influence the photocatalytic activity. A higher density of exposed Ti-

oxo clusters and a larger surface area may contribute to enhancing the 

photocatalytic H2 evolution behavior of TiBDC. 
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Fig. 3.5. (a) UV–vis DR spectra of TiBDC and m-TiBDC and (b) 

photocatalytic H2 evolution under UV of Ti-MOFs and Pt-deposited 

Ti-MOFs. (inset: the [F(R)hν]
1/2

 vs. (hν) plots for the determination of 

the Eg of the samples.) 

 



94 

 

Figure 3.6 demonstrates the photocatalytic process of H2 

production over a Ti-MOF. Under UV light irradiation, electron 

transfer takes place from the photoexcited organic linkers to the Ti-

oxo cluster within the MOF (LMCT). The electrons that transfer to the 

cluster then react with H
+
 to produce H2 molecules. 
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Fig. 3.6. Schematic illustration of photocatalytic H2 production 

reaction over Ti-MOF on the basis of the LMCT mechanism. 
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3.4. Conclusions 

In summary, it has been demonstrated that methyl-modification of 

TiBDC did not alter its topology, but did significantly enhance its 

water stability. The m-TiBDC maintained its microporous structure, 

even after immersion in water for 4 h. The introduction of the methyl 

groups into the framework was found to be an effective approach for 

the synthesis of a water-stable Ti-MOF. Photocatalytic H2 production 

under UV irradiation using the two Ti-MOFs was investigated. The 

Ti-MOF photocatalysts facilitated the evolution of a considerable 

amount of H2, indicating their suitability as novel photocatalysts. 

Contrary to expectations, m-TiBDC, with its greater water stability, 

did not produce more H2 than the unmodified analog, suggesting that 

the photocatalytic activity of Ti-MOF was affected by several factors 

such as the density of active sites and the surface area. 
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Part III 

Approach to extending the light 
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Chapter 4.  

Preparation and characterization of N-doped 

TiO2 nanoparticles  

 

4.1. Introduction  

MOFs are extended structures with regular arrays of metal ions and 

organic linkers. Their pores are surrounded by framework metal ions 

and functional linkers, providing them with suitable functionality for 

use in gas storage and separation, catalysis, sensing, or drug delivery 

[1, 2]. MOFs are also used as host materials for various inorganic 

nanoparticles. Inclusion of molecular precursors in the pores of the 

MOF and their subsequent reduction produces metal nanoparticles 

embedded in the structure, as demonstrated by the reported production 

of Ag, Au, Pt, Pd, Cu, Ru, Ni, and PtRu nanoparticles [2]. An 

alternative method to the use of precursors is thermal decomposition 

of the MOFs themselves under an inert atmosphere, resulting in 

porous C on which metal or metal oxide nanoparticles are supported 

[3-8]. Similar thermal treatment in air results in the organic units 

completely burning off, leaving metal oxide nanoparticles as residues. 

This simple and straightforward process has been successfully applied 

for making various binary and tertiary nanoparticles such as ZnO [8-
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10], CuO [9, 11, 13], Co3O4 [9, 10, 14, 15], Mn2O3 [9, 16], CdO [9], 

MgO [9], Mn3O4 [10], Al2O3 [17], In2O3 [18], and some spinel 

structures like CoMn2O4, NiMn2O4, and ZnMn2O4 [19]. Thus, the 

regular and repetitive structures, and the variety of chemical 

compositions possible for MOFs enable them to act as versatile 

precursors for homogeneous and stoichiometric solid-state reactions. 

TiO2 is able to convert solar energy to generate electricity or 

conduct photocatalytic reactions. Owing to these abilities, it has been 

extensively studied for use in dye-sensitized solar cells, H2O-splitting 

reactions, and the sequestration of organic pollutants [20, 21]. 

However, due to its large band gap, which is only amenable to UV 

illumination (i.e. 3.2 eV for anatase at <387 nm), extensive research 

efforts have been devoted to improving the photoefficiency of TiO2. 

One approach to this is to control both the size and shape of TiO2 

nanoparticles in order to reduce electron–hole recombination rates 

[21]. In addition, doping extrinsic elements into TiO2 has been 

explored for modulating the band gap. This chemical method has been 

shown to be effective for enhancing the visible light activity of TiO2 

by the addition of metal atoms such as Cr, V, Fe, Co, or Mo, or non-

metals such as B, C, N, F, P, or S [21-23]. Among these elements, N 

has a same atomic size as that of O, which facilitates its doping in 

TiO2 under mild sol–gel reaction conditions. In addition, a variety of 



103 

 

N sources are available as dopant precursors such as nitrate, aliphatic 

amines, ammonia, ammonium salts, or urea [24-27]. In spite of the 

current debate on the origin or mechanism [23], N-doped TiO2 

materials are known to show superior visible light activity compared 

to unmodified TiO2 [24-29]. 

In this chapter, for the first time, the simple preparation of TiO2 

nanoparticles under an air atmosphere is reported, using thermal 

decomposition of two MOFs, MIL-125 and MIL-125-NH2 (Figure 

4.1). MIL-125-NH2 has the same structure as MIL-125 as the BDC-

NH2 linkers play the same structural role as the BDCs in MIL-125 

[31]. Importantly, the amine groups in MIL-125-NH2 also play the 

role of the N source in the prepared TiO2 nanoparticles. This N-doping 

contributed to extending the light absorption of N-doped TiO2 

nanoparticles into the visible region. The photocatalytic properties of 

the obtained TiO2 nanoparticles were compared with those of 

commercially available TiO2 nanoparticles, P25 and ST01, by carrying 

out photodecomposition of 4CP under UV or visible light. For 

simplicity in this work, MIL-125 and MIL-125-NH2 are termed 1 and 

2, respectively. 
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Fig. 4.1. Schematic illustration of N-doped TiO2 nanoparticles 

prepared by thermolysis of MIL-125-NH2 (2). A fragment structure of 

MIL-125 is shown with TiO6 octahedra and BDC-NH2 C atoms. 
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4.2. Experimental  

4.2.1. Materials and chemicals 

TTIP (Acros), terephthalic acid (Aldrich), 2-aminoterephthalic acid 

(Aldrich), anhydrous DMF (Aldrich), and anhydrous methanol 

(Aldrich) were used without further purification. 

 

4.2.2. Synthesis 

MIL-125 (1) was prepared according to the literature (see section 

3.3.2 for details) [30].  

Mil-125-NH2 (2) was synthesized according to a published 

procedure [31]. TTIP (2.0 mL, 6.7 mmol) and H2BDC-NH2 (2.0 g, 11 

mmol) were added to a mixture of DMF (50 mL) and methanol (50 

mL). Unlike in the case of MIL-125, the reaction mixture did not form 

a homogeneous solution. The reaction mixture was then transferred to 

a 300 mL Teflon vessel in a digestion bomb. The reactor was tightly 

capped and heated at 150°C for 24 h, yielding a dark yellow 

crystalline powder. The solid was filtered and washed with neat DMF 

(5  10 mL) and methanol (3  10 mL) before drying under reduced 

pressure. 

TiO2 nanoparticles were prepared by heating 1 or 2 at constant 

temperature. The MOFs were placed in a zirconia crucible and heated 

in a furnace at 350°C in air for 6 h to prepare TiO2 nanoparticles, 
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denoted TiO2(1) and TiO2(2) respectively.  

 

4.2.3. Characterization 

PXRD patterns were measured on a Rigaku Miniflex diffractometer 

with Cu-Kα (λ = 1.5418 Å ) radiation. TGA were performed on a TA 

SDT Q600 with a temperature change of 10°C/min. N2 adsorption 

isotherms were measured on an ASAP 2020 (Micrometrics, USA) at 

77 K. Prior to the measurements, the samples were activated at 180°C 

for 12 h. Specific surface areas were calculated according to the BET 

equation with isotherm points under P/P0 < ca. 0.1. SEM images were 

obtained on a JSM-6330F (JEOL, Japan) with accelerating voltage of 

10 kV. TEM measurements were carried out on a FEI Tecnai F20 

microscope (JEOL, Japan) with accelerating voltage of 200 kV. DR 

spectra were obtained using a Cary 5000 (Varian, Australia) UV–vis 

spectrophotometer. XPS spectra were collected on an AXIS-Hsi 

(Kratos, UK) (delay line detector) spectrometer equipped with a 

monochromatic Al-Kα X-ray source (1486.6 eV).  

 

4.2.4. Photocatalytic activity measurement 

The general procedure used was the same as that previously reported 

in the literature concerning the photocatalytic activity of ZnO 

nanoparticles obtained by thermolysis of MOF-5 [8]. The 
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photocatalytic properties of TiO2 nanoparticles in this work were 

evaluated by assessing the photodegradation of 4CP. Each TiO2 

sample (25 mg) was added to a 20 mL aqueous solution of 4CP with 

an initial concentration of 2.5 × 10
–4

 M. With a time period of 2 h for 

the UV (20 W, Shimadzu) or 20 min for the visible light (100 W, 

Philips, UV-cut filter) experiments. Samples of the solutions were 

taken and filtered through a 0.2 μm hydrophilic PTFE syringe filter, 

then the concentration of 4CP was calculated as a function of time 

based on the absorbance changes at 250 nm as measured using a UV–

vis spectrophotometer. Commercial TiO2 P-25 (Evonik) and ST-01 

(Ishihara) were used as references.  

 

4.3. Results and discussion 

4.3.1. Microstructure  

The two TiMOFs, 1 and 2, were synthesized as rectangular 

microcrystals with average sizes of ca. 500 nm and 1 μm, respectively, 

as identified using SEM images (Figure 4.2). The crystals of 1 had a 

plate morphology with round surfaces, while those of 2 had sharp 

edges. As expected, the PXRD patterns of both 1 and 2 were the same 

and were well-matched to the previously reported patterns (Figure 4.3). 

The N2 adsorption isotherms of 1 and 2 were shown to be type I 

(Figure 4.4(a)), and the BET surface areas were estimated to be 1550 
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and 1450 m
2
/g, respectively, which were similar to previously 

reported values [30, 31]. TGA analyses showed that both MOFs 

started to lose weight at approximately 300°C in air due to the thermal 

degradation of their organic linkers. However, 1 showed a large 

weight loss at 400°C, whereas 2 experienced a similar loss at a much 

lower temperature of about 330°C (Figure 4.4(b)). 

 

 

 

 

 

 

 

 

 

 

 

 

 



109 

 

 

Fig. 4.2. SEM images of the Ti-MOFs, (a) 1 and (b) 2. The sizes of 1 

and 2 can be seen to be around 0.5 and 1 μm, respectively. 

 

 

Fig. 4.3. PXRD patterns of (a) 1, (b) 2, and (c) a simulated pattern 

using the crystal structure of MIL-125. 
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Fig. 4.4. (a) N2 adsorption isotherms and (b) TGA thermograms of 1 

and 2. 
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When either 1 or 2 was heated in air at 350°C for 6 h, the PXRD 

patterns indicated the production of anatase TiO2 nanoparticles (Figure 

4.5(a)). Both MOFs gave the same peak intensity distributions, 

implying that their particle sizes and shapes were similar to each other. 

It is noticeable that in order to remove the organic components of the 

MOFs, it was necessary to heat them to above 300°C, which is higher 

than for common sol–gel preparations of TiO2 (<200°C) [21, 26]. 

Interestingly, an increase in the heating temperature to 400°C resulted 

in the formation of a rutile phase for TiO2(1), which did not occur for 

TiO2(2) (data not shown). SEM images showed that TiO2(1) formed 

thick rectangular plates approximately 200 nm in size (Figure 4.5(b)). 

In contrast, the particles of TiO2(2) appeared as sharp rectangles with 

a larger size of around 500 nm (Figure 4.5(c)). However, these sizes 

were greater than the values calculated from their PXRD patterns. 

Based on the Scherrer equation, using the (101) reflections in the 

PXRD patterns in Figure 4.5(a), the particle sizes were calculated to 

be approximately 10 nm for both TiO2(1) and TiO2(2). As the TiO2 

nanoparticles inside the aggregates in 1 and 2 are identical, the 

nanoparticle size seems to be dependent on the type of MOF precursor 

used. 
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Fig. 4.5. (a) PXRD patterns of nanoparticles of (a) TiO2(1) and 

TiO2(2) nanoparticles obtained at 350°C. SEM images of (b) TiO2(1) 

and (c) TiO2(2) obtained at 350°C. 
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To understand the size discrepancy between the PXRD patterns 

and the SEM images, TEM imaging was carried out (Figure 4.6). The 

TEM images of the TiO2(1) and TiO2(2) clearly show that each TiO2 

particle does not consist of a single crystal, but rather an aggregate 

composed of randomly oriented ~10 nm TiO2 particles (Figure 

4.6(b,d)). High resolution images show the lattice fringes of each 

nanoparticle, corresponding to the d-spacing of a (110) 

crystallographic plane (0.36 nm), further evidence of which is shown 

in the SAED patterns (Insets in Figure 4.6). It is interesting that the 

~10 nm particles aggregated to form bigger particles that exhibited 

well-developed surfaces similar to their MOF precursor crystals. This 

implies that the formation of TiO2 nanoparticles occurred inside each 

particle rather than involving inter-particle reactions [10, 11]. This 

observation is in line with previous reports that the shapes of 

carbonized products tend to follow the original morphology of their 

MOF precursors [8]. These results confirm that the thermolysis of 

MOFs causes the formation of TiO2 nanoparticles inside each MOF 

particle. Therefore, the heat-treated products tend to maintain the 

original morphology of their MOF precursor crystals. 
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Fig. 4.6. (a) and (b) TEM images of TiO2(1) (inset: SAED 

pattern); (c) and (d) TEM images of TiO2(2) (inset: SAED pattern). 

Images (b) and (d) show random aggregation of small nanoparticles 

with domains of approximately 10 nm. 
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UV–vis DRS are shown in Figure 4.7(a). The light absorption 

threshold of TiO2(2) was observed to extend to the visible region, in 

comparison to P25 and TiO2(1). The Eg values of the TiO2 

nanoparticles could be estimated using their DRS. Based on the onset 

at 430 nm, the TiO2(2) was calculated to have an Eg of 2.9 eV, which 

is lower than both TiO2(1) (3.1 eV, 390 nm) and P25 (3.2 eV, 387 nm) 

(inset of Figure 4.7(a)). This decrease in Eg was comparable to those 

of N-doped TiO2 prepared by a sol–gel method employing organic 

amine molecules as N sources [25-29]. While the XPS spectrum of 

TiO2(1) did not show any peaks corresponding to N 1s, the spectrum 

of TiO2(2) contained a peak at 398.9 eV, indicating the interstitial N-

doping in the TiO2 (Figure 4.7(b)). Although the quantity of the 

introduced N atoms could not be determined, TiO2(2) was expected to 

show improved photocatalytic efficiency under visible light due to the 

band-gap narrowing by N-doping. 
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Fig. 4.7. (a) UV–vis DRS of P25 and heat-treated Ti-MOFs and 

(b) high-resolution N 1s XPS spectra of TiO2(1) and TiO2(2). (Inset: 

the [F(R)hν]
1/2

 vs. (hν) plots for the determination of the Eg of the 

samples.) 
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4.3.2. Photocatalytic activity 

The photocatalytic activities of the TiO2 nanoparticles obtained by the 

thermolysis of Ti-MOFs in air were compared with those of 

commercial TiO2 nanoparticles, P25 and ST01, by assessing the 

decomposition of 4CP in water under UV light. The TiO2 

nanoparticles in this work showed moderate activity compared with 

the commercial nanoparticles; P25 and ST01 degraded 4CP by 80% 

and 40%, respectively, while TiO2(1) and TiO2(2) caused 60% and 

15% degradation, respectively (Figure 4.8). The photocatalytic 

decomposition of 4CP under visible light (λ > 400 nm) is 

demonstrated in Figure 4.9. Under visible light irradiation, the TiO2(2) 

showed the greatest photocatalytic activity for the decomposition of 

4CP among the TiO2 samples tested. This enhanced photocatalytic 

activity was attributed to the extended light absorption in the visible 

region due to the N-doping. 
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Fig. 4.8. (a) Photocatalytic degradation of aqueous 4CP under UV 

light irradiation and (b) transformed linear graph of ln(C0/C) of P25, 

ST01 and heat-treated Ti-MOFs (the corresponding photocatalytic 

degradation rate constants (k) are listed in parentheses). 
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Fig. 4.9. (a) Photocatalytic degradation of aqueous 4CP under visible 

light irradiation and (b) transformed linear graph of ln(C0/C) of P25, 

ST01 and heat-treated Ti-MOFs (the corresponding photocatalytic 

degradation rate constants (k) are listed in parentheses). 
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4.4. Conclusions 

In conclusion, it has been shown that anatase TiO2 nanostructures 

could be prepared simply by heating 1 (MIL-125) and 2 (MIL-125-

NH2) at 350°C for 6 h under air. SEM images show that the produced 

TiO2 particles followed the shapes of their MOF precursors, and 

appeared to be the random aggregation of nanoparticles of 

approximately 10 nm in size, as shown in the TEM images. From 

UV–vis spectra, it could be seen that the absorption edge of TiO2(2) 

was extended into the visible region, which led to narrowing of the 

band-gap compared to TiO2(1). The XPS spectra show that N atoms 

were successfully doped in TiO2(2), which reduced the Eg and 

enhanced the visible light activity, as was shown for the photocatalytic 

degradation of 4CP. These results demonstrate that the amine 

functional groups of 2 acted as N sources for the N-doping of TiO2 

nanoparticles. It is envisioned that other TiMOFs with p-block atoms 

in their organic linkers would also produce doped TiO2 nanoparticles. 
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Chapter 5. 

Preparation and characterization of Ni-doped 

TiO2 nanoplates 

 

5.1. Introduction  

Metal-organic frameworks (MOFs) are a new class of highly porous 

crystalline materials constructed by metal-oxo clusters and organic 

ligands [1-3]. Due to their inherent structural characteristics, such as 

large surface area and pore volume, well-defined porous structure, and 

controllable properties, these materials have been widely used in 

potential applications in adsorbents [4, 5], gas separation and storage 

[6, 7], sensing, and catalysis [8-10]. Recently, MOFs also been used as 

precursors for the synthesis of metal oxides by thermal decomposition 

of the structures. Through a simple and straightforward method, the 

MOF precursor can be transformed into various metal oxide materials 

such as Co3O4 [11, 12], In2O3 [13], Al2O3 [14], Mn2O3 [15], CuO [16-

18], ZnO [19, 20], MgO, CdO [21], ZnMn2O4, CoMn2O4, and 

NiMn2O4 [22]. The separated morphology and tunable chemical 

compositions of MOFs enable control of the structure and morphology 

of the resulting metal oxides.  

TiO2 is a promising material for the photocatalysis due to its low 
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cost, stability, nontoxicity, and strong redox power [23, 24]. These 

advantages of TiO2 lead to potential applications related with 

environmental and energy fields such as photodecomposition of 

various pollutants, dye-sensitized solar cell, and photocatalytic 

hydrogen evolution [25- 27]. However, the photocatalytic efficiency 

of TiO2 is still low for the practical use owing to the unexpected 

charge recombination and the limited light absorption [28]. 

Controlling the morphologies of TiO2 is one solution to reduce the 

charge recombination and enhance the charge separation. For the 

efficient charge separation and transfer, many researchers have 

devoted to controlling the size, nanostructure, and porosity of TiO2 

[29]. TiO2 has a wide band gap energy of 3.0-3.2 eV, thus it can 

absorb the UV light only, which contributed less than 5% of the total 

solar energy spectrum [28]. In order to extend the light absorption into 

the visible region, it has been extensively studied to dope extrinsic 

elements in TiO2. Doping nonmetal such as N, C, S, F [30-33] or 

metal-ions (Sn, Fe, Cr, Ni) [34-37] is an effective method to engineer 

the band gap of TiO2. 

In this chapter, for the first time, Ni-doped TiO2 nanoplates were 

synthesized by thermolysis of Ni-modified MIL-125 (Figure 5.1), with 

the aim of improving the photocatalytic activity of TiO2. The topology 

and surface functionality of MOFs can be readily controlled by tuning 
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the constituent metals and bridging organic linkers. In Chapter 4, it 

was reported that TiO2 nanoparticles prepared from MIL-125-NH2 

showed the visible light-driven photocatalytic activity due to the N-

doping effect, which was attributed to the amine-containing ligands. In 

this chapter, to extend the light absorption into the visible region, a 

Ni-modified MIL-125 was used as a precursor for the synthesis of 

TiO2. The TiO2 material, made from a Ni-modified MOF, exhibited 

light absorption in the visible region and enhanced photocatalytic 

activity under visible light irradiation. In addition, the Ni modification 

affected the morphology of the MIL-125. At higher concentrations of 

Ni dopant, the morphology was transformed from 3D particles to 2D 

plates, and the shape of MOFs was retained after the heat treatment. 

The obtained TiO2 nanoplates displayed improved photocatalytic 

activity compared to TiO2 nanoparticles, which was attributed to a 

reduction in charge recombination. 
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Fig. 5.1. Schematic illustration of Ni-doped TiO2 nanoparticles 

prepared from thermolysis of Ni-modified MIL-125. 
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5.2. Experimental 

5.2.1. Materials and chemicals 

TTIP (Acros), terephthalic acid (Aldrich), Ni(II) nitrate hexahydrate 

(Aldrich), anhydrous DMF (Aldrich), and anhydrous methanol 

(Aldrich) were used without further purification. 

 

5.2.2. Synthesis  

MIL-125 (denoted as TiBDC) was prepared according to the literature  

(see section 3.2.2 for details) [38]. Ni-modified MIL-125 (Ni-TiBDC) 

was synthesized using Ni(II) nitrate hexahydrate as a dopant via the 

same method as for MIL-125. TTIP (0.60 mL, 2.0 mmol), H2BDC 

(0.50 g, 3.0 mmol), and a certain amount of Ni(II) nitrate hexahydrate 

were added to a mixture of DMF (9.0 mL) and methanol (1.0 mL). 

The reaction mixture was then stirred at ambient temperature for 30 

min, forming a homogeneous solution. The clear solution was 

transferred to a 23 mL Teflon vessel in a digestion bomb. The reactor 

was tightly capped and heated at 150°C for 18 h, yielding a white 

crystalline powder. The solid was filtered and washed with neat DMF 

(5  10 mL) and methanol (3  10 mL) before drying under reduced 

pressure.  

TiO2 nanoparticles were prepared by heating TiBDC or Ni-

TiBDC at 350°C in air for 6 h, denoted as TiO2 or Ni-TiO2 
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respectively. 

 

5.2.3. Characterization 

PXRD patterns were measured on a Rigaku Miniflex diffractometer 

with Cu-Kα (λ = 1.5418 Å ) radiation. TGA were performed on a TA 

SDT Q600 with a temperature change of 10°C/min. N2 adsorption 

isotherms were measured on an ASAP 2020 (Micrometrics, USA) at 

77 K. Prior to the measurements, the samples were activated at 180°C 

for 12 h. Specific surface areas were calculated according to the BET 

equation with isotherm points under P/P0 < ca. 0.1. SEM images were 

obtained on a JSM-6330F (JEOL, Japan) with an accelerating voltage 

of 10 kV. TEM measurements were carried out on a FEI Tecnai F20 

microscope (JEOL, Japan) with an accelerating voltage of 200 kV. 

DRS were obtained using a Cary 5000 (Varian, Australia) UV–vis 

spectrophotometer.  

 

5.2.4. Photocatalytic activity measurement 

The general procedure was the same as that previously reported for 

the analysis of the photocatalytic activity of ZnO nanoparticles 

obtained by thermolysis of MOF-5 [19]. The photocatalytic properties 

of theTiO2 nanoparticles in this work were evaluated by assessing the 

photodegradation of 4CP. Each TiO2 sample (25 mg) was added to a 
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20 mL aqueous solution of 4CP with an initial concentration of 2.5 × 

10
–4

 M. The solution was irradiated for 20 min with visible light (100 

W, Philips, UV-cut filter), and samples were taken and filtered through 

a 0.2 μm hydrophilic PTFE syringe filter. The concentration of 4CP 

was calculated as a function of time based on the absorbance changes 

at 250 nm, measured on a UV–vis spectrophotometer.  

 

5.3. Results and discussion  

5.3.1. Microstructure 

Unmodified TiBDC (MIL-125) showed a rectangular microcrystal 

structure with a round surface (Figure 5.2). A 0.01 mol% Ni-TiBDC 

sample had a similar morphology to the unmodified, but at a 

concentration of 0.10 mol%, the Ni-TiBDC displayed a different 

morphology. At the higher Ni concentration, the morphology of the 

microcrystals changed from a 3D rectangular shape to 2D plates. The 

PXRD patterns of TiBDC and the Ni-modified analog were well-

matched to the reported patterns of MIL-125 (Figure 5.3(a)). In 

addition, the surface areas of the Ni-TiBDC samples were similar to 

the unmodified (Figure 5.3(b)). This indicated that Ni-modification 

contributed to the morphology change of the TiBDC, but without 

destroying its original structure or properties. The morphology 

transformation of the MOF by metal-modification has here been 
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reported for the first time. Though the detailed mechanism by which 

the morphology of the TiBDC was changed is not yet fully understood, 

it is speculated that this metal-modification is a promising new way to 

control the morphologies or nanostructures of MOFs. 
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Fig. 5.2. FE-SEM micrographs of (a) TiBDC, (b) 0.01 mol% Ni-

TiBDC, and (c) 0.10 mol% Ni-TiBDC. 
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Fig. 5.3. (a) PXRD patterns and (b) N2 adsorption-desorption behavior 

of TiBDC and Ni-TiBDC samples. 
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TiO2 nanoparticles were obtained from the thermal treatment of 

the synthesized MOFs. As shown in Figure 5.4, all the TiO2 samples 

maintained the original shape of the MOFs without damaging the 

crystals. TiO2 and 0.01 mol% Ni-TiO2 formed thick rectangular 

particles approximately 200–300 nm in size (Figure 5.4(a) and (b)). In 

contrast, the 0.10 mol% Ni-TiO2 particles were observed to be thinner 

rectangles with a larger size of around 500 nm (Figure 5.4(c)). The 

thickness of the 0.10 mol% Ni-TiO2 particles was decreased to less 

than 100 nm, which indicated that the morphology transformation to 

the 2D plate-like shape was observed after heat treatment. The N2 

adsorption-desorption isotherms of the TiO2 and Ni-doped TiO2 

samples are shown in Figure 5.5(a). The surface area of Ni-TiO2 

samples was increased compared to the undoped TiO2, which 

suggested that the Ni-modification contributed to enhancing the 

surface area and porosity of TiO2. Figure 5.5(b) displays the PXRD 

patterns of the samples. All samples consisted of anatase TiO2 

crystallites as the single phase. No other crystalline phase related with 

Ni or Ni oxide was observed for the Ni-doped TiO2 samples. This 

implied that Ni did not exist in the form of a separated phase and was 

dispersed uniformly throughout the TiO2 matrix.  
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Fig. 5.4. FE-SEM micrographs of (a) TiO2, (b) 0.01 mol% Ni-TiO2, 

and (c) 0.10 mol% Ni-TiO2. 
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Fig. 5.5. (a) N2 adsorption-desorption behavior and (b) PXRD patterns 

of TiO2 and Ni-TiO2 samples. 
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From the TEM images of the TiO2 particles (Figure 5.6(a) and 

(b)), the morphological difference between the 3D nanoparticles and 

the 2D nanoplates can be clearly identified. The TEM images of 0.01 

mol% Ni-TiO2 and 0.10 mol% Ni-TiO2 clearly show that each TiO2 

particle is not a single crystal but rather an aggregate composed of 

randomly oriented 10 nm TiO2 primary particles (Figure 5.6(b) and 

(d)). High resolution images also show the lattice fringes of each 

nanoparticle corresponding to the d-spacing of a (110) 

crystallographic plane (0.36 nm), which is also supported by the 

SAED patterns (insets in Figure 5.6). It is interesting that the 10 nm 

particles aggregated to form bigger particles that exhibited well-

developed surfaces similar to their MOF precursor crystals. This 

implies that the formation of TiO2 nanoparticles happened inside each 

particle rather than involving inter-particle reactions. The EDS 

spectrum and elemental mapping of the Ni-doped TiO2 samples were 

measured in order to investigate the dispersion state of the Ni ions, as 

shown in Figure 5.7. The Ti mapping follows the structure of TiO2 

nanoparticles, and the Ni mapping is consistent with it, indicating that 

the Ni ions were uniformly dispersed within the TiO2 particles. The Ni 

mapping of the 0.10 mol% Ni-TiO2 exhibits a stronger intensity than 

that of the 0.01 mol% Ni-TiO2, which suggests a higher concentration 

of Ni ions. From the EDS spectrum, the average atomic ratios of Ni to 
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Ti in the 0.01 mol% Ni-TiO2 and 0.10 mol% Ni-TiO2 were calculated 

to be 1:80 and 1:16, respectively. Comparing these values to the initial 

molar ratios of Ni to Ti (1:100 and 1:10), it is clear that there is little 

difference due to experimental error or instrumental limitations. 
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Fig. 5.6. TEM images of 0.01 mol% Ni-TiO2 (a) and (b), inset: SAED 

pattern) and 0.10 mol% Ni-TiO2 (c) and (d), inset: SAED pattern). 
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Fig. 5.7. EDS spectra and elemental mapping of (a) 0.01 mol% Ni-

TiO2 and (b) 0.10 mol% Ni-TiO2. 
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UV–vis DRS are shown in Figure 5.8(a). The light absorption 

threshold of the 0.01 mol% Ni-TiO2 and 0.10 mol% Ni-TiO2 was 

extended to the visible region, in contrast to undoped TiO2. The Eg 

values of the TiO2 nanoparticles were estimated by measuring their 

DRS. Based on the onset at 480 nm, the 0.10 mol% Ni-TiO2 had a 

calculated Eg of 2.6 eV, which is smaller than that for 0.01mol% Ni-

TiO2 (2.9 eV, 430 nm) and TiO2 (3.1 eV, 400 nm) (inset of Figure 

5.8(a)). This enhanced absorption for visible light is attributed to the 

narrowing of the band gap by Ni-doping in TiO2. PL spectra were 

obtained for the samples at room temperature (Figure 5.8(b)). Two 

main emission peaks at 368 and 473 nm were observed, the former 

corresponding to emission due to a band gap transition, and the latter 

from a CT transition from Ti
3+

 to an oxygen anion in a TiO6
8–

 complex 

[39, 40]. The PL emission resulted mainly from the recombination of 

photogenerated electrons and holes, and the lower PL intensity 

indicated a decrease in the recombination rate [39]. The two Ni-doped 

TiO2 samples displayed lower emission intensities than the undoped 

TiO2, indicating that the Ni in the doped TiO2 played the role of 

electron acceptor, enhancing the charge separation. Compared to 0.01 

mol% Ni-TiO2, 0.10mol% Ni-TiO2 exhibited a weaker PL intensity, 

indicating reduced recombination. This result is related to the 

morphology of TiO2 nanoparticles. As 0.10 mol% Ni-TiO2 had a 2D 
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nanoplate structure, it had the advantages of a larger surface area and 

shorter charge transfer length compared to the 0.01 mol% Ni-TiO2. 

These nanoplate morphological features contributed to reducing the 

charge recombination and improving the charge separation for more 

efficient photocatalysis. 
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Fig. 5.8. (a) UV–vis DRS and (b) PL spectra of TiO2 and Ni-TiO2 

samples. (inset: the [F(R)hν]
1/2

 vs. (hν) plots for the determination of 

the Eg values of the samples.) 
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5.3.2. Photocatalytic activity 

The photocatalytic decomposition of 4CP under visible light (λ > 400 

nm) is shown in Figure 5.9. Under visible light irradiation, the 0.10 

mol% Ni-TiO2 showed the greatest photocatalytic activity for the 

decomposition of 4CP among the tested TiO2 samples. The 

photocatalytic degradation rate constant for the 0.10 mol% Ni-TiO2 

was twice as large as for the 0.10 mol% Ni-TiO2. This enhanced 

photocatalytic activity was attributed to the extension of the light 

absorption into the visible region due to the Ni-doping, and also the 

nanoplate morphology providing efficient charge separation and 

transfer. 
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Fig. 5.9. (a) Photocatalytic degradation of aqueous 4CP under visible 

light irradiation and (b) transformed linear graph of ln(C0/C) of TiO2 

and Ni-TiO2 samples (the corresponding photocatalytic degradation 

rate constants (k) are listed in parentheses). 
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5.4. Conclusions 

In this chapter, it was reported that Ni-doped TiO2 nanostructures 

could be prepared simply by heating Ni-modified MIL-125 in air. It 

was found that 0.10 mol% Ni-modification of MIL-125 resulted in a 

morphological change from thick particle to 2D plate. SEM images 

show that the produced TiO2 particles followed the shapes of their 

MOF precursors. These particles appeared to be the random 

aggregation of particles of approximately 10 nm in size, as shown in 

the TEM images. From UV–vis spectra, it can be seen that the 

absorption edge of Ni-doped TiO2 was extended to the visible region, 

which led to narrowing of the band-gap compared to undoped TiO2. 

The PL spectra show that Ni-doped TiO2 nanoplates (0.10 mol% Ni) 

are an effective structure for reducing charge recombination. The 

enhanced absorption of visible light and the efficient charge separation 

enabled the Ni-doped TiO2 nanoplates to exhibit improved 

photocatalytic activity under visible light. These results show that the 

Ni dopants in MIL-125 can act as both a Ni source to produce Ni-

doped TiO2 nanoparticles, and as a structure-directing agent for 

controlling the morphology.  
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초    록 

 

본 연구는 환경과 에너지 응용을 위한 나노구조를 갖는 

TiO2 광촉매의 제조 및 특성 분석에 관한 것이다. 전세계적

으로 현재 인류를 가장 크게 위협하고 있는 것은 환경 오염

과 에너지 고갈 문제이다. 지속 가능한 문명의 발전을 위해서 

환경 정화 기술 및 재생 가능한 청정에너지 기술에 대한 연

구가 활발하게 진행되고 있다. TiO2 광촉매는 빛을 흡수하여 

촉매작용을 할 수 있는 물질로써 환경 정화 및 신재생 에너

지 관련 분야에서 널리 응용되고 있다. 그러나 TiO2 광촉매

의 효율은 자외선에 제한된 광흡수 특성 및 광생성된 전하의 

재결합 문제 때문에 크게 제한 받고 있다. 그러므로 고효율의 

광촉매 개발을 위해서는 광흡수대를 가시광선 영역으로 확장

시키고, 효율적으로 전하를 분리 및 전달하는 것이 매우 중요

하다. 본 연구에서는 광촉매 과정에 대한 이론적 고찰을 통하

여 광촉매 효율에 기여하는 요소들을 도출한 후, 이 요소들을 

적극적으로 반영하여 다양한 나노구조를 갖는 TiO2 광촉매를 

제조 및 특성 분석하고 최종적으로 오염 물질 분해 및 수소 

생산 실험을 통해서 광촉매 특성을 평가하고자 하였다. 

1부에서는 환경 문제와 에너지 문제를 동시에 해결할 수 

있는 광촉매 기술에 대한 전반적인 소개를 하고, 광촉매 과정
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에 대한 이론적인 고찰과 기존 연구에 대한 사례 분석을 통

하여 효율 향상에 필요한 요소들을 도출한 뒤, 이를 이용하여 

광촉매 효율 향상을 위해 요구되는 TiO2의 특성 및 구조를 

제안하였다. 

2부에서는 효율적인 전하의 전달을 향상시키기 위하여 

TiO2 나노튜브와 Ti-MOF 기반의 광촉매를 제조하고, 이들의 

형상 및 기공구조가 광촉매 특성에 미치는 영향에 대하여 고

찰하였다. TiO2 나노튜브에 관한 연구를 통하여 1D 구조 및 

기공 특성에 의하여 우수한 광분해 성능을 나타냄을 확인하

였다. 또한 기공특성이 극대화된 Ti-MOF를 제조하고, 이를 

물분해를 통한 수소생산에 응용함으로써 새로운 형태의 광촉

매 구조를 제시하였다. 

3부에서는 제한된 광흡수 영역을 확장시키기 위하여 질

소가 도핑된 TiO2 나노입자를 제조하고, 질소 도핑이 밴드갭

에 미치는 영향에 대하여 고찰하였다. 제조된 나노입자는 질

소도핑 효과에 의하여 광흡수 영역대가 가시광선 쪽으로 확

장되었고, 이를 통하여 광분해 성능이 향상되었음을 확인하였

다. 

4부에서는 효율적인 전하의 전달과 제한된 광 흡수 

특성을 동시에 향상시키기 위하여 니켈이 도핑된 TiO2 

나노구조를 제조하고, 니켈 도핑이 형상 조절 및 밴드갭 

제어에 미치는 영향에 대하여 고찰하였다. 제조된 TiO2 
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물질은 니켈 도핑 효과에 의하여 나노구조 제어가 가능하고 

이에 따라 효과적인 전하 전달이 가능함을 확인하였다. 동시에 

광흡수대를 가시광선 영역으로 확장시킴으로써 우수한 광분해 

성능을 보이는 광촉매를 제조할 수 있었다. 
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