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ABSTRACT

Titanium oxide (TiO
2
) is a very useful semiconductor with various promising 

applications such as, environmental hazard removal, solar energy conversion, 

electrochromics devices and sensors. A variety of approaches have been utilized to 

synthesize uniform, well defined TiO
2
-based nanostructures. Among them, liquid phase 

hydrothermal (LPH) synthesis is an important method. Although numerous efforts have 

been devoted to investigating the LPH synthesis of TiO
2
-based nanostructures, there 

exist some unclear aspects. For example, in an alkaline LPH synthesis of titanate 

nanotubes, the actual growth process and intermediate structures are still elusive; in an 

acid LPH synthesis of TiO
2
 crystals in fluoride solutions, mechanistic roles that 

adsorbed fluorine species and pH are playing are still mysterious.

To tackle these problems, a delicate strategy has been developed. It was based on 

comprehensive investigations of material morphologies, structures and corresponding 

solute concentrations in solutions. Ti metal plates were used as substrates and raw 

materials. Effects of synthesis parameters such as temperatures, pH (alkalinity and 

acidity), durations, on crystal growths were studied by comparisons of morphological 

properties obtained with varied parameters. Comprehensive growth mechanisms have 

been proposed in order to clarify morphological evolutions and solute concentration 

variations upon changes of parameters in thermodynamics and crystallographic points 

of view. After synthesis, photocatalytic and photovoltaic efficiencies of resultant 

electrodes were evaluated by photoelectrocatalysis and dye-sensitized solar cells 

(DSSCs). Performance dependences on morphological properties were eventually 

studied.

Based on this methodology, alkaline LPH synthesis of titanate nanotubes on Ti 

substrate has been investigated. The nanotube formation can be attributed to be an 

oriented crystal growth process. By using a TiO
2
 porous film as raw material, 3D 

titanate nanotube network was obtained. This unique texture was constructed by 

branching and joining of titanate nanotubes. On a porous Ti substrate, titanate nanotube 

membrane was fabricated with titanate seed solution. Photoelectrocatalysis, DSSCs and 

filtration performance of the resultant nanotube structures have been assessed. High 

surface areas and outstanding mechanic strengths of the resultant nanotubes are 

beneficial to the high performances. 
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Acid LPH synthesis of anatase microspheres/crystals on Ti metal plates in HF 

solutions has also been studied. An overall growth mechanism based on the 

dissolution/precipitation equilibrium has been proposed. {001} facets on the 

microspheres were stabilized in short reaction time and eroded away in longer reaction. 

This was due to a selective etching phenomenon of {001} facets with high fluorine 

coverage. High acidity was a required pre-condition to maintain {001} facets. 

Photoanodes composed of microspheres/crystals with exposed {001} facets performed 

more efficiently in photoelectrocatalysis applications due to superior photocatalytic 

activities of {001} facets. 

In addition to conventional LPH method, this thesis also investigates a novel 

vapour phase hydrothermal (VPH) synthesis of TiO
2
-based nanomaterials. The reaction 

involves an in situ dissolution/precipitation of Ti species within the thin liquid film 

condensed under saturated humid vapours. By using VPH method, vertically aligned 

multilayered titanate nanotubes have been prepared on Ti substrate for the first time. 

They were grown by direct rolling and seaming of titanate nanosheets. When porous 

titanate scaffold was used as raw material, highly crystalline titanate nanotubes were 

obtained. For the first time, nanotube diameters were tuneable according to alkalinity 

controls. In contrast, these nanotubes were formed via an oriented crystal growth 

mechanism. In both cases, an ammonia atmosphere was crucial to ensure nanotube 

formation. The resultant nanotubes were found useful in photoelectrocatalysis 

applications. Furthermore, the potential capacity of VPH method was tested by the 

successful synthesis of other metal oxide semiconductors. It can not only directly grow 

nanostructures on bare metal substrates, but also transform existed nanostructures from 

one to another. Most of synthesis and conversion are not achievable in LPH reaction. 

The results present in the thesis assist clarifying some of the fundamental 

questions in LPH synthesis of TiO
2
-based nanostructures and serve as a guild line to a 

better control on morphologies for superior application performance. Moreover, the 

thesis demonstrates a VPH fabrication of metal oxide semiconductors, which lay a solid 

foundation for further development of this new approach.
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Chapter 1

1

CHAPTER 1 GENERAL INTRODUCTION

1.1 Introduction

The synthesis of nanosized semiconductors with novel structural and physio-

chemical properties has been an intensive focus point of material research due to their 

potential applications in electronics, optics, catalysis, ceramics and magnetic storage.

1

Among all synthetic methods, hydrothermal method has been widely used for the 

preparation of a broad range of crystalline materials, such as semiconductors, zeolites,

2

minerals and metals

3

 because it is a one-step, cryogenic, controllable and high-yield 

synthetic process.

4

Additional research interest has concentrated on the synthesis of TiO
2
 based 

materials for their outstanding potential applications in environmental remediation and 

solar energy conversion. In the past decade, hydrothermal method has been employed to 

fabricate different nanostructures including zero-dimensional nanoparticles, 1-

dimensional (1D) nanorods/fibres/wires/tubes, 2-dimensional (2D) microporous 

structures and 3-dimensional (3D) nano-network structures. Despite these impressive 

achievements, understanding the reaction thermodynamics on the solid/liquid interface 

and integrated growth mechanism are still unsatisfactory. This can be potentially

attributed to the fact that most studies have focused on the characterization of the 

resultant structure after the synthesis process while information on the solution has been 

largely ignored. It seems that the lack of essential knowledge about the heterogeneous 

reaction under hydrothermal conditions has been a bottleneck for an engineered, 

controllable production of materials according to application requirements. Also, 

previous studies have exclusively concentrated on the hydrothermal reaction in liquid 

phase, while few of them focused on vapour phase reaction. In order to control the 

properties of resultant materials, comprehensive studies must be conducted to 

thoroughly elucidate the hydrothermal reaction mechanism, not only from the 

dissolution/precipitation of solute but also the surface chemistry of crystal growth, 

followed by a delicately designed synthetic system to govern the mass transfer and 

crystal growth behaviours.

In this chapter, the literature relevant to the synthesis of TiO
2
-based materials as 

well as fundamental knowledge about hydrothermal synthesis is reviewed.
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1.2 TiO
2
-Based Semiconductors and Their Properties

Semiconductors are a large group of materials which activate chemical reactions 

by photoholes or photoelectrons upon photoemission. They have been attracting 

increasing research activity for last three decades, such as TiO
2
, ZnO, WO

3
, CdS etc.

Among them, TiO
2
-based semiconductors are one of large group that generate wide 

attention for their unique chemical and physical properties.

1.2.1 Bulk TiO
2

Since the photocatalytic water splitting phenomenon on a TiO
2
 photoelectrode 

under ultraviolet (UV) light was discovered by Fujishima and Honda in the early 

1970s,

5

 the study of TiO
2
 material has drawn a large amount of effort not only for the 

photocatalytic power

6–11

 but also for applications such as solar to energy conversion,

12–

13

 light-induced amphiphilic surfaces,

14

 photochromics,

15

 electrochromics

16

 and 

chemical sensors.

17

 It has been acknowledged that TiO
2
 materials are a versatile 

candidate for broad applications owing to their large band gap structure which generate 

photo-induced electron and holes with outstanding redox power;

18–19

 excellent 

physiochemical properties that make it stable in long term application; non-toxicity and 

environmental friendliness; and relatively low cost.

Figure 1.1 Crystal structures of a) rutile, b) anatase and c) brookite. 

In nature, TiO
2
 has three common occurring crystalline polymorphs: rutile 

(tetragonal),

20

 anatase (tetragonal)

20–21

 and brookite (orthorhombic)

22

. These crystalline

structures are constructed by different arrangements of distorted TiO
6
 octahedral units 

which are made up of titanium atoms in the centre with six oxygen neighbours at the 

corners, as shown in Figure 1.1. Rutile adopts a tetragonal structure with edge shared 

TiO
6 

chains along [001] direction. Anatase adopts tetragonal structure with zigzag 

a) b) c)
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chains of 4-edge shared TiO
6
 octahedra. Brookite has orthorhombic structure composed 

of 3-edge shared TiO
6 

octahedra. TiO
2
 is an indirect semiconductor.

23

 The indirect band 

gap energies of rutile and anatase are 3.0 eV

24–25

 and 3.2 eV

21,25–26

 respectively (Figure 

1.2), while the reported band gap energy of brookite ranged 3.1–3.4 eV for the optical 

value

25,27–30

 and 2.2–3.78 eV for the calculated value.

31–34

 Rutile is the 

thermodynamically stable form while anatase and brookite are metastable and 

transformable to rutile at high temperature.

35–36

Particle sizes also have impact on the 

thermodynamical stabilities of these polymorphs: anatase is the most stable phase with a

particle size less than 11 nm and rutile is the most stable phase when it is larger than 35 

nm while brookite is most stable phase for the particle size between 11 and 35 nm.

30

Rutile has higher density and refractive index so that it is widely used in paint pigments 

and cosmetics industries.

25

 It has been documented that anatase has more powerful 

photoactivity due to the surface-bonded peroxo species,

37

 thus it has been chosen as 

photoelectrode in photocatalysis experiments. Compared with rutile film, anatase film 

has higher charge carriers mobility owing to the wider optical absorption and smaller 

electron effective mass.

21

Moreover, it was also reported that the electrode with mixed 

phases (anatase and rutile

38

, or anatase and brookite

30,39

) exhibited higher photocatalytic 

activity than the pure anatase phase alone. This can be attributed to the interfacial 

electron transfer via junction between mixed phases.

39

 Brookite has been less studied 

due to challenges encountered in preparing highly pure crystal, although it appeared to 

have remarkable photocatalytic activity under specific conditions.

25,40

Figure 1.2 Band gap energy levels of some semiconductors with contact to aqueous 

solution with pH = 1.

13

CdSe

CdS

ZnO

1.7

2.5

3.2

TiO
2
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3.2

WO
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3.2

E (eV, vs NHE)

0

2

4

TiO
2

(rutile)

SrTiO
3

3.0

H
2
/H

2
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2
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TiO
2
 adopts three additional metastable polymorphs: TiO

2 
(B)

41

 (“bronze”, 

monoclinic), TiO
2
 (H)

42

 (“hollandite”, tetragonal), TiO
2
 (R)

43

 (“ramsdellite”, 

orthorhombic) and five high pressure forms: TiO
2
 II

44

 (“columbite”, orthorhombic), 

TiO
2
 III

45

 (“baddeleyite”, monoclinic), TiO
2
-OI

46

 (intermediate orthorhombic), TiO
2
-

OII

47

 (“cotunnite”,orthorhombic) and cubic TiO
2

48

 (“fluorite like”, cubic). Among them, 

TiO
2 

(B),

49

 TiO
2
 II

50

 and TiO
2
 III

51

 have been discovered in natural minerals. 

1.2.2 Layered Titanium Metal Oxides (MTi
x
O

y
)

Figure 1.3 Crystal structures of monoclinic a) Na
2
Ti

3
O

7
,

53

 b) K
2
Ti

4
O

9
,

54

 c) Na
2
Ti

6
O

13

70

and d) K
2
Ti

8
O

17

60

viewed from the b axis. The white dots represent the cations at the 

level y = 0, the grey dots at y = ½.

Titanium metal oxides, also known as titanates,

41,52–55

 have been famous for their 

lamellar structure, which is composed of host layer and charge-compensating 

intercalated cations. Mainly two types of titanates have been studied. One is monoclinic 

Na
2
Ti

3
O

7

a

c

K
2
Ti

4
O

9

a

c

Na
2
Ti

6
O

13

a

c c

aNa
2
Ti

8
O

17

a) b)

c) d)
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titanates, another is orthorhombic titanates. During 1980s, investigations have been 

largely focused on the synthesis of monoclinic titanates via conventional solid state 

chemistry methods (Figure 1.3). The essential framework is built up by several edge 

sharing TiO
6
 octahedra at the same level. They connect with the TiO

6
 octahedra in 

neighbouring levels by sharing other edges. They form a zigzag string extending in b

direction while the strings are connected with each other by corner sharing to form 

staggered layers or tunnel structures within which cations are accomodated.

41,56–60

 The 

tunnel-structured titanates can be obtained by high temperature calcination of their 

lamellar precursors. It is suggested that the cations in the layered structure can be nearly 

100% exchanged by hydrogen ions through acid leaching while in the tunnel structure, 

the exchangeable amount is extremely low.

54,57

 For their intriguing intercalation 

properties, lamellar type titanates have attracted a large amount of interest as potential 

candidates for absorbents,

61

 ion-exchange media,

62

 radioactive waste or heavy metal 

immobilizer

63–67

and catalyst.

68

 Additionally, they have been used for photocatalytic 

applications such as hydrogen evolution due to their semiconducting characteristics.

69

Band gap energies of some titanates are listed in Table 1.1.

Table 1.1 Estimated band gaps and conduction band edge energies of some titanates.

Semiconductor Symmetry E
g 

(eV) E
CS

0

 (V vs. NHE) Ref

Na
2
Ti

3
O

7
Monoclinic 3.47 –0.96 69

K
2
Ti

4
O

9
Monoclinic 3.48 –0.98 69

H
2
Ti

3
O

7
Monoclinic 3.27 0.015 69

H
2
Ti

4
O

9
Monoclinic 3.25 –0.044 69

H
0.7

Ti
1.825

ð
0.175

O
4
·H

2
O orthorhombic 3.24 – 79

Ti
1–

O
2

–

orthorhombic 3.8 –0.78 85

Lepidocrocite-like orthorhombic titanates did not draw much attention until 

sequent successful syntheses in the mid 1980s.

71–75

 The projections viewed from a and c

axes of the crystal structure are shown in Figure 1.4. Parallel corrugated sheets 

perpendicular to the b axis are formed by edge-sharing TiO
6
 octahedra. Between the 

layers, cations occupy eight coordinate interstices sharing rectangular faces. It was

found that the cation layers contain (1–x) vacant sites, which makes possible extrinsic 
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diffusion for 0 < x < 1.

75

 Similar to their monoclinic analogues, orthorhombic titanates 

exhibit ion exchangeability in both aqueous solution and molten ion exchange salts.

75

The ion selectivity is dependent on the hydration energy and also the cation sizes.

76

Orthorhombic titanates have less-defined selectivity (less sensitive) towards alkali metal 

ions than monoclinic ones due to the low charge density. Additionally, ion exchange 

occurring within monoclinic titanates is a step-wise process while it carries out 

continuously in orthorhombic structures.

76

 By taking advantage of the relatively weak 

electrostatic interlayer interaction, separation of lepidocrocite-type titanate host layers 

was achieved by exfoliation in aqueous organic ammonium solution.

77–81

 The separated 

single layer (Ti
1–

O
2

–

) can be used as building blocks for the layer-by-layer synthesis 

of sandwich structured semiconductor.

82–84

 The quasi-TiO
2
 nanosheets have a flat band 

potential of –1.3 V and band gap energy of 3.8 eV,

85

 thus can be used for photocatalytic 

applications.

86

 Recent results also suggest that the nano-layered titanate nanosheets 

exhibit outstanding dielectric properties.

87

Figure 1.4 Crystal structures of orthorhombic M
x
Ti

2–x/4 
ð

x/4
O

4
·H

2
O (in specific cases, M 

= Cs and ð = vacancy,

74

 or M= H and ð = vacancy

76,78

 or M = Cs and ð = Mg

75

 or M 

= Rb and ð = Mn/Sc/Mg/Fe

72

) viewed from the a) a and b) c axis. The white dots 

represent the cations at the level y = 0, the grey dots at y = ½.

M
x
Ti

2–x/4 
ð

x/4
O

4
·H

2
O

b

c

b

a

a) b)
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1.3 Synthetic Methods for Nanostructured TiO
2
-Based Materials

Despite the potential application prospects that TiO
2
-based materials have brought 

about, it is complicated and challenging to configure a specific experimental model for 

certain purposes in practice. For example, the particle sizes, the porosity, homogeneity, 

band gap energy of the semiconductor, and interfacial electric charges greatly influence

the photocatalytic efficiency. From a practical point of view, to adopt rational synthetic 

strategies to prepare the desired materials qualified for the specific application is of 

essential importance. 

1.3.1 Advantages of Nanostructured Materials

Since the technical development of advanced electron microscopes, Substances 

are able to be resolved at a atomic level.

88

The preparation of nanostructured 

semiconductors with various structures has been one of the major succusses due to the 

superior physiochemical properties emerging when the size of the semiconductor was

reduced to the nanometre regime. For instance, the band gap energy will be enlarged 

due to the quantum size effects thus leading to higher oxidation and reduction 

power;

18,89–91

 easier transfer of the photo-generated hole and electron to the surface is 

expected because of the negligible band bending when in contact with the electrolyte;

92–

93

and the surface area is obviously enlarged by decreasing the sizes of semiconductor 

particles. Additionally, the size and solubility of nanosized semiconductors are ideal 

candidates to obtain uniform thin solid film,

94

 coatings,

95

 and templated materials

96

which are crucial to ensure the outstanding efficiency of functional semiconductor-

based devices. 

1.3.2 Synthetic Methods for TiO
2
 Nanostructures

The formation of TiO
2
-based materials with nanosized dimensions, regardless of

the synthetic environment in which they grow (liquid or vapour phase), are essentially a 

series of processes of nucleation and growth. The nucleation of the solid phase in the 

solution or on a supporting substrate is initiated by the formation of tiny clusters of 

atoms driven under super-saturation conditions and followed by the subsequent 

precipitation of a selected elemental species or compound.

97

 Without a facet stabilizer, 

the agglomeration of small crystalline particles/blocks into a larger matrix is practically 

inevitable. Generally, in a liquid phase, the size of the crystal can be well maintained 
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within a sub-micrometer scale by stabilizing the particle with either (i) steric repulsion 

caused by surfactants, polymers or organic capping ligands which are bound to the 

surface, or (ii) electrostatic repulsions generated from the chemisorption of charged 

species (for example, H

+

 or OH

–

) at the surface.

98

 In order to promote the synthesis of

nanocrystals with a controlled shape, for instance, 1D structure, an anisotropic growth 

of the crystalline semiconductor along different crystal axes is needed. This can be 

achieved by the addition of surfactants,

99

 adsorbates

100

 or metal catalysts

101

 that 

selectively bind to the specific crystalline facets to reduce or enhance facet surface 

energy, which eventually lead to distinct crystal growth rates and subsequently, the 

shape of the attained crystal. 

So far, a large variety of synthetic methods have been used for the preparation of 

nanostructured TiO
2
-based semiconductors (Table 1.2). These include the sol-gel 

(template) method, direct oxidation method, vapour deposition method, and 

hydrothermal method etc. 

1.3.2.1 Sol-gel (template) Method

The sol-gel method is based on hydrolyses of alkoxide or halide precursors with 

subsequent condensation to the inorganic Ti–O framework. The formation of TiO
2
 from 

titanium (IV) alkoxide proceeds via an acid-catalyzed hydrolysis step followed by 

condensation:

102

OHROTiOTiROHOTiRO

OHRHOTiROOHROTiRO
H

2333

323

)()()(2

)()(

+−−−−→−−−

−+−−−→+−−−

+

The amount of water used during the gelation procedure determines the

contribution of each reaction. The typical process involves polymerization reactions of 

the precursors and loss of solvent leads to the transition from the liquid sol into a solid 

gel phase. Non-hydrolytic sol-gel processes can also be used to prepare TiO
2

nanoparticles in non-hydrous solution.

103

 In this case, the Ti–O–Ti bridges result from 

the condensation between Ti–Cl and Ti–OR. A mainly particle-like structure can be 

produced by the sol-gel approach, however, when it is combined with templates, 

directed growth is facilitated and therefore 1D nanostructures can be obtained. The most 

widely used templates include self-assembled organic surfactant template molecules and 

anodic alumina membrane. Nanoscaled tubular,

104–105

 rod-like,

106–107

and wire-like

108

structures have been successfully prepared in the previous studies. The sol-gel template 
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method is widely used in nanomaterials synthesis due to its versatility. However, the 

disadvantages lie in the fact that the procedure is relatively time-consuming and 

complicated, and that the introduction and removal of the templates increases the cost of 

the materials. 

1.3.2.2 Oxidation Method

Nanostructures can be synthesized by direct oxidation of titanium metals. The 

oxidizing forces come from the oxidating chemicals in solution,

109

 in the atmosphere

110

or anodic potentials in electrolytic cells.

111–112

 The chemical oxidation approach leads to 

large amounts of rod-like nanostructures, however, it is difficult to obtain a uniformly 

distributed morphology. No other morphology is produced by this method. When 

anodic voltage is applied in hydrogen fluoride electrolyte solution, nanotube arrays can 

be prepared on the surface of the titanium anode.

111–112

 The advantage of this method is 

that the nanotubes have been effectively immobilized on a titanium surface during 

preparation. Moreover, the oxidation occurs at relatively low temperatures and only 

involves a small amount of energy. The disadvantage is that the nanotubes are not 

usually separated from each other in regular manner and do not have well-developed 

cavities between the tubes.

113

1.3.2.3 Vapour Deposition Method

In the vapour deposition process, the substrate is exposed to one or more volatile 

precursors, which react or decompose on the substrate surface to produce the desired 

deposit. TiCl
4
 and TIPP are usually used in chemical vapour deposition (CVD), while 

titanium metal powder is used in physical vapour deposition (PVD). The resultant 

nanostructures can be shaped as particles,

114

 rods

115

 or wires.

116

 Assisted by anodic 

alumina membrane, CVD of the precursor can produce tubular TiO
2 

nanostructures.

117

Advantages of the vapour deposition method are the ease to scale up to industry level 

and the convenient control of the resultant morphology. However, the primary 

disadvantage lies in the high operating temperature, which not only limits the choice of 

substrate materials but also associates the risk of dimensional changes by distorting or

shrinking. Moreover, the method usually involves high purified gas and large amounts

of environmentally-unfriendly chemicals which will greatly increase the cost of 

materials and post treatment of the by-product. 
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Table 1.2 Summary of the preparation techniques used for the synthesis of TiO
2
-based nanomaterials.

Technique Media Approach Morphologies Crystalline phase Pros Cons

Ball milling Solid 

state

Physical milled to 

nanosized 

particles.

Particles.
119–120

As the raw material. Straightforward. No control on 

size 

distribution.

Solid state 

chemistry

Molten 

Salt

Sintering the Ti 

precursors in 

molten salts at 

high temperature.

Particles,
121–122

rods,
123

 fibres.
124–

125

Rutile,
121

 brookite,
124

MTiO
3
,
122–123

MTi
3
O

7
,
69

 MTi
4
O

9
,
69

MTi
6
O

13
,
56

MTi
7
O

15
,
126

MTi
9
O

19
.
125

High yield, simple, 

stabilized product.

High 

temperature, 

poor control 

on structure, 

size.

Sol-gel Aqueous/

super 

critical 

fluid

Hydrolysis and 

condensation of 

Ti alkoxides.

Particles,
102

fibres.
127

Anatase,
102

 rutile.
127

Mono-dispersed, 

large scale.

Lack of 

structure 

control.

Sol Organic 

solution

Reaction of Ti 

precursors with 

oxygen donors.

Particles.
103

Anatase.
103

Mono-dispersed, 

large scale.

Lack of 

structure 

control.

Hydrothermal

reaction

Aqueous 

solution

Chemical reaction 

in pressure vessel 

at elevated 

temperature and 

pressure.

Particles,
128–129

tubes,
130–131

 rods, 

128,132–133

fibres,
134

flowers.
29

Anatase,
133

 rutile,
128,132

brookite,
29

 TiO
2

(B),
129

 MTi
2
O

5
,
135

MTi
3
O

7
,
131

MTi
4
O

9
,
136

H
0.7

Ti
1.825

ð
0.175

O
4
·H

2
O

137

Simple, large 

scale, free of 

calcination, 

controllable.

Limited to

simple 

compounds; 

time 

consuming.

Directed 

structural 

transcription

Aqueous 

solution

Dipping template  

into TiO
2
 sol 

followed by 

heating.

Rods,
107

 tubes,
138

wires.
108

Anatase,
107,138

 rutile.
107

Uniform, scale 

controllable.

Complicated 

template 

preparation 

and removal 

procedure.
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Table 1.2 Summary of the preparation techniques used for the synthesis of TiO
2
-based nanomaterials (Continued).

Technique Media Approach Morphologies Crystalline phase Pros Cons

Functional 

surfactant 

assisted 

growth

Aqueous/

Organic 

solution

Heat treatment or 

vigorous stirring 

of solution 

containing Ti 

precursors and 

surfactants/polym

ers.

Particles,
139

tubes,
140

 rods,
141

mesoporous.
142

Anatase,
139–140

rutile.
139,141

Uniform. Template 

preparation 

and removal 

is required

Direct 

oxidation

Aqueous 

solution/

air

Oxidation of Ti 

metal in H
2
O

2

solution or 

oxidizing gas.

Rods.
109,115

Anatase,
109,115

 rutile.
110

Simple, uniform. Poor 

morphology 

control.

Anodic 

oxidation

Aqueous/

organic 

solution

Oxidation of Ti 

anode in fluoride 

solution under 

voltage.

Tubes,
111,143

particles.
144

Amorphous,
111,143

anatase.
144

Simple, highly 

uniform, versatile 

application.

Calcination is 

required, 

small-scale 

production.

Electro-

deposition

Aqueous

solution

Reduction of Ti 

ion into the pores 

of AMM template

in Ti solution 

under voltage.

Wires.
108,145

Amorphous.
108,145

Uniform. Template 

preparation, 

removal and 

calcination is 

required.

Sono-

chemistry

Aqueous

solution

Hydrolysis or 

chemical reaction 

in aqueous 

solution using 

ultrasound 

irradiation.

Particles,
146–147

tubes.
148

Anatase,
146

 rutile,
146

mixed phases,
147

titanate.
148

Simple, uniform. Weak 

structure 

control, poor 

crystallinity.
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Table 1.2 Summary of the preparation techniques used for the synthesis of TiO
2
-based nanomaterials (Continued).

Technique Media Approach Morphologies Crystalline phase Pros Cons

Microwave Aqueous

solution

Hydrolysis or 

chemical reaction 

in aqueous 

solution using 

microwave.

Particles,
149

tubes,
150

 rods.
151

Anatase,
150

 rutile.
149

Highly efficient. Limited to 

simple

compounds, 

poor size 

control

Physical 

vapour 

deposition 

Vapour

phase

TiO
2
 are 

evaporated using 

thermal, laser or 

electric energy 

and deposited 

onto a substrate in 

inert atmosphere.

Particles,
152

wires.
116,153–154

Rutile.
116,152,154

Good crystallinity. High 

temperature, 

limited 

structure and 

crystalline 

phase, not 

uniform.

Chemical 

vapour 

deposition

Vapour

phase

Precursor vapours

react and deposit 

on substrate in 

high temperature.

Particles,
114,155

rods.
156–157

Anatase,
114,156–157

mixed phases.
156

Uniform 

distribution, no 

compositional 

gradients, selective 

area deposition.

Environmenta

lly unfriendly, 

high cost for 

high purity 

compounds.

Electro-

spinning

Electric 

field

Fine fibres/jets 

are drawn from 

tips, accelerated 

to a counter 

substrate under 

electrical field.

Fibres.
158–160

Anatase.
158–160

High yield, 

uniform size, no 

calcination 

required.

Limited to 

fibre only, 

attachment to 

other substrate 

is difficult.

Electro-spray Electric 

field

Fine droplets are 

drawn from tips, 

accelerated to 

substrate under 

electrical field.

Films,
161

particles.
162

Anatase.
161–162

Straightforward, 

no calcination 

required.

Poor size and 

shape control.
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1.4 Hydrothermal Method

The hydrothermal method is another popular method due to its relatively low cost 

for both raw material and instrumental setup; versatile capability of preparing material 

with wide ranged well-defined morphologies and crystallinities with or without the 

assistance of templates/surfactants; high yield that opens up a larger capacity of nano-

production. 

In a sealed/closed vessel (digest bomb or autoclave), the temperature of a solvent 

can be brought to far above its boiling point by the increase in autogenous pressure 

resulting from the thermal treatment. The term, “hydrothermal reaction” is related to the 

chemical reaction taking place in an aqueous solution under such elevated temperature 

and pressure conditions. Extreme conditions with the temperature and pressure higher 

than the critical value (374°C, 221 atm

118

) were widely used to synthesize a large 

number of minerals by geologists for the simulation of chemical reactions in the Earth’s 

crust. This required a suitable hydrothermal apparatus, popularly known as an autoclave, 

which is not only inert to corrosive solutions, but also able to bear high pressure and 

temperature. Nowadays, however, most of the hydrothermal processes are conducted 

under relatively alleviated conditions in a commercially available Teflon lined steel 

autoclave due to its convenience and low cost. The increased solubility and reactivity of 

the metal salts or complexes produced at such high temperatures and pressures are 

utilised for the synthesis of various crystalline materials. Compared to the conventional 

solid-state reaction, hydrothermal reaction allows materials to be prepared at much 

lower temperatures.

4

 Moreover, unlike the co-precipitation and sol-gel methods which 

can also be used at low temperature, the resultant materials from hydrothermal reactions 

are usually crystalline and do not require post-reaction calcination.

98

 Although non-

polar solvents can be used for the synthesis of TiO
2
 nanomaterials

163–164

 (in these cases, 

it is called the solvothermal method), these solvents have specific disadvantages 

concerning mainly their toxicity and corrosion problems for the autoclave materials. 

Briefly, the synthesis of crystals under hydrothermal reaction is fundamentally 

based on the dissolution/precipitation of the crystalline materials. A general 

temperature-concentration-time diagram is shown in Figure 1.5. The synthetic raw 

materials (point a) are dissolved isothermally in the autogenous high pressure vessel due 

to the increased solubility. The concentration becomes higher as the reaction proceeds. 
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The raw materials can keep dissolving even when the solubility limit of the fluid with 

respect to the crystalline phase (super-saturation) is reached.

2

 At a specific 

concentration, spontaneous crystallization of the crystalline nanomaterials occurs 

(marked as point b in the supersaturated fluid region), leading to the concentration drop 

in the hydrothermal fluid. The nanocrystals are then generated by a series of processes 

in which the precursors are dissolved in the fluid phase and crystallized as 

nanostructured materials (point c).

2

 If the isothermal-isobar conditions are maintained 

carefully throughout the whole synthesis procedure, there would be no etching of 

nanocrystal or formation of a second phase.

2

 In this respect, the dissolution/precipitation 

process continues in a way that the system is self-stabilizing, leading to a more 

thermodynamically stable form of material.

Figure 1.5 Temperature-concentration-time diagram for the hydrothermal synthesis 

process: a) glass and fluid phase; b) spontaneous isothermal nucleation at the frontier 

of supersaturated fluid; c) final state of grown microcrystals.

2

Although general understanding of hydrothermal reactions is somewhat 

straightforward, the detailed process can be rather complex because a number of 

interacting parameters play essential roles.

165

 Firstly, temperature is one of the most 

decisive parameters for the kinetics of product formation and the thermodynamic 

stability of the product phase. Dissolution rates increase with increasing temperature. 

Higher temperature experiments were predominantly directed toward establishing 

Fluid

Fluid + 

Crystals

Super–

saturated 

fluid

a

b

c
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equilibrium rather than kinetic properties.

166

Secondly, pressure is crucial for solubility, 

the super-saturation range and the thermodynamic stability (e.g. too high synthesis 

pressure leads to the crystallization of denser phases). Thirdly, time plays an important 

role in determining the phases: the synthesis of kinetically stable phase is favoured in 

short term processes while the thermodynamically stable phase is obtained in long-

duration experiments. Fourthly, the effect of pH needs to be taken in to account because 

H
3
O

+ 

or OH

–

 greatly influences the dissolution and reaction in the hydrothermal process. 

Also, the respective counter ions present in high or low pH (e.g. fluoride ion or organic 

ammonium ions) will alter the material shape by changing the surface chemistry of 

nanocrystals. Adding ionic solutions affects the synthesis process in a similar way. 

Moreover, the size and crystallinity of the selected precursor is of great importance in 

some cases. Glassy precursors are dissolved faster than crystalline materials of the same 

composition. Selection of a certain crystalline phase from polymorphs as the starting 

material is essential for the growth of nanocrystals in the desired size and shape. Last

but not least, the material mass transfer in solution is another important aspect. More 

efficient material transportation will result from mechanical agitation compared with a 

static reaction system based on the natural convection induced by temperature gradients

or density variations. 

Accordingly, adjusting the synthetic parameters allows us to prepare unique 

materials with desired morphological and physio-chemical properties. In the following 

section, up-to-date developments and progress in hydrothermal synthesis in both 

alkaline and acid conditions are discussed.

1.4.1 Alkaline Hydrothermal Process

When Ti precursors are mixed with concentrated alkaline aqueous solution at 

elevated temperature, alkaline titanate will be obtained. An early alkaline experiment 

was conducted in 1966, in which Keesmann hydrothermally synthesized crystal TiO
2

(rutile, anatase and brookite) and sodium titanate from amorphous TiO
2
 in NaOH 

solution in a range of pH. Fibre-like Na
2
Ti

3
O

7
 and Na

2
Ti

6
O

13
 crystals were prepared 

above 450°C.

124

 An analogous experiment at a lower temperature range (150–350°C) 

was conducted by Wefers who found the titanate phases were dominant in the 

products.

167

At the beginning of the 1980s, Wantanabe et al. published papers about the 

hydrothermal reaction of TiO
2
-based materials in closed platinum capsules 5 mm in 
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diameter and 50 mm in length.

125,168,169

 Na
2
Ti

9
O

19
 nanowires were attained after ultra 

small amount of reactants (25 mg gel and 0.25 mL NaOH solution) were heated up to 

400–600°C. Since then a limited number of researchers

170,171

 have reported work on the 

hydrothermal approach, due to the extreme conditions of the experiment with most of 

them focused on the ion exchange properties of the layer titanates. In 1998 Kasuga 

reported a simple method for the preparation of TiO
2
 nanotubes,

130

 by treating 

amorphous TiO
2
-SiO

2
 with 10 mol/L NaOH in a Teflon-lined batch reactor at relatively 

low temperatures (110°C). Since then the alkaline hydrothermal synthesis approach has 

attracted a large number of research attempts in both the synthesis of TiO
2
-based 

nanomaterials and the study of their physio-chemical properties. 

1.4.1.1 Synthesis Procedures

An alkaline hydrothermal reaction can occur under rather simple conditions: Ti 

precursors, sufficient alkalinity in an aqueous solution and heat. Typically, several 

grams of TiO
2
 powder are mixed with concentrated NaOH solution (10 M) and then 

transferred into a Teflon-lined stainless autoclave. Subsequent heat treatment of the 

autoclave at elevated temperature (80–240°C) transforms the particles into fine fibre-

like nanocrystals. After the hydrothermal synthesis, the product is isolated from the 

solution by either filter or centrifuge. Soaking the resultant powder in acid solution 

allows the proton exchange with the alkaline cation intercalated in the titanate lamellar 

structure. To obtain pure titania products, a simple sintering process is required to

transform titanate nanostructures into TiO
2
 counterparts [anatase, rutile, brookite or 

TiO
2
 (B)]. In addition to a closed chamber in the autoclave, similar nanostructures can 

also be synthesized under reflux and ambient environments at above 100°C.

172–176

TiO
2
 powder is usually used as the Ti precursor. It has been demonstrated that 

crystalline forms (anatase,

177

 rutile,

178

 brookite

179

) or even amorphous forms

130,180

 can 

be transferred into titanate nanostructures under alkaline hydrothermal conditions. Other 

raw material candidates used previously were Ti(OPri)
4
 gel,

181

 Na
2
Ti

3
O

7
,

182

Ti 

powder

183

 and Ti foil.

184

 The crystalline phase of the starting material plays an 

important role in some cases, for example, lower yield in nanotube formation was found 

when using rutile in contrast to anatase,

136,172

 which was attributed to the higher 

asymmetry in anatase crystals.

172

 Apart from the crystalline phase, other authors 

documented the effect of the particle size of the raw material on the rate of nanotube 
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formation. Ma et al. observed lower yields when using larger anatase particles

185

 (200 

vs. 10 nm). It is also suggested that the differences in reactivity toward nanotubes were 

more related to the particle size than to its crystalline phase.

136

 The results shown in a 

comprehensive study revealed that rather than the chemical composition and crystal 

structure, the size of raw anatase particles (220 vs. 8 nm) influences the morphology and 

textural properties of resultant nanotubes.

186

Apart from NaOH, other basic hydroxides have been used as the alkaline source, 

such as LiOH,

187

 KOH,

182,188

 RbOH,

189

 CaOH

190

 and BaOH.

180,191

It was reported that 

the perovskite titanate CaTiO
3 

could be prepared in a mixed alkaline solution (NaOH 

and CaOH).

190

 The results from Su et al. suggested that the nature of the alkali will 

influence the shape of the nanostructure. They obtained overwhelmingly wire-like 

titanate structures in KOH solution while nanotube or nanoribbon structures were 

synthesized by using NaOH.

192

 Similar alkali dependence on the resultant morphology 

was demonstrated by other group using LiOH, NaOH and KOH respectively.

187

 In 

contrast, in the case of H
2
Ti

4
O

9
, the authors found the products show no obvious 

morphological or crystallinity differences when choosing either NaOH or KOH solution, 

even when Ti precursors with various phases (anatase, rutile or P25) were used.

136

 As 

far as alkalinity is concerned, it has been reported that the hydrothermal reaction can 

occur in alkaline solution within a broad OH

–

 concentration range (0.2

191

–20

186,192–193

 M) 

and even in weak basic solutions, i.e., urea,

194–196

and ammonia.

197–200

The temperatures selected in the previous studies were between 40°C

176

and

250°C

201–204

 (which is the maximum applicable working temperature for Teflon 

containers). To obtain similar nanostructures in less alkaline solution, a higher 

temperature is required. Under the same OH

–

 concentration, it is generally 

acknowledged that mainly hollow nanotubes are obtained at low temperature (90 -

150°C

205

) while higher temperature (> 155°C

206

) favours the formation of the solid 

nanostructures (nanofibres, nanoribbons or nanorods). Nonetheless, solid results from a 

duration-elongated experiment showed that the transformation of nanotubes into 

nanoribbons can occur at different temperatures given a sufficiently long reaction 

duration with concentrated alkalinity.

207

 Their findings partly explain the fact that all the 

published reports

124–125,167–171

 prior to Kasuga’s work found only solid fibre-like 

structures due to the high temperature and long reaction duration (180–600°C for 1–30 

days) while Kasuga et al.

130

 observed the first formation of nanotubes (which can be 
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regarded as an intermediate product of the previous reports) at a relatively low 

temperature and in a short reaction time (110°C for 20 h). Also, it is notable that apart 

from the commonly used static thermal heating process, resolving autoclaving,

208

 hot 

pressing technique,

209

 microwave

150,210–211

 or ultrasonics

212–213

 can also induce an 

aqueous hydrothermal reaction although they are rarely used due to the poor control of

the crystal properties. 

1.4.1.2 Resultant Structural Properties

In the majority of published results, products of hydrothermal reaction varied in 

distinct morphological forms: plates,

183

 platelets,

183

 columnar,

183

 ribbons,

214

 fibres,

202

rods,

215

 wires,

216

 belts,

217

 tubes

130

 and sheets.

201

 However, some of the morphologies 

were not carefully identified. Generally, all these reported forms can be classified into 6 

types: spheroid, crystal/particle, tube, fibre/ribbon/belt and sheet, as shown in Figure 1.6.

Figure 1.6 Typical morphologies of titanate nanostructures: (a) spheroid, (b) crystal/

particle, (c) tube, (d) fibre/ribbon/belt and (e) sheet. 

Nanospheres

Nanosized BaTiO
3
 spheroids (< 100 nm in diameter) have been commonly 

prepared by the hydrothermal reaction of Ti precursors and Ba(OH)
2

solution.

157,180,191,218–220

 Mesoporous crystalline BaTiO
3
 or ScTiO

3
 spheres can be 

produced in basic solutions with or without the assistance of templates.

221–222

Nanocrystals/particles

Nanoparticles can be regarded as the outcome of isotropic growth of a single 

crystal. Generally, hydrothermal reactions in relatively weak alkaline solution (pH = 7–

12) at low temperature (120–180°C) would result in the formation of tiny particulate 

TiO
2
 crystals.

204,223–225

It has also been reported that KTiO
2
(OH) particles were 

b) c)

d) e)

a)
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synthesized at rigorous conditions (30 M KOH and 150–250°C) ,

183,187–188

 although 

crystal sizes were not uniform. In ammonium abundant solutions, good quality brookite 

1D crystals can be synthesized.

30,226

Nanotubes

Nanotubes have a unique geometry, with a hollow cavity lying through the long 

cylinder. The aspect ratio, i.e., the ratio of length to diameter (below 15 nm), is usually 

in the magnitude of 10 to several thousands. The walls of the nanotubes prepared in 

hydrothermal reactions are overwhelmingly multilayered, ranging from 2 to 10 layers. 

Occasionally, the numbers of the layers of both sides are different, observed from the 

side-view of the nanotube.

113,227

To date, nanotubes have been obtained in a wide range 

of alkaline, temperature and duration conditions (mainly 80–150°C).

130–131,135–137,150,172–

175,177–178,184,193,203,212,217,228–265

In the first published report about titanium oxide nanotubes, Kasuga et al. claimed 

that the crystalline phase of the nanotubes was crystalline titania.

130

 This conclusion is 

supported by many other authors based on their experimental 

findings.

177,184,192,231,233,236,238,266–269

 Nanotubes with monoclinic TiO
2
 (B) structure were

also reported.

270

 However, this TiO
2
 nanotube model conflicted with the lamellar 

structure that was found in all other reports because none of the TiO
2
 polymorphs has a 

layered structure. It was subsequently realised that the nanotubes actually possess a 

layered titanate structure.

131,136–137,174,217,241,246,251,253,261,269,271–273

 Nonetheless, there has 

never been agreement on the detailed crystalline phase of the nanotube. Peng and co-

workers firstly proposed that the nanotube had a monoclinic trititanate (M
2
Ti

3
O

7
, M = 

Na or H or both) structural framework.

131,246,253,261,271

 This was supported by other

reports.

186,241,251,269,274–277

 The results in an atomic pair distribution function (PDF) 

simulation also showed that the H
2
Ti

3
O

7
 model performed better.

224,278

 Other than 

trititanate, the crystalline phase has been indexed to be monoclinic tetratitanate 

(H
2
Ti

4
O

9
·H

2
O).

136,185

 The two types of titanate are similarly configured with a parallel 

corrugated lamellar structure consist of edge-sharing TiO
6
 octahedra (Figure 1.3). 

In comparison to these monoclinic structures, there has been an increasing number 

of publications claiming that the nanotube structures had an orthorhombic bititanate 

structure. For instance, Zhang et al. firstly pronounced that the nanotubes prepared in 

alkaline hydrothermal reaction had Na
2–x

H
x
Ti

2
O

4
(OH)

2
 structure, where x depends on 
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the pH of the post-treatment solution.

174,232,247,279–280

 This is consistent with 

experimental results published by Teng and Tsai

135,272,281–283

 who attributed the crystal 

structure to an analogous H
2
Ti

2
O

5
·H

2
O phase. This bititanate model was later adopted 

by other groups of researchers to understand hydrothermally prepared titanate 

nanostructures.

284–289

 Parallel to Zhang et al.’s work, a different orthorhombic model, 

H
0.7

Ti
1.825

ð
0.175

O
4
·H

2
O (ð = vacancy), was also proposed by Ma et al. 

137,217,259,273

 which 

was adopted by other groups of researchers.

290–295

 It is worthwhile to note that both 

body-centred orthorhombic H
2
Ti

2
O

4
(OH)

2
 (H

2
Ti

2
O

5
·H

2
O) and H

0.7
Ti

1.825
ð

0.175
O

4
·H

2
O 

(ð = vacancy) possess a lepidocrocite (γ-FeOOH)-type host layer with puckered edge-

shared TiO
6 

octahedra packing (Figure 1.4). The only difference is the fact that layers in 

the former case stack along the a axis while they stack along the b axis in the latter (the 

interspacing of the layers are comparable). The published lattice parameters of the 

titanate nanotubes are listed in Table 1.3. 

Table 1.3 Summary of published lattice parameters of protonated titanate nanotubes.

Lattice parameters(nm)

Crystallographic phase Symmetry

   a         b         c          

Ref

H
2
Ti

3
O

7
Monoclinic 1.602  0.375  0.919  101.5° 131

H
2
Ti

4
O

9
·H

2
O Monoclinic 1.825  0.379  1.201  106.4° 136

H
2
Ti

2
O

4
(OH)

2
·H

2
O Orthorhombic 1.926  0.378  0.300    90° 174

H
2
Ti

2
O

5
·H

2
O Orthorhombic 1.808  0.379  0.299    90° 135

H
x
Ti

2͠x/4
ð

x/4
O

4
·H

2
O Orthorhombic 0.378  1.834  0.298    90° 137

The precise determination of crystal structures of titanate nanotubes is incomplete 

due to several intrinsic characteristics, including their poor crystallinity, small 

crystalline size and wrapping of the crystal matrix along a certain crystallographic axis. 

These aspects result in broad diffraction signals which make refined analysis impossible. 

Moreover, the low weight of hydrogen atoms also makes it difficult to locate their 

precise position and population inside the crystals.

296

 As a result, no consensus about 

the crystalline phases has been hitherto reached, although the orthorhombic model has 

been found to be more reasonable when it is compared with the monoclinic one in terms 
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of matching the experimental results in Raman spectroscopy

217,290,293–294,297

 and electron 

diffraction.

298

Nanofibres/Nanoribbons/Nanobelts 

In comparison to kinetic products with tubular structures, nanofibres, nanoribbons 

and nanobelts are the thermodynamically stable products of alkaline hydrothermal 

reactions. Any means leading to the establishment of the final equilibrium, such as 

higher temperature, more concentrated alkaline solution or longer reaction time will 

favour the formation of these 1D nanostructures. As far as the crystalline phase is 

concerned, various forms of titanate were reported before the discovery of titanate 

nanotube. Because of the improved crystallinity and non-wrapping texture of the solid 

1D structure, the identification of the crystals becomes more convincing compared with 

nanotube studies. Although attempts have been made to obtain the phase graph of the 

resultant crystalline phases by using a wide range of synthetic parameters, one of which 

is shown in Figure 1.7, exceptional results were still observed even with same 

parameters. This can be attributed to variations in raw materials, reaction autoclaves, 

processing techniques and durations. For example, fibrous M
2
Ti

6
O

13
 (M = Na or K or 

Rb or Cs) crystals were prepared by heating the titanium oxide, alkali oxide and water at 

625°C for 2 h in 1950s.

299

 Similar results were obtained under comparable supercritical 

water

300–301

 or much more relaxed conditions.

302

 In Keesmann’s work on hydrothermal 

synthesis, monoclinic Na
2
Ti

3
O

7
 fibre like crystals were predominantly formed above 

550°C using 48% Na/(Na+Ti) ratio for 430 h.

124

 Under similar conditions (500°C, 36%

Na/Na+Ti ratio for more than a week), Watanabe et al. synthesized wool-like Na
2
Ti

9
O

19 

crystal at 550°C after more than a weeks’ time.

125,303

 Moreover, Na
4
Ti

9
O

20
·H

2
O needle-

shaped crystals can be produced by using hydrous or titanium oxide gel precursors at 

lower temperature and with shorter duration (250°C, 50% Na/Na+Ti ratio for 20 h).

170

Also, there are papers claiming that crystalline M
2
TiO

3

304

 and Na
x
Ti

4
O

8

168

 were also 

obtained by the hydrothermal reaction between TiO
2
 gel and concentrated alkaline 

solution (2–5 M). 
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Figure 1.7 Phase diagram of the TiO
2
-Na

2
O-H

2
O hydrothermal system.

169

 Ti
3
: 

M
2
Ti

3
O

7
, Ti

4
: M

2
Ti

4
O

9
, Ti

6
: M

2
Ti

6
O

13
, Ti

9
: M

2
Ti

9
O

19
.

However, since the discovery of titanate nanotubes (which was unfortunately 

ignored), tremendous attempts have been conducted to synthesize titanate 

nanostructures under more relaxed conditions (below 200°C, compared to previous high 

temperature and pressure studies) in a simple commercial autoclave. Besides the 

crystalline phase (M
2
Ti

3
O

7
,

199,239,241,274,276,305–311

 M
2
Ti

6
O

13

134,182,189,312

) mentioned above, 

nanosized fibrous TiO
2
 (B),

176,270,313–315

M
2
Ti

5
O

11
,

268,316

M
2
Ti

8
O

17

192

 or M
16

Ti
10

O
28

311

crystals were also synthesized in hydrothermal reactions. Special attention has been 

regularly paid to the structural details of the resultant products. Nanofibres, nanoribbons 

and nanobelts have long, solid rectangular structures, apparently different from the 

hollow tubular texture. The length of nanofibre can be several tens of microns, while the 

width is usually below 100 nm. It is worthwhile to note that the shape of wire-like or 

rod-like (which are supposed to have circular cross-section) products mentioned in 

several publications were actually rectangular, because it is difficult for a well-

crystalline monoclinic crystal to grow into a solid column-like structure (although this is 

allowed in a hollow tubular structure due to the distorted configuration). For clarity, we 

refer to the 1D solid titanate nanostructures as nanofibre/nanoribbons/nanobelts in this 

thesis. 
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Nanosheets 

Nanosheets are very thin sheets made up of isolated or conjugated planes of 

titanate layers during hydrothermal reaction. They are about 5–20nm thick, and more 

than 100 nm in length and width.

194,199,317

 There are reports claiming that the crystalline

phase was one of the lamellar titanates: M
2
Ti

3
O

7
,

199

H
x
Ti

2–x/4
ð

x/4
O

4
·H

2
O (ð = 

vacancy)

318

 or M
2
TiO

3
.

190

 The alkalinities in these reports were relatively low (below 2 

M OH

–

), while the temperature varied from room temperature to 140°C.

190,194,199,317–320

As one of the kinetic mesostable products, nanosheets are also found present in the early 

stages of concentrated alkaline synthesis and thought to be able to fold into 

nanotubes.

252

1.4.1.3 Possible Growth Mechanisms

Different nanostructures instantly result from different reaction processes in which 

specific crystal growth mechanisms play decisive governing roles in the model of atom 

by atom dissolution and attachment. In addition to the impact of synthetic parameters on 

the resultant nanostructures, enormous attempts have been devoted to the study of

growth mechanisms, which were mainly based on the observation of structural details. 

Two primary coarsening mechanisms were observed for a single crystal growth. One is 

Ostwald ripening,

321–323

 which involves single particle growth via the addition of 

elemental atoms to surfaces from solution at the expense of smaller particles. The rate 

depends on the temperature, additives, crystal structure and energies of 

crystallographically distinct surfaces. The second is oriented growth/attachment,

324–326

which involves spontaneous self-organization of adjacent particles sharing a common 

crystallographic orientation followed by joining at the planar interface. This occurs in a 

precise, crystallographically controlled manner, resulting in coherent interfaces and 

leading to the development of single homogeneous crystals. Twinning and other 

intergrowths can occur because attachment requires structural accord only in the two 

dimensions defined by the junction plane.

327

Nanoparticle-Ostwald ripening

Since the formation of particles is the direct result of isotropic crystal growth, the 

process of growing a small particle into a larger one can be simply considered as an 

Ostwald ripening phenomenon.

321–323

 However, in both thermodynamics

219

 and kinetics 
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studies,

218,220

 the hydrothermal reaction exhibited a complicated system within which a 

number of processes are essentially occurring. For example, in the reaction of TiO
2
 with 

Ba(OH)
2
, when the alkaline concentration is high enough, the rate-controlling step is the 

reaction of Ba with TiO
2
 at the interface. The reaction rate is independent of Ba(OH)

2

concentration. In contrast, if the alkaline concentration is below a certain value, the 

diffusion to the product layer becomes rate-determining and the BaTiO
3
 particle sizes 

are inversely proportional to the Ba(OH)
2
 concentration.

218

 Apart from the diffusion and 

reaction model, a dissolution/precipitation reaction regime is also proposed by Ecker et 

al. who believed that multiple reaction mechanisms may be competing for rate control, 

i.e., at the early stage of BaTiO
3
 formation, a dissolution/precipitation mechanism 

dominated while after longer reaction times, an in situ transformation mechanism was 

probably dominant.

220

 Finnegan et al. studied anatase coarsening kinetics under 

hydrothermal conditions over a range of pH and temperature.

204

 Their results revealed 

that when pH > 11, anatase grows primarily by Ostwald ripening. The increased 

temperature will result in faster crystal growth rate. A combined growth process was 

also proposed by Cho et al. who suggested the anatase TiO
2
 nanocrystals at pH = 9.5 

grow by oriented attachments between (001) faces of smaller crystals followed by 

Ostwald ripening along [001] direction.

328

Nanotube-rolling of nanosheet

The investigation of the growth mechanism of hydrothermally prepared titanates 

has been one focus point in the body of knowledge of hydrothermal synthesis since the 

discovery of titanate nanotubes by Kasuga. However, despite numerous 

publications,

113,177–178,192,207–208,238,241,251–252,260–261,329

 there has been no consensus on 

how the nanotubes are self-assembled due to the difficulty of direct observation of the 

comprehensive real-time growth process. To date, two distinct mechanisms have been 

proposed to explain the growth of hollow nanotubes.

Since nanosheets and nanotubes share the same layered titanate structure, it is 

therefore claimed that nanosheets can scroll or fold along the tube axis to form 

nanotubes. The driving force for curving these nanosheets has also been considered. 

Zhang et al. proposed that the imbalance of H

+

 or Na

+

 ion concentration on two 

different sides of the single surface layers can lead to excess surface energy, which 

would bend the layer.

261

 When the titanate nanosheet has a proton-distribution 
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asymmetry, then both sides have different values of free surface energy. The theoretical 

calculation results show that the gain in surface energy for such a wrapping is enough to 

compensate mechanical tensions arising due to curving.

252,261

Another driving force of 

peeling off the nanosheets from the bulk multilayered nanosheets is proposed by Wei et 

al.who considered that the nanosheets were peeled off by intercalation of H
2
O 

molecules, which would enlarge the interlayer distance of the titanate layers.

330

 The 

single layered nanosheet rolling model has been used to explain nanotube growth in 

other publications.

135,177,192,236,238,241,271,308,331–332

 On the other hand, Bavykin et al. put 

forward a multilayered rolling up mechanism.

252

 Other than single layered, they 

suggested nanosheets have a multilayered structure. The driving force is the mechanical 

tensions during the process of dissolution/crystallization in nanosheets. It was believed 

that the imbalance within the layer width creates the tendency for layers to move within 

the multiwalled nanosheet and decrease the excess surface energy. 

Nanotube-crystal growth of nanoloop

Although the rolling up mechanism is able to explain the multilayered texture of 

the titanate nanotube, it has some limitations. For example, it fails to explain the 

contradiction between the existence of ultra-long titanate nanotubes with high 

length/diameter ratios (about several hundreds nm long) and the absence of ultra-long 

nanosheets which are supposed to roll and form the nanotubes according to the 

mechanism. Moreover, by using layered titanate fine crystals as raw material, a 

hydrothermal synthesis failed to obtain titanate nanotubes.

260

 Therefore, the rolling-up 

mechanism was discounted by the authors who claimed that nanotubes are formed by 

crystal growth oriented by the various shaped nanoloops in the early stage of 

hydrothermal treatment.

208,260,333

In this case, the cross-section of grown nanotubes is 

determined by the curvature of the seeding nanoloop. Based on other experimental 

findings and recent publications, the oriented crystal growth under 

dissolution/recrystallization is actually effective in the hydrothermal synthesis.

268,293

Nanofibre-splitting of nanosheet

The growth mechanism of nanofibres has also been investigated. Unlike the 

nanotubes, no distortion of the crystal matrix is required to form fibrous titanates, 

accordingly, a rather straightforward splitting mechanism is proposed to explain the 
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formation of titanate nanofibre. For instance, Wei et al. suggested that nanofibres 

prepared in hydrothermal conditions were generated via an exfoliating-splitting model, 

in which the nanosheets tend to exfoliate and split into thinner parts in order to release 

stress.

306

 A strain-induced splitting model was proposed by Wang et al. who suggested 

that the ion-exchange resulted in internal strain in the multilayered titanate making the 

phase transformation of the strained structure to a more stable fibrous structure.

334

 This 

model has been adopted in other studies of the nanofibre preparation.

196,241,332,335–336

Nanofibre-transformation from tube

It was found that there is a trend for the hollow titanate nanotubes to be 

transformed into solid nanofibres or nanoribbons.

207,329,337

 According to the experiment 

of Lan et al, nanotubes tend to aggregate into bundles with the same orientation and to 

be transformed into enhanced thermally stable nanorods probably via Ostwald 

ripening.

329

 More recently, Cao et al. suggested that the titanate nanotubes are inevitable 

intermediate products, which will finally be transformed into nanofibres upon 

increasing the hydrothermal treatment duration.

337

 The transformation process was 

accompanied by a coarsening process induced by both oriented attachment and Ostwald 

ripening. According to their theory, to lower the surface free energy, the nanotube

bundles bunch along identical crystal faces, while the dissolved Ti(IV) transport into the 

nanotube inner channels and then recrystallise leading to solid nanofibres.

337

1.4.1.4 Post-Treatment

Acid washing

A washing procedure is required to remove the concentrated OH

–

 before the 

isolation of the resultant products from alkaline solutions. Diluted acid solution, e.g., 

0.1 M HCl or HNO
3
 solution, is commonly used for this purpose. For the tubular and 

fibrous products, although Kasuga et al. tentatively concluded that the nanostructure is 

formed during the acid washing process,

130

 it has been proven that the procedure has no 

other apparent effect on the structural characteristics except exchanging the cations (i.e., 

Na

+

, K

+

) intercalated in the layered titanate structures.

253,329

 Generally speaking, acid 

washed titanate nanotubes are believed to possess more intercalated H
2
O than non-acid 

washed ones, and therefore result in greater weight loss during thermal gravimetric 

analysis.

186,251

 The acidity of the washing solution is influential in maintaining the pore 
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structure.

282

 There exists an optimum concentration of HCl solution (pH = 1.6) at which 

the surface area of the acid-washed products is maximised. Further increase in the 

acidity would impair the porous structure and eventually generate anatase particles. 

Nanotubes with higher cation contents by controlled acid washing exhibited larger 

interlayer spacings and better thermal stabilities.

186

Calcination

After washing procedure, post thermal treatment is a general approach to achieve 

advanced activity by improving the crystallinity or phase transformation. It has been 

shown that the Na atoms within the nanotube layers play a role in the corresponding 

thermal behaviour.

235,251,275–276,338–339

 For example, when calcined at 600–650°C, the 

nanotubes are changed to Na-titanate,

235,249,251

 while calcination the Na-free sample at 

350–500°C transforms the sample to anatase.

235,251

 Besides titanate and anatase, Suzuki 

et al.

243

 identified the TiO
2
 (B) free of anatase after the sintering of titanate nanotube 

while Armstrong et al.

313

 also prepared TiO
2
 (B) nanofibres in calcination of nanotubes 

at 400–600°C. According to the report from Morgado et al, the transformation from 

titanate to TiO
2
 (B) occurs between 120–400°C through complex multistep 

dehydrations.

277

 When the calcination temperature increases beyond a certain level, the 

nanotubular structure will collapse and change into solid fibrous morphology. Poudel et 

al.

249

 found that the rutile phase began to crystallize at 800°C, well below the 

transformation temperature of 925°C for bulk anatase powders. However, a higher

255

(900°C) and lower phase conversion temperature

340

 (700°C) has also been reported.

The thermal transformations can also occur in fibrous titanates. Protonated (Na 

free) nanofibres can be changed into rutile nanofibres at 1000°C via phase conversion to 

TiO
2
 (B) at 400°C and anatase at 700°C respectively.

264,341

 It has also been 

demonstrated that potassium substituted nanofibres evolved in a similar way except they 

were found to be changed into K-free fibrous titanates (H
2
Ti

2
O

5
) at 300°C.

287

 Moreover, 

in the presence of hydrogen, nanofibrous Na-titanates can be converted to Na
2
Ti

6
O

13

nanofibres at 500°C.

310

Further hydrothermal synthesis

Although the desired nanomaterials with fine 1D structure have been obtained 

directly by hydrothermal synthesis, this does not mean the end of preparation. For 
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example, further hydrothermal reaction is conducted by using the resultant nanotubes or 

nanofibres as raw materials. Zhu et al. hydrothermally treated the protonated titanate 

nanofibres with differently concentrated mineral acids to convert the fibrous titanate 

into anatase or rutile.

342–343

 Analogous reversible phase transformation was also found 

applicable for titanate nanotubes, e.g. Teng et al. demonstrated that by acid washing 

titanate nanotubes can be transformed into nanocrystalline anatase, which can be 

eventually changed into nanotubes by back-washing in NaOH solution.

135,272

 In addition 

to low pH solutions, non-acid hydrothermal reactions have been reported for the 

conversion of nanofibres into titania nanocrystals. For instance, ammonium exchanged 

titanate nanofibres were dispersed in water and heated in an autoclave at 200°C for the 

synthesis of TiO
2
 nanocrystals with different shapes.

344

 It was revealed by Wang et al. 

that nanocrystalline anatase can be synthesized by autoclaving the protonated titanate 

nanofibres in weak NaOH solution (pH = 12) at 180°C.

345

 Both studies showed that 

titanate fibres were converted to anatase TiO
2
 crystals through a 

dissolution/recrystallization process. 

1.4.2 Acid Hydrothermal Process

Titania crystals have been the major products in an acid or even weak alkaline 

hydrothermal synthesis. Numerous early attempts have been conducted. A preparation 

of titanium oxide and hydroxide by hydrolytic precipitation in H
2
SO

4
 solution at nearly 

100°C was reported in early 1920s.

346

 Titanium sulphate was hydrolysed by boiling a

nucleated solution for the synthesis of hydrous titanium oxide in 1948.

347

 In a Teflon 

lined Morey-type vessel, aqueous titanium oxychloride solution was obtained by 

diluting TiCl
4
 in cold water and then hydrothermally heated at 160–230°C in the late 

1980s. The introduction of SO
4

2–

 into the reaction solution had a large influence on the 

resultant crystalline phase.

348

 An instant and continuous hydrolysis of TiCl
4
 or TiSO

4

solution under supercritical conditions has been used for a rapid production of fine 

anatase powder (20 nm).

349

 Since the 1990s, acid hydrothermal synthesis has been 

popularly used for the production of mono-dispersed fine TiO
2
 nanocrystals.

128–129,132–

133,225,350–365

1.4.2.1 Synthesis Procedures

The essential parameters in an acid hydrothermal synthesis include Ti precursors, 

aqueous acid environment (either inorganic or organic) and heat. Briefly, a Ti-contained 
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liquid (peptizate or solution or solid/liquid mixture) is charged into a Teflon-lined 

autoclave with or without acid (note that the peptizate is mostly acid due to the 

hydrolysis/hydrolyzation of Ti-salt or Ti alkoxides). The subsequent thermal treatment

of the sealed autoclave at elevated temperature under autogenous pressure will lead to 

the crystallization of nanosized titania particles. To isolate the solid product, a filter or 

centrifugation process is required. Alternatively, sintering of the as-prepared powder 

can improve the crystallinity or convert the crystalline phase from one to another.

In terms of the appearance of Ti precursors, the hydrothermal synthesis can be 

classified into three groups. One is TiO
2
 gel/peptizate/precipitate prepared from either 

hydrolyzation of titanium alkoxides by sol-gel methods,

366–367

 or direct hydrolysis of 

inorganic salts such as TiCl
4
 in aqueous solutions.

128,368

 The second is aqueous Ti(IV) 

solution

369–371

 or water-soluble Ti complex

129,372

 which will give rise to the TiO
2

crystals under heterogeneous nucleation in supersaturated solution. The third is solid Ti 

source, including Ti metal

373–374

and bulk Ti-compound powder,

344–345

 which is 

supposed to be dissolved, reacted and recrystallised as nanocrystalline TiO
2
. The phase 

and concentration of the Ti precursor is influential to the resultant TiO
2
 nanocrystals. 

For instance, Yanagisawa et al. studied the effect of starting material by using different 

amorphous titania precursors.

362

 They found that the size of TiO
2
 particles prepared 

with crystalline Ti precursors (anatase) was larger than the ones with amorphous Ti 

precursors. Moreover, it was found that in a hydrothermal reaction of TiCl
4
 solution, the 

use of more concentrated TiCl
4
 solution favoured the formation of rutile.

128,357

Compared with the precursor, the acid type and concentration are more influential 

on the characteristics of resultant TiO
2
 nanocrystals. The effect of ionizated protons (H

+

) 

and anions (e.g., SO
4

2–

, Cl

–

 or other organic groups) have been widely investigated by 

numerous research groups. On one hand, it is acknowledged that the pH value of the 

reaction medium is a decisive factor for controlling the final particle size,

375

 shape,

375

phase

376–377

 and agglomeration.

378

 Cheng et al. found that concentrated acid solutions

favoured the formation of rutile phase, whereas solutions with pH values between 3.4–

8.0 favoured the anatase phase.

128

 Similar trends were reported by Wu et al., who found 

that titania mixed phases were obtained in less concentrated HCl, while pure rutile 

phase could be ultimately attained at a HCl concentration of 1.5 M or higher.

358

 They 

revealed that the crystalline phase changed in the order: A + B 

increasing acidity.

358

Another group of 
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researchers proposed a different version: A + B 

25

Finnegan et al. coarsened anatase nanoparticles in hydrothermal solutions with a wide 

pH range and found that at pH > 11, anatase growth occurs majorly through Ostwald 

ripening, yielding a wide particle size distribution, at pH between 2 and 11, anatase 

grows both through oriented attachment and Ostwald ripening, and at pH < 2, anatase 

grows through oriented attachment and dissolves, precipitating as rutile.

204

On the other hand, the morphology of TiO
2
 is profoundly affected by the 

coexisting species, e.g., SO
4

2–

, F

–

, Cl

–

. This dependence has been attributed to the 

coordination or adsorption of coexisting species. The complexation of metal cations 

with such anionic species generates new intermediates with different chemical reactivity 

toward hydrolysis and condensation.

370

 It has been observed that fine rutile powders are

formed in the hydrothermal reaction with HCl acid while anatase powders were the 

major product when SO
4

2–

 was present.

348

 The abilities of acid media favouring the 

formation of rutile TiO
2
 have been identified in the order of HCl > HNO

3 
> H

2
SO

4 
> 

CH
3
COOH.

358

 When organic carboxyl group-containing acid is present, the carboxyl 

group can coordinate nanoparticulate TiO
2
.

353,376,379

 As a result, smaller-sized rutile 

TiO
2
 particles tend to be formed. However, the pH and the anionic species are highly 

correlated in an aqueous solution. The pH ranges for the coordination of anions to the 

Ti

4+

 cation were calculated on the basis of the partial charge model by Livage et al.

380

The coexisting SO
4

2–

, F

–

and Cl

–

form a complex with Ti

4+

 cations in pH ranging from 

4.5–10.0, 3.7–8.1 and 4.2–9.1, respectively. Conversely, because TiO
2
 particles carry a 

positive surface charge at pH < 6, electrostatic interactions between TiO
2
 nanoparticles 

and cationic ions are not expected.

381

 It is worthwhile to note that inorganic mineralisers 

can also affect not only structures and sizes but also morphologies of TiO
2

particles,

358,362,370

 although they are not a necessary ingredient for the synthesis.

Last but not least, temperature is a decisive parameter in both kinetics and 

thermodynamics in acid hydrothermal synthesis because it governs the thermal 

interaction of molecules, therefore the dissolution/precipitation rate and the shifting of 

the chemical equilibrium. For example, in the synthesis of TiO
2

via the hydrolysis of 

TiCl
4
 solution, Yanagisawa et al. revealed a change in reaction mechanism from solid-

state to dissolution/precipitation when the temperature was at around 250°C.

362

 In the 

synthesis of elongated rutile crystals via reaction of titanium n-butoxide and HCl, the 

(110) diffraction intensity of rutile tended to be stronger with the elevated temperature, 
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indicating that the crystal facet {110} became more and more significant as rutile 

crystals grew.

358

 Analogous trends have been demonstrated by Yang et al. who also 

found that the specific surface area of rutile particles will be decreased by increasing the 

reaction temperature from 200–240°C.

132

 Together with synthesis temperature, 

controlling the reaction duration provides a way to investigate the growth process of 

titania crystals. Generally, by using two different temperatures, the higher one will 

allow a shorter duration for synthesizing desirable.

1.4.2.2 Resultant Structural Properties

Compared to the variety of nanostructures prepared in alkaline hydrothermal 

synthesis, the morphologies of resultant crystals produced in acid environments are 

relatively limited. As a whole, solid crystals in particulate

128–129,225,353–354,358–359,379,382

 or 

elongated crystal

132,350–351,356–357,360–362,364,370,372,376,381,383

 forms are mainly obtained. It 

was also revealed that the presence of surfactants or polymers modify the morphological 

outcome. Hollow box-like anatase crystals

384

 or bullet, diamond like anatase 

structures

385

 can be synthesized with the assistance of organic surfactants. Hereafter, we 

mainly focus on the self-assembling process of the acid hydrothermal synthesis without 

the aid of surfactants. 

Nanocrystals/particles

As mentioned previously, the formation of nanocrystals/particles is a result of 

isotropic growth processes without an asymmetry-breaking event occurring during the 

synthesis.

97

 Generally, in an aqueous solution without the presence of any surfactants or

capping ligands, anatase crystals tend to grow larger with the conserved bi- pyramid-

like decahedra shape with exposed {001} and {101} facets. On the other hand, there are 

tendencies for rutile single crystals to grow into an elongated acicular form due to the 4
2

screw axes in the crystallographic c-axis which promote crystal growth along this 

direction.

386

 The difference in characteristics between rutile and anatase is much more 

significant than that between rutile and brookite.

386

 Accordingly, in order to obtain 

particulate crystalline titania, it is essential to either promote anatase crystallization or 

impair the formation and elongation of rutile and brookite crystals. For instance, anatase 

particles can be synthesized in a hydrothermal reaction in H
2
O, CH

3
COOH and H

2
SO

4

media, while HCl can facilitate the formation and growth of rutile crystals.

358

 Yang et al. 
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suggested that when HNO
3
 was used, a low acid concentration (HNO

3
/Ti = 1) led to the 

formation of particulate anatase crystals while higher acid concentration (HNO
3
/Ti = 4)

facilitated the crystallization of 1D rutile crystals.

132

 Other inorganic acid (HF,

387

H
3
PO

4

388

), organic acid,

360,389–390

 alcohol,

391

 diamine

391

 and some strongly negatively 

charged colloid particles (V
2
O

5
·nH

2
O, MoO

3
 and H

2
WO

4
·nH

2
O

392

) are also used to 

prepare anatase nanoparticles. Hydrothermal reaction in a near neutral medium below 

240°C will also yield anatase crystals with granular morphology.

128,393–396

1D prism nanocrystals

The most common 1D nanostructure prepared in acid hydrothermal synthesis is 

the rutile nanocrystal.

132,350,356–357,360,362,364,370,376,381,397

 It was revealed that rutile crystals 

grow epitaxially at the expense of mother anatase crystals due to the twin interface of 

anatase {121} facets.

398

Increasing reaction temperature generally accelerates phase 

transformation from thermodynamically metastable to stable phase.

358

 However, 

excessive reaction time and increased reaction temperature will lead to the formation of 

larger rutile crystals with reduced aspect.

358

 The structural rearrangement of octahedral 

TiO
6
 units is required during phase transformation. Anions with strong affinity for

titanium atoms inhibit the structural rearrangement and therefore the phase 

transformation. Cl

–

 anions show weaker affinity to a titanium atom than most of the 

anions,

387,399–400

 so 1D rutile nanocrystals are more easily synthesized in HCl solution 

than other acid media.

397

1D chain-like anatase nanocrystals can also be formed by self-assembling 

processes in hydrothermal reactions.

323–326,361,385,401

 Penn and Banfield suggested that 

the frequency of observed attachments in acid solutions (pH = 1, 2) was little different 

to the one in deionised water only.

326

 Similar oriented attachment coarsening was also 

witnessed in HNO
3
,

323

 CH
3
COOH

361

 and amine salt

401

 in the pH range between 3–4.5 at 

150–160°C. Furthermore, hollow microspheres whose walls consisted of 1D single 

crystalline TiO
2
 were also synthesized by the hydrothermal reaction of TiF

4
 solution.

402–

403

1.4.2.3 Possible Growth Mechanisms

Unlike the complex formation of titanate nanotubes, which have involved 

essential molecular distortion, the nanocrystalline titania prepared in acid media are 
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grown as single crystals. There is also no huge disagreement in the growth mechanism. 

Accordingly, the understanding about how the nanocrystalline titania is formed in 

hydrothermal conditions is satisfactory.

Nanocrystals/particles-Ostwald ripening

Similar to the nanoparticulate titania prepared in relatively weak alkaline solution, 

Ostwald ripening may be the main governing growth mechanism for isotropic growth. 

However, the likelihood that oriented attachment process will take effective position can 

be never eliminated. In fact, more and more findings reveal the co-operation of both 

mechanisms in the preparation of TiO
2
 nanoparticles.

326,361,401

 Oriented attachment 

could be expected at pH close to the isoelectric point.

326

 The results from Finnegan et al. 

revealed that at pH values < 2, anatase grows by oriented attachment. Over the pH range 

of 2–11, its growth occurs by both oriented attachment and Ostwald ripening.

204

 In a 

neutral solution, the growth of anatase TiO
2
 nanocrystals was attributed to the Ostwald 

ripening process.

404

1D nanocrystals-oriented growth

The growth of 1D titania nanocrystals is a direct result of an oriented attachment 

process. However, the formation mechanism of 1D rutile nanocrystals has been 

explained by mainly two distinct ways. One is to elucidate the detailed structural 

rearrangement process in which individual building units construct the resultant crystal 

matrix under the influences of exist anions or ligand groups.

350,357,405–408

The other is to 

thermodynamically study the surface chemistry of single crystals under specific 

synthetic conditions and to ultimately confirm the impact of the surface energy of 

individual crystal facets on the growth tendency.

128,358,361–363,370,401,409

For the former theory, authors

133,350,357,364,407

have suggested that the initial 

hydrolysis of Ti species resulted in octahedral [Ti(OH)
n
Y

m
(H

2
O)

6–n–m
]

(n+m–4)–

 (Y = Cl

–

, 

F

–

, NO
3

–

, etc.) monomers or edge-sharing dimmers that subsequently connect through 

oxolation or olation, forming the initial nuclei. A phase formation proceeds by the 

rearrangement of these octahedra so that the edge-shared bonding leads to anatase and 

vertex-shared bonding to rutile. n and m are dependent on the acidity and chloride 

concentration in the feedstock. The higher acid volume reduces the n, which makes 

edge-shared bonding more difficult. Ultimately, 1D prism-shaped rutile nanoparticles 
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are obtained. It was also pointed out by other groups

405–406,408

 that during the 

construction of edge shared octahedra, a linear configuration (leads to rutile phase) is 

thermodynamically favourable because it allows the largest cation-cation distances to 

minimize the electrostatic repulsive energy. 

For the latter theory, both experimental results and theoretical 

calculations

128,358,363,370,409

 revealed that the shape and phase of titania structures are 

strongly dependent on the coexisting species, such as H

+

, Cl

–

, F

–

 or SO
4

2–

. Selective 

absorption of these species will lead to a decrease in the growth rate of adsorbed crystal 

plane, while non-selective absorption will retard the attachment of building blocks, 

resulting in smaller sized particles. The composition or coordination structure of growth 

unit will be also affected by the additive.

128

 In the synthesis of 1D prism-like rutile 

nanocrystals, Cl

–

 will adsorb onto the (110) plane of rutile.

410

 Therefore growth of rutile 

along [001] direction is promoted. A calculation using density functional theory showed

that in the case of hydrogen-poor and oxygenated surfaces, rutile crystals become

elongated along the [001] direction.

409

An oriented coarsening mechanism was proposed by Penn and Banfield,

326

 who 

analysed the coarsening and morphology development of anatase nanocrystals. Single 

crystals composed of more than 10 primary crystals grown along [001] direction driven 

partly by the high surface energy of (001) plane and partly by a kinetic effect involving 

the cyclic generation of highly reactive adsorption sites. Oriented attachment occurred 

mostly on (112), occasionally on (001), and rarely on (101). This takes place in the 

early stage of crystal growth, leading to the fusing of several particles even with the 

presence of strong surface-bound ligand.

328,401

Hollow nanospheres-Ostwald ripening

The growth of hollow TiO
2
 nanospheres prepared in TiF

4
 solution was attributed 

to Ostwald ripening.

402–403

 A solid sphere was initially formed, followed by a hollowing 

process, which involves mass transfer between the solid core and the outside chemical 

solution through the oriented nanochannels.

402

 On the other hand, in the synthesis of 

rutile type hollow spheres, Yu et al. emphasized that oriented attachment began to take 

effect in the assembly process.

411

 They suggested that both of the crystallization 

pathways (oriented attachment and Ostwald ripening) took place simultaneously in 

concomitance with different assembly stages.
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1.4.2.4 Post-Treatment

After the hydrothermal reaction, the resultant powder is isolated from the solution 

via either filtration or centrifuge and dried at low temperature. The titania 

nanostructures are already crystalline and thermally stable up to 750°C.

352

 Moreover, a 

post-synthesis hydrothermal treatment (secondary hydrothermal treatment) has been 

used to further promote the crystal growth of titania nanoparticles.

372

1.4.3 Vapour Phase Hydrothermal Process

In addition to a soft chemical reaction in liquid phase, a vapour phase 

hydrothermal (VPH) method has also been used for the synthesis of TiO
2
-based 

nanostructures, although reports on topic are limited. A VPH method can be defined as 

an in situ chemical reaction of Ti precursors in the condensed thin film on a substrate 

with the presence of humid air in a closed autoclave. For example, hydrolyzation of 

titanium isopropoxide inside porous alumina template membrane pores with water 

vapour in a autoclave led to the formation of TiO
2
 nanotubes.

105

 However, similar to the 

synthetic procedure in liquid phase, template removal and post calcination was 

necessary to obtain pure crystalline TiO
2
 nanotubes. Besides alumina template, ZnO 

tetrapods have also been used for the synthesis of TiO
2
 nanotubes in the VPH 

method.

412–413

 Moreover, in a template free approach, nanorods were synthesized on Ti 

metal substrate with NaOH coatings at 800°C in argon, oxygen and water vapours.

414

The role that moisture played in this process was probably impaired due to the high 

temperature. That is why analogous pillar-like structures were obtained by the reaction 

of TiO
2
 and NaOH at 450°C even in dry air.

415

 Apart from the alkaline conditions, the 

VPH synthesis can be also conducted in humid acid gas vapours. When a bare Ti plate 

was used, the process was noted as vapour oxidation. A recent report showed that 

branched rutile arrays can be prepared directly on the Ti substrate in HCl humid vapour 

at much lower temperature (140°C).

374

 No further report on the synthesis of TiO
2
-based 

nanomaterials with VPH method is available.

A VPH method has been adopted for zeolite synthesis since its discovery two 

decades ago.

416

 Typically, amorphous gel composed of Na
2
O, Al

2
O

3
 and SiO

2

components was steamed using amine aqueous solutions at 180–200°C for 5–7 days. 

The thin water film generated on the substrate during the process offers a highly 

confined reaction space in which the precursors are dissolved, reacted and eventually 
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crystallized as nanostructured materials. In this regard, to some extent, VPH method 

shares similar reaction routes with the traditional liquid phase hydrothermal (LPH) 

method. The major differences lie in the mass transport limitations, highly concentrated 

gradients and high surface-to-volume ratio of the water thin film. Given by the fact that 

crystal growths in most solutions are diffusion limited processes.

98

These will affect the 

reaction rate, state of aggregation, intermediates or meta-stable phases and eventually 

the crystalline phase and morphologies. A controllable growth of crystalline 

nanostructure will be achievable by fine control of the synthetic parameters. A faster 

crystal growth has been already witnessed in the synthesis of ZSM-5 zeolite in VPH 

system.

417

 Also, chemical compositions of the resultant crystals will possibly vary.

418

Given the current unexplored status and potential implications described above, 

this thesis will also focus on the synthesis of TiO
2
-based nanostructured materials using 

the VPH method. 

1.5 Characterizations and Applications

When TiO
2
-based materials are produced after the entire synthetic procedure, it is 

necessary to identify and analyse their physiochemical properties by characterizations, 

some of which are introduced briefly as below.

Electron Microscope

The scanning electron microscope (SEM) is the ordinary means to study the 

nanostructure morphologies. The crystallinity information can be confirmed by 

measuring the interspacing of specific significant atom planes in a high-resolution 

transmission electron microscope photograph (HRTEM) and indexing the electron 

diffraction pattern obtained by selected area electron diffraction analysis (SAED). 

X-Ray Diffraction Analysis (XRD)

When X-rays strike a crystal at an angle, it diffracts into many specific directions 

according to Bragg's law. The identification of the crystalline phase present in the 

material is achieved by comparing the pairs (d
i
, I

i
), which are the interplanar distances 

(in Å) and the relative intensity (from 1 to 100) of each peak from the XRD patterns. 

Also, the identification of possible phases can be achieved according to the three

strongest peaks. Table 1.4 shows the three strongest peaks of TiO
2
 polymorphs.
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Table 1.4 Crystallographic parameters and XRD data of TiO
2
 polymorphs.

Structure

Space

 group

Unit cell data

 (nm)

d(Å)

2θ

(°)

Intensity 

(I/I
0
)

h  k  l

Rutile P4
2
/mnm

a = b = 0.459

c = 0.296

3.245

1.687

2.489

27.43

54.32

36.08

1

0.5

0.41

1  1  0

2  1  1

1  0  1

Anatase I4
1
/amd

a = b = 0.379

 c = 0.951

3.51

1.891

2.379

25.31

48.04

37.79

1

0.33

0.22

1  0  1

2  0  0

0  0  4

Brookite Pbca

a = 0.917

b = 0.546

 c = 0.514

3.51

2.9

3.47

25.35

30.81

25.70

1

0.9

0.8

1  2  0

1  2  1

1  1  1

TiO
2
 (B) C2/m

a = 1.216

b = 0.374

c = 0.65

 = 107.29°

3.56

3.11

1.87

25.01

28.68

48.61

1

0.9

0.6

1  1  0

0  0  2

0  2  0

Ultraviolet Visible Light Absorption Spectroscopy (UV-Vis)

UV-Vis absorption spectroscopy measures radiation absorptions at different 

wavelengths. For TiO
2
-based materials, a characteristic strong absorption between 200–

300 nm is usually evident. The band gap can be estimated from the absorption spectra. 

Dependence of the absorption coefficient (α) on the photon energy equation is 

explained using the equation below:

n

g
EhBh )( −∝ υυα

Where B depends on the transition probability and n is an index that can be assumed to 

be 0.5 for direct transitions and 2 for indirect transitions. The graphic presentation of the 

 = 0. The value of υh at 

this point gives an absorption energy which corresponds to band gap E
g
. Although it is 

reported that anatase and rutile possess an E
g

of 3.2 and 3.0 eV, respectively, little 

variation is usually observed from one experiment to another. Titanate nanostructures 

have larger band gap structure than TiO
2
 polymorphs. 
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Raman Spectroscopy

Raman spectroscopy is a spectroscopic means used to study vibrational, rotational 

and other low frequency modes in a sample. Rutile has two formula unites per unit cell 

with the space group
14

4h
D . The factor group analysis gives four Raman active modes 

with symmetries: A
1g

 + B
1g

 + B
2g

 + E
u
, while anatase has two formula units per unit cell 

with the space group
19

4h
D  and six Raman active modes: A

1g 
+ 2B

1g 
+ 3E

g
. Table 1.5 

shows frequencies of TiO
2
 polymorphs with their assignment. It is widely recognised 

that TiO
2
 (B) can be unambiguously distinguished from the other TiO

2
 phases according

to its characteristic bands: 120, 143, 195, 236, 247, 633, 656 and 856 cm

–1

. The Raman 

bands feature of the titanates before the acid washing and calcination is a set of bands 

located at ca. 450, 668, 917cm

–1

 which can be attributed to Ti–O–Ti and Ti–O–Na 

vibrations in the interlayer regions. Rough purity of the calcined products can be 

evaluated from the evidence of these bands. 

Table 1.5 Frequency and assignment of the Raman bands of TiO
2
 polymorphs.

Phase Frequency (cm 

–1

) Assignment

Rutile

144

235

448

612

827

B
1g

2

nd

order scattering

E
g

A
1g

B
1g

Anatase

147

198

398

515

640

E
g

E
g

B
1g

A
1g

, B
1g

E
g

Brookite

156

245

287

320

365

637

A
1g

A
1g

B
3g

B
1g

B
2g

A
1g

TiO
2
 (B)

144

197

400

519

513

639

E
g

E
g

B
1g

B
1g

A
1g

E
g
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Infrared Spectroscopy (IR)

Fourier transform infrared spectroscopy (FTIR) is used to study a compound’s 

structure and its functional groups. The spectrum of the TiO
2
 shows a weak band with a 

maximum at ca. 3705 cm

–1

, due to highly basic OH

–

 groups in terminal positions. This 

band will vanish as a broad feature appears in longer wave numbers after nanotubes 

interact with the adsorbed gas, e.g. CO. The absorbed water gives rise to a very broad 

band at 3400 cm

–1

. This has been assigned to the interaction of hydroxyls through H 

bonds. The other small absorption at ca. 1260 cm

–1

can be attributed to Ti–O vibrating 

bands. 

Thermogravimetric-Differential Thermal Analysis (TG-DTA)

Thermal stability and the amount of intercalated water of hydrothermally prepared 

titanate are usually studied with the aid of TG-DTA. On the TG curve from 0–900°C, an 

endothermic peak below 100°C is attributed to the removal of adsorbed water. The 

other peak at about 120–140°C, may correspond to the dehydration of the interlayer 

water. At temperatures above 200°C, the exothermic peaks represent the transitions of 

crystalline phase. They are usually found at 530°C [titanate to TiO
2
 (B)] and 760°C 

[TiO
2
 (B) to anatase].

N
2
 Absorption/Desorption, BET Algorithm

The specific surface area and pore structure are very important parameters of 

photocatalysts. After thermal treatment, the surface area of the nanostructure tends to 

decline due to the surface defects associated with dehydration in interlayers and 

intralayers. Generally, tubular products possess a greater surface area than their wire-

like and fibrous counterparts. The typical specific surface area of hydrothermally 

prepared nanotubes is about 200–300 m

2

/g. 

Contact Angle Measurement

Hydrophilic and hydrophobic property is another key factor as it affects the 

pathway in which the materials contact with a medium (e.g., aqueous or organic 

solutions and moisture) in applications. It can be assessed by measuring the contact 

angle of a drop of liquid (mostly water) on the surface. A larger contact angle (with 
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water) implies a more hydrophobic surface. A super-hydrophilic or hydrophobic surface 

has been always one of the objectives for self-cleaning and anti-fogging display devices. 

Applications

In the past few decades, TiO
2
-based nanomaterials have attracted tremendous 

research efforts due to their powerful applications (e.g., photocatalytic, photovoltaic, 

electrochromics, sensing and hydrogen storage, as summarized in Table 1.6) which 

make them promising candidates for alleviating arising energy shortages and 

environmental degeneration problems. Compared to other synthetic methods, the 

hydrothermal method has been proven to be more cost-effective, industrialization 

accessible with delicate phase and shape control. It is therefore of importance that a 

higher level of understandings of the hydrothermal reaction mechanism is achieved for a 

more efficient production to meet the high demand for materials.

It is confirmed by the above literature review that synthesis and growth 

mechanism studies of the TiO
2
-based nanomaterials in a hydrothermal reaction have 

been a profoundly important subject in nanotechnology. Although significant 

achievement has been accomplished, there exist a number of fundamental questions and 

unexplored domains in this field, some of which are investigated in this thesis. The 

major research topics of this thesis are given as below.

1. Hydrothermal synthesis of TiO
2
-based materials in aqueous alkaline and acid 

solutions

• Structures of TiO
2
-based nanomaterials via alkaline or acid hydrothermal reaction; 

• Structural dependences on synthetic parameters;

• Growth mechanisms and thermodynamics of TiO
2
-based nanostructures in alkaline 

or acid hydrothermal reaction;

• Photocatalytic and photovoltaic efficiencies of hydrothermally prepared TiO
2
-based 

nanostructures.

2. Vapour phase hydrothermal (VPH) synthesis of metal oxides in chemical moistures. 

• Structures of TiO
2
-based nanomaterials in VPH reaction; 

• Structural dependences on synthetic parameters;

• Growth mechanisms of TiO
2
 group nanostructures in VPH reaction;

• Applicability of the vapour phase hydrothermal synthesis to produce other metal 

oxide nanomaterials.
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Table 1.6 Applications of TiO
2
-based materials and the fundamental theories.

Applications Fundamental principle Key parameters Advantages Practical examples

Photocatalysis

•  Excitation of electron-hole 

pairs under exposure to photons;

•  Migration to semiconductor 

surface;

•  Oxidation or reduction of 

adsorbed chemicals/bioorganic by 

radicals or intermediates.

• Light absorption 

properties;

• Reduction and 

oxidation rate 

(affected by surface 

area, adsorbents 

density, crystallinity);

• Electron-hole 

recombination rate

(surface area).

•Require no 

secondary disposal 

methods;

•Self-regenerated, 

reusable;

•Low cost.

• Oxidation: 

2-propanol,
419

 chloroform,
420

acetone,
421

 dye.
422

• Reduction: 

N
2
,
423

 Alcohol,
424

 precious metal.
425

• Disinfection: E.coli.
426

Dye-

sensitized 

solar cells

• Absorbance of photon by the 

dye photosensitizers;

• Injection of excited dye electron 

into the CB of TiO
2
 electrode;

• Transportation of the injected 

electrons to the back contact then 

to the counter electrode;

• Reduction of dye 

photosensitizers by the redox 

mediater;

• Reduction of the I
3

–

 to I
–

 over 

the counter electrode.

• Energy gap of the 

dye photosensitizer; 

• Femi level of TiO
2

electrode;

• Redox potential of 

the redox mediator (I
–

/I
3

–

) in electrolyte.

•High solar-energy 

conversion 

efficiency;

•Lower production 

cost;

•No 

photocorrosion;

•Less emission 

against the 

environmental 

pollution;

•Reusable

• Classified by electrode 

morphologies:

Mesoporous TiO
2

nanocrystalline;
427

TiO
2
 nanotube;

428

Inversed TiO
2
 opal;

429

Hybrid TiO
2
 nanocrystalline;

430

Nanocrystalline electrode with 

buffer layer;
431

Core-shell structured 

nanocrystals;
432

Electrode coupled with photonic 

crystals.
433
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Table 1.6 Applications of TiO
2
-based materials and the fundamental theories (continued).

Applications Fundamental principle Key parameters Advantages Practical examples

Photocatalytic 

water splitting

• Excitation of electron-hole pairs 

under exposure to photons;

• Redox reactions of H
2
O by the 

photogenerated electrons and 

holes.

• Width of band gap;

• Potentials of CB 

and VB;

• Material 

crystallinity;

• Surface 

modification.

• Clean and 

sustainable 

approach to H
2
;

• Simple 

experiment set up.

• Redox mediators: EDTA, Na
2
S;

434

IO
3

–

/I
–

;
435

• Nanotubes: TiO
2
,
436

 TiO
2–x

C
x
;
437

• Doped TiO
2
 materials: Pt/B-

doped;
438

Ni-doped;
439

 C-doped;
440

; 

Dye-sensitized TiO
2
 Pt/RuO

2
;
441

p-

SiC/n-TiO
2
,
442

n-S/N doped TiO
2
.
443

Sensor

• Resistance (Schottky-barrier 

heights) change;

• Or current generated by the 

photodegradation;
444

• Or chemical luminescence by 

thermocatalyzed degradation.
445

• crystallinity,

surface area, pore 

size of TiO
2
;

• Operation 

temperature;

• Doping materials.

• On-line analysing;

• High sensitive to 

specific gases;

• High selectivity 

by doping.

• Target gases: H
2
O,

446

 H
2
,
447

 O
2
,
448

CO,
449

 NH
3
,
450

H
2
S,

451

 CH
3
OH,

452

C
2
H

5
OH,

453

NO
2
.
454

Electrochromic 

device

• Electrons are injected into the 

CB of the TiO
2
;

• Reduction of the adsorbed 

electron active molecule;

• Appling a positive potential to 

the conductive substrate leads to 

the reverse process.

• Redox potential of 

electrochromophore;

• Nanocrystalline 

structure and 

Porosity of TiO
2
;

• Properties of 

contacting liquid.

• Transparency to 

visible light;

• Electronic 

conductivity;

• High surface 

affinity to 

anchoring groups.

• Type I: Nanocrystalline TiO
2

electrodes in Li
+

 electrolytes;
455

• Type II: Nanocrystalline TiO
2

electrodes modified with 

viologens;
456

• Electrochromic windows;
457

• Smart windows.
458

Hydrogen 

storage

• Pysisorption and chemisorption 

(TiO
2
·
x
H

459

)of TiO
2
 materials. 

Detailed mechanism is unknown.

• Pressure, 

temperature.

• High surface area;

• Exchangeable

OH groups.

• Nanotubes,
459

 Micro- and 

mesoporous Ti oxide materials.
460
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1.6 Scope of the Thesis

The major goals of this thesis are to synthesize TiO
2
-based nanostructures by 

using traditional liquid phase hydrothermal method and vapour phase hydrothermal 

methods, to investigate the growth mechanisms, and to utilise the resultant 

nanostructures in various applications. To achieve our objectives, a well-organised 

strategy was employed to systematically study the structural properties, parameter

dependences, growth mechanisms and finally, the performance in applications.

In Chapter 1, up-to-date literature regarding the hydrothermal synthesis of TiO
2
-

based compounds in aqueous solution is comprehensively reviewed. The significance of 

the present research is subsequently justified.

Chapter 2 describes a synthesis and growth mechanism study of titanate nanotube 

in traditional alkaline hydrothermal reactions. In addition to the detailed study of the 

resultant structure, Ti concentration variations in the solution are also investigated for 

integrated dissolution/precipitation growth mechanisms. The resultant nanostructures 

have been employed as electrodes for photoelectrocatalysis, DSSC and also filtration 

filters.

In addition to alkaline medium, acid hydrothermal synthesis is another important

means to prepare TiO
2
 nanostructures. In Chapter 3, details of the direct growth of 

anatase crystals on Ti substrate are given. By monitoring the concentration changes of 

both H

+

 and F

–

, a comprehensive dissolution/precipitation reaction mechanism is 

proposed. The mechanistic role of HF is experimentally and theoretically investigated. 

The photoelectrocatalytic activities of the photoelectrodes prepared under various 

conditions will be evaluated to study morphological dependence on the activities.

To further explore the hydrothermal reaction, a vapour phase hydrothermal 

reaction model is utilized. Chapter 4 describes the synthesis of titanate nanotubes 

formed by a distinct rolling and seaming process in this reaction model. A growth 

mechanism is proposed based on the experimental results. The photoelectrocatalytic 

performance of the nanotube is evaluated.

Crystalline substrate is crucial to the growth of most crystalline materials. Thus, 

the effect of crystalline substrate on the titanate nanostructure grown in vapour phase 

hydrothermal reaction is studied in Chapter 5. Significantly different growth 

mechanisms are demonstrated in comparison to the one prepared by non-crystalline 
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substrates described in Chapter 4. The resultant nanotubes can be used in the 

photoelectrocatalysis in aqueous solution.

In Chapter 6, to test the applicability of the promising vapour phase hydrothermal 

reaction, the method has been extensively used in the synthesis of other metal oxides, 

including oxides of W, Nb, Ta, Zn, V, Mn and Ta, in both humid acid and alkaline 

vapours.

The last chapter summarizes outcomes of the thesis and future work.
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CHAPTER 2 SYNTHESIS, CHARACTERIZATION, AND GROWTH 

MECHANISM OF MULTILAYERED TITANATE NANOTUBES 

BY A LIQUID PHASE HYDROTHERMAL METHOD

2.1 Introduction

Since Iijima’s pioneering work in 1991,

1

 extensive research activities have been 

conducted to fabricate different nanotubes including TiO
2
/titanate, CeO

2
, Al

2
O

3
, ZnO 

and WO
3
.

2–8

The attraction of such nanotubular materials lies in their unique high 

aspect-ratio structural and physiochemical properties.

9–12

Among these non-carbon 

nanotubes, TiO
2
 nanotubes have occupied an important position due to their promising 

applications such as super-hydrophilic surface, electron field emission, photocatalysis 

and solar energy conversion.

13–16

 Although a variety of methods have been reported to 

fabricate TiO
2
 nanotubes, anodization,

17

 sol-gel template assisted synthesis,

18

 and 

hydrothermal reaction

19

 methods are the most commonly used methods to obtain large 

quantity nanotubes. Particular interest has been given to the low-temperature 

hydrothermal synthesis because of its simplicity and mass production capacity.

7,9,20–21

Typically, the method involves the thermal treatment of titania powder and concentrated 

NaOH aqueous solution in autoclave at elevated temperature. The resultant nanotube, 

identified as titanate with lamellar structure, consisting of TiO
6
 octahedra sharing with 

edges and corners. The preparing method has been recently reviewed in a previous 

journal.

22

 To date, vast majority of reported hydrothermal methods produce nanotubes 

in solution suspension forms,

20,23,24

 while only a few directly grow nanotubes on solid 

substrates.

13–14,21,25–26

It is well known that immobilizing nanotubes onto solid substrates 

is essential for many applications.

13–16

 In this regard, direct hydrothermal growth of 

nanotubes onto a solid substrate eliminates the need for post-synthesis 

immobilization.

13–14,21,25–26

 More importantly, the ability to create desirable seeding 

conditions by manipulating the substrate surface enables direct hydrothermal growth of 

nanotubes on the substrate with various structural alignments that cannot be obtained 

when nanotubes are produced in solution suspension forms.

20,23,24

 Tian et al. reported a 

hydrothermal method to directly grow a vertically aligned titanate nanotubular film on a 

titanium substrate using Degussa P25 TiO
2
 power as the starting material.

21

 Miyauchi et 

al. later reported a hydrothermal method to directly grow TiO
2
 nanotubular arrays on 

titanium substrate (or sapphire substrate) without the use of TiO
2
 starting material.

13–14
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The resultant nanotubular array structure exhibits excellent electron field emission and 

super-hydrophilic properties. Yada and co-workers recently utilized titanium metal as 

the titanium source and the morphological directing material to directly grow titanate 

nanotubes on plate, wire, mesh, sphere and tube.

26

 Despite these successes, the 

potentials of direct hydrothermal growing nanostructures on a solid substrate are far 

from being fully explored. All reported nanotube formations under hydrothermal 

conditions are exclusively one dimensional growth, resulting in non-branched 

nanotubes.

12,20–21,24

 Nanotubular films formed by such non-branched nanotubes are 

either in a vertically aligned nanotube form or an interwoven nanotube arrangement.

13–

14,21,25–26

 These non-branched nanotubes are incapable of forming nanotubular films 

with 3-dimensional (3D) network structures, which are highly attractive for membrane 

separation, field emission, photocatalysis and solar cell applications.

The precise growth process and mechanism has been intensively studied using 

TiO
2
 powder as raw material in numerous literatures.

24,27–34

There are presently two 

basic growth mechanisms with regards to hydrothermally prepared titanate nanotubes. 

One is the rolling mechanism.

29,35

 The authors claimed that either single

27–33

 or 

multilayered nanosheets

34

 generated in the course of the synthesis can be scrolled into 

nanotubes. The reason of the nanosheet exfoliation from the solid material was

attributed to be imbalanced surface tension on both sides

31

 or reduced electrostatic 

interaction between the topmost layers.

27

 And the driven force of the scrolling was 

attributed to the surface tension

29–32

 or mechanical stress.

34

 The other is the seeded 

growth mechanism. The authors suggested that titanate nanotubes were crystally grown 

oriented by nanoloop seeds.

24

 The cross-sectional shapes of nanotubes are determined 

by those of nanoloops. Although both mechanisms are partially explaining the 

experimental facts found in previous studies, neither of them is able to present a 

comprehensive growth process of titanate nanotubes due to the lack of solution 

information

Here, we describe for the first time the formation of branched titanate nanotubes 

under hydrothermal conditions to directly grow 3D nanotubular network that exhibits a 

unique all-dimensional uniform porous structure. The starting material is an important 

factor as it strongly affects the formation of building blocks (oriented crystal) and 

nanoloop seeds hence nanotube growth. For this reason, we employed a TiO
2
 porous 

film coated titanium foil as the starting material. We also investigated the growth 
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mechanism by the combination of structural evolutions and corresponding titanium 

gross concentration changes. Based on the results, we propose the comprehensive 

titanate nanotube growth mechanism. Moreover, in order to investigate the potentials, 

the resultant 3D titanate nanotubular network on titanium substrate as electrode was 

evaluated in photoelectrocatalysis (PEC) cell and dye-sensitized solar cells (DSSCs). 

Finally, based on the seeded growth mechanism, we utilized the titanate seed solution to 

directly grow titanate nanotube separation layer on a porous titanium membrane 

substrate. The high performance nanotube membrane retained superior 

transport/separation properties. It can be used to remove waterborne pathogens (E. coli).

2.2 Experiment

2.2.1 Chemicals and Materials

Acetone (AR, Merck), 2-propanol (99%, Aldrich), Methanol absolute (AR, 

Merck), sodium hydroxide (mini pearl, AR, Chem-supply), titanium butoxide (97%, 

Aldrich), diethanolamine (98%, Aldrich), Hydrogen peroxide (30–32 wt.%, Aldrich), Ti 

atomic absorption standard solution (1000 µg/mL in H
2
O, Fluka) and sodium nitrate 

(99%, BDH) were used as received. All aqueous solutions were prepared using high 

× 15 mm × 0.25 mm, 

99.7%, Aldrich) were degreased prior to experiments by sonication in acetone, 2-

propanol, methanol, subsequently rinsed with Milli-Q water, and finally dried in a 

nitrogen stream.

36

Titanium porous substrate membrane disks (30 mm in diameter, 2 

mm thick) with average pore size of 1.0 µm were purchased from Shijiazhuang BEOT 

Co. LTD, P.R. China. 

2.2.2 Synthetic Methods

2.2.2.1 Titanate Nanotube 3D Network

Ti foils were used as substrates for subsequent TiO
2
 porous film by sol-gel 

technique.

37

 Typically, titanium butoxide (17.02 mL) and diethanolamine (4.8 mL) were 

dissolved in ethanol (67.28 mL). After vigorously stirring for 2 h at room temperature, 

water (0.9 mL) and ethanol (10.0 mL) were mixed and slowly added to the above 

solution. The molar ratio of water to the alkoxide was controlled at 1:1. After 

vigorously stirring for 1 h, 1.0 g of porous creating reagent, PEG 
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[HOCH
2
(CH

2
OCH

2
)
n
CH

2
OH] was added to the solution. TiO

2
 coatings on Ti foils were 

achieved by withdrawing the substrate from the above solution. The withdrawal speed 

was 2 mm/s. These resultant coatings were dried at room temperature for 2 h and then 

treated at 550°C in air for 2 h with heating and cooling rates of 2°C/min. 3D titanate 

nanotubular network film was fabricated by hydrothermal reaction. The above prepared 

TiO
2
 porous film on Ti substrate was placed in an autoclave. 50 ml of 10 M NaOH 

solution was added to the above autoclave. The hydrothermal reaction was kept at 

130°C for 6 h. The resultant 3D titanate nanotubular network film was thoroughly 

rinsed with deionised water then treated with 0.1 M HNO
3
 solution for 30 min. It was 

again thoroughly rinsed with deionised water and then dried at room temperature for 

subsequent characterizations.

2.2.2.2 Titanate Nanotubes for Mechanism Studies

To investigate the growth mechanism, circular bare Ti plates (without any 

coatings) with the diameter of 0.8 cm were cut out by using a punch and subsequently 

placed at the bottom of Teflon vessels (inner diameter with 0.9 cm). The preparation 

was initiated by treating the Ti foil with 2 mL 10.0 M NaOH solution in a Teflon lined 

autoclave at 150 and 180°C for varied durations. Three parallel samples were 

investigated for better valuation. After the reaction, the Ti plates were rinsed with Milli-

Q water (50 mL) for 3 times and dried in air. The resultant solutions were collected for 

Ti concentration detections.

2.2.2.3 Titanate Nanotube Membrane

Titanate nanotube membrane (TNM) was fabricated by direct growing titanate 

nanotubes onto a porous titanium membrane substrate using a pre-prepared titanate seed 

solution under hydrothermal condition. In the synthesis, an apposite titanate seed 

solution is essential for obtaining the desirable nanotube membrane structure. The 

titanate seed solution was synthesized by hydrothermal treatment of metal titanium foil 

(2.0 g) in 10 M NaOH solution at 150°C for 2 h and was then ultrasonically treated for 

10 min to achieve homogeneous dispersion. The resultant seed solution contains mainly 

titanate floccules that give a milky-turbid appearance distinctively different to the initial 

transparent NaOH solution. These titanate floccules act as precursors/seeds to facilitate 

the formation of dense titanate nanotubes under hydrothermal conditions.

38

 The 

formation of the TNM was carried out by adding 2 mL seed solution to the top of the 
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porous titanium membrane substrate assembled in a special holder placed in an 

autoclave at 150°C for 5 h. The resultant nanotube membrane was adequately rinsed 

with 0.1 M HCl and deionised water. The as-prepared TNM was subsequently calcined 

at 500°C for 2 h to improve the mechanical strength. It should be noted that in addition 

to titanate seeds, titanium membrane substrate is also a main titanium source for the 

titanate nanotube growth.

2.2.3 Measurement

To study the growth mechanism, total Ti concentrations of as-synthesized 

solutions with different reaction times were determined by a spectrophotometric 

method.

39

 Sample solutions were prepared by adding 0.5 mL 3% H
2
O

2
 and 5% (v/v) 

H
2
SO

4
 solution into the as-obtained alkaline solution. For each sample, the UV-vis 

spectroscopy was recorded from 300 to 530 nm. The absorbance at 410 nm (for 

[Ti(H
2
O

2
)]

4+

 complex) was used to quantify the total titanium concentration.

39

 The 

max 
= 410 nm) of 

standard solutions diluted from Ti atomic absorption standard solutions. 

2.2.4 Characterizations

Morphological properties of samples were investigated by SEM JSM-6300 and 

SEM JSM-890 scanning electron microscopes. The E. coli SEM samples were prepared 

using the E. coli retained on the TNM. The TNM with retained E. coli was pre-treated 

with 3% glutaraldehyde for 1 h at room temperature and washed with 0.1 M cacodylate 

buffer (pH 7.4) for 10 min to immobilize the retained E. coli onto the TNM. The sample 

was then subjected to a 20 min post treatment process with 1% osmium tetraoxide 

followed by a dehydration process using a graded series of ethanol (70, 90 and 100%) 

and 100% amyl acetate 2 times, each for 10 min, respectively. The samples were then 

dried using Denton Vacuum critical point dryer (Denton Vacuum, Inc. USA) prior to 

SEM characterizations.

The microstructures were examined by field emission TEM Tecnai 20 (F20) with 

an accelerating voltage of 200 kV. For most of TEM samples, the nanostructures were 

scratched from the titanium substrate and dispersed in ethanol under ultrasonic. For the 

titanate 3D network, no ultrasonic was used to preserve the resultant network structure. 

Dispersed samples in this suspended liquid were transferred onto the TEM copper grids 

by a drop of the liquid. XRD patterns of samples were analysed by Shimadzu Lab X-
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6000 diffractometer equipped with graphite monochromatic copper radiation (Cu Ka) 

operated at 40 kV and 30 mA. Raman spectra of samples were collected with a 

Renishaw 100 system Raman spectrometer using 632.8 nm He-Ne laser. The scattered 

light was detected with a Peltier-cooled CCD detector with spectral resolution of 2 cm

1

. 

The grating was calibrated using the 520 cm

1

 silicon band. For spectrophotometric 

measurement, the UV-vis spectroscopy was recorded using a Shimadzu UV 1691 

spectrophotometer. 
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Figure 2.1 Plot of the absorbances vs. Ti concentrations of standard sample solutions.

2.2.5 Photoelectrocatalysis

The photoelectrochemical measurements were performed at 23°C in a 

photoelectrochemical cell with a quartz window for illumination.

40

The set-up is shown 

in Figure 2.2. It consisted of a photoanode with nanotube network, a saturated Ag/AgCl 

reference electrode, and a platinum mesh counter electrode. A voltammograph (CV-27, 

BAS) was used for the application of potential bias. Potential and current signals were 

recorded using a Macintosh (AD Instruments). The illuminated area of the photoanode 

was 0.785 cm

2

. 0.1 M NaNO
3
 solution was used as the electrolyte. The photoanode was 

illuminated by a 150 W xenon arc lamp light source with focusing lenses (HF-200W-

95, Beijing Optical Instruments). To avoid the electrolyte being heated-up by the 

infrared light, a UV-band-pass filter (UG 5, Avotronics Pty. Ltd.) was used. The light 

intensity was regulated and carefully measured at 365 nm.
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Figure 2.2 Experimental set up of the photoelectrochemical cell.

2.2.6 Dye-sensitised Solar Cell

The fabricated 3D titanate nanotube network film was used as photoanode for 

measurement in DSSCs.

41

 The nanotube photoanode was first heated at 100°C for 0.5 h 

to eliminate the adsorbed water then dipped in the dye solution (5 × 10

–4

 M) and kept 

for 24 h to complete dye absorption.

42

 The dye solution was prepared by dissolving N-

719 dye (RuL
2
(NCS)

2
(TBA)

2
(H

2
O)

4
, L = 2,2'-bipyridyl-4,4'-dicarboxylic acid, TBA = 

tetrabutylammonium, from Dyesol) in butanol and acetonitrile (1:1, v/v). Pyrolytic 

transparent Pt electrode was deposited as described

43

 and used as the counter electrode 

for DSSCs. The commercially available EL141 (Dyesol) was used as the electrolyte for 

DSSCs assembly. The DSSCs were illuminated from the Pt counter electrode side by a 

500W Xe lamp (Beijing Changtuo) with an AM 1.5 G filter (Sciencetech Inc. Canada). 

The active area of DSSCs was 0.15 cm

2

. The light intensity was measured by a radiant 

power meter (Newport, 70260) coupled with a broadband probe (Newport, 70268). The 

measured light intensity was 84 mW/cm

2

. The photocurrent-voltage curves (I-V curve) 

of DSSCs were recorded by a PAR potentiostat (362). For comparison, the starting TiO
2

porous film was also measured in DSSCs at same experimental conditions. The solar 

energy-to-electricity conversion efficiency ( ) is defined by equation (1):

44

%100×=

in

ocsc

P

FFVJ

η                                     (1)
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where J
sc

 is the short-circuit photocurrent density under irradiation, V
oc

 is the open-

circuit voltage, P
in

is the light power per unit area and FF is the fill factor which is 

calculated by equation (2):

maxmaxmax

ocscocsc
VJ

VI

VJ

P

FF ==                                 (2)

where I
max

and V
max

 are the current and potential at the maximum power point 

respectively in J-V curves of the solar cells. The J-V characterization was conducted 

under P
in

 of 84 mW·cm

–2

 for the calculation. 

2.2.7 Titanate Nanotube Membrane Performance

The separation performance of the obtained TNM were evaluated by filtering 100 

mL of dilute polystyrene (PS) microspheres (or E. coli) solutions under a vacuum of 0.2 

bar. PS microspheres of 50, 100, 200 and 500 nm were purchased from Alfa Aesar, and 

0.005 wt.% solutions were prepared by dispersing PS microspheres in high-purity 

water. E. coli were incubated in LB nutrient solution at 37°C on a rotary shaker at 150 

rpm for 24 h followed by a three repetitive washing process with a sterile physiological 

saline solution via centrifuging for 10 min at 5000 rpm. The resultant E. coli suspension 

was diluted to 4×10

6

 CFU mL

–1

 with a sterile physiological saline solution and used as 

the feed for filtration experiments. The concentrations of PS microspheres in the feed 

and permeated solution were measured by UV-vis spectroscopy (
max

 = 225 nm).

45–46

Concentrations of E. coli in the feed and permeated solution were determined by using 

the standard plate count method and double confirmed with the BacLight

TM

 kit 

fluorescent microscopic method.

47–48

 The retention (R) of the TNM was determined 

using the equation (3):

R (%) = (1–C
permeate

/C
feed

) × 100                                    (3)

where C
permeate

 and C
feed

 are the concentrations of PS microspheres or E. coli permeate 

collected and the feed, respectively. 

2.3 Results and Discussions

2.3.1 Morphologies

Figure 2.3a shows a typical SEM image of the starting TiO
2
 porous film on 

titanium substrate. The TiO
2
 porous film was prepared via a sol-gel method using a 

precursor solution containing 1.1 wt.% PEG.

37

 A highly porous TiO
2
 film was obtained 
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by complete decomposing the PEG component in the film during a calcination process 

at 550°C.

37

 The resultant porous coating layer with a thickness of 1.2 µm (the insert in 

Figure 2.3a) and pore sizes ranged from 80 to 100 nm was found to be dominated by the 

anatase phase (98.2%, Figure 2.4, curve a). The starting TiO
2
 porous film was 

hydrothermally treated at 130°C in 50 mL of 10 M NaOH solution. Figure 2.3b shows 

SEM image of the sample after 30 min of reaction. It revealed a very rough surface, 

resulted from the dissolution of TiO
2
 porous film. A detailed investigation suggested 

that for given conditions, the hydrothermal reaction was dominated by the dissolution of 

TiO
2
 porous film up to 70 min. Nanoloop forms of titanate seeds started to appear on 

the substrate surface after 70 min of hydrothermal treatment, indicating the beginning of 

a seeding process. When the reaction proceeded to 90 min, a large number of sprout-like 

structures appeared on the substrate surface (Figure 2.3c), signifying the start of 

network formation. TEM image revealed that these sprout-like structures consisted of 

infant nanotubes (top inset in Figure 2.3c). These nanotubes in their infancy exhibit 

irregular shapes and different layers of wall structures. It is important to note the co-

existence of nanoloop seeds on the substrate surface at this stage of the reaction (bottom 

inset in Figure 2.3c).

24

 This observation suggests that the seeding process is a 

continuous process. The nanotubular network took form after 180 min of reaction 

(Figure 2.3d), resulting from the oriented crystal growth. Nanoloop seeds could still be 

found at this stage of the reaction, but seems rather 3D (inset in Figure 2.3d). Such an 

oriented crystal growth process dominated the reaction until the matured 3D 

nanotubular network was obtained at 360 min (Figure 2.3e). A cross-section FESEM 

image of the matured 3D nanotubular network is shown in Figure 2.3f. Interestingly, an 

almost identical surface and cross-sectional morphology was obtained. A close 

investigation revealed that the entire film (4.5 µm in thickness) was formed by a unique, 

all-dimensional uniform nanotubular network structure. The porous distribution of the 

network structure was found to be the same in all directions in the nanotube film. The 

HRTEM characteristics of individual nanotube were examined (Figure 2.3g). The inner 

and outer tubular diameters were found to be approximately 6 and 12 nm, respectively. 

For majority nanotubes, the wall was formed by 3 layers with an approximate 7.7 Å 

interlayer spacing. 
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Figure 2.3 SEM and TEM images of the samples prepared in different durations. a) 0 

min, b) 30 min, c) 90 min, the insets are the TEM images of infant nanotubes and 

nanoloop seeds, d) 180 min, the inset is TEM image of 3D nanoloop seeds, e) 360 min, 

the inset is high magnification SEM image, f) cross-section SEM image of 360 min 

sample, g) HRTEM image of individual nanotube for 360 min sample.

XRD patterns of the porous TiO
2
 film starting material (curve a in Figure 2.4) 

confirmed the co-existence of anatase and rutile, signified by the diffraction peaks at 

25.3° and 27.3°, respectively. The phase composition was calculated as 98.2% for 

anatase and 1.8% for rutile. XRD patterns of the resultant 3D nanotubular network film 

6 nm

7.7 Å
12 nm

500 nm

1 µm

1 µm

10 nm

10 nm1 µm 1 µm
10 nm

1 µm 100 nm 1 µm

a) b)

c) d)

e) f) Surface

Cross section

10 nm

g)



Chapter 2

62

revealed typical titanate diffraction peaks (curve b in Figure 2.4).

49–50

 In terms of 

individual nanotubes, these characteristics are quantitatively similar to those of 

previously reported.

49–50

 However, in terms of how nanotubes are arranged in the film, 

the all-dimensional uniform nanotubular network structure obtained here is distinctively 

different from those of previously reported nanotubes.

13–14,21

 Figures 2.3e and f suggest 

that the 3D nanotubular network structure may be formed by joints of branched 

nanotubes. In contrast, the previously reported nanotubes tend to vertically grow on the 

substrate and resultant tubular films are formed by interwoven non-branched 

nanotubes.

13–14,21
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Figure 2.4 a) XRD patterns of the starting TiO
2
 porous film by sol-gel technique 

annealing at 550°C for 2 h. b) the 3D titanate nanotube network film by treating the 

starting TiO
2
 porous film with 10 M NaOH at 130°C for 6 h.

Further investigations were carried out to confirm the nanotube arrangement 

within the 3D nanotubular network structure. Figure 2.5a shows a TEM image of the 

resultant 3D nanotubular network structure. It should be noted that all TEM samples 

used for this work were prepared by directly scratching off the materials from the 

resultant nanotubular film without ultrasonic dispersion to preserve the original network 

structure. As can be seen from Figure 2.5a, the 3D nanotubular network was constructed 

by joining nanotubes together at joint-centers (the circled area in Figure 2.5a). Distances 

between the two directly linked joint-centers varied from 80 to 200 nm. For majority 

nanotubes, their lengths were limited by the distance of the neighboring joint-centers. 

Typical joint-center structure shown in Figure 2.5a indicates that the joint-center is 

a)

b)
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formed by the branched nanotubes. Investigation was therefore carried out to confirm 

the branched nanotubes. Figure 2.5b shows a HRTEM image in which branched 

nanotubes are clearly visible. These observations differed remarkably from those of 

previously reported nanotube arrangements in nanotubular films.

13–14,21

Figure 2.5 a) TEM image of titanate nanotube network structure. The joint-center 

structures are highlighted with doted circles, b) HRTEM image of branched titanate 

nanotubes.

According to existing mechanisms, the formation of nanotubular joint-center is 

unlikely to occur because individual nanotube tend to grow along the tube axis and may 

be interwoven but would not be chemically joined together to form branches.

21

 The 

formation of branched nanotubes cannot be explained by the sheet rollup mechanism.

35

It may be explained by the oriented crystal growth mechanism if the seeds formation 

could continuously occur throughout the growing process.

24

 The anatase TiO
2
 porous 

film provides a suitable titanium source. The initial hydrothermal process is dominated 

by the dissolution of porous TiO
2
, providing required building blocks (oriented 

crystals). The nanotubular seed formation occurs when a dissolution/precipitation 

dynamic equilibrium is reached. The oriented crystal growth and continuous 

nanotubular seed formation on the tips of nanotube bundles are responsible for the 

subsequent branched nanotube growth and joint-center formation that lead to all-

dimensional uniform porous network structures. 

2.3.2 Effects of Synthetic Parameters

Numerous parallel syntheses have been conducted with a wide range of synthetic 

parameters, such as NaOH concentrations (2.5–15.0 M) and temperatures (80–200°C). 

50 nm 20 nm

a) b)
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SEM images of the resultant samples obtained by using the TiO
2
 porous film calcined at 

550°C as raw materials are shown in Figure 2.6. 

Figure 2.6 SEM images of the nanostructures prepared in hydrothermal reaction with 

different concentrated NaOH solutions for 6 h by using the porous film calcined at 

550°C. a–c) 2.5 M at 80, 110, 130°C, d–f) 5.0 M at 80, 110, 130°C, g–i) 10.0 M at 80, 

110, 130°C, j–i) 15.0 M at 80, 110, 130°C.

At 80°C, the hydrothermal reaction led to mesoporous titanate scaffold structures 

(Figures 2.6a, d, g and j).

51

 However, even with high concentrated NaOH solution 

(Figure 2.6j), no nanotube was grown after 6 h reaction. Similar results were obtained at 

110°C (Figures 2.6b, e, h and k). Nanotubes started to form after 6 h with 15.0 M NaOH 
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solution (Figure 2.6k). At 130°C, 3 D nanotube network can be obtained with 10 M 

NaOH (Figures 2.6i and 2.3f). However, reaction in weaker alkaline solution (2.5 and 

5.0 M, Figures 2.6c and f) led to the formation of titanate scaffold structure.

51

 Moreover, 

in 15.0 M NaOH solution, nanotube growths were predominantly promoted and a 

compact nanotube film was yielded (Figure 2.6l).

Figure 2.7 SEM images of the nanostructures prepared in hydrothermal reaction with 

different concentrated NaOH solutions for 6 h by using the porous film calcined at 

550°C. a–c) 2.5 M at 150, 175, 200°C, d–f) 5.0 M at 150, 175, 200°C, g–i) 10.0 M at 

150, 175, 200°C, j–i) 15.0 M at 150, 175, 200°C.
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Figure 2.8 SEM images of the nanostructures prepared in hydrothermal reaction with 

different concentrated NaOH solutions for 6 h by using the porous film calcined at 

700°C. a–c) 2.5 M at 80, 110, 130°C, d–f) 5.0 M at 80, 110, 130°C, g–i) 10.0 M at 80, 

110, 130°C, j–i) 15.0 M at 80, 110, 130°C.

With the increased temperature (150°C), the nanotubes started to form in less 

concentrated NaOH solution (5.0 M, Figure 2.7d). The grown nanotubes covered the 

surface in 10.0 M NaOH solution after 6 h. In 15.0 M NaOH solution, however, fibre-

like structures (Figure 2.7j) were observed in the sample and the surface of Ti substrate 

started to crack due to the severe alkaline corrosion. Similar results were obtained at 

175°C (Figures 2.7h and k) except the fact that sheet like structures were formed at 

lower alkalinity (Figures 2.7b and e). When syntheses were carried out at 200°C, 
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cracked surface with octahedral crystals was obtained under weaker alkaline conditions 

(2.5, 5.0, and 10.0 M, Figures 2.7c, f and i). No octahedral crystals were obviously 

formed in 15.0 M NaOH solution (Figure 2.7l). 

Figure 2.9 SEM images of the nanostructures prepared in hydrothermal reaction with 

different concentrated NaOH solutions for 6 h by using the porous film calcined at 

700°C. a–c) 2.5 M at 150, 175, 200°C, d–f) 5.0 M at 150, 175, 200°C, g–i) 10.0 M at 

150, 175, 200°C, j–i) 15.0 M at 150, 175, 200°C.

For comparison purpose, hydrothermal reactions were also conducted by using the 

TiO
2
 film calcined at 700°C. The crystalline phase of the film had a rutile rather than 

anatase phase. SEM images of the resultant structures were shown in Figure 2.7. At 
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80°C, no obvious morphological change was observed with all the NaOH solutions 

(2.5–15.0 M, Figures 2.8a, d, g and j). At 110 and 130°C, porous titanate scaffolds

51

were formed in both 2.5 and 5.0 M NaOH solutions (Figures 2.8b, c, e and f). As shown 

in Figures 2.8h and i, titanate nanotubes were grown on the scaffolds in 10.0 M NaOH 

solutions after 6 h. In agreement with the Figures 2.6l, 2.7g and h, with higher OH

–

concentration, the growth of nanotube was promoted, leading to a compact titanate 

nanotube layer after reactions (Figures 2.8k and l). 

The formation of nanotube was also enhanced with increased temperatures as well. 

As shown in Figures 2.9a and b, titanate nanotube started to form at 150 and 175°C 

even in weak alkaline solutions after 6 h. Compact nanotube films were obtained in 

more alkaline solutions at these temperatures (Figures 2.9d, e, g, h and j) except fibre-

like structure was formed at 175°C in 15.0 M NaOH solution (Figure 2.9k). At 200°C, 

however, no nanotubes were yielded after 6 h reaction in all concentrated NaOH 

solutions (Figures 2.9c, f, i, and l). Ribbon-like nanostructures

52–53

 were formed in 10.0 

M solution while needle shaped crystals can be prepared in 15.0 M solution (Figures

2.9i, and l). However, in 2.5 and 5.0 M solutions, only particulate crystals were obtained. 

As morphologies shown in Figures 2.6–2.9, it is indicated that nanotubes, 

nanofibres, nanocrystals, nanoribbons and nanoneedles can be prepared in the reaction 

of the porous TiO
2
 film in NaOH solution. Temperatures, NaOH concentrations and 

crystalline phase of raw materials have decisive influences on the resultant 

nanostructures. Basically, the higher temperature and alkalinity will enhance nanotube 

growths. At the temperature between 110 and 175°C, hollow nanotubular structures are 

readily produced. While solid nanostructures (nanocrystals for porous TiO
2
 calcined at 

550°C, nanofibres, nanoribbon and nanoneedles for 700°C) are the major products of 

high temperature hydrothermal reaction. Different outcomes of hydrothermal reactions 

by using these substrates may be related with the potentially different intermediates that 

present in the reaction.

54

2.3.3 Nanotube Growth Mechanism

Due to the fact that titanate nanotube is one of the important semiconductors with 

promising applications,

13–16

 investigations on the growth mechanism of nanotubes is of 

great importance because achievement of this will promisingly open a way for the fine 

control of nanotube dimension and finally the delicate tune of physiochemical 
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properties. In previous reports, hydrothermal reaction has been overwhelmingly studied 

with a powder liquid system.

24,27–34

 Typically, TiO
2
 powder was mixed with NaOH 

solutions and subsequently thermal treated for different period of time. Separation, e.g. 

centrifugation or filtration, of the resultant solid liquid mixture is necessary to obtain as-

prepared microstructures. There is a tendency for fine TiO
2
 powders to congregate 

during the mixing process prior to the hydrothermal treatment. The inner and outer 

particles would experience uneven reaction stages which will make quantitative study 

difficult.

Here, hydrothermal syntheses were carried out in a cylindrical container with a 

bare Ti metal plate placed at the bottom. It is found the nanostructure prepared by the 

metal Ti was similar to counterparts obtained via powder/liquid reaction system, even 

without the assistance of the TiO
2
 particle seeds.

21

 More importantly, the co-relation 

between the resultant morphologies and the solute information was investigated for the 

first time by the combination of SEM observations and Ti concentration measurements. 

2.3.3.1 Structural Characterizations

Figure 2.10 Morphological properties of the resultant titanate nanotubes. a) SEM, b) 

high magnification SEM, c) TEM, d) HRTEM. 

Figure 2.10 shows typical SEM and TEM images of the titanate nanotubes grown 

on the Ti metal plate after 3 h hydrothermal treatment. As shown in Figures 2.10 c and d, 

1 µm
100 nm

100 nm 10 nm

9.7 nm

4.7 nm

4 layers

a) b)

d)c)
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the 1D nanostructure exhibited a hollow tubular texture and it had 3–4 layers with the 

interspacing of 0.7 nm, in good agreement with the reported value.

34

 The inner and 

outer diameters were 4.7 nm and 9.7 nm respectively. 
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Figure 2.11 a) XRD data, b) Raman spectrum of titanate nanotubes.

XRD data of the titanate nanotube is shown in Figure 2.11a. It can be assigned to 

be an orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O ( ) titanate.

55–58

 So far, many 

possible crystal structures (tetragonal anatase TiO
2
,

19,59

 monoclinic H
2
Ti

3
O

7
,

21,28,54,60–66

monoclinic H
2
Ti

4
O

9
,

67

 orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O ( )

55–58

 and 

orthorhombic H
2
Ti

2
O

4
(OH)

2

62,68

 / H
2
Ti

2
O

5
�H

2
O

69–70

) have been proposed to be the 

actual crystalline phase of the titanate nanotubes. However, recent publications 

suggested that orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O ( ) with a 

a)

b)
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lepidocrocite-type layered structure is the optimal candidate that fitted the experimental 

results

71–74

. The reflection peaks at 2  = 9.8°, 24.5°, 28.2° and 48.3° correspond with 

(020), (110), (130) and (200) planes of the H
0.7

Ti
1.825 0.175

O
4
�H

2
O ( )

crystal quite well. The reflections at 35.0°, 38.0°, 40.5°, 52.8° and 63.2° can be 

attributed to the diffraction peaks of bulk titanium substrate.

Raman spectrum of the titanate nanotube was also collected to further confirm the 

crystalline structure of the nanotube. Previously, Raman spectrum has been employed to 

characterize crystalline structures of titanate nanotubes.

12,29,55–56,58–59,64,71,75–77

 The 

spectrum of titanate nanotubes obtained in our experiment was in good agreement with 

the H
0.7

Ti
1.825 0.175

O
4
�H2O ( titanate obtained in other 

contributions.

12,29,55–56,58–59,64,71,75–77

 By comparison of the Raman spectra of 

H
0.7

Ti
1.825 0.175

O
4
�H

2
O ( bulk crystal and nanotubes, one can find the 

Raman band at 670 cm

–1

 for nantoubes was stronger than the 704 cm

–1

 band. The 

opposite is true for bulk material. This was once ascribed to shifting of A
g
 mode (704 

cm

–1

) towards lower frequency direction (670 cm

–1

) upon the bending of TiO
6
 layer.

71

However, recent studies suggested that relative intensities of these two bands were 

rather sensitive to the pre-treatment

78

 or moisture.

79

 Actual assignments of Raman 

bands of the H
0.7

Ti
1.825 0.175

O
4
�H

2
O ( titanate are still unclear. 

2.3.3.2 Synthesis Duration

To investigate the growth process of titanate nanotube, time-resolved syntheses 

were carried out. The surface, cross-sectional SEM images, TEM images and the Ti 

concentration variations were accordingly obtained. They are shown in Figures 2.12–

2.15. Sequent morphological changes have been observed before the formation of 

compact nanotube layer. The overall process can be divided into three stages. 

The first stage was between 0 and 90 min. After 10 min, the titanium metal plate 

surface was corroded by concentrated NaOH, leaving holes and ridges on the surface 

(Figure 2.12a). No lamellar structure was detected in the TEM image (Figure 2.14a). 

Then, the ridges kept growing while some of the connection points stood out, forming 

the scaffold with pinnacles and ridges in 50 min (Figure 2.12c). The scaffold structure 

has lamellar texture with the interspacing of 0.76 nm, shown in Figure 2.14c, which was 

also found in the TEM image of 30 min sample (Figure 2.14b). The scaffold structure 

became matured in 90 min (Figure 2.12f). Figure 2.14d shows tiny hollow structures 
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forming on the scaffold after 80 min reaction. Although not observed in SEM images, 

tiny nanotubes were identified in the TEM images in 90 min sample (Figure 2.14e). In 

the first stage, lamellar scaffold structure was established for the following oriented 

crystal growth of titanate nanotube. The cross-sectional SEM images of this stage were 

displayed in Figures 2.13a–f. As shown in Figure 2.15, the Ti concentration increased 

steadily as a result of the dissolution of Ti metal substrate in the alkaline solution. 

Consistent with the Ti concentration, the thickness of titanate scaffold was increased 

indicating a steady growth process.

Figure 2.12 Morphological variations of samples prepared at 150°C. a–l) SEM images 

of the samples prepared in 10, 30, 50, 70, 80, 90, 100, 110, 120, 130, 140 and 160 min. 

The second stage was between 100 and 160 min. It should be noted that in this 

stage, the thickness of the nanostructures was relatively constant while the Ti 

100 nm100 nm100 nm

100 nm100 nm100 nm

100 nm100 nm100 nm

a) b) c)

g) h) i)

100 nm100 nm100 nm

d) e) f)

j) k) l)
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concentration increased dramatically (Figure 2.15). As shown in Figure 2.12g, 

nanotubes started to grow along the ridge of scaffold texture after 100 min reaction. 

Similar crystallization of titanate nanotubes with larger diameters on the porous scaffold 

structure is observed in a vapour phase hydrothermal reaction (see Chapter 5 for details). 

It was identified to be tubular structure by the TEM image (Figure 2.14f). The porous 

scaffold was filled with the predominantly grown titanate nanotubes within 60 min 

(from 100–160 min, Figures 2.14g–l), supported by the fact that thickness of 

nanostructure was relatively unchanged (Figure 2.15). The increase of Ti concentration 

was probably due to the higher surface area the scaffold possessed, which facilitated the 

dissolution of Ti species.

1 µm1 µm1 µm

1 µm200 nm200 nm

100 nm100 nm100 nm

100 nm100 nm100 nm

a) b) c)

d) e) f)

g) h) i)

j) k) l)

Figure 2.13 a–l) Cross-sectional SEM images of the samples prepared at 150°C in 15, 

30, 60, 70, 80, 90, 100, 120, 140, 160, 220 and 300 min. 
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The third stage covers 160 min and onwards. After the porous space within the 

scaffold was filled up by the nanotube, a compact titanate nanotube layer was formed on 

the Ti substrate (Figures 2.12l and 2. 13j–l). On the other hand, the Ti concentration 

began to fall and level off due to the consumption of Ti building blocks for nanotube 

growth. Also the weakened dissolution can be attributed to the filling up of porous 

scaffold with titanate nanotube. As shown in Figure 2.15, the compact nanotube layer 

was thickened steadily by elongated reaction. The TEM image of the sample prepared in 

600 min (Figure 2.14i) displayed analogous tubular structure as those synthesized in 

short durations. These indicated the hydrothermal reaction has reached its steady stage 

in which the dissolution and precipitation rate are comparable. 

Figure 2.14 a–i) TEM images of the samples prepared at 150°C in 10, 50, 70, 80, 90, 

110, 120, 300 and 600 min. 

20 nm20 nm80 nm

30 nm50 nm30 nm

60 nm30 nm20 nm
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Figure 2.15 Ti concentration variations of the resultant solutions and the structure 

thickness changes measured in different reaction durations at 150°C. 

Figure 2.16 TEM images of short titanate nanotubes. a–c) TEM image and high 

magnification TEM image of a nanotube with closed end, d–f) TEM image and high 

magnification TEM image of a nanotube with open end.

The growth mechanism of nanotube in hydrothermal condition has been widely 

studied before present work.

24,27–34

 Most of the interests have been drawn to 
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morphological details of as-prepared nanotubes, crystalline phase changes during this 

process and effects of different pre- and post- treatments. However, few studies have

been conducted to investigate the Ti concentration changes in hydrothermal reaction. 

Here, our determination of the Ti species concentration was based on attempts to 

combine morphological outcomes with corresponding Ti conditions during the 

dissolution and crystallization. Figures 2.12–2.15 exhibited the close relationship 

between the Ti concentration and morphologies. The changes in Ti concentration and 

corresponding nanostructure morphologies during the reaction can be understood by the 

dissolution/precipitation equilibrium. An oriented crystal growth

24

 rather than a rolling 

up mechanism

27–34

 is preferable to explain our results. To further verify the mechanism,

the observation of nanotubular seeds was conducted by using HRTEM.

Figure 2.17 SEM images of titanate nanotubes grown on a platinum substrate placed 

beside a Ti plate. a) low magnification, b) high magnification. The branches of the 

titanate nanotube are highlighted with arrows.

HRTEM images of nanotube roots are given in Figure 2.16. Figure 2.16a exhibits 

a nanotube with a closed end (Figure 2.16b). Consistent with other publications,

24,27–35,80

interspacings of 7.0 Å and 3.6 Å were both observed in Figures 2.16b and c. Besides, 

open ended nanotubes were also found on the scaffold structure, as shown in Figure 

2.16d. In previous study, it is proposed that the titanate nanotubes are grown oriented by 

the nanoloops (very short nanotubes), which are curved up by crystalline nanosheets.

24

Unfortunately, the existence of titanate scaffold was omitted. Also the close ended 

nanotube which can not be able to form via a rolling process voted against their 

mechanism. In our synthesis, titanate nanotubes were actually crystallized on the 

scaffold under super-saturation. For further confirmation, a comparison experiment was 

carried out by placing an inert platinum substrate in the reaction system for enough 

100 nm 100 nm

a) b)
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duration (second stage). As the SEM image shown in Figure 2.17, titanate nanotubes 

were crystallized and grown along the substrate. In agreement with Figure 2.5b, 

branched titanate nanotubes were also observed on the Pt substrate. Therefore, it is 

conclusive that the scaffold formed in the early stage of the hydrothermal reaction act as 

nuclei sites for the subsequent nanotube crystallization. The crystallization of titanate 

nanotube with large diameter is further elucidated in Chapter 5.

2.3.3.3 Reaction Temperature

It is shown in Figures 2.6–2.9 that reaction temperatures have great impact on the 

resultant morphologies. Thus we further investigated the reaction process at 180°C to 

study how the temperature is influencing the formation of nanostructures. Figure 2.18 

shows SEM images of nanostructures obtained at 180°C in various durations with other 

parameters unchanged. At the very beginning, the Ti substrate was corroded under high 

alkalinity (10 min, Figure 2.18a). Analogous scaffold structure was formed after 70 min 

reaction. As shown in Figure 2.18e, the titanate nanotubes started to crystallize on the 

scaffold in 90 min, which was 20 min earlier than those prepared in 150°C. Similar to 

Figure 2.13, the cross-sectional SEM images (Figure 2.19) also show thickening of the 

scaffold, filling up of the vacancy and finally the formation of a dense titanate nanotube 

layer in sequence. 

Figure 2.18 Morphological variations of the samples prepared at 180°C. a–f) SEM 

images of the samples prepared in 10, 30, 50, 70, 90 and 110 min. 

200 nm100 nm100 nm

100 nm100 nm100 nm
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Figure 2.20 shows Ti concentration and structure thickness changes during the 

hydrothermal reaction at 180°C. It is seen that the patterns of the variation at two 

different temperatures are similar, showing three distinct stages (solid and dashed line in 

Figure 2.20). At the first stage, The Ti concentration in the solution and the thickness of 

scaffold increased steadily. The second stage started at 70 min, the concentration rose 

dramatically and it reached about 40 mg/L at 120 min. During this stage, the thickness 

was maintained relatively constant which indicated a filling up process (Figures 2.19c 

and d). The third stage covers 120 min and onwards. The Ti concentration started to 

drop steadily which implied a predominant crystallization of the titanate nanotube. The 

compact nanotube layer was thickened in this stage. 

Figure 2.19 a–f) Cross-sectional SEM images of the samples prepared at 180°C in 50, 

70, 90, 110, 130 and 150 min. 

However, there are also two differences between the two curves. Firstly, the 

nanotube growth stage has been brought forward at 180°C (about 20 min), which is the 

direct result of the faster dissolution/precipitation rate at higher temperature. Secondly, 

in terms of dissolution rate, the Ti concentration in the second stage increased at the rate 

of 0.83 mg/L

mg/L 4 mg/L in 80 minutes) at 150°C . The steeper increase 

of Ti concentration at 180°C can be attributed to the enhanced dissolution/precipitation.

This is in agreement with the results published by Elsanousi et al.

81

 They investigated 

the transformation of nanotubes into nanoribbons at different temperatures and found 

1 µm1 µm500 nm

500 nm200 nm200 nm
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higher temperatures led to faster conversion. However, no solute information was 

available in their report. Our results here impliy that the temperature may plays a role 

which accelerates or retards the titanate nanotube growth by enhancing or hindering the 

dissolution/precipitation process. 

It is also worthwhile to note that the duration required for the titanate nanotube 

growth is influenced by the volume of reaction solution as well. By comparison of 

Figures 2.6p and 2.12l, with the same temperature and NaOH concentration, to obtain 

the compact titanate nanotube layer, it took longer (6 h) with the larger volume of 

reaction solution (50 mL for Figure 2.6p) than smaller volume (< 3 h, 2 mL for Figure 

2.12l). Since the nanotube formation is totally a crystallization phenomenon under the 

super-saturation, it is closely dependent on the solute concentration. Larger solution 

volume will take much longer to become saturated than smaller volume, given the 

comparable dissolution/precipitation rate with same alkalinity and temperature. This is 

again supportive to the proposal that hydrothermal reaction of titanate nanotubes is a 

dissolution/precipitation process. Therefore, to ensure a short synthesis cycle, a 

hydrothermal reaction with smaller solution volume, more concentrated alkaline 

solution, higher temperature is preferable. 
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Figure 2.20 Ti concentration variations of the resultant solutions and the structure 

thickness changes measured in different reaction durations at 180°C. For comparison 

purposes, the changes measured at 150°C are shown with dashed lines. 
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Based on these experimental results, a general titanate nanotube growth 

mechanism is proposed as follows. The initial hydrothermal process is dominated by the 

dissolution of Ti species under sufficient alkalinity, providing required building block 

(oriented crystal). The Ti species is then transformed and precipitated as porous scaffold 

nanostructure on the substrate at elevated temperature. The solute becomes more 

concentrated as the dissolution process continues. Then tiny titanate nanotubular seeds 

started to crystallize onto the lamellar scaffold structure under saturation. The nanotubes

were elongated by oriented crystal growth. Also the branching and joining will promote 

the formation of nanotubes, leading to the predominant nanotube growth within the 

empty space of porous scaffold substrate. Once most of the space is filled by the post-

grown titanate nanotube, the dissolution/precipitation equilibrium has reached a steady 

stage. The solute concentration will drop due to super-saturation and the nanotube layer 

will be thickened steadily. All synthetic parameters, such as temperature, alkalinity and 

volume, are largely influential to the oriented growths of titanate nanotubes by 

accelerating or retarding the dissolution/precipitation equilibrium.

2.3.4 Applications

2.3.4.1 Photoelectrocatalysis

The photoelectrochemical activities of the resultant 3D titanate nanotube electrode 

and the starting TiO
2
 porous film electrode are evaluated by the photoelectrocatalytic 

oxidation of water under UV light. The photoelectrocatalytic oxidation of water is 

carried out in a solution containing 0.1 M NaNO
3
 electrolyte under different light 

intensities. For the 3D titanate nanotube electrode, the obtained voltammogram shown 

in Figure 2.21a revealed that without UV illumination, only a negligible dark current 

was measured. For all cases with UV illumination, the photocurrents increase linearly as 

the applied potential bias increases within the low potential range. This can be attributed 

to the limitation of free photoelectron transport within the photocatalyst film.

82–83

 The 

photocurrent saturates at higher potentials due to the limitation of the photohole capture 

process at the catalyst/solution interface.

82–83

 Similar results were obtained using the 

starting TiO
2
 porous film electrode (Figure 2.21b). The magnitude of the saturated 

photocurrent (J
sph

) can be used to quantitatively represent the photocatalytic activity of a 

photocatalyst as it represents the maximum rate of oxidation under a given light 

intensity.

83

 Plots of the saturation photocurrent against the light intensity give straight 
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lines, having slopes of 0.0915 (R

2

 = 0.999) and 0.0651 (R

2

 = 0.998) mA/mW for the 3D 

titanate nanotube electrode and the TiO
2
 porous film electrode, respectively, as shown 

in Figure 2.21c. This slope value for the 3D titanate nanotube electrode is nearly 40% 

higher than that obtained from a TiO
2
 porous film electrode, which confirms an 

improved photocatalytic activity toward oxidation of water. The excellent photocatalytic 

activity may be attributed to the unique 3D titanate nanotube network structure with 

enhanced electron transfer and larger surface area.
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Figure 2.21 Photoelectrochemical characteristics of a) the 3D titanate nanotube 

network electrode and b) the starting TiO
2
 porous film electrode. c) Saturation 

photocurrent and light intensity relationship of the two nanostructured electrodes. 

These saturation photocurrent data are obtained at 0.8 V from J
ph

-E curves of the two 

nanostructured electrodes. 
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2.3.4.2 Dye-sensitized Solar Cell
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Figure 2.22 a) Photocurrent-voltage curves of a) the 3D titanate nanotube network 

photoanode DSSC. b) the TiO
2
 porous film photoanode DSSC. c) Photocurrent-voltage 

curve of the 3D titanate nanotube network-based DSSCs in dark state.

The resultant 3D nanotube network film on titanium substrate was also evaluated 

in DSSC. Figure 2.22 compares the photocurrent-voltage (J
ph

-V) curve of DSSCs using 

the 3D titanate nanotube network photoanode (curve a) and the TiO
2
 porous film 

photoanode (curve b). Under AM 1.5 illumination, the 3D nanotube network 

photoanode cell exhibits a short circuit current of 5.58 mA cm

–2

, an open circuit voltage 

of 0.74 V, and a fill factor of 0.60. The overall power conversion efficiency was found 

to be 3.0%. For the TiO
2
 porous film photoanode cell, the observed overall power 

conversion efficiency was only 0.33% with short circuit current of 1.01 mA cm

–2

, open 

circuit voltage of 0.65 V, and fill factor of 0.42. The overall solar energy-to-electrical 

conversion efficiency ( ) of the 3D titanate nanotube network cell is about 9 times 

higher than that of the TiO
2
 porous film cell. The enhancement in conversion efficiency 

can be attributed to textural and structural properties of the film. This unique nanotube 

network structure possesses large surface area, increasing the amount of chemisorbed 

dye molecules. The porous tubular texture of the network is favorable for the mass 

transport of redox electrolyte (I
2
/I

3

–

) into and out of the photocatalyst layer. The 

enhancement in conversion efficiency may also be attributed to the improved electron 

transport properties within the catalyst layer due to the favorable vectorial electron 

a)

b)

c)
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transport along nanotubes axes.

84–86

The lower light-to-electricity conversion efficiency 

of the 3D titanate nanotube network cell in comparison to the reported result

87

 was 

mainly due to the thickness of the titanate nanotube network film, 4.5 µm in our case, 

higher efficiencies could be achieved with growing thicker nanotube network films. 

2.3.4.3 Titanate Nanotube Membrane

Figure 2.23 SEM images of a) the porous titanium membrane substrate, b) TNM after 

calcination, c) TNM surface with higher resolution and d) TNM cross-section. The inset 

in c) is the TEM image of the individual titanate nanotube.

Given the fact that titanate nanotubes are formed through an oriented seeded 

growth mechanism, we utilized a titanate seed solution to fabricate a high performance 

filtration membrane by directly growing titanate nanotube separation layer on a porous 

titanium membrane substrate. The raw substrate has a mean pore size of 1.0 µm and 

porosity of 25% (Figure 2.23a). After hydrothermal reaction, the hierarchical titanate 

nanotube structure was formed on the surface. The as-prepared TNM was subsequently 

calcined at 500°C for 2 h to improve the mechanical strength. Figure 2.23b shows SEM 

image of typical surface morphology of the annealed TNM. Such morphology was 

found to cover the entire coating surface (3.1 cm

2

). The average length of the titanate 

nanotubes was found to be in the sub-millimeter range. XRD patterns suggested that the 
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composition of the nanotube layer after hydrothermal reaction was titanate (curve a in 

Figure 2.24). Also, no phase transformation occurred and the titanate was the dominant 

composition of the annealed nanotubes (curve b in Figure 2.24), attributing to the high 

sodium content in obtained titanate nanotubes.

88–89

A detailed examination revealed that 

the formed titanate nanotube layer possessed a hierarchical structure with a 0.35 µm 

dense nanotubular surface layer interconnected to a 2.5 µm intermediate nanotubular 

layer.
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Figure 2.24 XRD patterns of a) the as-prepared TNM and b) the TNM annealed at 

500°C for 2 h.

Figure 2.23c displays a high magnification SEM image of TNM surface after 

calcination. It revealed that the top dense nanotube layer responsible for membrane 

selectivity was formed by the directly grown interwoven nanotubes. Such a network 

formed by the ultra-long interwoven nanotubes possesses strong mechanical strength 

and enables a uniform coverage to produce crack-free and pinhole-free membrane 

structure. Structural parameters of individual nanotube were investigated by high 

resolution TEM (see the insert in Figure 2.23c). The inner and outer diameters of the 

nanotube were found to be about 6 nm and 12 nm, respectively. The thickness of the 

nanotube wall was approximately 3 nm, and the measured interlayer spacing was about 

7.8 Å. These parameters are similar to those obtained via a normal hydrothermal 

method.

90

 In addition, the cross-section SEM image shown in Figure 2.23d 

demonstrates a well preserved hierarchical nanotube structure after calcination. A 

further investigation revealed that such a hierarchical nanotube structure can be 

a)

b)
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perfectly preserved when the calcination temperature was below 500°C. A calcination 

temperature of 550°C led to a partially collapsed nanotube structure. The nanotube 

structure was found to be completely destroyed when the temperature was greater than 

650°C.
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Figure 2.25 a) Effect of PS microsphere size on permeability and retention of TNM. b) 

TNM filtration performance of 50 nm PS microspheres over five consecutive back-

flushing regeneration cycles.
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With the randomly packed nanofibre structure, the pore size and porosity are 

determined by the diameter of the precursor nanofibres.

45–46

 The pore size equals the 

precursor nanofibres’ diameter would be the smallest achievable pore size for the 

randomly packed nanofibres structure. In this regard, the directly grown nanotube 

structure is advantageous. This is because the pore size and porosity of the network 

structure formed by interweaving smaller diameter nanotubes (i.e., about 12 nm) can be 

tuned by controlling the density and thickness of the top layer. The pore size 

distribution of the TNM was found to be ranged from 10 to 110 nm, determined by a 

liquid-liquid displacement method.

91

 The obtained data also revealed that over 80% of 

pores were within the range of 25 to 50 nm while only less than 0.5% of pores 

possessed sizes greater than 100 nm. For this reason, we define the obtained TNM as a 

microfiltration membrane although over 90% of pores were within the ultrafiltration 

membrane pore size range. A membrane with such a pore size distribution can be used 

for a wide range of applications, particularly, for removal of waterborne pathogens and 

viruses.

92–97

The permeability and separation performance of the TNM were evaluated. A 

steady pure water permeability of 680 ± 28 L·m

–2

·h

–1

·bar

–1

 was obtained. The separation 

characteristics were evaluated by filtering 100 mL water dispersed with 0.005 wt.% of 

polystyrene (PS) microspheres under a constant applied pressure of 0.2 bar. Figure 

2.25a shows the effect of PS microsphere size on the steady permeability and the 

percentage retention. The steady permeability obtained from all microsphere sizes 

investigated were within 615 ± 25 L·m

–2

·h

–1

·bar

–1

, suggesting the size of the PS 

microsphere has an insignificant influence on the membrane permeability. A near 100%

retention was achieved for all microsphere sizes investigated (50, 100, 200 and 500 nm 

in diameter). The lowest retention obtained from filtrating 50 nm microspheres was as 

high as 97%. These results demonstrate that the TNM has the ability to filter out 

particles with sizes greater than 50 nm. The strong mechanical strength is one of the 

advantages of inorganic membranes. The TNM fabricated in this work utilizes a porous 

titanium membrane substrate (30 mm in diameter and 2.0 mm in thickness) fabricated 

by compressing titanium powder under high pressure and temperature. The mechanical 

strength of the substrate is sufficient to sustain the pressure required to drive a 

microfiltration or an ultrafiltration process. Nevertheless, the mechanical properties of 

the membrane are also largely determined by mechanical properties of the nanotubular 
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layer and the adhesion between the two parts. The directly grown titanate nanotubes 

possess strong adhesion to the porous substrate. The entire nanotube network 

(separation layer) was formed by the interwoven ultra-long nanotubes network directly 

grown to the substrate. The high temperature calcination further enhances the 

mechanical strength of the nanotube network and their adhesion to the substrate. 

Because of these, the resultant TNM possesses strong mechanical strength. 

The membrane regeneration is an important practical issue. The superior 

mechanical properties of the TNM can be utilized to regenerate membrane by a means 

of back-flushing. In this work, the performance of the regenerated TNM was evaluated 

using 0.005 wt.% of 50 nm PS microspheres. The steady permeability was measured 

during each filtration cycle and a cycle was terminated when the measured permeability 

decreased to 50% of its steady permeability. The filtrated volume was measured and 

equal volume of water was added back to the feed. The membrane was then regenerated 

by back-flushing compressed air under a controlled pressure of 0.5 bar for 2 min. The 

retained microspheres by the membrane were re-dispersed back to the feed by the back-

flushed air. The concentration of microspheres in the feed should be equal to their 

original concentration if all retained microspheres were re-dispersed during the back-

flushed regeneration process. There should not be any significant change in the steady 

permeability and the percentage retention of consecutive filtration cycles if the back-

flushing regeneration method is effective. Figure 2.25b shows the membrane 

performance obtained from 5 consecutive back-flushing regeneration cycles. A near 

98% retention was observed from all cycles, implying that there was no structural 

damage occurred, as the result of back-flushing actions. More importantly, no 

significant decrease was observed from the steady permeability of consecutive cycles, 

indicating the membrane can be effectively regenerated by the simple procedure of 

back-flushing air. The retention of PS microspheres by the TNM was characterized 

using SEM technique. A mixture of PS microspheres was prepared by mixing the 

original 0.005 wt.% PS microsphere dispersions of 50, 100 and 200 nm in a ratio of 

1:1:1 (v/v/v). 
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Figure 2.26 a) Surface and b) cross-sectional SEM images of the titanate porous 

membrane hydrothermally fabricated using 2 mL 10 M NaOH solution at 150°C for 5 h 

and then annealed at 500°C for 2h.

It is to note that an initial attempt to fabricate the titanate nanotube layer by 

directly immersing the porous titanium membrane in 10 M NaOH solution under 

various hydrothermal conditions failed due to the blockage of the titanium substrate 

pores by the formation of a dense titanate particle layer within the pores, and between 

the substrate and nanotube structures.

14,25–26

 It is also to note that comparison 

experiments were performed using the same procedure excepting that the seed solution 

was replaced by 2 mL of 10 M NaOH solution. The resultant titanate porous membrane 

revealed a ‘bird-nest’ structure with pore sizes up to 700 nm (Figure 2.26). 
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The transport and separation performance was also evaluated for comparison 

purposes. Retentions of 42%, 13%, 6.3%, and 0.5% were obtained for PS microspheres 

of 500 nm, 200 nm, 100 nm, and 50 nm, respectively (Figure 2.27). Except for 50 nm 

PS microspheres, a higher permeability of approximate 1000 L·m

–2

·h

–1

·bar

–1

 was 

obtained for all other PS microsphere sizes. Higher flux (1130 L·m

–2

·h

–1

·bar

–1

) obtained 

from 50 nm microsphere can be attributed to the larger pore size (Figure 2.26) that 

allows 50 nm PS microsphere directly penetrate through the membrane without the 

pores being blocked. The lower fluxes obtained from PS microsphere sizes greater than 

100 nm may be due to the blockage of pores as a result of PS microspheres retained 

inside of the pores. Cross-section SEM image shown in Figure 2.28 b revealed that the 

PS microspheres with 50, 100 and 200 nm in diameter can be found inside of the pores. 

As for the TNM (Figure 2.28a), it can be seen that PS microspheres with different sizes 

were retained by the dense nanotube layer and no microsphere was able to penetrate 

through the dense nanotube layer. These observations demonstrate the superior 

structural properties of the TNM and further confirm titanate seed solution plays an 

important role in formation of the dense titanate nanotube layer with high selectivity.

Figure 2.28 Cross-section SEM images of a) TNM and b) titanate porous membrane 

after filtration of PS microsphere mixtures.

Effective removal of biohazards (e.g., waterborne pathogens) from treated water is 

one of the most important aspects to safeguard water recycle/reuse. Owing to their 

advantageous properties, the inorganic membrane could play an important role in the 

field of purified recycled water. The applicability of the TNM for removal of 

waterborne pathogens was therefore investigated using E. coli as a test species. All 

filtration experiments were performed under a constant pressure of 0.2 bar using a feed 

containing 4×10

6

 CFU·mL

–1

E. coli. Figure 2.29 shows the membrane performance 

200 nm100 nm

a) b)
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characteristics. The membrane permeability decreased initially with time and reached a 

near steady permeability of 608 L·m

–2

·h

–1

·bar

–1

after 40 min of filtration. Complete E. 

coli removal (i.e., 100% retention) was achieved for all cases investigated. For all 

experiments, the bacterial viability in the filtrated solution was determined using the 

standard plate count method after 24 h sample incubation at 37°C and were double 

confirmed with the BacLight

TM

 kit fluorescent microscopic method.

48

 The insets in 

Figure 2.29 show fluorescent microscopic images of viable cells in the feed and the 

filtrated solution, respectively. The viable cells accumulate Rhodamine 123 appearing 

as ‘green’ under fluorescent microscope.

48

 It is very obvious that no viable cells were 

observed in the filtrated solution, suggesting 100% removal of E. coli was achieved 

(right inset in Figure 2.29). The surface SEM image shown in Figure 2.30a suggests that 

the top dense nanotubular layer was responsible for the retention of E. coli. The cross-

section SEM image shows no E. coli was able to penetrate through the dense layer (see 

Figure 2.30b). 

0 20 40 60 80 100

400

450

500

550

600

650

700

P
e
r
m

e
a
b
i
l
i
t
y
 

(
L
·
m

-
2

·
h

-
1

·
b
a
r

-
1

)

Time (min)

R
e
t
e
n
t
i
o
n
 
(
%

)
 

0

20

40

60

80

100

Retention

Permeability

Figure 2.29 TNM filtration performance of E. coli with an initial concentration of 4 

×10

6

 CFU·mL

–1

. Insets are fluorescent microscopic images of E. coli feed and permeate 

respectively. 

Feed Permeate



Chapter 2

91

Figure 2.30 a) Surface and b) cross-sectional SEM images of retained E. coli on the 

TNM after filtration. Inset of a) is the higher resolution SEM image.

2.4 Conclusion

We have demonstrated a hydrothermal method to directly grow a 3D nanotube 

network structure on titanium substrate. Most noticeably, the resultant structure is 

formed by branched nanotubes and possesses unique all-dimensional uniform porous 

structural characteristics. The hydrothermal reaction has been firstly investigated by 

combining both the morphological evolution and solute concentration changes. A 

dissolution/precipitation mechanism has been proposed. The combination of the titanate 

concentration with the morphological characteristics will hopefully give path to the 

controllable crystal growth in hydrothermal reaction. Such nanotube structure on solid 

substrate could be useful for photoelectrocatalysis, photovoltaic devices and waterborne 

pathogens removal.
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CHAPTER 3 SYNTHESIS, CHARACTERIZATION, AND GROWTH 

MECHANISM OF ANATASE TiO
2
 MICROCRYSTALS BY A 

LIQUID PHASE HYDROTHERMAL METHOD

3.1 Introduction

Titanium dioxide (TiO
2
) has been the dominant semiconductor photocatalyst over 

the past two decades, owning to its superior photocatalytic activity, low cost, abundant 

supply, non-toxic nature and high photocorrosion resistance. This is also due to its 

attraction for wide applications in environmental remediation, solar energy conversion 

and other applications such as analytical determination of organic pollutants for water 

quality monitoring.

1–4

 It is well known that the properties of photocatalysts can be 

strongly influenced by their microstructures, surface morphology, crystal composition 

and crystallinity. These attributes are important for the performance of a photocatalyst 

for different applications.

5–7

 For this reason, extensive research activities have focused 

to develop variety of synthesis strategies to obtain different structural forms of TiO
2

such as nanoparticles, nanorods, nanotubes, microspheres, monoliths and single crystals 

with exposed {001} facets.

3,5–6,8–10

 Recently, the synthesis of TiO
2
 microspheres with 

different structures has attracted considerable attention because of their superior 

performance in photocatalysis, dye-sensitized solar cells, and photonic crystal 

applications.

6,11–13

 Various structures of TiO
2 

microspheres including hollow 

microspheres, core-shell structured microspheres and modified microspheres have been 

reported.

14–16

 In terms of synthesis strategy, the template methods and structure-

directing reagent methods have been the most widely used methods to obtain TiO
2

microspheres to control the geometrical and morphological parameters.

6,17–21

 However, 

such methods normally involve the use of template/structure-directing reagents and 

subsequently their removal processes could be complex and costly.

6,17–21

. Little 

attention has been paid to control surface crystal structures, especially the surface 

crystal facets of the synthesized TiO
2
 microspheres. Therefore, development of a facile 

synthesized method to fabricate TiO
2
 microspheres with good crystalline framework, 

desired surface morphology and crystal facets is of an attractive research topic.

A number of recent reports have demonstrated the importance of crystal facets for 

photocatalytic performance.

5,22–24

 For anatase TiO
2
, {001} facets have been reported to 

be more reactive than that of {101} facets.

5,22

 This new finding has attracted much 
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attention to develop synthetic methods capable of producing anatase TiO
2
 with high 

percentage of exposed {001} facets.

5,22–25

 Although higher photoactivity of anatase 

TiO
2
 with exposed {001} facets is highly desirable for photocatalysis-based 

applications, the synthesized anatase TiO
2
 is often dominated by {101} facets due to its 

low surface energy (0.44 J/m

2

).

5

 The {001} facets having a higher surface energy (0.90 

J/m

2

) can be rapidly diminished during the crystal growth.

5

 Recently, Lu’s group 

reported a breakthrough method that overcome such a difficulty.

5

 They have 

successfully synthesized micron-sized anatase single crystals with 47% exposed {001} 

facets by utilizing hydrofluoric acid as a facet controlling agent to reduce the surface 

energy, which has led to an upsurge in interest to further explore the controlled growth 

of {001} facets.

22–26

 Huang and co-workers employed a hydrothermal synthesis process 

to obtain TiO
2
 microspheres from anatase TiO

2
 nanosheets with 83% exposed {001} 

facets.

12

 The surface of these microspheres was formed by the edge of the TiO
2

nanosheets with approximately 40 nm in length and 4 nm in thickness, having excellent 

activity towards photocatalytic degradation of methylene orange.

12

 However, most 

methods reported to date exclusively produce TiO
2
 microspheres in solution suspension 

or precipitation forms, which is disadvantageous for photoelectrocatalysis-based 

applications. In addition, the surface crystal facets transformation from {001} to {101} 

of anatase TiO
2 

microspheres by simply controlling reaction time has not yet been 

reported.

It has also been suggested that proper fluorine rich crystal surface can only be 

attained under acidic conditions.

5,22–23,25,27

 The pH of the reaction medium plays a 

critical role in determining the surface fluorination, thus the size of exposed anatase 

{001} facets. As a weak acid, HF solution speciation (HF molecules and F

–

) is 

determined by pH. The initial adsorption step taking place at the {001} faceted surface 

could be strongly affected by the solution species (e.g., HF or F

–

), determining the 

adsorption pathway and amount. Although significant role of surface fluorination for 

preservation of {001} faceted surfaces has been reported,

5

 the mechanistic aspects, 

especially the preferential adsorption species (e.g., HF or F

–

) on {001} faceted surfaces, 

and the relationship between adsorption amount and surface area of exposed {001} 

facets remain elusive. To this end, development of a facile approach enabling 

controllable growth of anatase TiO
2
 crystals with desirable morphologies and exposed 

{001} facets by controlling the solution species (via pH control), and further revealing 
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the mechanistic role of HF for the {001} crystal facet growth would be useful to guide 

further research in the field. In addition, it has been well documented that immobilizing 

TiO
2
 onto solid conducting substrates is essential for almost all applications involving 

electrochemistry or photoelectrocatalysis.

2,28–29

 To better serve such needs, it is critical 

to develop a synthetic approach capable of directly growing anatase TiO
2
 crystals with 

exposed {001} facets onto a conductive substrate. 

Herein, we report a facile, one-pot hydrothermal process to directly grow anatase 

TiO
2
 microspheres with different morphologies on titanium foil substrates at 180°C in 

HF medium. TiO
2
 microspheres with exposed square-shaped mirror-like plane {001} 

facets can be readily obtained and then transformed to square-shaped eroded {001} 

facets, and finally to nanosheets with exposed {101} facets by simply controlling the 

hydrothermal reaction time. With hydrothermal synthesis, the surface morphological 

structure and crystal facets formation are highly dependent on dissolution/deposition 

processes, which can be strongly influenced by the attributes such as pH of the reaction 

media, the total concentration of dissolved/suspended titanium species and the 

concentration of fluoride in the reaction solution. Changes of these attributes during the 

hydrothermal process were therefore measured and used to illustrate the morphology 

and crystal facet transformation processes of anatase TiO
2
 microspheres. Moreover, a

key strategy of this approach is to control pH of the reaction medium to achieve a 

controlled growth of morphology and size of anatase TiO
2
 crystals with exposed {001} 

facets. The mechanistic role of reaction solution pH affecting structure, morphology and 

formation of exposed {001} faceted anatase TiO
2
 crystals were investigated in detail 

based on experimental data and theoretical calculations. The mechanistic role of HF for 

morphological control of the crystal facet of anatase TiO
2
 crystals has been investigated. 

The photocatalytic activity of the resultant nanostructured photoanodes consisting of 

anatase TiO
2
 crystals with exposed {001} reactive facets were evaluated for 

photoelectrocatalytic water oxidation.

13,30

3.2 Experiment

3.2.1 Chemicals and Materials

Acetone (AR, Merck), 2-propanol (99%, Aldrich), Methanol absolute (AR, 

Merck), titanium fluoride (Aldrich), hydrofluoric acid (48%, Aldrich), hydrochloric acid 

(37%, Aldrich), sodium hydroxide (mini pearl, AR, Chem-supply) and sodium nitrate 
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(99%, BDH) were used as received. All aqueous solutions were prepared using high 

× 15 mm × 0.25 mm, 

99.7%, Aldrich) were degreased prior to experiments by sonication in acetone, 2-

propanol, and methanol, subsequently rinsed with Milli-Q water, and finally dried in a 

nitrogen stream.

31

3.2.2 Synthetic Methods

The pre-treated titanium foil substrate was placed in an autoclave containing 60 

mL of 0.5% (v/v) HF solution with pH of 1.8. The hydrothermal reaction was 

performed at 180°C for 0–24 h. To investigate the effect of pH, titanium foils were 

placed in an autoclave and 60 mL of 0.5% (v/v) HF solutions with different pHs were 

added to the autoclave. The hydrothermal reaction was carried out at 180°C for 3 h. 

After reaction, the as-synthesized samples were rinsed with Milli-Q water and then 

dried in a N
2
 stream. To obtain a clean fluorine-free surface, the resultant samples were 

calcined in air at 600°C for 1.5 h with heating and cooling rates of 2°/min.

 To study the etching phenomenon on {001} facet of anatase crystal, anatase TiO
2

single crystals were synthesized through a facile low temperature hydrothermal method. 

1.5 M Hydrochloric acid solution was used to adjust the pH of deionised water (1.0 L) 

to around 2.0. A 0.02 M TiF
4
 (Aldrich Chemical) stock solution was prepared by 

dissolving TiF
4
 in pH adjusted Milli-Q water. Solutions containing 4.5, 5.2, 8.3, and 

10.6 mM TiF
4
 were prepared by dilution of the stock solution with Milli-Q water and all 

resultant solutions were adjusted to pH of 1.52 by 0.1 M of HCl solution. In a typical 

synthesis, 50 mL of TiF
4
 solutions with different concentrations were added to Teflon-

lined autoclaves and kept at 180°C for 15 h in an oven. After hydrothermal reaction, the 

products were collected by centrifugal separation and carefully washed with Milli-Q 

water, and then dried in a nitrogen stream.

3.2.3 Measurements

Total concentrations of titanium species in reaction solution with different reaction 

times were determined by a spectrophotometric method.

32

 For each sample, the UV-vis 

spectroscopy was recorded from 190 to 800 nm using a Shimadzu UV 1691 

spectrophotometer. The absorbance at 410 nm was used to quantify the total titanium 

concentration.

32

 Total concentrations of fluoride (HF, F

–

) in reaction solution with 

different reaction times were determined using fluoride ion selective electrode. Before 
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analysis, the total ionic strength buffer and diluted NaOH solutions were added to each 

sample to adjust ionic strength and pH of 7.0.

3.2.4 Characterizations

Morphological properties of samples were investigated by SEM JSM-6300 

scanning electron microscope. The microstructure was examined by field emission 

TEM Tecnai 20 (F20) with an accelerating voltage of 200 kV. For a TEM sample, the 

microspheres were scratched from the titanium substrate and dispersed in ethanol under 

ultrasonic. The dispersed samples in this suspended liquid were transferred onto the 

TEM copper grids by drop of the solution. X-ray diffraction (XRD) patterns of samples 

were analysed by Shimadzu XRD-6000 diffractometer equipped with graphite 

monochromatic copper radiation (Cu Ka) operated at 40 kV and 30 mA. X-ray 

photoelectron spectroscopy (XPS) data of samples were acquired using Kratos 

Analytical Axis Ultra X-ray photoelectron spectrometer equipped with a 

monochromatic Al X-  the charge 

reference with a binding energy of 284.8 eV.

3.2.5 Theoretical Calculations

All density functional theory (DFT) computations were performed using the 

Quantum Espresso (QE) package.

33

 Electron-ion interactions were described using the 

Vanderbilt-type ultrasoft pseudopotentials.

34

 A plane-wave basis set was employed with 

a kinetic energy cut-off of 30 Ry. For the electron-electron exchange and correlation 

interactions, the functional of Perdew, Burke and Ernzerhof (PBE),

35

 a form of the 

general gradient approximation (GGA), were used throughout. The anatase TiO
2
 surface 

was modelled by a supercell comprising a six-layer slab separated by a vacuum region 

of 10 Å. When the geometry was optimized, the top four atomic layers and the 

adsorbates were allowed to relax, while the lower two layers were fixed at the ideal 

bulk-like position. We perform Brillouin-zone integrations using Monkhorst-Pack grids 

of special points. (1 × 2 × 1) k-points meshes were employed for the (001) (4 × 2) 

surface cell for the calculations of adsorption energies, which included 8 Ti atoms and 

16 oxygen atoms each atomic layer. The k-points meshes in our calculation have been 

demonstrated in the previous calculations.

36
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For the etching of {001} facet, the anatase (001) surface was modelled by a slab 

with the (2 × 1) surface cell comprising an 18 atomic layers and a total of 36 atoms 

separated by a vacuum region of 10 Å. The anatase (101) surface was modelled by a 

slab with the (1 × 1) surface cell comprising a 24 atomic layers and a total of 36 atoms. 

When the geometry was optimized, adsorbates and atoms in the top 12 atomic layers of 

the (001) surface or in the top 16 atomic layers of the (101) surface were allowed to 

relax, while the rest bottom layers of the surfaces were fixed at the ideal bulk-like 

position (using the theoretical lattice constant a = 3.80 Å, and c/a = 2.535). For isolated 

molecules, a cubic unit cell with the lattice constant as 15.0 Å was used to 

accommodate one molecule in the calculation. The reaction energy was calculated based 

on the following equation:

product
–

reagent

where, E
product

 is the energy of products, and E
reagent

 is the energy of reagents in each 

reaction.

37

 The bond length and angles were calculated based on the DFT optimized 

structure of the system.

3.2.6 Photoelectrocatalysis

The photoelectrochemical measurements were performed at 23°C in a 

photoelectrochemical cell with a quartz window for illumination.

38

 It consisted of a 

TiO
2
 microsphere photoanode, a saturated Ag/AgCl reference electrode, and a platinum 

mesh counter electrode. A voltammograph (CV-27, BAS) was used for the application 

of potential bias. Potential and current signals were recorded using a Macintosh (AD 

Instruments). The illuminated area of the photoanode was 0.785 cm

2

. All experiments 

were carried out in 0.10 M NaNO
3
 electrolyte solution. A 150 W xenon arc lamp light 

source with focusing lenses (HF-200W-95, Beijing Optical Instruments) was used as the 

illumination source. A UV bandpass filter (UG 5, Avotronics Pty. Ltd.) was employed 

to prevent the electrolyte from being heated by the infrared light. The light intensity was 

regulated and carefully measured at 365 nm by an UV-irradiance meter (UV-A, 

instruments of Beijing Normal University).
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3.3 Results and Discussions

3.3.1 Effect of Reaction Time

3.3.1.1 Morphological Variations

Anatase TiO
2
 microspheres with different surface morphologies were 

hydrothermally synthesized by directly immersing titanium foils in 0.5% (v/v) HF 

solution (pH 1.8) in an autoclave at 180°C for various reaction times. Figure 3.1 

schematically illustrates the surface structural transformation of anatase TiO
2

microspheres with square-shaped mirror-like plane surface to square-shaped eroded 

plane surface then to nanosheets surface when hydrothermal reaction time was 

increased.

Figure 3.1 Schematic illustration of surface morphological evolution of anatase TiO
2

microspheres in different hydrothermal reaction time. Scale bars: 200 nm.

Figure 3.2a shows typical XRD patterns of the as-synthesized products at different 

reaction times of 1, 3, 6, 12, and 24 h, respectively. The data shown in Figure 3.2a 

confirm that all products were high purity tetragonal structured anatase TiO
2
. No other 

diffraction peak was observed. Figures 3.2b–f show typical SEM images of the as-

synthesized anatase TiO
2
 samples under different reaction times. The insets are 

corresponding high magnification SEM images providing detailed morphological 

characteristics. It shows that TiO
2
 microspheres sized between 1.3–2.0 µm can be 

obtained on the titanium foil substrate when the reaction time was controlled at 1 h 
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(Figure 3.2b). The microsphere surface was found to be covered by square-shaped 

mirror-like plane crystal facets having an average size of 345 nm (inset in Figure 3.2b). 

When the reaction time was set at 3 h, anatase TiO
2
 microspheres with sizes of 1.2–2.0 

µm were formed (Figure 3.2c). The high magnification SEM image shown in the inset 

of Figure 3.2c reveals that the square-shaped mirror-like plane crystal facets were 

eroded and irregular shaped cavities appeared on the central parts of the square-shaped 

mirror-like plane crystal facets, which could be due to the HF etching/dissolution 

effect.

39–40

 Under such conditions, the crystal is grown slower than the 

etching/dissolution, resulting in the eroded surface. When the reaction time was 

increased to 6 h, sizes of the resultant anatase TiO
2
 microspheres were found to be 

between 1.1–2.0 µm and further eroded square-shaped crystal facets were observed, 

indicating a dissolution domination process (Figure 3.2d and inset). In fact, the entire 

plane surface was found to be eroded. When reaction time was controlled at 12 h, the 

anatase TiO
2
 microspheres with the size between 1.2–2.0 µm were produced (Figure 

3.2e and inset). The square-shaped crystal facets were completely eroded away and 

replaced by irregular-shaped sheet-like structures, indicating the continuation of the 

dissolution domination process. A further increase in the reaction time to 24 h, sizes of 

the resultant anatase TiO
2
 microspheres were decreased to 1.1–1.8 µm, which can be 

ascribed to the etching/dissolution effect of HF (Figure 3.2f and inset).

39–40

 At this stage, 

microsphere surface was covered by nanosheets. The diameter and the surface structure 

remained unchanged when the reaction time was further increased, suggesting the 

process reached its steady-state. 

Although Figure 3.2a confirms that no crystalline phase change occurred over the 

surface morphological change processes, it would be of interest to know whether crystal 

facet change took place when the surface morphological change occurred. The TEM 

was therefore employed to identify the exposed crystal facets of microspheres obtained 

from different reaction times. 
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Figure 3.2 a) XRD patterns of the as-synthesized TiO
2
 samples obtained at 180°C for 

various hydrothermal reaction times in 0.5% (v/v) HF solutions; b–f) SEM images of 

the as-synthesized TiO
2
 samples obtained at different reaction times of b) 1 h, c) 3 h, d) 

6 h, e) 12 h, and f) 24 h, respectively. The insets are the high magnification SEM images 

of individual microspheres. Scale bars: 500 nm

Figure 3.3a shows TEM image of the anatase TiO
2
 microsphere obtained from 1 h 

reaction time. The corresponding electron diffraction (SAED) pattern of the selected 

area (top inset in Figure 3.3a) confirms that the square-shaped plane facet is a single 

crystal, the zone axis is [001], hence the faceted surface is the (001) surface.

5,22

 The 

corresponding high-resolution TEM (HRTEM) image (bottom inset in Figure 3.3a) 

shows the perpendicular lattice spacing of 0.19 nm representing the (200) and (020) 
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atomic planes of the anatase TiO
2
, confirming the exposed crystal facet is indeed the 

{001} facet.

5,22

 This is in agreement with the studies by Hu et al. and Liu et al.

41–42

 It 

should be noted that the TEM images were obtained from the samples after ultrasonic 

treatment. For the sample yielded in 3 h, the SAED pattern (top inset in Figure 3.3b) 

and HRTEM image (bottom inset in Figure 3.3b) were obtained from the lateral of the 

square-shaped structure. SAED pattern confirms that the lateral facet is a single crystal. 

HRTEM shows clear crystalline lattice fringes of the lateral facet. The fringe spacing of 

0.35 nm corresponds to the {101} planes, while the fringe spacing of 0.47 nm 

corresponds to the {002} plane, indicating that exposed surfaces were {001} facets.

43

Figure 3.3 TEM images of anatase TiO
2
 microspheres obtained at 180°C for various 

hydrothermal reaction times in 0.5% (v/v) HF solutions. a) 1 h, b) 3 h, c) 12 h, and d) 

24 h. Insets are corresponding SAED patterns (top) and HRTEM images (bottom) of the 

anatase TiO
2
 microspheres respectively.

Similar results were obtained from anatase TiO
2
 microsphere with reaction time of 

12 h (Figure 3.3c). Figure 3.3d shows the TEM image of a sample with 24 h reaction 
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time. SAED pattern (top inset in Figure 3.3d) confirms a good anatase crystal structure 

of TiO
2
 microsphere, and the diffraction ring in SAED pattern reveals that the 

individual TiO
2
 microsphere is polycrystalline.

44

 HRTEM image (bottom inset in Figure 

3.3d) reveals lattice spacing of 0.352 nm, corresponding to the (101) plane of anatase 

TiO
2
.

40,44

 This means that surface {101} facets became dominant and {001} facets of 

anatase TiO
2
 microsphere were dissolved after 24 h reaction.

40,44

 Under synthetic 

conditions used in this work, it is likely that the polycrystalline TiO
2
 was formed at the 

initial stage of the reaction via the coalescence of the randomly oriented TiO
2
 seeds and 

defect sites on the crystalline surfaces.

44–45

 With increased reaction time, single 

crystalline TiO
2
 grows along the [001] direction which is the preferential growth 

direction for anatase crystallites in presence of HF,

44

 resulting in the formation of 

surface protrudent squared structures with exposed {001} facets of TiO
2
 microsphere 

(Figures 3.2b and 3.3a). When reaction time was further prolonged, the protrudent 

single crystal squared structures of TiO
2
 microsphere were etched/dissolved due to the 

HF etching effect.

39–40

 After 24 h of reaction, single crystal {001} facets of TiO
2

microspheres were completely dissolved and the anatase polycrystal consist of {101} 

facets became dominant. 

3.3.1.2 Growth Mechanism

The dynamic dissolution/deposition processes are essential for determining the 

structural formation in a hydrothermal synthesis. For a given reaction temperature, these 

processes are strongly dependent on compositions of the reaction media. In this work, 

compositional changes of the reaction media with time were measured. Together with 

the corresponding structural images, these are used to illustrate microspheres’ 

morphology and surface crystal facet transformation processes.

Figures 3.4 and 3.5 show the dynamic compositional changes of the reaction 

media and corresponding SEM images during the hydrothermal process, respectively. 

According to the trends of the dynamic compositional changes shown in Figure 3.4, the 

hydrothermal process could be divided into four development stages (e.g., S #1: 0 

min; S #2: 40 min 

concentration of titanium rapidly increased, and the fluoride concentration rapidly 

decreased. Interestingly, the concentration of titanium species increased to its highest

and the fluoride concentration decreased to its lowest simultaneously occurred at 40 min. 
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Such dramatic compositional changes were due to rapid dissolution of titanium (Ti) 

substrate as shown in Eq 1.

46

                                                Ti + 6HF 
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6
 + 2H
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Figure 3.4 Compositional changes of the reaction media against reaction time for 

hydrothermal processes carried out at 180°C in 0.5% (v/v) HF solutions. a–c) plots of 

pH, total concentration of titanium species, and the total concentration of fluoride in 

reaction solution against hydrothermal reaction time, respectively.

Under such hydrothermal conditions, the rapid formation of H
2
TiF

6
 by dissolving 

Ti results in rapid increase in concentrations of titanium species. At the same time, 

consumption of HF leads to pH increase and fluoride concentration drop in the reaction 

media. Figures 3.5a–d show SEM images of structures formed on the substrate during S 

#1. Figure 3.5a shows the morphology of the titanium substrate before hydrothermal 

reaction (0 min). After 10 min, the SEM image (Figure 3.5b) shows an obviously 

eroded substrate surface, which confirms that the dissolution did occur and was the 

dominant process at the initial stage. Higher magnification image (inset in Figure 3.5b) 

reveals formations of a small amount of nanoparticle seeds on the eroded surface, 
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indicating beginning of a deposition process, although dissolution was the dominant 

process at the time. It is believed that the deposited seeds were TiO
2
 nanoparticle 

resulting from the reaction of dissolved H
2
TiF

6
 species with H

2
O when the H

2
TiF

6

concentration reached a sufficient level.

46

                                           H
2
TiF

6
 + 2H

2
O 

2
 + 6HF                                          (2)

Figure 3.5 SEM images of TiO
2
 samples fabricated at 180°C in 0.5% (v/v) HF with 

various hydrothermal reaction times. a) 0 min, b) 10 min, c) 20 min, d) 40 min, e) 50 

min, f) 2 h, g) 15 h, and h) Cross-sectional SEM image of TiO
2
 sample obtained in 24 h. 

The insets in b–g) are corresponding high magnification SEM images. Scale bars for 

the insets, 100 nm.
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when the reaction time was increased to 20 min, the formed TiO
2
 nanoparticles were 

found to be largely aggregated (Figure 3.5c) and infant spherical TiO
2
 particles started 

to appear (inset in Figure 3.5c) due to the shifted equilibriums towards the TiO
2

formation (Eq 2).

46

 In fact, formations of the infant spherical shaped TiO
2
 particles 

resulted from the dynamically shifted equilibriums of TiO
2
 deposition/dissolution 

processes, driven by the H
2
TiF

6
 concentration increase from titanium dissolution 

process (Eq 1). After 40 min, large amount of TiO
2
 microspheres with sizes ranged 

from 0.5 to 1 µm were formed on titanium substrate, indicating an enhanced TiO
2

deposition process (Figure 3.5d). The surfaces of TiO
2
 microspheres were found to 

consist of ellipsoidal-like nanoparticles (inset in Figure 3.5d). The formation of large 

quantity TiO
2 

microspheres at 40 min signifies the end of dominant titanium dissolution 

processes (S #1), and the beginning of microsphere growth stage (S #2). 

When the reaction proceeded to S #2 (40 min to 2 h), the concentration of titanium 

species rapidly decreased and accompanied a slight increase in pH and fluoride 

concentration (Figure 3.4). The corresponding surface structures of resultant 

microspheres during S #2 are given in Figures 3.5e, f and 3.2b. The sizes of samples 

obtained in 50 min (Figure 3.5e) were obviously larger than those of samples obtained 

in 40 min (Figure 3.5d). Moreover, the ellipsoidal-like nanoparticles were developed to 

nearly square-shaped TiO
2
 single crystals with exposed {001} facets. This was further 

developed to larger microspheres (1.3–2.0 µm) with mature square-shaped mirror-like 

{001} facets (Figure 3.2b). Such growth activities were responsible for the rapid 

decreased titanium species in the reaction medium. The slightly increased pH and 

fluoride concentration suggest a continuation of titanium substrate dissolution process. 

Mature microspheres with sizes of 1.4–2.1 µm were obtained in 2 h, suggesting a 

continuation of growth process (Figure 3.5f). It is of interest to note that centre parts of 

all square-shaped plane {001} facets were found to be eroded (Figure 3.5f), attributing 

to the HF etching/dissolution effect (reversed reaction in Eq 2).

46

 This marks the end of 

TiO
2
 deposition dominated processes (S #2) and the start of surface crystal facets 

transformation processes (S #3). 

S #3 covers the reaction period of 2 to 15 h. During this stage, the pH gradually 

increased to its highest while sightly increased titanium species and fluoride 

concentrations were observed (Figure 3.4). The corresponding surface structures of 

resultant microspheres during S #3 are given in Figures 3.2c, d, e and 3.5g. It was found 
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that average microspheres size slightly decreased as the reaction time was increased. 

More importantly, a noticeable change of microsphere surface morphology occurred. 

The square-shaped plane {001} facets microsphere surface was transformed into mostly 

square-shaped sheets via dynamic dissolution/reorganization/deposition of TiO
2
 (Eq 2). 

Figures 3.4 and 3.5 demonstrate that the dynamic dissolution/reorganization/deposition 

leads to not only morphological changes but also surface crystal facet changes. The 

observed reaction solution compositional changes at this stage were attributed to the 

dissolution/reorganization/deposition of TiO
2
 (Eq 2) and the dissolution of titanium 

substrate (Eq 1). The gradually increased pH during this stage confirms the dissolution 

of titanium substrate (Eq 1).

When the reaction time was greater than 15 h, changes in the reaction solution 

composition were found to be insignificant, which suggests a steady 

dissolution/reorganization/deposition of TiO
2
 was reached. Figures 3.2f and 3.5h show 

the surface and cross-sectional SEM images of the microspheres obtained in 24 h. The 

TiO
2
 microsphere surface was covered by flake-like nanosheets, having exposed (101) 

surface (See Figure 3.3d). Such a surface structure remained unchanged even after 24 h. 

The cross-sectional SEM image revealed a microsphere layer with the thickness of 15.6 

µm after 24 h reaction (Figure 3.5h). No noticeable change in the thickness of 

microsphere layer was observed when the reaction time was greater than 24 h, implying 

the system reached its steady-state in which no net growth can be observed because 

rates of dissolution and deposition equalled. 

It has been widely reported that the presence of fluorine can reduce the surface 

energy of (001) surface of anatase TiO
2
.

5,22

 Experimental results obtained in this work 

indicate that in presence of HF, {001} facets can be produced in short reaction time (< 2 

h), which implies that {001} facets are the lowest energy surface during such a period. 

However, {001} facets lost their low surface energy status in a prolonged reaction time. 

They were eroded away and gradually transformed into {101} facets in later stages of 

reaction.
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Figure 3.6 a) A representative XPS survey spectra of anatase TiO
2
 microspheres 

obtained at 180°C in 1 h with 0.5% (v/v) HF solution. b) High-resolution XPS spectra 

of F 1s of as-synthesized TiO
2
 microsphere samples obtained in different hydrothermal 

reaction durations.

Given the strong interaction between fluorine ions and anatase {001} facet,

5,22

 the 

content of fluorine in samples was hence investigated. Figure 3.6a shows a 

representative XPS spectrum of TiO
2
 microsphere sample obtained in 1 h. The F 1s 

peak, as well as those of Ti, O, and C elements, is clearly visible. Similar XPS spectra 

were obtained with other TiO
2
 microsphere samples fabricated in different hydrothermal 

reaction durations. Figure 3.6b shows the high resolution XPS spectra of F 1s of TiO
2

microsphere samples obtained in 1–24 h. F 1s peaks centred at about 685.0 eV are 

clearly visible for all samples.

40,47

 No fluorine ions in the crystal lattice (BE = 688.0–

a)

b)
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689.0 eV) was observed, implying the oxygen in TiO
2
 lattice was not substituted by 

fluorine.

40,47

Figure 3.7 a) SEM image of anatase TiO
2
 microspheres after FIB treatment. b) High 

magnification SEM image of FIB treated section.

The inner structure of the as-synthesized anatase TiO
2
 microspheres was also 

investigated. Pan and co-workers reported a large-scale self-etching synthesis of mono-

dispersed F-containing anatase TiO
2
 microspheres by hydrothermal treatment of TiF

4
 in 

H
2
SO

4
 aqueous solution.

40

 In their studies, the as-synthesized TiO
2
 microspheres are 

hollow microspheres.

40

 A focused ion beam (FIB) technique was therefore used to 

ablate the TiO
2
 microspheres to study the inner structure of the microspheres.

48

 Figure 

3.7 shows SEM images of TiO
2 

microsphere sample with 24 h hydrothermal reaction 

after FIB ablation. It was found that the resultant microspheres were randomly packed 

on the titanium foil substrate (Figure 3.7a). The higher magnification SEM image 

shown in Figure 3.7b reveals a solid inner structure of the microsphere. Similar inner 

structure was also found for TiO
2
 microsphere samples obtained in different reaction 

durations, which are in agreement with TEM results shown in Figure 3.3. This suggests 

that during hydrothermal process, changes occurred mainly on the surface and crystal 

facets of TiO
2
 microspheres while the inner structure remained invariant. 

3.3.1.3 Photoelectrocatalytic activities

The photocatalytic activity of the photoanode composed of TiO
2
 microspheres 

with exposed {001} facets (sample obtained at 1 h reaction time with a thickness of 

14.5 µm) towards water oxidation was evaluated against the photoanode composed of 

TiO
2
 microspheres with {101} facets (sample obtained at 24 h reaction time with a 

5 µm 1 µm

a) b)
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thickness of 15.6 µm). Water was chosen as the probing compound because of the 

extensive interest in water splitting for hydrogen production.

2

 Prior to photocatalysis 

experiments, all photoanodes were thermally treated at 600°C for 1.5 h in air to remove 

the surface-bonded fluorine.

22–23

 Figure 3.8 shows XRD patterns of TiO
2
 microsphere 

samples obtained in different reaction durations after annealing at 600°C. No phase 

transformation was observed and anatase was the only crystalline phase, indicating a 

good thermal stability.

22–23

 SEM images obtained from the calcined photoanodes 

indicate no noticeable change in morphology.

22–23
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Figure 3.8 XRD patterns of TiO
2
 microsphere samples obtained at 180°C with 0.5%

(v/v) HF solution in different reaction durations after calcination at 600°C for 1.5 h.

Before measurements, all photoanodes were sealed into a specially designed 

electrode holder with a defined area of 0.785 cm

2

 left open for UV illumination.

38

 Two 

non-calcined photoanodes were first measured. In comparison with the calcined 

photoanodes, lower photoelectrocatalytic response was detected, indicating that the 

thermal treatment process improved the connection between individual TiO
2

microspheres and between microsphere film and titanium substrate and it also ensured a 

clean fluorine-free surface for high photocatalytic activity.
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Figure 3.9 a) Voltammograms of anatase TiO
2
 photoanode composed of TiO

2

microspheres with exposed {001} facets at different UV light intensities. b) 

Voltammograms of anatase TiO
2
 photoanode composed of TiO

2
 microspheres with {101} 

facets at different UV light intensities. c) The relationship of saturation photocurrents 

for two anatase TiO
2
 microsphere photoanodes and UV light intensities. The saturation 

photocurrents are measured at 0.40 V and derived from a) and b).

a)

b)
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Figures 3.9a and b show the voltammograms of photocatalytic oxidation of water 

at the two anatase TiO
2
 microsphere photoanodes after calcination in 0.10 M NaNO

3

electrolyte under different UV illumination intensities. For both cases, without UV 

illumination, only a negligible dark current was measured. When photoanodes were 

exposed to UV illumination, the measured photocurrents were found to be linearly 

increased with applied potential bias within the low potential range, attributing to the 

limitation of free photoelectron transport inside the TiO
2
 catalyst film.

13,38

 The 

photocurrents saturated at higher potentials because the photohole capture processes at 

the catalyst/solution interface became the limiting step of the overall process.

13,38

 For a 

given light intensity, it is very apparent that the saturated photocurrent generated by the 

TiO
2
 photoanode composed of anatase TiO

2
 microspheres with exposed {001} reactive 

facets was higher than that of the photoanode composed of TiO
2
 microspheres with 

{101} facets. The improved saturated photocurrent may be attributed to the higher 

photocatalytic activity of (001) surface of TiO
2
 microspheres in comparison with (101) 

surface of TiO
2
 microspheres.

5,12

 The magnitude of the saturated photocurrents (I
sph

) can 

be used to quantitatively evaluate the photocatalytic activity of a photocatalyst as it 

represents the maximum rate of water oxidation under a given light intensity.

13,49

 Figure 

3.9c shows the plots of I
sph

 against the light intensity for both photoanodes. All I
sph

values were derived from voltammograms shown in Figures 3.9a and b at 0.40 V (vs. 

Ag/AgCl reference electrode) and corresponding light intensity. Linear relationships 

were obtained for both photoanodes. Slopes values of 0.0279 mA/mW (R

2

 = 0.998) and 

0.0187 mA/mW (R

2

 = 0.999) were obtained respectively. It is known that for a given set 

of experimental conditions, the slope of I
sph

-  curve quantitatively represents the 

photoelectrocatalytic activity of the photoanode towards water oxidation.

50

 The almost 

1.5 times higher slope value obtained with the photoanode made of TiO
2
 microspheres 

with {001} facets implies a significantly improved photocatalytic activity towards water 

oxidation. Considering identical crystalline phases and similar sizes of TiO
2

microspheres on both photoanodes, such an improved photocatalytic activity could be 

attributed to the superior reactivity of exposed {001} facets against {101} facets.

12
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3.3.2 Selective Etching on {001} Facet

Figure 3.10 a) SEM image, b) TEM image, c) SAED pattern, d) HRTEM image of as-

synthesized anatase TiO
2
 single crystals fabricated from 4.5 mM TiF

4
 aqueous solutions 

(pH = 1.52). e–g) SEM images of anatase TiO
2
 single crystals fabricated in pH 1.52 

aqueous solutions containing 5.2, 8.3 and 10.6 mM of TiF
4
, respectively.
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Figure 3.11 XRD patterns of the as-synthesized TiO
2
 products obtained at TiF

4
 aqueous 

solution with different concentrations (pH = 1.52) at 180°C for 15 h. a) 4.5 mM, b) 5.2 

mM, c) 8.3 mM, d) 10.6 mM.

To study the intrinsic reason for the etching of anatase {001} facet under 

hydrothermal synthesis, substrate-free syntheses of anatase crystals were conducted 

500 nm
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by using TiF
4
 solutions. Figures 3.10a and b show SEM and TEM images of the 

hydrothermally synthesized TiO
2
 crystals from aqueous solutions (pH = 1.52) at 

180°C for 15 h, similar to the previously reported method.

5

 The XRD data shown in 

Figure 3.11 confirm that these crystals are anatase TiO
2
 with I4

1
/amd space group.

22–

23

Figure 3.10a shows anatase TiO
2
 crystals obtained from a reaction medium 

containing 4.5 mM TiF
4
. The entire crystal surfaces are smooth and without etching 

trace, similar to previous observations.

5,22–23

 The TEM image shown in Figure 3.10b 

was taken with electron beam parallel to the normal of the squared planer crystal 

facet. The SAED pattern shown in Figure 3.10c confirms that the obtained anatase 

TiO
2
 crystal is a single crystal with the zone axis being [001], and sequentially the 

square-faceted surface is (001) surface.

5,22–23

 This was further confirmed by the 

HRTEM image (Figure 3.10d), showing a 0.19 nm perpendicular lattice spacing 

between (200) and (020) atomic planes of the anatase TiO
2
.

5,22–23

 The obtained 

anatase TiO
2
 single crystals consist of 41% of exposed {001} facets, slightly lower 

than the reported values under similar synthetic conditions.

5

 SEM images of TiO
2

single crystals shown in Figures 3.10e–g were obtained under identical experimental 

conditions except higher concentrations of TiF
4
. An eroded {001} faceted surface 

was observed when 5.2 mM of TiF
4
 was used (Figure 3.10e). The severity of erosion 

was found to be increased with increased TiF
4
 concentrations. In fact, almost entire 

{001} faceted surface was eroded away with 10.6 mM TiF
4
 (Figure 3.10g). 

Considering HF is a weak acid (pKa = 3.17) and over 97.8% of fluoride in solution 

will be in HF molecular form under pH 1.52, an increase in TiF
4
 concentration under 

such an acidic condition essentially increases the HF concentration. This implies that 

the observed surface erosion is strongly associated with the concentration of 

molecular forms of HF, possibly due to the HF etching effect. Moreover, all 

isosceles trapezoidal {101} faceted surfaces remained intact while the erosion took 

place on {001} faceted surfaces. Such experimental evidences strongly contrast the 

previous conclusion that the presence of fluorine stabilizes the {001} facets.

5,22

Question raised is that why HF with high concentration selectively destroys {001} 

facets?
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Figure 3.12 DFT calculated reaction energies and structures for different stages of HF 

interaction with single crystal anatase TiO
2
 (101) (left) and (001) (right) surfaces. a) 

Clean surfaces, b) full HF-covered surfaces, c) complete fluorinated surfaces, d) etched 

surfaces. All structures are optimized structures.

To answer the question, a HF etching mechanism is illustrated in Figure 3.12. 

The thermodynamic feasibility of the proposed etching mechanism is calculated 

based on DFT using Quantum Espresso software.

51

 Figure 3.12a shows the clean 

(101) and (001) surfaces. The initial step involves the dissociative adsorption of HF 

onto clean (101) and (001) surfaces (Figure 3.12b). Under the full coverage (

100%) status, the DFT calculations show that adsorption processes at both surfaces 

are thermodynamically favorable with reaction energies of 2.49 and 2.56 eV for 

{101} and {001} faceted surfaces, respectively. It is to note that the coverage is 

defined as the fraction of available adsorption sites occupied by F atoms. Under full 

coverage conditions, the surface exposed OH group could then be replaced by F, 

leading to a completely fluorinated surface (Figure 3.12c). The possibility of 

replacing surface OH group by F to form lattice F has been previously indicated by 



Chapter 3

117

X-ray photoelectron spectroscopic studies.

52–53

 Our calculations confirm that such 

replacement processes are exothermic, having reaction energies of 0.73 and 1.20 

eV for {101} and {001} faceted surfaces, respectively. It should be noted that the 

surface of the completely fluoridnated surface is covered by TiOF
2
 (Figure 3.12c). 

When the completely fluorinated crystal surfaces are exposed to a high HF

concentration, further interaction could occur, leading to a dissolution of the surface 

TiOF
2
 that creates surface vacancies (etched surface) as shown in Eq. 3 and Figure 

3.12. 

2
+ 2 HF  →

ndissolutio

 TiF
4 

 ··· H
2
O                          (3)

The calculated dissolution reaction energies for {101} and {001} faceted 

surfaces are 0.41 and 0.04 eV, respectively. This implies that the etching is 

energetically permitted solely for the {001} faceted surface, which might be the 

intrinsic reason for the observed selective etching phenomena. The noticeable 

dissolution reaction energy discrepancy (0.45 eV) between the (001) and (101) 

surfaces can be attributed to the differences in the surface atomic structure 

arrangements. For the completely fluorinated (101) surface, the vacancy surrounding 

surface structures cannot be relaxed because the surface lattice F atoms are also 

bonded to the subsurface Ti atoms (Figures 3.12c and d). Under fully relaxed 

conditions, the Ti Å (from 2.02 to 1.98 Å) 

and the O ° (from 72.6° to 72.7°) (Figures

3.12c and d). Conversely, for the completely fluorinated (001) surface, no surface 

lattice F atom is bonded to the subsurface Ti atom, allowing a great relaxation of the 

vacancy surrounding surface structures to reduce the surface stress as shown in 

Figures 3.12c and d, where the Ti Å, and 

the O °. DFT calculations also 

indicate that further etching processes is energetically permitted for the {001} 

faceted surfaces with a reaction energy of 

theoretical basis to explain the intrinsic reasons for the selective erosion phenomena 

on {001} faceted surfaces under high HF concentrations. 
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Figure 3.13 The illustration of possible reactions of a partially HF covered (001) 

surface (θ = 50%) under low HF concentrations. a) replacement of lattice O by F, b) 

further adsorption of HF to the full coverage (θ = 100%). All structures are optimized 

structures

The investigation was then carried out to illustrate why no surface erosion 

takes place on {001} faceted surfaces when HF concentration is low (e.g., 4.5 

mM). With low HF concentration, the crystal surfaces could be only partially 

covered by the adsorbed HF. Under such circumstances, the process of F replacing 

the exposed surface OH group will compete with further HF adsorption processes 

to determine whether erosion would occur, as shown in Figure 3.13. A reaction 

energy of –0.56 eV is obtained from DFT calculations of the surface OH group 

replacement processes by F at a partially ( = 50%) HF covered {001} faceted 

surface (Figure 3.13a). Whereas, a calculated reaction energy of –0.78 eV is 

obtained for the competing further adsorption processes from 50% to full 

coverage (Figure 3.13b). This means that a further adsorption process to achieve full 

coverage is 0.22 eV more energetically favored than that of the replacement process, 

which implies that the replacement process can occur only after the full surface 

coverage status is achieved. No etching trace can be observed under low HF

concentration because achieving full surface coverage status is a precondition for the 

surface replacement (the prior step of surface etching) and such a precondition can 

only be satisfied with high HF concentrations. 
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3.3.3 Effect of pH

3.3.3.1 Structural and Morphological Properties

The influences of pH on the structural properties have been also investigated. To 

this end, hydrothermal reactions were performed at 180°C for 3 h in 0.5% (v/v) HF 

solution with different pHs. The crystallographic structure of the as-synthesized samples 

has been confirmed by XRD data as shown in Figure 3.14. It was found that as-

synthesized products obtained from the reaction solution pH  5.8 are tetragonal anatase 

TiO
2
.

22
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Figure 3.14 XRD patterns of as-synthesized TiO
2
 samples obtained at 180°C in 3 h with 

0.5% (v/v) HF solutions with different pHs (pH = 1.2, 2.2, 3.9, and 5.8).

Figure 3.15 shows SEM and TEM images of the as-synthesized anatase TiO
2

products under different pHs (pH = 1.2, 3.9, and 5.8). When pH was controlled at 1.2, 

TiO
2
 microspheres with a mean size of 2.1 µm were obtained (Figure 3.15a). The 

surface of these microspheres was covered by square-shaped crystals, having an average 

area of 0.46 µm

2

 exposed plane crystal facets, as shown in the inset in Figure 3.15a. 

TEM was employed to study detail structural characteristics of the anatase TiO
2
 sample 

(Figure 3.15b). The corresponding SAED pattern (top inset in Figure 3.15b) confirms 

that the square-shaped plane facet is a single crystal, the zone axis is [001], hence the 

faceted surface is the (001) surface.

5,22,41,54–55

 This is further supported by a HRTEM 

image (bottom inset in Figure 3.15b) showing perpendicular lattice spacings of 0.19 nm, 

representing the (200) and (020) atomic planes of the anatase TiO
2
.

5,22,41,54–55
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Figure 3.15 SEM and TEM images of as-synthesized TiO
2
 samples obtained at different 

pHs. Insets in a, c, and e are corresponding to high magnification SEM images; Insets 

in b, d, and f are corresponding to SAED patterns (top) and HRTEM images (bottom). 

Middle inset in f is a {001}-projected geometrical model of an anatase nanocrystal. a, b) 

pH = 1.2; c, d) pH = 3.9; and e, f) pH = 5.8.

When pH was set at 3.9, the average size of randomly packed microspheres was 

reduced to 1.0 µm (Figure 3.15c). A measurement of SEM image (inset in Figure 3.15c) 

reveals that a surface covered by square-shaped crystals has a mean planar facet area of 

0.11 µm

2

. TEM image, and corresponding SAED pattern and HRTEM image confirm 

that the plane facets are the {001} faceted surfaces (Figure 3.15d). It should be noted 
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that the above SAED and HRTEM data were obtained from the microsphere samples 

after ultrasonic treatment.

41,54–55

 Interestingly, TiO
2
 microspheres disappeared in the 

media with pH = 5.8 and the dispersive TiO
2
 nanocrystals with a truncated tetragonal 

bipyramidal shape were formed (Figure 3.15e). The mean planar facet area was 

measured to be 0.02 µm

2

. SAED and HRTEM data confirm that the top/bottom square-

shaped plane facets are {001} facets and the isoscele trapezoidal facets are {101} facets 

(Figure 3.15f).

5,22

 From these results, anatase TiO
2
 crystals with different morphologies 

and exposed {001} facets can be obtained in HF solutions with pH 

Figure 3.16 SEM and TEM images of the as-synthesized products obtained at 180°C for 

3 h in HF reaction solutions with pH > 5.8. Insets in a, c, and e are corresponding to 

high magnification SEM images; Insets in b, d, and f are corresponding to HRTEM 

images. a, b) pH = 6.6; c, d) pH = 7.2; and e, f) pH = 9.0.
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Hydrothermal syntheses in solutions with higher pH have also been conducted. 

Figure 3.16 shows typical SEM images of the as-synthesized products obtained from 

reaction solutions pH > 5.8. With pH = 6.6, nanoparticles with sizes of 100 nm have 

been synthesized (Figure 3.16a). HRTEM data reveal a fringe spacing of 0.352 nm, 

corresponding to the (101) planes of anatase TiO
2
 (Figure 3.16b).

44

 In other word, 

{101} faceted surface dominated anatase TiO
2
 crystals were obtained when pH was 

increased to 6.6, confirming that a pH change can lead to a crystal facet change. When 

pH is higher than 7.0, titanate nanorods and nanosheets were obtained as evidenced by 

SEM and TEM analyses (Figures 3.16c–f), demonstrating that a further increase in the 

reaction solution pH can lead to a crystalline phase change.

56–57

 The results shown in 

Figures 3.15 and 3.16 demonstrate that the pH of the reaction medium can be used to 

control the crystal growth not only on morphological and dimensional parameters but 

also crystalline phases and crystal facets, as summarised in Table 3.1.

Table 3.1 Effect of hydrothermal reaction conditions on morphological, dimensional 

and crystalline phase of as-synthesized products.

Reaction 

Conditions

[a]

Morphology of 

Nanostructure

Average Size 

(µm)

Average {001} 

Facets Size (µm)

S
{001}

(µm

2

)

pH = 1.2

Anatase TiO
2

microspheres

2.1 0.680 0.4624

pH = 2.2

Anatase TiO
2

microspheres

1.5 0.544 0.2959

pH = 3.9 Anatase TiO
2

microspheres

1.0 0.329 0.1082

pH = 5.8 Anatase TiO
2

nanocrystals

0.19 0.133 0.01769

pH = 6.6 Anatase TiO
2

nanocrystals

0.09 – –

pH = 7.2 Titanate 

nanorods

0.03 – –

pH = 9.0 Titanate 

nanosheets

0.010 – –

[a] Hydrothermal reaction with 0.5% (v/v) HF in 180°C for 3 h.

3.3.3.2 Surface Fluorination and {001} Facet Area

It has been well documented that the amount of TiO
2
 surface bonded-fluorine 

depends strongly on solution pH.

47,58

 Figure 3.17a shows the high resolution XPS 

spectra of F 1s. F 1s peak centred at 685.0 eV is clearly visible for all samples.

40,47

 The 

relative intensity of F 1s spectra decreased with increased pH, indicating a decrease in 
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the amount of the surface-bonded fluorine that agrees with the reports by Choi et al., in 

which they found that an acidic medium is favourable for the formation bonding of 

TiO
2
 surface with fluorine and TiO

2
 surface fluorination barely occurs in alkaline 

medium.

47,58

 The relative amount of TiO
2
 surface-bonded fluorine can be estimated by 

the fitted peak area (denoted as A
F
) of the F 1s XPS spectra.

59
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Figure 3.17 a) A representative XPS survey spectra of anatase TiO
2
 nanocrystals with 

exposed {001} facets on titanium foil substrate obtained at pH = 5.8. b) High-resolution 

XPS spectra of F 1s of as-synthesized TiO
2
 samples obtained at different pH solutions. c) 

The relationship of A
F
/A
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and S
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To quantify the relationship between solution pH and {001} facets growth of 

anatase TiO
2
 crystals (samples obtained with pH  5.8), the average {001} faceted 

planar area (denoted as S
{001}

, and estimated in term of square

22

) and corresponding A
F

values were carefully measured. Figure 3.17b shows the plot of A
F
/A

F(0)
 (where A

F(0) 

represents the fitted peak area of F 1s at pH = 1.2) against S
{001}

. An interesting well 

defined linear relationship (R

2

 = 0.999) was obtained. Data shown in Figure 3.17b also 

alludes to that the {001} faceted planar surface area would approach to zero ({001} 

facets can no longer be preserved) when the surface-bonded fluorine was reduced to a 

critical value (i.e., A
F
/A

F(0) F

to pH > 5.8. Considering {101} facets dominated TiO
2
 nanocrystals (Figures 3.16a and 

b) obtained at pH 6.6, and a further increase in solution pH will lead to the formation of 

titanate nanorods/nanosheets (Figures 3.16c–f), it can be concluded that the amount of 

surface-bonded fluorine becomes insufficient for {001} facets preservation in a nearly 

neutral medium. The above results demonstrate that solution pH determines the amount 

of surface-bonded fluorine, hence the {001} faceted planar surface area. Given the 

critical role solution pH plays, insight of surface fluorination processes under acid and 

alkaline conditions is extremely important and deserves a further investigation.

3.3.3.3 Mechanistic Role of HF

To understand the effect of solution pH on {001} facets growth of anatase TiO
2
, 

DFT was used to calculate the reaction energies of the adsorption of the dominant 

adsorbent (via pH control) on (001) surface of anatase TiO
2
. In this work, the possible 

adsorption species could include HF, F

–

, H

+

 and Na

+

 (Na

+

 originated from NaOH for 

solution pH adjustment). Owing to the strong H D
0
 = 5.91 eV),

60

 HF 

is a weak acid (pKa = 3.17), which means that the HF molecules and Na

+

F

–

 will be the 

dominant species at low and high pHs, respectively (Figure 3.18). The adsorption of HF 

or Na

+

F

–

 on the anatase TiO
2
 (001) surface is therefore considered in DFT calculations 

to simulate situations in the acidic or nearly neutral medium, respectively, as shown in 

Figure 3.19. The strength of HF or Na

+

F

–

 interacting with (001) surface was reflected by 

their adsorption energy (∆E), which is calculated according to the following equation: 

 = E
tot

–E
surf

–E
ad
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where E
tot

 and E
surf

 are the optimized total energies of systems with and without 

adsorbent, respectively, E
ad

 represents the energy of the optimized isolated HF or the 

energy per Na

+

F

–

of the bulk crystal.
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Figure 3.18 Effect of pH on 0.5% (v/v) HF solution speciation.

DFT calculations confirm that under acidic conditions, the dissociative adsorption 

of HF molecules on {001} faceted crystal surfaces is energetically permitted as 

demonstrated by the strong adsorption energy of –1.75 eV (Figure 3.19a). In strong 

contrast, the interaction of Na

+

F

–

with {001} faceted crystal surfaces is 

thermodynamically prohibited as shown by the calculated adsorption energy of 0.47 eV 

(Figure 3.19b). The differences for HF and Na

+

F

–

 adsorption on {001} faceted surfaces 

of anatase TiO
2
 can be attributed to different bonding energies for O H and O Na. The 

bonding energy of O H (–4.43 eV) is almost 1.7 times of that for O Na (–2.65 eV).

60

As a result, the dissociative adsorption of HF molecules on {001} faceted surfaces is 

much favourable. The strongly adsorbed HF on (001) surface dramatically increases the 

length of surrounding Ti–O from 1.76 Å to 2.46 Å. In addition, the DFT calculations 

also demonstrate that the dissociative adsorption of HF molecules can effectively reduce 

the {001} faceted anatase TiO
2
 surface energy to –0.50 J/m

2

, which is obviously lower 

than the clean (001) surface energy of 0.90 J/m

2

 and the (101) surface energy of 0.44 

J/m

2

.

35

 This confirms that the surface fluorination via dissociative adsorption of HF 

facilitates the growth of {001} facets and stabilizes the grown {001} facets.
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Figure 3.19 Top view of HF/Na

+

F

–

 on an anatase TiO
2
 (001) surface with the (8 × 4) 

surface cell. a) the adsorption of HF; b) the adsorption of Na

+

F

–

.

The above demonstrated pH controlled growth can be attributed to two types of 

HF involvements in structural formation processes. On one hand, HF plays a key role as 

a dissolution reagent, providing basic building materials for structural formation.

46

 On 

the other hand, HF serves as a facet controlling reagent, facilitating the growth of {001} 

faceted surface and stabilising the grown {001} facets.

5,22

Under hydrothermal 

conditions, a high acidity (low pH, e.g., pH = 1.2) leads to a rapid dissolution of 

titanium substrate producing H
2
TiF

6
.

46

 The produced H
2
TiF

6
 reacts with H

2
O to form 

randomly oriented TiO
2
 seeds, which are subsequently aggregated and developed into 

TiO
2
 microspheres. At low pHs, the surface fluorination via dissociative adsorption of 

HF stabilizes the {001} faceted surface.

5,22,44

 This leads to the formation of TiO
2

microsphere having protrusive square-shaped surface structures with exposed plane 

{001} facets or truncated tetragonal bipyramidal shaped TiO
2
 nanocrystals with 

exposed {001} facets.

5,54

 When pH > 5.8, the HF induced dissolution process slows, 

leading to a slow structural formation process. In near neutral and basic reaction media 

(e.g., pH  6.6), the insufficient concentration of molecular form HF ([HF] 0.04%, 

Figure 3.18) dramatically reduces the extent of surface fluorination, leading to the 

formation of low surface energy {101} facets dominated anatase TiO
2
 and titanate 

nanorods/nanosheets. In other word, the presence of molecular form of HF but not F

–

 is 

essential for preservation of exposed {001} facets of anatase TiO
2
. Under such 

circumstances, the control of the reaction solution pH essentially controls the solution 

speciation. 
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3.3.3.4 Photoelectrocatalytic activities
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Figure 3.20 a) Voltammograms of TiO
2
 nanostructured photoanodes synthesized at

different pH solutions obtained from 0.10 M NaNO
3
 electrolyte. Scan rate = 5.0 mV/s 

and light intensity = 6.6 mW/cm

2

. b) Voltammograms of anatase TiO
2
 nanocrystal 

photoanode synthesized at pH = 5.8 obtained in 0.10 M NaNO
3
 electrolyte at different 

light intensity. c) Voltammograms of anatase TiO
2
 nanoparticulate film photoanode 

synthesized by sol-gel method obtained in 0.10 M NaNO
3
 electrolyte at different light 

intensity. d) Plots of saturation photocurrents for two TiO
2
 nanostructured photoanodes 

against light intensity. Saturation photocurrents were measured at 0.4 V and derived 

from b and c, respectively.

The superior photocatalytic activity of anatase TiO
2
 crystals with exposed {001} 

facets has been previously reported.

5,22

 However, the photoelectrocatalytic activity of 

anatase TiO
2
 crystals with exposed {001} facets have not yet been reported. In the 

experiment, water was chosen as a probe compound to evaluate the 

photoelectrocatalytic activity. Prior to measurements, all photoanodes fabricated by 

directly grown anatase TiO
2
 nanostructures with exposed {001} facets on the titanium 

foil substrates were subjected to a calcination treatment at 600°C for 1.5 h in air to 

remove the surface-bonded fluorine without altering the as-synthesized 

a) b)

c) d)
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nanostructures.

22–23

 No noticeable change in morphology was observed. XRD 

investigation suggests no phase transformation taken place during calcination for 

anatase TiO
2
 nanocrystal photoanode (obtained at pH = 5.8).

22–23

Similar results were 

also obtained for anatase TiO
2
 microsphere products fabricated at other pH solutions. 

For comparison, anatase TiO
2
 nanoparticulate film photoanode was also prepared.

13,30,38

It should be noted that the TiO
2
 microsphere sample obtained at pH 1.2 cannot be used 

as photoanode for photoelectrocatalytic experiment because of almost dissolved 

titanium foil after 3 h of reaction in strong acidic solution.

Figure 3.20a shows the voltammograms of water oxidation at a set of photoanodes 

made of truncated tetragonal bipyramidal shaped TiO
2
 nanocrystals (pH 5.8) or TiO

2 

microspheres (pH 2.2 and pH 3.9) with exposed {001} facets in 0.10 M NaNO
3

electrolyte, with or without UV illumination. It can be seen that without UV 

illumination, no measurable photocurrent was observed. Under UV illumination, all 

photoanodes investigated exhibit the identical I
ph

E characteristics. In all cases, the 

photocurrent increased linearly with applied potential bias within the lower potential 

range because the overall photocatalytic process was limited by the photoelectron 

transport inside the photocatalyst layer.

13,38

 The photocurrent saturated at higher 

potentials can be attributed to the limitation of the photohole generation/capture 

processes at TiO
2
 surface.

13,30,38,61

 Under such conditions, the measured saturation 

photocurrent (I
sph

) represents the maximum rate of photoelectrocatalytic oxidation of 

water.

13,30,49,61

 Amongst all photoanodes, the highest photoactivity toward water 

oxidation was obtained from the photoanode fabricated by the dispersive anatase TiO
2

nanocrystals obtained at pH 5.8. The photoelectrocatalytic activity of the anatase TiO
2

microspheres was found to be directly related to the sizes of microspheres rather than 

their {001} faceted surface areas. An increase in the microsphere size leads to a 

decrease in the photoelectrocatalytic activity. The photoelectrocatalytic activity of the 

dispersive anatase TiO
2
 nanocrystal photoanode was subsequently compared with that 

of the anatase TiO
2
 nanoparticulate film photoanode.

13,30,38,61

 Figures 3.20b and c show 

the voltammograms of the two nanostructured photoanodes in a 0.10 M NaNO
3

electrolyte, with or without UV illumination. I
sph

 values under different light intensities 

were derived from voltammograms shown in Figures 3.20b and c at 0.40 V, and plotted 

the UV light intensities,  (Figure 3.20d). Linear relationships were obtained for both 

photoanodes shown slope values of 0.0463 mA/mW (R

2 

= 0.997) and 0.0158 mA/mW 
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(R

2 

= 0.996) for the nanocrystal and nanoparticulate film photoanodes, respectively. 

Because slopes of I
sph

- uantitatively represents the photoelectrocatalytic 

activity of the photoanodes. Figure 3.20d revealed that the slope obtained from the 

dispersive anatase TiO
2
 nanocrystals with exposed {001} facets was nearly 3 times of 

that for the anatase TiO
2
 nanoparticulate film photoanode, confirming a significantly 

improved photoelectrocatalytic activity. 

3.4 Conclusion

Anatase TiO
2
 microspheres with controlled surface morphologies and exposed 

crystal facets can be directly grown on titanium foil substrates via a facile, one-pot 

hydrothermal method by controlling the hydrothermal reaction time and pH without the 

need to use templating reagents. Surface morphology changes were found to accompany 

with the changes of surface crystal facets. The microspheres with exposed square-

shaped plane {001} facets and nanosheets {101} facets can be obtained from controlled 

reaction times of 1 h and 24 h, respectively. These surface morphologies and crystal 

facets transformations during hydrothermal processes are governed by the 

compositional changes of the reaction media and driven by dynamically shifted 

dissolution/deposition equilibriums. The photoanode made of anatase TiO
2

microspheres with exposed {001} reactive facets demonstrated a significantly improved 

photocatalytic activity towards water oxidation when compared to the anatase TiO
2

microspheres with {101} facets. The selective etching of {001} facet of anatase crystal 

by HF can be ascribed to the different geometrical arrangement of oxygen and titanium 

atoms on {001} and {101} faced surfaces. The DFT calculation indicated that at low 

HF concentration, HF acts as a stabilizer facilitating the growth of the {001} facets, and 

preserving the {001} faceted surface. At high HF concentration, however, HF 

selectively destroys the {001} faced surface through the surface OH replacement and –

TiOF
2
 dissolution processes. It is also demonstrated that under hydrothermal conditions 

and in presence of HF, the controlled growth of TiO
2
 crystals with different size, shape, 

morphology, crystalline phase and facet can be achieved by simply controlling the pH 

of reaction media. Anatase TiO
2
 crystals with exposed {001} facets can be directly 

fabricated on titanium foil substrate by controlling the reaction media pH 5.8. DFT 

calculations have confirmed that the {001} faceted anatase TiO
2
 surface fluorination 

can occur only through dissociative adsorption of molecular form HF under acidic 
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conditions, while the surface fluorination via adsorption of Na

+

F

–

 is thermodynamically 

prohibited. It is conclusive that the presence of molecular form of HF but not F

–

 is 

essential for preservation of exposed {001} facets of anatase TiO
2
. The extent of the 

surface fluorination strongly depends on the concentration of HF molecules that 

determines the size, shape, morphology and the {001} faceted planar surface area of the 

resultant anatase TiO
2
 crystals. The fabricated anatase TiO

2
 nanocrystals with exposed 

{001} facets demonstrated a significantly improved photoelectrocatalytic activity 

toward water oxidation, confirming the superiority of the {001} faceted anatase crystal 

surfaces for photocatalysis and photoelectrocatalysis based applications. Also, results 

from the calculation clarify the mechanistic role of HF for controlling the crystal facet 

growth, providing a facile means for massive production of desired nanostructures on 

solid substrates for other metal oxides.
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CHAPTER 4 SYNTHESIS, CHARACTERIZATION, AND ROLLING-UP 

GROWTH MECHANISM OF MULTILAYERED TITANATE 

NANOTUBES THROUGH A VAPOUR PHASE 

HYDROTHERMAL METHOD

4.1 Introduction

The discovery of carbon nanotube

1

 has aroused an ever tremendous interest in 

fabricating one-dimensional (1D) tubular nanostructures because of their unique 

mechanical, electronic, structural properties and promising potential applications.

2–5

 Up 

till now, a large range of nanotubes have been synthesized in this regard, some of them 

have multilayer structures, such as metal sulphides (MS
2
, M = W,

6

 Mo,

7–8

 Nb,

9

 Ta,

10

Ti,

11

 Hf,

11

 Zr,

11

 etc.), B
x
C

y
N

z
,

12–13

 NiCl
2
,

14

 VO
x
,

15

-MnO
2
,

16

 titanates,

17–18

 niobates,

19

silicates,

20

 Bi,

21

 whereas some do not, i.e., other chalcogenides (SiO
2
,

22

 Al
2
O

3
,

23

, 

In
2
O

3
,

24

 Ga
2
O

3
,

24

 ZnO,

25–26

 CdS,

27

 ZnS,

28

 CdSe,

27

) GaN,

29

 hydroxides of IIIB group 

elements

30

 and metals (Co, Fe

31

).

Numerous efforts have also been made to study nanotube formation mechanism. 

Under synthetic conditions, it is widely accepted that the 2D layered nanostructures tend 

to warp, roll into nanotubes. Clear rolling processes have been experimentally 

confirmed during the preparation of inorganic nanotubes/nanoscroll, such as carbon,

32–33

MoS
2
,

34

 WS
2
,

35–37

 Mo
2
C,

38

 InGaAs,

39

 SiGe,

40

 SrAl
2
O

4
,

41

 WO
3
�H

2
O,

42

 niobate,

19,43

TiO
2

44

 etc. Besides, calculations and stimulations have been conducted to study 

formation mechanism of nanotubes/nanoscrolls.

45–46

 It is believed that driven by 

external energy, there is a tendency for flexible two-dimensional (2D) layered 

nanostructures to curl to saturate dangling bonds. The surface energy will be eventually 

reduced at the expense of introducing structure stain energy due to the bond 

distortion.

46–50

 The initiation of warping 2D nanostructure was attributed to asymmetric 

crystal or chemical characteristics within 2D nanostructure, for example, elastic 

strain/lattice mismatch,

39–40

 ion deficiency,

46

 intrinsic layer asymmetry,

19

 layer width 

imbalance

51

 or mechanical stress.

44

 The rolling/scrolling will be terminated at the point 

when surface free energy balances with elastic strain introduced from the curvature. 

Nevertheless, despite of numerous investigations on the formation of 1D concentric 

nanotube, details about a critical seaming process i.e., how the edges of multilayered 

nanosheet match and joint together to form a symmetric nanotube, are still mysterious.
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Additionally, as to a synthesis of titanate nanotubes in liquid phase hydrothermal 

(LPH) method (see details in Chapter 2), resultant nanotubes have exclusively 

dimensional properties: outer diameter between 8–12 nm with a small tunnel diameter 

(about 5 nm) with thin multilayered walls (2 nm thick walls with 2–4 layers).

51–52

 No 

other nanotube with exceptional size has been prepared in liquid phase synthesis. The 

problem is closely co-related to the synthetic environment, which has been 

overwhelmingly used in previous studies. It is described in chapter 1 (section 1.4.3.) 

that outcomes of a vapour phase reaction may be tremendously different from the ones

in a bulk aqueous solutions due to the potentially faster mass transport efficiency and 

more complex reaction interfaces. Novel nanostructured materials will be probably 

obtained with achievable controllability or via distinct growth mechanism.

In this chapter, a vapour phase hydrothermal (VPH) synthesis of multilayered 

titanate nanotubes on Ti metal substrate has been demonstrated. The as-prepared

nanotubes have larger diameters and thicker walls than the counterparts prepared in 

traditional LPH method.

17–18

 The electron microscope observation suggested that they 

were grown from nanosheet via a distinct rolling and seaming process, i.e., joint of 

edges of nanosheet, rearrangement of crystal layer structures and eventual detachment 

of over-rolled segment. Effects of the alkalinity, temperature, ammonia solution and 

growth mechanism were investigated by a systemetic study. 

4.2 Experiment

4.2.1 Chemicals and Materials

NaOH (mini pearl, AR, Chem-supply), ethanol absolute (AR, Merck), methanol 

absolute (AR, Merck), acetone (AR, Merck), ammonia solution (30%, AR, Chem-

supply) and Rhodamine B (AR, Chem-supply) were used as received. All ammonia 

solutions were prepared using high purity water (Millipore Corp., 18 M  cm). Ti metal 

foil (0.25 mm, 99.7%, Aldrich) was washed in acetone and water under ultrasonic and 

dried in air before use.

4.2.2 Synthetic Methods

Thin NaOH layer was coated onto Ti foils by withdrawing from freshly prepared 

NaOH/alcohol solutions (0.01–5 M) at a speed of 1 mm s

–1

. Ethanol was used to prepare 

the solutions with a NaOH concentration lower than 2.5 M, while methanol is for higher 
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than 2.5 M. After dried at 60°C in an oven, the as-coated Ti foils were placed onto a 

Teflon holder in the Teflon-lined autoclave and steamed in ammonia atmosphere 

supplied by the evaporation of ammonium hydroxide solutions at 150°C for up to 72 h. 

The experimental setup is shown in Figure 4.1. After synthesis, Ti foils were rinsed in 

the water for times and finally dried under vacuum at room temperature for further 

characterizations.

Figure 4.1 The experimental procedure of vapour phase hydrothermal synthesis of 

titanate nanotubes in this chapter.

4.2.3 Characterizations

Morphological properties of the as-prepared samples were investigated by SEM 

JSM-6300 (for surface survey) and SEM JSM-890 (for cross-sectional observation) 

scanning electron microscope. Microstructure was examined by field emission TEM 

Tecnai 20 (F20) with an accelerating voltage of 200 kV. For a TEM sample, nanotubes

were scratched from titanium substrates and dispersed in ethanol under ultrasonic. 

Dispersed samples in this suspended liquid were transferred onto the TEM copper grids 

by a drop of the liquid. XRD data was collected with a Bruker X-ray diffractometer 

equipped with graphite monochromatic copper radiation (Cu Ka) operated at 40 kV and 

30 mA. Raman spectra were collected with a Renishaw 100 system Raman spectrometer 

using a 632.8 nm He-Ne laser. The scattered light was detected with a Peltier-cooled 

CCD detector with spectral resolution of 2 cm

1

. The grating was calibrated using the 

520 cm

1

 silicon band. UV-Vis absorption characteristics of samples were measured 

with Varian Model Cary 5000 UV-Vis-NIR spectrophotometer. X-ray photoelectron 

spectroscopy (XPS) data was acquired using Kratos Analytical Axis Ultra X-ray 

photoelectron spectrometer equipped with a monochromatic Al X-

1.487 keV). The C 1s was used as the charge reference with a binding energy of 284.8 

eV.

NaOH 

coating

NH
3
, H

2
O

vapour

Ti plate

Ti plate 

with 

NaOH 

coating
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4.2.4 Photoelectrocatalysis

Figure 4.2 Experimental setup of the photoelectrocatalytic decomposition of 

Rhodamine B.

To evaluate the catalytic capability of the TiO
2
 nanotubes, the 

photoelectrocatalytic decomposition of Rhodamine B was carried out at room 

temperature in a flowing photoelectrochemical reactor (Figure 4.2).

53

A titanium plate 

(5 × 1.5 cm) with nanotubes was calcined at 450°C for 2 h and used as the working 

electrode. A platinum disc was used as the counter electrode. The illumination source 

for the reactor was a UV-LED array which was composed of four UV-LED lamps 

(NCCU003(T), Nichia Corporation). The specified peak wavelength of the UV-LED 

was 365 nm and the spectrum half width was 8 nm. The intensity of UV light was 

adjusted by a power supply and measured with an UV-irradiance meter (UV-A, Beijing 

Normal University). The thickness of the reaction chamber and the illumination area 

were 0.25 mm and 462 mm

2

respectively. Prior to the catalysis, 2 mL Rhodamine B 

solution (10 ppm) in a supporting electrolyte (2.0 M NaNO
3
) was pumped into the 

reaction loop. The photoelectrocatalytic reaction was initiated by circulating the 

solution by pumping and illuminating the reaction with UV light. The intensity of UV 

light was 32 mW/cm

2

 and the voltage between the working and counter electrodes was 

set as 0.6 V.

53

 A potentiostat (Model 362, Princeton Applied Research) was used to 

apply potential bias in the reaction cell. The process lasted for 10, 20 and 30 min. The 

solution in the reaction was then pumped out for further detection. The degraded 

UV light
Quartz 

Window

Nanotube

electrode

Valve

Pump

Counter

electrode

Flow 

inlet

Flow 

outlet

Sample 

reservoir

Sample 

collector
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percentage was evaluated by measuring the absorbance of resultant solutions at λ = 555 

nm using Shimadzu UV-1601 spectrophotometer.

4.3 Results and Discussions

4.3.1 Characterizations

4.3.1.1 Morphologies

A typical top-viewed SEM image of the as-prepared nanotubes is shown in Figure 

4.3a. The inset in Figure 4.3a shows high magnification SEM image of an individual 

nanotube. Nanotubes, about 50–80 nm in external diameter, a few hundreds nm in 

length, were formed on the surface of titanium substrate after 24 h VPH treatment. The 

hollow texture of the nanostructure was further confirmed by TEM image, shown in 

Figure 4.3b. The internal and external diameters of the nanotube were 40 and 55 nm 

respectively. Measurement from HRTEM image gave a interspacing between adjacent 

layers as 7.3 Å (Figure 4.3c). Compared with the titanate nanotubes made by LPH

synthesis, which have typically less than 5 layers, the nanotube had symmetric wall 

structure with 12 layers. We have measured more than 100 nanotubes, the average layer 

number and the interlayer spacing were 13 layers and 7.35 Å respectively (Figures 4.4a 

and b). 

Figure 4.3 Morphology of titanate nanotubes on Ti substrate. a) SEM image, b) TEM 

image, c) HRTEM image and d) SAED pattern of the titanate nanotube.

100nm
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Figure 4.4 Statistics of a) layer numbers and b) interlayer spacing distances.

4.3.1.2 Crystalline Phase

XRD data (Figure 4.5a) indicated that the as-prepared nanotubes possessed a 

similar crystal structure as titanate nanotubes prepared in LPH synthesis. Although 

varied possible crystalline structures (tetragonal anatase TiO
2
,

17–18

 monoclinic 

H
2
Ti

3
O

7
,

49,54–62

 monoclinic H
2
Ti

4
O

9
,

63

 orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O (

vacancy)

64–67

 and orthorhombic H
2
Ti

2
O

4
(OH)

2

49,68

/H
2
Ti

2
O

5
�H

2
O

69–70

) have been 

assigned to be the actual crystalline composition of hydrothermally made titanate 

nanotubes, more recent findings suggested that orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O

(  with a lepidocrocite-type layered structure was the optimal candidate that 

fitted the experimental results.

71–74

According to the XRD data, reflection peaks at 2  = 

9.8°, 24.5°, 28.2° and 48.3° correspond with (020), (110), (130) and (200) planes of the 

b)

a)
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H
0.7

Ti
1.825 0.175

O
4
�H

2
O ( crystal quite well. The rest reflections are 

originated from diffractions of bulk titanium substrate. Figure 4.3d shows the SAED 

pattern of the nanotube wall, which can be indexed to be the one with the incident beam 

along [001] direction. This alluded that the multilayered nanotube was rolled in [001] 

direction with tube axis along [100] direction. The interspacings measured from SAED

and XRD are in good agreement with theoretical values well (Table 4.1). It is to note 

that the smaller value of (020) plane spacing measured in electron diffraction was due to 

the loss of intercalated water molecules in the high-vacuum TEM observation.

64

Decreasing interspacings between layers were also found in Li intercalated TiS
2

nanotubes under irradiations of electron beam in a microscope.

75
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Figure 4.5 a) XRD data and b) Raman spectra of the titanate nanotubes prepared in 

both vapour and liquid phases. For the latter titanate nanotubes, hydrothermal reaction 

between Ti metal plate and 10 mL 10 M NaOH aqueous solution in an autoclave at 

150°C for 5 h was carried out (detail synthesis please see Chapter 2).

a)

b)
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Table 4.1 X-ray and electron diffraction data of titanate nanotubes.

H
0.7

Ti
1.825 0.175

O
4
�H

2
O

[a]

XRD SAED

d 2 (°) h k l

9.04 8.98 9.37 9.44 0 2 0

3.66 3.65 3.71 24.09 1 1 0

3.18 – 3.26 27.84 1 3 0

– 3.02 3.12 29.65 0 6 0

– 2.30 2.33 39.09 0 5 1

1.89 1.88 1.89 48.10 2 0 0

1.85 – 1.85 49.19 2 2 0

– 1.51 1.51 62.26 2 4 1

– 1.16 1.17 83.24 3 6 0

[a] Calculated from H
0.7

Ti
1.825 0.175

O
4
�H

2
O (ð = vacancy), body-centred orthorhombic 

(Immm), with cell parameters of a = 0.3783 nm, b = 1.8735 nm and c = 0.2978 nm. 

To further confirm the crystal composition of nanotubes, Raman spectrum was 

acquired by using a He-Ne (632.8 nm) laser (Figure 4.5b), since it is a powerful 

technique which has been previously used to identify the crystal structure of titanate 

nanotubes.

18,58,64–65,67,71,76–80

 The spectrum of nanotubes obtained by present method was 

consistent with the orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O (  titanate and the 

ones prepared in LPH methods.

18,58,64–65,67,71,76–80

It is also note that the Raman band at 

670 cm

–1

 for LPH nanotube was stronger than the 704 cm

–1

 band, while the opposite 

was observed for VPH nanotubes. This was once ascribed to shifting of A
g
 mode 

towards lower frequency direction upon the bending of TiO
6
 layers.

71

 However, recent 

studies suggested that relative intensities of these two bands were rather sensitive to pre-

treatment

81

 or moisture.

82

 The precise Raman assignments of the nanotubes bands are 

still unclear. 

It is widely accepted that guest cations located between the adjacent layers in the 

host TiO
6
 lamellar structure is exchangeable, considering the ammonia atmosphere 

using in present study, it is reasonable to suggest that the actual chemical composition 

of resultant nanotubes is partly ammonium intercalated titanate, i.e. (NH
4
)
x
Na

y
H

0.7–x–

y
Ti

1.825 0.175
O

4 
�H

2
O ( cy).

4.3.2 Effect of Synthetic Parameters

Influences of synthetic parameters on the resultant nanostructures were 

investigated by varying synthesis durations, temperature, NaOH coatings, ammonia 

solutions and using other alternative nitrogen species.
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4.3.2.1 Synthesis Time

SEM images obtained by time-resolved syntheses are shown in Figure 4.6. 

Vertically aligned nanosheets were developed on the plain Ti substrate (inset image in 

Figure 4.6a) after 3 h reaction (Figure 4.6a), similar to the structure prepared in aqueous 

solution.

83–84

 A further growth made nanosheets size larger in 6 h (Figure 4.6b). In this 

stage, bendings of nanosheets were dominant. Subsequently, mature nanotubes, seamed 

nanosheet and half-rolled nanosheets were found in 12 h (Figure 4.6c). An elongated 

reaction (24 h) can lead to a nanotube array with higher yield of mature nanotubes on 

the Ti substrate (Figure 4.6d). However, there was no significant improvement in the 

nanotube yield when the reaction was further extended (96 h). 

Figure 4.6 SEM images of microstructures fabricated in a) 3 h, b) 6 h, c) 12 h and d) 24

h. Inset image in a is the SEM image of original Titanium plate.

Obviously, crucial rolling and seaming processes have occurred to transform 2D 

nanosheets into 1D nanotubes. Details of this morphological evolution were 

investigated by observing SEM and TEM images randomly captured during this 

transformation stage, some of which are shown in Figure 4.7.

a) b)

c) d)

100nm 100nm

100nm 100nm

500nm



Chapter 4

141

Figure 4.7 a–d) SEM images of 2D nanosheets rolled into 1D nanotubes. e) Cross-

section TEM image of a joint of a scrolled nanosheet viewing along the scroll axis. f) 

Side-view TEM image of the nanotube with an exfoliating nanosheet. g) Magnified TEM 

image of the region marked with dash square in f.

Supported by external energy, multilayered titanate nanosheets tended to warp and 

roll (Figure 4.7a). Later, one end of the rolled nanosheet joined to its intrados at the 

middle (arrow in Figure 4.7b). Figure 4.7e shows a TEM image of the junction viewed 

from the tube axis. It can be seen that the second, third, forth inner layers of the joining 

end merged into the same host layer, i.e., second inner layer of the intrados (left arrow 

in Figure 4.7e), while other layers are undergoing the merging process (right arrow in 

Figure 4.7e). Clearly, other than physically attached, the junction was based on a 

crystallographic configuration of titanate multilayered structure. The multiple layers 

within the joint are able to be rearranged by inter-layer merging and splitting. When 

joint between the joining end and the host wall became sufficiently strong (the 

rearrangement is accomplished), the over-rolled segment (from the joint to another end 

of the nanosheet) started to disengage from the tubular matrix. It was observed that 

departure of the segment was initiated from the top rim of nanotubular structure (arrow 

in Figure 4.7c). Figure 4.7d shows a nearly mature nanotube with a small connection 

with a peeling-off segment. TEM image of the detaching segment (Figures 4.7f and g) 

illustrates a “Y” shaped junction with 11 layers on the branches and 15 layers on the 

infalls. Again, disengagement of the over-rolled segment was completed via a 
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crystallographic rearrangement of layer structure (arrows in Figure 4.7g) from the top 

towards the root of nanotube. It should be noted that the circularity of the nanotubular 

structure has been improved from an ellipse type (Figure 4.7b) to a perfect circle shape 

(Figure 4.7d) viewed from the tube axis direction due to the even elastic stain 

distribution along the tubular cylinder wall after the establishment of orbicular 

multilayered structure.
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Figure 4.8 a) XRD data and b) UV-Vis absorption spectra of the samples prepared in 

different durations (6–96 h).

XRD data of the samples prepared from 6 to 96 h (Figure 4.8a) exhibit a identical 

diffraction patterns with reflection peaks at 2  = 9.8°, 24.5°, 28.2° and 48.3°, which are 

correspondent to (020), (110), (130) and (200) planes of the H
0.7

Ti
1.825 0.175

O
4
�H

2
O (

= vacancy) structure respectively. This confirms absence of crystallinity phase 

a)

b)
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transformation during the VPH reaction and hence nanotube formations are not 

triggered by crystallinity changes. 

The UV-Vis absorption spetra of the samples prepared from 3 to 72 h are shown 

in Figure 4.8b. No obvious shifting of the absorbance edges was observed during the 

reaction. Details about the absorbance within titanate nanotube layers will be discussed 

later. 

Figure 4.9 Profile of water droplet on the a) titanium plate and the samples prepared in 

b) 3 h, c) 6 h, d) 12 h, e) 18 h and f) 24 h at 150°C.

The reaction duration also affect hydrophobic/hydrophilic properties of samples 

(Figure 4.9). As the titanate nanotube layer was established on the surface, contact 

angles with a drop of water decreased, indicating hydrophilic properties of sample 

surfaces have been improved probably due to the hydroxyl-rich surfaces of titanate 

nanotubes. 

a) b)

c) d)

e) f)
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4.3.2.2 Reaction Temperature

Figure 4.10 SEM images of samples prepared at different temperatures for 24 h: a) 75, 

b) 105, c) 130, d) 150, e) 165, f) 180 and g) 200°C. Inset of g) shows a HRTEM image 

of a brookite nanorod prepared at 200°C.

Figure 4.10 shows SEM images of the samples prepared at varied temperature for 

24 h. After VPH reaction at 75°C, the short nanosheets were dominantly found on the 

surface with only minority of curved shapes (Figure 4.10a). Higher temperatures (105, 

100nm

g)

100nm

f)

100nm

e)

100nm

a)

100nm

d)

100nm
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100nm

b)
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130°C) led to higher yield of nanotubes (Figure 4.10b and c). At 150°C, nanotubes were 

dominantly synthesized as shown in Figure 4.10d. However, yield of nanotubes was not 

further improved at 165°C (Figure 4.10e). When higher temperatures were used (180 

and 200°C), highly crystalline nanorods rather than hollow nanotubes were synthesized 

(Figures 4.10f and g). 
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Figure 4.11 XRD data of the samples prepared at different temperatures.

Crystalline structures of the structures prepared at different temperatures were 

detected by XRD analysis (Figure 4.11). At low temperature, no any crystalline phase 

was formed on the surface, although short nanosheets were observed on the surface. 

Identical reflection peaks were obtained from 105–165°C, which can be attributed to an 

orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O (ð = vacancy) crystalline phase. The 

characteristic reflections disappear in the XRD data of samples prepared in 180 and 

200°C. Instead, brookite type reflection peaks were dominant. HRTEM image shown in 

Figure 4.10b can be indexed to be the one with a [121] zone axis. Brookite 

nanocrystalline materials were also synthesized with ammonia solution at comparable 

temperatures in other reports.

85–87

 Results for the synthesis of brookite nanorods will be 

further discussed in Chapter 6. 
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Figure 4.12 UV-Vis absorption spectra of the samples prepared at different 

temperatures (75–180°C).
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Figure 4.13 Plots of (α�hυ)
2

 against hυ by using the UV-Vis absorbance spectra of 

titanate nanotubes and brookite nanorods shown in Figure 4.12 .

Consistent with XRD data and SEM images, UV-Vis absorption spectra of the 

samples prepared at various temperatures (Figure 4.12) shows corresponding 

absorbance according to nanosheets (75°C), nanotubes (105–165°C) and brookite 

nanorod (180°C). Band gap of the brookite nanorod was estimated to be 3.34 eV 

compared with 3.59 eV of titanate nanotubes (Figure 4.13). Published values for 

brookite nanomaterials range from 3.1 to 3.4 eV.

88–90

 And there has been no consensus 

on whether direct or indirect transitions dominate the optical response. 
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4.3.2.3 Alkalinity

The effect of alkalinity on resultant structures was investigated by varying the 

amount of NaOH by changing NaOH concentrations of dip-coating solutions from 0.01 

to 5 M prior to coating procedures. SEM images of the resultant nanostructures are 

shown in Figure 4.14. 

Figure 4.14 SEM images of samples prepared with the NaOH coatings dip-coated from 

NaOH ethanol solutions at 150°C for 24 h. Methanol was used for the concentration 

higher than 2.5 M. a) 0.01 M, b) 0.1 M, c) 0.25 M, d) 0.5 M, e) 0.75 M, f) 1 M, g) 1.5 M, 

h) 2 M, i) 2.5 M, j) 3 M, k) 4 M and l) 5 M. 
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Figure 4.15 UV-Vis absorption spectra of the samples prepared under different 

alkalinity by varying NaOH concentrations in NaOH alcohol solutions. a) 0.01–1 M, b) 

1.5–5 M.

Alkalinity control during VPH reaction is crucial to yield titanate nanotubes. 

When the alkalinity was low (coated from 0.01 M, Figure 4.14a), the growth of 

nanosheet was largely retarded, therefore no rolling of nanosheets was observed. As the 

alkalinity was appropriate (coated from 0.1–1 M, Figures 4.14b–f), the growth and

rolling of nanosheets were promoted, which led to formation of nanotubes. However, 

the further increase of alkalinity (coated from 1.5–3 M, Figures 4.14g–i) will result in 

an overwhelming growth of giant nanosheets. It is quite difficult for these nanosheets to 

roll into nanotubes due to spacial limitations and larger sizes. Also it is also likely that 

the rolling and seaming of nanosheets into nanotubes can only occur by specific 

anisotropic growth within a range of alkalinity control. Additionally, the fact that 

a)

b)
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nanotube diameters were measured within in a range from 30–80 nm implied there may 

exist an optimal width of the nanosheet which can be rolled into a nanotube. Extremely 

low yield of nanotubes was resulted when the concentration of coating solution was 

higher than 4 M (Figures 4.14k and l). As the UV-Vis absorption spectra of samples 

prepared in varied alkalinities shown in Figure 4.15, the samples exhibited similar 

absorbance edge between 330–350 nm, and thus band gap energies were estimated to be

between 3.54–3.75 eV.

4.3.2.4 Ammonia Solutions

Effects of ammonia atmosphere on the resultant structures were studied by 

varying ammonia solution concentrations and volumes. Surprisingly, when water was 

used, most perpendicularly oriented nanosheets without any obvious curvature were 

obtained although a minority of nanotubes were occasionally formed by bending of 

nanosheet due to spacial confinement (Figure 4.16a). The multilayered structure of 

nanosheets was confirmed in the TEM image (inset in Figure 4.16a). A measurement of 

the interspacing between adjacent layers gave smaller value, 7.0 Å, probably due to the 

absence of ammonium cations intercalation. These results indicated clearly that 

introduction of ammonia atmosphere played a crucial role in nanosheet bending and 

rolling process. The yield of nanotubes was improved when the ammonia concentration 

was increased (Figures 4.16b–e). When the concentration reached 30%, uniform 

nanotubes with a highest yield was obtained. 

Figure 4.16 SEM images of the samples prepared at 150°C for 24 h in the humid 

vapour supplied by varied solutions: a) water, b) 6%, c) 12%, d) 18%, e) 24% and f) 

30% ammonia aqueous solutions. Scale bar in a) is 10 nm.
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Figure 4.17 SEM images of the samples prepared at 150°C for 24 h in the humid 

vapours supplied by ammonia solutions (30%) with varied volumes: a) 1 mL, b) 3 mL, c) 

5 mL, d) 10 mL, e) 20 mL and f) 40 mL.
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Figure 4.18 UV-Vis absorption spectra of the samples prepared at 150°C for 24 h in 

the humid vapour supplied by ammonia solutions (30%) with varied volumes (1–40 mL).

Furthermore, effect of ammonia solution (30%) volume used in VPH synthesis 

was also studied. The SEM images are shown in Figure 4.17. When only 1 mL 

ammonia solution was used (Figure 4.17a), large percentage of curved nanosheet was 

present in the sample. The yield of nanotubes was improved when larger volumes were 

used (Figures 4.17 b–d). However, excessive amounts of ammonia solutions did not 

further promote nanotube growths as shown in Figures 4.17e and f. On the contrary, 

relatively lower nanotube yield was obtained. Moreover, the UV-Vis absorption spectra 

(Figure 4.18) show similar absorbance edges for all cases, indicating there are no 
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considerable differences in the band structures of samples prepared with various 

amounts of ammonia solutions.

4.3.2.5 Nitrogen Species

Since the presence of ammonia is critical for nanosheet rolling process, it is 

worthwhile to study the actual role that nitrogen species are playing in the synthesis. 

General understandings on the thermodynamics of transformation from 2D nanosheet 

into 1D nanotube is: spontaneous curving or rolling of nanosheets is triggered by 

physical or chemical asymmetry within the two sides of nanosheets to reduce the 

surface free energy by saturating the dangling bond. Based on our findings, however, 

absence of such behaviour in ammonia-free preparation implied that compared with the 

surface free energy, chemical environment was more important to be considered for 

nanosheet rolling, which is consistent with the previous report by Mallouk and co-

researchers.

19

 They exfoliated a lamellar hexaniobate structure, they found surface free 

energies between coiled and uncoiled forms were relatively small, and both colloid 

concentration and pH were critical for the rolling process.

Figure 4.19 SEM images of the samples prepared at 150°C for 24 h with other salts in 

water atmosphere: a) NH
4
Cl, b) NH

4
NO

3
, c)(NH

4
)
2
SO

4
 and d) BaCl

2
.
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200nm

c)

200nm

b)

200nm

a)



Chapter 4

152

Based on our SEM observation, symmetric nanotubes were established by curlings

of homogeneous multilayered nanosheets. The existing models of either lattice 

mismatch of hetero-phased double layer

39–40

 or rolling of asymmetric single layer

19,46

are not suitable to be applied to our findings. Neither did we find any closure behaviour 

of tubular tunnel proposed in carbon nanotube studies.

91–92

 There are, however, possible 

explanations about asymmetric chemical or physical properties on two sides of 

nanosheets upon the introduction of ammonia vapour. One is uneven intercalations of 

ammonium cations into the lamellar titanate host structure, which will give rise to 

certain degree of polarization that induces the curvature. To verify this hypothesis, 

ammonium ion was introduced into the reaction by addition of ammonium salts into the 

NaOH coatings prior to VPH synthesis. Barium salt was also tested due to similar sizes 

of Ba

2+

 and NH
4

+

. Water, rather than ammonia solution, was used as a vapour source. 

We obtained immature nanosheets without obvious curling on resultant titanium foils, 

as shown in Figure 4.19. Therefore, uneven intercalations of ammonium guest cations 

into the host titanate lamellar structure is not the main reason nanosheet curvature. 

Figure 4.20 SEM images of the samples prepared at 150°C for 24 h by using hydrazine 

instead of ammonia solution.

Another possibility is the hydrogen bond formed on the surface of the titanate 

nanosheet. It is well known that M–O–H groups can be readily formed on the surfaces 

of TiO
2
, titanate and other metal oxides. In the ammonia-free system, hydrogen bond 

M–O–H···O can be formed between surface hydroxyl groups and water molecules, 

while under synthetic conditions used in VPH reaction, it is reasonable to consider that 

surface hydroxyl groups interact also with the ammonia molecules to form M–O–H···N 

bonds. Although in principle, oxygen is predicted to form stronger hydrogen bond than 

nitrogen due to its higher electron negativity, it was found that the opposite was true 

200nm
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when electrostatic interactions were taken into account.

93

Also, owing to the fact that 

titanate nanosheet surface is negatively charged, less negatively charged nitrogen atoms 

in ammonia molecules are expected to approach to the titanate surface even easier than 

oxygen atoms in water molecules. We believe that competitive attachments of surface 

H···O and H···N bonds would introduce a certain degree of surface symmetry within a

nanosheet and thus the curling of the resultant sample. To test our assumption, tentative 

experiment was conducted by replacing the ammonia solution with hydrazine 

(NH
2
NH

2
) solution. SEM image showed that nanotubes were successfully formed on 

the substrate, as displayed in Figure 4.20, supportive to our hypothesis. Nevertheless, 

detailed studies on kinetics and thermodynamics of the interaction between annealing 

vapour molecules and the titanate nanosheet surface and thereafter how they influence 

the curvature is imperative. 
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Figure 4.21 a) XRD data and b) UV-Vis absorption spectra of titanate nanotubes and 

nanosheets with and without additional calcination at 450°C for 3 h. c) N 1s XPS data 

of the nanotubes.
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Another concern about the effect of ammonia is whether the nitrogen species has 

been doped into the titanate lattice leading to a shifted band position of the 

semiconductor. It has been reported that visible light responsive titanate or titanate 

related 1D nanostructures were prepared by chemical approach in ammonia,

94

ammonium solutions

95

 or thermal treatment in ammonia atmosphere.

96–98

 In this study, 

XRD analysis, UV-Vis absorption spectra and X-ray photoelectron emission 

spectroscopy were used to investigate the crystalline structure, optical absorption 

behaviour and bond characteristics of titanate nanotubes and nanosheets prepared with 

and without ammonia atmosphere.
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Figure 4.22 N 1s XPS data of nanotubes before calcination.

As XRD data shown in Figure 4.21a, nanotubes and nanosheets prepared with and 

without ammonia solution share an identical orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O (

vacancy) crystalline phase, which can be transformed into anatase after 3 h calcination. 

The absorbance edges of titanate nanotubes and nanosheets were comparable (Figure 

4.21b), indicating that they possess similar band gaps and there was no doping of 

nitrogen atom into the titanate lattice. Moreover, XPS analysis (Figure 4.22) of the 

titanate nanotubes exhibited two N 1s bonds with the binding energies centred at 399.3 

eV and 401.3 eV, which can be attributed to the molecularly chemisorbed nitrogen ( -

N).

99–100

 No N
1s

 peak was detected in the XPS data after the calcination at 450°C, which 

was consistent with the absorbance data, supporting the absence of nitrogen doping. It is 

to note that the visible absorbance of nanotubes after 450°C calcination (Figure 4.21b) 
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was resulted from multiple-beam interference within the transparent nanotube layer on 

titanium substrate, which was commonly found on titanium originated thin films.

101–103

4.3.3 Formation Mechanism

Based on above electron microscope observation, the comprehensive formation 

process is visualized in Figure 4.23. It is to note that under the saturated humid vapour, 

an autogenous water film will cover the surface of the Ti metal substrate so that the 

reaction can be understood as a thin film hydrothermal process. 

a) b) c) d)

h) g) f) e)

Figure 4.23 Comprehensive rolling and seaming growth mechanism of titanate 

nanotubes in VPH synthesis.

At the beginning of reaction, Ti species is dissolved under alkaline corrosion 

(Figure 4.23a) and then crystallized on the substrate under saturation (Figure 4.23b), 

leading to sheet like titanate structures. The nanosheets become longer via continuous 

crystal growth, and more importantly, start to curl (Figure 4.23c) given by appropriated 

anisotropic growth of nanosheets which can be controlled by reaction alkalinity (NaOH 

coating between 0.25 M and 2.5 M), until the one end of nanosheet attaches its intrados 

at the middle (Figure 4.23d). This can be explained by the needs to saturate surface

dangling bonds.

104

 In this rolling process, ammonia or other nitrogen species may create 

an asymmetry on the nanosheet by competitively absorb on the two sides of nanosheets, 

leading to a nanosheet movement to release system energy. A critical seaming process 

(Figure 4.23e) probably follows: the joining end and the nanosheet intrados are attached 
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and merged together originally via crystal merging of the inner-most and outer-most 

layers of the joining end into the same host intrados layer (top right picture in Figure 

4.23f). The further merging of the lamellar structure is expected to occur in deeper 

layers (middle right picture in Figure 4.23f) resulting “Y” shaped junction with equal 

numbers of layer shared by the infalls (bottom pictures in Figure 4.23f). The 

merging/rearrangement of lamellar structure proceeds from inner layers to outer layers 

on another branch of “Y” shaped junction (middle left picture in Figure 4.23f), leading 

larger number of close annularity (top left picture in Figure 4.23f). It is not until the 

merging process was completed, i.e., all the layers of the joining end fully replaced the 

over-rolled nanosheet segment, that the segment starts to disengage from the top rim 

towards the bottom of nanotube (Figure 4.23g). Eventually, mature nanotube is fully 

established (Figure 4.23h). 

Either scroll of monolayered nanosheets

46

 or oriented crystal growth

105

mechanism has been proposed for the traditional LPH reaction. In our nanotube 

samples, although the number of layers varied from 5 to 26 (Figure 4.4a), none of single 

layered structure was observed. A multilayered nanosheet rolling up model

51

 is more 

suitable for our case.

The transformation from 2D nanosheet into 1D nanotube was rather 

straightforward and fundamentally based on essential merging and rearrangement 

behaviours of lamellar structure. These phenomena seem to be common in lamellar 

tubular structures. For example, interlayer fusions and rearrangements were observed 

during the growth of carbon nanotubes under electron beam irradiation.

106

 Defects and 

dislocations in the layers of kinetic BN nanotubes prepared from chemical vapour 

deposition (CVD) have also been witnessed.

107–108

 In contrast, the crystal growth in our 

synthesis occurs under a dissolution/precipitation equilibrium, in which rearrangements

of layer configuration with lower systemic energy will be more thermodynamically 

favoured than the CVD method. In fact, rearrangements and movements of TiO
6

octahedra framework within the layers are rather common and found to be independent 

to the sheet size. It was found that even a short nanosheet could be able to curl into 

nanosized conical with close end (Figure 4.24) given a more frequent and intense plane 

dislocation and layer merging.
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Figure 4.24 a) TEM image of a closed ended nanostructure resulted from curling of 

nanosheet. b) HRTEM image of the region specified with dashed rectangle. The 

upwards arrows indicate lamellar dislocations and the downwards arrows show 

lamellar merging.

Moreover, the VPH interface is another critical aspect for the synthesis of rolled 

and seamed titanate nanotubes. At the same temperature, the aqueous reaction of Ti 

substrate with ammonia solution produced only giant crystals on the substrate, while 

VPH reaction without ammonia vapour generated uncurled titanate nanosheets. A 

vapour phase hydrothermal reaction was firstly adopted for the synthesis of zeolite with 

the aid of organic surfactant vapour.

109

 Recently, it was reported by Yang et al.that 

nanostructures are tuneable by adjusting HCl concentrations in acidic VPH synthesis.

110

Nanosized pillars

111

 and rods

112

 were prepared by annealing NaOH-coated Ti substrates

at high temperature with or without humid air in oven. However, no previous report on 

the synthesis of titanate nanotube in VPH synthesis is available. The further 

investigation on how VPH reaction system benefits the seaming of jointed nanosheet is 

imperative. 

4.3.4 Photoelectrocatalytic Application

The titanate nanotubes prepared in traditional LPH synthesis have been used in a 

wide range of applications, such as catalysis supports,

113–115

 Lithium batteries,

116–117

photo catalysis,

67,95,118–119

 solar cell,

111,120–121

 sensing technology.

122–123

 In this study, 

photocatalysis performance of nanotubes is investigated. For most of the applications, 

immobilizations of titanate nanotubes onto conductive substrates are necessary. In our 

case, no additional treatment is required because nanotubes are grown directly from a 

titanium substrate. 

a)

b)
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4.3.4.1 Transformation into TiO
2
 nanotubes

After calcination in air at 450°C for 2 h, the crystalline phase of nanotubes can be 

readily transformed from titanate into anatase (XRD shown in Figure 4.26a and Raman 

spectra shown in Figure 4.26b) with nanotubular morphology being unchanged (Figure 

4.25a). The hollow texture is evidently observed in a HRTEM image (Figure 4.25b).

The 3.5  interspacing is well consistent with the (101) plane of anatase crystal.

Calcination at 700°C, however, would destroy the nanotubular structure, leading to 

rutile nanoparticles as shown in the SEM image in Figure 4.25c and Raman spectra in 

Figure 4.26. Figure 4.25d shows the TEM image of a rutile nanoparticle, of which 

SAED patterns can be indexed to be one with the [010] zone axis (Figure 4.25e). The 

HRTEM (Figure 4.25f) exhibit 3.5 and 4.8  interspacings with the interfacial angle of 

68°, which are corresponding to (101) and (002) planes of rutile crystal respectively.

Figure 4.25 a) SEM image and b) HRTEM image of the sample after calcination at 

450°C. Inset in b) is the magnified image of the region specified with dash square. c) 

SEM image, d) TEM image e) SAED and f) HRTEM image of the sample after calcined 

at 700°C.
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Figure 4.26 a) XRD data and b) Raman spectra of samples after calcinations at 450 

and 700°C for 2 h.

4.3.4.2 Photoelectrocatalysis

It is generally accepted that the anatase based nanostructures with wide band gap 

energy (3.2 eV) is one of the versatile candidates for photocatalysis, 

photoelectrocatalysis and energy conversion applications. Based on a flowing 

photoelectrocatalysis system,

53

 the catalytic efficiency of as-calcined anatase nanotubes 

was examined by the decomposition of Rhodamine B in aqueous supporting electrolyte. 

Rhodamine B is used extensively in biotechnology applications such as fluorescence 

microscopy, flow cytometry and fluorescence correlation spectroscopy. As shown in 

Figure 4.27, after only 30 min running, nearly 100% of Rhodamine B was degraded. 

The outstanding catalytic powder was closely correlated to the large surface area that 

a)

b)
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nanotubes possessed. Beside the photoelectrocatalysis, the nanoporous nanotubes are 

believed to act as competent candidate for DSSC, sensing and hydrogen storage 

applications.
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Figure 4.27 a) UV-Vis absorbance spectra of the resultant solutions obtained from the 

photoelectrochemical decomposition of Rhodamine B (10 ppm) in various durations. 

Inset is the Rhodamine B concentration change by measuring the absorbance at 555 nm.

4.4 Conclusion

In conclusion, titanate nanotubes were grown directly from a titanium substrate 

via a VPH reaction. They were formed by rolling and seaming of flexible multilayered 

titanate nanosheets under appropriate alkalinity (0.25–2.5 M NaOH coating), 

temperature (130–165°C) and atmosphere control (3–20 mL 30% ammonia solution). 

The critical seaming involves self-junctions of multilayered nanosheets and 

detachments of over-rolled segments. Humid atmosphere with ammonia or other 

nitrogen species was crucial to trigger the curling. No considerable nitrogen doping 

occurs in the synthesis. After calcination at 450°C, the nanotubes can be transformed 

from titanate into anatase without impairment to their tubular structures. The anatase 

nanotubes on titanium substrate exhibit photocatalysis potential for decomposition of 

organic compound. We expect the method is a generic one that can be adopted for 

syntheses of other lamellar materials.
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CHAPTER 5 SYNTHESIS, CHARACTERIZATION, AND ORIENTED 

CRYSTAL GROWTH MECHANISM OF HIGHLY 

CRYSTALLINE TITANATE NANOTUBES BY A VAPOUR 

PHASE HYDROTHERMAL METHOD

5.1 Introduction

Iijima’s discovery of carbon nanotube

1

 has inspired a great interest in creating 

one-dimensional metal oxide nanotubular materials due to their unique physiochemical 

properties and widespread applications.

2–21

 Among the reported metal oxide nanotubes, 

TiO
2
/titanate nanotubes occupy a dominant position, owning to their superior 

application potentials to environmental remediation

22–25

 and solar energy conversion.

26–

28

Varieties of synthetic methods have been used to obtain TiO
2
/titanate nanotubes. 

These include sol-gel template method,

29–32

 anodic oxidation method

19–20,33

and liquid 

phase hydrothermal method (LPH).

34–35

 Among them, LPH methods are the most 

common methods to synthesize nanotubes with large quantity.

36–57

 Despite a large body 

of work has been carried out to obtain TiO
2
/titanate nanotubes via different 

hydrothermal conditions and synthetic routes, the physiochemical properties, structural 

and dimensional characteristics of hydrothermally produced nanotubes are almost 

identical.

58–61

Outer diameters of these nanotubes are restricted to a range of 8–12 nm,

having 2–5 wall layers.

58–61

 On another front, extensive efforts have been designated to 

understand the formation mechanism of TiO
2
/titanate nanotubes under hydrothermal 

conditions.

35,48,50–51,56,62–68

 Although a number of possible mechanisms such as rolling 

up of either monolayered

63

 or multilayered nanosheet,

65

 and oriented crystal growth of 

hollow tiny seeds,

46

 have been proposed, they are far from conclusive and under 

intensive debating.

52,57

 It is well known that the structural, dimensional and crystalline 

characteristics are decisive factors for electron transport and photocatalytic activities of 

nanotubes, which are important attributes for any high performance photocatalysis 

based applications.

23,28,69–73

 An ability to facilely produce large quantity nanotubes with 

tuneable structural and dimensional characteristics, and the improved crystallinity is of 

scientific interest and practical importance.

In last chapter, titanate nanosheets were successfully rolled and seamed into 

nanotubes in a vapour phase hydrothermal (VPH) synthesis. The realization of seaming 

process has close relationship with the vapour-liquid-solid reaction system and 
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appropriate synthetic parameters. It is also generally acknowledged that the substrate 

plays a critical part in the crystallization of nanomaterials. For example, a Ti substrate 

with crystalline covering made by either gel coating

74

 or simple chemical treatments

75

was able to trigger the crystallization of uniform bonelike apatite layer whereas 

untreated Ti substrates can not. Recently, ZnO nanoneedles have been deposited onto 

the annealed titanate nanotube seeded film by a hydrothermal reaction

76

. Therefore, the 

growth of nanostructures on a crystalline substrate will be distinctly different from the 

case on a bare Ti substrate described in chapter 4.

In this regard, we further utilised the VPH approach to directly grow titanate 

nanotubes onto a porous crystalline titanate covered substrate with controllable 

dimensions. Outer diameters of titanate nanotubes produced by VPH method can be 9 

times larger than the ones obtained from traditional LPH method. The structural, 

crystalline characteristics and synthetic-parameter dependence of the resultant 

nanotubes were systematically investigated. A nanotube formation mechanism was 

elucidated based on experimental results.

5.2 Experiment

5.2.1 Chemicals and Materials

NaOH (mini pearl, AR, Chem-supply), ethanol absolute (AR, Merck), methanol 

absolute (AR, Merck), acetone (AR, Merck), ammonia solution (30%, AR, Chem-

supply) and sodium nitrate (99%, BDH) were used as received. All aqueous solutions 

were prepared using high purity water (Millipore Corp., 18 M  cm). Ti metal foil (0.25 

mm, 99.7%, Aldrich) was washed in acetone and water under ultrasonic and dried in air 

before use.

5.2.2 Synthetic Methods

Growth of titanate nanotube was performed in two steps. The first step was to 

grow a porous titanate cell-like scaffold on titanium metal plate by LPH method. To do 

this, a titanium plate (15 × 20 × 0.25 mm) was placed at the bottom of a Teflon lining 

with 10 mL of NaOH aqueous solution (10 M). The lining was sealed, assembled in a 

stainless autoclave and kept at 150°C for 1 h in an oven. After the reaction was 

completed, the autoclave was cooled in fume cupboard. The titanium plate was then 

removed from the solution, rinsed in highly purified water 3 times (50 mL each time) 
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and finally soaked in water for 24 h. A lightly purple red colour was seen on the 

titanium plate after it was dried at room temperature under vacuum over night. 

Figure 5.1 The experimental procedure VPH synthesis of titanate nanotubes in this 

chapter.

The second step was to grow titanate nanotubes on the titanate scaffold. A NaOH 

solid layer was coated onto the surface of scaffold by vertical withdrawing the titanium

plate from freshly made NaOH/alcohol solutions (0.01–5 M) at the speed of 2 mm s

–1

and dried at 60°C in an oven for 30 min. Ethanol was used to prepare the solution with 

the concentration below 2.5 M, and methanol was used for above 2.5 M. A steaming-

like treatment of the titanium plate in ammonia humid atmosphere was conduct to grow 

titanate nanotubes. To achieve this, a Teflon holder was used to horizontally hold 

titanium plate with both sides exposed above the 10 mL ammonia aqueous solution in a 

Teflon lining. The distance between titanium plate and solution surface was about 3 cm. 

The Teflon lining was sealed in a stainless autoclave and kept at elevated temperatures 

(150–200°C) for 72 h in an oven. After completion and cooling down, the titanium plate 

was removed from the autoclave, rinsed in highly purified water for 3 times (50 mL 

each time) and finally soaked in water for 24 h. A translucent film was formed on the 

titanium plate after it was dried in vacuum.

For comparison purposes, LPH synthesis of titanate nanotube was also conducted 

by heating Ti plate in 10 mL 10 M NaOH solution at 150°C for 5 h. 

5.2.3 Characterizations

Morphological properties of the as-prepared samples were investigated by SEM 

JSM-6300 (for surface survey) and SEM JSM-890 (for cross-sectional observation) 
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scanning electron microscope. Microstructures were examined by field emission TEM 

Tecnai 20 (F20) with an accelerating voltage of 200 kV. For a TEM sample, nanotubes 

were scratched from the titanium substrate and dispersed in ethanol under ultrasonic. 

The dispersed samples in this suspended liquid were transferred onto a TEM copper 

grid by a drop of the liquid. XRD patterns of samples were collected with a Bruker X-

ray diffractometer equipped with graphite monochromatic copper radiation (Cu Ka) 

operated at 40 kV and 30 mA. Raman spectra of samples were collected with a 

Renishaw 100 system Raman spectrometer using 632.8 nm He-Ne laser. Scattered light 

was detected with a Peltier-cooled CCD detector with spectral resolution of 2 cm

1

. The 

grating was calibrated using the 520 cm

1

 silicon band.

5.2.4 Photoelectrocatalysis

Photoelectrocatalysis of water was performed at room temperature in a 

photoelectrochemical cell in a conventional three-electrode mode.

77–78

 The set-up is the 

same as the one used in chapter 2 (Figure 2.2). Nanotube samples on Ti substrates were 

calcined at 450°C for 2 h prior to Photoelectrocatalysis. A saturated calomel electrode 

(SCE) was used as the reference electrode and a platinum mesh as the counter electrode.

A voltammograph (CV-27, BAS) was used for application of potential bias in the 

experiment. Potential and current signals were recorded using a Macintosh computer 

coupled to a Maclab 400 interface (AD instruments). A 150 W Xenon arc lamp with 

light filter (UG 5, Avotronics Pty. Limited) was used as UV light source. Light 

intensities were measured by an UV-irradiance meter (UV-A, instruments of Beijing 

Normal University).

5.3 Results and Discussions

A VPH method was firstly used to synthesize zeolite materials using dry precursor 

gel in the humid steam of organic surfactant

79

. Previously, our group also reported a 

fabrication of 3-dimensional TiO
2
 film using VPH treatment

80

. In this study, our 

approach composed of preparation of a crystalline porous titanate-covered titanium 

substrate in liquid solution

81

 and subsequent in situ growth of titanate nanotubes with 

the presence of NaOH coating in ammonia humid atmosphere (Figure 5.1). After the 

first step, a nanotube-free cells-like scaffold was formed on titanium surface (Figure

5.2a). The walls of the tiny cells possessed a multilayered titanate structure, confirmed 

by TEM image (Figure 5.2b). 
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Figure 5.2 a) SEM image and b) TEM image of the porous titanate prepared by 

alkaline treatment of Ti metal plate in 10 M NaOH solution for 1 h. Inset in b) is the 

magnified image marked with dashed square.

5.3.1 Characterizations

5.3.1.1 Morphologies

Uniformly distributed titanate nanotubes were formed after the additional VPH 

reaction. Figures 5.3a, d and g show the SEM images of directly grown titanate 

nanotubes via LPH method and VPH method with NaOH coating withdrawn from 2 M 

and 4 M NaOH alcohol solutions respectively. Hereafter, the corresponding samples 

were denoted as LPH, VPH I and VPH II in the chapter. In all cases, high density 

nanotubes were obtained. As TEM images of the nanotubes shown in Figures 5.3b, e 

and h, VPH I and II nanotubes have significantly larger diameters with increased 

numbers of layers, e.g., 37.4 nm with 23 layers (Figure 5.3e) and 82.5 nm with 45 layers 

(Figure 5.3f), compared with 9.0 nm with 3 layers for traditional LPH nanotubes. 

Interestingly, the minimal inner diameters of all these nanotubes channels are about 5 

nm. This indicates there probably exists an optimal curvature of the inner most layer 

with an energetic balance between mechanical strain and coupling effect from the 

neighbour layer

66

. Measurements of lamellar interspacings with more than 40 nanotubes 

give 7.67 Å for VPH I nanotubes and 7.50 Å for VPH II nanotubes on average. The 

difference can be due to more obvious coupling effect among the larger number of 

layers.

1 µm 20 nm

a) b)

7.3 Å
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Figure 5.3 SEM, TEM images and SAED patterns of nanotube samples prepared in 

traditional LPH (a–c) and VPH methods (d–f for VPH I sample and g–i for VPH II 

sample). NaOH coatings on VPH I and VPH II samples were made by withdrawing the 

titanate-covered Ti substrates from 4 M NaOH/methanol solution and 2 M 

NaOH/ethanol solution.

5.3.1.2 Crystalline Phase

XRD data of these three samples show identical reflection peaks (Figure 5.4a). 

The structure can be attributed to a lepidocrocite type titanate, H
0.7

Ti
1.825 0.175

O
4
�H

2
O 

(  = vacancy), with a body-centred orthorhombic symmetry (Immm, a = 0.3783 nm, b = 

1.8735 nm, c = 0.2978 nm).

47,82–83

 Diffraction peaks at 2  = 9.8°, 24.5°, 28.2° and 48.3°

correspond with (020), (110), (130) and (200) planes quite well. The rest reflections are 

originated from diffractions of bulk titanium substrate. SAED patterns taken with 

incident beam perpendicular to the tube axes are shown in Figures 5.3c, f and i. They 

can be indexed as the (hk0) reflections with [001] zone axis. Compared with the LPH 

sample, higher indexed reflection dots are well resolved in VPH samples (Figures 5.3f 

and i), which is due to their thicker walls and improved crystallinity. According to the

SAED pattern, the tube axis is along a direction and the normal of titanate multilayer is 

along b direction. 

a)
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Figure 5.4 a) XRD data and b) Raman spectra of the titanate nanotubes prepared in 

both vapour and liquid phases. 

Raman spectra of nanotubes with different diameters were studied for low-

frequency modes (Figure 5.4b). The data show characteristic phonon modes at about 

190, 274, 385, 446, 670, 704, 827 and 914 cm

–1

, which can be attributed to vibrations of 

an orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O (  = vacancy).

47,51,57,84–85

The band at 154 cm

–

1

 is likely related to oxidised species on Ti substrate.

86–87

 Current debates on the actual 

crystalline structure of nanotube prepared in LPH method mainly focus on two possible 

candidates. One is monoclinic titanates

37,39

 (Na
2–x

H
x
Ti

3
O

7, 
0 

orthorhombic titanates

40–41,47

(H
2
Ti

2
O

5
�H

2
O or H

0.7
Ti

1.825 0.175
O

4
�H

2
O (  = vacancy)). 

Na
2–x

H
x
Ti

3
O

7
 crystalline structures consist of corrugated ribbons of edge-shared TiO

6

octahedra. Ribbons with 3 octahedra wide further form stepped layer structure by 

corner-sharing.

88

 In contrast, orthorhombic titanate with lepidocrocite like structure is 

b)

a)
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composed of step-free planar corrugated layers constructed with only edge-shared TiO
6

octahdedra.

89–90

 Different Raman scattering properties will result due to the their 

dissimilar symmetry properties,

57

 as shown in Figure 5.4b. It is also note that the Raman 

band at 670 cm

–1

 for LPH nanotube was stronger than the 704 cm

–1

 band, while the 

opposite was observed for VPH nanotube. This was once ascribed to shifting of A
g

mode towards lower frequency direction upon the bending of TiO
6
 layers.

57

 However, 

recent studies suggest that relative intensities of these two bands were rather sensitive to 

the pre-treatment

91

 or moisture.

92

 Similar to the nanotubes prepared in chapter 4, the 

actual chemical composition was assigned to be (NH
4
)
x
Na

y
H

0.7–x–y
Ti

1.825 0.175
O

4 
�H

2
O 

(  = vacancy) due to exchangeable intercalated cations in an ammonia rich 

environment.

5.3.2 Effects of Synthetic Parameters

5.3.2.1 Alkalinity

Effect of alkalinity on the resultant nanostructures was investigated by varying the 

amount of NaOH by changing NaOH concentrations of dip-coating solutions from 0.01 

to 5 M prior to synthesis. The SEM images are shown in Figure 5.5. Titanate nanotubes 

with mainly two diameters were obtained in the whole alkalinity ranges. One was larger 

diameters prepared in relatively weak alkalinity (coating from 0.01–2 M solutions) and 

another was smaller diameter prepared in stronger alkalinity (coating from 3–5 M 

solutions). Moreover, when concentration was lower than 0.5 M, randomly distributed 

short nanotubes were immaturely developed (Figures 5.5a and b). The distribution was 

improved in higher alkalinity (Figures 5.5c–e). Uniform highly crystalline titanate 

nanotubes with an average diameter of 61.9 nm were synthesized by using 2 M 

NaOH/ethanol solution as the coating solution (Figure 5.6). In stronger alkalinities (3–5 

M), nanotubes with average diameter of 42.1 nm will be acquired (Figures 5.5g–i and

5.6). Also the nanotube length was increased compared with thicker nanotubes. 
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Figure 5.5 SEM images of samples prepared with the NaOH coatings dip-coated from 

NaOH alcohol solutions at 150°C for 72 h. a) 0.01 M, b) 0.25 M, c) 0.5 M, d) 0.75 M, e) 

1 M, f) 2 M, g) 3 M, h) 4 M and i) 5 M.
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Figure 5.6 Diameter distributions of VPH I and VPH II nanotubes. 
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5.3.2.2 Temperature

Figure 5.7 SEM images of samples prepared at different temperatures with NaOH 

coating withdrawn from NaOH solutions (2 and 4 M): a) 160°C, 2 M, 46 h, b) 160°C, 4 

M,46 h, c) 185°C, 2 M, 21 h, d) 185°C, 4 M, 21 h, e) 200°C, 2 M, 26 h and f) 200°C, 4 

M, 26 h.

Effect of temperatures on the resultant structures was also investigated by varying 

synthetic temperatures with other parameters unchanged. As SEM images shown in 

Figures 5.7a, c and e, uniform nanotubes can be obtained in the weaker alkalinity 

(coated from 2 M NaOH solution) at the temperature range from 160–200°C. XRD data 

of the samples exhibited characteristic peaks at 2  = 9.8°, 24.5°, 28.2° and 48.3° (Figure 

5.8), which were consistent with the H
0.7

Ti
1.825 0.175

O
4
�H

2
O (  = vacancy) crystalline 

structure. Moreover, peaks at 2  = 25.8°, 30.8°, 36.4°, 46.2° and 49.3° were present in 

the XRD data of the samples prepared at 185 and 200°C. They can be assigned to be the 
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1 µm

e)
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(111), (211), (102), (302) and (312) plane reflections of brookite crystals. This is 

consistent with the previous reports in which brookite crystals were synthesized in 

ammonia solution at similar temperatures.

93–95

 It is supposed that brookite crystals were 

formed underneath the nanotubes, which may explain why no obvious brookite crystals 

were found in SEM images (Figure 5.7e). 

On the other hand, when higher alkalinity was used (coated from 4 M NaOH 

solution), nanotubes were yielded at 160 and 185°C, whereas crystals with the size of 

200 nm dominated the Ti surface at 200°C. The XRD data was consistent with SEM 

images, showing H
0.7

Ti
1.825 0.175

O
4
�H

2
O (  = vacancy) reflections for nanotube 

samples and brookite reflections for crystal samples. By comparison of the SEM images 

(Figures 5.7e and f) and XRD data (Figure 5.8) of the samples synthesized at 200°C, the 

formation of brookite crystals was promoted with stronger alkalinity, which was in 

agreement with other reports.

94,96–97
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Figure 5.8 XRD data of samples prepared at different temperatures with two different 

alkalinities.

5.3.2.3 Ammonia Solutions

Since it was found in chapter 4 that ammonia source was crucial for the formation 

of nanotubes in VPH method, the effect of ammonia solution was investigated. VPH II 

nanotubes were chosen as an example. Figure 5.9 shows SEM images of samples 

prepared by using different amounts of water instead of ammonia solutions. When no 

other liquid was present in the reaction system, a porous titanate covered Ti substrate 
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remained unchanged after the reaction (Figure 5.9a). Whisker-like structures were 

generated when small amount of humid air was present (1mL water, Figure 5.9b). A 

number of nanosized whiskers tended to be arranged together to form sheet-like 

aggregations. With increased volumes of water (5, 10 mL), nanosheets with sizes of 

about few hundreds nm in width and length were yielded predominantly (Figures 5.9c

and d). The fact that no obvious growth of highly crystalline titanate nanotubes was 

identified in all samples implied a crucial role that ammonia atmosphere is playing for 

the formation of titanate nanotubes.

Figure 5.9 SEM images of samples prepared with the NaOH coating withdrawn from 2 

M NaOH ethanol solutions and different volumes of water as vapour sources: a) 0, b) 1 

mL, c) 5 mL and d) 10 mL.

Accordingly, experiments were carried out by using various volumes of ammonia 

solutions. As SEM image shown in Figure 5.10a, VPH synthesis with 1 mL ammonia 

solution resulted in the formation of whisker-like structure, similar to those prepared 

with 1 mL water (Figure 5.9b). With larger amounts of ammonia solutions (3–5 mL, 

Figures 5.10b and c), titanate nanotubes can be obtained, but in poor yield. When 

ammonia solution volume was increased to be 10 mL, uniform nanotubes were prepared 

(Figure 5.10d). It is also note that no obvious improvement in nanotube yield was found 

with larger amounts of ammonia (Figures 5.10e and f). Although it is still unknown that 
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how ammonia atmosphere induces the nanotube formation, it is clear that partial 

pressures of ammonia have to be above a certain value to insure nanotube growths. 

Figure 5.10 SEM images of samples prepared with the NaOH coating withdrawn from 

2 M NaOH ethanol solutions and different volumes of ammonia solutions (30%) as 

vapour sources: a) 1, b) 3, c) 5, d) 10, e) 20 and f) 40 mL.

5.3.3 Formation Mechanism

The growth of titanate nanotubes has been attributed to either rolling up

63,65

 or 

oriented crystal growth

46

 processes. In this chapter, it was apparent that titanate 

nanotubes were not formed via the rolling and seaming mechanism, as described in 

chapter 4, because of their large aspect ratios and absence of thick multilayered 

nanosheet. In fact, there are numerous evidences that supporting an oriented crystal 

growth mechanism. 
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5.3.3.1 Nanotube Rooting

The first evidence is the root of nanotube. Figure 5.11 show cross-sectional SEM 

and TEM images of VPH I and VPH II nanotubes. The nanotubes with thick and thin 

diameter were grown evidently from the porous titanate substrate. TEM images (Figures 

5.11a and c) show the roots of nanotubes. It is clear that the titanate substrate and 

nanotubes are differently configured: fringes on nanotubes represent a compact and 

organized (oriented) atomic arrangement, whilst those on titanate substrate demonstrate 

a flexible, random arrangement. Moreover, the nanotube has more than 20 layers 

(Figures 5.11b and d) while the titanate substrate has about 10 layers only. These 

apparently stand against with a rolling up mechanism.

Figure 5.11 Cross-sectional SEM and TEM images of a, b) VPH I and c, d) VPH II 

nanotubes.

5.3.3.2 Cross-overed Nanotubes

The second evidence in favour of oriented growth mechanism is cross-overed 

nanotube. During SEM observation, we occasionally identified pairs of nanotubes with 

cross-overed linkage at the tubular body which was generated by post-growth of one 

nanotube across the body of another pre-formed nanotube (Figures 5.12a and b). Cross-

over nanotubes were more frequently found in VPH II samples (Figure 5.12a) than VPH 

I samples (Figure 5.12b) due to differences in diameters and flexibilities. Note that the 

200 nm 10 nm

30 nm200 nm

c) d)
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rest of a cross-overed nanotube exhibits perfectly cylindrical structure. This strongly 

supports an oriented crystal growth mechanism since it is apparent that neither single 

layered nor multilayer nanosheets can be rolled into cross-overed nanotubes without 

impairing the cylinder structures. Figure 5.12c shows two nanotubes in the middle of 

cross-cover process. It can be seen that the base of cross-overing nanotube was well 

established, while the topmost end of nanotube was not fully developed, showing a 

semicircular shape viewed from the top. This is caused directly by the spacial 

obstruction of a pre-formed nanotube. However, the part above the obstructing nanotube 

can be recomposed via crystal growth oriented by the semicircular part which successful 

made its way crossing over the obstructing nanotube. Figure 5.12d shows TEM image 

of a cross-overing nanotube. It is evident that the rest part of the nanotube remains 

unimpaired. It is to note that the cross linking does not influence growth direction or 

diameter of individual nanotubes. Since it is quite difficult for ultrasonic to modify 

nanotube texture, the concave on the nanotube is generated due to spatial obstructions 

during the growth process.

Figure 5.12 SEM images of a) VPH II and b) VPH I nanotubes. c) SEM of a cross-over 

nanotube. d) TEM image of nanotube with a concave on the body.
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c) d)
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5.3.3.3 Nanotube Tunnels

Besides, tunnel structures in titanate nanotubes were in disagreement with a 

rolling up mechanism. We here take VPH II nanotube as an example due to their larger 

outer diameters. Nanotubes with larger tunnels were also occasionally found. These 

tunnels were so wide that the observation of tunnel structure became well resolved in 

SEM images. Figure 5.13a shows a SEM image of a nanotube with eccentric tunnel 

structure (tunnel not in tube axis), which can not be formed via a rolling up mechanism. 

Moreover, nanotube with triangle-shaped tunnel was also found in the sample, as shown 

in Figure 5.13b. 

Figure 5.13 SEM and TEM images of VPH II nanotubes. a) nanotube with eccentric 

tunnel, b) nanotube with triangle shaped tunnel, c) nanotube with parallel double tunnel, 

d) the magnified image of the area marked with dashed square in c. 

It is imaginable that in TEM observations, nanotubes with eccentric or non-

circular tunnel will result in unequal layers on both sides when the incident electron 

beam is projected in certain directions. Previously, in the liquid phase synthesis, titanate 

nanotubes with unequal numbers of walls were usually found in numerous reports.

37,43–

44,50,65,98–104

 It was accordingly concluded that titanate nanotubes were formed by the 

a) b)

c) d)

100 nm 100 nm
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rolling up of nanosheets. However, sometimes the evidence from the TEM is 

ambiguous because it only gives 2D projection images.

105–106

 In fact, more than 1 layer 

difference has been found in the titanate nanotubes prepared in LPH method (3 on one 

side and 6 on another),

65

 which was not explainable by a rolling up mechanism 

proposed in early studies.

63–64

Given by the nanotube we observed, it is completely 

possible that even oriented grown nanotubes can lead to unequal numbers of layers on 

the walls in a TEM micrograph. 

Besides single tunnel nanotubes, we also observed nanotubes with double tunnels, 

as shown in Figures 5.13c and d. The interlayer spacing was 7.5 Å. The width of tunnel 

was about 4.5 nm, close to the minimal diameter of single-tunnel nanotube (Figure 5.3). 

Again, it is impossible for a nanosheet with either single or multiple layers to be rolled 

and seamed into a nanotube with double tunnels. We attribute this to the randomness of 

crystalline stacking during the initial stage of crystallization. 

5.3.3.4 Growth Process

Although evidences have been given above to justify an oriented crystal growth 

mechanism, it is still necessary to study the growth process. This is achieved by the 

preparing nanotubes with low alkalinity (with NaOH coating withdrawn from 0.1 M 

NaOH ethanol solution). The as-prepared nanotubes were shortened which facilitated

the observation of growth process. Some of the SEM images are shown in Figure 5.14

and the corresponding structural sketches are displayed for illustration purposes.

It is evident that on spots of the porous cell-like titanate base located a number of 

tiny outshoots. In VPH reaction, titanium species are dissolved and then recrystallised 

on the titanate based substrate under saturation. The crystallization/nucleation is found 

to start at the adjacent area of outshoots, shown in Figure 5.14a. Once the crystal 

orientation is established, subsequent stacking of building blocks followed, resulting to 

a longer half cylinder with slope on top, as shown in Figure 5.14b. Then, the slope 

became flat (Figure 5.14c). At the same time, nanotube keeps maturing in vertical 

direction and growing around the outshoot until it is fully wrapped (Figure 5.14d), 

leading to a solid rooting of nanotube. Thereafter, building blocks will continue 

stacking onto the inclined plane from the innermost to the outermost layer (a stair-like 

distribution is shown Figure 5.14e). Eventually nanotube matured with perfectly 

cylindrical surfaces (Figure 5.14f). Based on the overall growth process and 
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crystallographic characteristics, it is evident that the growth in a direction of titanate 

crystal (tube axis direction, elongation) was favourable compared to c direction (tube 

tangential direction, tube enclosure), while the growth in b direction (axis radiative 

direction, tube expansion) was relatively fixed.

Figure 5.14 SEM images of single nanotubes prepared with low alkalinity (NaOH 

coating withdrawn from 0.1 M NaOH ethanol solution). The insets are the schematic

pictures of the corresponding nanotubes.

Figure 5.15 SEM image of half cylinder like structures grown on the titanate scaffold.

It is necessary to stress that outshoots on porous titanate base are not the only 

spots where the crystallizations were triggered. Some half-cylinder like structures were 

found to grow along walls of titanate cell structure as shown in figure 5.15. It is 

100 nm

a) b) c)

d) e) f)



Chapter 5

181

probably due to random nucleation of titanate crystals on the porous titanate substrate. 

However, most of these half-grown cylinders would not mature because of spacial 

limitations. It should be also noted that the double-tunnel nanotube shown in Figure 

5.13c is likely resulted from an epitaxial growth of abnormally crystallized nuclei.

Although the exact influence of alkalinity on the resultant nanotube dimensional 

characteristics is not yet clear, clues can be found by analysis of geometrical dimensions 

of a nanotube based on a surface chemistry point of view.

107–108

According to SAED 

analysis, the crystal growth along [100] (tube axis) and [010] (normal to the bent 

multilayers) directions are respectively correlated to the geometrical changes leading to 

a longer and thicker tube. For example, the LPH nanotube with higher aspect ratio 

(length vs. diameter) is the instant result of overwhelming crystal growth in [100] 

direction vs. [010] direction. And lengths and diameters of the nanotube shown in 

Figure 5.3 are in the order of: L
LPH

 > L
VPH I 

> L
VPH II

, and D
LPH

 < D
VPH I

< D
VPH II

 (L for 

length, D for diameter). Therefore, tendencies of growths in these two directions will be 

in the order of [100]/[010]
 LPH

> [100]/[010]
 VPH I

> [100]/[010]
 VPH II

. By comparison of 

latter two nanotubes, the only difference in synthesis is alkalinity. Thus, it is very likely 

that under different alkalinity conditions, OH

–

 ions absorb on {100} and {010} facets in 

different manners (note that the Ti distributions on these facets are distinctively 

different), which changes surface energy profile of titanate crystals, and eventually 

alters the dimensional property of nanotubes by selective growth of specific facets. 

However, alkalinity variety is not the only reason for tuneable growths of titanate 

nanotubes, since no such diameter control has been achieved in traditional LPH

synthesis despite a large range of alkalinity has been used.

109

We suggest the VPH 

reaction system must be playing a decisive role to open up a pathway for controllable 

crystal growth. The unique crystallization environment in VPH system can be 

promisingly applicable for growths of advanced nanocrystalline materials which are not 

available in traditional LPH approaches.

5.3.4 Photoelectrocatalytic Application

Titanium dioxide nanomaterials have been used in a large variety of applications, 

for example, photocatalysis

110

, sensing technique

111

, dye-sensitized solar cell

112

, 

electrochromic device

113

 et al. In most of these applications, there is a need to 

immobilize the titanium oxide onto a conducting material for electron transfer. However, 
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this is not necessary in present study because nanotubes are grown on titanium metal 

substrates. After a simple calcination process at elevated temperature, titanate nanotubes 

can be readily transformed into TiO
2
 nanotubes.

5.3.4.1 Transformation into TiO
2
 Nanotubes

As SEM images shown in Figures 5.16a and d, nanotubular structures prepared 

with high and low alkalinity were well preserved after 450°C calcination. The hollow 

multilayered tubular textures were further confirmed by TEM images (Figures 5.16b 

and e). Interlayer spacings between layers measured in HRTEM images (Figures 5.16c 

and f) were 6.98 Å and 6.70 Å respectively, smaller than their counterparts due to 

dehydration of intercalated water molecules at elevated temperature. Besides, an 

interspacing of 3.5 Å, corresponding to anatase (101) plane, was identified in both cases, 

indicating successful transformations. 

Figure 5.16 SEM, TEM and HRTEM images of nanotubes after 450°C calcination. a–c) 

VPH I nanotubes, d–f) VPH II nanotubes.

XRD data (Figure 5.17a) of calcined nanotubes was in agreement with the 

HRTEM results, showing anatase reflection peaks at 2  = 25.3°, 48°, which are 

corresponding to anatase (101) and (200) planes respectively. The absence of typical 

titanate reflection at about 2  = 10° (titanate 020 plane) implies that nanotubes have 
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been completely transformed into anatase nanotubes. This is further confirmed by 

Raman spectra (Figure 5.17b), in which highly pure tetragonal anatase phonon modes at 

146 (E
g
), 199 (E

g
), 398 (B

1g
), 517 (B

1g
/A

1g
) and 641 (E

g
) cm

–1

 were shown for both 

VPH I and VPH II nanotubes. 
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Figure 5.17 a) XRD data and b) Raman spectra of nanotube samples after 450°C 

calcination.
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Figure 5.18 SEM images of nanotubes after 700°C calcination for 2 h. a) VPH I 

nanotubes, b) VPH II nanotubes.
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Figure 5.19 a) XRD data and b) Raman spectra of nanotube samples after 700°C 

calcination.
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When the temperature of calcination was further increased up to 700°C, titanate 

nanotubular structures were changed into solid rod-like particulates without any 

uniform shapes (Figure 5.18). Crystalline phases of samples were both identified as 

tetragonal rutile. Moreover, XRD data of both calcined samples (Figure 5.19a) exhibit 

dominantly rutile reflection peaks at 2θ = 27.4°, 36.1°, 41.2°, 44.0°, 54.3°, 56.6° and 

69.0°, which are well consistent with rutile (110), (101), (111), (210), (211), (220) and 

(301) planes. Small amount of anatase was also present in the samples, indicated by a 

weak anatase (101) reflection at 2θ = 25.3° in Figure 5.19a. This is consistent with the 

Raman spectra, which show two first-order phonons at 449 (A
g
), 612 (E

g
) cm

–1

, one 

second-order Raman band at 237 cm

–1

 as well as a weak anatase E
g

Raman band at 146 

cm

–1

 (Figure 5.19b).

5.3.4.2 Photoelectrocatalysis

After the 450°C calcination, catalytic performances of anatase nanotubes were 

investigated by photoelectrocatalytic oxidation of water employing a 

photoelectrochemistry cell described in previous reports.

77

 The UV illumination area of 

the anode holder was 1.76 cm

2

. As voltammograms shown in Figures 5.20a and b, both 

VPH I and VPH II nanotubes were photoactive to UV illuminations, while only 

neglectable photocurrent response was recorded in dark condition. The photocurrent 

increases with the applied potential, until it relatively level off, which is called the 

saturated photocurrent, I
sph

. At this point, interfacial photoreaction is the decisive step 

rather than migration of photoelectrons.

77–78

As shown in Figures 5.20a and b, in both cases, photocurrents initially increased 

with more intensive UV illumination due to larger amounts of photo-excited holes, and 

then stabilized after the UV intensity reached 8 mW/cm

2

due to limited amount of 

catalyst. Plots of I
sph

 (measured at E = 0.8 V) versus UV intensity gave two curves, as 

shown in Figure 5.20c. Higher I
sph

 in all measured UV scope was recorded for VPH I

nanotubes, indicating that it has superior photocatalytic power than the VPH II

nanotubes. This is probably due to the larger surface area that the VPH I nanotubes 

possess. Moreover, it is also possible that the bundled thinner nanotubes would provide 

sufficient pathway between the electrolyte and the substrate which facilitate 

photoelectron transfer during photoelectrocatalysis process. 
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Figure 5.20 Voltammograms obtained by a) VPH I and b) VPH II TiO
2
 nanotubes after 

450°C calcination in 0.1 M NaNO
3
 electrolyte under different UV irradiations (0–13

mW cm

–2

, measured at 365 nm, 0 stands for no UV irradiation). c) plots of saturated 

photocurrent in a) and b) (measured at E = 0.8 V) vs. the UV intensities.
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5.4 Conclusion

Highly crystalline titanate nanotubes were directly grown on a porous titanate 

substrate via a vapour phase hydrothermal approach. The crystalline structure of the 

nanotubes can be assigned to be an orthorhombic H
0.7

Ti
1.825 0.175

O
4
�H

2
O (ð = vacancy) 

titanate phase with a axis as the tube axis. Synthetic parameters had determinative 

influences on the resultant products. Uniform nanotubes can be yielded with 

appropriated conditions: sufficient alkalinity (NaOH coating from 2–5 M NaOH alcohol 

solutions), medium heat (< 185°C) and adequate amount of ammonia solution (> 5 mL). 

For the first time, diameters of nanotubes are successfully tuned according to 

alkalinities, and expanded to be 9 times thicker than the counterparts prepared in 

traditional LPH synthesis. Dissimilar to the nanotube described in chapter 4, abundant 

evidences in the electron micrographs strongly suggested an oriented crystal growth 

mechanism. The crystal growth process was also elucidated based on shorter nanotube 

growths in weak alkalinity: crystallizations of nuclei on the titanate substrate followed 

by an epitaxial growth oriented by the established nuclei. Thermostability of the 

resultant titanate nanotubes was investigated by calcination at elevated temperature in 

air. Anatase nanotubes can be obtained at 450°C calcination of titanate nanotubes while 

rod-like structures are resulted from 700°C calcination. The resultant anatase nanotubes 

were photoactive and photoelectrochemical activities were compared by the 

photocurrent generated in the photoelectrochemical oxidation of water. We expect the 

VPH synthesis is applicable to prepare novel nanostructures which are hardly 

achievable in liquid phase. Some of the results will be displayed in next chapter.
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CHAPTER 6 SYNTHESIS, AND CHARACTERIZATIONS OF METAL OXIDE 

NANOSTRUCTURES BY VAPOUR PHASE HYDROTHERMAL 

METHODS

6.1 Introduction

Designed low dimensional (LD) nanosized semiconductors configured with 

uniform three-dimensional assembly exhibits thoroughly fascinating application 

implications in solar cells,

1

 rechargeable batteries,

2

 pollutant conversion and removal,

3

sensing technique

4

 and optical devices.

5

So far, a number of synthetic strategies have 

been used to synthesize the LD metal oxide nanostructures, for example, metal-

catalysed vapour-liquid-solid methods,

6

 vapour phase deposition methods,

7

 template 

assisted methods,

8–9

 surfactant directed methods,

10

 and hydrothermal methods.

11–12

Among these, liquid phase hydrothermal (LPH) synthesis, or so called soft chemical 

(chimie douce) method is commonly employed to produce a wide range of crystalline 

semiconductors at low temperatures.

13–15

However, due to the similar synthetic 

conditions chosen in analogous liquid/solid reaction system, the resultant materials 

exhibit relatively unchangeable properties. For example, diameters of titanate nanotubes 

were largely limited to be about 10 nm, as shown in chapter 2. This unsatisfactory level 

of control, which originated from the tediousness of synthetic system, has been 

considered as a challenge not only to a practical preparation of nanomaterials but also to

an in-depth elucidation of potential growth mechanisms.

It is widely accepted that in typical hydrothermal process, heterogeneous reaction 

between mineralisers would take place.

16

A solid material source can be dissolved into a 

metastable phase, transported to reaction regions, converted into another metastable 

phase, and precipitated as a stable phase under super-saturation.

16–17

 For crystal growths

in liquid phase, two decisive aspects are the mass transfer of growth units from bulk 

saturated solution to the nuclei surface (molecular diffusion) and the surface integration 

of growth units into a crystal lattice matrix in a reaction (crystallization/reaction).

18

However, it is found that crystal growth in most of experiments is a diffusion limited 

process.

18

 To tailor an efficient synthetic environment with improved mass transfer, a

vapour phase hydrothermal (VPH) system is used, i.e., raw materials are located above 

a solution and dissolved into mineralisers in acid or alkaline steam at elevated 

temperatures (below the critical temperature), the mass transfer of mineralisers will be 
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highly localised in the liquid thin film formed in the very superficial region of solid 

substrate. (A molecular height of water is 0.2 nm,

19

 while film thickness is less than 100 

nm under humidity

20

) Compared with the bulk solution system, dissolution and 

precipitation equilibrium of crystal building blocks in VPH synthesis is supposed to be 

established more rapidly, leading to distinct crystal growth behaviour. For example, a 

steeper crystal growth was reported in vapour solid system than liquid solid system.

21

Thus, the procedure we propose here will promisingly provide us a unique thin film 

reaction and crystallization environment allow syntheses of new generated crystalline 

materials.

In chapter 4, we have utilised VPH method to successfully roll a titanate 

nanosheet into nanotube. In chapter 5, on the other hand, we tuned the diameters of 

titanate nanotubes up to 9 times thicker than the ones prepared in LPH method. Given 

by these encouraging results, it’s very promising that we apply this VPH approach to 

other metal oxides to manipulate structural properties of nanostructures in either acid or 

basic atmosphere. In this chapter, we describe successful syntheses of nanostructures 

directly on metal substrates and also structural modifications on existed nanostructures 

by VPH approaches. These results indicated that VPH method is an alternative generic

method for syntheses of new-generation semiconductors. 

6.2 Experiment

6.2.1 Chemicals and Materials

Sodium hydroxide (mini pearl, AR, Chem-supply), ethanol absolute (AR, Merck), 

ammonium hydroxide aqueous solution (30%, AR, Chem-supply), hydrofluoric acid 

(48%, Aldrich), glacial acetic acid (99.7%, Merck) were used as received. All aqueous 

metal foils (0.25 mm, 99.7%, Aldrich), tungsten metal foils (0.05 mm thick, 99.9%, 

Aldrich), niobium metal foils (0.127 mm thick, 99.8%, Aldrich), zinc metal foils (0.25

mm thick, 99.9%, Aldrich), manganese metal chips (< 1.5 mm thick, 99%, Aldrich), 

vanadium metal foils (0.25 mm thick, 99.7%, Aldrich) and tantalum metal foils (0.25

mm thick, 99.9%, Aldrich) were washed in acetone and water under ultrasonic and dried 

in air before use.
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6.2.2 Synthetic Methods

General procedures. All experiments were carried out in a Teflon lined autoclave 

with subsidiary solution at elevated temperatures (Figure 6.1). 10 mL ammonium 

hydroxide or acid aqueous solutions were chosen to supply the humid atmosphere. For 

syntheses in basic conditions, a thin NaOH coating was applied onto the surface of the 

metal plate for sufficient alkalinity, while this is not necessary for a synthesis in acid 

conditions. The NaOH coating was made by vertically withdrawing the metal plates 

from freshly made 2 M NaOH ethanol solutions at the withdrawing speed of 2 mm s

–1

.

The as-coated plates were subsequently dried in air at 60°C for 30 min. A Teflon holder 

was used to hold the metal substrate about 3 cm above the solution. After syntheses, 

autoclaves were placed in fume cupboard with ventilation for cooling. The as-prepared 

products were rinsed into 50 mL water for three times and dried at room temperature 

before further characterizations.

Figure 6.1 Experimental procedures of a) basic and b) acid VPH syntheses in this 

chapter.

Ultrathin TiO
2

anatase nanosheets. Acid VPH reaction of Ti metal plate was 

carried out with HF solutions (1.2–9.0 wt.%) at 150–230°C for 1–3 h.

TiO
2
 brookite nanorods. Basic VPH reaction of Ti metal plate was carried out at 

200°C for 24 h.

NaNb
3
O

8
 nanoribbons. Basic VPH reaction of Nb metal plate was carried out at 

200°C for 24 h. The concentration of the NaOH ethanol solution for the NaOH coating 

was 0.5 M.

NH
4
Nb

7
O

18
 nanoscrolls. Basic VPH reaction of Nb metal plate was carried out 

without NaOH coatings at 200°C for 24 h.

NaOH 

coating

Ammonia

solution

NH
3
, H

2
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vapour

Metal 
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Metal 
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Nb
2
O

5
 nanorod arrays. Acid VPH reaction of Nb metal plate was carried out 

with acetic acid solution (3 wt.%) at 150°C for 24 h.

Monoclinic WO
3
 microplates. Acid VPH reaction of W metal plate was 

conducted with 10 mL HF (1.5 wt.%) with 2 mL H
2
O

2
 at 180°C for 3 h.

Other metal oxide nanostructures. For syntheses of nanorods, nanowire, 

nanocubes, basic VPH reactions of Zn plate, Mn chip, V plate, and Ta plate were 

carried out at 150 to 200°C for 24 h.

Branched WO
3
 nanoneedle arrays. Firstly, basic VPH reaction of W metal plate 

was carried out at 200°C for 14 h. Secondly, acid VPH reaction was carried out by 

using HF solution (1.5 wt.%) at 200°C for 14 h. For comparison purposes, single acid 

synthesis by using tungsten plate was also conducted. 

Mesoporous titanate nanotube network. Firstly, acid LPH reaction of Ti plate in 

30 mL HF solution (0.27 wt.%) at 180°C for 3 h was carried out to obtain the anatase 

microspheres. Secondly, basic VPH reaction was conduct by using the resultant 

microspheres as starting materials. Prior to the synthesis, a droplet of 2 M NaOH 

aqueous solution was dropped onto the Ti plate with microspheres. The plate was tried 

at 60°C in an oven and then reacted in ammonia atmosphere at 150°C for 72 h.

Anatase nanocrystals. Firstly, titanate nanotubes were prepared via an basic LPH 

method by treating a titanium plate in 10 mL 10 M NaOH solution for 3 h. Secondly, 

the resultant nanotube sample was converted into nanocrystals by VPH reaction with 10 

mL acetic acid (23 wt.%) at 150°C for 24 h, or with HF (1.7 wt.%) at 180°C for 3 h.

6.2.3 Characterizations

Morphological properties of samples were investigated by SEM JSM-6300 

scanning electron microscope. Microstructures were examined by field emission TEM 

Tecnai 20 (F20) with an accelerating voltage of 200 kV. For a TEM sample, samples

were scratched from metal substrates and dispersed in ethanol under ultrasonic. The 

dispersed samples in this suspended liquid were transferred onto the TEM copper grids 

by a drop of the liquid. XRD data of samples were collected by Bruker X-ray 

diffractometer equipped with graphite monochromatic copper radiation (Cu Ka) 

operated at 40 kV and 30 mA.
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6.3 Results and Discussions

6.3.1 Direct Growth of Nanostructures

As a generic synthetic method, VPH approach is capable of growing a wide range 

of nanostructures on various substrates. Here, we elucidate the applicability of the 

method by successful syntheses using bare metal plates as raw materials.

6.3.1.1 Ultrathin Anatase Nanosheets

VPH synthesis in acid environment using bare metal substrates was also 

conducted, which in this case, is also known as metal oxidation process in acid 

vapour.

22

 Here we take the synthesis of ultrathin anatase nanosheet with largest exposed 

{001} facets hitherto for example. Surface chemistry of titania crystal has been a focus 

of research interest. {001} facets of anatase has been claimed to have higher surface 

energy and so forth higher chemical activity than other facets of a bulk crystal.

23

Therefore, recent attempts have been made to synthesize single crystal anatase with 

high percentage of {001} facets. Since the contribution of Lu and co-workers,

24

 the 

highest percentage of the {001} facets has been renovated, with the highest ever 

published value of 89%.

25

 Since it has been reported that hydrofluoric acid is a surface 

stabilizer which can be able to effectively lower the surface energy of {001} facets,

24

hydrofluoric acid solution was used in our VPH synthesis for the preparation of anatase 

nanosheets with dominant exposed {001} facets.

Figure 6.2a shows SEM image of anatase nanosheet after an acid VPH synthesis at 

230°C. The width of a single piece of nanosheet was more than 1.7 µm (Figure 6.2b). 

And thickness of the edge was only 8.5 nm (Figure 6.2d). It was very easy for 200 kV 

electron beam to go through the ultrathin nanosheet, which made the nanosheet 

semitransparent viewed from the TEM image (Figure 6.2c). It is usually found that the 

nanosheets were grown across other nanosheets, which may be due to an epitaxial 

growth during the synthesis. The HRTEM image shown in Figure 6.2e exhibited the 

(200) and (020) atomic planes of anatase crystal with interspacing of 1.9 Å and an 

interfacial angle of 90°. The corresponding SAED (Figure 6.2f) was in agreement with 

the HRTEM, which can be indexed to be the pattern with a [001] zone. The 

theoretically calculated value of {001} facet exposure percentage on a single nanosheet 
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was more than 98%, with nearly 10% improvement compared with the highest 

published value so far.

25

Figure 6.2 Electron micrographs of anatase nanosheets, a) SEM image, b) TEM image, 

c) Magnified TEM image of the area marked with dashed square in b), d) TEM image 

showing the thickness of a nanosheet, e) HRTEM image of a nanosheet with the incident 

beam normal to the nanosheet, f) SAED of e).
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As shown in Figure 6.3, the XRD data of nanosheets exhibited the strong peaks at 

2θ = 25.4°, 37.2°, 38.2°, 38.7°, 48.1°, 54.2°, 55.1°, 62.8° and 69.0°, which were well 

consistent with reflections of (101), (103), (004), (112), (200), (105), (211), (204) and 

(116) planes of anatase crystal. Diffraction peaks at 2θ = 41° and 53° were correlated to 

the titanium substrate. The XRD data confirmed dominant high-purity anatase crystals 

were obtained in VPH synthesis.

6.3.1.1.1 Effect of HF Concentration

Figure 6.4 SEM images of the samples prepared with different concentrated HF 

solutions at 150°C for 3 h. a) 1.2%, b) 1.4%, c) 1.6%, d) 1.8%, e) 2.0%, f) 2.2%, g) 

2.4%, h) 2.6%, i) 2.8%, j) 3.0%, k) 3.2%, l) 3.4%, m) 3.6%, n) 3.8% and o) 4.0%.

2 µm10 µm2 µm

2 µm10 µm2 µm

1 µm1 µm1 µm

1 µm1 µm10 µm

10 µm10 µm1 µm
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The influences of HF concentrations on the resultant nanostructures at varied 

temperatures have been systematically studied. The duration of syntheses were fixed to 

be 3 h. 

Figure 6.5 SEM images of the samples prepared with different concentrated HF 

solutions at 180°C for 3 h. a) 1.2%, b) 1.4%, c) 1.6%, d) 1.8%, e) 2.0%, f) 2.2%, g) 

2.4%, h) 2.6%, i) 2.8%, j) 3.0%, k) 3.2%, l) 3.4%, m) 3.6%, n) 3.8% and o) 4.0%.

1 µm1 µm1 µm

1 µm1 µm1 µm

1 µm1 µm1 µm

1 µm1 µm1 µm

1 µm1 µm1 µm

a) b) c)

d) e) f)

g) h) i)
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Figure 6.6 SEM images of the samples prepared with different concentrated HF 

solutions at 200°C for 3 h. a) 1.2%, b) 1.4%, c) 1.6%, d) 1.8%, e) 2.0%, f) 2.2%, g) 

2.4%, h) 2.6%, i) 2.8%, j) 3.0%, k) 3.2%, l) 3.4%, m) 3.6%, n) 3.8% and o) 4.0%.

As shown in Figure 6.4, microsized crystals were the major product of syntheses 

by using HF with the concentration from 1.2% to 4.0% at 150°C. With the HF 

concentration lower than 2.0%, square tablet crystals were yielded (Figures 6.4a–d). 

Thick nanosheet-like crystals can be prepared by using more concentrated HF solutions 

(2.2–2.8%, Figures 6.4f–i). The most uniform anatase crystals were synthesized by 

1 µm1 µm1 µm

1 µm1 µm1 µm

1 µm1 µm1 µm

1 µm1 µm1 µm

1 µm1 µm1 µm
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using 2.6% HF solution (Figure 6.4h). Gigantic hexagonal prism-like crystals became 

the major product when HF concentration was further increased from 3.0 to 4.0%. 

(Figures 6.4k–o). 

At 180°C, on the other hand, anatase nanosheets can be produced with HF 

concentrations between 2.0–4.0% (Figure 6.5e–o). However, better shaped square 

nanosheets are yielded by using HF solutions with concentrations of 3.0% or more 

(Figures 6.5j–o). Condensed film composed of tiny anatase crystal aggregations was 

obtained when the concentration was lower than 2.0% (Figures 6.5a–d).

Figure 6.7 SEM images of the samples prepared with different concentrated HF 

solutions at 230°C for 3 h. a) 1.2%, b) 1.8%, c) 2.4%, d) 3.0%, e) 3.6%, f) 4.2%, g) 

4.8%, h) 5.4%, i) 6.2%, j) 7.0%, k) 8.2%, l) 9.0%.
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With higher temperature (200°C), anatase nanosheets can be prepared by using HF 

solutions with concentrations from 1.2–4.0%. As shown in Figures 6.6a–e, thicker 

nanocrystals were predominantly obtained in less concentrated HF atmosphere (1.2–

2.0%). Relatively uniform nanosheets were obtained by using more concentrated HF 

solutions (2.2–3.4%, Figures 6.6f–l). However, the further increase in the concentration 

(3.6–4.0%) would impair the sheet-like structures due to a selective dissolution of {001} 

facets with the full-HF coverage,

26

 leading to holey nanosheets. 

The attempted temperature was further increased to 230°C with HF concentrations 

ranged from 1.2 to 9.0%. As SEM images shown in Figure 6.7a, synthesis by using HF 

with low concentrations will only yield anatase crystals with decahedral shapes (Figure 

6.7a). Ultrathin nanosheet can be obtained in the atmosphere supplied by appropriate 

concentrated HF solutions (3.6–4.2%, Figures 6.7e–f). Similar to the samples prepared 

at 200°C, corroded nanosheets were resulted with excessive amount of F ions (4.8–6.2%, 

Figures 6.7g–i). The further increase in the HF concentration (7.0–9.0%) will destroy 

the nanosheet, leading to compact particle films on the substrates, as shown in Figures

6.7j–l. The optimal HF concentration used for ultrathin anatase nanosheets was between 

3.4–4.2%.

6.3.1.1.2 Effect of Reaction Temperature

By careful comparison of the resultant nanostructures shown in Figures 6.4–6.7, it 

is also suggested that the reaction temperature played a decisive role in determining 

nanosheet thicknesses although it did not influence crystalline structures. To prepare 

nanosheets with smallest thickness, most uniform distribution, the optimal HF 

concentrations used in the syntheses varied from one temperature to another. SEM 

images of the best nanosheets prepared in varied temperatures were shown in Figure 6.8. 

Anatase tablets (109 nm thick) with a size of about 400 nm were obtained at 150°C. 

When the temperature was increased (Figures 6.8b–d), anatase nanosheets with thinner 

and wider sizes were yielded. 
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Figure 6.8 SEM images of the samples prepared in different temperatures. a) 150°C, b) 

180°C, c) 200°C, d) 230°C, e–h), the magnified SEM images of the sample in a–d).
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Figure 6.9 Plots of thickness and aspect ratio of the resultant anatase nanosheets vs. 

synthetic temperatures.
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Figures 6.8e–h show SEM images of vertical posed nanosheets. A comparison of 

the nanosheet dimensions directly measured in these SEM images was shown in Figure 

6.9. An aspect ratio represents the ratio of width vs. thickness. It is evident that the 

aspect ratios have been enlarged as the temperature increased. In other words, the {001} 

facet percentage was higher with a higher synthetic temperature. This is probably due to 

more frequent accesses of F atom at the crystal surface at higher temperature which 

helps to stabilize the {001} facet. Similar tendency was also observed in the synthesis of 

anatase crystals with sub-micron sizes in LPH method.

25

6.3.1.1.3 Growth Mechanism

To study the growth mechanism of anatase nanosheets, time resolved syntheses 

were conducted at 200°C. As SEM images shown in Figure 6.10a, large crystals with 

the sizes of about 1–2 µm were formed on the surface after 1 h reaction. On these 

crystal surfaces, tiny tablet-like crystals can be observed, as shown in the magnified 

SEM image of 1 h sample in Figure 6.10b. After 2 h reaction in the HF atmosphere, 

amounts of large crystals decreased, while more nanosheets were generated (Figure 

6.10c). The large crystals were all dissolved and uniform anatase nanosheets were 

eventually established after 3 h reaction (Figure 6.10d). 

Figure 6.10 SEM images of samples prepared at 200°C in different durations. a) 1 h, b) 

1 h (magnified), c) 2 h and d) 3 h.

2 µm 1 µm
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There exist two classical mechanisms of solid crystal growth in liquid phase. One 

is Ostwald ripening,

27

 which describes growths of larger particles at the expense of 

dissolving small particles. The growth rate is proportional to the solubility of the crystal 

in the solution, solid-liquid interfacial tension and affected by particles size 

distribution.

28–30

 Another is oriented attachment,

31–33

 which involves irreversible and 

crystallographic self-assembly of primary nanocrystals in specific directions. 

By analysing the growth process of nanosheets, the larger crystals were initially 

formed on the substrate and subsequently dissolved for supplying building materials of 

nanosheets. For this aspect, Ostwald ripening mechanism is not applicable for the 

growth of nanosheets. On the other hand, it is frequently witnessed that the cross-overed 

growth of several nanosheets. We believe this is the direct result of defects on a pre-

formed nanosheet on which a secondary nanosheet is oriented/attached/nucleated. It is 

to note that due to the highly restricted mass transfer area in a thin liquid film on a 

substrate in VPH reaction, these cross-over growth behaviours would be thoroughly 

promoted. 

Thus, the growth mechanism of anatase nanosheets is proposed as below. A 

concrete oxidized layer is formed on a titanium substrate at high temperature at the early 

stage of VPH reaction. Subsequently, tiny nanosized tablets started to nucleate on the 

large crystals when reaction media is saturated. Nanosheets were developed by an 

oriented crystal growth supplied by further Ti species dissolved from the large concrete 

crystals. Finally, a uniform nanosheet topping is obtained after a complete conversion 

from oxidized crystals. 

For comparison purposes, LPH synthesis with same materials and reagents was 

also conducted with other parameters remained unchanged at 200°C. In 1 h reaction, 

porous particulate aggregations were obtained (Figure 6.11a). Large aggregated 

particles were composed of several fused crystals (Figure 6.11b). These fused crystals 

were turned into decahedra shapes by further reaction (Figure 6.11c). No detected 

morphological change was observed in elongated synthesis (Figure 6.11d). The absence 

of nanosheet in LPH reaction shows that a highly localised, efficient mass transfer 

characteristic in VPH method is crucial for nanosheet formation. The higher efficiency 

of mass transfer can also be reflected by the fact that to prepare the ultrathin nanosheets 

with similar thickness, only less concentrated HF solutions need to be used in VPH 
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approach than in LPH method (equivalently 0.15 mL in 5 mL solution for VPH, 

compared with the 0.80 mL in 5 mL for LPH in the report

25

).

Figure 6.11 SEM images of samples prepared in liquid phase at 200°C in different 

durations. a) 1 h, b) 1 h (magnified), c) 2 h and d) 3 h.

6.3.1.2 Brookite Nanorods

In nature, there are mainly three TiO
2 

polymorphs: anatase, brookite and rutile. 

Each phase exhibits different physical and chemical properties. Rutile is the most 

thermo-stable phase; while hydrothermal preparation methods for TiO
2
 generally yield 

anatase phase.

34

 In comparison to the other two, brookite phase was most rarely 

investigated, although it was reported that brookite has high catalytic activities at some 

occasions.

35

 The smaller number of research activities may be due to the difficulties in 

the synthesis of its pure form. Up till now, brookite nanoparticles have been prepared in 

aqueous solution with HCl,

36–40

 HNO
3
,

41–42

 organic acid,

43–44

 NaOH,

45–46

 urea

47–49

 and 

ammonia.

50–52

 However, it remains challenging to prepare high quality uniform brookite 

nanocrystals through single hydrothermal method. Here, we utilized VPH method to 

grow highly crystalline brookite nanorods on titanium substrate. 

1 µm1 µm

1 µm10 µm

a) b)

c) d)
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Figure 6.12 a) SEM, b) TEM, c) HRTEM and d) SAED of brookite nanorods. c) was the 

magnified HRTEM image, corresponding to the area marked with dashed square in b).

As shown in Figure 6.12a, dominant nanosized rod-like crystals were grown on 

the substrate after VPH synthesis. Figure 6.12b shows a TEM image of nanorods. The 

nanorods were about 30–250 nm in width and 1 µm in length. The crystalline structure 

was further examined by HRTEM and SAED, as shown in Figure 6.12c and d. 

Interspacings in HRTEM image were measured as 4.48 Å, 3.46 Å and 3.51 Å, which 

were in good agreement with the d values of (101), (111) and (210) planes of brookite 

crystals. The interfacial angle between ( 1 01) and (1 1 1) also matched with the 

theoretical value (66.2°). The SAED pattern in Figure 6.12d was consistent with the 

HRTEM, which can be indexed to be the pattern with [121] zone axis. According to the 

indexation, the nanorod was grown in c axis, given by the fact that [210] direction is 

perpendicular to [001] direction. 

Figure 6.13 shows the XRD data of brookite nanorods. The reflection peaks at 2θ

= 25.3°, 30.8°, 36.2°, 46.0°, 49.2° and 57.1° were consistent well with the (210), (211), 

(102), (302), (312) and (113) planes of a brookite crystal. The other peaks were related 

to titanium substrate. In contrast to the samples prepared in low temperatures (chapter 4), 

no reflection peaks corresponding to the titanate nanotube were detectable, which 

indicated brookite crystals were the major product at high temperature.
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Figure 6.13 XRD data of the brookite nanorods.

Previously, synthesis of brookite nanocrystals demands delicate control 

procedures. For example, Zhao et al.synthesized flower-like brookite nanocrystals by 

hydrolyzation of the tetrabutyl titanate in ammonia solution with NaCl salt.

52

 The 

growth of nanocrystals was attributed to be an Ostwald ripening process. Layered 

titanate was obtained when no NaCl was added and the brookite crystals were only 

yielded with 0.25 M NaCl. Also, preparation of brookite nanoparticles by using a 

titanium complex was also proposed by Kakihana and co-workers.

50–51

 The crystallinity 

of products was highly sensitive to the pH. To prepare high quality brookite 

nanoparticles, a relatively weak alkaline condition (pH = 10) must be used. In our 

synthesis, no such control is necessary. Given by our results that VPH syntheses at 

higher temperature (> 180°C) produced brookite nanocrystals in chapter 4 and 5 (see 

Figures 4.10 and 5.8), it was quite obvious that their formations were co-related to 

synthetic temperatures (and probably pressure), other than substrates. 

So far, the reason why brookite formation is promoted in ammonium-rich media is 

still mysterious. The addition of NH
4

+

 failed to promote the brookite crystallization,

50

indicating that the ammonia or other amine compounds were not interact with Ti species 

in form of ammonium ions. It is likely that, similar to the attachment of F species to 

anatase {001} facets,

24

 N atoms in these compounds selectively bond with the specific 

facets of brookite crystal in aqueous solution. This will probably lower the surface 

energy of certain facets, which finally facilitates formations of brookite crystals.
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6.3.1.3 Niobate Nanoribbons and Nanoscrolls

Niobate nanostructures have been prepared for their promising applications in 

catalysis,

53

 photocatalysis,

54

ferroelectricity,

55–56

piezoelectricity,

57–58

 ion conducting

59

and electro-optics

60

 applications. Among them, NaNb
3
O

8
, with a unique tunnel 

structure,

61

 has been less explored and focused. To date, preparations of NaNb
3
O

8 
have

been achieved via high-pressure reaction,

61–62

 solid state chemistry

63–64

 or cation ion 

exchange.

65

 Here we used basic VPH method to grow highly crystalline NaNb
3
O

8

nanoribbons on niobium substrate. 

Figure 6.14 a) low magnified SEM image, b) SEM image, c) TEM image, d) SAED 

pattern of NaNb
3
O

8
 nanoribbons prepared in basic VPH synthesis with NaOH coating.

After synthesis, NaNb
3
O

8 
nanoribbons with 100–600 nm in width and several 

hundreds nm in length were formed on niobium substrate (Figures 6.14a and b). The 

crystalline structure was further confirmed with XRD data (Figure 6.15), which was 

consistent with pattern of an orthorhombic NaNb
3
O

8 
phase (PDF-78-2007) with the 

crystal parameters of a = 7.3244 Å, b = 10.31 Å, c = 7.0426 Å.

61

 The peaks at 2θ = 

14.8°, 29.4°, 29.9°, 35.3°, 45.5° and 50.4° can be assigned to reflections of (110), (112), 

(220), (202), (330) and (242) planes of NaNb
3
O

8
 crystal. The SAED pattern of a single 

1 µm10 µm

500 nm

[001]
(002)

(150)

[510]

–

a) b)

c) d)
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crystal nanoribbon can be indexed to be the one with [510] zone, showing (002) and 

(1 5 0) diffraction dots with interfacial angle of 90°. Accordingly, the growth direction 

of the nanoribbon was along [001] direction.
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Figure 6.15 XRD data of NaNb
3
O

8
 nanoribbons.

NaNb
3
O

8
 crystal is composed of coordinated polyhedral units, namely 

dodecahedra NbO
8
 and distorted pentagonal bipyramids NbO

7
.

61

 These two units were 

constructed into chains parallel to [001] axis by sharing the edges. This specific 

configuration leads to the formation of channels with elongated hexagonal cross-section 

along the c axis. The accommodated Na ions in the channels are highly mobile and 

relatively unexchangeable.

61

 Note that the nanoribbons we obtained were grown along c

axis, outstanding directional ion mobility along ribbon axis will promisingly make the 

material a perfect candidate for electronic and electrochemical devices, for example 

supercapacitor,

66–67

 and Li batteries. 

Surprisingly, when the synthesis was carried out without NaOH coatings, 

nanoscrolls can be obtained. Figures 6.16a and b show the SEM images of the as-

prepared nanoscrolls on the Nb metal substrate. The diameters were ranged between 

50–70 nm and the lengths were about 100–800 nm. A number of the nanoscrolls have 

perfect tubular shape viewed from the top, while some of them are still in the middle of 

scrolling processes (Figure 6.16b). As growths of titanate nanotubes in VPH synthesis 

via rolling and seaming mechanism have been described in chapter 4, differences 

between these two hollow structures were investigated by TEM observations. As shown 
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in Figure 6.16c, the niobate nanoscroll has a well-established lamellar structure. Its

interlayer spacing was measured to be 2.6 nm on average. Although no matches have 

been found in the crystalline material database, this value is close to the (010) plane 

interspacing of a orthorhombic sodium septniobate, NaNb
7
O

18
 (PDF-34-1492),

68

 with 

the cell parameters of a = 14.284 Å, b = 26.224 Å, c = 3.8414 Å. It is therefore deduced 

that these nanoscrolls probably share the framework of NaNb
7
O

18
, with similar Nb–O 

polyhedral configuration, except the Na atoms are partly replaced by NH
4
 ions. 

Figure 6.16 a) low magnified SEM image, b) SEM image, c) TEM image, inset is the 

magnified TEM image of the wall, d) TEM image viewed from tube axis, e) SAED 

pattern of niobate nanoscroll prepared in VPH method without NaOH coating.

It is also worthwhile to note that, the resultant nanoscrolls were formed by 

scrolling up monolayered niobate nanoribbons (Figure 6.16c), different from the rolling 

and seaming of multilayered nanosheet in chapter 4. A cross-sectional TEM image 

(Figure 6.16d) of a nanoscroll clearly shows 4 layers on both sides. In Figure 6.16d, the 

SAED pattern of a niobate nanoscroll can be indexed by super-positions of multiple sets 

of reflection spots,

69–71

 indicating that the nanoribbon rolls up into helical scroll with 4 

layers on the wall. No obvious seaming process was observed. The different rolling 

behaviours of titanate and niobate are probably related with their different symmetric 

properties, i.e., atomic arrangements on the top and bottom of a niobate monolayer sheet 

are different,

72

 therefore the rolling of monolayer is facilitated.

73
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Previously, niobate nanotubes/nanoscrolls have been obtained exclusively by 

intercalating large organic molecules into lamellar structures of solid-state prepared 

niobate samples.

72–81

 No report regarding to a hydrothermal synthesis niobate nanoscroll 

has been published. Our attempts to synthesize the niobate nanoscrolls in aqueous 

solution failed even when a wide range of parameters were used. Again, it is implied 

that the unique reaction environment in VPH method has been playing a crucial role for 

the synthesis of novel nanostructures which are not accessible in conventional LPH 

method.

6.3.1.4 Niobium Pentoxide Nanorods

Nb
2
O

5 
is an important wide band-gap n-type semiconductor with broad promising 

applications in catalysts,

53,82

 sensors,

83

electrochromics,

84–85

 dye-sensitized solar cells

86–

89

 and lithium batteries.

85,90–91

A simple VPH reaction in acid atmospheres by using 

niobium metal as a substrate will lead to formation of niobium oxide nanostructures.

Figure 6.17 a) SEM image, inset, an individual nanorod, b) cross-sectional SEM image, 

c) TEM image d) HRTEM image, e) SAED patterns of niobium oxide prepared in acid 

VPH method.

As the SEM image show in Figure 6.17a, uniform rod-like structures were formed 

on the metal substrate after VPH synthesis. The top-viewed SEM of an individual 

nanorod with about 100 nm width exhibited a hexagonal shape (inset of Figure 6.17a). 
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As seen in a cross-sectional SEM image (Figure 6.17b), nanorods were directly grown 

on the substrate and the thickness of the nanorod layer was approximately 1 µm. XRD 

data of nanorod sample is shown in Figure 6.18. The peaks at 2θ = 22.6°, 28.6°, 36.7°, 

46.2°, 50.6° and 55.2° were in good agreement with (001), (100), (101), (002), (110) 

and (102) plane reflections of a pseudo-hexagonal Nb
2
O

5
 (PDF-28-0317),

92

 with cell 

parameters of a = 3.607 Å and c = 3.925 Å. Figure 6.17c is a TEM image of two 

nanorods, with lengths of 300 and 350 nm respectively. The HRTEM image exhibited a 

well resolved interspacing of 3.9 Å, which corresponded to the (001) plane. SAED 

pattern (Figure 6.17e) of the nanorod exhibits (00l) dots, indicating that the nanorod was 

grown in [001] direction.
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Figure 6.18 XRD data of niobium oxide nanorods prepared in acid VPH method.

The influence of acid atmospheres (by varying the concentrations of acetic acid 

concentrations) on resultant structures has been investigated. As SEM images shown in 

Figure 6.19a, when 0.75% acetic acid was used, nanorods with sparse distribution were 

obtained. Also the shapes of nanorods were randomly configured. Uniform nanorod 

arrays can be yielded in a VPH synthesis by using 3% acetic acid (Figure 6.19b). 

However, when acid concentration was further increased, giant column-like crystals 

started to form, as shown in Figure 6.19c. Furthermore, by using 12% acetic acid 

solution, crystallization of large crystals with cylinder shapes was overwhelmingly 

promoted probably due to the larger amount of oxidising acetic acid in the atmosphere. 
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Figure 6.19 SEM images of Nb
2
O

5
 nanorods prepared by using differently concentrated 

CH
3
COOH solutions at 150°C: a) 0.75%, b) 3%, c) 6%, d) 12%.

Although very rarely, hydrothermal syntheses of Nb
2
O

5
 nanorods have been 

reported, by using niobium metal

93–94

 or hydrolysed niobic acid

95

 as raw materials. 

Uniform Nb
2
O

5
 array has only been prepared in an alkaline solution with Li

+

 and F

–

ions at 165°C for 36 h.

93

 In comparison, our synthesis composed of single VPH reaction 

in acid atmosphere at lower temperature and in much shorter duration was much simpler. 

This is probably due to enhanced mass transfer on the localised surface of metal 

substrate in VPH reaction system.

6.3.1.5 Tungsten Oxide Microplates

As an important n-type semiconductor, WO
3
 has attracted much research interest

due to its intriguing chemical, electrochromic properties and wide spread applications 

such display devices, solar energy devices and sensor technique.

96

 The monoclinic WO
3

has a distorted ReO
3
-type structure and best stability in all the polymorphs.

97

 WO
3

Nanostructures with particulate,

98

 rod-like,

99

 cube-like

100

 and plate-like

101

 shapes have 

been synthesized by a number of approaches, including hydrothermal method,

99–100

thermal oxidation method,

98

 inorganic-organic hybrid method

101

 and chemical 

precipitation method.

102

 Here, we utilized a direct VPH synthesis to prepare monoclinic 

WO
3
 microplates on W metal substrate.

0.75% 3%

6% 12%

1 µm200 nm

200 nm200 nm

a) b)
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Figure 6.20 a) SEM image, b) TEM image, c) HRTEM image, d) SAED patterns of 

monoclinic WO
3
 microplate.
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Figure 6.21 XRD data of WO
3
 microplates prepared in VPH synthesis.

After the synthesis, highly crystalline plate-like crystals with the width of several 

microns and thickness of 500–1000 nm were generated (Figure 6.20a). Figure 6.20b 

shows the corner of a microplate. The XRD peaks shown in Figure 6.21 were in good 

agreement with a monoclinic WO
3

crystalline phase (PDF-83-0951).

103

 The HRTEM 
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image (Figure 6.20c) exhibited two interspacings of 3.65 Å and 3.77 Å with an 

interfacial angle of 90°. They can be attributed to (200) and (020) planes of WO
3
 crystal. 

Figure 6.20d is the corresponding SAED pattern, which is consistent with the HRTEM 

and XRD results, showing reflection dots with [001] zone axis. 

Monoclinic WO
3
 nanoplates have been recently prepared by sintering the H

2
WO

4

precursors which were prepared in hydrolysis of H
2
W

2
O

7
 in organic amine 

solutions.

101,104

 However, transformation of H
2
WO

4
 solution into colloidal solution was 

time consuming (more than 2 days) and also calcination procedure is usually necessary 

to improve the crystallinity of resultant nanoplates. With a VPH approach, the synthetic 

procedure has been greatly simplified and the duration has been reduced into only 3 h. 

More importantly, no immobilization will be compulsory since microstructures are 

grown directly from a conductive metal substrate. 

6.3.1.6 Other Metal Oxide Microstructures

Figure 6.22 SEM images of nanostructures prepared in VPH syntheses by using 

differently metal plates as raw materials: a) Zn, b) Mn, c) V, d) Ta.

Generality of VPH synthesis has been further tested out by applying the method to 

prepare oxides of other transition elements, such as Zn, Mn, V, Ta et al. The resultant 

morphological properties were characterized by SEM observation, some of which are 

shown in Figure 6.20. Hexagonal zinc oxide nanorods, long manganate nanofibres, 

1 µm100 µm

1 µm 1 µm

a) b)

c) d)
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vanadate microcubes and tantalate microcubes have been synthesized by basic VPH 

reactions on relative metal substrates. This further supports the fact that the VPH 

reaction is capable of synthesizing novel sub-micron structure on solid substrate with 

appropriate synthetic conditions. The wide applicability of this method would allow 

new pathway to fabrications of nanodevices with controllable dimensions and therefore 

tuneable physiochemical properties. 

6.3.2 Transformations between Nanostructures

In addition to direct syntheses of nanostructures on bare metal substrates, VPH 

reaction is also a powerful surface modifying method on pre-existed nanostructure since 

it is based on a hydrothermal reaction within highly localised area on substrate surface. 

To prove this, sequent VPH reactions by using the established nanostructures as starting 

materials have been carried out. Here, we take tungsten oxide nanoneedle arrays, 

mesoporous titanate nanotube network and uniform tiny anatase crystals as examples.

6.3.2.1 Branched Tungsten Oxide Nanoneedle Arrays

Figure 6.23 SEM images of WO
3
 nanoneedles prepared in sequent basic and acid VPH 

approach. a) low magnified, b) medium magnified, c) side view of the branched 

nanoneedles, d) high resolution SEM image of the nanoneedles. Inset show a top viewed 

SEM image of a nanoneedle with six-fold branches.

100 nm
1 µm

10 µm10 µm

a) b)

c) d)

60°
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Rational design and fabrication of hierarchical nanostructures with tuneable 

dimension and structural complexity have great impact on nanotechnology development 

and recently drawn wide attention due to their fascinating functional properties.

105–110

 In 

our synthesis, sequent basic and acid syntheses were conducted.
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Figure 6.24 XRD data of WO
3
 nanoneedles. 

As SEM images shown in Figure 6.23, highly uniform needle-like arrays were 

successfully grown onto a nanosheet support. Nanoneedles, with lengths of about 3–10 

µm, were oriented from both vertical and horizontal surface of the support (Figures

6.23b and c). A closer SEM (Figure 6.23d) observation confirmed a six-fold symmetry 

of the branch growth on the nanoneedles trunk. All of the branches were vertically 

grown from theirs mother trunks, as one typical nanoneedle shown in the inset of Figure 

6.23d.

XRD data of branched nanoneedles is shown in Figure 6.24. The peaks at 2θ = 

13.9°, 23.2°, 28.1°, 33.8°, 36.7°, 43.1°, 44.5°, 47.4°, 49.2°, 49.8°, 51.9° and 52.3° are in 

good agreement with the reflections of (100), (002), (200), (112), (202), (113), (212), 

(004), (302), (220), (310) and (213) planes of a hexagonal tungsten oxide (WO
3
) with 

cell parameters of a = 7.3242 Å and c = 7.6624 Å (PDF-85-2460).

111

 To investigate the 

branch orientations, HRTEM image was taken at the root of a branch (Figure 6.25b). It 

displayed equivalent (11 2 0) and (0002) crystal planes with lattice spacing of 3.7 Å and 

3.8 Å on both trunk and branch. The interfacial angle was 90°. The corresponding fast 

Fourier transferred (FFT) images shown in the insets can both be indexed into spots of 



Chapter 6

217

[1100] zone. It can be concluded that WO
3
 branches were grown along their [0001] 

directions from the trunk in six equivalent <100> directions with an interfacial angle of 

60°.

Figure 6.25 TEM images of a WO
3
 nanoneedle. a) low magnified, b) HRTEM image of 

the branch rooting. Insets on the top and at the bottom are the IFFT HRTEM, FFT 

images of the areas on the trunk and branch marked with dashed squares respectively. 

Figure 6.26 a) SEM images of H
0.65

W
1.635

O
5.23

nanosheets prepared in basic VPH 

syntheses. b) HRTEM image. c) SAED pattern with an incident beam normal to the 

nanosheet. 

To study the growth process of the highly crystalline nanoneedles, single basic 

synthesis was conducted. As SEM image shown in Figure 6.26a, tungsten oxide hydrate 

nanosheets with a size of more than 20 µm were prepared on the substrate after a basic 

101
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–

b)

[111]

–

5 nm

c)

7.2Å
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VPH reaction. A HRTEM image (Figure 6.26b) viewed from the normal of nanosheet 

exhibited atomic planes with interspacings of 7.2 Å and 7.2 Å with an interfacial angle 

of 60°, which can be attributed to the (101) and (110) planes of a tungsten oxide 

hydrate, H
0.65

W
1.635

O
5.23

(PDF-80-0192). The corresponding SAED pattern which can 

be indexed to be diffraction dots with a [001] zone axis (Figure 6.26c) further confirmed 

the crystalline structure.

10 µm 100 nm

100 nm 10 nm

[0001]

[1120]

[1120]

[0001]

Trunk

Brunch

3.7Å

3.8Å

3.7Å

3.8Å

a) b)

c) d)

60°

_

_

Figure 6.27 a) SEM image. b) magnified SEM image. Inset, a top viewed SEM showing 

hexagonal branches. c) TEM image. d) HRTEM image of branched nanorods prepared 

in a single acid VPH synthesis. 

For comparison purposes, synthesis was also carried out with bare W metal plate 

in HF atmosphere without first basic treatment. As SEM image shown in Figure 6.27a, 

WO
3
 nanorods with branches grown from their trunks were obtained without any 

structural directors. The nanorods exhibited typical hexagonal crystallographic

characteristics as 6 fold symmetric branches were overwhelmingly found in the product 
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(Figure 6.27b). XRD data shown in Figure 6.28 confirmed that the obtained nanorods 

had hexagonal WO
3
·crystalline structure. Diffraction peaks at 2θ = 13.9°, 23.2°, 28.1°, 

33.8°, 36.7°, 43.1°, 44.5°, 49.2°, 49.8°, 51.9° and 52.3° are consistent with reflections 

of (100), (002), (200), (112), (202), (113), (212), (302), (220), (310) and (213) planes of 

WO
3
.

Structural characteristics of branched nanorods have been investigated by TEM 

analysis. Similar to the branched nanoneedles, the nanorod branches grow 

perpendicularly from their trunks, as shown in Figure 6.27c. HRTEM image (insets of 

Figure 6.27d) exhibits two interspacings, 3.7 and 3.8 Å with an interfacial angle of 90°

on both trunk and branch, which are consistent with the (11 2 0) and (0002) planes of 

WO
3
 crystal with [1100] zone axis. Therefore, it’s conclusive that the branches were 

grown along their [0001] directions from the trunk in six equivalent <100> directions

with an interfacial angle of 60°.
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Figure 6.28 XRD data of branched WO
3
 nanorods prepared in single acid VPH 

synthesis.

So far, solid tungsten oxide with monoclinic,

112–116

 hexagonal

108,117–123

 symmetries 

have been synthesized with sphere,

115

 plate-like,

121

 rod-like,

116–117,119,122–123

 tree-

like

108,112–113,120

 nanostructures. Among them, tree-like tungsten oxide structures have 

been prepared on a tungsten metal substrate in high temperature vacuum evaporation

method

112–113

 or hydrothermal method.

108,120

 However, similar to the nanorods shown in 

Figure 6.27a, in either case, no obvious structural arrangement has been obtained. In our 

synthesis, it is clear that first treatment in basic condition was crucial to the growth of 
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nanoneedle arrays. Pre-establishment of the crystallized nanosheet here acts a two-fold 

role. The first one is to supply a platform that supports the bulk nanoneedle structures. 

The second one is to provide a crystallized surface that orients the crystal growth. 

Without a crystallized support, the tungsten crystals will grow on randomly formed 

nuclei under saturation, leading to poorly organised nanorods. Also, mass transfer 

localised thin film reaction system plays indispensable part that enables an efficient 

crystal growth of nanoneedle onto the support. Thus, VPH method can be very useful 

not only in one-step preparation of new generated nanostructures but also in 

morphological modification and structural engineering. 

6.3.2.2 Mesoporous Titanate Nanotube Network

It is shown in chapter 2 that the titanate nanotubes prepared in LPH method are 

competent candidates for wide spread applications, such as catalyst supports, energy 

conversion devices, photocatalyst and sensing technique, due to their high aspect ratio, 

large surface area. However, the controllable growth of titanate nanotube into a 

designed porous network in a LPH reaction is still hard to achieve. We have prepared 

titanate nanotube membrane with high mobilization rate in LPH synthesis by using 

porous Ti substrate.

124

 Here we produce mesoporous titanate nanotube network by 

combination of LPH method and VPH method. 

The synthesis consisted of preparing microspheres in HF solution

125

 and

subsequent growth of mesoporous titanate nanotube network by VPH method on the 

surface. After the first step, microspheres with widths from 700 nm to 1 µm were 

yielded, as the SEM image shown Figure 6.29a. The higher resolved SEM image 

exhibited that microspheres were composed of several merged anatase crystals with flat 

{001} facets exposed (Figure 6.29b). The TEM image further confirmed the solid 

structure of a microsphere with about 1.6 µm in width. The diffraction data (Figure 

6.30), showing peaks at 2θ = 25.4° (101), 37.2° (103), 38.2° (004), 38.7° (112), 48.1°

(200), 54.2° (105), 55.1° (211), 62.8° (204) and 69.0° (116), indicated that the 

microspheres consisted of highly pure anatase crystals. 

After an additional basic VPH reaction, a porous titanate nanotube network was 

grown on the surface with nanotube connection between adjacent microspheres (Figure 

6.29d). As shown in Figure 6.29e, pores and caves woven by tiny titanate nanotubes 

within the layer were thoroughly preserved by appropriate level of nanotube growth. 
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The hollow texture of a nanotube was confirmed in the TEM image (Figure 6.29f). The 

multilayered nanotube was 22.6 Å in width, with 12 layers on both sides. The interlayer 

distance was 7.4 Å. Consistent with the nanotubes prepared in chapter 5, inner diameter 

of the nanotube was 4.9 Å, indicating that these nanotubes were probably formed via an 

oriented crystal growth mechanism. 

Figure 6.29 Morphologies of microspheres prepared in LPH method and mesoporous 

nanotube network prepared in additional VPH reaction by using the microspheres as 

starting materials. a–c) low magnified SEM image, SEM image, TEM image of 

microspheres. d–f) low magnified SEM image, SEM image, TEM image of the nanotube 

network. Inset in f) is the TEM image showing massive nanotubes grown from a 

microsphere. 
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Figure 6.30 XRD data of microspheres prepared in LPH method and mesoporous 

nanotube network prepared in additional VPH reaction by using microspheres as 

starting materials. 
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XRD data of the nanotube network exhibited weaker characteristic anatase 

reflections together with a distinct lepidocrocite titanate diffraction pattern (Figure 6.30). 

This shows the evidence that nanotubes shared an identical crystalline structure as those 

prepared in conventional LPH method and our VPH method. With the porosity and 

conductivity, the titanate nanotube network will find itself a promising candidate for gas 

sensing, microbiological filtration/removal and dye-sensitized solar cell applications.

6.3.2.3 Anatase Nanocrystals

It is already shown in the previous two sections that VPH reaction is a generic 

method to grow crystalline structure on the base of pre-formed substrate. Here, we 

display that by combination of synthesis strategies, VPH reaction can also be employed 

to convert one nanostructure into another. We take the synthesis of anatase nanocrystals 

as example. To prepare uniform nanocrystals with similar sizes and shapes is of extreme 

importance for fundamental research and also technological applications due to the 

dependence of physiochemical properties on crystals dimensions.

126–128

 In our synthesis, 

titanate nanotubes were firstly grown on Ti substrate in LPH methods. Then the 

nanotubes were converted into uniform anatase nanocrystals by additional VPH reaction 

in acid atmospheres.

Figure 6.31 a) SEM image of titanate nanotube prepared in LPH method, b) SEM 

image of nanocrystals after an additional acid VPH reaction with the titanate nanotube, 

c) TEM image of a nanocrystal, d) FFT image of c, e) HRTEM image of c.
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Figure 6.31a is a SEM image showing an overall morphology of the titanate 

nanotubes after LPH reaction. Titanate nanotubes with several microns in length were 

formed on the titanium substrate. These nanotubes were successfully transformed into 

octahedral nanocrystals after a simple VPH treatment in acetic acid atmosphere (Figure 

6.31b). The size of a nanocrystal was about 70 nm long and 40 nm wide (Figure 6.31c). 

The FFT image (Figure 6.31d) displayed patterns corresponded to (h0l) reflections of 

anatase crystal with [010] zone axis. As HRTEM image shown in Figure 6.31e, the 

interspacings of 3.5 Å and 4.7 Å with the interfacial angle of 68.3° were in good 

agreement with anatase (101) and (002) plane spacing values.
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Figure 6.32 XRD data of the titanate nanotubes and anatase nanocrystals.

XRD data of nanostructures before and after the VPH reaction is compared in 

Figure 6.32. The peaks at 2θ = 9.9°, 24.4°, 28.2° and 48.4° corresponded to the 

reflections of (020), (110), (130) and (200) planes of lepidocrocite titanate, as 

characterized in chapter 2. These peaks all disappeared after an additional acid VPH 

reaction. Instead, characteristic anatase XRD peaks at 2θ = 25.4° (101) and 48.2° (200) 

were observed, indicating a complete phase conversion. 

The VPH reaction with bare Ti substrate was also conducted. Figure 6.33a shows 

the SEM image of sample obtained in VPH reaction with acetic acid by using Ti plate 

as starting material. In contrast, only a condense layer of crystal with wide ranged sizes 

was formed. This can be attributed to the dimensional and morphological difference of 

raw materials. During the VPH synthesis, it is much easier for the acetic acid molecules 
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to attach on titanate nanotubes with large surface area than a flat solid metal substrate. 

Besides, smaller sizes of nanotubes would promisingly promote 

dissolution/crystallization process, leading to enhanced formation of tiny nanocrystals.

Figure 6.33 a) SEM image of nanostructures prepared in VPH reaction in acetic acid 

atmosphere with bare Ti metal substrate. b) Flat decahedral crystals prepared in VPH 

reaction in hydrofluoric acid by using titanate nanotubes as starting materials.

It is generally acknowledged that morphological properties of TiO
2
 crystals are 

sensitive to the surface chemistry during their growth process.

24,129–130

 VPH reaction in 

hydrofluoric acid by using titanate nanotubes as starting material was also carried out 

for comparison purposes. As SEM image shown in Figure 6.33b, about 200–500 nm 

wide and 50–80 nm thick decahedral nanocrystals were predominantly grown on the 

substrate after the reaction. As described in section 6.3.1.1, anatase crystals have 

exposed {001} facets due to the facet stabilization by present F

–

 ions in synthetic 

environment. In comparison, VPH synthesis by using metal plate as starting material 

with similar parameters only lead to large merged crystal aggregations (Figure 6.5d). 

Both better results obtained in syntheses started with titanate nanotubes indicate that 

sizes and structures of raw materials in a VPH reaction are very important to those of 

final products.

6.4 Conclusion

In conclusion, by a VPH approach, nanosheets, nanorods, nanoribbon, nanoscrolls, 

plate-like, cube-like crystalline structures have been synthesized directly on metal 

substrates in either basic or acid atmosphere. Syntheses of these nanostructures were not 

achievable in conventional LPH method with similar synthetic parameters. Growths of 

the resultant nanostructures were sensitive to synthetic parameters, which can be easily 

tuned during the synthesis. Perhaps more importantly, the VPH method can be used to 

100 nm100 nm

a) b)
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modify surface morphologies of pre-existed nanostructures, via epitaxial crystal growth, 

in situ growth or structural conversion. This promisingly offers an alternative way for 

preparation of materials with extraordinary structural properties in a tuneable manner.
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CHAPTER 7 GENERAL CONCLUSIONS AND FUTURE WORK

7.1 General Conclusions

This thesis systematically investigates hydrothermal syntheses of crystalline 

nanostructured titanium oxide semiconductors directly on metal substrates in both liquid 

and vapour phases under acid or alkaline condition without any structural directing 

agents. Based on comprehensive characterizations, detailed formation processes of the 

nanostructures have been monitored and overall growth mechanisms have been 

proposed. The nanostructured semiconductors on metal substrates have been assembled 

to be photoanodes of devices for light-induced applications.

The alkaline liquid phase hydrothermal fabrication, characterizations, growth 

mechanism, photoelectrocatalysis and dye-sensitized solar cell applications of titanate 

nanotubes have been investigated in Chapter 2. 3D nanotube network is directly grown 

on Ti metal substrates by hydrothermal reaction of porous TiO
2
 film in alkaline 

solutions. Branching and joining of nanotubes during the growth process are responsible

for network establishment. Morphological properties obtained in experiments with a 

wide range of temperature, NaOH concentration indicate that synthetic parameters are 

playing decisive role in determining the resultant nanostructures. Thus, the growth of 

titanate nanotubes on bare Ti metal substrate has been studied by combining 

morphological changes and solute concentration variations for the first time. It can be 

divided into three primary stages: scaffold structure, titanate nanotube formation and 

compact titanate layer growth. A porous scaffold structure can be formed on substrate in 

the first stage, followed by crystallizations of titanate nanotubes within the scaffold 

structure in the second stage. Branched growth is partly responsible for the prompted 

nanotube formation. Empty space within the porous scaffold is then filled up by 

predominant nanotube growth, leading to compact nanotube layer at the finally stage. 

The whole reaction reached a relative steady stage, in which the titanate nanotube layer 

is thickened stably. Ti species concentration matches the corresponding morphological 

properties very well. It increases slowly in the first stage indicating dissolution of Ti 

metal substrate under alkaline conditions dominates the stage. It grows much 

dramatically in second stage when nanotubes thrive. Lastly it drops and level off when a 

compact layer of titanate nanotube is formed. This is due to the fact that crystallization 

of titanate nanotubes is dominant in the third stage. Detailed investigation has been 
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conducted at different temperatures. It shows that higher temperature will accelerate the 

overall dissolution and crystallization with the growth process unchanged. The 

photocatalytic performance of 3D titanate nanotube network has been evaluated by

photoelectrocatalysis of water. It is nearly 40% higher than that of raw porous TiO
2
 film. 

The 3D nanotube network has also been employed as photoanode in dye-sensitised solar 

cell. The overall power conversion efficiency is 3.0% with a short circuit current of 5.58 

mA cm

–2

, open circuit voltage of 0.74 V and fill factor of 0.60. It is about 9 times higher 

than the porous TiO
2
 film raw material. Higher dye up-take and a better electron 

transport within the nanotube network are responsible for the enhanced photo-efficiency.

The acid liquid phase hydrothermal syntheses, characterizations, formation 

mechanism and photoelectrocatalysis application of anatase microspheres have been in 

Chapter 3. Anatase microspheres with exposed square-shaped {001} facets can be

grown directly on Ti metal substrates by hydrothermal reaction in HF solutions. The 

growth process has been investigated by detailed monitoring of morphological and 

solution compositional changes (pH, Ti concentration, and F

–

 concentration). The 

morphological properties and crystal facets formation are close related to the 

compositional attributes. The hydrothermal reaction can be divided into 4 stages. It is 

initiated by dissolution of Ti metal plate in acid fluoride solution, leading to eroded 

substrate. In this stage, the Ti concentration increases while H

+

 and F

–

 concentrations 

drop. Tiny particulate TiO
2
 seeds are also deposited. They are enlarged in the second 

stage, changing from ellipsoidal-like nanoparticles to square-shaped TiO
2
 crystals with 

exposed {001} facets. In the mean while, Ti concentration drops while pH and F

–

concentration increases. In the third stage, the square-shaped {001} facets starts to be 

eroded and transformed into square-shaped sheets. pH, Ti and F

–

 concentrations all 

gradually increase. When the time is longer than 15 h, the reaction reaches a steady-

state dissolution/reorganization/deposition stage, in which flake-like nanosheets with 

exposed (101) surfaces cover the surfaces of TiO
2
 microspheres. No noticeable change 

was observed after 24 hours. During the whole process, fluoride ions attached on the 

surface of TiO
2
 crystal plane rather than doping into the O site by substitution. Also, the 

microspheres have solid inner structure according to a FIB-SEM observation. 

According to a DFT calculation, the erosion of {001} facets is due to the selective 

etching of crystal facet under high HF coverage. The pH in the fluoride solution has 

great impact on the resultant morphological properties. When pH is lower than 5.8, 
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TiO
2
 microspheres and nanocrystals with exposed {001} facets can be synthesized. 

While, higher than 7.2, titanate nanorods or nanosheets will be yielded. The formation 

and area of {001} facet was in close relationship with the surface-bonded fluorine. The 

DFT calculations confirm that the dissociative adsorption of HF molecules on {001} 

facet is energetically favoured in acid conditions. Thus, the role that HF plays in the 

synthesis is two-folded: dissolution reagent and the facet controlling reagent. 

Photoelectrocatalytic efficiencies of TiO
2
 microspheres are related to the area of {001} 

facets. They have superior photocatalytic activities than the photoanodes composed of 

TiO
2
 microspheres with {101} facets and TiO

2
 nanoparticulate film. 

In Chapter 4, alkaline vapour phase hydrothermal syntheses, characterizations, 

growth mechanism and photoelectrocatalysis of titanate nanotubes have been 

demonstrated. Nanotubes with diameters of 50–80 nm and lengths of a few hundred nm, 

have been synthesized for the first time on Ti metal substrates in a simple vapour phase 

hydrothermal reaction. Ammonia humid atmosphere is used. The crystalline phase of 

the as-prepared nanotubes is identical to the counterparts prepared in liquid phase. SEM 

observation indicates the nanotubes are formed by direct rolling up of nanosheets grown 

in the early stage of reaction. Then the nanosheet joins into its intrados, followed by 

disengagement of the over-rolled segment from the body of nanotube. Further TEM 

observation reveals that joining and disengagement of nanosheets are based on crystal 

rearrangements of multi-layered titanate structure. Influences of synthetic parameters on 

the obtained nanostructures have been investigated. The nanosheets are the major 

product at low temperatures (< 130°C), while brookite nanorods are yielded at high 

temperatures (> 180°C). Also appropriate alkalinity (NaOH coatings from 0.25–1.5 M 

NaOH/EtOH solutions) ensures the nanosheet rolling up into nanotubes. Also ammonia 

vapour plays a crucial role for the nanotube growth. The concentration of ammonium 

hydroxide solutions needs to be higher than 24% and the volume needs to be larger than 

3 mL. By comparison experiments, it is more likely that ammonia molecules assist 

nanosheet rolling by introducing imbalance via hydrogen bond attachment on nanosheet 

surface rather than intercalation into titanate nanosheet lamellar structure. Moreover, 

XPS results suggest that reaction in nitrogen-rich atmosphere leads to molecularly 

chemisorbed nitrogen on the sample rather than doping the nitrogen into the crystalline 

lattice. The nanotube growth mechanism, involving the rolling, joining and disengaging 

of nanosheets has been proposed for the first time. Finally, the titanate nanotubular 
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structure has been transformed into anatase counterparts without any structural 

impairment. It can be employed for photoelectrocatalysis application to decompose dye 

molecules in aqueous solution.

Moreover, when a crystalline substrate is used, highly crystalline oriented grown 

titanate nanotubes can be prepared in a vapour phase hydrothermal reaction. The 

fabrications, characterizations, growth mechanism and photoelectrocatalysis of these 

titanate nanotubes have been elucidated in Chapter 5. For the first time, diameters of 

titanate nanotubes have been successfully tuned to be nearly 9 times compared with the 

counterparts obtained in liquid phase hydrothermal synthesis. The crystalline phase of 

the resultant titanate nanotubes are similar to the ones characterized in Chapter 2 and 4. 

By simply changing the alkalinity before reaction, the diameters are readily to be 

controlled. Also, effects of reaction temperatures and ammonia atmosphere have been 

studied. Nanotubes can be obtained below a temperature. When the temperature is 

higher than 185°C, brookite nanocrystals will be formed. The ammonia atmosphere 

plays a crucial part for nanotube formation. And volume of ammonium hydroxide 

solution has no obvious effect on resultant morphologies once it is larger than 10 mL. 

The nanotube growth has been investigated thoroughly by detailed electron microscope 

observation. An oriented crystal growth is supported by evidences of direct rooting on 

the crystalline scaffold structure, cross-overed nanotubes, eccentric nanotube tunnel and 

double tunnel structures. A detailed growth mechanism has been proposed: during the 

synthesis, a thin alkaline aqueous layer will be generated on the surface of substrate by 

dissolution of NaOH coating in humid condition. The Ti species will be dissolved from 

the substrate continuously and reorganized in under alkalinity. They are initially 

crystallized on the crystalline titanate scaffold structures, creating epitaxial growth 

orientations. The subsequent crystal growth leads to uniform nanotubes on the substrate. 

For photoelectrocatalysis application purposes, the as-prepared titanate nanotubes have 

been transformed in to anatase nanotubes in 450°C calcination without any detectable 

damage to the nanotubular textures. Photocatalytic activities of these anatase nanotubes 

with two diameters have been compared by photoelectrocatalysis of water. Nanotubes 

with smaller diameters have superior activity which is probably due to their larger 

surface area and better electron transport pathway. 

The generic capability of vapour phase hydrothermal synthesis has been further 

tested by applying to fabrications of titanium oxide in acid vapour atmospheres and 
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other metal oxides in both acid and alkaline conditions. Preparations and 

characterization of the resultant nanostructures have been exhibited in Chapter 6. 

Ultrathin anatase nanosheets can be obtained by vapour phase hydrothermal reaction of 

Ti metal plate in humid HF atmosphere. The highest calculated percentage of exposed 

{001} facet can reach 98%. Effects of synthetic parameters on the resultant 

nanostructures have been investigated. Nanosheets can only be prepared with 

appropriate HF solutions at certain temperatures. More importantly, aspect ratios of the 

optimal anatase nanosheets at 4 different temperatures roughly increase with the 

temperatures. SEM observations suggest that nanosheets are grown via a crystal growth 

oriented by tiny seeds formed in early stage. Besides, TiO
2
 brookite nanorods, NaNb

3
O

8

nanoribbons, NaNb
7
O

18
 nanoscrolls, pseudo-hexagonal Nb

2
O

5
 nanorods, monoclinic 

WO
3
 microplates and other metal oxides nanostructures have been successfully 

prepared directly on metal substrates by a simple vapour phase hydrothermal reaction. 

Furthermore, the reaction has been proven to be very powerful for transformations 

between nanostructures. Highly crystalline branched hexagonal WO
3
 nanoneedles have 

been synthesized on nanosheet supports by additional vapour phase hydrothermal 

reaction in acid atmosphere. The HRTEM analysis shows that the branches are grown 

along their [0001] directions from their trunks in six equivalent <100> directions with 

interfacial angles of 60°. Also, the reaction has been used to modify TiO
2
 microspheres 

into titanate nanotube network under alkaline conditions; transform titanate nanotubes 

into anatase nanocrystals in acid atmosphere. The vapour phase hydrothermal reaction is 

of promisingly potential to be applied in both synthesis of new-generation 

nanostructured semiconductor, and also fine morphological design and engineering for 

applications. 

7.2 Future Work

Although this thesis has investigated extensively hydrothermal syntheses, 

characterizations, growth mechanism and applications of nanostructured titanium oxides 

as well as other metal oxides, follow-up studies are recommended to further explore 

some domains in the body of knowledge on hydrothermal reaction. They are given as 

follows:

• Precise chemical compositions of Ti species present in the alkaline or acid 

hydrothermal reaction with different synthetic parameters will be separated, 
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identified and quantified by using chromatography, ICP-MS and elemental 

analysis. This will allow a comprehensive description of hydrothermal reaction 

route by combinations of solute compositions and corresponding morphological 

variations. 

• More practically, based on the reaction route, designed simulations of 

crystallization environment will lead to direct growths of desire nanostructures 

on a conductive surface for superior performances in various applications.

• For vapour phase hydrothermal synthesis of titanate nanotubes, theoretical 

calculations on thermodynamics of ammonia adsorptions/interactions within 

titanate nanosheets will allow better understandings of the driven force for 

rolling up process (Chapter 4). While calculations on thermodynamics of OH

–

ions on titanate facets will provide clearer picture for dependences of nanotube 

diameters on alkalinities (Chapter 5).

• Also, potentially different crystallization paths should be considered by changing 

the substrate conditions, such as uses of patterned substrates or structure 

directing agents in vapour phase hydrothermal synthesis.

• Further investigation on the capability of vapour phase hydrothermal syntheses 

with various metal substrates, such as Fe, V, Co, Ni, Mn, et al, is crucial for a 

comprehensive understanding of the reaction system. 

• More efforts should be devoted to study additional crystallizations (epitaxial

growth) on base of pre-formed nanocrystalline nanostructures. 

All in all, this thesis has demonstrated fabrications of metal oxide semiconductors 

directly on metal substrate via hydrothermal reaction in liquid or vapour phase. This 

synthetic method can be applied to prepare vast variety of nanostructured metal oxides. 

Formation mechanisms elucidated in this thesis can be used as a guild line for 

controllable growth of nanostructures for a wide range of applications.


