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ABSTRACT 

This thesis aims to investigate the photocatalytic performance enhancement of TiO2-based 

photocatalytic materials. The photocatalysts developed in our work have been used in various 

photocatalytic applications, including solar hydrogen production and environmental remediation. 

The first chapter describes the basic principles of photocatalysis, an overview of 

semiconducting photocatalytic materials, and the concept of photocatalytic reactions along with 

selected photocatalytic applications. 

In the second chapter, we investigated the topochemical conversion of layered protonated 

titanates to anatase TiO2 with both nitrogen dopant and oxygen vacancy (Vo) for the application in 

photocatalytic hydrogen production from water. This structural transformation was performed via a 

new, readily achieved, and facile solvothermal strategy. During the synthesis, a spherical assembly of 

layered titanate nanosheets, containing N source in the structure, is topochemically converted to N-

doped anatase TiO2 with concomitant oxygen vacancies. The photocatalyst showed state-of-the-art-

level co-catalyst-free solar photocatalytic activity for hydrogen evolution via water splitting, which is 

significantly higher than that of typical co-catalyst-free defective TiO2 materials. Improving the 

photocatalytic activity was explained by its Vo-induced high charge separation efficiency. 

The third chapter describes the synthesis of the 1D nanowire structure of a layered titanate, 

KxTi2-x/3Lix/3O4 (named KTLO), via the one-pot solvothermal treatment of KTLO. Cation exchange ability 

and charge separation efficiency of layered titanates were both improved because of this structural 

transformation. The obtained KTLO nanowire exhibited efficient and ultrafast 

adsorption/immobilization (photoreduction) of toxic metal cations, like Cd2+, from water under 

sunlight irradiation, whereas the pristine KTLO and a benchmark TiO2 photocatalyst showed no 

performance. 

Layered titanates have a high potential for cation exchange, leading to an opportunity to create 

hybrid heterostructures with new and tunable structures which may have a better interface. Thus, the 

fourth chapter deals with the structural conversion of Cu-titanate into photoactive CuO-TiO2 for H2 

generation from ammonia borane under visible light. We additionally investigated the structural 

evolution of the photocatalyst once it is being treated with the ammonia borane. The results showed 

that the CuO nanostructures converted to metallic Cu, photocatalyzing the reaction through its in-situ-

obtained plasmonic features and enhancing the photocatalytic activity in the visible light range. Finally, 

the fifth chapter summarizes all parts of the thesis.   
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Chapter 1:  

Introduction 

1.1 Background 

Nowadays, the growth in resource extraction and processing to fulfill human consumption has been 

triggered by lifestyle. This has resulted in increased industrial growth, as well as negative 

environmental consequences. With the industrial revolution, the energy demand has increased 

significantly. The global energy demand is, at most, met by fossil fuels since more than 80% of current 

primary energy consumption is provided by fossil fuels [1]. Excessive use of fossil fuels strongly induces 

air pollution crisis since it produces large quantities of carbon dioxide (CO2), which is the major reason 

for climate change and global warming [2–5]. How does CO2 warm the earth? When the sunlight reaches 

the earth, some energy is reflected into space, and some are absorbed and re-radiated as heat. Most of 

this heat is absorbed by greenhouse gases, like CO2, and then radiated in all directions, warming the 

earth. Figure 1.1 shows the annual observance of CO2 concentration from 1960 till 2021, and it is 

steadily increasing with time. Therefore, our current living conditions have been dramatically affected 

by using fossil fuels, and new energy sources that can provide a large-scale, sustainable energy supply 

must be developed. 
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Figure 1.1. The latest observation of CO2 concentrations from Mauna Loa Observatory (MLO). This chart 

is plotted using data from the MLO in Hawaii, which has Earth’s longest continuous record of direct 

measurements of atmospheric CO2. 

 

 Over and above, water pollution issues have become more prevalent because of the rapid 

population and industrial growth. In addition to other demands, water consumption has expanded 

dramatically in the agricultural, industrial, and home sectors, consuming large amounts of the available 

freshwater, allowing various pollutants to get into the water [6,7]. The presence of these pollutants in 

water threatens both humans and the environment. Thus, the removal of these pollutants from water 

is an urgent requirement for providing good life. 

Accordingly, finding the technology that provides energy and treats polluted water in a reliable, 

cost-effective, and environmentally friendly manner should be our mission. Both objectives are among 

the most pressing issues confronting scientists today. Of many possible technologies currently being 

investigated to counter the energy and environmental issues, photocatalysis stands out as an appealing 

option for solving energy and environmental problems. 
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1.2 Principles of Photocatalysis 

1.2.1 Definition  

The development of photocatalysis was indeed inspired by natural photosynthesis in which sunlight is 

captured by plants to convert CO2 and H2O to O2 and energy in the form of sugar. Thus, the use of light 

to accelerate the chemical reaction in the presence of a catalyst is termed photocatalysis. Photocatalysts 

are usually solid semiconductors that must meet the following criteria: i) excellent UV and/or visible 

light absorber, ii) chemically and biologically inert and photostable, iii) low cost, and iv) nontoxic [8]. 

1.2.2 Photocatalytic process 

Figure 1.2 shows the main steps happening during the photocatalytic process on semiconductor 

photocatalyst. As presented in Figure 1.2, when a semiconductor is exposed to light with an energy 

equal to or greater than the semiconductor's bandgap energy (hν ≥ Eg) (step 1), electrons can be excited 

from the valence band (VB) to the conduction band (CB), resulting in the generation of electron-hole 

pairs (step 2). This can be expressed as follows: 

Semiconductor photocatalyst + hν → eˉ (CB) + h⁺ (VB) 

These photogenerated charge carriers are then engaged in one of the following three paths [9,10]: 

1. migration to the semiconductor’ surface. 

2. be captured by surface or bulk defect sites. 

3. recombination, which releases the energy as heat. 

Only photogenerated charges that get to the semiconductor's surface will be beneficial for 

photocatalytic reactions (step 3). In the case of the other two paths (2, 3), the photogenerated electrons 

and holes do not participate in the photocatalytic reaction and thus are viewed as deactivation 

processes [11]. Fundamentally, a photocatalytic process composes of two-half reactions, oxidation-

reduction reactions. The oxidation reaction is begun by holes in the valence band (VB), while electrons 

in the conduction band (CB) initiate the reduction reaction (Figure 1.2). 
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Figure 1.2. Schematic representation for the steps of photocatalytic reactions on semiconductor 

photocatalyst. CB=Conduction band, VB=Valence band, Eg=bandgap. 

 

By looking at Figure 1.2, it has been noticed that the three key factors that control the 

performance of the semiconductor photocatalyst include i) light-harvesting (light absorption capacity), 

ii) separation of photogenerated charge carriers, and iii) redox (reduction-oxidation) reactions.  

1.2.3 Semiconducting photocatalytic materials 

Semiconductor photocatalysis is currently one of the most active research areas, which has been widely 

investigated in many fields such as catalysis, photochemistry, electrochemistry, and environmental 

chemistry [12]. Because of a good combination of their electronic structure, light absorption, and charge 

transport characteristics, binary semiconductors such as TiO2, Cu2O, ZnO, CdS, and Fe2O3 have mostly 

been utilized as photocatalysts. Other advantages like stability in the aqueous phase, efficient recovery, 

and reasonable recyclability make them favorable in environmental applications [7]. Importantly, the 

band structure, including the bandgap and positions of VB and CB, is one of the main characteristics of 

the semiconductor since it determines the light-harvesting as well as the redox abilities of the 

semiconductor photocatalyst. The reduction and oxidation capabilities of the photocatalyst are 

determined by the positions of CB and VB, respectively. For instance, in the water-splitting reaction, the 

position of CB must be more negative than the redox potential of H+/H2 (-0.414 V vs NHE, pH = 7), while 

the energy level of VB must be more positive than the redox potential of O2/H2O (0.815 V vs NHE, pH = 
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7). As presented in Figure 1.3, the appropriate semiconductor photocatalyst can be employed for a 

specific photocatalytic application after comparing its band edge positions with the chemical potential 

of the redox species. In summation, the strategy is to discover photocatalytic surfaces that possess the 

potential to absorb light and produce electron−hole pairs. These charge carriers can then proceed in 

the redox reactions. 

 

Figure 1.3. Band edge positions of common semiconductors compared with the chemical potential of 

different redox reactions. 

 

1.2.4 Titanium oxide (TiO2) photocatalysts 

Of many possible semiconductors, TiO2 quickly attracted numerous research interests in the 

photocatalysis field due to its high reactivity, excellent stability, nontoxicity, low cost, and, more 

importantly, suitable electronic band structure for many photocatalytic reactions [13–18]. TiO2 was the 

first semiconductor to be reported as a photocatalyst back in 1972 [15], and it has been well 

investigated and applied in many research fields. Therefore, we thought that TiO2-based materials are 

very promising potentials for application in photocatalytic hydrogen generation and environmental 

pollution control.  

1.2.4.1 Phase structures of TiO2 

The phase structure of TiO2 is one of the key elements ruling its photocatalytic performance. Mainly, 

TiO2 exists in three crystallographic forms: anatase (tetragonal), rutile (tetragonal), and brookite 

(orthorhombic). Figure 1.4 presents the schematic crystal structure of the three common TiO2 
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polymorphs using TiO6 octahedrons as the basic building block. Edges/corners’ sharing and distortion 

of the octahedron units occur differently in each TiO2 phase with maintaining TiO2 as the overall 

stoichiometry. For instance, in rutile, every two opposite edges of the TiO6 octahedron are shared, 

making a linear chain along the (001) direction. Chains are then connected by sharing corner oxygen 

atoms [19]. In anatase, octahedra share four edges forming zigzag chains along the (221) direction [19]. 

While, in brookite, both corners and edges are connected [20]. As a result, mass density and electronic 

bandstructure varied in different TiO2 phases [11]. Thermodynamically, rutile is the most stable phase 

between TiO2 phases, while the anatase and brookite are metastable phases. The anatase phase is 

commonly obtained but always formed in solution-based or low-temperature preparation systems. 

High-temperature or annealing treatments would usually convert anatase to rutile [21–23]. Brookite 

phase is less common and typically formed in solution-based growth systems. On the other hand, 

anatase and rutile polymorphs of TiO2 are frequently utilized as photocatalysts in various applications 

of the environment and energy [24,25]. The differences in the crystal structure of anatase and rutile 

lead to variation in optical and electronic properties in terms of energy bandgaps (3.2 eV corresponding 

to 384 nm and 3.02 eV corresponding to 410 nm for anatase and rutile, respectively). Therefore, the 

redox driving force of anatase is a bit higher than that of rutile, although the light-harvesting by anatase 

is slightly less. Compared to rutile, anatase exhibits higher surface area and lower crystallinity, 

providing more active sites and facilitating the generation of defect species (such as oxygen vacancies) 

[11]. These properties lead to efficient charge separation in anatase and hence high photocatalytic 

performance. Thus, photocatalytically, anatase is considered the most active TiO2 phase. 
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Figure 1.4. The schematic unit cell structure of common TiO2 polymorphs. Ti (Blue); Oxygen (red); TiO6 

octahedra blocks (grey). 

 

Additionally, there is another exotic phase of pure TiO2, called TiO2 (B) (monoclinic). It has a 

relatively open crystal structure (Figure 1.5) and is closer to titanate (to be discussed later) than other 

TiO2 phases. It can be assumed as a titanate sheet with a structural entity made up of merely two TiO6 

octahedra, connected through edge-sharing between adjacent sheets [26]. In addition to the synthesis 

of TiO2 (B) from solution, it can be formed in the calcination of titanate by the transformation sequence 

of protonated titanate → TiO2 (B) → anatase TiO2 [27]. 

 

Figure 1.5. The schematic unit cell structure of TiO2 (B). Ti (Blue); Oxygen (red); TiO6 octahedra blocks 

(grey). 
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1.2.4.2 Layered Titanates 

Other forms of TiO2-based materials exist. They are a class of layered inorganic solids composed of 

nanometer-thick layers connected naturally in a layer-by-layer manner, providing an interlayer space 

to accommodate guest species, called layered titanates [28–32]. The general chemical formula of 

layered titanates is MxTiyOx/2+y/2.zH2O (M, an interlayer cation (Na+ or K+)). Therefore, layered titanates 

are best considered to be salts of polytitanic acids, for example, Na2Ti3O7 as sodium trititanate (Figure 

1.6 a), K2Ti4O9 as potassium pentatitanate (Figure 1.6 b), and K2Ti2O5 as potassium dititanate (Figure 

1.6 c). These structures are all monoclinic with stepped layered structures. Na2Ti3O7 and K2Ti4O9 consist 

of edge- and corner-sharing of TiO6 octahedra with being stepped every three or four TiO6 octahedrons, 

respectively, while K2Ti2O5 is composed of a pair of TiO5 trigonal bipyramids [33–35]. Another 

structural possibility is closely related to lepidocrocite structure with the formula of AxTi2-yMyO4 (A, an 

interlayer cation; M, metal, or vacancy), called lepidocrocite-type layered titanate (Figure 1.6 d). x and 

y values are related to each other depending on the valency of M (y = x/4 for a vacancy, y = x/3 for M+, 

y = x/2 for M2+, and y = x for M3+). Lepidocrocite-type layered titanates usually crystallize in an 

orthorhombic structure and consist of edge-shared TiO6 octahedrons [36–38].  

Layered titanates have remarkable physicochemical properties due to their open crystal 

structure, which allows them to accommodate a wide range of cations and neutral molecules in the 

interlayer spaces. Additionally, the titanate sheet's negative charge allows it to effectively adsorb 

positively charged molecular species. Therefore, the cation exchange capacity of layered titanates is 

found to be outstanding [39–41]. Besides, layered titanates have been used as photocatalysts, fillers, 

and functional nanosheets [42–44], which make them of great technological interest. Thus, layered 

titanates nanostructures, composed of negatively charged titanates nanosheets and the interlayer 

cations, are one of the most widely studied cation exchangers [45]. For instance, layered titanates 

nanowires (NWs) have been recognized as ultrafast cation exchangers because they have extremely 

small dimensions for ion diffusion [46–48]. On the other hand, layered titanates have the potential to 

photocatalytically reduce metal ions in water to immobilize metals on the surface. 

Interestingly, layered titanates are unique in the structure and reactivity to reach out to a set of 

new nanoarchitectures and sometimes to a specific type of heterostructure [49]. These versatile layered 
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titanates in interconversion to a new structure can sometimes lead to serendipity in finding a new 

structure of titania which usually has either a rutile or anatase structure [50,51]. In such cases, the 

obtained new structure can adopt defect, vacancy, doped species, and a heterostructure or a pure crystal 

phase (e.g., anatase or rutile) but a new nano shape. The interconversion can simply occur by changing 

the media’s pH by adding an acid or an alkaline species (e.g., quaternary alkylammonium hydroxide 

solutions) at room temperature or under solvothermal conditions [52,53]. 

 

Figure 1.6. Crystal structures of a) Na2Ti3O7, b) K2Ti4O9, c) K2Ti2O5, and d) lepidocrocite-type layered 

titanate (AxTi2-yMyO4). Ti (grey); Oxygen (red); TiO6 octahedra and TiO5 trigonal blocks (green); 

intercalated metal cation (yellow). 

 

1.2.4.3 Drawbacks of TiO2 photocatalysts 

Since the first report of the TiO2 photoelectrode by Fujishima and Honda in 1972 [15], none of the 

developed photocatalysts have fully satisfied all practical demands. The optimal photocatalyst must 

meet several criteria [54–56], including: 

(i) photogenerated charges with extended lifetimes, 
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(ii) a suitable bandgap, 

(iii) a wide range of solar light utilization, and 

(iv) low cost, high efficiency, and stability. 

Although TiO2 fulfills some of these criteria (as mentioned earlier in this section), its efficiency has been 

obstructed by its 3.2 eV wide bandgap that confines light absorption to the UV region of the solar light 

(represents ∼4% of the total solar irradiation). Additionally, TiO2 shows high recombination of 

photogenerated electron-hole pairs. 

1.2.4.4 Modification strategies of TiO2  

To overcome the drawbacks of TiO2, various attempts have been introduced. Among them, doping with 

metal and non-metal was proposed to extend the optical absorption to the visible light region. Moreover, 

creating heterojunctions with other semiconductors, deposition of noble metals, and formation of 

defects in TiO2 lattice were also proposed strategies to enhance charge transfer and separation in TiO2. 

i. Metal and non-metal doping 

Limited light absorption has been addressed by doping TiO2 with foreign atoms, which alter the optical 

properties of TiO2 through the introduction of suitable intragap electronic states. Transition metals (e.g., 

V, Cr, Mn, Fe, and Cu) were added as substitutional atoms inside the TiO2 lattice to form 3d electronic 

states below the CB, enhancing visible light absorption and photocatalytic activity (Figure 1.7). 

Nevertheless, in some cases, metal doping results in the creation of deep electronic states, which 

typically results in increased charge recombination, showing an unsatisfactory compromise between 

light absorption and photocatalytic activity [57,58]. Therefore, worthy enhancements are only possible 

at a low ratio of metal dopant and/or using precise synthesis methods to diminish lattice distortion [59]. 
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Figure 1.7. Schematic representation of metal (Fe) doped TiO2. Reprinted with permission from {Ind. 

Eng. Chem. Res. 2013, 52, 3581−3599}. Copyright {2013} American Chemical Society. 

 

Nonmetal (e.g., N, C, and S) doping, on the other hand, has shown great promise in offering efficient 

visible light active TiO2 photocatalysts, owing to inducing 2p electronic states above the VB able to 

efficiently transfer electrons to the 3d CB of TiO2 and therefore providing high photocatalytic activity 

[58]. N-doping, for example, has been shown to produce yellow TiO2 powders with a redshift of the 

optical absorption onset of up to 500 nm [60]. However, non-metal species sometimes induce only a 

surface modification of TiO2 rather than bulk doping [61]. 

 

Figure 1.8. Schematic representation of non-metal (N) doped TiO2. Reprinted with permission from {Ind. 

Eng. Chem. Res. 2013, 52, 3581−3599}. Copyright {2013} American Chemical Society. 

 

When compared to metal doping, non-metal doping is expected to be more favorable since it 

minimizes the creation of charge carrier recombination sites [62]. N was employed as a non-metal 

dopant in the most recent research to improve TiO2's water-splitting efficiency [63,64]. The formation 
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of gap states by the interaction of N 2p and O 2p states narrows the bandgap energy of TiO2 [60]. The 

mixing of orbitals uplifts the VB level of TiO2 but does not affect the CB. The photoreduction capacity of 

TiO2 has therefore remained unchangeable, but its oxidation ability has reduced. 

ii. TiO2-Semiconductor heterojunction 

Another interesting approach that has gained a lot of interest is coupling TiO2 with another 

semiconductor with a different band structure. If the band structure of both semiconductors is adequate, 

electrons and holes become physically separated, and thus the recombination rate is considerably 

mitigated, improving the photocatalytic activity [10,65,66]. Various types of heterojunction 

semiconductors have been developed to address the previously mentioned issues. Among them, Type 

II and direct Z-scheme heterojunctions. In Type II heterojunction, after generating electron and hole 

pairs in both photocatalysts (semiconductor I and semiconductor II, hereafter SC I and SC II), 

photogenerated electrons transfer from SC I to SC II, whereas photogenerated holes transfer in the 

opposite direction (Figure 1.9). Consequently, photocatalytic reduction and oxidation reactions 

proceed via the accumulation of electrons and holes on SC II and SC I, respectively. Therefore, the 

photogenerated charge carriers are spatially separated [67,68].  

 

Figure 1.9. Type II heterojunction. For example, TiO2/CdS system. 

 

Although type-II charge transfer appears to be ideal due to superb charge separation, it has 

some disadvantages. As shown in Figure 1.9, photogenerated electrons gather on the CB of SC II with a 
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weak reduction potential, whereas photogenerated holes accumulate on the VB of SC I with a weak 

oxidation potential. Therefore, the improved charge separation comes at the expense of diminished 

redox ability, which is undesirable for the photocatalytic reaction from a thermodynamic standpoint. 

From a dynamic viewpoint, electrostatic repulsive forces between holes or electrons are great to hold 

their transfer in type-II heterojunction. Thus, achieving the expected charge transfer in a type-II 

heterojunction is difficult. To sum up, the proven charge-transfer process in type-II heterojunction is 

debatable [69].  

 To enhance charge separation efficiency and maintain the strong redox ability of the system, 

direct Z-scheme heterojunction was proposed [70]. In this process, photogenerated holes in the VB of 

SC I (with lower oxidation ability) recombine with electrons in the CB of SC II (with lower reduction 

ability). Then, photogenerated electrons in the CB of SC I and holes in the VB of SC II participate in the 

reduction and oxidation reactions, respectively (Figure 1.10). Such a charge transfer process can 

provide this system with strong redox ability, together with spatially separated redox reaction sites 

[71]. 

 

Figure 1.10. Direct Z-scheme heterojunction. For example, TiO2/C3N4 system. 
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iii. Noble metal deposition 

Incorporating noble metals with semiconductor photocatalysts was proposed to improve the 

photocatalytic performance due to their different Fermi levels, distinguished by the metals' work 

function and semiconductors' band structure. Upon combination, a Schottky barrier can be created 

between metal and semiconductor, resulting in a significant charge carrier transfer and separation 

comparable to that in coupled semiconductors (Figure 1.11) [72–74]. Although this strategy has 

achieved satisfactory results in the field of photocatalysis, it lacks the advantage of its practical 

application due to the high cost of noble metals. Therefore, most of the researchers now tend to 

eliminate the use of co-catalysts with TiO2 during the photocatalytic process to reduce the cost of the 

process and realize the photocatalyst simplicity. 

 

Figure 1.11. Noble metal/TiO2 photocatalytic system. 

 

iv. Defective (colored) TiO2 

Defective (reduced or colored) TiO2 is originally formed by intrinsic doping, namely by introducing 

oxygen vacancies (Vo) and/or Ti3+ defect species into the lattice. These materials are typically 

synthesized by high-temperature treatment of TiO2 in various reducing atmospheres (e.g., vacuum, Ar, 

Ar/H2, or H2) [75,76]. Defective TiO2 can be grey, blue, brown, or black depending on the conditions 

used. The resultant color is attributed to the creation of differing amounts of defects (Vo and Ti3+). 

Increasing the level of reduction results in a larger concentration of defects and, as a result, darker TiO2 
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powders. Defective TiO2 has been demonstrated to be an efficient photocatalyst for hydrogen 

generation from water under visible-light irradiation, and research has persisted since the first report 

by Chen et al. in 2011 [77].  

Recently, defective TiO2 has gained great interest, especially for its unique co-catalyst-free 

photocatalytic activity towards hydrogen generation [78]. Synthesis of such materials features intrinsic 

cocatalytic active centers that have the same cocatalytic effect obtained by noble metals decoration. 

When evaluating the solar H2 production activity, most reports using defective TiO2 have employed 

noble metal cocatalysts. Despite the apparent link between the two effects (visible light absorption 

versus intrinsic cocatalytic activation), it remains unclear if the photocatalytic activity in cocatalyst-free 

hydrogen production is mechanistically linked to the increased visible light absorption. 

1.3 Applications of TiO2 photocatalysis 

Photocatalysis has received a lot of attention in recent years, with photocatalysis being used in a wide 

range of applications, particularly in energy and environment-related fields [79–81]. Since the first 

report of Fujishima and Honda's hydrogen production discovery in 1972 [15], interesting 

photocatalytic properties of TiO2 have been exploited to produce valuable solar fuels (i.e., solar energy 

conversion) and to remove pollutants, including organic, inorganic, and biological species, from water 

and air [14,81–83].  

Overall, the state-of-the-art strategies that have improved the photocatalytic activity were 

detailed in two aspects: energy conversion and environmental remediation (Figure 1.12). Among them, 

we focused on photocatalytic hydrogen evolution and removal of toxic metal ions from water and will 

be detailed later. 
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Figure 1.12. State-of-the-art strategies for enhanced photocatalytic energy conversion and 

environmental remediation. Reprinted with permission from {ACS Nano 2019, 13, 9811−9840}. Copyright 

{2019} American Chemical Society. 

1.4 Photocatalytic hydrogen generation 

For achieving a low-carbon economy, H2 is an ideal energy carrier. It has a high calorific value per mass 

unit, which is three times more than gasoline and four times higher than natural gas. Furthermore, 

during the combustion of H2, no greenhouse gases are generated [11]. As a result, solar energy storage 

in the form of H2 is recommended as one of the most suitable prospective pathways for generating clean 

and sustainable energy. On the other hand, hydrogen is the most plentiful element that can be released 

from a wide variety of materials. More importantly, in the chemical sector, H2 is an essential chemical 

reagent. Since the initial discovery of the photoelectrochemical water splitting process on TiO2 

electrode by Fujishima and Honda in 1972 [15], significant research has been conducted on 

photocatalytic or photoelectrochemical (PEC) splitting of water into H2 and O2. 

Although H2 is a clean and extremely effective energy carrier, the main drawback for hydrogen 

application lies in the safe transport and storage of hydrogen on a large scale [84]. Chemical hydrogen 

storage materials with high hydrogen contents are very attractive for practical application. Another 

significant reaction for H2 generation is the dehydrogenation of ammonia borane (NH3·BH3; AB), which 
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has been emerged as a promising candidate due to its non-toxicity, low molecular weight (30.87 g.mol-

1), high stability in solid-state and solution under ambient conditions, and high hydrogen content (19.6 

wt%). Therefore, H2 generation using hydrogen storage materials, like AB, is regarded as a practical, 

cost-effective, and efficient method for addressing energy and environmental concerns.  

1.5 Photocatalytic removal of toxic metal ions 

Of many water pollutants, heavy metals are one of the most serious pollution problems due to their 

nonbiodegradability and bioaccumulation in living tissues, and therefore have been considered by 

many researchers around the world. Heavy metals can be released into water bodies through many 

sources including wastewater, industrial activities (e.g., pigments and paints, extraction and mining, 

electroplating, glass production, and battery manufacturing plants), and domestic effluents. Natural 

sources (i.e., weathering, erosion from rock and soil, and rainwater) can also be another source of heavy 

metals pollution. 

Traditional methods for treating heavy metals pollution involve various methods such as 

precipitation, ion exchange, reverse osmosis, adsorption, and biological processes [85]. Using such 

methods can only help in capturing heavy metal ions and transforming them from one phase to another 

without changing their toxic behavior [86]. Consequently, it is necessary to develop a process where 

heavy metal ions can be reduced to their zero-valent state, which is nontoxic.  

To meet the above objectives, the photocatalytic process is thought to be a promising technique. 

In recent decades, photocatalysis has gained a lot of interest as a viable option for treating wastewater 

including organic substances as well as certain heavy metals. Heavy metal removal is mostly 

accomplished by a reduction process that results in metal ions with a reduced oxidation state. Only 

arsenic occurs in anionic form and must be converted to a non-toxic higher oxidation state by an 

oxidation process. Heterogeneous photocatalysis, unlike other advanced oxidation systems, can 

perform both oxidation and reduction reactions. It is a well-known technique in which light energy is 

used to stimulate the semiconductor material, resulting in the formation of electron-hole pairs. Metal 

ions utilize the photogenerated electrons in the conduction band and get reduced to their non-toxic 
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state. For a variety of heavy metals, including chromium, nickel, platinum, zinc, cadmium, and mercury, 

photoreduction has been widely investigated [87]. 

1.6 Motivation and aim of doctoral research 

At present, the process of hydrogen production involves CO2 evolution in huge amounts, increasing the 

Earth's temperatures. Therefore, finding viable alternatives excluding the generation of any greenhouse 

gases is the key element. Hydrogen production from water, as a clean and renewable energy process, is 

introduced as a promising approach to mitigating climate change caused by CO2 emissions. 

On the other hand, one of the serious environmental problems is heavy metal pollution in water, 

which causes many risky effects on humans and animals. Therefore, the efficient elimination of these 

toxic elements from the environment is becoming a crucial need.  

This thesis, therefore, aimed to develop advanced and efficient materials for solving energy and 

environmental-related problems. Photocatalysis, as sustainable, efficient, and cheap technology, was 

the main component to reach the desired goals. As an ideal and powerful photocatalyst, TiO2 was the 

material we rely on in our research. 
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Chapter 2:  

Co-catalyst-free solar hydrogen production from water over defective 

TiO2 nanosheets 

2.1 Introduction 

H2 generation from water, as a clean and renewable energy operation, affords a promising way for 

alleviating climate change provoked by CO2 emissions due to surplus consumption of fossil fuels [1–3]. 

Thus, it is recognized as one of the most significant solutions for a sustainable future [4,5].  

 Offering effective and sustainable photocatalysts to generate H2 from water utilizing solar 

energy, which is the unlimited energy source, shows developing possibility. Different semiconducting 

materials (e.g., sulfides, nitrides, and oxides) have been investigated for photocatalytic hydrogen 

generation. Among them, TiO2 is considered as an ideal and powerful material, thanks to its nontoxicity, 

low cost, and outstanding stability [6–8]. Nevertheless, the photocatalytic performance of TiO2 has been 

restricted by its ∼3.2 eV bandgap, which limits its optical absorption to the UV part of the solar light 

(∼4% of the total solar spectrum). TiO2 also has the drawback of fast charge carrier recombination [9–

12], and thus the photocatalytic hydrogen generation rate is quite slow if no noble-metal co-catalyst 

such as Pt, Pd, or Au is being used [13–15]. Such a co-catalyst boosts the separation of photogenerated 

charge carriers and thus enhances the hydrogen generation efficiency. This strategy is unfortunately 

limited in the large-scale hydrogen production industry by the high cost of noble metals. Consequently, 

finding a way to get rid of using the expensive noble metals is of prime value in achieving the 

photocatalyst simplicity and low cost of the process and thus is crucially important for practical 

applications [5,16].   

A more recent attractive finding is that hydrogen can be produced from water by co-catalyst 

free-based TiO2 photocatalysts, allowing the manufacture of such photocatalytic materials on large scale 

to fulfill economic and commercial goals [16–18]. The co-catalytic effect attained by noble-metal 

decoration can be also achieved by introducing intrinsic co-catalytic active centers (e.g., oxygen vacancy 
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(Vo), Ti3+) into TiO2 [18–24], which is called defective (colored or reduced) TiO2. Introducing such 

intrinsic active centers can facilitate the electron transfer and consequently boost the photocatalytic 

efficiency [19,20]. A specific kind of reduced TiO2 shows photocatalytic hydrogen generation efficiency 

relative to that of Pt-based TiO2 [16]. The preparation of the defective TiO2 materials generally includes 

treating TiO2 by reductive conditions in addition to operating at high-pressure/high temperature 

conditions [19,21–24]. Other types can be prepared using less harsh conditions (e.g., solvothermal 

processes), but dangerous or costly chemicals are still required [16,25,26]. The method used to form 

defects in TiO2 requires to be more cost-effective and environmentally friendly. 

Nitrogen (N) doping, a well-known strategy for activating TiO2 under visible light by reducing 

its bandgap, can concurrently create Vo in the structure [27–32]. Although N-doping in TiO2 can be 

achieved under milder and safer conditions than those utilized to make defective TiO2 [29], the resulting 

Vo in N-doped TiO2 (and sole Vo in TiO2) is thought to act as recombination centers for photogenerated 

charge carriers, reducing its solar (UV light-induced) photocatalytic efficiency [31,32]. Some reports, on 

the other side, claim that a specific type of Vo in TiO2 can enhance charge separation and photocatalytic 

performance [33–36]. If properly designed, TiO2 with both N-doping and Vo appears to be a promising 

platform for promoting the solar hydrogen generation process. 

2.2 Chapter scope 

In this chapter, we describe the synthesis of nitrogen-doped TiO2 photocatalyst with concomitant 

oxygen vacancies by calcination of a spherical assembly of layered titanate nanosheets containing an 

organic N source, N,N-dimethylformamide (DMF), as the synthesis solvent. This method drives the 

topochemical transformation of the layered titanate precursor into spherically assembled nanosheets 

made up of anatase TiO2 having both nitrogen dopant and oxygen vacancies (Vo). The developed 

photocatalyst demonstrates cutting-edge co-catalyst-free solar hydrogen generation activity from 

water, which can be attributed to high charge separation efficiency caused by Vo and possibly 

hierarchically mesoporous nature [37–40]. 
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Figure 2.1. Graphical representation for the preparation of layered titanate precursor (H2Ti2O5·nH2O) 

and the transformation of layered titanate nanosheets into anatase TiO2 having N dopant and Vo. 

Reprinted with permission from {Applied Catalysis B: Environmental 285 (2021): 119755} Copyright 

{2020} Elsevier B.V. 

 

2.3 Experimental Details 

2.3.1 Materials 

All chemicals were utilized as recieved. N,N-dimethylformamide (99.8%), titanium (IV) butoxide (97%), 

and P25 were purchased from Sigma-Aldrich. Isopropyl alcohol (99.8%) was purchased from 

Chameleon. 

2.3.2 Preparation of layered titanate precursor 

The solvothermal procedure reported by Lou's group [41] was modified to produce the layered 

protonated titanate (LPT) precursor. After mixing 25 ml of isopropyl alcohol (IPA) with 8.3 ml of N,N-

dimethylformamide (DMF) for several minutes, titanium (IV) butoxide was added (TBOT, 0.83 ml). The 

solution was then transferred to a stainless-steel autoclave lined with Teflon and held at 200°C for 24 

hours. The precipitate was recovered by centrifugation at 3500 rpm for 10 minutes after the autoclave 

had cooled, washed with ethanol multiple times, and dried at 60°C to obtain LPT. 
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2.3.3 Synthesis of the catalyst 

TiO2 mesoporous spheres was obtained by the calcination of LPT precursor in an alumina crucible at 

450°C for 2 hours at a heating rate of 2°C min–1. LPT-450 was the name given to the calcined product. 

LPT was also calcined at temperatures of 550, 650, and 750°C to produce LPT-550, LPT-650, and LPT-

750, respectively. Similarly, Solv-P25-450, a control sample, was made with P25, DMF, and IPA. 

2.3.4 Characterization 

A Rigaku SmartLab diffractometer was used to collect powder X-ray diffraction (XRD) data, with Cu K 

radiation at 40 kV and 30 mA at a scan rate of 1 min–1. Micro-Raman scattering measurements were 

performed at room temperature with a 532 nm excitation light source (Photon Design Company). A 

Shimadzu FTIR-4200 was used to measure FTIR spectra. A Hitachi SU-8230 microscope operating at 

10.0 kV was used to observe field emission scanning electron microscopy (FE-SEM) pictures. A JEOL 

JEM-2100F transmission electron microscope was used to obtain TEM pictures at a voltage of 200 kV. 

A PHI Quantera SXM equipment was used to perform X-ray photoelectron spectroscopy (XPS) using Al 

K radiation at 20 kV and 5 mA. The C1s level at 285.0 eV was used to calibrate the binding energy shift. 

Using a JEOL FA-200, an electron paramagnetic resonance (EPR) investigation was performed at room 

temperature with a microwave power of 0.05 mW. A Hitachi TG/DTA6200 was used to record 

thermogravimetric curves. A JASCO V-570 spectrophotometer was used to record UV-vis diffusion 

reflectance spectra (UV-DRS). On a Varian 600PS solid NMR spectrometer, 1H and 13C magic angle 

spinning (MAS) nuclear magnetic resonance (NMR) spectra were collected. The 1H and 13C resonance 

frequencies were tuned to 600 and 151 MHz, respectively. For 1H NMR, a 3.2 mm diameter zirconia 

rotor with a rotation speed of 20 kHz was utilized, while for 13C NMR, a 6 mm diameter zirconia rotor 

with a rotation speed of 7 kHz was used. The sample was heated to 150 °C under N2 flow before the 1H 

NMR test to eliminate water molecules. After the samples had been evacuated at 100°C for 12 hours, N2 

adsorption/desorption was performed at 196°C using a MicrotracBel BELMAX. 

2.3.5 Hydrogen evolution experiment 

In a Pyrex glass test tube (34 mL), 2 mg of the photocatalyst was dispersed in 5 ml aqueous methanol 

solution (1/1 in V/V), with no noble metal co-catalyst (such as Pt) added. The solution was deaerated 
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for 30 minutes with Ar bubbling, then sealed with a silicone rubber septum before being irradiated with 

a solar simulator (San-Ei Electric Co., Ltd.). A Shimadzu GC-2010 plus gas chromatograph with a BID 

detector was used to measure the evolved H2 in headspace. A Pyrex glass tube was irradiated with 

monochromated light using a Ushio 500 W Xe lamp equipped with a Bunkoukeiki SM-25 

monochromator for AQY percent determination. A Bunkoukeiki S1337-1010BQ silicon photodiode was 

used to determine the number of incident photons. 

Apparent quantum yield (AQY %) for the hydrogen evolution reaction was calculated using the 

following equation: 

𝐴𝑄𝑌 % =
number of evolved hydrogen molecules x 2

number of incident photons
 𝑥 100 

 

2.4 Results and discussion 

2.4.1 Structural and morpholical characterizations 

The layered protonated titanate (LPT) nanosheets were prepared solvothermally from titanium n-

butoxide (TBOT) in N, N-dimethylformamide (DMF) and isopropyl alcohol (IPA) at 200 °C for 24h. TiO2 

hierarchical mesoporous spheres were obtained by calcining the prepared LPT in the air at 450 °C. The 

powder X-ray diffraction (XRD) pattern of LPT is presented in Figure 2.2a. The layered structure of LPT 

is confirmed by the presence of a strong peak at 2θ = 9.1°. Moreover, the XRD pattern revealed that the 

LPT structure is indexed to the typical layered crystal structure of H2Ti2O5·nH2O [42]. The interlayer 

spacing of the layered LPT is calculated to be about 0.96 nm. By calcination of LPT at 450 °C in air, the 

LPT is transformed into an anatase TiO2 structure (labeled as LPT-450), as shown in Figure 2.2a. 

Likewise, the phase purity of prepared samples is further confirmed by Raman spectroscopy, a 

more surface-sensitive tool that is well-proper to distinguish nanocrystalline impurities. As shown in 

Figure 2.2b, the prepared LPT exhibited significant peaks at 275, 385, 449, and 705 cm-1, which is 

ascribable to H2Ti2O5.nH2O [43,44]. Additionally, Raman spectra confirmed the structure of the obtained 

anatase TiO2 by the calcination of LPT at 450 °C, consistent with XRD data (Figure 2.2a). 
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Figure 2.2. a) XRD patterns and b) Raman spectra of LPT and LPT-450. Reprinted with permission from 

{Applied Catalysis B: Environmental 285 (2021): 119755} Copyright {2020} Elsevier B.V. 

 

The morphology was then observed by SEM and TEM analyses. As presented in SEM and TEM 

images (Figure 2.3a and inset), LPT is shown to be comprised of spherically assembled nanosheets of 

H2Ti2O5·nH2O. The BET surface area of the LPT hierarchical spheres was 150 m2 g–1, which was higher 

than that of a conventional nanoparticulate P25 TiO2 (Figure 2.4a). The layered structure of LPT was 

converted to anatase TiO2 after calcination at 450°C in air, whereas the initial hierarchical spherical 

morphology and high BET surface area were preserved (Figure 2.4a and 2.3c). 

 

Figure 2.3. a-d) SEM, TEM, and HRTEM images of LPT and LPT-450. Reprinted with permission from 

{Applied Catalysis B: Environmental 285 (2021): 119755} Copyright {2020} Elsevier B.V. 

 

The calcined product (LPT-450) was also proven by high-resolution TEM imaging to be made 

up of assemblies of nanosheets of anatase nanoparticles (Figure 2.3d). Moreover, the hysteresis loop, 

shown in Figure 2.4a, proved the mesoporous nature of LPT and LPT-450 hierarchical spheres. The 

pore size distribution curve (Figure 2.4b) revealed the formation of a uniform mesoporous structure.  
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Figure 2.4. a) N2 adsorption–desorption isotherms, b) pore-size distribution curves of different samples. 
Reprinted with permission from {Applied Catalysis B: Environmental 285 (2021): 119755} Copyright 

{2020} Elsevier B.V. 

 

Therefore, the original LPT was topochemically converted into hierarchical mesoporous 

anatase TiO2. Assembling this unique mesoporous structure with the hierarchical structure and the high 

surface area is expected to be useful in the migration of photogenerated electron-hole pairs and 

improving the photocatalytic activity of LPT-450 [45]. 

2.4.2 Organic content detection (N content) for possible N doping 

The as-prepared LPT was further characterized by FTIR, TG-DTA, and solid-state 13C cross-polarization 

(CP) MAS NMR analyses to detect the existence of organic species for possible nitrogen doping in LPT-

450 during the topochemical conversion process. FTIR spectra (Figure 2.5a) confirm the presence of 

organic species (e.g., C-H, N-H, and C-N) in LPT composition, which can be adsorbed or intercalated 

during the hydrothermal reaction. The weight loss observed in the TG curve (Figure 2.5b) coincides 

with the decomposition behavior in the DTA curve. The 12.8% weight loss is assigned to evaporating 

adsorbed water molecules and decomposing the intercalated and/or adsorbed organic components. 

DTA data further confirm that organic species can be completely decomposed and vaporized at 450 °C. 
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Figure 2.5. a) FTIR spectra, b) TG-DTA curves of LPT. Reprinted with permission from {Applied Catalysis 

B: Environmental 285 (2021): 119755} Copyright {2020} Elsevier B.V. 

 

Solid-state 13C CP MAS NMR data (Figure 2.6) proved that DMF and dimethylamine (DMA, 

decomposed product of DMF), can be intercalated in LPT during the solvothermal reaction. In the case 

of LPT-450, it was anticipated that the calcination will result in entire condensation of the layered 

structure (i.e., shrinkage of interlayer space) as well as the complete decomposition and vaporization 

of organic components, hardly showing any such peaks. To get more insights into the intercalation of 

organic species, we treated P25 (commercial TiO2) with the same hydrothermal conditions used to 

synthesize LPT, then calcined in air at 450 °C and checked out the possibility of the incorporation of 

organic species to P25 lattice. Figure 2.6 revealed that DMF and/or its decomposition products (DMA) 

cannot be incorporated into P25 crystal spaces, showing the advantages of layered LPT structure for 

accepting organic impurities to their structure and becoming doped in the calcined sample (LPT-450). 

Because LPT has only a small amount of water molecules in the interlayer space (H2Ti2O5.xH2O, Figure 

2.2a) and its gallery height is estimated as 0.42 - 0.69 nm by deducting the single-layer thickness (0.27 

- 0.54 nm) from the basal spacing (0.96 nm, Figure 2.3b), DMF and DMA were probably positioned in 

the interlayer space of nanosheets, as well as between nanosheet, and decomposed before introducing 

them as an N dopant in the anatase structure of the calcined product (LPT-450).  
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Figure 2.6. 13C NMR spectra of LPT, LPT-450, Solv-P25, and Solv-P25-450. Reprinted with permission 

from {Applied Catalysis B: Environmental 285 (2021): 119755} Copyright {2020} Elsevier B.V. 

 

2.4.3 Chemical state and oxygen vacancy (Vo) determination 

XPS analysis was checked out for studying the chemical states of surface elements in LPT and LPT-450 

and to determine a probable creation of Vo in LPT-450. The N 1s core-level XPS spectra obtained from 

LPT (Figure 2.7a) exihibited an N 1s peak at 402.2 eV, which corresponds to chemisorbed N or surface 

N-H of amine moieties in DMF decomposition product (DMA) [46,47], supporting the successful 

incorporation of organic species in layered titanate structure and consistent with 13C NMR results 

(Figure 2.6). In the case of LPT-450, the N 1s XPS peak at 400.1 eV (Figure 2.7a) was typically ascribed 

to the interstitial nitrogen dopant, suggesting the existence of the Ti−O−N bond and the associated 

production of Vo [30,31]. The absence of N 1s peak at 402.2 eV in LPT-450 further confirms the N doping 

since it probably disappears during the doping process, just after calcination of LPT. Thus, N 1s XPS 

spectra confirmed the origin of nitrogen as intercalated or chemisorbed N species (comes from DMF 

and DMA) and proved the successful doping of N into TiO2 lattice with concomitant Vo. The amount of 

N in LPT-450 was calculated to be 0.4 atomic%. 
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As depicted in Figure 2.7 (b, c), LPT showed a Ti 2p3/2 peak at 459.1 eV, a Ti 2p1/2 peak at 

464.7 eV, and an O 1s peak at 530.7 eV. In the case of LPT-450, the Ti 2p3/2, Ti 2p1/2, and the O 1s 

peaks appeared at 458.8, 464.5 eV, and 530.1 eV, respectively. It is noticed that the binding energies of 

Ti and O in LPT-450 are shifted toward negative direction compared with LPT, which is explained by 

the fact that H2Ti2O5·nH2O (K2Ti2O5) is made up of uniquely five-coordinated Ti atoms, different from 

almost all phases of titania, including anatase, which is made up of six-coordinated Ti atoms [48,49]. 

Additionally, Ti 2p XPS spectra (Figure 2.7b) prove the existence of the only Ti4+ in LPT and LPT-450 

and there are no characteristic peaks was observed for Ti3+ (around 457.1 eV) [50]. The O 1s peaks 

(Figure 2.7c) also suggest the presence of both lattice O (530.7 eV and 530.1 eV) and surface OH groups 

(shoulder peaks at 532.4 eV and 532.2 eV) in LPT and LPT-450, respectively. From XPS analysis, it is 

concluded that the N doping is accompanied by Vo formation (will be confirmed later). Importantly, it 

was also reported that nitrogen doping is important in stabilizing the oxygen-deficient sites by blocking 

its re-oxidation [51,52]. Furthermore, this kind of N doping accompanied by Vo is expected to greatly 

influence the photocatalytic properties of TiO2. 

 

Figure 2.7. a) N 1s, b) Ti 2p, and c) O 1s high resolution XPS spectra of LPT and LPT-450. Reprinted with 

permission from {Applied Catalysis B: Environmental 285 (2021): 119755} Copyright {2020} Elsevier B.V. 

 

The creation of Vo in LPT-450 was further confirmed by electron paramagnetic resonance (EPR) 

analysis. Figure 2.8a shows that a significant EPR signal was obtained in LPT-450 at g = 2.001, which 
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is a characteristic feature of Vo, and no obvious EPR signal is observed for commercial TiO2 (P25) which 

is made up of anatase and rutile mixture with a moderately high crystallinity [53,54]. Furthermore, the 

Ti3+ signal at g = 1.97 did not exist, which is consistent with the XPS data. In most cases, the formation 

of Vo is linked to trapped electrons in Vo sites, resulting in color centers (called F-centers). F-centers 

(electron pair trapped in Vo, equation 1), F+-centers (a single electron trapped in Vo, equation 2), and 

F++-centers (electron pair deficient Vo or anion vacancy, equation 3) are the three types of color centers 

in TiO2 [55]. 

 

 

Figure 2.8. a) Electron paramagnetic resonance (EPR) spectra and b) 1H MAS NMR spectra of LPT-450 

and P25. Reprinted with permission from {Applied Catalysis B: Environmental 285 (2021): 119755} 

Copyright {2020} Elsevier B.V. 

 

The shape and sharp EPR signal (Figure 2.8a) prove that the material possesses F⁺-centers (an 

electron trapped in Vo) [5,56]. Interestingly, the trapped electron in Vo has been shown to deliver 

photocatalytic activity with better performance [56]. Therefore, the EPR results further proved that our 

sample is expected to have improved photocatalytic hydrogen production activity.   

Vo + 2e– → F               (1) 

Vo + e– → F+                (2) 

Vo + 0e– → F++             (3) 
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A solid-state 1H MAS NMR study was performed to validate the existence of Vo in LPT-450. As 

seen in Figure 2.8b, LPT-450 has a substantially stronger peak at 1.7 ppm, which is ascribed to terminal 

hydroxyl groups [57,58]. The existence of such groups in anatase has been associated with the 

introduction of Vo in the lattice [59]. 

2.4.4 Optical characteristics of LPT-450 

The electronic properties of TiO2 are usually altered by doping with non-metal elements, such as N, and 

the introduction of Vo. Using diffuse-reflectance UV-vis spectroscopy and valence band (VB) XPS studies, 

we were able to determine the electronic band structure of LPT-450. LPT-450 exhibits substantial 

visible light absorption up to 500 nm, as described in Figure 2.9a, due to the existence of the N dopant 

and Vo. The Tauc plot (Figure 2.9b) generated from the UV-vis results showed the bandgap energy of 

LPT-450 to be 3.08 eV, which is agreeing with the average known bandgap value of anatase (3.1 - 3.2 

eV). The VB peak was determined at 2.69 eV in the VB XPS spectra of LPT-450 (Figure 2.9c). Thus, the 

energy diagram of LPT-450 could be drawn as described in Figure 2.9d by combining the existing data. 

LPT-450's bandgap (3.08 eV) is too wide to make it visible light active (> 400 nm). Nevertheless, the 

created Vo, which has been demonstrated to donate electrons in TiO2 [60], can enhance charge 

transport in LPT-450 and push the Fermi level toward the CB, hence improving charge separation 

efficiency [33,61,62]. Moreover, we thought that the produced Vo may prefer to be on the surface rather 

than in the bulk since LPT-450 is two-dimensional, trapping photogenerated electrons and preventing 

charge recombination [34,36]. 
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Figure 2.9. a) UV-Vis spectra and optical image (inset), b) Tauc plot, c) Valence band (VB) XPS, and d) 

energy band diagram of LPT-450. Reprinted with permission from {Applied Catalysis B: Environmental 

285 (2021): 119755} Copyright {2020} Elsevier B.V. 

 

2.4.5 Photocatalytic hydrogen production 

The photocatalytic H2 production activity from water containing methanol as a sacrificial agent was 

examined under the solar irradiation (λ > 300 nm, 1 SUN) without utilizing any cocatalyst. Figure 2.10 

(a, b) shows continuous H2 evolution profiles and the rate of H2 generation under solar light irradiation, 

respectively. As expected, the highest photocatalytic H2 production is correlated to LPT-450 with a 

maximum rate of 1035 µmole h-1 g-1, which was 33 times greater than that of P25, a benchmark TiO2 

photocatalyst. The hydrogen production activity of LPT-450 was also much greater than that of other 

co-catalyst-free defective TiO2 photocatalysts (~300 µmole h–1 g–1) [5]. The stability of the LPT-450 was 

further investigated for hydrogen evolution under solar light (Figure 2.10c).  LPT-450 showed high 

durability toward hydrogen evolution reaction since it provided stable solar hydrogen generation 

without losing the initial activity (Figure 2.10c).   
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Figure 2.10a showed that LPT possesses no activity toward the current photocatalytic process. 

The activity of a control sample (Solv-P25-450) produced by solvothermal treatment of P25 with DMF 

(and IPA) followed by calcination at 450 ˚C was nearly identical to that of P25. The fact that P25 was 

unable to adsorb N precursors to be doped in the lattice (Figure 2.6) supports these results. The 

advantages of the present material design for LPT-450 are revealed by our findings. 

 

Figure 2.10. a) H2 evolution profile, b) rate of hydrogen evolution of LPT, LPT-450, P25, and Solv-P25-

450, c) stability test for 6 h of LPT-450, and d) AQY% and optical image (inset) of LPT-450. Reprinted 

with permission from {Applied Catalysis B: Environmental 285 (2021): 119755} Copyright {2020} 

Elsevier B.V. 

 

Moreover, AQY% was estimated under various wavelengths to additionally evaluate the 

hydrogen generation efficiency of LPT-450 (Figure 2.10d). Under identical reaction conditions, the 

AQY of 16% was attained at 365 nm, which is close to that of Pt-modified P25 (28% at 365 nm) and a 

co-catalyst-free defective TiO2 with remarkably high activity (44% at 365 nm) [16]. On the other hand, 

the AQY in the visible light range (> 400 nm) did not correspond to its photoabsorption. This data shows 

the insignificant response of the material to visible light and delivers proof of the abovementioned 

photocatalytic mechanism where the generated Vo largely improved charge separation and 
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photocatalytic performance. Accordingly, it is worth noting that LPT-450 can be available utilizing a 

more convenient way than for traditional reduced TiO2, delivering more economically convenient state-

of-the-art-level co-catalyst-free solar hydrogen production activity. 

Moreover, even when the irradiation period was increased, LPT-450 exhibited identical activity 

and stability (Figure 2.11). These results confirm again the durability of the LPT-450 toward solar 

hydrogen generation from water. 

 

Figure 2.11. Hydrogen evolution profiles and recycled hydrogen evolution on LPT-450 for a longer 

irradiation period. Reprinted with permission from {Applied Catalysis B: Environmental 285 (2021): 

119755} Copyright {2020} Elsevier B.V. 

 

LPT-450, as illustrated in Figure 2.4a, has a greater surface area (99.4 m2 g–1) and considerably 

higher mesoporosity than commercial TiO2 such as P25 (50 m2 g–1). Therefore, the high activity toward 

the present photocatalytic reaction may be attributed to both morphological character (hierarchical 

mesoporous sphere) and suitable band structure of the photocatalyst. 

Eventually, we examined the dependence of the structure and photocatalytic efficiency of the 

samples on the calcination temperature of LPT. XRD patterns and Raman spectra (Figure 2.12a, b) 

showed the phase transformation of LPT into TiO2 after the calcination of LPT from 450 ˚C to 750 ˚C. 

LPT was converted to anatase (at 450 ˚C and 550 ˚C), anatase/rutile mixture (at 650 ˚C), and pure rutile 

(at 750 ˚C).  
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Figure 2.12.  a) XRD patterns, b) Raman spectra of calcined LPT products at different temperatures. 

Reprinted with permission from {Applied Catalysis B: Environmental 285 (2021): 119755} Copyright 

{2020} Elsevier B.V. 

 

SEM micrographs (Figure 2.13) additionally confirmed that LPT-550 and LPT-650 were made 

up of hierarchical anatase assemblies, like LPT-450, but LPT-750 was made up of rutile particles. 

However, LPT-450 had a higher photocatalytic H2 evolution efficiency than the others (Figure 2.14a). 

Lowering the calcination temperature of LPT may restrain the entire elimination of intercalated and/or 

adsorbed organic impurities (Figure 2.5b), resulting in successful N doping with concurrent Vo 

creation in the calcined product, enhancing the photocatalytic performance. 

 

Figure 2.13. SEM micrographs of calcined LPT products at different temperatures. Reprinted with 

permission from {Applied Catalysis B: Environmental 285 (2021): 119755} Copyright {2020} Elsevier B.V. 
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Figure 2.14. Dependence of the photocatalytic hydrogen evolution activity on the LPT calcination 

temperature. Reprinted with permission from {Applied Catalysis B: Environmental 285 (2021): 119755} 

Copyright {2020} Elsevier B.V. 

 

2.5 Summary 

This work describes a novel, simple, and safe method for producing oxygen-defective TiO2 which 

provides effective co-catalyst-free solar photocatalytic hydrogen generation activity from water. The 

synthetic procedure includes the topochemical transformation of a layered titanate (H2Ti2O5·nH2O) 

nanosheet mesoporous assembly, containing nitrogen source in the structure, into mesoporous 

nanosheets assemblies of anatase nanoparticles with both N dopant and concurrently introduced 

oxygen vacancies. Under solar light irradiation, the obtained material exhibited superb photocatalytic 

activity that is significantly greater than that of many common kinds of co-catalyst-free defective TiO2. 

Enhancing the photocatalytic activity is attributed to nitrogen doping-induced oxygen vacancies, which 

can promote charge separation. The morphological nature of the material may also partake in raising 

the photocatalytic activity through providing a high surface area and improving the light absorption 

properties. TiO2 and titanates are available with various structures and morphologies, and therefore, 

the synthetic approach described here is expected to be expanded for introducing additional TiO2 and 

titanate-based co-catalyst free materials with better activity toward many energy and environmental 

applications. 
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Chapter 3:  

Facile synthesis of layered titanate nanowires for photocatalytic removal 

of toxic metal cations 

3.1 Introduction  

Water pollution has become more prevalent because of the rapid population and industrial growth. In 

addition to other demands, water consumption has expanded dramatically in the agricultural, industrial, 

and home sectors, consuming large amounts of the available freshwater, allowing various pollutants to 

get into the water. Among various pollutants, heavy metal cations are one of the most pressing pollution 

problems due to their nonbiodegradability and bioaccumulation in living tissues and therefore have 

been studied by many researchers worldwide.  Different methods have been introduced for addressing 

the heavy metal ions pollution problem including adsorption, precipitation, ion exchange, biological 

processes, and reverse osmosis [1]. Among them, ion exchange is considered a promising technology in 

a wide range of practical applications, including the removal of toxic compounds and the collection of 

noble elements from water.  

 Due to their great surface area (considerable ion exchange capacity) and chemical and thermal 

stabilities, layered inorganic solids, which are made up of inorganic nanosheets and interlayer 

exchangeable ions, have been widely investigated as ion exchangers [2–4]. Back exchange processes 

easily liberate collected ions from layered inorganic materials, which restricts their practical 

applicability. Various layered inorganic materials, such as synthetic micas, on the other hand, undergo 

structural collapse during ion exchange, resulting in tight immobilization of collected ions in the 

interlayer region (so-called irreversible ion exchange) [5,6]. Consequently, the complete collection and 

the safe disposal of collected hazardous ions from water can be achieved. Nevertheless, since the ion 

diffusion in layered materials is notoriously slow, new layered solid-based ion exchangers with both 

rapid adsorption and immobilization capabilities for metal cations are required. Therefore, effective 

collection and safe disposal of harmful metal cations from aqueous solutions are crucial for the 
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application of such materials in environmental remediation [5]. 

A photocatalytic process, in which the light energy is used to generate electron-hole pairs in the 

semiconducting material, can spontaneously reduce the adsorbed metal cations and fix metals on 

surfaces. Thus, it is considered a safer disposal process than adsorption and ion exchange processes. 

However, the development of photocatalysts for this reaction is yet challenging [7,8].  

In recent decades, one-dimensional (1D) TiO2 nanostructures have drawn big attention due to 

their interesting physicochemical properties.  TiO2 nanowires (NWs) are a particularly important family 

of 1D nanostructures because they provide a high specific surface area, excellent accessibility, and 

unique charge transport (separation) capabilities [9–11]. TiO2 NWs are being applied in a variety of 

environmental and energy-related applications, including photocatalysis, solar cells, and 

supercapacitors [12–18]. 2D layered titanates, on the other hand, have been widely studied for a variety 

of environmental and energy applications [19–23]. Lepidocrocite-type layered titanates have 

considerable merits over other layered titanates, including rich intercalation chemistry, high exfoliation 

ability, and composition-tunable characteristics [24–26]. Owing to these interesting properties, they 

have been used in such applications as cation exchange, adsorption, photocatalysis [27–32]. The 

dimensional control of the 2D layered structure to the 1D NW structure of lepidocrocite-type layered 

titanates has the potential to improve properties and open new applications [33–36]. Nevertheless, the 

synthesis of its NW structure was reported in a few studies, and the traditional synthetic processes are 

comparatively difficult without utilizing lepidocrocite-type layered titanates as starting materials [33–

36]. Moreover, the improved photocatalytic activity of lepidocrocite-type layered titanates, which is 

critical for practical applications, has been barely reported. 

3.2 Chapter scope 

Considering the above explanations and the fact that TiO2 NWs have shown dramatically enhanced 

photocatalytic activity when compared to bulk TiO2, layered titanate NWs might show excellent 

adsorption/immobilization ability for metal ions under irradiation of light. From this point of view, we 

report here on a simple synthesis of NWs of a layered titanate with a lepidocrocite structure, KxTi2-

x/3Lix/3O4 (named KTLO), one of the most studied layered titanates. KTLO NW structure is successfully 
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synthesized by a simple one-pot solvothermal reaction (Scheme 1). The obtained KTLO NWs exhibit 

efficient and rapid adsorption/immobilization of Cd2+ from water with the assistance of 

photoirradiation, which cannot be achieved by even state-of-the-art cation exchangers and a 

benchmark TiO2. A combination of 1D and 2D structural characteristics, outstanding cation exchange 

ability, and high photo-induced charge separation/photocatalytic efficiency gave rise to these traits. 

 

Scheme 3.1. Graphical representation for the synthesis of KTLO NWs through 

decomposition/recrystallization of KTLO under solvothermal conditions (upper). That of anatase TiO2 

through dissolution/deposition of KTLO is also shown (lower). Color coding: red = O, purple = K, green = 

Ti. Reprinted with permission from {Inorganic chemistry 58.12 (2019): 7989-7996} Copyright {2019} by 

American Chemical Society. 

 

3.3 Experimental details 

3.3.1 Materials 

All chemicals were utilized as received. K2CO3 (99.5%) was purchased from Nacalai Tesque, Li2CO3 

(>98%), and tetrapropylammonium hydroxide (TPAOH, 40 wt% aqueous solution) was purchased from 

Tokyo Chemical Industry, ammonium fluoride (NH4F) was purchased from Sigma Aldrich, and TiO2 P25 

was purchased from Nippon Aerosil. Anatase (JRC-TIO-1) was supplied by the Catalysis Society of Japan. 

CdCl2 (99.9%) and NiCl2 (99.9%) were purchased from STREM chemicals and Sigma Aldrich, 

respectively. Formic acid (98%) and H2PtCl6·6H2O (99.9%) were purchased from Wako Pure Chemical 

Industry. 



 64 

3.3.2 Preparation of KTLO 

KTLO was prepared by the solid-state reaction using K2CO3, Li2CO3, and TiO2 P25 with a molar ratio of 

2.4: 0.8: 10.4 according to the previous report [37]. The starting materials were mixed in agitating 

mortar for 2 h. The mixture was then calcined in air for 20 hours at 600°C. After cooling to room 

temperature, the powder was re-mixed before being calcined in air at 600°C for another 20 hours. 

3.3.3 Synthesis of KTLO NWs 

A Teflon-lined stainless-steel autoclave containing the mixture of 0.78 g of TPAOH, 0.014 g of NH4F, and 

0.2 g of KTLO, was kept at 170 ˚C for 7 days. The product was washed after the solvothermal reaction 

with ethanol and dried at 60 ˚C. Under the same conditions, anatase nanoparticles (with a primary 

particle size of around 20 nm) were solvothermally treated. For mechanistic objectives, the 

solvothermal reaction of KTLO was carried out at 170°C under various conditions (TPAOH quantity, 

reaction duration). 

3.3.4 Characterization 

3.3.4.1 Structural characterization 

A Rigaku SmartLab diffractometer was used to collect powder X-ray diffraction (XRD) data, with Cu K 

radiation at 40 kV and 30 mA at a scan rate of 1 min–1. Micro-Raman scattering measurements were 

performed at room temperature with a 532 nm excitation light source (Photon Design Company). A PHI 

Quantera SXM equipment was used to perform X-ray photoelectron spectroscopy (XPS) using Al K 

radiation at 20 kV and 5 mA. The C1s level at 285.0 eV was used to calibrate the binding energy shift. 

3.3.4.2 Morphological characterization 

A Hitachi SU-8230 microscope operating at 10.0 kV was used to observe field emission scanning 

electron microscopy (FE-SEM) pictures. A JEOL JEM-2100F transmission electron microscope was used 

to obtain TEM pictures at a voltage of 200 kV.  

3.3.4.3 Thermal and Optical measurements 

A Hitachi TG/DTA6200 was used to record thermogravimetric curves. UV−Vis spectra were obtained 

with a JASCO V-570 spectrophotometer. 
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3.3.4.4 Elemental analysis 

An Agilent 710-ES spectrometer was used to perform inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). 

3.3.5 Photoreduction and cation exchange of metal cations 

In the photoreduction experiment, the catalyst (15 mg) was placed in a Pyrex glass tube (34 mL) filled 

with an aqueous solution of CdCl2 (20 mL, ca. 50 for Cd2+) or NiCl2 (20 mL, 95 ppm for Ni2+) and 

deaerated by Ar bubbling. Methanol was used during the reaction as a sacrificial agent. Under stirring, 

a solar simulator (San-Ei Electric, > 300 nm, 1000 Wm2) was used to irradiate the glass tube, which was 

sealed with a rubber septum. The concentration of Cd2+ or Ni2+ in the supernatant was determined by 

ICP-AES after the mixture had been separated. To validate the deposition of Cd and Ni, XRD and XPS 

were used to examine the recovered catalyst. Cd2+ or Ni2+ cation exchange was performed in the absence 

of light irradiation. 

3.3.6 Photocatalytic Formic acid oxidation 

In a Pyrex glass tube (34 mL), the catalyst (15 mg) was dispersed in an aqueous solution (5 mL) 

containing 5 vol percent formic acid and then aerated by O2 bubbling. Under stirring, a solar simulator 

(San-Ei Electric, > 300 nm, 1000 W m2) was used to irradiate the glass tube, which was sealed with a 

rubber septum. A Shimadzu GC-2010 plus gas chromatograph with a BID detector was used to measure 

CO2 in the headspace.  

3.3.7 Photocatalytic Hydrogen production 

In a Pyrex glass test tube (34 mL), 15 mg of the photocatalyst was dispersed in 5 ml aqueous methanol 

solution (1/1 in V/V). Pt (0.5 wt%) was used as a co-catalyst. The solution was deaerated for 30 minutes 

with Ar bubbling, then sealed with a silicone rubber septum before being irradiated with a solar 

simulator (San-Ei Electric Co., Ltd.). A Shimadzu GC-2010 plus gas chromatograph with a BID detector 

was used to measure the evolved H2 in the headspace. 
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3.4 Results and Discussion 

3.4.1 Formation and properties of KTLO NWs 

Under alkali solvothermal conditions, TiO2 materials are transformed to their 1D nanostructure (e.g., 

nanotubes), as is well known. Interzeolite conversion, on the other hand, inspired the current 

established solvothermal process for synthesizing KTLO NWs, which is now acknowledged as a viable 

approach for strategically designing zeolites [38,39]. In this process, it is suggested that the original 

zeolite decomposes into smallish segments (so-named nanoparts) and the nanoparts recrystallize into 

another zeolite under solvothermal conditions via the help of structure-directing agents and 

mineralizers. Therefore, the above conversion strategy drove us to develop a new solvothermal reaction 

to transform 2D KTLO into 1D KTLO NWs. 

The starting material (KTLO) was synthesized by solid-state reaction at 600 ˚C, followed by the 

solvothermal reaction in the existence of TPAOH and NH4F at 170 ˚C to synthesize KTLO NWs, as 

described in the experimental section. As depicted in the SEM micrograph (Figure 3.1a), the original 

KTLO was found to be composed of platelike particles with a thickness of 5-10 nm and a lateral size of 

100-200 nm. The solvothermal product was formed of nanowire-shape particles with a length of several 

hundreds of nanometres and a diameter of approximately 10 nm (named KTLO NWs), as depicted in 

Figure 3.1b.  

 

Figure 3.1. SEM micrographs of a) KTLO and b) KTLO NWs. Reprinted with permission from {Inorganic 

chemistry 58.12 (2019): 7989-7996} Copyright {2019} by American Chemical Society. 
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Additionally, XRD and Raman analyses (Figure 3.2a, b) proved that the KTLO NWs product 

possesses the same diffraction patterns and Raman peaks of the original KTLO (just a little portion of 

anatase was included in the NW yield), revealing that the KTLO NWs product is maintaining the layered 

structure of the original layered KTLO. In combination with the XRD findings, HRTEM and ED (Figure 

3.2d) confirmed the layered structure of KTLO NWs with an interplanar spacing of 0.79 nm. 

 

Figure 3.2. a) XRD patterns, b) Raman spectra of KTLO and KTLO NWs, and c) HRTEM image and ED 

pattern of KTLO NWs. Reprinted with permission from {Inorganic chemistry 58.12 (2019): 7989-7996} 

Copyright {2019} by American Chemical Society. 

 

We investigated the composition of the produced KTLO NWs since the hydration/swelling 

ability of layered materials is dependent on the composition (layer charge density), and KTLO has the 

empirical formula KxTi2-x/3Lix/3O4 (the range of x studied was 0.6 ~ 0.8). The composition of KTLO and 

KTLO NWs was estimated to be K0.80Ti1.73Li0.27O4 and K0.63H0.21Ti1.72Li0.28O4, respectively, based on ICP 

analysis presented in Table 3.1. 

Table 3.1. Composition of KTLO and KTLO NWs. Reprinted with permission from {Inorganic chemistry 

58.12 (2019): 7989-7996} Copyright {2019} by American Chemical Society 

 

 Composition (mass%)[a] 

 K Ti Li 

KTLO 16.1 43.0 0.92 

KTLO NWs 12.8 44.5[b] 0.94 

[a] Determined by ICP of the dissolved samples with HF. 

[b] Including the Ti content of anatase as impurity. 
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KTLO and KTLO NWs have nearly identical layer charge densities (([Ti1.73Li0.27O4]0.80− vs 

[Ti1.72Li0.28O4]0.84−), whilst KTLO NWs have a lower quantity of the interlayer K+ (H+ should exist to 

neutralize the negative charge of the layers). Consequently, more interlayer H2O (or H3O+) molecules 

can be hosted on KTLO NWs (as depicted in Figure 3.3), resulting in a somewhat wider basal spacing 

than KTLO NWs (Figure 3.2a). 

 

Figure 3.3. TGA curves of KTLO and KTLO NWs. Reprinted with permission from {Inorganic chemistry 

58.12 (2019): 7989-7996} Copyright {2019} by American Chemical Society. 

 

The formation mechanism of KTLO NWs was discussed by performing the solvothermal 

reaction of KTLO under different conditions. The solvothermal reaction of KTLO under different 

conditions was used to discuss the formation mechanism of KTLO NWs. As depicted in SEM micrographs 

(Figure 3.4a-c), the NWs quantity dropped as the quantity of TPAOH increased whereas the quantity 

and size of spindle-shaped particles rose. Additionally, XRD analysis (Figure 3.4d) revealed the 

weakening of diffraction peaks corresponding to KTLO and the intensifying of those due to TiO2 anatase, 

consistent with SEM results. 
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Figure 3.4. SEM micrographs of solvothermal products of KTLO produced at different TPAOH 

concentrations. (d) XRD patterns of KTLO and solvothermal products at different TPAOH concentrations. 

Reprinted with permission from {Inorganic chemistry 58.12 (2019): 7989-7996} Copyright {2019} by 

American Chemical Society. 

 

According to our earlier findings [8,40–43], the decomposition/dissolution of initial layered 

titanates should be enhanced by using TPAOH and the recrystallization of the decomposed/dissolved 

species should be achieved with the help of NH4F, which works as a mineralizer. Hence a probable 

pathway for the creation of KTLO NWs from KTLO can be explained in Scheme 1. Under typical 

conditions (milder TPAOH concentration), KTLO decomposes into tiny segments (i.e., 1D chains of edge- 

and corner-shared TiO6 octahedra), and these segments assemble into 1D KTLO NWs. While, under 

harsh conditions (higher TPAOH concentration), KTLO dissolves into Ti4+ to deposit anatase TiO2. It was 

also reported that when treated with strong HCl [44] and swollen/exfoliated in water containing 

organic ammoniums [45], KTLO, and similar layered titanates were found to disintegrate into such tiny 

1D segments. 

 Moreover, we solvothermally treated KTLO under identical conditions for a shorter duration to 

attain a deeper understanding of the formation mechanism. The solvothermal product, collected after 
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3 days using a typical amount of TPAOH at 170 ˚C, still contains a significant amount of KTLO, as 

depicted in Figure 3.5a,b. Therefore, 3 days were not enough for converting the original KTLO into 

KTLO NWs. That is why we adjusted the solvothermal reaction duration to be 7 days for obtaining better 

ad uniform nanowires morphology (Figure 3.1b). 

 

Figure 3.5. (a) XRD patterns of KTLO and its solvothermal products obtained at different reaction times. 

0 d and 7 d labels are corresponding to KTLO and KTLO NWs, respectively. (b) SEM micrograph of the 

solvothermal product obtained after 3 days. Reprinted with permission from {Inorganic chemistry 58.12 

(2019): 7989-7996} Copyright {2019} by American Chemical Society. 

 

Furthermore, we applied the typical solvothermal reaction on anatase TiO2 nanoparticles. In 

comparison to the starting anatase nanoparticles, after the solvothermal reaction, the structure and 

morphology were hardly modified; only the particle size and crystallinity lightly changed. This result 

proved that anatase is tough adequate to neither decompose nor dissolve beneath the existing basic 

conditions, but KTLO, a metastable phase, is unstable. 
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Figure 3.6. SEM micrographs and XRD patterns of anatase and its solvothermal product. Reprinted with 

permission from {Inorganic chemistry 58.12 (2019): 7989-7996} Copyright {2019} by American Chemical 

Society. 

 

3.4.2 Ion exchange ability & photoactivity of KTLO NWs 

We expected that the obtained KTLO NWs showed better cation exchange properties than KTLO 

because KTLO NWs had much smaller dimensions for accessibility of cations (cation diffusion) inside 

the particles. We first examined the adsorption of Cd2+ from aqueous CdCl2 solution (pH = 4.8). We chose 

Cd2+ (ca. 50 ppm) as an adsorbate since it is one of the most noxious ions being in the environment and 

hard to be adsorbed using conventional ion exchangeable layered inorganic solids and TiO2 [46,47]. As 

depicted in Figure 3.7a, Cd2+ was adsorbed more quickly when the KTLO NW was used as an adsorbent. 

Within 20 minutes, the Cd2+ adsorption was done. While it took more than 60 minutes when KTLO was 

used. The maximum adsorption capacity was calculated to be 0.7 mmol/g, which was approximately 

equal to the cation exchange capacity (1.5 mequiv/g) [48].  

These findings suggest that interlayer K+ cation exchange and replacement with Cd2+ are done. The Cd2+ 

adsorption on the commercial TiO2 (P25) was additionally evaluated and found to be insignificant, 
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compatible with prior results [7]. This makes sense because P25 has a positively charged surface below 

its isoelectric point (ca. 6.4) [49] that repels cations. 

The photoactivity of KTLO NWs was then investigated to decide if it could photoreduce metal 

ions faster than KTLO. It was estimated by performing two well-known photocatalytic processes; formic 

acid oxidation and H2 evolution from water [50]. As demonstrated in Figure 3.7b, KTLO NWs had much-

increased photocatalytic activity toward formic acid oxidation. Given that the UV-vis spectra of KTLO 

and KTLO NWs are nearly similar (Figure 3.7c), the increased photoactivity of KTLO NWs is owing to 

the improved charge separation efficiency of their 1D nanostructure [51]. The same result was 

concluded when performing the H2 evolution reaction (Figure 3.7d). It is also worth mentioning that 

the H2 production is difficult to catalyze using low-active TiO2-based photocatalysts such as layered 

titanates [52], but KTLO did. This result confirms again the improved charge separation efficiency of 

the obtained KTLO nanowires. 

 As illustrated in the XRD analysis depicted in Figure 3.2a, KTLO NWs have a very smallish 

portion of anatase (0.1 wt%) as a secondary phase. As a result, one may argue that KTLO NWs and this 

small portion of anatase form a composite, improving the photoactivity of KTLO NWs by interparticle 

electron transfer. Therefore, we examined the photocatalytic activity of a physically mixed anatase (0.1 

wt%)/KTLO. The results showed that the photoactivity of this mixture was insignificant and almost 

identical to that of the original KTLO. These findings confirm that there was no contribution from that 

small portion of anatase in enhancing the photocatalytic activity of KTLO NWs and it was due to the 1D 

nanostructure-related charge separation performance. 
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Figure 3.7. (a) The adsorbed amount of Cd2+ using KTLO, KTLO NWs, and commercial TiO2 (P25). (b) CO2 

evolved during photocatalytic formic acid oxidation reaction using KTLO and KTLO NWs under solar 

light. Those of the anatase/KTLO mixture and pure anatase are also shown. (c) UV-Vis spectra of KTLO, 

KTLO NWs, and P25. (d) H2 evolved from water using KTLO and KTLO NWs under solar light. Reprinted 

with permission from {Inorganic chemistry 58.12 (2019): 7989-7996} Copyright {2019} by American 

Chemical Society. 

 

3.4.3 Photo-fixation of metal cations on KTLO NWs 

Eventually, the photocatalytic reduction of metal cations like Cd2+ and Ni2+ was examined utilizing KTLO 

NWs.  As expected, KTLO NWs exhibited a significantly high activity toward the photocatalytic reduction 

of metal cations. As depicted in Figure 3.8a, the photocatalytic reduction of Cd2+ to Cd happened very 

quickly using KTLO NWs, where about 1.3 mequiv g−1 of Cd was deposited on KTLO NWs in a minute. 

While it was not successful using P25, a benchmark TiO2 photocatalyst, and KTLO. Even cutting-edge 

inorganic cation exchangers require more time (more than several minutes) [53] to only adsorb 
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equivalent quantities of metal ions, thus this finding is remarkable. The combination of the improved 

cation exchange and photoactivity must account for the high activity of KTLO NWs towards this reaction. 

Similarly, Ni2+ photoreduction activity was considerably high in KTLO NWs. The reaction was not 

successful too in the case of P25 and KTLO (Figure 3.8b). Even after easy decantation, the KTLO NWs 

employed in the photoreduction experiments were readily recovered from water. This is a benefit of 

the material for realistically practical applications.  

 

Figure 3.8. Photocatalytic reduction of a) Cd2+ and b) Ni2+ in water using KTLO, KTLO NWs, and P25 

under solar light. Reprinted with permission from {Inorganic chemistry 58.12 (2019): 7989-7996} 

Copyright {2019} by American Chemical Society. 

 

The immobilization of Cd in the interlayer distance of KTLO NWs was confirmed using XRD, XPS, 

and HRTEM analyses. After the photoreduction of Cd2+, the peak assigned to the basal spacing was 

shifted to the lower 2θ and considerably broadened whereas a small and broad peak due to Cd was 

observed (Figure 3.9a). The 0+ state of Cd was also proved by XPS, as depicted in Figure 3.9b. This 

infers to the existence of Cd metal inside the particle or within the interlayer distance of KTLO NWs. 

Moreover, Cd nanoparticles of about 0.5-1 nm were noticed as depicted in Figure 3.9 (c, d), revealing 

that Cd nanoparticles were most likely present inside KTLO NWs. As a result of the higher charge 

separation efficiency, that is, the efficient migration of photogenerated electrons to the surface of KTLO 

layers, we may deduce that KTLO NWs quickly photoreduce the accumulated Cd2+ in the interlayer 

space, suppressing electron-hole recombination in the layers. 
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Figure 3.9. a) Low- and high angle XRD patterns before and after Cd photoreduction, b) XPS spectra of 

P25, KTLO, and KTLO NWs after Cd2+ photoreduction, c) HRTEM of the recovered KTLO NWs, and d) 

HAADF-STEM images and the corresponding EDX elemental maps of KTLO NWs after Cd2+ photo-

deposition. Reprinted with permission from {Inorganic chemistry 58.12 (2019): 7989-7996} Copyright 

{2019} by American Chemical Society. 

 

3.5 Summary 

In this chapter, a simple solvothermal strategy for converting a 2D lepidocrocite-type layered titanate 

(KxTi2-x/3Lix/3O4 termed KTLO) into its corresponding 1D nanowires (NWs) was reported. Compared to 

KTLO, the newly developed KTLO NWs exhibited largely enhanced cation exchange and photo-induced 

charge separation efficiency, which was attributed to the combination of 1D and 2D structural 

properties. As a result, the KTLO NWs showed ultrafast and effective photoreduction of toxic metal 

cations in water, such as Cd2+, into the corresponding metals immobilized within the NWs, whereas a 

benchmark TiO2 photocatalyst (P25) and KTLO could not photocatalyze this reaction. Moreover, the 

photoimmobilizing rates obtained from KTLO NWs were much greater than that of state-of-the-art 

cation exchangers. Based on these findings, we confirm that the KTLO NWs can be used for the safe 

capture and disposal of toxic metal cations and recovery of valuable metals from the environment. The 

present solvothermal method can be applied to numerous 2D layered materials like layered perovskites. 
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Therefore, a variety of nanowire structures can be designed to attain better functions and new 

applications for solving energy and environmental problems. 
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Chapter 4:  

Structural conversion of Cu-titanate into photoactive plasmonic Cu-TiO2 

for H2 generation in visible light  

4.1 Introduction 

Hydrogen (H2) has long been considered the ideal energy carrier, and it holds promise as a next-

generation energy vector for addressing a wide range of environmental and energy issues. Nevertheless, 

the entire usage of H2 has not been realized yet, owing to hardships in reaching safe delivery and 

controllable storage [1]. Therefore, developing effective and suitable H2 storage solutions remains a 

critical problem for the future of the hydrogen economy. The search for appropriate H2 storage 

materials that can release H2 in situ under mild reaction conditions for direct application in fuel cells 

has become more popular [2–5]. On the other hand, the current demand around green H2 generation is 

a crucial challenge to produce green alternative fuels to hold down the greenhouse gases released from 

fossil fuels [6–10]. There are several approaches to produce H2 safely through a green approach [11,12]. 

Ammonia borane (AB; NH3BH3) has appeared as a prospective hydrogen storage material [13,14], 

thanks to its nontoxicity, low molecular weight (30.87 g mol-1), high theoretical hydrogen gravimetric 

capacity (19.6 wt%), and excellent stability in solid form under ambient conditions. Pyrolysis [15] or 

hydrolytic dehydrogenation [3] can be employed to release the hydrogen stored in AB. Since the 

pyrolysis requires extremely high temperatures and only produces 6.5 wt% (1 equiv based on AB) of 

hydrogen, hydrolytic dehydrogenation is thought to be the more promising process since up to 3 equiv 

of hydrogen based on AB can be obtained under mild reaction conditions with suitable catalysts. 

Therefore, dehydrogenation of ammonia borane—an excellent reservoir of H2, is one bright strategy 

that can release three equimolar H2 from each molecule of ammonia borane in the existence of a 

photocatalyst without any gaseous side products [16,17]. 

Precious noble metal nanoparticles (NPs) are one of the most widely studied catalytic materials in 

H2 production from AB owing to their outstanding catalytic characteristics [18,19]. The synthesis of 
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catalysts based on earth-abundant and less expensive first-row transition metals, such as Cu, has 

received a lot of interest to boost catalytic activity while reducing the usage of pricey noble metal NPs 

[18,20]. Metal NPs require a catalyst support to enhance their stability and catalytic activity. Unique 

catalytic activities may be achieved by using appropriate supports, such as metal oxides (e.g., TiO2), 

mesostructured materials, polymers, and carbon materials, which retain site isolation of active NPs 

from aggregation and synergistic effects owing to robust metal-support interaction. 

Layered titanates are unique in the structure and reactivity to reach a set of new nanoarchitectures 

and sometimes to a specific type of heterostructure that can be a promising photocatalyst for energy 

carrier generation [21–23]. These versatile layered titanates in interconversion to a new structure can 

sometimes lead to serendipity in finding a new structure of titania which usually has either a rutile or 

anatase structure [24–26]. In such cases, the obtained new structure can adopt defect, vacancy, doped 

species, and a heterostructure or a pure crystal phase (e.g., anatase or rutile) but a new nanoshape 

[23,25,27–29]. The interconversion can simply occur by changing the media’s pH by adding an acid or 

an alkaline species (e.g., quaternary alkylammonium hydroxide solutions) at room temperature or 

under solvothermal conditions [30,31]. Furthermore, the layered titanates have a high potential for 

cation exchange, and this can lead to an opportunity to create hybrid heterostructures with new and 

tunable structures which may have better interface [32–35].  

So far, some metal oxides structures have been proposed as (photo)catalysts for H2 production from 

ammonia borane [36–41]. Since this ammonia borane can act as a reducing agent, exposing the metal 

oxide to the solution of ammonia borane may cause considerable structural changes until the structure 

reaches a stable form under the reaction conditions. However, despite this altering feature of the 

ammonia borane, there is no report to study the structural evolution of the (photo)catalyst once the 

photocatalyst is being treated with the ammonia borane. 

4.2 Chapter scope 

In this chapter, we have used the interconversion strategy to interconvert the Cu-loaded layered 

titanates to CuO-loaded titania (CuO-TiO2) with anatase crystal structure as visible-range photocatalyst 

(Scheme 4.1) for H2 generation from ammonia borane. We carefully studied the structural evolution of 
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the photocatalyst by UV-vis spectroscopy, transmission electron microscopy (TEM) once the 

photocatalyst photocatalyzed the reaction. We found that the CuO nanostructures are unstable in the 

solution media of ammonia borane and convert to metallic Cu and photocatalyzes the reaction through 

its in situ-obtained plasmonic features, leading to the enhancement in the photocatalytic activity in the 

visible range. However, the titania structure was stable throughout the reaction. 

 

Scheme 4.1. Graphical representation for the interconversion of Cu-loaded layered titanate to CuO-

loaded anatase TiO2. 

 

4.3 Experimental details 

4.3.1 Materials 

All reagents and solvents were purchased commercially and used as received. N,N-dimethylformamide 

(DMF, 99.8%), titanium (IV) butoxide (TBOT, 97%), and P25 were purchased from Sigma-Aldrich. 

Isopropyl alcohol (IPA, 99.8%) was purchased from Chameleon. Copper (II) nitrate trihydrate (99.9%) 

was purchased from Wako. 

4.3.2 Preparation of layered protonated titanate (LPT) precursor 

LPT precursor was prepared by the solvothermal reaction reported in our previous work [42]. 25 ml of 

IPA was mixed with 8.3 ml of DMF. TBOT (0.83 ml) was then added to this mixture. The solution was 

then transferred to a stainless-steel autoclave lined with Teflon and held at 200°C for 24 hours. The 

precipitate was recovered by centrifugation at 3500 rpm for 10 minutes after the autoclave had cooled, 

washed with ethanol multiple times, and dried at 60°C to obtain LPT. 
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4.3.3 Synthesis of photocatalyst 

For the synthesis of a pure TiO2, the precursor (LPT) was calcined in air at 550 ˚C in an alumina crucible 

for 2 h at a heating rate of 2 ˚C min–1.  To obtain Cu-loaded TiO2 samples, LPT was first stirred at 800 

rpm with different weight ratios of Cu(NO3)2.3H2O for 4 hours to enable cation-exchange reaction. LPT 

containing Cu2+ in the structure was then separated and dried at 60 ˚C overnight. Finally, the obtained 

Cu2+/LPT was calcined in air at 550˚C in an alumina crucible for 2 h at a heating rate of 2 ˚C min–1. 

Likewise, a control sample, Cu-loaded P25, was prepared by mixing P25 nanopowder with 

Cu(NO3)2.3H2O solution.  

4.3.4 Characterization 

A Rigaku SmartLab diffractometer was used to collect powder X-ray diffraction (XRD) data, with Cu K 

radiation at 40 kV and 30 mA at a scan rate of 1 min–1. An Agilent 5800 was used to perform inductively 

coupled plasma optical emission spectroscopy (ICP-OES). A PHI Quantera SXM equipment was used to 

perform X-ray photoelectron spectroscopy (XPS) using Al K radiation at 20 kV and 5 mA. The C1s level 

at 285.0 eV was used to calibrate the binding energy shift. A Hitachi SU-8230 microscope operating at 

10.0 kV was used to observe field emission scanning electron microscopy (FE-SEM) pictures. A JEOL 

JEM-2100F was used to obtain transmission electron microscope (TEM) pictures at a voltage of 200 kV. 

A JASCO V-570 spectrophotometer was used to record UV-vis diffusion reflectance spectra (UV-DRS). 

4.3.5 Hydrogen production from ammonia borane (AB) 

Separately, an AB solution (20 µmole) was deaerated for 30 minutes using Ar bubbling. In a Pyrex glass 

test tube (34 mL), 5 mg of the powder was dispersed in 4.9 ml water, and the solution was also 

deaerated by Ar bubbling for 30 minutes before being sealed with a silicone rubber septum. After that, 

a glass syringe was used to add 0.1 ml of the AB to the dispersion, which was then irradiated with a UV 

cut-off filter (> 420nm, AM1.5 Solar simulator, San-Ei Electric Co., Ltd.) while stirring. A Shimadzu GC-

2010 plus gas chromatograph with a BID detector was used to measure the evolved H2 in the headspace. 
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4.4 Results and Discussion 

4.4.1 Structural characterizations 

TiO2 nanosheets containing various amounts of Cu2+ ions (denoted here as X%-TiO2, where X = wt% Cu) 

were successfully synthesized using a simple cation-exchange reaction followed by calcination at 550 

˚C in air. ICP-OES analysis confirmed that the Cu loading in the X%-TiO2 nanosheets was almost the same 

as the loaded amount in the cation-exchange step (Table 4.1).  

 

Table 4.1. The loaded Cu content on different samples as measured by ICP-OES. 

Sample Measured element Cu content (wt %) 

TiO2 Cu 0 

1.2%Cu-TiO2 Cu 1.2 

3.4%Cu-TiO2 Cu 3.4 

5.4%Cu-TiO2 Cu 5.4 

 

XRD patterns of pure TiO2 nanosheets and X%-TiO2 nanosheets are presented in Figure 4.1a. 

The XRD pattern of pure TiO2 matches that of the tetragonal anatase phase (JCPDS 21-1272). The crystal 

structure of TiO2 was not changed by modification with low weight ratios of Cu (e.g., X = 1.2% or 3.4%), 

showing only the characteristic peaks of the anatase TiO2 phase (Figure 4.1a). The results revealed 

these samples to maintain a pure anatase structure but with Cu doped in the anatase TiO2 lattice [43]. 

Other authors have concluded that signals related to Cu species might not have been possible to detect 

due to their small size or the lower loading of Cu in the samples in question [44]. For 5.4%Cu-TiO2, the 

XRD pattern shows an extra peak around 2θ = 35.5˚ ((002) plane, JCPDS 80-1917), indicating the 

coexistence of the CuO phase with TiO2 (Figure 4.1a).  
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Figure 4.1. a) XRD patterns and b) Cu 2p XPS core-level spectra of pure TiO2 and X%Cu-TiO2 (X = 1.2, 3.4, 

and 5.4) nanosheets. 

The chemical bonding of the Cu, Ti, and O elements in pure TiO2 and X%-TiO2 nanosheets was 

examined using XPS. Figure 4.1b shows the high-resolution Cu 2p3/2 core-level photoelectron spectra 

of Cu-TiO2 samples. The Cu 2p 3/2 core-level XPS peak observed at ca. 932.5 eV exists in all Cu/TiO2 

samples as the major peak—more likely Cu+. However, XRD results (Figure 4.1a) and UV-Vis spectra 

(Figure 4.5a) exhibit Cu2+ as the major species. The fact that a large portion of surface Cu2+ can be 

reduced to Cu+ under high-vacuum conditions and photoelectron beam during XPS measurement can 

be the main reasons for finding Cu+ as the major fraction in XPS observation [45,46]. As shown in Figure 

4.2a, high-resolution XPS core-level spectra of Ti 2p3/2 and Ti 2p1/2 of pristine TiO2 are observed at 

458.96 and 464.70 eV, respectively, assigned to the presence of typical Ti4+. In contrast, Cu-loaded TiO2 

samples showed slightly lower binding energy after Cu2+ loading, agreeing with previous studies [47,48]. 

The O 1s peak of pure TiO2 and Cu-loaded samples was deconvoluted into two peaks (Figure 4.2c). The 

lower binding energy peak around 530.23 eV is assigned to the lattice oxygen of the anatase structure 

of TiO2, while the other peak at 531.52 eV is attributed to surface OH groups [47–49]. 
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Figure 4.2. a) Ti 2p and b) O 1s XPS core-level spectra of TiO2 and X%Cu-TiO2 (X=1.2, 3.4, and 5.4). 

 

4.4.2 Morphological characterizations 

The morphology of pure TiO2 and 5.4%-TiO2 was observed by SEM and TEM. The pure TiO2 is shown to 

take the form of a spherical nanosheet assembly composed of anatase nanoparticles (Figure 4.3a). The 

SEM and TEM micrographs shown in Figure 4.3b additionally confirm that the 5.4%-TiO2 sample, 

which is shown below to have the highest hydrogen production activity from ammonia–borane (AB), 

retains its original TiO2 morphology after the Cu loading process. 
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Figure 4.3. a) SEM and TEM (inset) micrographs of pure TiO2 nanosheets and b) SEM and TEM (inset) 

images, c) STEM image and corresponding EDX mapping and d) high-magnification STEM image, and e) 

particle size distribution of 5.4%Cu-TiO2 nanosheets. 

 

The presence and distribution of Cu species within TiO2 nanosheets in the 5.4%Cu-TiO2 sample 

is difficult to characterize using SEM and TEM imaging due to their small size. We therefore performed 

STEM and corresponding EDX mapping analyses, presented in Figure 4.3c, demonstrating the uniform 

distribution of CuO nanoparticles inside the TiO2 nanosheets. Furthermore, the average particle size of 

CuO NPs was estimated to be 4.2 nm (Figure 4.3d, e). EDX elemental analysis results that confirm the 

presence of Cu species in TiO2 nanosheets are shown in Figure 4.4. 

 

 

Figure 4.4. EDX elemental analysis of 5.4%Cu-TiO2. 
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4.4.3 Optical properties 

Doping with transition metal ions, including Cu, normally modifies the optical absorption of TiO2 

materials. Figure 4.5a shows UV–Vis diffuse reflectance spectra of pure TiO2 and the X%Cu-TiO2 

nanosheets. Pure TiO2 nanosheets exhibited absorption only in the UV region (λ < 400 nm) due to the 

typical bandgap transition of TiO2. From the Tauc plot (Figure 4.5b) plotted using the UV–Vis data, the 

bandgap energy of pure TiO2 nanosheets was calculated to be 3.14 eV, consistent with the typical 

bandgap value of TiO2.  

Furthermore, the UV−Vis spectra of all the modified samples reveal, in addition to the bandgap 

transition in the UV region, increased absorption in the visible region. The 1.2% and 3.4%Cu-TiO2 

samples exhibited two additional absorption features. That in the 650 - 850 nm range indicates d−d 

transitions of Cu2+ ions [50,51], and the other in the 400 - 550 nm range partly overlaps the main 

bandgap transition and is ascribed to charge transfer from the valence band (O 2p) of TiO2 to Cu2+ levels 

[52,53]. The powerful light absorption in both the UV and visible regions that appears for the 5.4%Cu-

TiO2 sample, with bandgap narrowing (Figure 4.5b), clearly indicates the coupling of TiO2 with CuO 

[54], consistent with the XRD results (Figure 4.1a). The superior light absorption ability of the X%Cu-

TiO2 nanosheets, particularly the 5.4%Cu-TiO2 sample, is expected to enhance catalytic activity under 

visible light (to be detailed below). 

 

Figure 4.5. a) UV–Vis spectra and b) the corresponding Tauc plot of pure TiO2 and X%Cu-TiO2 (X = 1.2, 

3.4, and 5.4) 
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4.4.4 Photocatalytic hydrolysis of ammonia–borane (AB) 

The photocatalytic activity of H2 production from AB is shown in Figure 4.6a. The stored H2 in AB can 

be released via hydrolysis pathways, in which H2 is generated stoichiometrically in a 3:1 (H2/AB) molar 

ratio, as shown in Equation (4.1). 

NH3─BH3 + 2H2O → 3H2 + NH4
+ + BO2

– (4.1) 

As shown in Figure 4.6a, pure TiO2 photocatalyst showed no activity towards AB hydrolysis 

under visible light irradiation owing to its wide bandgap energy (3.14 eV, Figure 4.5b). However, all 

the Cu-loaded TiO2 samples exhibited a considerable improvement under visible light irradiation (λ > 

420 nm), demonstrating the essential role that Cu species play in catalyzing the hydrolytic 

dehydrogenation of AB. As expected, the 5.4%Cu-TiO2 photocatalyst appears to be the best in the Cu-

loaded TiO2 series, producing the exact equivalent amount of H2 to AB (3 mol of H2/mol of AB) within 

only 15 min of reaction. The hydrolysis of AB using the 5.4%Cu-TiO2 sample, which is shown to have 

the best photocatalytic activity, was also examined under dark conditions. In contrast to its H2 

production under visible light (3 mol H2/mol AB, 15 min), the same amount of H2/mole AB could be 

produced under dark conditions after 35 min (Figure 4.6b), which indicates the accelerating influence 

of visible light irradiation on the catalytic hydrolysis of AB.  

 

Figure 4.6. a) Hydrogen evolution profile of TiO2, 1.2%Cu-TiO2, 3.4%Cu-TiO2, and 5.4%Cu-TiO2 under 

visible light ( > 420 nm), b) hydrogen evolution profile of 5.4%Cu-TiO2 under visible light (red line) and 

dark (black line) conditions. 
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We further studied the reaction mechanism by characterizing the recovered catalyst 

(Re5.4%Cu-TiO2) using XRD and UV-Vis analyses. As shown in Figure 4.7a, the XRD peak related to CuO 

(002) has disappeared in the Re5.4%Cu-TiO2 product, and a new peak related to metallic Cu (111) is 

observed. The UV–Vis spectra (Figure 4.7b) of Re5.4%Cu-TiO2 exhibited a surface plasmon resonance 

(SPR) absorption band around 630 nm, which is a significant feature of metallic Cu nanoparticles (NPs) 

[55]. These results confirmed the formation of Cu NPs during the photocatalytic dehydrogenation of AB. 

The recovered catalyst maintains the original morphology of TiO2 nanosheets (Figure 4.7c), confirming 

its stability after the photocatalytic reaction.  

 

Figure 4.7. a) XRD patterns, b) UV–Vis spectra of 5.4%Cu-TiO2 before and after photocatalytic 

decomposition of AB, and c) TEM micrograph of the recovered sample after the photocatalytic reaction. 

 

It is therefore of note that the CuO species in the 5.4%Cu-TiO2 sample transform to metallic Cu 

NPs while located in the TiO2 nanosheets matrix (Scheme 4.2). This phenomenon occurs in the 

presence of AB, since aside from its H2 storage property, AB can also act as a strong reducing agent [56]. 
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Scheme 4.2. Schematic illustration for the in-situ transformation of CuO species into metallic Cu NPs 

while located in the TiO2 nanosheets matrix. 

 

Previous reports have suggested the mechanism for the dehydrogenation of AB under dark 

conditions to include the adsorption of AB on the metallic NPs to form an activated complex species, 

followed by the dissociation of the B−N bond under attack by H2O molecules; the hydrolysis of the 

resulting BH3– gives an intermediate that generates H2 [57,58]. We concluded that the formation of 

plasmonic Cu NPs is the critical component in the improved photocatalytic activity seen under light. As 

shown in Scheme 4.3, When the catalytic system is induced by visible light, electron-hole pairs are 

generated in Cu NPs by the effect of SPR. Photogenerated electrons of metallic Cu NPs can be easily 

injected into the CB of TiO2 (hot electron injection) [59–62] to form a highly nucleophilic surface. On the 

other side, photogenerated holes are kept on the Cu NPs’ side, forming a highly electrophilic surface. An 

unbalanced charged surface is created by this sensitized structure and significantly accelerates the 

dehydrogenation of AB. As for the mechanism of the dehydrogenation of AB (mentioned above), we 

note that when the attack by an H2O molecule dissociates the B−N bond, the NH3+ might react with 

electrons (e–) located on the CB of TiO2, as described in Equation 4.2. In contrast, the hydrolysis of the 

BH3
– may occur spontaneously on the hole (h+) site of Cu NPs, as described in Equation 4.3. 

NH3
+ + H2O + e– → NH4OH (4.2) 

BH3
- + 2H2O + h+ → 3H2 + HBO2 (4.3) 
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Scheme 4.3. Proposed mechanism of H2 production from ammonia–borane using 5.4%Cu–TiO2 under 

visible light irradiation. 

 

The stability of the 5.4%Cu-TiO2 photocatalyst was also examined for hydrogen generation from 

AB under visible light irradiation (Figure 4.8). After five cycles, it continued to show stable 

photocatalytic hydrogen evolution activity, with no significant degradation of the initial activity. These 

results demonstrate the durability of the material for visible light-driven photocatalytic hydrogen 

generation from AB. The prolonged durability of the catalyst might be credited to the fact that the 

ultrafine Cu species have been efficiently distributed and trapped between the TiO2 nanosheet layers, 

reducing the tendency of Cu nanoparticles to aggregate. 

 

Figure 4.8. Recycled hydrogen evolution for 75 h of 5.4%Cu-TiO2. 
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We further investigated the influence of the excitation wavelength on the hydrogen production 

activity to emphasize the contribution of the plasmonic Cu NPs to the reaction. As depicted in Figure 

4.9, the hydrogen production activity depends upon the absorption band of the catalyst in the visible 

light region (> 420 nm), and the higher activity occurs at 650 nm (compared to the other studied 

wavelengths) where the λmax of the Cu(0) locates. This photocatalytic dependence on the Cu(0)’s 

absorption band provides evidence of the abovementioned photocatalytic mechanism in which Cu(0) 

species play a dominant role in the enhanced photocatalytic efficiency. 

 

Figure 4.9. Dependence of the hydrogen production from ammonia borane on the excitation wavelength. 

 

Finally, we prepared CuO-P25 as a reference sample by the present synthetic method using P25, 

a benchmark TiO2 photocatalyst, with Cu(NO3)2. P25 was not capable to adsorb Cu2+ ions effectively like 

LPT. We found out that under identical conditions, P25 can only adsorb 1 wt% Cu ions from an equal 

solution of 10 wt% of Cu2+ ions, showing its low cation exchange ability compared with the starting 

layered titanate (Figure 4.10a). In addition to the excellent cation exchange ability of layered titanates, 

the nanosheets can also contribute to enhancing the light absorption properties, improving the 

photocatalytic activity. Therefore, the hydrogen evolution from AB using Cu-P25-550 was insignificant 

compared to that of Cu-LPT-550. After 80 minutes, it is even unable to produce the exact equivalent 

amount of H2 to AB (3 mol of H2/mol of AB) (Figure 4.10b). These results show the advantages of the 

present material design for providing both ion exchange and photocatalytic features, which can be 
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beneficial for solving environmental and energy problems, including water purification and green 

hydrogen production. 

 

Figure 4.10. a) Cu2+ ion uptake efficiency using LPT and P25, b) hydrogen evolution profile of their 

calcined products at 550 C. 

 

4.5 Summary 

In this chapter, we have reported an effective strategy for the interconversion of Cu-loaded layered 

titanate into CuO-loaded TiO2 that shows high photocatalytic H2 production activity from ammonia–

borane (AB) under visible light. In the presence of AB, the CuO species readily converted to metallic Cu 

nanoparticles, since, aside from being an H2 carrier compound, AB can act as a robust reducing agent. 

The introduced Cu nanoparticles photocatalyze the reaction through their in-situ-obtained plasmonic 

features, leading to accelerated photocatalytic hydrogen production under visible light irradiation. We 

believe that this synthetic method using copper oxide suggests the potential use of other metal oxides 

from transition metal titanate-based layered materials to give enhanced performance in energy and 

environmental applications. 
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Chapter 5:  

Conclusion 

Solar energy is a long-term renewable resource that can meet our energy demands. A semiconductor 

photocatalysis that can use solar energy received a lot of attention in recent years, due to its capability 

for targeting environmental concerns while also delivering renewable energy. To promote its real-

world application potential, a lot of research has gone into the innovation of a highly efficient 

semiconductor photocatalyst. Therefore, the semiconductor photocatalyst is considered an excellent 

prospect for solar energy applications, including energy conversion and environmental remediation. 

The energy conversion aspect primarily involves hydrogen production, CO2 reduction, and nitrogen 

fixation. Furthermore, recent research has found that its environmental remediation applications are 

more likely to deal with water detoxification (i.e., toxic metals removal) and air purification (i.e., NOx 

conversion).  

Of many possible semiconductor photocatalysts, TiO2 has appealed to considerable interests in 

the photocatalysis field due to its high reactivity, excellent stability, nontoxicity, low cost, and suitable 

electronic band structure for many chemical reactions. TiO2 was the first semiconductor to be reported 

as a photocatalyst back in 1972, and it has been well investigated and applied for addressing many 

energy and environmental issues.   

In this thesis, layered titanates have been used as a unique and reactive structure to reach out 

to a set of new nanoarchitectures that provided promising photocatalysts for photocatalytic fuel 

generation and environmental remediation. This process includes the structural conversion of layered 

titanates into new structures (e.g., anatase TiO2) or morphologies (e.g., nanowires) using simple 

solvothermal reactions.  

In such cases, the obtained new structures adopt defect, vacancy, and/or doped species that 

could be useful for effective photocatalytic hydrogen production activity. In this regard, we have 

reported, in chapter 2, the topochemical conversion of layered titanates to anatase TiO2 with both 
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nitrogen dopant and oxygen vacancy (Vo). The introduction of such Vo in TiO2 (i.e., defective TiO2) was 

found to be an alternate technique for achieving efficient co-catalyst-free photocatalytic hydrogen 

production activity. The defective TiO2 photocatalyst was successfully synthesized by the calcination of 

mesoporous spherical assemblies of layered titanate nanosheets. Under simulated solar light 

irradiation, this material exhibits remarkable co-catalyst-free solar photocatalytic activity for hydrogen 

evolution via water splitting (>1.0 mmol g-1 h-1 and 21% apparent quantum yield at 350 nm), which is 

significantly higher than that of typical co-catalyst-free defective TiO2 materials (~0.3 mmol g-1 h-1). 

Enhancing the photocatalytic activity was explained by its Vo-induced high charge separation efficiency. 

The morphological nature of the material may also partake in raising the photocatalytic activity through 

providing a high surface area and improving the light absorption properties. 

Moreover, converting layered titanates from 2D layered structure to 1D nanowire structure was 

succeeded in the third chapter using a simple solvothermal reaction. This structural transformation led 

to accelerated cation exchange ability and enhanced charge separation efficiency of layered titanate. 

The 1D nanowire structure of layered titanates, therefore, exhibited ultrafast removal/photoreduction 

of toxic Cd2+ cations in water, which cannot be achieved by a benchmark TiO2 (P25) photocatalyst and 

even state-of-the-art cation exchangers. Importantly, the nanowires employed in the photoreduction 

process were readily recovered from the aqueous solution by decantation. Thus, we believe that the 1D 

nanostructure reported here can be used for the safe capture and disposal of toxic metal cations and 

recovery of valuable metals from the environment. 

Furthermore, the layered titanates have a high potential for cation exchange, and this can lead 

to an opportunity to create hybrid heterostructures with new and tunable structures which may have 

a better photocatalytic performance. In the fourth chapter, we succeeded in using the cation exchange 

strategy to prepare Cu titanates and then the conversion strategy to convert the Cu titanates to CuO-

TiO2 with an anatase crystal structure as visible-range photocatalyst for H2 generation from ammonia 

borane (NH3·BH3; AB). We examined the in-situ structural conversion of the CuO-TiO2 during 

photocatalytic hydrogen generation from AB under visible light and studied the impact of the reaction 

media and of photoirradiation on the catalyst’s final structure. The results revealed that the CuO 
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nanoparticles converted to metallic Cu nanoparticles, photocatalyzing the reaction through their in-situ-

formed plasmonic features. 

Finally, we hope these studies will open doors to discover very reactive nano-architected 

materials for application in different photocatalytic reactions. We also believe that the structural 

conversion and engineering strategies reported in this thesis can be expanded to generate additional 

TiO2 and titanate-based photocatalysts with better performance for countering energy and 

environmental problems. 
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