
Chapter 1. Introduction of titanium oxides: properties and synthesis 
 
 

1.1. Two of new centurial challenges: environmental protections and energy sources 

 

    After industrial revolution of 18th century, the world populations have increased by a 

wide margin (figure 1.1). The problems incident to the population explosion are 

environmental pollutions and scarcity of energy. Recently, radical changes of climate go with 

greenhouse effect and soared petroleum price caused great costs repeatedly. The pollutions of 

water and air also become more and more serious; the reports about the warning of pollutants 

menace people health are published constantly. The difficulties of environment and energy 

become obstacles to the progress of our species, finding the solution is of great urgency. 

 

 
Figure 1.1. Correlations of global population and greenhouse effect. 
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    The development of solar energy related application provides a good answer to the 

problem mentioned above, for example, we can employ photobattery to instead of oil, and 

photocatalysis to clarify pollutants. However, there still are many technical thresholds waiting 

for overcome. How to find a better energy conversion efficient and economic material is 

many scientists’ ambition. Among the known materials, titanium oxides and derives are 

regarded as powerful candidate due to its non toxic, low cost, abundance, good 

photo-electric-chemical properties and multi-functional applications (see figure 1.2). 

 

 
Figure 1.2. Photoinduced processes on TiO2.1

 
 
 

1.2. Background, Applications and Synthesis of Titanium Dioxides 

 

1.2.1. Titanium in Our World 1

 

    Titanium is the ninth most abundant element (constitution ~ 0.63% of the Earth’s crust) 
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and the fourth most abundant metal in this world. It was discovered in 1791 in England by 

Reverend William Gregor in ilmenite as a new element. This element was rediscovered by the 

German chemist Heinrich Klaporth in rutile ore several years later, and he named it Titans, 

first sons of the goddess in Greek mythology. 

Titanium exists primarily in minerals titanates and many iron ores, like rutile, ilmenite, 

leucoxene, anatase, brookite, perovskite and sphene. It was also detected in meteorites, the 

rocks brought back from moon and Sun. Mineral sources of TiO2 are rutile, ilmenite, and 

leucoxene (a weathering product from ilmenite). About 98% of the world’s production is used 

to make white pigments, and there is only 2% used as titanium metal, welding rod coatings, 

fluxes, and other products. 

 

 

1.2.2. Various Allotropes of TiO2
102,103

 

    Until now, there are seven kinds of allotropes of TiO2 discovered, inclusive of TiO2(B),2,3 

anatase,4,5 rutile,6,7 hollandite,8 ramsdellite,9 brookite10 and TiO2 type α-PbO2 (or called 

TiO2-II).11,12 Anatase, brookite, rutile and TiO2(B) are the four commoner structures which 

can be found in nature. The TiO2-II, hollandite and ramsdellite are higher pressure forms 

starting from rutile.8,9,11 These TiO2 structures can be discussed in terms of TiO6 octahedrons 

which is composed of one central titanium atom and six coordinated oxygen atoms. They are 

assembled to 3D crystal as association of octahedral chains by sharing corner or edge oxygen. 

The different condensations result variousness of TiO2 allotropes, we can describe the various 

structures as some special chain units. The lattice parameters of these TiO2 allotropes are in 

table 1.1. In the following, we represent each structure with different viewing directions of 

lattice axes. 
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Table 1.1. Lattice parameters of various allotropes of TiO2. 

common name a (Å) b (Å) c (Å) β (°) system 
space 
group 

TiO2(B) 12.163(5) 3.735(2) 6.513(2) 107.29(5) monoclinic C2/m 
TiO2-anatase 3.785(4)  9.514(1)  tetragonal I41/amd 
TiO2-rutile 4.594(2)  2.9586(2)  tetragonal P42/mnm 

TiO2-hollandite 10.182(1)  2.966(1)  tetragonal I4/m 
TiO2-ramsdellite 4.9022(14) 9.4590(12) 2.9583(14)  orthorhombic Pbnm 

TiO2-brookite 9.191(4) 5.463(4) 5.157(4)  orthorhombic Pbca 
TiO2 type α-PbO2 4.531(2) 5.498(1) 4.900(4)  orthorhombic Pbcn 

 
 

A. TiO2(B)

    The structure of TiO2(B) 2,3 can be describe as the association of ReO3 
13 type TiO2 chain 

which share corner along b axis and edge along a, c axes (figure 1.3). 

 

(a) (b) 

(d) (c) 

= ReO3 type unit 

Figure 1.3. Structure of TiO2(B): projection along (a) [010], (b) [001] and (c) [100]; (c) 

structure of ReO3. 
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B. Anatase

    We can regard anatase structure as a 3D combination of zigzag chains (along a or b axis) 

made up by TiO6 octahedrons sharing their two adjacent edges with other two octahedrons. 

These zigzag chains along b axis (or a axis) combine with other chains by sharing the edge 

oxygen along a axis (or b axis) and c axis to form anatase structure (figure 1.4). 

 

(a) (b) 

= zigzag chain along a or b axis 

 
Figure 1.4. Structure of TiO  anatase: projection along (a) [100] and (b) [001]. 2

C. Rutile

 
 
 
 
 
 

    W rutile structure as a composition of TiO2 chains, which are formed by TiO6 e describe 

octahedrons sharing their two parallel edges with other two octahedrons, by sharing their two 

opposite corner oxygen (figure 1.5). That forms a tunnel structure with square hole along c 

axis. 
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(a) (b) 

Figure 1.5. Structure of TiO2 rutile: projection along (a) [001] and (b) [100]. 
 
 

D. Hollandite

    The TiO2 type hollandite is a more compact bonding structure of rutile one. It is 

constructed by a chain unit (along c axis direction) which is edge oxygen combination of 

double rutile chain units (marked by orange dashed ellipse in figure 1.6). This double unit 

associate with other four ones by sharing corner and edge oxygen to form a tunnel structure 

with two types of square hole along c. 

 
Figure 1.6. Projection along [1 0 10] of structural diagram of TiO2 hollandite. 
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E. Ramsdellite

    The ramsdellite type structure is an intermediate between rutile and hollandite. It is 

constructed by similar double chain unit (marked by orange dashed ellipse in figure 1.7) along 

c axis as hollandite one, but associated by sharing different corner and edge oxygen atoms 

with other four units to form a tunnel structure with rectangular hole along c. 

 

 
Figure 1.7. Projection along [0 -1 -12] of structural diagram of TiO2 ramsdellite. 

 

 

 

 

F. Brookite

    The brookite structure can be described of an association of the zigzag chains along c 

axis (see figure 1.8) by sharing their corner oxygen with other four ones. This zigzag chain is 

constructed of TiO6 octahedron connections by sharing the edges with other two ones. 
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(a) (b) 

= zigzag chain along c axis 

Figure 1.8. Structure of TiO2 brookite: projection along (a) [001] and (b) [100]. 
 
 
 

G. TiO2 type α-PbO2 (TiO2-II) 

    The TiO2-II structure is constructed by the same zigzag chain unit along c axis with 

brookite, but different connection type with other units along a axis. We can describe the 

brookite one as “AABB” repeating mode and “ABAB” for the TiO2-II one along a axis 

direction. 

 

(b) (a) 

= zigzag chain along c axis 

Figure 1.9. Structure of TiO2-II: projection along (a) [001] and (b) [100]. 
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H. Thermodynamics stability of various TiO2 polymorphs

Thermodynamic calculations predict that rutile is the stablest phase at most of 

temperatures and pressures, but TiO2(II) becomes the thermodynamic favourable phase up to 

60 kbar.14 Thermodynamic structure-based analyses confirm that the relative phase stability 

may reverse when particle sizes decrease to sufficiently low values due to surface free energy 

effects which depend on particle size.15 If the particle sizes of the three nanocrystalline phases 

are equal, anatase is most thermodynamically stable at sizes less than 11 nm, brookite is most 

stable between 11 and 35 nm, and rutile is most stable at sizes greater than 35 nm.16

 

 

 

 

1.2.3. Properties and Applications of TiO2

 

    In the beginning of the 20th century, industrial production started replacing toxic lead 

oxides with titanium dioxide as pigments for white paint. Today, the world industrial 

production of TiO2 exceeds 4 million tons.17 It is used as a white pigment in paints (51%), 

plastic (19%), and paper (17%). The utilization of TiO2 as a pigment increased in the last few 

years such as textiles, food, leather, pharmaceuticals (tablet coatings, toothpastes, and UV 

absorber in sunscreen cream and other cosmetic products).1

Recently, TiO2 has received much attention to its chemical stability, non-toxicity, low 

cost, and other advantageous properties such as its high refractive index and dielectric 

constant (table 1.2). 
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Table 1.2. Some bulk properties of TiO2 (anatase, brookite and rutile).18,19

Reflective index Dielectric property 
 

Density 
(g/cm3) 

Band gap 
(eV) ng np Frequency (Hz) 

Temperature 
(K) 

Dielectric 
constant 

anatase 3.83 3.2 2.57 2.66 (average) 104 298 55 
brookite 4.17 3.4 2.81 2.68 - - - - 

rutile 4.24 3.0 2.95 2.65 

(perpendicular to 

optical axis) 

(parallel to 

optical axis) 

(perpendicular to 

c axis) 

(parallel to c axis)

108 

 

108 

 
104 

 
107

290-295 
 

290-295 
 

298 
 

303 

86 
 

170 
 

160 
 

100 
 
 

As a result of its high refractive index, it is used as anti-reflection coating in silicon solar 

cells and in many thin-film optical devices.20 Due to the high dielectric constant of rutile (e > 

100), it is investigated as a dielectric gate material for MOSFET devices.21 Moreover, the 

doped anatase films with Co might be used as a ferromagnetic material in spintronics.22 TiO2 

is also successfully used as gas sensor due to the dependence of the electric conductivity on 

the ambient gas composition such as in the determination of CO/O2, CO/CH4 

concentrations.23 Due to its compatibility with the human body, TiO2 is used as a biomaterial 

such as bone substituent and reinforcing mechanical supports.24 In lithium ion batteries, the 

anatase and TiO2(B) form is used as an anode material in lithium ion intercalation 

reversibly.25-27

 

1.2.4. Photoinduced processes and applications of TiO2 
1

Today, the hottest field of TiO2 is its photoinduced phenomena (figure 1.2). All these 

photoinduced processes originate from the semiconductor band gap of TiO2. When incentive 

photons have a higher energy than the band gap, they can be absorbed and electrons are 
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promoted to the conductive band, leaving a hole in the valance band. This excited electron can 

either be used to create electricity (photovoltaics)28 or drive a chemical reaction 

(photocatalysis).29 A special phenomenon called “photoinduced superhydrophilicity” was 

recently discovered. It originates from trapping of photoinduced holes on the TiO2 surface 

causes a super hydrophilicity.30 All photoinduced phenomena involve surface bound redox 

reactions represent as following equations and figure 1.10: 

                                  hν 

(Ox)ads + (Red)ads  →  (Ox-)ads + (Red+)ads

                                 TiO2

(Detail example) 

TiO2 + hν → TiO2 (e-, h+) 

                TiO2 (h+) + RXads → TiO2 + RXads
•+ 

                TiO2 (h+) + H2Oads → TiO2 + OHads
• + H+

                TiO2 (e-) + RX’ads → TiO2 + RX’ads
•-

TiO2 (e-) + O2,ads → TiO2 + O2
•- 

 

 
Figure 1.10. Photoinduced process on semiconductor: (a) electron–hole generation; (b) 

oxidation of donor (D); (c) reduction of acceptor (A); (d) and (e) electron–hole recombination 

at surface and in bulk, respectively.1 
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We can apply the property above to the photodegeneration of organic compounds. TiO2 

is a photocatalyst in environmental decontamination for a large variety of organics,31 viruses, 

bacteria,32 fungi, algae, and cancer cells33 totally degraded to CO2, H2O, and harmless 

inorganic anions. By the same working principle, photosynthesis,34 photoreduction,34 

photoelectrolyse29 and photoinduced superhydrophilicity30 can be carried out. 

Some imortant development of TiO2 in photoactivated processes are: 

 

1972 Fujishima and Honda, the first photoelectrochemical cell for water splitting (2H2O → 

2H2 + O2).29 

 

1977 Frank and Bard reported the reduction of CN- in water, the first implication of TiO2 in 

environmental purification.31

1977 Schrauzer and Guth reported the photocatalytic reduction of molecular nitrogen to 

ammonia (2N2 + 6H2O → 4NH3 + 3O2) over iron-doped TiO2.34 

 

1985 T. Matsunaga, R. Tomato, T. Nakajima and H. Wake applied TiO2 to photokill 

Lactobacillus acidophilus, Saccharomyces cerevisiae and Escherichia coli.32 

 

1991 O’Regan and Grätzel reported an efficient solar cell using nanosized TiO2 particles.28 

 

1998 Wang et al. reported highly hydrophilic TiO2 surfaces with excellent self-cleaning 

properties. 
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1.2.5. Improving the photoactive efficiency of TiO2

 

    Common TiO2 has photonic efficiency of less than 10% for most photoinduced process. 

Improving the photocatalytic performance is an important topic for TiO2. The high 

performance of a good photocatalyst is related simultaneously (i) to a good capacity of 

adsorbing reactants and (ii) to a good ability of absorbing photons to create photoinduced 

electrical charges.35 In other words, the photoactive efficiency is not necessarily depending on 

surface area but rather on the availability of active site. Therefore, although small particle 

size36 and large surface area37 are the acknowledged elementary properties for improving 

photocatalytic ability, other properties as crystalline structure, pore size, OH group density, 

surface acidity, number and nature of trap site and adsorption/desorption characteristics also 

play an very important role in photocatalytic efficiency.1

    Except the properties mentioned above, doping and metal coating are very important 

artifices to enhance the performance.36 Moreover, hybrid with other semiconductor38 and dye 

sensitization28 are also good method to modify the properties of TiO2. 

 

1.2.6. Synthesis of TiO2

 

A. Industrial mass production process

In industrial mass production, titanium dioxide may be manufactured by the sulfate or 

the chlorine process.39 In the sulfate process, ilmenite is transformed into iron- and titanium 

sulfates by reaction with sulfuric acid. Titanium hydroxide is precipitated by hydrolysis, 

filtered, and calcinated at 900° C. Straight hydrolysis yields only anatase on calcination. The 

alkakine hydrolysis is necessary to obtain rutile. 

The chlorine process uses crude qulity rutile which is produced from ilmenite using the 

Becher process. The Becher process heats the ilmenite with coal and sulfur to reduce the iron 
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oxide in the ilmenite to metallic iron and then reoxidizes them to separate out the titanium 

dioxide as rutile about 90% purity. The rutile is reacted with recycled chlorine to produce 

titanium tetrachloride, and then reoxidized yielding very pure TiO2.  

 

B. In gas phase

    Most thin film synthesis are performed from gas phase method, such as chemical vapor 

deposition (CVD) by chemical reaction or decomposition of precursor in gas phase40; physical 

vapor deposition (PVD) without chemical reaction of precursor41; and spray pyrolysis 

deposition (SPD) from pyrolysis of aerosol precursor on substrate.42

 

C. In solution phase

    In laboratory, to prepare TiO2 as powder or thin film form, especially as nanocrystalline, 

liquid phase process is the most convenient method. They involve precipitation methods,43 

solvothermal methods,44 sol-gel methods,45 microemulsion methods,46 combustion methods47 

and electrochemical synthesis.48

 

D. Condensation mechanism of TiO2 in solution reaction49 

    Since about 20 years ago, chimie douce (solvothermal) method has developed on 

synthesis of TiO2 and titanate with organic or inorganic cation. We call this method as 

“douce” because of the mild temperature condition from ambient to 300° C. Under this mild 

reaction condition, synthesis of metastable phase product and structural control, such as 

tunable size, morphology, structure etc. become possible. The comprehension of 

polycondensation mechanism of metal polycation is very important to handle the synthetic 

parameters. 

    In J. P. Jolivet’s writings, “de la solution a l’oxyde”,49 he compiled and explained the 

condensation mechanisms of metal oxides precipitation at aqueous solution in plain diagrams. 
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We extracted some paragraphs to introduce the condensation of TiO2 in aqueous solution. 

    In condensation processes, we can describe as three stages: initiation (hydroxylation), 

propagation (olation) and termination (oxolation) (see figure 1.12). In initiation 

(hydroxylation), the hydroxo ligands were created in coordination sphere of precursor by 

directly bonding or replacing some original ligands on metal ion. The type of hydroxo ligand 

depends on cation charge and pH of solution (figure 1.11). 

 

 
Figure 1.11. Diagram represents the nature of ligands on a coordinated cation with ion charge 

z and environmental pH.49

 

    At aqua zone (H2O), water coordinates as legand, and there is no more H on legand in 

oxo zone. We can express the formation of hydroxo ligand on precursor monomer with H+ or 

OH- as: 

[M-O]- + H3O+ ↔ [M-OH] + H2O ↔ [M-OH2]+ + OH-

In propagation (olation and oxolation) (figure 1.12), the above hydroxo cation monomers 

condense assembly by formation of bridging (sharing) oxygen between two or more cations. 

We can represent the olation process as following equation: 

-M-OH + -M-OH2 → -M-OH-M- + H2O             (olation) 

If there is no more aqua legand in the coordination sphere, the oxolation will be 

proceeded: 
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-M-OH + -M-OH → -M-O-M- + H2O               (oxolation) 

A succession of hydroxolation, topotatic olation and oxolation constitute the 

polycondensation of metal oxide in aqueous solution until precipitation formed. The 

termination point depends on the thermodynamics of reaction, related to nature of precursor, 

concentration, pH, temperature, duration…etc. In figure 1.12, we can observe the influence of 

intermediate species form to final product. 

 

 

 

Figure 1.12. Possible reaction routes of the formation of rutile and anatase phase TiO2 from 

aqueous solution.49 
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1.3. Synthesis and Structure of Alkali Titanates 

 

    The alkali titanate structure has been presented since 1960s by S. Anderson and A. D. 

Wadsley.50,51 Their synthetic and structural studies are investigated continually until now. 

They have fibrillar form and excellent ion exchange ability. They can be expressed as a 

general formula “M2TinO2n+1” owning layer structure (3≤n≤5) or tunnel structure (6≤n≤8), the 

alkali M occupied in the interlayer or tunnel space. Generally, they are synthesized from 

calcinations of TiO2 and alkali salt (such as alkali carbonate or nitrate) mixture at 800-1000° 

C in air during several hours to days. 

    The titanate layers are constructed starting from the indentical chains of n distorted TiO6 

octahedrons join each other by sharing edge. These octahedral chains assemble together as 

zigzag by connecting corner along c axis and edge along b. The layers are isolated in the 

structures with composition 3≤n≤5 (see figure 1.13 and table 1.3) and condensed by sharing 

corner to form tunnel structure with composition 6≤n≤8 (figure 1.14). 

 

 

(a) (b) (c)

Figure 1.13. Structural diagram of sodium trititanate Na2Ti3O7 (layer structure, n=3) viewing 

along (a) [010], (b) [100] and (c) [001].50
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(a) (b) (c)

Figure 1.14. Structural diagram of sodium hexatitanate Na2Ti6O13 (tunnel structure, n=6) 

viewing along (a) [010], (b) [100] and (c) [001].50

 

 

 

(a) (c) (b) 

Figure 1.15. Structural diagram of cesium hexatitanate Cs2Ti6O13 (lepidocrocite, γ-FeO(OH), 

type layer structure, n=∞) viewing along (a) [100], (b) [010] and (c) [001].53 

 

    The lepidocrocite (γ-FeO(OH)) type layer structure (Cs2Ti6O13 in table 1.3) is distinctive, 

its number of octahedrons is infinitive (n=∞). The octahedral chain along c axis does not 

present as zigzag form, so that the system is not monoclinic (β≠90°) as others but 

orthorhombic. 

    On space group, we can differentiate them as primitive (P) or c-center (C) due to the 
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layer (as zigzag chain viewing along c) is identical or opposite with adjacent layers (see figure 

1.16) along b axis. 

 

Table 1.3. Various alkali titanate structures: number of octahedrons repeating along c and 

lattice parameter.104-106

composition 
number of 
octaherons 

a (Å) b (Å) c (Å) β(°) V (Å3) Z 
space 
group 

ref.

γ-FeO(OH) ∞ 3.06(2) 12.51(1) 3.87(1)  148.1(8) 4 Cmcm 52 

Cs2Ti6O13 ∞ 3.825(2) 17.271(7) 2.961(1)  195.60(1)  Immm 53 

Cs2Ti5O11 5 19.718(8) 3.808(1) 15.023(6) 106.93(3) 1079.1(1) 4 C2/m 54 

K2Ti4O9 4 18.17(1) 3.789(6) 12.025(6) 106.30(4) 797.1(1) 4 C2/m 55 

Tl2Ti4O9 4 18.98(3) 3.78(5) 12.05(3) 106.8(2) 826.8(1) 4 C2/m 56 

Na2Ti3O7 3 8.571(2) 3.804(2) 9.135(2) 101.57(5) 236.6(1) 2 P2/m 50 

K3Ti8O17 4* 15.68(1) 3.809(2) 12.06(1) 95 717.5 2 C2/m 57 

K2Ti8O17 4* 15.62(2) 3.771(2) 11.93(3) 95.8(3) 699.1 2 C2/m 58 

Na2Ti7O15 4-3* 14.9(1) 3.74(1) 20.9(1) 96.5(5) 1157.2(1) 4 C2/m 59 

K2Ti6O13 3* 15.593(3) 3.796(1) 9.108(1) 99.78(1) 531.28(1) 2 C2/m 60 

Ba2Ti6O13 3* 15.004 3.953 9.085 98.01 533.58 2 C2/m 61 

Na2Ti6O13 3* 15.131(2) 3.745(2) 9.159(2) 99.30(5) 512.2(1) 2 C2/m 50 

Rb2Ti6O13 3* 15.89 3.82 9.11 100.4 543.9 2 C2/m 62 

K2SrTi10O22 3-2* 15.314(2) 3.7865(6) 15.439(2) 102.68(1) 873.42(4) 2 C2/m 63 

* Tunnel structure. 

 

(a) (b) 

b

Anti-phased Same phased  

Figure 1.16. Phased (primitive, P) and anti-phased (c-center, C) titante layer structures.105,106 
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1.4. Synthesis and Applications of Titanate Nanostructures 

 

1.4.1. Review of synthesis of titanate nanostructure 

 

    The hydrothermal method has been employed to synthesize titante from TiO2 and NaOH 

at the reaction temperaure lower than solid state method (800-1000° C) since later half of 

1960s.64,65 Even though that, their operation temperature is still high (350-600° C). In 1981, 

M. Wanabe investigated the diagram Na2O-TiO2 on hydrothermal condition at 250-550° C.66 

They all focused on milder synthetic condition of titanate. The results reveal hydrothermal 

reaction indeed make Na ion possible to attack TiO2 at temperature much lower than 800° C. 

    Since the unique graphene based nanostructure, carbon nanotube (CNT), was discovered 

by S. Iijima in 1991,67 the studies of nanostructures started to make a great leap. The other 

tubular nanostructures as BN nanotube68 and surfactant intercalated VOx nanotube69 were 

synthesized following. By another route, ceramic nanotubes such as SiO2, Al2O3, V2O5, and 

MoO3, have been prepared by template method.70  

 

 

    In 1998, T. Kasuga et al. first synthesized titania nanotube from fine anatase TiO2 

powder in 10M aqueous NaOH solution at 110° C. The TiO2 nanotubes with a diameter of 8 

nm and a length of 100 nm have a large specific surface area about 400 m2g-1.71,72 In 2002, L. 

M. Peng et al. repeated T. Kasuga’s experiment, first observed the nanotube roll up by single 

titanate layer and proposed a possible trititanate based rolling structure (see figure 1.17).73,74  
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Figure 1.17. (a) side view and (b) top view of an open-end titanate nanotube; (c) HRTEM and 

simulation image of the wall part of (a); (d) diagram of a unit cell of Na2Ti3O7 along [010]; (e) 

diagram of Na2Ti3O7 nanotube rolling structure along [010]; (f) 3D view of Na2Ti3O7 

nanotube.73 

 

 

    However, the disputations of the real structure titante nanotube have never ended. The 

results about the growth mechanism and structure of titanate nanotube have been reported 

constantly.75-82 They proposed various tiania or titanate structure involve Na2Ti3O7 (figure 

1.17)73, anatase (figure 1.18 and 1.19)75,76,79, Na2Ti2O4(OH)2 (figure 1.20)78, Na2TiO3 (figure 

1.21) 
80  and lepidocrocite (figure 1.22)77,82 to explain the growth mechanism. 
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Figure 1.18. Schematic drawing of an anatase single layer and the tube wall structure formed 

by the single-layer sheets. Shadowed area indicates the unit cell of the anatase phase.76 

 

 

 

Figure 1.19. Schematic diagram of formation process of titania nanotube.79 

 

 

 
Figure 1.20. Schematic diagram of formation process for nanotube Na2Ti2O4(OH)2.78 
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Figure 1.21. Schematic diagram showing proposed transformation of multilayered nanosheets 

Figure 1.22. otubes induced by 

to nanotubes.80 

 

 Overall scheme for the formation and transformation of nan

the NaOH treatment and the post-treatment washing.82 
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    On the other side, there is not only tubular phase being observed, but also nanosheet 

Figure 1.23.

(figure 1.23)83, nanofiber (figure 1.24)84 and nanowire (figure 1.25)85,86 existed in similar 

process. The sheet-like titante product was obtained in lower basic concentration (5M 

NaOH(aq)).83 The nanofiber was synthesized from amorphous TiO2 gel.84 And the nanowire 

was observed in higher temperature condition (180° C -200° C). 85,86 Therefore, we can infer 

that the morphologic control parameters at least involve basic concentration, structure of 

precursor, and reaction temperature. 

 

 

 
 SEM images for: (a) raw materials (calcined at 673 K), (b) treated by 5M NaOH, 

(c) treated by 10M NaOH, and (d) calcined at 1173K followed by 10M NaOH at 423K for 20 

h.
83
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Figure 1.24. (a) Low-magnification TEM image of titanium oxide nanomaterials, showing 

Figure 1.25. TEM im mage of the 

1.4.2. Applications of titanate nanostructure 

 have two advantaged properties for 

well-interlinked structure; (b) HRTEM image of a nanofiber, revealing the layered structure.84

 

 

ages of the samples. (a) H-titanate wires, (b) HRTEM i

wires, (c) the product of the phase conversion reaction at 373 K and (d) the product obtained 

at 393 K.86

 

The nanostructures of alkali hydroxo titanate
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appli

anotubes tested and 

t of property exhibits that the pretreated 

 applications of nanosheet and nanowire 

Figure 1.26. ntent (charge passed) 

cation: (i) very large specific surface (200-400 m2g-1)87; (ii) excellent ion exchange 

ability.(cation exchangeable in solution)88 The further one reveals potential of surface 

property related applications, and the second one implies that we can easily modify their 

structure and properties by replacing cation89 or coating/doping metal.90 

    There have been many properties and applications of titanate n

reported, such as lithium intercalation (figure 1.26),91-93 photocatalysis,94-97 solar cell,98 

hydrogen storage99,100 and photoluminescence101. 

    Except for hydrogen storage, all other tes

(ion-exchanged, doped, annealed…etc.) nanotube has better property. For lithium 

intercalation, TiO2(B) phase after calcinations reveals better reversibility than raw product. 

91-93 In photocatalyse, the N-doped,95 Au-doped96 and CdS hybrid97 one exhibit good 

photoactivity, but nanotube without doping is inactive.94 In solar cell case also reveals the 

CdS-doping nanotube has good photovoltaic ability.98

    There are not many data about the properties and

product. We have already known the TiO2(B) nanowire is good candidate for lithium 

intercalation.93 

 

Variation of potential, vs. Li/Li+ (1 M) electrode, with Li co

for TiO2-B nanotubes and nanowires cycled.93  
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lytic activity of pristine trititFigure 1.27. Photocata anate nanotubes (solid squares) and CdS 

ature. (b) 

doped trititanate nanotubes (open squares).97

 

 

 

 

Figure 1.28. (a) P-C isotherms of TiO2 nanotubes and bulk TiO2 at room temper

P-C isotherms of TiO2 nanotubes at 24, 70, and 120 °C.100 
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1.5. Conclutions 

   Today, environmental protections and search renewable energy sources have been two 

e chimie douce method provides a controllable artifice by gradual polycondensation of 

ch as the nature of precursors, 

 

 

global critical problems. Titanium oxides and titanates are regarded as powerful candidates as 

solar energy application materials due to their non toxic, low cost, abundance, good 

photo-electric-chemical properties and multi-functional applications. However, the 

photocatalytic efficiency is still improvable. In order to increase the photocatalysis 

performance, we need to modify the material structure, to enhance reactant adsorbability and 

effective photon absorbability. The nanostructuration of TiO2 is a direct route to achieve these 

goals. 

    Th

titanium hydroxo initiator. To employ this method, alkali titanate nanostructures were 

obtained from aqueous basic solution at much milder temperature (100 º C -200º C) than 

traditional solid state synthesis (800 º C-1000 º C). These nanomaterials were verified having 

large specific surface area (200-400 m2g-1) and good photo-electro-chemical properties after 

appropriate modification (ion exchange, annealing, doping…etc.). Although the structure has 

not been decided yet, the titanate nanotubes were reported to find applications in lithium 

intercalation, photocatalysis, solar cell and hydrogen storage. 

    In this thesis, we try to tune the reaction conditions su

basic or sodium concentration, temperature and carbonate concentration. Then we observe the 

change of product structure and morphology to discuss the correlations between conditions 

and products. We also studied these obtained structures for further comprehension of growth 

mechanism. In the last, we have measured their photoactivity and ability to lithium 

intercalation for possible applications. Our objective is to make tunable and applicable titanate 

nanostructures. 
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