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ABSTRACT 

 

 

Titanium dioxide (TiO2) has been widely used in industry as a photocatalyst due to its 

superior photoactivity, high photo- and chemical-stability, non-toxicity, abundance, and low 

cost. Many of its applications in clean energy generation and environmental remediation 

involve interactions between organic species and TiO2 materials. Such interactions not only 

depend on the intrinsic properties of TiO2, but also on its surfaces structure. Specifically, the 

capacity of the TiO2 surface to adsorb organic species is vital for TiO2 photocatalytical 

performance. Understanding the adsorption properties of organic compounds on various 

crystalline TiO2 surfaces is essential for further technological development.  

In this project, theoretical studies initially demonstrated that TiO2 is the most 

photoactive all Ti-O based materials. A combined photoelectrochemical (PEC) and theoretical 

study was conducted to understand the adsorption properties of organic molecules on anatase 

(001) and rutile (111) TiO2 surfaces. PEC measurements can provide quantitative 

thermodynamic and kinetic information on the adsorption properties of organic species on the 

TiO2 surface under operational, practical conditions. The theoretical studies provide further 

information on interactions at the atomic level.  

The adsorption properties of organic molecules on the anatase (001) surface were 

investigated, as this surface has been proposed to be highly reactive. To perform PEC 

measurements, an anatase photoanode with a double-layer structure dominated by {001} facets 

was designed, synthesized and immobilized onto conductive FTO glass by combined sol-gel 

and hydrothermal synthesis methods. The thermodynamics and kinetics of the adsorption 

process of oxalic acid on the anatase photoanodes with {001} facets were then measured via 

in-situ and ex-situ PEC methods. The adsorption properties of {101} faceted anatase 

photoanodes were also studied using the same approach for comparison. The comparative 
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results confirm the high reactivity of the anatase (001) surface. Theoretical analysis of the 

adsorption properties of oxalic acid on the anatase TiO2 (001) surface identified the adsorption 

configurations and oxidation mechanism at the atomic level. Various possible adsorption 

configurations were considered by diversifying the connectivity between carboxylic groups 

and the surface in a first-principles theoretical study. Results demonstrated that the adsorption 

of oxalic acid on the anatase (001) surface generally occurs in a dissociative state. A novel 

double-bidentate configuration was found due to the structural match between oxalic acid and 

the anatase (001) surface. Greater charge is transferred from the adsorbed oxalic acid to the 

anatase surface with the double-bidentate configuration when compared with other adsorption 

structures. This greater charge suggests a positive correlation between the transferred charge 

amount and interfacial bond numbers when oxalic acid adsorbs on the anatase TiO2 (001) 

surface. The adsorption energies (with dispersion corrections) demonstrated that van der Waals 

interactions play an important role in the adsorption of oxalic acid, especially when adsorbates 

are close to the surface. 

The adsorption of organic molecules on the rutile (111) surface was studied because of 

the specific visible light activity of rutile photoanodes capped by {111} facets at the 

solid/liquid interface. The geometrical surface structure of rutile (111), which was previously 

unknown, was theoretically modelled. Results demonstrate that the bulk-truncated and 

reconstructed TiO2 (111) surfaces possess high surface energies. Complete stabilisation is 

facilitated on the rutile (111) surface by hydroxylation processes. The surface energy of the 

hydroxylated rutile (111) surface is lower than that of the stable hydroxylated rutile (110) 

surface, concurring with experimental observations that the {111} facets are exposed at the 

solid/liquid interface. The fully hydroxylated {111} facets were theoretically proposed and 

experimentally confirmed to be chemically inert to the further adsorption of water. Further in-

situ PEC measurements on the adsorption properties of organic molecules with different 

functional groups demonstrated a highly selective adsorption behaviour for aldehydes on {111} 

faceted rutile photoanodes. The adsorption strength of aldehyde on the rutile (111) surface was 
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investigated through analysis of the thermodynamic and kinetic properties of photo-

degradation processes using ex-situ PEC measurements. Comparative results with rutile {111} 

and anatase {101} faceted electrodes demonstrated that there was strong selective adsorption 

of aldehyde on the rutile (111) surface. The high capacity of the rutile (111) surface to 

selectively adsorb aldehyde can be utilized as a new approach to separate and purify aldehyde 

in industry.  
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CHAPTER 1 

 

GENERAL INTRODUCTION 
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1.1 Titanium dioxide  
 

1.1.1 Background 

The field of heterogeneous photocatalysis has undergone rapid development within the last 

four decades.
1-5

 It is a multidisciplinary field, including semiconductor physics, surface 

sciences, photochemistry, physical chemistry, theoretical chemistry, materials science, and 

chemical engineering.
5-21

 Heterogeneous photocatalysis can be described as the acceleration of 

photoreactions in the presence of a catalyst. Generally, semiconductors are used as 

photocatalysts due to their specific photoelectric characteristics.
1, 4, 22-27

  

 
Figure 1: Photoactivation of a semiconductor and primary reactions occurring on its surface. 

 

When a semiconductor absorbs a photon of energy equal to or higher than its band gap 

(h ≥ Eg), an electron is excited from its valence band (VB) to the conduction band (CB), 

within a femtosecond timescale (Figure 1).
6, 7, 22, 28-32

 The electron-hole pairs can be separated 

into free photoelectrons in the CB (e
-
) and photoholes in the VB (h

+
).

5, 25, 26
 Photoelectrons (e

-
) 

and photoholes (h
+
) are powerful reagents, which can readily reduce and oxidize the adsorbed 

species on semiconductor surfaces, respectively.
5, 25, 26, 33

 The band positions or flat band 

potentials of semiconductors determine their redox capability, which indicates the 

thermodynamic limitations for photo-reactions with the charge carriers. A good photocatalytic 

semiconductor should:
1, 22, 23, 28, 31, 34-37

 

 Have a valence band lower than the oxidation potential of the study systems; 

 Have a conduction band higher than the reduction potential of study systems; 
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 Have a band gap between 2.43 eV~ 3.2 eV; 

 Be highly resistant to photo-corrosion; 

 Be photoactive, able to utilise visible/near UV light; 

 Be biologically and chemically inert; 

 Be inexpensive and non-toxic. 

Some metal oxide semiconductors meet these criteria remarkably well and have been 

selected as photocatalysts.
1, 22, 28, 31, 36-38

 Among them, TiO2 is one of the most widely used 

photocatalysts because of its band positions.
1, 4, 5, 22-27, 31, 33, 39

 For example, the CB edge of TiO2 

is higher than the reduction potential of hydrogen (Figure 2),
40

 allowing hydrogen to be 

produced by TiO2  photocatalytic water-splitting processes. The photoholes on the VB of 

photo-excited TiO2 have strong oxidation power (+3.2eV) that can mineralize a wide variety of 

environmental organic pollutants.
41, 42

 TiO2 is also highly resistant to photo-corrosion and 

stable in long-term applications. 
5, 16, 43-47

  

 
Figure 2: Band-edge positions of some metal oxide semiconductors. 

The popularity of TiO2 can also be ascribed to its non-toxic nature, biological and 

chemical inertness, abundance, low cost, and most importantly, the wide variety of its 

morphologies that can be utilised to match different practical applications.
1, 14, 21, 22, 25, 48-50

 The 

number of publications related to TiO2 research has grown exponentially since the 1990s, 
8, 23, 
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25-27,33,51,52
 demonstrating its increasing importance in industrial applications including 

agriculture
53

, environment
54

, energy
55

 and residential life (Figure 3).
18

  

 
Figure 3: Annual number of publications when searching for the topic ‘titanium dioxide or 

titania or TiO2’ in Web of Science (Science Citation Index Expanded).
42 

 

1.1.2 Applications 

Applications of TiO2 photocatalysts can be roughly divided into two categories: clean energy 

and environmental remediation as shown in Figure 4.
4
  

 

Figure 4: Applications of TiO2 photocalystsis.
4
 

1.1.2.1 Clean energy 

Rapid population growth and dramatically accelerated climate change, compel us to 

develop new green technologies to supply alternative energy to achieve sustainable 

development.
 28, 31, 50, 56-58

 Effective utilisation of abundant solar energy can be a solution to 

these problems. Solar energy is considered one of the most important energy sources for 

converting freely available energy into electric power or chemical fuel. Current investigations 

focus on two types of cells: photosynthetic cells and regenerative cells. The photosynthetic 

cells generate chemical fuels, such as hydrogen via water splitting while regenerative cells 
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convert solar energy into electric power without chemical changes.
6, 13, 17, 22, 28, 31, 50, 56-58

 Both 

cell types follow the principle of hydrogen generation and separation. Due to its 

aforementioned advantages, TiO2 has been widely used in clean energy generation techniques. 

 

Solar fuels 

Hydrogen is an ideal fuel as it is clean, energy efficient, and naturally abundant. While 

various technologies can be used to generate hydrogen, only some can be considered 

environmentally friendly.
28, 59-61

 Recently, solar hydrogen production via TiO2 photocatalytic 

water-splitting has attracted increasing attention and has been extensively studied due to its 

potential for low-cost and clean hydrogen production (Figure 5).
17, 20, 61, 62

  

 
Figure 5: Schematic diagram of the TiO2 photoelectrochemical cell for H2 generation.

17
 

Recently, similar techniques have also been proposed to reduce carbon dioxide (CO2) 

to generate organic fuel, which is another type of renewable energy fuel which can be 

generated by TiO2 photocatalysts.
63, 64

 This artificial photosynthesis approach (Figure 6) can 

also reduce greenhouse gas production and combat global warming issues.
63

 The interaction 

between water or organic fuels and TiO2 is one of the key steps during the solar-to-fuel 

conversion process. 

 
Figure 6: Schematic diagram of TiO2 photoelectrochemical cell for CO2 reduction.

63
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Solar cells 

Dye-sensitised solar cells (DSSCs) and organic photovoltaic solar cells have attracted 

increasing interest from the scientific community because they can be fabricated from 

abundant, non-toxic materials and offer an inexpensive route for the development of highly 

efficient solar-to-energy conversion techniques.
50, 65-67

 A typical DSSC cell is a sandwich type 

style, including organic dye anchored nanocrystalline TiO2 films as photoanodes, platinised 

counter electrodes and I3
−
/I

−
 electrolytes in organic solvents (Figure 7).

56, 57, 67
 Here, TiO2 acts 

as the conductive substrate helping the photo-generated electrons transfer from the excited dye 

molecules to the outside circuit.
50, 67-69

 The charge transfer efficiency is determined by the 

binding strength between the TiO2 and organic dye molecules. TiO2 is mainly used in these 

cells due to its photo- and chemical stability.   

 
Figure 7: Schematic diagram of the operating principles and general architecture of DSSCs.

67
 

 

1.1.2.2 Environmental remediation 

Increasing environmental pollution problems and the subsequent deterioration of 

human living conditions in some parts of the world have stimulated research on materials and 

methods related to environment remediation.
1, 70, 71

 Due to its strong photooxidation power, 

TiO2 can effectively degrade pollutants and disinfect bacteria in both water and air, 
1, 71

 thereby 

playing a crucial role in the remediation of polluted environments.
41, 42, 72-78 

 
Sterilisation 

Sterilisation is a process to eliminate all forms of pathogens, such as viruses, bacteria, 

and fungi. Under irradiation by UV or visible light, TiO2-based materials become strong 
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oxidative reagents due to the existence of photoholes.
53, 79, 80

 This strong oxidation capability 

can eliminate bacteria or viruses without the assistance of electrical energy or other chemical 

reagents (Figure 8).
15, 18, 81, 82

 Generally, viruses, bacteria and tumour cells are photo-sterilised 

through the interaction between their organic functional groups and TiO2. This process is non-

toxic and environmentally friendly, ensuring that the use of TiO2 for environmental 

remediation is viable in sensitive environments.
29, 71, 83 

Furthermore, owing to its photocatalytic 

and biocompatible properties in suitable systems TiO2, can be used to kill tumour cells.
 84, 85 

 

 
Figure 8: Schematic diagram of TiO2-based photocatalytic reactions for sterilization.

86
 

 

Degradation of organic pollutants 

Extensive research effort has been made into the application of TiO2 photocatalysts in 

water purification.
15, 24, 41, 42, 74, 78, 87-100

 The capacity of the TiO2 photocatalytical reaction is at 

the heart of the TiO2 water purification unit.
15, 24, 95-100

 In a typical purification reactor, high 

energy light excites the surface of the TiO2 to form photoholes with high oxidation capability.  

These photoholes result in photocatalytic oxidation reactions to degrade organic pollutants on 

the TiO2 surface (Figure 9).
4, 5, 33, 101

 The purified water can meet maximum levels of drinking 

water standards, highlighting the potential of TiO2 applicability in wastewater treatment.
15

 

   
Figure 9: Schematic diagram of photodegradation of organic pollutants by TiO2 

photocatalysts and elucidation of the reaction mechanism.
72
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One of the advantages of TiO2-based photo-degradation for water decontamination is 

the simplicity of the devices. Here, only the TiO2 photocatalyst and UV light are needed and 

the subsequent cost is much lower than other degradation techniques. TiO2 has the ability to 

remove low concentration pollutants from wastewater
95-97

 and is able to remove endocrine 

disruptor chemicals from aquatic environments. Some examples, like phallic acid or oxalic 

acid, of the organic compounds which can be mineralized by TiO2 photocatalysts are shown in 

in Table 1.
24, 70, 91, 102

 

 

Table 1: Examples of organic compounds mineralised by TiO2 photocatalysts.
24

 

Class Example 

Alkanes Methane, isobutane, pentane, heptane, cyclohexane, paraffin 

Haloalkanes Mono-, di- tri-, and tetracholoromethane, tribromoethane,  

1,1,1-trifluoro-2,2,2-tricholorethanel 

Aliphatic alcohols Methanol, ethanol, isopropyl alcohol, glucose, sucrose 

Carboxylic acids Formic, ethanoic, dimethylethanoic, propanoic, oxalic acids 

Alkenes Propene, cyclohexene 

Haloalkenes Perchloroethene, 1,2- dichloethene, 1,1,2-trichloroethene 

Aromatics Benzene, naphthalene 

Haloaromatics Chlorobenzene, 1,2-decholorobenzene, bromobenzene 

Nitrohaloarmatics 3,4-Dichloronitrobenzene, dichloronitrobenzene 

Phenols Phenol, hydroquinone, catechol, 4-methylcatechol, resorcinol 

Halophenols 2-,3-,4-Chlorophenol,pentachlorophenol,4-fluorophenol,  

3,4-difluorophenol 

Aromatic carboxylic 

acids 

Benzoic, 4-aminobenzoic, phthalic, salicylic, m- and p- 

hydroxybenzoic, chlorohydroxybenzoic acids 

Polymers Polyethylene, poly(vinyl chloride) (PVC) 

Surfactants Sodium dodecylsulphate (SDS), polyethylene glycol, sodium 

dodecyl benzene sulphonate, trimethyl phosphate,  

Herbicides Methyl viologen, atrazine, simazine, prometron, propetryne, 

bentazon 

Pesticides DDT, parathion, lindane 

Dyes Methylene blue, rhodamine B, methyl orange, fluorescein 
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1.1.3 Summary 

In summary, TiO2 is one of the most important photocatalysts because it is biologically and 

chemically inert, inexpensive to produce, and stable with respect to photo- and chemical 

corrosion. TiO2 has proven suitable for many industrial applications including clean energy 

generation and environmental remediation. The interaction between the organic molecules and 

TiO2 plays an important role in these applications, as illustrated in Figures 5 to 9. One of the 

main aims of this project is to understand these interactions, which may facilitate the 

development and large-scale deployment of TiO2 as photocatalysts in industry.   
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1.2 TiO2 surfaces 

 

Advances in photocatalysis suggest that the interface between TiO2 and the organic molecules 

is crucially important because it is the site of all reactions. The interface properties are also 

important in determining the generation, lifetime and mobility of photo-charge carriers that are 

the most important factors affecting photocatalyst performance.
1, 4, 5, 7, 11, 25, 31, 82, 103, 104

 

Understanding the mechanistic processes of exciton generation, separation and transfer at the 

atomic level, and the inherent relationships with TiO2 photocatalyst surface properties would 

enable purposeful material and interface design to achieve high performance. In general, an 

interface is comprised of two parts: organic functional groups and TiO2 surfaces.
7, 31, 103-107

 To 

determine precise interface properties, two main factors need be considered.
4, 5, 7, 11, 23, 26, 31, 51, 67, 

108, 109
 The first is the binding strength between the functional groups and the TiO2 surface. 

Electronic couplings between atoms of these two parts determine the stability of the interface 

and charge transfer rates.
 
The second factor is the band structure, as illustrated in Figure 1, 

which determine the direction of the charge flow at the interface. Consequently, both atomic 

and electronic states of TiO2 surfaces will play a key role in their practical application.
4, 7, 13, 25, 

36, 82, 107
 

To understand the surface properties of TiO2, its bulk structure must first be addressed. 

In nature, TiO2 exists in three crystalline polymorphs: rutile, anatase, and brookite (Figure 

10).
16, 22, 31

  

 
 

Figure 10: Bulk structures of anatase, rutile and brookite crystalline polymorphs of TiO2. 

Key: red-oxygen, blue-titanium. 
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All unit cells of the three TiO2 phases are made of blocks of [TiO6] octahedrons. 
51

 In 

this block formation, each Ti
4+

 ion is surrounded by an octahedron of six O
2-

 ions. The crystal 

structures differ in the distortion of each octahedron and by the assembly pattern of the 

octahedron chains.
104

 For rutile, each [TiO6] octahedron is in contact with 10 neighbour 

octahedrons (two sharing edge oxygen pairs and eight sharing corner oxygen atoms), while in 

anatase, each [TiO6] octahedron is associated with eight neighbours (four sharing an edge and 

four sharing a corner).
7, 82, 110

 In the anatase phase, the [TiO6] octahedron is significantly 

distorted and the crystal is less symmetrical. In the rutile phase, Ti-O distances are larger. This 

structural divergence causes different mass densities and electronic band structures in the 

different TiO2 phases (Table 2).
7, 11, 105, 107, 110

  

Table 2: TiO2 crystalline structure.
110

 

Parameter Anatase Rutile Brookite 

Crystal structure Tetragonal Tetragonal Orthorhombic 

Lattice constants (Å) a=3.784, c=9.515 a=4.594, c=2.959 a=9.184, b=5.447,c=5.145 

Space group I41/amd P41/mnm Pbca 

Molecule-cell 4 2 8 

Volume-molecule (Å) 34.061 31.216 32.172 

Density (g/cm
3
) 3.79 4.13 3.99 

Ti-O bond length (Å) 1.937 (4) 1.949 (4) 1.87~2.04 

1.965 (2) 1.965 (2) 

O-Ti-O bond angle (°) 77.7~92.6 81.2 ~ 90.0 77.0~105.0 

 

To construct the desired stoichiometric surfaces of TiO2, the [TiO6] octahedra on 

the TiO2 surface are truncated in various ways, giving rise to surface patterns of atomic 

coordination numbers different from those in the bulk.
7, 11, 107

 In general, a slab cut from 

the crystal encased by the different stoichiometric surfaces has a formula of Ti nO2n+m, 

where n is the number of Ti layers. With surface octahedron truncations, the formula of the 

slab becomes TinO2n, which is reduced to stoichiometric TiO2. The surface properties of 

TiO2 single crystals vary due to their different atomic structures.
7, 11, 107

 A precise 

understanding of the surface structure-reactivity relationship is indispensable when designing 
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novel TiO2 photocatalysts for interactions with organic molecules. In this regard, a range of 

anatase and rutile TiO2 surface properties have been comprehensively studied.
7, 11, 14, 26, 31, 51, 82, 

103, 104, 106, 107, 111-114
 While significant achievements have been made in establishing the 

geometries of specific TiO2 surfaces using combined experimental and theoretical techniques
27

, 

knowledge of the surface science of some low Miller index TiO2 surfaces and their 

mechanistic chemistry is limited. These include anatase (001) and rutile (111) surfaces. 

1.2.1 Anatase TiO2 (001) surface 

As surface energy is closely related to the density of uncoordinated Ti atoms, the surface 

energy of different anatase crystalline structures calculated using the DFT method is (001) 

(0.88 J·m
−2

) > (010) (0.53 J·m
−2

) > (100) (0.51 J·m
−2

) > (101) (0.40 J·m
−2

).
107, 112

 Observed 

differences in the surface energy of crystallographic facets greatly affect electronic and optical 

properties and the interfacial transport of mass and charge.
115, 116

 According to the Wulff 

construction and the calculated surface energies, the equilibrium shape of an anatase crystal is 

a slightly truncated bipyramid enclosed by more than 94% {101} and fewer than 6%{001} 

facets (left panel; Figure 11).
107

 The shapes of the anatase TiO2 crystals can however, be 

modified with the assistance of facet control agents, as shown in the right panel of Figure 11. 

 
Figure 11: Morphology of the predicted anatase TiO2 equilibrium shape through Wulff 

construction (LHS) and some modified anatase shapes (RHS).
107

 

As the anatase (001) surface is theoretically predicated to be highly reactive its surface 

properties have generated much research interest.
111, 117-119

 Previous results indicate that anatase 

TiO2 particles dominated by (001) high energy facets possess a characteristic surface 

configuration with many dangling bonds. These anatase surfaces have great potential for 
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advanced photocatalyst applications, including environmental remediation, solar energy 

conversion, selective photocatalysis and Li-ion battery technologies.
115

 Xie et al. demonstrated 

that (001) faceted nanosheets enhanced the degradation efficiency of organic pollutants, like 

methyl orange, highlighting the potential use of this material in high-level water 

purification.
120

 A recent experiment demonstrated that the anatase particles dominated by {001} 

facets could enhance the quantum efficiency of photocatalytic water splitting, which may 

benefit solar hydrogen production.
59, 121

 Li et al. also reported that photocatalytic reactivity for 

the conversion of toluene to benzaldehyde could be enhanced by increasing the proportion of 

anatase {001} facets.
122

 Hengerer et al. studied orientation-dependent charge transfer processes 

using electrochemical measurements of anatase TiO2 with dominant {001} facets. Their results 

suggest that Li-ion insertion is favoured on (001) surfaces. The faster transport of of Li-ions 

and electrons on the anatase (001) surface improves the cycling performance and rate 

capabilities of the batteries.
123

  

Figure 12 shows the atomic structure of the bare anatase TiO2 (001) surface with the 

structural properties based on first-principles calculations. The anatase TiO2 (001) surface is 

rather flat with square surface cells. On the (001) surface, there are two [TiO6] octahedra, each 

of which has one of the oxygen vertices truncated, leaving behind ‘defective’ octahedra with 

five-fold coordination (Ti5c). Four two-fold-coordinated O atoms (O2c) are each bonded to two 

Ti5c atoms on the surface, leaving one dangling Ti-O bond forming a Ti5c-O2c-Ti5c angle of 

144.9°. The remaining four surface O atoms are each bonded to three Ti atoms (O3c), which is 

the same as those in the bulk.  

 
Figure 12: (a) Lattice structure of anatase TiO2 (001) surface, (b) & (c) Optimized structure of 

clean anatase TiO2 (001) surfaces. Key: blue-Ti and red-O. 
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The synthesis of anatase crystals with exposed {001} facets is challenging due to their 

high surface energy.
111, 117, 124, 125

 In 2008, TiO2 nanocrystals with a large percentage of {001} 

facets were successfully synthesized through fluorination techniques (Figure 13a),
119

 which 

paved the way for photodegradation of organic species using this highly reactive anatase TiO2 

surface. Since then, a range of methods have been developed to fabricate anatase TiO2 

photocatalysts with a large percentage of {001} facets (Figure 13).
65, 73, 115, 116, 126-131

  

 
Figure 13: SEM images of (a) anatase single crystals with large exposed (001) surface, 

119
 (b) 

anatase TiO2 microsphere with whole exposed (001) surface,
60

 (c) anatase TiO2 hierarchical 

spheres,
126

 and (d) anatase TiO2 film with oriented {001}facets.
127

 

Typical examples of the synthesis methods are listed in Table 3. Most of the products 

however, are nanoparticle powders in solution, prohibiting their use in photoelectrocatalysis,  

where the photocatalysts need to be immobilised on the surface of electrodes. Recently, the 

immobilization of active anatase TiO2 nanocrystals with a large percentage of {001} facets has 

been achieved.
115, 116, 122, 127, 128, 132, 133

 Liu et al. immobilized anatase nanocrystals through the 

direct growth of anatase TiO2 films with a large percentage of {001} facets on conductor 

substrates,
127

 while Wang et al. achieved the same result by growing exposed (001) surfaces 

directly onto Ti foils.
128

 The stronger photo-oxidization capabilities of dominant {001} faceted 

anatase TiO2 photoanodes have been observed, confirming the higher reactivities of anatase 

(001) surfaces for acid degradation.
73, 116, 126, 128, 132
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Table 3: Synthesis methods for anatase TiO2 with primarily exposed (001) surfaces. 

 
Precursor 

Capping 

agents 
Solvents {001}% Ref 

Fluoride 

hydrothermal 

TiF4/TiN/TiB2/TiS2

/TiC/Ti 

HF/NH4HF2/

NH4F2 
H2O 40~60% 

[119, 125, 

132, 134] 

Ti(SO4)2/TBOT HF H2O 18~89% [35, 120] 

TiF4/TiCl4 HF 
H2O-

alcohol 
50~65% [122, 135] 

TiF4/TiCl4 HF H2O-IL 27~80% [136, 137] 

Amine-mediated 

nonaqueous 

TIP OM BA(H2O)  [138] 

TOBT OA/OM C2H5OH  [139] 

 

1.2.2 Rutile TiO2 (111) surface 

In nature, rutile crystals have many exposed facets. The left image of Figure 14 shows the 

shape of rutile crystals under equilibrium conditions according the Wulff construction.
140

 As 

with anatase TiO2, the exposed facets of rutile TiO2 can be modified under different reaction 

conditions.
2, 16, 141-145

  

 
Figure 14: Morphology of the predicted rutile TiO2 equilibrium shape through Wulff 

construction (LHS) and some modified rutile shapes (RHS).
140

 

This project focuses on the rutile TiO2 (111) surface. Through scanning electronic 

microscopic (SEM) and transmission electron microscopy (TEM) images rutile {111} facets 

have been found acting as caps on aligned single-crystalline rutile TiO2 nanorods (Figure 

15).
141, 146

. Since rutile nanorods have recently been widely used as novel photovoltaic devices 

or photocatalysts, the rutile (111) surface at their solid-solution interface has attracted research 

attention.
141, 146, 147

 Rutile {111} faceted TiO2 nanorods were experimentally demonstrated to  
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have oxidative sites during photocatalytic processes.
114, 141, 146, 148

 Rutile TiO2 nanorods with 

{011} and {111} facets have been found to possess a 2.5 times greater capacity for water 

splitting than anatase TiO2 nanotube arrays due to enhanced separation efficiency of photo-

generated holes and electrons.
79

 The visible-light activities of rutile TiO2 nanorods have 

recently been discovered, significantly advancing the practical applications of TiO2 

photocatalysts under solar irradiation.
69, 141, 146, 149-151

.  

 
 

Figure 15: (a) &( b) SEM and HRTEM images of rutile TiO2 with whole exposed (111) 

surface
152

, and (c) schematic diagram of the structure an individual rutile rod.
139
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1.3 Adsorption properties  

 

1.3.1 Significance  

Generally, the surface reactions during TiO2 photocatalysis occur through the following steps:  

i. Adsorption of reactants; 

ii. Reaction; 

iii. Desorption of products; 

For a highly efficient photocatalytical process, the interfacial electron transfer is 

kinetically competitive only when the relevant reactants are pre-adsorbed on the surface of the 

photocatalyst,
1, 5, 22-27, 101, 153

 which suggests that preliminary surface adsorption is a prerequisite 

of highly efficient reactions. How a reactant interacts with the TiO2 surface is influenced by 

the atomic and electronic structures of the interface and its related redox properties. Surface 

structure, coverage, adsorption sites, thermal stability and reactivity, adsorption structure and 

defects, are all important factors affecting adsorption properties.
4, 5, 25, 31

 Controlling these 

factors is important for improving the photocatalysis efficiency of TiO2 for various industrial 

applications.
5, 11, 13, 14, 154

 The starting point for the development of analyte photocatalysis on 

TiO2 surfaces is to understand their adsorption properties.
26, 27, 29, 51, 103, 104, 155

 \ 

 

1.3.2 Adsorption principles 

Adsorption is one of the most important phenomena in natural, physical, biological, and 

chemical systems. It is the process of binding molecules or particles to a surface, which takes 

place when reactants in liquid or gas move towards the solid surface and form an adsorption 

state.
26, 153.

 Similar to surface tension, adsorption is a consequence of surface energy. In bulk 

materials, all atoms of the material are fully coordinated. Atoms on the surface of the 

adsorbent are however, not fully coordinated and can attract adsorbates.
51, 82, 104, 105, 153, 156

  

Adsorption states can be classified into physisorption and chemisorption depending on the 

bonding mechanisms between adsorbates and the surface. 
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 Physisorption  

Physisorption occurs when the adsorbate adheres to the surface only through 

electrostatic or van der Waals (weak intermolecular) interactions.
157-159

 Typical 

examples of physisorption are molecular adsorption of noble gases, where the weak 

bonding is exploited to determine the surface area of a substrate.
153

 When a molecule 

approaches the TiO2 surface, it starts interacting with the surface. If the interaction is a 

long range one caused by dipoles, the molecule is also physisorbed on the surface. 

 Chemisorption  

Chemisorption involves a chemical reaction between the surface and the adsorbate 

forming new chemical bonds at the adsorbent surface.
192

 Chemisorption is 

characterised by an exchange of electrons and is usually distinguished from 

physisorption by the value of the adsorption energy.
108, 153, 160

 Chemisorption strongly 

depends on the surface coverage of the adsorbate due to the existence of adsorbate-

adsorbate interactions. Chemisorption is also affected by the surface adsorption sites. 

The strong interaction between the adsorbate and the substrate surface is due to the 

formation of new electronic bonds.
104, 105, 153, 161-164

 Due to specificity, the nature of 

chemisorption can greatly differ depending on the chemical adsorbate and the surface 

structure. 

Adsorption can also be classified as molecular or dissociative according to the configurations 

of the adsorbates.
26, 51, 156, 165

 

 Molecular adsorption  

When adsorbates are adsorbed on the surface without breaking any of their internal 

bonds, this state is defined as molecular adsorption.
51, 153

 Molecular adsorption can be 

either physisorption or chemisorption, depending on the interaction strength between 

the adsorbate and the surface.  

 Dissociative adsorption  

Dissociative adsorption suggests that at least one bond of the adsorbate molecule has 

been broken after the adsorption. The rupture of adsorbate bonds, which is often 
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induced by the strong interaction between the adsorbate and the surface, can lead to 

the formation of new bonds at the interface.
153

 As a result, dissociative adsorption is a 

chemisorption process.  

Figure 16 illustrates some examples of physisorption, molecular chemisorption, and 

dissociative chemisorption.  

 
Figure 16: Schematic diagram of one-dimensional potential energy for adsorption 

processes.
153

 

 

1.3.3 Factors that affect adsorption 

The adsorption properties of organic molecules on different TiO2 surfaces have been the 

subject of many studies over the past few decades due to their potential application in many 

areas.
5, 7-9, 13, 15, 19, 21, 26, 27, 29, 51, 154

 Surface adsorption strongly relates to the structural and 

electronic properties of TiO2 surfaces and adsorbed organic molecules.
7, 11, 27, 51, 109, 166

 The 

binding mechanisms of molecules on the TiO2 surface are affected by many factors.
7, 16, 21

 

Some factors, such as surface structure, adsorption sites, surface defects and functional groups 

of adsorbates are briefly discussed below.  

 

1.3.3.1 Surface structure  

Knowledge of the surface structure of TiO2 is fundamental to analysing all surface 

physical and chemical phenomena.
16, 37, 51, 104, 161

 The surface properties of TiO2 are different 

due to the diverse atomic structures (Figure 17).
7, 11, 27, 51, 166

  



- 20 - 

 

Figure 17: Atomic structures of anatase (001), (101), (010), (100) surfaces, and rutile TiO2 

(110), (010), (001), (101) surfaces. Key: red-oxygen, blue-titanium. 
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Table 4: Adsorption energies (eV) of water on various anatase and rutile surfaces, EM and ED 

are corresponding to molecular and dissociative adsorption. 

Phase Surface & models Methods Coverage (𝛉) EM ED Ref 

A
n

a
ta

se
 

Defect free (101) DFT (PW91) 0.25 0.84 0.06 [167] 

(101) with steps DFT (PBE) 0.25 1.18 0.65 [168] 

Defect free (001) DFT (PW91) 0.25  1.59 [111] 

Defect free (001) DFT (PW91) 0.5 0.81 1.44 [111] 

Defect free (100) DFT (PW91) 0.17 0.62 0.67 [169] 

Defect free (100) DFT (PBE) 0.5 0.74 0.77 [170] 

R
u

ti
le

 

Defect free (001) DFT (PBE) 0.25 1.417 1.707 [171] 

Defect free (100) DFT (PBE) 0.25 1.332 1.158 [171] 

Defect free (011) DFT (PBE) 0.25 1.10 1.27 [172] 

(110)-(1×1) DFT (BP88) 1.0 0.28 1.08 [173] 

(110)-(2×2) DFT (PW91) 0.25 0.56 0.23 [174] 

(110)-(2×2) DFT (PBE) 0.25 0.82 0.63 [113] 

 

Adsorption sites 

The adsorption sites on TiO2 surfaces are important structural elements driving TiO2 

adsorption properties as they are the sites for reactions between TiO2 and adsorbates.
175

 

Investigations into the adsorption and diffusion of oxygen species on reduced TiO2 (110) 

surfaces using density functional theory calculations demonstrated that adsorption energies 

varied between different adsorption sites (Figure 18).
175

 These results clearly show O2 

molecules strongly binding with VO sites and neighbouring Ti5c sites. As such, adsorption sites 

significantly affect adsorption structure and energy. 
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Figure 18: Atomic structures and adsorption energies (eV) of molecular O2 at the reduced 

TiO2 (110) surface. Key: red-oxygen, grey--titanium yellow-adsorbed O2 (or 2O).
175

 

 

Adsorption configurations 

Adsorption configuration can also strongly affect adsorption properties. Previous 

studies indicate that adsorption energies are different when organic molecules are adsorbed on 

identical TiO2 surfaces with different surface configurations. The understanding of adsorption 

configurations and the correct analysis of their effects on adsorption capacity is vital to 

understanding the diverse adsorption properties of organic molecules on TiO2 surfaces.
7, 11, 82, 

104
 For example, Gong et al. studied formic acid adsorbed onto an anatase TiO2 (001) surface 

(Figure 19 a-c) with different adsorption configurations.
124

 The results indicate that formic acid 

dissociates spontaneously on unreconstructed clean TiO2 (001)-1 × 1 and reconstructed TiO2 
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(001)-1 × 4 surfaces. The adsorption energies ranged from 0.48 eV to 2.15 eV for various 

configurations of dissociated formic acid on (001) surfaces.
124

 

 
Figure 19: (a) Structures of clean anatase TiO2 (001)-(1 × 1) and (1 × 4) with their surface 

energy; (b) Structures of dissociated formic acid on clean anatase TiO2(001)-1 × 1 in (i) 

monodentate estertype, (ii) monodentate O-up,(iii) bidentate chelating,(iv) bidentate bridging, 

(v) bidentate bridging above O2c and (vi) bidentate bridging configurations; (c) Structures of 

dissociated formic acid on the ridge of anatase TiO2(001)-1 × 4 in (i) monodentate estertype, 

(ii) monodentate O-up, and (iii) bidentate chelating configurations.
124
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Surface defects 

The structure of a ‘real’ TiO2 surface is often imperfect, with a variety of defects. 

These include geometric defects such as step edges, kinks and other lattice mismatches, as well 

as chemical defects such as lattice vacancies and interstitial particles, which can dominate the 

chemical properties of the active surface.
7, 11, 19, 131, 176-178

  

 

 Oxygen vacancies and Ti interstitials 

The most common defects on TiO2 surfaces are oxygen vacancies (VO) and steps. The 

concentration of surface VO is very sensitive to oxygen pressure, temperature and duration of 

the annealing used to prepare the surface (Figure 20).
179

 These defects strongly influence 

surface reactivity.
178, 180, 181

 Generally, strong adsorption requires the transfer of negative 

charge from VO. The adsorption energies of O2 on the reduced rutile TiO2 (110) surface, shown 

in Figure 18, demonstrated that the interaction between O2 and VO is much stronger than for 

other sites. 

 

Figure 20: Atomic structure of (a) rutile (110) surface and (b) anatase (101) surface, (c) 

defect rutile (110) surface 
182

 and (d) defect anatase (101) surface 
179

. 

 

Ti interstitials also appear on the defective TiO2 surface and affect surface electronic 

structures.
168, 177

 For example, results of a study on the binding sites and diffusion pathways for 

a Ti interstitial at the anatase (101) surface, shows that the most stable surface binding site is 

between two adjacent O2c atoms along the [010] direction, where the interstitial Ti atom is 

Ti4c Ti5c O2c

Oxygen vacancyOxygen vacancy
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coordinated to four O atoms.
11, 51

 In all subsurface sites, the Ti interstitial is connected to five 

oxygen atoms, with the defect formation energy decreasing steadily as the Ti interstitial moves 

away from the surface to the bulk. 

 Steps 

Steps are very common surface defects that have a strong influence on the reactivity of 

the TiO2 surface. Gong et al reported the structure and energetics of monatomic steps on 

anatase (101) as illustrated by Figure 21.
177

 The STM image of anatase TiO2 (101) shows that 

the parallel sides of all trapezoids are oriented along the [010] direction, and the two 

nonparallel sides are directed along [−111] and [11−1] directions. The theoretical and STM 

results indicate that the preferred orientation for a step is [11−1] direction. Vicinal surfaces are 

considered when determining step formation energies.  

 
Figure 21: (a) STM image of anatase TiO2 (101) surface, showing preferential orientations of 

monoatomic steps (Red circle: One isolated trapezoidal island), (b) Schematic plot of possible 

island shapes and orientations on anatase TiO2 (101) surface (Five different types of steps are 

identified and labelled as A–E).
177

 

 

1.3.3.2 Functional groups 

The surface science of the adsorption, dissociation and oxidation of organic molecules 

on TiO2 surfaces has been extensively studied. The adsorption properties of organic adsorbates 

depend on their functional groups and surface structures because adsorptions occur via 

interactions between the functional groups of organic adsorbates and surface atoms.
7, 11, 26, 27, 51, 

82, 104, 105, 108, 153, 183
 The available adsorption energies of organic molecules with different 

functional groups adsorbed on anatase (101) surfaces are listed in Table 5. Positive adsorption 

energy values mean that the adsorption is exothermic. 

(b)(a)
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Table 5: Adsorption energies (eV) of organic molecules with different functional compounds 

adsorbed on anatase TiO2 (101) surfaces. Type M and D correspond to molecular and 

dissociative adsorptions, respectively; configurations MD and BD correspond to molecules 

adsorbed with monodentate and bidentate configurations, respectively. 

 Adsorbates Structure 𝜽 Type Configuration Ead  (eV) Ref. 

 

Formic acid 

(HCOOH) 
 

0.25 

M MD 0.41~0.92 

[184] 
BD 0.20 

D MD 0.21 

BD 0.25~0.68 

Acetic acid 

(CH3COOH) 
 

0.5 
M BD 0.93~1.06 

[185] 

D BD 1.93 

Benzoic Acid 

(C6H5COOH) 

 

0.25 

M MD 1.~1.1 

[186] 
D MD 0.8~0.96 

 

Formaldehyde 

(HCHO) 
 

0.25 M  0.21~0.49 

[152] 
D  0.55~0.71 

0.5 M  0.31~0.47 

D  0.54~0.75 

Acetaldehyde 

(CH3CHO) 

 

1 M  0.83 [187] 

Glucose 

(C6H12O6) 

 

/ 

M  0.48~0.79 

[188] 
D 

 
0.41~0.1  

 

Methanol 

(CH3OH) 

 

0.25 M  0.21~0.75 

[189] 

D  0.22~0.48 

0.5 M  0.68~0.7 

D  0.38~0.5 

1 M  0.63~0.67 

D  0.48~0.61 

Ethanol 

(C2H5OH) 

 

n/a D  1.24 [164] 

Phenol 

(C6H5OH) 

 

/ 

M  0.42~0.95 

[190] 
D  0.27~0.81 

2-propanol 

(C3H7OH) 

 

0.5 
M  0.88~1.2 

[191] 

D  0.71~0.84 
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1.3.4 Summary 

Generally, the adsorption properties of organic molecules on the TiO2 surface are fundamental 

to enhancing the efficiency of photocatalytic reactions. The adsorption properties are 

determined by many factors, such as surface structure, adsorption sites, coverage, adsorption 

configuration, surface defects and functional groups of adsorbates. As a result, the mechanistic 

chemistry behind adsorption is complex and the understanding of the adsorption properties of 

the TiO2 surface challenging. Many characterisation methods have been developed and applied 

to measure the adsorption properties. In the next section, the principles, applications, and 

limitations of different characterisation methods will be briefly reviewed. 

  



- 28 - 

1.4 Experimental methods to understand adsorption properties  
 

1.4.1 Introduction 

Measurements of different surface adsorption properties have become increasingly common 

due to the establishment of thermodynamic and kinetic models to assist in describing the 

behaviour of surface adsorption in heterogeneous photocatalysis.
7, 26

 A thorough understanding 

of adsorption states and configurations could help in the development of materials with 

improved performance.
4, 5, 7, 11, 25, 26

 To date, many characterisation methods have been 

developed and employed to understand the adsorption properties of organic molecules on the 

TiO2 surface.
51, 94, 192, 193

 Some of the characterisation methods include UV-vis absorption 

spectroscopy, Raman spectroscopy, attenuated total reflection infrared spectroscopy (ATR-IR), 

scanning tunnelling microscopy (STM), low-energy electron diffraction (LEED), and X-ray 

photoelectron spectroscopy (XPS), and are briefly reviewed here. 
5, 19, 89, 194-198

  

 

1.4.1.1 UV-vis absorption spectroscopy 

 
Figure 22: (a) Schematic diagram of UV-vis absorption spectroscopy,

206
 (b) UV-vis 

absorption spectra of a pure methylene blue solution (0.01mM), pure TiO2 sol (0.3g·L
-1

), and 

TiO2 colloids containing different concentrations of methylene blue.
207

 

The UV-absorption spectroscopy technique is used to determine TiO2 surface 

adsorption properties in slurry systems.
89, 151, 199-202

 It has been widely used to identify different 

UV-vis light irradiated materials that can react with gas or liquid. It has also been used to 

evaluate the physics of core-excited atomic, molecular and solid species.
203

 UV-absorption 

spectroscopy is based on molecules containing π-electrons or non-bonding electrons (𝑛 -

electrons) and their capacity to absorb energy in the form of either ultraviolet or visible light, 

(a) (b)
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and excite the π-electrons to higher anti-bonding molecular orbitals (Figure 22).
89, 199

 Shorter 

wavelengths with a higher energy radiation in the UV light (200 ~ 400 nm) and visible light 

(400 ~ 700 nm) range of the electromagnetic spectrum cause many organic molecules to 

undergo electronic transitions. When energy from UV-vis light is absorbed by a molecule, one 

electron is excited directly from a lower energy level to a higher energy level.
204, 205

  

For example, Liu et.al used this UV-vis absorption spectroscopy technique to test the 

polymeric adsorption properties of methylene blue on the surface of TiO2 colloids (Figure 

22b).
207

 Absorption at 663 nm decreased drastically demonstrating that absorption was from 

the monomer of free methylene blue in water solution (NB: the absorption at around 610 nm is 

from the H-dimer of methylene blue).
208

 The relative absorption (i.e. the ratio between the 

absorption at 610 nm and 670 nm), is more intense than that for a water solution of methylene 

blue, indicating that the TiO2 hydrosol increases the H-type dimerization of the methylene blue 

molecule.
209

 The absorption at 570 nm, which represents the trimer state of methylene blue, 

becomes increasingly prominent with increasing methylene blue concentration.
210, 211

 The 

results from these previous studies show that methylene blue favours adsorption on TiO2 

colloid surfaces in the trimetric low-energy state due to strong electrostatic attractions. The 

trimer–monomer equilibrium of methylene blue on TiO2 is highly sensitive to temperature 

changes, resulting in reversible thermochromics.
207

  

 

1.4.1.2 Raman spectroscopy 

Raman spectroscopy provides information regarding material chemical structure and 

physical form.
66, 181, 212-217

 The characteristic spectrum can be used to quantitatively identify 

substances and semi-quantitatively measure the amount of substances.
218

 
219

 The principle of 

Raman spectroscopy is based on sample illumination (Figure 23a). Typically, after a laser 

beam illuminates the sample, the electromagnetic radiation at the illuminated spot is collected 

by a lens and relayed to monochromators. Then, the elastic scattered radiation is filtered out 

and the remaining light source is dispersed onto a detector.
214, 218, 219

 Raman spectroscopy  can 
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be used to observe vibrational, rotational, and other low-frequency modes occurring in a 

system.  

 
Figure 23: (a) State energy-level diagram involved in Raman signal and schematic diagram of 

Raman measurement of dye-adsorbed TiO2 electrodes;
217

 (b) Raman spectra of Z907 dye 

powder and Z907 dye adsorbed onto the TiO2 electrode; (c) Raman peak intensity ratio of dye 

to TiO2, Id/It, plotted against immersion time in a dye solution, where Id and It are the 

integrated Raman intensities of the 1610 cm−1 dye band and the 639 cm−1 TiO2 band, 

respectively; (d) Comparison between the amount of dye estimated by UV-vis absorption 

measurement and Id/It estimated by Raman measurement 
217

. 

Raman spectroscopy was utilized by Nagai et. al to measure adsorption properties of 

dye molecules on TiO2 electrodes.
217

 Raman results were attained for TiO2 electrodes after 

immersion in a Z907 dye solution for different times (Figure 23b), which indicate that the peak 

intensities of the Z907 dye band at 1610 cm
−1

 and TiO2 band at 639 cm
−1 

vary.
217

 The changes 

are dependent on the adsorption time. The peak intensity ratio Id/It indicates the amount of dye 

adsorbed onto the TiO2 electrodes, where Id and It are the integrated Raman intensities of the 

dye at 1610 cm
−1

 bands and the TiO2 at 639 cm
−1

 bands, respectively. The immersion-time 

dependence of the Id/It estimated by Raman spectra obtained from the TiO2 electrodes is 

demonstrated in Figure 23c, where Id/It increases rapidly against the immersion time and then 
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plateaus after a sufficient period of time.
217

 Comparative results from Raman spectra and UV-

vis absorbance spectra indicate a small gap between the two methods over a short period of 

time (Figure 23d), which can be considered due to the local distribution of dye adsorption. 

 

1.4.1.3 ATR-IR 

The ATR-IR (attenuated total reflection infrared spectroscopy) technique is based on 

the use of an evanescent wave that results from total internal reflection of the surface. ATR-IR 

is widely applied for crystal surface characterisation and aqueous solutions reactions.
36, 169, 220, 

221
 Generally, an IR light beam is passed through the ATR crystal which then reflects off the 

internal surface several times (Figure 24a). The number of reflections may be changed by 

varying the angle of incidence. This reflection forms the evanescent wave which extends into 

the sample. The beam is then collected by a detector. Most modern IR spectrometers can be 

converted to characterise samples by mounting the ATR accessory in the spectrometer's 

sample compartment.  

This technique has been used to test glycosylic acid adsorbed on TiO2.
222

 The 

background infrared spectrum of water on TiO2 film and Infrared spectra of 0.1 M aqueous 

glyoxylic acid solution are illustrated in Figure 24 b & c. The most prominent new spectral 

feature is a broad absorption peak at 878 cm
-1

.
222

 This absorption develops rapidly after the 

onset of irradiation and appears to be associated with an absorption loss at 1650 cm
-1

, which is 

close to the water-bending mode absorption (although there is no significant corresponding 

absorption loss in the OH stretching region). There are significant TiO2 absorptions in the 1000 

~ 700 cm
-1

 region and surface irradiation is expected to impact, to some extent, upon the TiO2 

surface structure. The negative bands at 1660 cm
-1

, 1353 cm
-1

, and 1098 cm
-1

 correspond to 

those in the spectrum of glyoxylic acid adsorbed on TiO2 indicating that surface coverage of 

adsorbed glyoxylic acid decreases with irradiation. Any negative spectral absorption 

corresponds to a loss of adsorbed species, while positive absorptions arise from newly formed 

surface species.
222

 The results demonstrate that glycosylic acid can be adsorbed on TiO2 and 

that the surface coverage of adsorbed glycolytic acid decreases under irradiation. 

http://en.wikipedia.org/wiki/Evanescent_wave
http://en.wikipedia.org/wiki/Total_internal_reflection
http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Light
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Figure 24: (a) Schematic diagram of multiple reflections in an ATR system,

223
 (b) Background 

infrared spectrum from water on TiO2 film, (c) Infrared spectra of 0.1 M aqueous glyoxylic 

acid solution [a] at pH = 2.1, [b] at pH = 8.3 and (d) Infrared spectra recorded during 365 

nm UV irradiation of glycosylic acid adsorbed on TiO2 film for different degradation times.
222

 

 

1.4.1.4 STM 

The STM (scanning tunnelling microscopy) technique is based on the concept of 

quantum tunnelling.
224

 When a conducting tip is brought very near to the surface to be 

examined, an applied bias in the tunnel is created between them (Figure 25a). The resulting 

current of the tunnel shows the functional position and the local state density of states (LDOS) 

of the sample.
224

 

 
Figure 25: (a) Schematic diagram of an STM, 

224
 (b) STM image of the reduced TiO2(110) 

surface after adsorption of 0.04 ML of O2 at 300 K. Some of the oxygen vacancies (VO), single 

(Oa) and paired (Oa–Oa) oxygen adatoms, and hydroxyl groups (OHb) are marked.
225

 

http://en.wikipedia.org/wiki/Quantum_tunneling
http://en.wikipedia.org/wiki/Biasing_(electronics)
http://en.wikipedia.org/wiki/Local_density_of_states
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In contrast to the aforementioned techniques, STM is a microscope technique which 

can directly determine the reaction state between the adsorbates and a specific TiO2 crystal 

surface. The technique gives direct evidence of coordination-controlled adsorption on a metal 

oxide surface.
198

 For example, Figure 25b illustrates a typical STM image of a reduced TiO2 

(110) surface after adsorption of 0.04 ML of oxygen at 300 K.
225

 The STM image indicates 

five-fold coordinated Ti atoms reflected as the bright rows. The dark rows indicate the two-

fold coordinated bridging oxygen (Ob) atoms.
51

 The majority of the new features that appear 

are small, well-defined and isolated bright spots centred on the Ti rows after O2 exposure 

which is attributed to oxygen atoms residing at terminal Ti sites.
226-228

 This evidence indicates 

that the O2 is dissociated on rutile TiO2 (110) surfaces. 

 

1.4.1.5 LEED 

LEED (low-energy electron diffraction) is a technique for determining the surface 

structure of single crystalline materials.
229, 230

 It involves the bombardment of single crystalline 

materials with a collimated beam of low energy electrons around 20~200 eV. The observation 

of diffracted electrons shown as spots on a screen (Figure 26a),
229, 230

 and the analysis of the 

recorded diffraction patterns and spot positions can provide information about the symmetry of 

the surface structure.  

 
Figure 26: (a) Schematic diagram of LEED optics apparatus,

229
 (b) LEED pattern of the (1×1) 

TiO2 surface and (c) (1×2) reconstruction after electron-stimulated desorption; (d) LEED 

profile taken along the [110] direction as function of electron beam irradiation time.
106

 

This approach could provide a qualitative analysis of the adsorbent’s size and 

rotational alignment. Comparisons between experimental and theoretical curves provide 

(a) (c)(b)

(d)
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information on atomic positions on the surface. Due to the specific nature of the assessment, 

LEED has been used to test TiO2 surface adsorption properties for more than two decades.
196, 

197, 231-235
 

Figure 26b illustrates the surface modification of oxides by electron stimulated 

desorption for growth-mode control of TiO2 films.
106

 The results demonstrate the presence of 

Au clusters distributed on the (1×1) surface which are absent from the (1×2) reconstructed 

surface.
106

  

 

1.4.1.6 XPS 

XPS (X-ray photoelectron spectroscopy) is one of the most widely applied techniques 

in surface science research. The principle is based on the photoelectric effect phenomena, 

which was first discovered by Heinrich Rudolf Hertz in 1887 and the photoelectric effect 

theory was explained by Albert Einstein in 1921. XPS is a surface-sensitive, quantitative 

spectroscopic technique that can measure elemental composition and determine the electronic 

state of surface atoms.
236

 It is widely used to understand TiO2 surface properties.
61, 237-239

 It is 

also used to study the adsorption properties of analytes on TiO2 surfaces.
19, 159, 195, 197, 212, 240-243

 

For example, Figure 27 demonstrates how XPS can be used to detect the chemical states of N 

in adsorbed NOx on the TiO2 surface after UV irradiation.
194

  

 
Figure 27: (a) XPS spectrum of Ti 2p core-level, and (b) the XPS spectra of NO3

- 
adsorbed on 

the TiO2 surface before and after UV irradiation.
194
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1.4.2 Limitations of the aforementioned experimental methods 

Although these aforementioned experimental methods have been successfully used to 

understand the adsorption properties of analytes on TiO2 surfaces, there are still some 

limitations to the different techniques.  

(1) Some of the techniques cannot be performed in realistic conditions, for example, 

STM, LEED and XPS need be performed in quasi-vacuum conditions.
88

 Due to these strict 

experimental requirements experimental outcomes can be very different from those expected 

under operational conditions.  

(2) Some of the experimental measurements of the adsorption properties of an organic 

compound on TiO2 surfaces were carried out by adding the TiO2 nanoparticles into the 

aqueous organic solution to allow pre-adsorption.
89, 100, 199, 244, 245

 TiO2 particles with large 

surface areas and different particulate surfaces are often chosen to ensure a measurable amount 

of adsorbates are adsorbed into the TiO2 slurry from the solution. Additionally, TiO2 

nanoparticles contain differentially exposed surfaces whose adsorption properties vary within 

the same organic compound.
219, 246

 As such it is impossible to determine specific surface 

adsorption properties in TiO2 nanoparticle systems through these kinds of experiments.  

(3) The quantity of the adsorption based on UV-vis spectra or other similar techniques 

is usually calculated by measuring the decrease in concentration of the adsorbate in solution 

after separation from the TiO2 nanoparticle slurry solution by filtration or centrifugation. This 

procedure is often associated with problems such as low precision coupled with a time-

consuming process involving the separation of the TiO2 particles from the solution.
78, 203, 205

 

This approach also involves many uncontrollable factors occurring before separation and 

affecting measurement. For example, adsorbate concentration in the bulk solution can change 

rapidly during adsorption or pH of the solution can change during adsorption because of 

deprotonation or protonation.  

(4) Traditional photocatalytic kinetic studies are conducted by monitoring the 

concentration change of analytes. In many cases, these kinetic rates followed the Langmuir-

Hinshelwood kinetic expressions, which suggest a double reciprocal linear relationship 
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between the reaction rate and the substrate concentration.
41, 73, 108, 203, 247

 It is difficult however, 

to use the Langmuir isotherm rate laws to describe macroscopic photocatalytic degradation 

kinetics because many different reactions can lead to the same kinetic expression. Thus, the 

derived kinetic equation may represent different reactions. These deviations are ascribed to 

changes in various equilibrium adsorption constants and to surface adsorption heterogeneity. 

Consequently, the explanations of the observed macroscopic kinetics based on Langmuir 

model are questionable. 

In conclusion, obtaining a better understanding of the adsorption properties on specific 

TiO2 surfaces is challenging. New techniques to measure adsorption properties under 

operational conditions in combination with the aforementioned experimental techniques are 

urgently needed.  
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1.5 Photoelectrochemical method 

TiO2 has been widely applied in photoelectrocatalytical techniques for various requirements, 

and will continue to be one of the most frequently-used semiconductor materials for the these 

techniques. Photoelectrocatalytical techniques can be used to remove pollutants from water 

and air,
1, 29, 39, 42, 87, 248-250

 in the preparation of superhydrophilic and antifogging surfaces,
165, 251-

253
 photocatalytic organic syntheses,

253, 254
 

255-257
 band edge position determination,

24, 25, 142, 144
 

organic adsorption tests,
76, 77, 258, 259

 and COD sensor techniques.
46, 74, 75

 This section will 

specifically introduce the principle advantages of and procedures for using 

photoelectrochemical methods (PEC) to determine TiO2 adsorption properties.  

 

1.5.1 Advantages of PEC measurement 

As discussed in the previous section, determining the adsorption properties of organic species 

on specific TiO2 surfaces using most experimental methods presents some serious practical 

and fundamental problems. PEC techniques have many advantages over the aforementioned 

experimental methods when studying adsorption, kinetics and thermodynamics of organic 

adsorbates, due to the way the photocatalytic process proceeds.  

 The PEC measurement allows different applications of potential bias. This potential 

bias supresses the recombination of photo-generated charge carriers to increase photo-

oxidation efficiency.
74, 76, 77, 259, 261, 262

  

 The photocatalytic degradation of organic molecules can be sensitively and directly 

measured by electronic signals.
74, 76, 77

 

 The PEC measurement adopts a stop-flow operational mode to achieve exhaustive 

degradation, which increases the accuracy of the measurement of the organic 

degradation amounts. 
74, 259, 261, 262

  

 The PEC measurement rapidly and easily acquires kinetic and thermodynamic data 

under comparable conditions, which allows systematic evaluation of the photocatalytic 

activity of a particular photocatalyst towards many different organic compounds.
92, 93, 

263, 264
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 The PEC promotes the oxidation process without the influence of reduction half-

reactions and reduction reaction kinetics.
46, 73, 75, 77, 259, 262

  

 The PEC experimental conditions can be easily controlled. A wide array of organic 

compounds can be studied under comparable conditions, which make systematic 

evaluation of the photocatalytic system possible. 
74, 76, 77

 

 The PEC obtains the kinetics of degraded adsorbates. The observed photocurrent has 

clear physical relevance since it directly reflects the photohole capture kinetics of 

organic substrates at the surface under sufficient potential bias.
50, 258, 260, 265

 From the 

photocurrent decay, information on experimental actual adsorption, adsorbate 

degradation kinetics, and the diffusion coefficient, can be obtained.  

 

1.5.2 Principles of PEC measurement 

In photocatalysis systems, redox reactions including photooxidation and photoreduction 

happen on the same photocatalyst particle. This inevitably results in a fast recombination of 

photogenerated electrons and holes to release heat or light, thus vastly decreasing the 

photocatalytic disinfection efficiency.
4, 5, 25, 26

 This shortcoming can be overcome by simply 

applying a small positive potential bias to suppress the recombination of photo-generated 

electron-hole pairs,
254, 256

 which is known as a photoelectrocatalytical technique.
46, 74, 77, 259, 260

  

 
Figure 28: Schematic diagram of the photoelectrocatalytic oxidation process at a TiO2 

electrode and the simultaneous reduction process at a Pt counter electrode. 

The role of the additional potential bias is primarily to transfer photoelectrons to the 

external circuit, and subsequently to the auxiliary electrode, where photo-reduction occurs. 
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Therefore, the oxidation and reduction half-reactions, which take place on the same catalyst 

particle in conventional PC processes, can be physically separated using the 

photoelectrocatalytical technique. The principle of the photoelectrocatalytical oxidation 

process on a TiO2 electrode is illustrated in Figure 28.
75

  

Within the PEC technique, determination of adsorption properties is based on 

commensurable electrons. Providing a bias to the TiO2 electrode and Pt counter electrode 

causes photo-electrons to move from the TiO2 surface. These photo-electrons can be measured 

by the potentiostat, which is equal to the amount of surface photoholes. The concentration of 

photoholes can be indirectly calculated by accounting for electrode quantity. As photoholes are 

used to oxidize the adsorbed organic species, the amount of photoholes reflects the adsorption 

coverage and strength of organic molecules on the surface. Thus, adsorption properties can be 

measured through PEC methods. Consequently, PEC methods can be used to quantify the 

amount of oxidised adsorbed molecules for a photocatalytic reaction. Compared to the 

aforementioned experimental techniques, the PEC method can directly determine the 

adsorption properties of organic species on the surface of TiO2 electrodes.  

1.5.3 Major processes in PEC measurement 

The PEC instrument uses TiO2 photoanodes as a working electrode, the electrons then move 

from the TiO2 surface under a given bias.
262

 The amount of moving electrons is calculated by 

the potentiostat, which equals the number of photoholes generated by the UV illuminated 

photocatalytic surface (Figure 29). 

 
Figure 29: Schematic diagram of a photoelectrochemical experiment appliance 
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Generally, there are three major steps occurring in PEC measurements which are 

inherently related to each other. These three major steps and a typical PEC measurement 

profile are illustrated in Figure 30.  

i. The mass transfer step in the solution phase involves the transportation of 

reactants to, and the removal of products from the photocatalyst surface;  

ii. The interfacial transport is comprised of multiple processes, which include 

physical and chemical activities occurring at the phase boundary of the 

heterogeneous photocatalyst;  

iii. The photoelectron migration occurs in the semiconductor photocatalyst with help 

from the external bias.  

 
Figure 30: Schematic diagram of three major steps and the typical photocurrent-time profile 

obtained during PEC oxidation. 

(1) Molecule mass transfer process  

The mass transfer is vital in the overall photocatalytic process due to the increasing 

diffusion length of the reactant from the bulk solution to the surface of TiO2 photocatalysts. In 

the solution containing organic molecules, the various organic species follow different kinetic 

models when they interact with the surfaces of photocatalysts.
1, 22, 26, 27, 31

 The mass transfer 

process becomes more complex due to the interaction between their functional groups and the 

solvent molecules and surfaces. As a result, the degradation rate of organic molecules on the 

surfaces of photocatalysts is dependent on the functional groups of various organic species. 
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The in-situ PEC method can determine the effective diffusion coefficient of organic 

compounds, which will provide a path towards validating mass transfer properties.  

(2) Interfacial process  

The interfacial process is the key process for PEC measurements to analyse the 

adsorption properties of different organic species on TiO2 surfaces. This process generally 

includes several reactions: photocatalytic illumination, photo-charge carrier generation and 

recombination, surface adsorption and desorption, and heterogeneous electron transfer across 

the phase boundaries.
27, 29, 31

 Among all the reactions, the adsorption properties of organic 

molecules on surfaces are the primary goal of this project. The ex-situ PEC method could 

accurately measure the adsorption properties of organic compounds on the TiO2 surface.  

(3) Photoelectron transport process 

The photoelectron transport process rapidly removes electrons from the photocatalysts, 

which can help produce a higher efficiency for the TiO2 photocatalytic oxidation process. The 

main purpose of the photoelectron transport process is to suppress the recombination of the 

photo-excited electrons and holes during photocatalysis.
76, 77, 259, 260

 From another aspect, the 

current (by removing the photoelectrons) is proportional to the photoholes used to oxidize the 

organic molecules. To increase the efficiency of the photoelectron transport process, it is 

paramount to choose the correct thickness of photocatalyst films, simulated light intensity, and 

applied potential bias.
73, 258, 261

  

 

1.5.4 Experimental details of PEC measurement  

 

1.5.4.1 Adsorption equilibrium constant 

The Langmuir adsorption model is used to understand the adsorption of organic 

compounds on TiO2 surfaces when the concentration of reactants is low.
73, 259

 The adsorption 

equilibrium constant (K) is strongly related to the adsorption affinity of the substrate to the 
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TiO2 surface, and is expected to remain relatively constant under various conditions.
73, 90, 266, 267

 

To quantify the adsorption equilibrium constant, the coverage of the adsorbates (𝜃) on the 

surface needs to be measured.  

An ex-situ PEC measurement was applied here to study the effect of adsorption on the 

photocatalysis process by measuring the thermodynamic and kinetic properties of the 

degradation of pre-adsorbed analytes on the TiO2 surface. The method is divided into two steps. 

Initially, the TiO2 electrode will be immersed in the sample solution containing adsorbates to 

allow pre-adsorption. Then, the electrode will be removed from the sample solution and placed 

into the detection solution containing the supporting electrolyte to perform the PEC 

measurement.
74, 75

 The current generated from photoelectrocatalytic oxidation of the adsorbates 

can be used to determine the extent of the fraction of the adsorption sites occupied, which is 

defined as the surface coverage (𝜃) . Once the relationship between the coverage of the 

adsorbates and their concentration in solution is quantified, the adsorption properties of 

organic species can be investigated according to the Langmuir equation. 

Ex-situ PEC methods used in this study can avoid interference from the PEC 

degradation of adsorbate from bulk solution on the adsorption measurement.
46, 73, 77

 Typically, 

photocurrent time profiles are obtained from the electrodes which are pre-adsorbed with an 

adsorbate and blank electrolyte solution (water) as shown in Figure 31. Upon illumination, 

both currents quickly differentiate, and then decrease to the same constant value. For a solution 

containing organic adsorbates, two current components combine with oxidation of organic 

compounds and water oxidation.
76, 77, 258

 When the photocurrent drops to the same values 

caused by the oxidation of the blank solution, the organic adsorbates are completely 

degraded.
259, 261

 The difference between the photocurrent decay curves are caused by the 

oxidation of adsorbed organic molecules. This is illustrated by the shadowed area in Figure 31, 

which equals the transferred charge (𝑄) caused by the oxidation of the adsorbates on TiO2 

surfaces. 
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Figure 31: Typical ex-situ PEC measurement photocurrent-time profile obtained from the 

electrode with/without pre-adsorbed adsorbate.  

 

The Q obtained by integrating the net photocurrent within the degradation periods can 

be calculated by the integration of photocurrent with time, as shown in Eq (1): 

𝑄 = ∫ 𝐼𝑝ℎ𝑑𝑡
𝑡

0
 

The relationship between the net charge (𝑄) and the adsorbate concentration (𝐶) can be used to 

investigate the coverage of the adsorbed organic species. The surface coverage (θ) is defined 

as the ratio of occupied sites to total sites. As the amount of occupied sites is directly 

proportional to the charge, the surface coverage (𝜃) can be calculated as follows: 

𝜃 =
𝑄

𝑄𝑚𝑎𝑥
 

Under the assumptions of the Langmuir isotherm, surface coverage(𝜃) is determined by the 

initial concentration of analytes (C) and the adsorption equilibrium constant (K): 

𝜃 =
𝐾𝐶

1 + 𝐾𝐶
 

Using Eq (2) and Eq (3), the Langmuir adsorption isotherm can be rearranged to:
 73, 77, 259 

 

𝐶

𝑄
=

1

𝑄𝑚𝑎𝑥
𝐶 +

1

𝑄𝑚𝑎𝑥

1

𝐾
 

Thus, there is a linear relationship between 𝐶/𝑄 and 𝐶. The linear relationship implies 

that the adsorption on TiO2 meets the requirements needed to fulfill the Langmuir adsorption 

model.  

 

 

I p
h

time

Double exponential 
expression fitting

   =       +     
      +     

      

Q

Iph pre-adsorbed

Iph solution

(1) 

(2) 

(3) 

(4) 
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1.5.4.2 Degradation rate constant 

Adsorption kinetic studies are of great importance when designing a practical 

photocatalytic degradation system, understanding degradation processes of TiO2, optimising 

the photocatalysts, and improving the photocatalytic efficiency via TiO2 surface modification. 

In photocatalytic reactions, the adsorption of organic molecules plays an important role.
1, 5, 46, 73, 

270, 271
 It is well established that the relationship between a heterogeneous photocatalytic 

reaction in respect to both the surface coverage of organic compounds and the concentration of 

photoholes at the surface of the TiO2 electrodes should follow a first order reaction. In many 

cases, these kinetic rates follow Langmuir-Hinshelwood kinetic expressions, which state a 

double reciprocal linear relationship between the reaction rate and the substrate concentration.  

The rate of reaction can be expressed as:  

𝑅𝑎𝑡𝑒 = −
𝑑𝐶

𝑑𝑡
= 𝑘𝐿𝐻𝜃 =

𝑘𝐿𝐻𝐾𝐶

1 + 𝐾𝐶
 

where 𝑘𝐿𝐻 represents the photocatalytic reaction rate. The saturation of the reaction rate with 

respect to the reactant concentration is usually taken as an indication of adsorption saturation 

of reactants.
109

 

In practice however, such a relationship deviates from a first order reaction with 

respect to the surface coverage because there are different surface complexes. Consequently, 

under such conditions, the overall photocatalytic process does not represent a single catalytic 

process; rather it is the combination of individual catalytic processes of different types across 

the surface complex. Therefore, a single first-rate law with respect to surface coverage is not 

suitable for representing the overall catalytic process. In previous studies, photocurrent decay 

revealed that the apparent half-life of the oxidation process varied with surface coverage, 

which confirms that the overall process cannot be represented by simple first-order 

degradation kinetics.
 46, 73, 77

 

Assuming that the overall process is the sum of each individual catalytic process on 

each type of surface complex, the photocurrent Iph could be described as:
88

 

(5) 

(6) 
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𝐼𝑝ℎ =∑𝐼𝑝ℎ𝑗

𝑛

𝑗=1

 

where 𝐼𝑝ℎ is the total measured photocurrent, 𝐼𝑝ℎ𝑗  is the photocurrent gernerated from 

photocatalytic oxidation of j type of surface species. Assuming that each of these individual 

processes follows a first order reaction Eq (5), the rate of reaction for a particular surface 

complex could be given as:
88

 

𝑅𝑎𝑡𝑒𝑗 = −
𝑑𝜃𝑗

𝑑𝑡
=
𝐼𝑝ℎ𝑗

𝑛𝐹
= 𝑘𝜃𝑗⌈ℎ

+⌉𝑠 

where 𝜃𝑗 is the surface coverage of the j type surface complex and is defined by the ratio of 

adsorbates concentration on this surface, 𝐶𝑠𝑗;  𝑛 is the number of electrons transferred during 

the photocatalytical mineralization of adsorbates, F is the faraday constant, and ⌈ℎ+⌉𝑠 is the 

surface concentration of photoholes of this adsorption type.  

When a suitable potential bias is applied, for a given electrode and under certain light 

intensity, activity sites ⌈ℎ+⌉𝑠 are constant. Thus, the rate could be described as follows:
88

 

𝑅𝑎𝑡𝑒𝑗 = −
𝑑𝐶𝑠𝑗

𝑑𝑡
=
𝐼𝑝ℎ𝑗

𝑛𝐹
= 𝑘𝐶𝑠𝑗 

At t=0, the initial photocurrent 𝐼𝑝ℎ𝑗
0  is determined by the initial surface concentration of the 

adsorbates:
272

 

𝐼𝑝ℎ𝑗
0 = 𝑛𝐹𝑘𝑗𝐶𝑠𝑗

0  

Solving the initial Eqs (8) and (9) together, the photocurrent can be presented as follows:
88

 

𝐼𝑝ℎ𝑗 = 𝐼𝑝ℎ𝑗
0 𝑒 𝑘𝑗𝑡 = 𝑛𝐹𝑘𝑗𝐶𝑠𝑗

0 𝑒 𝑘𝑗𝑡 = 𝑘𝑗𝑄𝑗
0𝑒 𝑘𝑗𝑡 

where 𝑄𝑗
0 is the charge for the mineralization of j adsorbed species. Substituting 𝑄𝑗

0 into the 

𝐼𝑝ℎ expression Eq (6) provides the following equation for calculating photocurrent:
88

  

𝐼𝑝ℎ = ∑ 𝐼𝑝ℎ𝑗
0𝑛

𝑗=1 𝑒 𝑘𝑗𝑡 = ∑ 𝑛𝐹𝑘𝑗𝐶𝑠𝑗
0𝑛

𝑗=1 𝑒 𝑘𝑗𝑡 = ∑ 𝑘𝑗𝑄𝑗
0𝑛

𝑗=1 𝑒 𝑘𝑗𝑡 

This equation indicates that the total photocurrent decay curve can be represented by 

the sum of each individual exponential component corresponding to the degradation of each 

type of adsorbed surface species. As a result, the adsorption properties of different adsorbates 

could be mathematically analysed based on the photocurrent decay curves. 

(7) 

(8) 

(10) 

(11) 

(9) 
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For typical photocurrent decay curves relating to the photocatalytic oxidation of 

organic adsorbates onto TiO2, the photocurrent decay in PEC measurement (Figure 31) can be 

fitted to a double exponential expression as follows:
46, 73, 77

 

𝐼𝑝ℎ = 𝑎0 + 𝑎1𝑒
 𝑎2𝑡 + 𝑎3𝑒

 𝑎4𝑡 

where 𝐼𝑝ℎ refers to the total photocurrent, t is the illumination time. Thus, in the photocurrent 

double exponential equation Eq (12), 𝑎0 is independent of the chemical nature and surface 

coverage. In ex-situ measurements, 𝑎0  can be attributed to the steady-state oxidation 

photocurrent of blank solutions. The other two exponential terms suggest that the surface 

adsorbed complexes are simultaneously oxidized by two different first-order, intrinsic, kinetic 

processes: one is fast (denoted as 𝑓) and the other is slow (denoted as 𝑠). The fast and slow 

processes can be easily identified because the fitted reaction rate of the fast process is 5-12 

times larger than that of the slow process. These two distinct decay processes represent two 

different adsorption processes. The slow kinetic process can be attributed to the photocatalytic 

degradation of the intermediate and weakly bound surface complex.
46, 74, 77, 258, 259

 The fast 

oxidation process is related to the strongly adsorbed surface complex. Thus, the Eq. (12) can 

be rewritten as follows. 
73, 77

 

𝐼𝑝ℎ = 𝐼𝑏𝑙𝑎𝑛𝑘 + 𝐼𝑝ℎ𝑠
0 𝑒 𝑘𝑠𝑡 + 𝐼𝑝ℎ𝑓

0 𝑒 𝑘𝑓𝑡 

where 𝐼𝑏𝑙𝑎𝑛𝑘 is the steady photocurrent corresponding to the continuous photocatalytic 

oxidation of water under UV illuminations. 𝐼𝑝ℎ𝑠
0  and 𝐼𝑝ℎ𝑓

0  represent the initial photocurrent 

generated from slow and fast photocatalytic oxidations, respectively. The values of initial 

photocurrents are proportional to the initial surface coverage of the corresponding species, 

which are determined by the concentrations of adsorbates in the solution. The rate constants 

are termed as 𝑘𝑠 and 𝑘𝑓 (fast and slow processes, respectively) which are strongly related to the 

adsorption energies of analysts.  

The total charges (𝑄) generated from the photocatalytic oxidation of the adsorbates 

could be calculated by the definite integration of Eq (1) and Eq (13): 
46, 73, 77

 

𝑄 = ∫(𝐼𝑝ℎ − 𝐼𝑏𝑙𝑎𝑛𝑘)𝑑𝑡 = ∫(𝐼𝑝ℎ𝑠
0 𝑒 𝑘𝑠𝑡 + 𝐼𝑝ℎ𝑓

0 𝑒 𝑘𝑓𝑡)𝑑𝑡 = 𝑄𝑠 + 𝑄𝑓 

(12) 

(14) 

(13) 
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where 𝑄𝑠 and 𝑄𝑓 represent the charges generated through slow and fast oxidation processes, 

respectively. The total transferred charge from the PEC oxidation of adsorbates is indicated by 

𝑄, which consists of the transferred charge from the slow 𝑄𝑠 and fast 𝑄𝑓 oxidation processes. 

Based on the curve-fitting results, the values of 𝐼𝑝ℎ𝑠
0  , 𝐼𝑝ℎ𝑓

0 , 𝑘𝑠 and 𝑘𝑓 could be obtained by Eq 

(14). Then,  𝑄𝑠 and 𝑄𝑓 are calculated as:
73

 

𝑄𝑠 = ∫ 𝐼𝑝ℎ𝑠
0 𝑒 𝑘𝑠𝑡𝑑𝑡 = 𝐼𝑝ℎ𝑠

0 ∫ 𝑒 𝑘𝑠𝑡𝑑𝑡 = −
𝐼𝑝ℎ𝑠
0

𝑘𝑠
(𝑒 𝑘𝑠,∞ − 𝑒0)

∞

0

∞

0
=

𝐼𝑝ℎ𝑠
0

𝑘𝑠
(1 − 𝑒 𝑘𝑠,∞) =

𝐼𝑝ℎ𝑠
0

𝑘𝑠
 

𝑄𝑓 = ∫ 𝐼𝑝ℎ𝑓
0 𝑒 𝑘𝑓𝑡𝑑𝑡 = 𝐼𝑝ℎ𝑓

0 ∫ 𝑒 𝑘𝑓𝑡𝑑𝑡 = −
𝐼𝑝ℎ𝑓
0

𝑘𝑓
(𝑒 𝑘𝑓,∞ − 𝑒0)

∞

0

∞

0
=

𝐼𝑝ℎ𝑓
0

𝑘𝑓
(1 − 𝑒 𝑘𝑓,∞) =

𝐼𝑝ℎ𝑓
0

𝑘𝑓
 

It is evident that the main contribution to 𝑄 is from 𝑄𝑠  as the 𝑄𝑠  – 𝐶  profile shows 

similar trends to the 𝑄  – 𝐶  profile. Hence, the intermediate and weakly bound surface 

complexes account for a large portion of the total pre-adsorbed adsorbates. On the other hand, 

𝑄𝑓 as the 𝑄𝑓 – 𝐶 profile shows, could stabilize very quickly. The relatively small 𝑄𝑓 values 

indicate that the quantity of strongly bound adsorbate’s surface complexes is much smaller 

than the intermediate and weakly bound surface complexes.
46, 73, 77

  

The intermediate and weakly bound species may be physisorbed on the surface 

through long-range interactions (e.g. electrostatic and/or van der Waals forces), while the 

strongly bound species are chemisorbed on the surface through short-range interactions.
46, 77, 159, 

261
 Previous studies have demonstrated that 𝑘𝑠  is independent of the chemical identities of 

organic compounds, which also supports their physisorption by van der Waals forces. In 

comparison, 𝑘𝑓 values vary significantly for organic species with different functional groups. 

This indicates that the strongly bound species are chemisorbed through the direct interaction 

between their functional groups with the surface.
46, 73, 74, 77, 259

  

 

1.5.4.3 Diffusion coefficient 

The diffusion process is key to a wide variety of chemical scenarios, including kinetics 

of rapid reactions, chromatography and electrophoretic separations, and heterogeneous 

catalysis.
180, 273, 274

 The mass transfer of electroactive species to the electrode surface is a major 

(16) 

(15) 
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factor affecting the rate of the reaction for photocatalytic degradation of organic matter on a 

TiO2 surface. Consequently, the diffusion of organic species through the solution to the surface 

of the electrode is considered the rate-limiting step.
275-278

 Additionally, because the diffusion 

properties of different compounds vary considerably, mass transfer studies of organic 

substances in solution are vital for identifying the overall efficiency of the photocatalytic 

process, especially in regard to the characterization of a photocatalyst. 

In-situ measurement could determine diffusion coefficients of organic compounds and 

avoids the problems associated with ex-situ measurements. The method is based on the 

assumption that similarly structured organic compounds have similar diffusion layer thickness 

values; as such, these can be used to determine the diffusion coefficient of other organic 

compounds. The PEC method for diffusion coefficient quantification is simple, rapid and 

direct as it can identify the diffusion situation during the photocatalytic process.
46, 77, 258, 259

  

In mass transfer, the movement of adsorbates from one location to another generally 

determines the rate of photochemical reactions. The simplest electrode reactions are those 

adsorbates whose rates, of all associated chemical reactions on the electrode surface, are rapid 

compared to the mass transfer processes.
46, 75, 275, 279, 280

 The homogeneous reactions can be 

regarded as reaching equilibrium and the surface concentration of species involved in the 

Faradaic process are related to the electrode potential by an equation of the Nernst form.
180, 274, 

281
 As a result, the total net rate is entirely governed by the rate at which the electroactive 

species are brought to the surface by the mass transfer processes. There are three possible 

modes of mass transfer: migration, diffusion and convection. These can be mathematically 

described using the one dimensional Nernst-Planck equation:
88, 246, 282

 

𝐽(𝑥) = −𝐷
𝜕𝐶(𝑥)

𝜕𝑥
−
𝑧𝐹

𝑅𝑇
𝐷𝐶

𝜕∅(𝑥)

𝜕𝑥
+ 𝐶𝑣(𝑥) 

where, 𝐽(𝑥) is the flux of species at distance x from the surface, 𝐷 is the diffusion coefficient, 

𝜕𝐶(𝑥)

𝜕𝑥
 is the adsorbate’s concentration gradient, z and 𝐶 represent the charges and concentration, 

𝑣 is the velocity of movement of that a volume element in solution. 

(17) 
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For the PEC measurement, which is based on the generation of a photocurrent (i) from 

the oxidation of adsorbed compounds on the surface of the electrode, the photocurrent (i) could 

be used to substitute the flux term with –i/nF. Thus, the relationship between photocurrent and 

the diffusion coefficient is as follows: 
46, 75, 88

 

𝑖 = 𝑛𝐹𝐴𝐷
𝜕𝐶

𝜕𝑥
 

where 𝑖 is the limiting electric current at a steady state, n is the number of adsorbates totally 

oxidized requiring electrons, 𝐴 is the area where chemical reaction occurs on the electrode, and 

𝐹 is the Faraday constant. Because the concentration gradient is linear in the diffusion layer, 

with thickness of 𝛿 and the concentration of the electroactive species in the bulk solution, Eq 

(18) becomes: 
262

 

𝑖 = 𝑛𝐹𝐴𝐷
𝐶𝑏
𝛿

 

As similar compounds exhibit similar properties, the diffusion layer thickness (𝛿) can 

be rapidly measured by identifying the known diffusion coefficient, then applying it to a 

similar compound and subsequently calculating the previously unknown diffusion coefficient. 

Thus, the PEC approach can be used to determine the diffusion coefficient of a given 

substance in a simple, rapid and accurate way.  

 

1.5.5 TiO2 photoanode synthesis and characterization 

 

1.5.5.1 Synthesis of TiO2 photoanodes 

For PEC methods, the experiment needs be performed in a solid/aqueous system to 

remove the confounding effect of the adsorption process found within a slurry system. In 

addition, rationalising synthesis methods to produce the desired materials for specific 

applications is essential. Ideally, the synthetic method should produce samples of high purity, 

with a narrow size distribution and surface derivation, which may be more effective during 

photocatalysis applications.
71

 In the last few decades, several synthesis approaches have been 

developed, such as the sol-gel (template), chemical vapour deposition, and hydrothermal 

(18) 

(19) 
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methods. For this project, sol-gel and hydrothermal synthesis methods will be used to produce 

TiO2 nano-crystals with the desired facets on the conductive substrate.
26, 69, 283

  

 

Sol-gel (template) methods 

The sol-gel process is a wet-chemical technique used in material science and ceramic 

engineering.
26

 It can be used for the synthesis of TiO2 nano-particles in non-hydrous solution. 

The sol-gel method is based on the hydrolysis of alkoxide or halide precursors with subsequent 

condensation to form inorganic Ti-O frameworks. The Titanium (IV) alkoxide reaction takes 

place via an acid-catalysed hydrolysis step, supplying reactants for the formation of TiO2. The 

Ti-O-Ti bridges are produced from the condensation reaction occurring between Ti-Cl and 

Ti-OR.
284

  

 

Hydrothermal methods 

The hydrothermal method is extensively used to synthesize TiO2 nano-particles due to 

its relatively low cost for both raw materials and the instrumental setup.
285

 It supplies a path, 

with the assistance of templates or surfactants, for the synthesis of versatile nano-materials 

with wide ranging unambiguous morphologies and crystallinities.
286, 287

 Hydrothermal methods 

refer to the processes of crystal synthesis, in accordance with the solubility of minerals in hot 

liquid, under high pressure.
288-290

 Under high temperature and pressure, the solubility of the 

TiO2 aqueous solvent is increased. This change helps the liquid to reach a point where it can be 

crystallised on a seed without appreciable self-nucleation.
290

 Using this technique, crystalline 

phases, which are not stable at melting point, can be obtained by controlling the reaction 

parameters, and materials with a high vapour pressure near their melting points can be 

grown.
12, 14, 16

 Currently, most TiO2 are synthesised from hydrothermal process. These products 

are almost exclusively in solution suspensions or precipitation forms.
68, 74, 289-291

  

 

1.5.5.2 TiO2 materials characterisation  

To analyse the crystal facet the physical properties of crystal structure, particle size, 

porosity, surface area and surface functional groups will be assessed using a range of 
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characterization techniques. Table 6 outlines the characterisation methods used in this study 

and the information that can be obtained from each specific characterisation technique.  

Table 6: Characterisation techniques and their utilisation 

Techniques Structure Information 

SEM Surface morphology & Microstructure 

TEM Surface morphology & Crystallinity 

XRD Crystalline form 

XPS Surface elemental analysis & Oxidation state information 

UV-vis absorption spectroscopy Material band gap 
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1.6 Theoretical study of adsorption properties  

 

1.6.1 Motivation of the theoretical study 

While the combination of PEC measurements and other experimental characterizations can 

supply a great deal of information about the adsorption properties of the organic molecules on 

TiO2 surfaces, there are still many fundamental aspects that are difficult to clarify from such 

experimental observations. Theoretical studies can provide atomic-level information, such as 

adsorption sites of organic molecules, the atomic structures of the surface before and after 

adsorption, and the diffuse paths of the adsorbed species on surfaces. The theoretical results 

can also be used to explain experimental data obtained regarding these fundamental aspects.
37, 

105, 114, 129, 149, 175, 227, 233, 292-294
 To this end, theoretical studies have been performed to understand 

the performance of TiO2. This knowledge and insight have been used to engineer TiO2 

materials with higher catalytic efficiency.
8, 11, 82

  

To investigate the adsorption properties of organic molecules on TiO2 surfaces at the 

atomic-level, density functional theory (DFT) was used in this project as DFT describes the 

energy of the ground state of an N-electron system as a direct function of density.
295, 296

 DFT, 

is the most popular quantum mechanism method for quantum chemical theorists since it 

reduces computation consumption sharply. Generally, DFT methods scale at the level of N
3
. 

This is significantly less than the N
5
 dependence for post-Hartree-Fock methods.

145, 295,296
 

Some DFT results predicting adsorption energies for some adsorbates on surfaces have been 

compared against known experimental results; standard error appears to be approximately  

0.22 ~ 0.3 kcal/mol. Structural predictions are usually within about 5% of the experimental 

measures.
297

 Consequently, DFT is the clear choice for optimizing structures, determining 

energies of reactants, examining the nature of intermediates and products, and predicting the 

reaction energies for elementary steps.
297

 Currently, many of the DFT calculations involving 

TiO2 surfaces have been devoted to determining structure, predicting chemisorption, 

developing mechanisms, and establishing structure-property relationships.
105
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After theoretically understanding the principles of potential impacts of surface 

structures, defects and functional groups of adsorbates, "virtual" screenings of potential 

materials and reaction routines can be performed using state-of-the-art DFT computational 

techniques.
298

 Consequently, candidates can be effectively prescreened to accelerate the pace 

of the optimization process for TiO2-based photocatalysis. Incorporating the use of theoretical 

simulations with advances in characterization experiments have been envisioned to 

significantly reduce the materials development cycle according to the ‘Materials Genome 

Initiative 2011’ of USA.
299

 

 

1.6.2 Computation details 

All first-principles DFT computations are performed with the Vienna ab initio simulation 

package (VASP) with a projector-augmented wave (PAW) method.
300-302

 Electron-ion 

interactions are described using standard pseudopotentials.
303, 304

 The kinetic energy cutoff 

energy of plane waves was set as 520.0 eV because this cutoff energy is 20% higher than the 

default values from the database, which is sufficient to obtain reliable results as per the VASP 

program manual. For the electron-electron exchange and correlation interactions, the function 

of Perdew, Burke and Ernzerhof (PBE),
305

 (a form of the general gradient approximation 

[GGA]), was used to optimize structures and calculate the stabilities of systems. Our selected 

cut-off kinetic energy and density of k-point meshes were similar to previous theoretical 

studies.
114, 149, 150

  

Since all the atoms were allowed to relax in the calculations, there were two identical 

surfaces on slab (denoted as A). Given that the entropic and volume pressure contributions  

to the free energies change slightly through condensed phase species, the differences between 

DFT energies relative to surface energy can be approximately calculated as follows:
314

 

                                                 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
𝐸𝑠𝑙𝑎𝑏 − 𝑛𝐸𝑢𝑛𝑖𝑡 −𝑚𝜇𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒

2𝐴
                                  (20)  

According to Eq (20), this surface energy of bulk TiO2 could be calculated. For the adsorption 

energy 𝐸𝑎𝑑 calculation is based on the following equation:
150

 

(21) 
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𝐸𝑎𝑑 = 𝐸𝑚𝑜𝑙/𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − (𝐸𝑚𝑜𝑙 + 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒) 

where 𝐸𝑚𝑜𝑙  is the energy of an isolated adsorbed molecule; 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the energy of clean 

surface; and 𝐸𝑚𝑜𝑙/𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is the total energy of the surface with adsorbed molecules. 

According to Eq (21), negative values of 𝐸𝑎𝑑 indicate exothermal processes. To understand 

the charge transfer between the adsorbed molecules and the surface, the charge values of atoms 

were analysed using the Bader method.
306

 

For most theoretical studies of solid-state systems, there are still areas where 

traditional DFT with local density (LDA) or generalised gradient (GGA) approximations has 

its limitations, such as the depiction of van der Waals (vdW) interactions.
157

 This is because 

local (LDA) or semilocal (GGA) exchange-correlation (XC) functional approximations neglect 

the necessary ingredients to describe nonlocal vdW interactions. As the vdW force plays an 

important role in a range of systems with weak interactions, such as the physisorption of 

organic molecules on TiO2 surfaces, methods beyond traditional DFT are imperative.  

A range of theoretical methods have been developed for dispersion corrections. 

However, the effect of van der Waals interactions can be positive or negative using current 

methods.
158

 It has been demonstrated that the consideration of vdW interactions with some 

semi-empirical methods may overestimate the adsorption energies of organic species on 

surfaces of ionic crystals.
183

 To solve this problem, a new Tkatchenko-Scheffler (TS) method 

based on the atoms-in-molecules (AIM) approach has been recently developed and produces 

accurate results for many molecular and solid systems.
307

 An iterative Hirshfeld (HI) scheme 

has been used to consistently determine the fractionally charged atomic reference states for the 

TS method.
308, 309

 Using the PBE-TS/HI method, the adsorption energies of small molecules 

can match experimental observations.
308

 Consequently, the PBE-TS/HI method will be used 

for dispersion corrections in this study. 
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1.7 Scope of thesis 

 

This project aims to understand the adsorption properties of organic molecules on different 

TiO2 surfaces. The underlying principle of the study is to combine PEC measurements and 

theoretical simulations to determine the effects of the functional groups of different organic 

molecules and the atomic structures of different surfaces on the adsorption processes. This will 

forge a path to design novel TiO2 photocatalysts at the molecule level with higher 

photocatalytic efficiency for wastewater treatment, environmental remediation and clean fuel 

generation. Each chapter of this study will focus on systematically building the information 

and data needed to synthesise these general findings, a detailed overview of each chapter is as 

follows:  

Chapter 1 provides a comprehensive literature review and highlights the general 

history and recent developments in the field of adsorption properties of organic molecules on 

various TiO2 surfaces. These include the different TiO2 surface structure properties, the 

adsorption properties of molecules on some TiO2 surfaces, traditional measurement methods 

for adsorption properties determination and their relative merits. Information on the PEC 

methods is elaborated upon, including its fundamental principles, experimental approach and 

advantages. Finally, the DFT method and notable superiorities of theoretical modelling are 

described. 

Following the introduction, Chapter 2 compares the physicochemical properties of 

three typical Ti-O based materials: anatase TiO2, sodium trititanate and sodium hexatitanate. It 

was found that their properties are very different, although they are all comprised of octahedral 

TiO6, with anatase TiO2 possessing the highest photoactivity. It also indicates that TiO2 is most 

stable under acidic conditions. The results presented in this chapter have been published in 

Physical Chemistry Chemical Physics, 2012, 14, 2333-2338. 

In Chapter 3, the anatase TiO2 (001) surface was studied because the theoretical results 

predicted that this surface has high reactivity. Oxalic acid was selected as the analyte to 

understand the adsorption properties of organic species on this surface. Oxalic acid was chosen 
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because is easily oxidized with a low potential of the redox couple (COOH)2 (aq)/CO2 (g) of 

 - 0.49 V
310

. The mineralization of one oxalic acid molecule requires only two electrons and 

involves the least number of intermediates, which makes its overall photocatalytic degradation 

process simple. Additionally, oxalic acid is one of the major types of water pollutant from 

some industrial treatment processes. Some previous studies have focused on the overall 

degradation efficiencies of oxalic acid by TiO2 photocatalysts.
310-313

 The photocurrent could 

reach saturation after a dense TiO2 film was layered under a top layer of anatase TiO2 film 

with dominant exposed {100} facets. The results reveal that the adsorption of oxalic acid 

follows the Langmuir adsorption model within the investigated concentration range. The PEC 

degradation profile confirms that the anatase TiO2 with exposed {001} facets possesses a 

higher reactivity than that of {101} faceted anatase TiO2. The results presented in this chapter 

have been published in RSC Advances, 2015, 5, 12860-12865. 

The high reactivity between anatase TiO2 (001) surface and oxalic acid prompted us to 

theoretically study the adsorption properties of oxalic acid adsorbed on (001) surfaces at the 

atomic level. In Chapter 4, both molecular and dissociative adsorption properties of oxalic acid 

on the anatase TiO2 (001) surface were investigated using first-principles DFT method. 

Various possible adsorption configurations were considered by diversifying the connectivity of 

carboxylic groups with the surface. A novel double-bidentate configuration was found due to 

the structural match between oxalic acid and the (001) surface. More charge is transferred from 

the adsorbed oxalic acid to the surface with the double-bidentate configuration when compared 

with other adsorption structures. Thus, there is a positive correlation between the transferred 

charge amount and the interfacial bond numbers when oxalic acid adsorbs on the anatase TiO2 

(001) surface. The adsorption energies with dispersion corrections demonstrated that the van 

der Waals interactions play an important role in the adsorption, especially when adsorbates are 

close to the surface. The results presented in this chapter have been published in Journal of 

Colloid and Interface Science, 2015, 454, 180-186. 

Rutile TiO2 (111) surfaces have recently become increasingly attractive for research 

due to their visible light activity and great photocatalytical capacity, however the geometric 
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structure of rutile (111) surfaces is rarely studied. In Chapter 5, first principles DFT 

calculations were performed to detect the stable geometric structures. The results show the 

high surface energy bulk-truncated rutile (111) surface can be stabilised through hydroxylation. 

The surface energy of the hydroxylated rutile (111) surface is lower than the stable 

hydroxylated (110) surface, which coincides with experimental observations illustrating that 

the {111} facets are formed at the solid solution interface. According to the geometric 

structures, the fully hydroxylated {111} facets are theoretically proposed to be chemically 

inert to the further adsorption of water. PEC measurement of water adsorbed on rutile (111) 

surface results concurred with this proposal. Thus, this study provides the theoretical 

foundation for the future development of rutile TiO2 nanorod photocatalysts with {111} facets. 

The results presented in this chapter have been published in Physical Review B, 2015, 90, 

045304. 

In Chapter 6, we found that using the rutile TiO2 photoanode capped by {111} facets 

at the liquid/solid interface produced extraordinary selective adsorption capability of the rutile 

TiO2 (111) surface towards aldehyde over alcohol and carboxylic acid. The adsorption strength 

of benzaldehyde on the rutile (111) surface was investigated through the analysis of the 

thermodynamic and kinetic properties of photo-degradation processes using ex-situ PEC 

measurements. The comparative results with rutile {111} and anatase {101} faceted electrodes 

demonstrate that there is a strong adsorption of benzaldehyde on the rutile (111) surface. The 

high ability of the rutile (111) surface for selective adsorption of aldehyde can be utilized as a 

new approach to separate and purify aldehyde in industry. The results presented in this chapter 

have been published in The Journal of Physical Chemistry C, 2015, 119, 17680-17686. 

Chapter 7 provides a summary of the important results and suggests further research in 

this area.  
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7.1 General conclusion 

 

TiO2 is the most popular semiconducting material with signification application potential in 

environmental remediation and solar energy conversion, due primarily to its superior 

photoactivity and high resistance to photo-corrosion. The adsorption of organic species on the 

TiO2 surface plays a key role in these practical applications. The understanding of adsorption 

properties of organic adsorbates on various TiO2 surfaces is therefore vital for further 

technological development. 

This thesis presents a series of investigations into the adsorption properties of organics 

adsorbed on anatase (001) and rutile (111) surfaces using experimental photoelectrochemical 

measurements and a theoretical study by density functional theory. Firstly, the {111} faceted 

rutile photoanode, {001} faceted anatase photoanode and {101} faceted anatase photoanode 

were successfully synthesised for the photoelectrochemical process. Secondly, rapid and 

effective photoelectrochemical methods were proposed, successfully validated, and applied in 

the study of adsorption and photocatalytic oxidation processes on the anatase (001) and rutile 

(111) TiO2 surfaces. The theoretical study compared the properties of different Ti-O materials, 

studied the adsorption properties of oxalic acid on the anatase (001) surface at the atomic level, 

and for the first time rationalised the geometric structure of rutile (111) surfaces. Here a 

number of significant findings were improving the knowledge base in relation to the 

adsorption properties of organic molecules on TiO2 surfaces. Moreover, these methods, 

combining photoelectrochemical and theoretical studies, are valuable for future studies in 

surface science research. 

In Chapter 2, the density functional theory computations systematically compared the 

physicochemical properties of Ti-O based materials including anatase TiO2, Na2Ti3O7 and 

sodium Na2Ti6O13. Results found that their physicochemical properties are different even 

though they are all comprised of TiO6 octahedrals. The layered Na2Ti3O7 had the highest 

chemical reactivity and largest bandgap energy (Eg = 0.309 eV). Comparatively, anatase TiO2 

was chemically inert with the highest photoactivity while the physicochemical properties of 
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Na2Ti6O13 fell between those of anatase TiO2 and Na2Ti3O7. Energetic analyses demonstrated 

that all Ti-O based materials are stable under neutral pH conditions. TiO2 are however, more 

stable under acidic conditions while titanates prefer basic solutions. The theoretical results of 

the reaction energy predict that Na2Ti6O13 can be generated by the interaction between 

Na2Ti3O7 and weak acid, which indicates the potential of a novel way to produce sodium 

titanates with lower sodium content. According to theoretical comparisons, Ti-O based 

materials can be pre-screened for their different applications. 

In Chapter 3, a double layered photoanode with a {101} facet dominated dense bottom 

layer and a {001} facet dominated top layer was purposely fabricated and successfully used for 

the ex-situ PEC determination of the adsorption constant and the instantaneous intrinsic rate 

constants of photocatalytic degradation of the adsorbed oxalic acid on (001) surfaces. The 

results indicate that the adsorption constant of oxalic acid on a {001} facet dominated surface 

is 30% larger than that on a {101} facet dominated surface. The results also indicate that the 

average rate constant values of the slow and fast kinetic processes obtained from a photoanode 

with exposed {001} facet dominated surface are 47% and 23% larger than those obtained from 

a photoanode with exposed {101} facet dominated surface. This confirms that anatase TiO2 

photocatalysts with {001} facets dominated surfaces possess higher photocatalytic activity 

than photocatalysts with {101} facets dominated surfaces. The method demonstrated in this 

work could be used to quantitatively investigate the photocatalytic degradation of other 

organic compounds. 

The oxalic acid adsorption on anatase TiO2 (001) surface was systematically studied 

by first-principle density functional theory calculations in Chapter 4. The results show that 

oxalic acid prefers the dissociative adsorption on the anatase (001) surface and adsorbed oxalic 

acid with the single bidentate configuration is the most stable case. Novel double bidentate 

configurations were observed during the optimization because of the high symmetry of the 

(001) surface and oxalic acid. While the adsorption strength of oxalic acid with the double 

bidentate configuration is weaker than that with the single bidentate, there are more charges 

transferred from the oxalic acid to the surface. Thus, the double bidentate configuration can be 
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an intermediate to fully oxidize oxalic acid to CO2. It was also found that the formed CO2 can 

be easily desorbed from the hydrogenated TiO2 surface. 

In Chapter 5, the geometric structures of rutile TiO2 (111) surfaces were determined by 

first-principle DFT calculations. The results demonstrate that the bulk-truncated (Esurface = 

1.340 J·m-2) and reconstructed TiO2 (111) surfaces (Esurface = 0.973 J·m-2) possess high surface 

energies, which are thermodynamically unstable. The real driving force behind stabilizing the 

rutile (111) surface is the hydroxylation process. The surface energy of the hydroxylated rutile 

(111) surface is lower than that of the stable hydroxylated rutile (110) surface, which coincides 

with experimental observations demonstrating that the {111} facets are formed at the solid-

solution interfaces. According to their geometric structures, the fully hydroxylated {111} 

facets are theoretically proposed to be chemically inert to the further adsorption of water. Such 

inertness was supported via in-situ PEC measurements. These results provide a theoretical 

foundation for the future development of rutile TiO2 nanorod photocatalysts with {111} facets. 

In Chapter 6, an extraordinarily highly selective adsorption behaviour of aldehydes 

over alkanols and carboxylic acids on {111} facet dominated rutile TiO2 photoanodes was 

observed by in-situ PEC measurements. The strong photocatalytic activity of the rutile (111) 

surface to adsorb aldehyde was confirmed when compared with results using anatase {101} 

faceted TiO2 photoanodes based on ex-situ quantitative PEC measurements. These results open 

the door to a technique for separating aldehydes from other organics using nanomaterials with 

exposed rutile TiO2 {111} facets due to the strong selectivity and reactivity of the rutile (111) 

surface to aldehydes. 

 

7.2 Future work 

 

Throughout this study, extensive investigations have been carried out on the synthesis of TiO2 

photoanodes immobilised on the conductive substrate and exposed by specific surfaces at the 

solid/liquid interface. The PEC measurement of organic adsorption properties and degradation 
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kinetics on diverse TiO2 surfaces can be conducted using these photoanodes. At the same time, 

the adsorption properties of organic molecules on the TiO2 surface were studied at the atomic 

level. These results highlight several areas that can be further investigated. These areas are as 

follows: 

 PEC measurements of adsorption properties of analytes on TiO2 photoanodes exposed 

by other facets; 

 PEC measurements of adsorption properties of other analytes on the anatase (001) and 

rutile (111) TiO2 surfaces;  

 The practical application of these two types of TiO2 photoanode in other clean energy 

and environment areas; 

 A first-principles study on the adsorption of other inorganic and organic species on the 

rutile TiO2 (111) surface. 

 

Overall, this thesis has demonstrated that PEC measurements and theoretical 

calculations could be a facile and effective path for the understanding of adsorption properties 

on the surface of photoanodes. The combination of these experimental measurements and 

theoretical analyses can be used to investigate the adsorption properties of molecules with 

different functional groups on the various photocatalyst surfaces, which may benefit the 

development of photocatalysts with improved solar conversion efficiencies. 




