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Abstract  

 

This research aims to synthesise and characterise solution-processable high-k dielectric 

nanorods, which are potentially suitable for use as the dielectric layer in low-voltage Organic 

Field-Effect Transistor (OFET) applications. Oleic acid-stabilised titanium dioxide nanorods 

(TiO2-OA), metal-doped anatase titanium oxide (TiO2-OA-M; M=Nb, In, or Nb/In) nanorods, 

rutile titanium oxide nanorods (TiO2) and barium titanium oxide nanorods (BaTiO3) have been 

prepared and investigated. 

 

Solution processable oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) have been 

prepared by hydrolysis of titanium (IV) tetraisopropoxide (TTIP) with oleic acid (OA) as 

surfactant in the presence of trimethylamine N-oxide (TMAO). Furthermore, a series of ligand 

exchange reactions were carried out to replace the oleic acid bonded on the surface of TiO2-

OA with diethyl 2-phenylethyl phosphonate (DEPPNA), octadecylphosphonic acid (ODPA) or 

octylphosphonic acid (OPA). The ligand exchange rate was characterised by a combination of 

31P liquid NMR, ICP, CHN, and FT-IR. The solubility of the ligand-exchanged products in 

chlorobenzene was also investigated. 

 

A novel method based on the co-hydrolysis of titanium (IV) tetraisopropoxide (TTIP) and 

niobium or/and indium isopropoxide or ethoxide has been investigated to prepare solution-

processable, oleic acid- stabilised, niobium- and indium-doped, anatase TiO2 nanorods (TiO2-

OA-M; M = Nb, In or Nb/In). The effect of niobium and indium precursors, the molar ratio of 

Nb or In precursors/TTIP and reaction time on the composition, structure and morphology of 

the Nb or In doped TiO2 products have been investigated by a combination of XPS, XRD, ICP, 

CHN, FT-IR and TEM. Furthermore, a series of ligand exchange reactions were carried out to 

replace the oleic acid, which is bonded on the surface of TiO2-OA-M, with diethyl 2-

phenylethyl phosphonate (DEPPNA) or octadecylphosphonic acid (ODPA). The solubility of 

the products in chlorobenzene was also investigated. 

 

Rutile titanium dioxide nanorods with different sizes were prepared by three different 

approaches. In the first approach，hair-like rutile nanorods TiO2 were prepared by simple 

hydrolysis of a TiOCl2 solution at low temperature (50, 70 and 90 °C). In the second approach, 
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rutile nanorods TiO2 with a length of 150-200 nm and a width of 25-40 nm were prepared by 

using a hydrothermal treatment of TiOCl2 at 220 °C. In the third approach, rutile nanorods TiO2 

with length of 80 nm and diameter of 20 nm were prepared by using an hydrothermal reaction 

of TiOCl2 in the presence of 3-hydroxytyramine hydrogen chloride, 

[(HO)2C6H3CH2CH2NH2·HCl] at 150°C. In order to improve the solubility of the obtained 

rutile titanium dioxide nanorods in organic solvents, different surface-modification methods 

have been investigated to coat the surface of the rutile titanium dioxide nanorods with various 

organic ligands. In the first method, a modification of the TiO2 nanorods with oleic acid (OA) 

in chlorobenzene was investigated.  In the second method, a two-stage treatment of TiO2 

nanorods in an acidic medium was studied, using a selection of oleic acid (OA), diethyl 2-

phenylethyl phosphonate (DEPPNA), octylphosphonic acid (OPA) and decylphosphonic acid 

(ODPA) as ligands. In the third method, wet TiO2 nanorods before dry was directly modified 

with a range of oleic acid and amines, e.g., octylamine, dodecylamine and hexadecylamine, as 

ligands. All the products were characterized by a combination of XRD, ICP, CHN, FT-IR and 

TEM. 

 

The preparation of barium titanium oxide nanorods (BaTiO3) has been investigated by different 

approaches. In the first approach, a hydrothermal reaction was carried out to convert the 

titanium dioxide nanorods prepared in the first and third parts in this research into BaTiO3 

nanorods. The effect of the molar ratio of Ba/Ti, the reaction pH, reaction time and temperature 

on the composition, structure and morphology of the products were fully investigated. In the 

second approach, a hydrothermal reaction using a single source Ba/Ti precursor, i.e., barium 

titanium ethylhexano-isoproxide BaTi(O2CC7H15)(OC3H7)5, was carried out to prepare barium 

titanium oxide nanorods. In the third approach, barium titanium oxide nanorods were prepared 

by using a hydrothermal reaction between barium chloride (BaCl2) and titanium oxy chloride 

(TiOCl2) in the presence of ethylene glycol as surfactant. All the products have been 

characterised by a combination of XRD, ICP, CHN, FT-IR and TEM.    
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List of Abbreviations  

Some common abbreviations used in this report are shown below: 

 

CHN Carbon, hydrogen and nitrogen                                                                                                                          

DEPPNA        Diethyl 2-phenylethyl phosphonate 

EDX Energy-dispersive X-ray spectroscopy 

FT-IR Fourier transform infrared spectroscopy 

ICP Inductively coupled plasma 

INEO Indium (III) ethoxide 

INIO Indium (III) isopropoxide 

k Dielectric constant 

NBEO Niobium (V) ethoxide 

NBIO Niobium isopropoxide 

NMR Nuclear magnetic resonance 

NP Nanoparticles 

NW Nanowires 

OA Oleic acid 

ODPA             Decylphosphonic acid 

OPA                Octylphosphonic acid 

OFET              Organic Field Effect Transistors 

TEM                Transmission electron microscopy 

TGA                Thermal gravimetric analysis 

TiO2-M            Metal-doped (Nb/In) anatase titanium dioxide nanorods 

TiO2-OA         The oleic acid-stabilised titanium dioxide nanorods 

TTIP Titanium tetraisopropoxide 

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Nitrogen
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XPS X-Ray photoelectron spectroscopy 
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Aims  

 

The main aim of this thesis is the synthesis and characterisation of solution-processable 

titanium dioxide and barium titanium oxide nanorods with a very high dielectric constant, k. 

The solution-processable high-k materials should be potentially useful as substitute gate 

insulator in Organic Field Effect Transistors (OFETs). In order to achieve this main aim, the 

preparation and characterisation of titanium dioxide nanorods (TiO2) in both the anatase and 

rutile polymorphs, niobium-, indium- and niobium/indium-doped anatase titanium dioxide 

nanorods (TiO2-M, where M = Ni, In and Ni/In) and barium titanium oxide nanorods (BaTiO3) 

will be investigated.  

The preparation of solution-processable titanium dioxide nanorods, oleic acid-stabilised 

titanium dioxide nanorods (TiO2-OA), in the anatase phase will be investigated. The obtained 

anatase titanium dioxide nanorods should exhibit an aspect ratio of at least 5 and be easily 

dissolvable at relatively high concentration, e.g., ca. 10 wt%, in common organic solvents used 

for the deposition from solution of thin, uniform films of defined thickness and configuration 

on a substrate surface, such as chlorobenzene, using standard techniques, such spin coating, 

drop casting, doctor blade, inkjet printing processes, etc. In addition, ligand-exchange reactions 

involving anatase oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) and a variety of 

ligands with different head-groups and alkyl chain lengths, such as phosphonic acid; 

octylphosphonic acid (OPA) and decylphosphonic acid (ODPA) and phosphonate ligand; 2-

phenylethyl phosphonate (DEPPNA), will also be investigated to prepare titanium dioxide 

nanorods with improved dielectric properties. The anatase oleic acid-stabilised titanium 

dioxide nanorods (TiO2-OA) should ideally be about 20 nm in length and 3-4 nm in diameter 

for practical applications. Hair-like rutile titanium dioxide nanorods (TiO2) (Rutile-NRs-1) and 

rutile titanium dioxide nanorods (TiO2) (Rutile-NRs-2) with 150-200 nm and 25-40 nm, in 

length and diameter, restrictively will be prepared. Surface modification of the prepared rutile 

titanium dioxide nanorods (TiO2) (Rutile-NRs-1 and Rutile-NRs-2) will be carried out using 

wet rutile titanium dioxide nanorods (TiO2) with ligands, such as oleic acid and alkyl amines 

i.e., octyl amine, dodecyl amine and hexadecyl amine. 
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The preparation of solution-processable metal-doped anatase nanorods (TiO2-M; where M = 

Ni, In and Ni/In) will be investigated using a novel sol-gel process. The intention is to produce 

titanium dioxide nanorods doped with n-type, indium, and p-type, niobium dopants with a 

lower dielectric loss compared with that of the corresponding pure anatase titanium dioxide 

nanorods. Titanium dioxide nanorods with n-type indium and p-type niobium dopants is 

expected to exhibit an advantageous combination of high dielectric constant and low dielectric 

loss. The ligand exchange of oleic acid on metal doped anatase titanium dioxide nanorods 

(TiO2-M) surface with phosphonic acid; decylphosphonic acid (ODPA) and phosphonate 

ligand; 2-phenylethyl phosphonate (DEPPNA) will be investigated. 

The preparation of solution-processable titanium dioxide nanorods (TiO2) in the rutile, rather 

than the anatase, phase with different dimensions will be investigated. Surface modification of 

the rutile titanium dioxide nanorods using with different ligands, such as oleic acid and alkyl 

amines will also be investigated in order to improve the solubility of these titanium oxide 

nanorods in common organic solvents. 

The synthesis of barium titanium oxide (BaTiO3) will be investigated using different 

procedures. A novel method for transforming titanium dioxide nanorods (TiO2) into barium 

titanium oxide (BaTiO3) nanorods using a hydrothermal reaction will be developed. The main 

challenge in adopting this approach will be to ensure the complete conversion of titanium 

dioxide nanorods to the corresponding barium titanium oxide nanorods while retaining the 

original shape and size of the original titanium dioxide nanorods in the final barium titanium 

oxide products.  

The preparation of barium titanium oxide (BaTiO3) will be investigated using three general 

approaches. In approach 1 (NRs-BaTiO3-1), barium titanium oxide nanorods will be prepared 

by converting titanium dioxide nanorods (TiO2) to barium titanium oxide. There different types 

of titanium dioxide nanorods (TiO2) will be used as starting material, i.e., anatase oleic acid-

stabilised titanium dioxide nanorods (TiO2-OA), rutile titanium dioxide nanorods. In Approach 

2 (NRs-BaTiO3-2) preparation of barium titanium oxide will be investigated using 

hydrothermal reaction of Ba/Ti single source precursor, barium titanium ethylhexano-

isoproxide BaTi(O2CC7H15)(OC3H7)5. In Approach 3 (NRs-BaTiO3-3) preparation of barium 

titanium oxide will be investigated using hydrothermal reaction between barium chloride 

(BaCl2) and titanium oxy chloride (TiOCl2) in presence of ethylene glycol as surfactant. 
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The synthesis challenge for the preparation of both titanium dioxide nanorods (TiO2) and 

barium titanium oxide (BaTiO3) is to prepare nanorods with less than 100 nm in length and less 

than 10 nm in diameter with a very degree of dispersity. Another main challenge is that the 

nanorods should be soluble enough in organic solvents to permit the formation of  homogenous 

thin films on a given substrate surface to function as highly efficient gate insulators in Organic 

Field Effect Transistors (OFETs).   
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1.1 Introduction  

 

Nanoscience and nanotechnology focusing on materials with dimensions between some 

nanometres to some hundred nanometres have been rapidly developed in last few decades due 

to their promising and attractive properties and applications. 1 The physical properties of 

nanomaterials are different from those of their bulk counterparts due to a change from 

Newtonian physics to quantum-confined physics. 2 Since carbon nanotubes were discovered 

by Iijima 3 in 1991, there has been an enormous interest in the synthesis and characterisation 

of nanomaterials with one-dimensional (1D) structures, e.g., nanowires, nanorods and 

nanobelts, which make up a significant group of 1D nanostructures. These new nanostructures 

facilitate the study of the relationship between the physical properties of nanostructures, such 

as electrical transport and optical properties, and their quantum-confined dimensionality, shape 

and size. Such inorganic nanowires have been used as active components in devices as reported 

in recent investigations 4 in which a variety of inorganic nanowires has been synthesized and 

characterised over the previous decade. 4 

Titanium is the ninth most common element in the crust of the Earth in terms of concentration. 

Titanium dioxide (TiO2) is the most widespread compound of titanium found in nature. 5 Figure 

1-1 shows images of naturally occurring forms of titanium dioxide. 6-8 Bulk titanium dioxide 

is a commercially important product being used in variety of important industrial applications.9 

However, there is an increasing interest in synthesising new types of titanium dioxide 

nanomaterials with finely controlled structures on a nanometre scale in order to utilise them in 

novel electro-optic or electronic devices. A variety of 1D titanium dioxide nanotubes, 

nanorods, nanosheets, nanowires, nanoribbons and nanofibers have been synthesised and their 

physical properties studied as titanium dioxide is an n-type semiconductor. 2, 10, 11 

Titanium nanoparticles are of considerable interest for use as n-type semiconductors in a 

multitude of technical and commercial applications, such as photovoltaic applications (solar 

cells), photocatalysis, electrochromic devices, anti-fogging, self-cleaning surfaces, such as 

windows and vehicle windscreens, selective adsorption filters, biological coatings, sensors, 

photoluminescence ion exchange, ultraviolet blockers and smart surface coatings, etc. 12  
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Figure 1-1: Images of titanium dioxide (TiO2) in naturally occurring crystalline forms, e.g., 

anatase (A-B), rutile (C) and brookite (D) crystalline structures.  

 

Furthermore, nanostructures of titanium dioxide are interesting from a fundamental scientific 

point of view due to their potential to display unique, quantum-confined properties and also to 

facilitate the study of physical and chemical properties of size-confined semiconductor 

networks. 13-15 The combination of the exceptional chemical stability of titanium dioxide, its 

mechanical strength and its large band gap render it an interesting material to study in a wide 

variety of nanostructures and electro-optic and electrical devices containing it. 

 

1.2 One-Dimensional Nanostructures (1D) 

 

Nanoscale structures consist of three basic nanoshapes, i.e., zero-dimensional (0D) quantum 

dots and nanoparticles, one-dimensional (1D) nanorods and nanotubes and two-dimensional 

(2D) nanosheets, nanofilms and nanoplatelets. 16 

One-dimensional (1D) nanostructures are found in numerous morphologies, e.g., hollow one-

dimensional (1D) nanotubes and solid nanorods, nanowires, nanobelts and nanofibers. 17 Such 

A B 

C D 

http://www.mindat.org/photo-237538.html
http://www.mindat.org/photo-278943.html
http://www.mindat.org/photo-308713.html
http://www.mindat.org/photo-265322.html
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(1D) nanostructures can be used for effective transport of electrons and holes in one direction 

and to generate polarised optical excitations in nanoscale devices. 18 The usage of one-

dimension (1D) nanostructures in functional technology strategies is currently still at an early 

developmental stage. However, they are likely to play a significant role in the realisation of the 

fabrication of new electronic, optoelectronic, electrochemical, and electromechanical devices 

with nanostructured dimensions. 2 Innovation around these novel one-dimension (1D) 

nanostructures has the real potential to create remarkable application in various areas as 

electronics, photonics, sensors, catalysts, and energy harvesting and data storage.  

The use of titanium dioxide nanorods might well lead to significant advantages in some 

technological devices – due to one-directional charge-transport - over the corresponding 

spherical nanocrystals. Nanorods also have higher surface/volume ratio than that of the 

corresponding nanospheres and with a higher density of active sites for surface reactions and a 

high interfacial charge carrier transfer rate. 19 Furthermore, the increased delocalisation of 

charge carriers in nanorods, where they are free to move throughout the length of the 

nanocrystalline structure, is expected to reduce the probability of electron and hole 

recombination, which would possibly compensate for the existence of surface trap states and 

guarantee a more efficient charge-separation. In addition, nanorods could facilitate one-

directional charge transport in photovoltaic devices. 20 

 

1.3 Titanium Dioxide TiO2 

  

1.3.1 Crystal Structures 

 

The three crystalline forms of titanium dioxide are the anatase, rutile and brookite mesomorphs. 

The anatase and rutile forms of titanium dioxide are the most common forms found in nature, 

whereas the brookite form is relatively uncommon and unstable. The average crystal size of 

the three crystalline forms is dependent upon the stability of their structures: rutile titanium 

dioxide is stable with a diameter, d > 35 nm 21, anatase titanium dioxide is stable with a 

diameter, d < 11 nm and brookite titanium dioxide TiO2 is stable with a diameter 11 nm < d < 

35 nm. 22,23 These different polymorphs have different degrees of activity as catalysts for 

photocatalytic reactions. The density of the rutile and anatase polymorphs of titanium dioxide 

is 4.26 g cm-3 and 3.90 g cm-3, respectively. The anatase form of titanium dioxide is more 
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photocatalytically active than the rutile form, due to its more open structure compared with that 

of the rutile phase. 24 

Degussa P25 is a commercially obtainable photocatalyst and it is a composite of two forms of 

TiO2, i.e., 25% of the rutile and 75% of the anatase polymorphs. 25 It is widely used in 

photocatalytic degradation reactions due to the fact that it is chemically stable, readily 

available, cost-effective and an efficient catalyst for oxidation processes. 26 There is growing 

interest in the further development of existing photocatalytic semiconducting materials as well 

as the preparation of new materials, which can be used in photovoltaics to convert solar energy 

to electricity and also to reduce the time needed for the photo-degradation of impurities, e.g., 

in smart windows and vehicle windscreens. 

 

1.3.1.1 Rutile Titanium Dioxide  

 

The unit cells of both the rutile and anatase polymorphs of titanium dioxide are shown in figures 

1-2 and 1-4 27, respectively. Both the rutile and anatase polymorphs exhibit tetragonal 

structures. In each unit cell, there are six titanium atoms and twelve oxygen atoms, respectively, 

i.e., every titanium atom is coordinated to six oxygen atoms and every oxygen atom is 

coordinated to three titanium atoms. In each phase, there is a slight distortion of the TiO6 

octahedron, which is manifested in the fact that two Ti-O bonds are slightly longer than the 

other four Ti-O bonds and some O-Ti-O bond angles are not 90o as required.  

The anatase phase is more distorted than the rutile phase. The rutile and anatase crystal 

structures have been reported generally in terms of octahedral TiO6 chains with shared edges. 

The rutile and anatase polymorphs share two and four edges, respectively. 28  

 

   

Figure 1-2: The unit cell of titanium dioxide rutile phase.  
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There are three faces of rutile phase: (110), (100) and (001), shown in figure 1-3 29. (110) and 

(100) faces have low energy rather than (001) and are hence reflected to be significant for 

practical polycrystalline or powder materials. 30  

The (110) face is the most thermally stable and, consequently, it has been the most investigated. 

It has lines of crossing oxygen atoms, which are bonded to only two titanium atoms. The 

corresponding titanium atoms are 6-coordinate. In order to compare, there are lines of 5-

coordinate titanium atoms running parallel to the lines of crossing oxygen atoms and alternating 

with these. The (100) face similarly has alternating lines of crossing oxygen atoms and 5-

coordinate titanium atoms. However these are present in an altered symmetrical relationship 

with each other. The (001) face is less thermally stable and starts to rearrange above 475 ∘C. 30 

There are paired lines of crossing oxygen atoms alternating with single lines of exposed 

titanium atoms, which are of the equatorial type rather than the axial type.  

1.3.1.2 Anatase Titanium Dioxide 

 

The anatase phase of titanium dioxide has three faces, (101), (011) and (100), as shown in 

figure 1-5 29. The faces (101) and (001) have a low energy in the natural crystalline polymorphs. 

23, 31 The (101) face, which is the most predominant face for anatase nanocrystals 22, is wavy, 

also with interchanging lines of 5-coordinate titanium atoms and crossing oxygen atoms, which 

are at the edges of the folds. The (001) face is slightly planar, but can be shaped as a (1-4) 

restoration. 31, 32 

The (100) face is less common in typical nanostructures. However, it is noted that it is present 

in rod-shape anatase polymorphs grown under in some circumstances using hydrothermal 

synthetic methods. 23 This face has double lines of 5-coordinate titanium atoms interchanging 

with double lines of crossing oxygen atoms. It can be shaped as a (1-2) restoration. 33 

 

 

Figure 1-4:  The unit cell of titanium dioxide anatase phase.  
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Figure 1-3: The three faces of titanium dioxide rutile phase: (a) (110), (b) (100) and (c) (001). 

 

 

  

http://www.sciencedirect.com/science/article/pii/S0167572908000757#gr5
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Figure 1-5: The three faces of titanium dioxide anatase phase: (a) (101), (b) (100) and (c) (001). 

 

 

http://www.sciencedirect.com/science/article/pii/S0167572908000757#gr6
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1.3.1.3 Brookite Titanium Dioxide 

 

Brookite, the third phase of TiO2, shown in figure 1-6 27, has a more complex crystal structure. 

It has an orthorhombic cell, which contains eight formula units. The critical difference between 

the brookite and the anatase and rutile crystal structures is that there are six different Ti-O 

bonds with a bond length between 1.87 Å and 2.04 Å. Consequently, there are 12 O-Ti-O bond 

angles between 77° and 105°. However, only two types of Ti-O bonds and O-Ti-O bond angles 

exist for both the rutile and anatase crystalline structures. It can be supposed that brookite 

structure is composed of a distortion of TiO6 octahedral sharing three edges. 34 The brookite 

phase has three faces shown in figure 1-7 29, (010), (110) and (100), which is scarcer and more 

difficult to synthesise. The order of stability of the crystal faces is (010) < (110) < (100). 35 

 

  

Figure 1-6: The unit cell of titanium dioxide brookite.  

 

1.3.2 Titanium Dioxide TiO2 Nanomaterials Properties 

 

1.3.2.1 Titanium Dioxide TiO2 Nanomaterials Structural Properties 

 

The unit’s cell structures of the rutile and anatase polymorphs of titanium dioxide are shown 

in figures 1-2 and 1-4, respectively. 27 These rutile and anatase structures can be defined by 

TiO6 octahedral chains, where each of Ti4+ cation is bonded to six O2- anions. The rutile and 

anatase crystal structures are different in the alternation of each octahedron and by the assembly 

pattern of the octahedral chains. The octahedron illustrations a slight orthorhombic alteration 

in the rutile phase. However, in the anatase polymorph the octahedron is significantly distorted, 
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so that its symmetry is lower than orthorhombic. The Ti-Ti distances in the rutile polymorph 

are shorter, whereas the Ti-O distances are larger than those in anatase phase. For the rutile 

structure, each octahedron has interaction with 10 neighbouring octahedrons (two sharing 

edge-oxygen pairs and eight sharing corner-oxygen atoms), whereas, for the anatase structure, 

each octahedron has interaction with eight neighbours (four sharing an edge and four sharing 

a corner). These dissimilarities in unit cell structures are the reason for the different densities 

and electronic band structures between the rutile and anatase polymorphs of titanium dioxide. 

36 

 

 

Figure 1-7: The three faces of titanium dioxide brookite phase: (a) (100), (b) (010) and (c) 

(110). 

 

 

 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0167572908000757#gr7
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1.3.2.2 Titanium Dioxide TiO2 Nanomaterials Thermodynamic Properties 

 

The rutile phase of titanium dioxide is the most thermally stable polymorph. However, the 

anatase phase and brookite phases are very common in both naturally occurring and synthetic 

small-grained (nanoscale) samples of titanium dioxide. During the coarsening of the 

nanoparticles, the resulting phase changes are all observed: anatase to brookite to rutile, 

brookite to anatase to rutile, anatase to rutile, and brookite to rutile. These phase change 

sequences suggest that their energies are very close and size dependent. When the particles size 

is small, the free energy of the rutile phase will be higher than that of anatase phase. Thus it 

will be the most stable phase at small nanoparticle size. 21, 37 

 

1.3.2.3 Titanium Dioxide TiO2 Nanomaterials Electronic Structures  

 

The density of states (DOS) of TiO2 consists of Ti eg, Ti t2g [dyz, dzx, and dxy], O pσ (in the Ti3O 

group plane), and O pπ (out of the Ti3O group plane) as shown in Figure 1-8. 38 

The top of the valence band is separated into three main areas: the lower energy areas, the σ 

bonding, coming from oxygen pσ bonding; the mid energy area is the π bonding and the higher 

energy area is oxygen pπ non-bonding states where hybridisation with d states is negligible. 38 

The π-bonding contribution is considerably smaller than contribution from the σ-bonding. The 

conduction bands are separated into Ti eg (>5 eV) and t2g bands (<5 eV). The states of dxy are 

predominantly located in the lowest conduction bands, i.e., the vertical dashed line in Figure 

1-8. The other t2g bands, dyz and dzx, are non-bonding with p states. The major peak of the t2g 

bands is due mainly to the dyz and dzx states. 38 

A schematic diagram of molecular band bonding is shown in Figure 1-9. 38 An obvious feature 

can be noticed in the non-bonding states near the band gap: the non-bonding orbital of oxygen 

pp orbital at the upper of the valence bands and the non-bonding dxy states at the lowest of the 

conduction bands. 39 A comparable mark can be noticed in rutile; though, it is less remarkable 

than in anatase. 39 In the rutile polymorph, every octahedron shares corners with eight 

neighbours and shares edges with two other neighbours, creating a linear chain. On the other 

hand, in the anatase phase, every octahedron shares corners with four neighbours and shares 

edges with four other neighbours, creating a zigzag chain with a screw axis. Consequently, the 

anatase polymorph is less dense than the corresponding rutile polymorph of titanium dioxide. 

Furthermore, metal-metal distance in anatase is larger, 5.35 Å. 39  
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Consequently, the orbitals of titanium dxy at the lowest of the conduction band are fairly 

isolated, whereas in the rutile phase, the orbitals of t2g at the lowest of the conduction band 

exhibit a metal-metal interaction at a shorter distance of 2.96 Å.  

 

 

Figure 1-8: The density of states (DOS) of titanium dioxide TiO2. 

 

 

Figure 1-9: molecular band bonding structure for titanium dioxide. 
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1.3.2.4 Titanium Dioxide Nanomaterials - Electron and Hole Transport 

 

On the absorption of photons with energies equivalent to, or higher than, the band gap of 

titanium dioxide, Eg  >3.2 eV 40, electrons are excited from the valence band into the 

unoccupied conduction band, leading to the presence of excited electrons in the conduction 

band and positive holes in the valence band. These charges can recombine, either non-

radiatively, i.e., dissipating the input energy as heat, with the emission of a photon, by or 

becoming trapped and reacting with electron donors or acceptors adsorbed on the titanium 

dioxide surface. The competition between these excited-state dissipation routes, as illustrated 

below, controls the overall efficacy for several applications of titanium dioxide nanoparticles 

41:  

TiO2 + hυ  e- + h+                                                                                                      (1-1) 

e- + Ti(IV)O-H  Ti(III)O-H- (X)                                             (1-2) 

h+ + Ti(IV)O-H  Ti(IV)O.-H+ (Y)                                           (1-3)  

h+ + ½ O2-
lattice  ¼  O2 (g) + vacancy                                    (1-4) 

e-l + O2,s  O2,s                                                                            (1-5) 

O2,s
- + H+  HO2,s                                                                   (1-6) 

h+ + Ti(III)O-H-  Ti(IV)O-H                                                    (1-7) 

e- + Ti(IV)O.-H+  Ti(IV)O-H                                                   (1-8) 

O2,s + Ti(IV)O.-H+  Ti(IV)O-H + O2,s                                      (1-9) 

Reaction (1-1) represents the absorption of a photon. Reactions (1-2)-(1-6) are photocatalytic 

redox pathways, while reactions (1-7)-(1-9) show charge recombination mechanisms. 

Reactions (1-3) and (1-4) are the competition ways for holes, leading to bound hydroxyl (OH) 

radicals and oxygen vacancies, respectively. The inverse of reaction (1-4) produces oxygen 

atom intermediates upon exposing defective surfaces to O2- (g). The electrons and holes created 

in titanium dioxide nanoparticles by the absorption of incident photons are localised at different 

defect sites on the surface and in the bulk. 41 

 

1.3.3 Titanium Dioxide Nanorods - Methods of Synthesis  

1.3.3.1 Aqueous Sol-Gel Routes 

 

In recent times, sol-gel chemistry has made very significant progress as a very versatile and 

useful method for synthesising inorganic nanomaterials and is now regarded as a multipurpose 
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method used in producing numerous ceramic substances. The sol-gel method involves two 

main reactions. The first reaction is hydrolysis of soluble precursor molecules to produce a 

colloidal dispersion of small particles called the sol. The second reaction involves the formation 

of bonds between the particles in the sol to form a network of cross-linked particles called the 

gel. A subsequent heat treatment (pyrolysis) of the gel forms the desired solid material. There 

are a several main advantages in using this method for the synthesis of inorganic materials 

compared with others methods, e.g., good control over crystal structure, selective shape and 

size. The synthesis of titanium dioxide nanorods has been achieved by means of this wet 

chemistry approach to the preparation of nanocrystalline materials.  

The synthesis of titanium dioxide nanorods has been achieved by hydrolysis and 

polycondensation using various titanium tetraalkoxides as starting materials. The growth of Ti-

O-Ti bonds is facilitated using small volumes of water, a slow hydrolysis speed and a surplus 

of titanium tetraalkoxide in the reaction mixture. These anatase groups are prepared so as to 

favour hypothetically expected condensation and development paths. 42-44 Due to the great 

reactivity of titanium starting materials, such as titanium chloride and titanium tetraalkoxides, 

control of the reaction speed is an important factor in the formation of TiO2 nanorods with the 

preferred nanocrystalline structure and/or shape. Titanium dioxide nanocrystals with a 

uniform-sized have been prepared whereby their shape depends on the relative proportions of 

tetramethylammonium hydroxide (TMAH) to titanium alkoxide. 45 

Recently, nanocrystals of transition metal oxides have been successfully prepared using a non-

hydrolytic sol-gel process. A hydrolysis reaction of titanium tetraisopropoxide (TTIP), using 

oleic acid (OA) as a stabilising surfactant has used to control the organised growth of titanium 

dioxide TiO2 nanorods. 46 This chemical modification of titanium tetraisopropoxide by oleic 

acid is a sensitive approach to adjust the reactivity of the starting material in water as the 

reaction solvent. The most significant aspects of shape control of titanium dioxide nanocrystals 

have been studied by simply changing their growing dynamics in water. Tertiary amines or 

quaternary ammonium hydroxides were used as catalysts to facilitate rapid crystallisation under 

mild reaction conditions. 47-50 

The controlled growth of anatase nanocrystals of titanium dioxide was carried out at 300 °C 

under non-aqueous conditions using two surfactants 11, i.e., lauric acid (ABL) as the selective 

surfactant and trioctylphosphine oxide (TOPO) as the non-selective surfactant. The growth of 

titanium dioxide nanocrystals as either rods or as with branched shapes can be controlled by 

adjusting the relative proportions of a non-selective and a surface-selective surfactant, which 

https://www.google.co.uk/search?biw=1093&bih=479&q=define+atmosphere&sa=X&ei=8oLzVN6ZKorSaI_2gIAO&ved=0CE0Q_SowAA
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in turn is based on the fundamental anisotropic character of the anatase polymorph of titanium 

dioxide. 

 

1.3.3.2 Chemical Vapour Synthesis (CVS) 

 

Nanorods of titanium dioxide in the rutile phase have been prepared using various thermal 

evaporation methods at high-frequency, e.g., 350 kHz and at high temperatures, e.g., 1050 °C, 

in two stages carried out in a tube-shaped quartz furnace to control the growth of the titanium 

dioxide nanorods. The reaction progress can be controlled using a high heating rate, e.g. 

100 °C min-1, to reach 1050 °C due to the low vapour pressure, 10-3 Torr at 1577 °C, as well 

as the high melting point of titanium 1668 °C. The titanium powder was reacted on an alumina 

substrate for 30 min at 1050 °C throughout the first stage. The purpose of the first stage was to 

produce some titanium dioxide seeds, which would serve as active nucleation and reaction sites 

in the second stage, whereby the new sample of titanium powder and substrate of alumina were 

split and placed in the graphite vessel in the high-temperature (HT) zone and the low-

temperature (LT) zone, respectively. The first stage is used to produce titanium dioxide seeds 

with a high surface energy, which nucleate the growth of the titanium dioxide nanorods in the 

second stage of the reaction. The nanorods formed using this two-stage process are 70-150 nm 

in diameter and 2 µm in length. The morphology of titanium dioxide products depends on the 

length of the growing period, e.g., nanorods with a brick-like morphology were formed at a 

reaction time of 20 min in the second stage and nanorods with a rod-like morphology were 

formed at a reaction time of 40 min. 51-53      

 

1.3.3.3 Metal Organic Chemical Vapour Deposition (MOCVD) 

 

Rutile and anatase titanium dioxide nanorods have also been prepared using a Metal Organic 

Chemical Vapour Deposition (MOCVD) process. 54 Nanostructures of titanium dioxide can be 

grown-up in a two-temperature-zone furnace. The precursor, titanium acetylacetonate 

Ti(C10H14O5) located on a Pyrex glass vessel was loaded into the low-temperature zone of the 

furnace, where the evaporation of the solid reactant can be controlled. The vapour was taken 

under a N2/O2 flow into the high-temperature zone of the furnace where substrate was situated. 

For example, nanostructures of titanium dioxide were grown directly on plain fused silica 

substrates at a high temperature of 500-700 °C. 54 Nanorods of titanium dioxide have also been 
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grown using MOCVD techniques on a WC-Co substrate using titanium tetraisopropoxide 

(TTIP) as a starting material. The growth progress of the titanium dioxide nanorods was 

catalysed by using cobalt as a nucleating centre. The diameter and length of nanorods were 50-

100 nm and 0.5-2.0 mm, in that order. 55 

 

1.3.3.4 Template Method 

 

The main advantages of the template method for the synthesis of titanium dioxide nanorods is 

that size and shape of the nanorods can be directly controlled using pre-designed template 

membranes, such as porous alumina membranes and “track-etched” polycarbonate filters, in 

the sol-gel preparation of the micro- and nanoscale products. Porous alumina membranes with 

a very high pore density, e.g., 1011 pores cm-2, can be formed electrochemically from 

aluminium metal. 56 Two main template methods have been reported: direct sol-filling and sol 

electrophoresis, which combine a template method with sol-gel techniques. In the first method, 

nanorods of titanium dioxide have been prepared through direct filling of template pores by 

immersion in a metal oxide sol. 5, 56 Some of the problems encountered using sol-gel methods 

of this kind can be overcome by the use of electrophoresis in the second general template 

method. For example, sol-gel electrophoresis has been presented an effective way of making 

thick films. These films often have better thickness, density and quality than those shaped using 

tradition sol-gel methods. 57-59 

 

1.3.3.5 Aerosol-Flame Synthesis Processes 

 

Flame synthesis is a method that can be scaled up to yield nanosizes materials in high volume 

at comparatively low cost. Several morphologies of titanium dioxide nanoparticles have been 

prepared using a reaction of an aerosol-assisted vapour phase. Source materials vapour and/or 

droplets of aerosol are fed into a quartz tube and heated in a two-temperature-region furnace. 

The reaction consists of a combination of the decomposition of gas phase and crystal growth 

in the liquid droplet phase. The controlled formation of titanium dioxide nanoparticles has 

yielded a variety of shapes, from single crystal nanoparticles to complex dendritic 

nanostructures grown out of a core nanoparticle. 60 
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1.3.3.6 Anodic Oxidation 

 

Titanium dioxide nanostructures can be formed by oxidation of titanium metal or under 

anodisation. Titanium anodic oxidation in numerous electrolytes has received significant 

attention of late, e.g., a thin titanium foil after an anodisation treatment in HF in aqueous 

solutions. Nanostructured arrays with an adjustable pore diameter of ca, 25-65 nm have been 

formed by adjusting the anodising voltage. 13, 61, 62 Optically transparent nanostructured 

titanium dioxide films with a negatively charged surface have been prepared using anodic 

oxidation of titanium sheets in an aqueous solution of hydrofluoric acid. Titanium nanorods 

with a diameter of 30-60 nm and length of 70-250 nm have been prepared using related 

methods. 63 

 

1.3.3.7 Thermal Oxidation of Titanium Substrates 

 

A one-step, simple technique was used to synthesise large-scale, uniform and well-ordered 

titanium dioxide nanorods by the oxidation of a titanium substrate at 850 °C using acetone as 

the oxygen source. Titanium dioxide nanorods were also formed by the oxidation of titanium 

substrates using either pure oxygen or a mixture of argon containing a low concentration of 

oxygen. The use of pure oxygen led to the formation of crystalline grain films, while the use 

of a low concentration of oxygen with argon formed random nanofibers developing from the 

ledges of the titanium dioxide grains. In contrast, highly dense and well-aligned titanium 

dioxide nanorods arrays were formed using acetone as the oxygen source. 64-67 

 

1.3.3.8 Hydrothermal Method 

 

The hydrothermal technique is one of the most potential and favourable approaches for 

synthesising nanostructures of the titanium dioxide. The hydrothermal technique is generally 

carried out in autoclaves with Teflon liners under well-controlled temperature and/or pressure 

in the reaction with aqueous solution. The hydrothermal technique using aqueous NaOH or 

KOH solution yields nanostructures of titanium dioxide exhibits several advantages in terms 

of meeting the requirements for titanium dioxide nanostructures as electrode materials, 

photocatalyst, and hydrophobic surface etc. The resulting titanium dioxide nanorods are several 

hundreds of nanometres in length and the diameter is typically several nanometres. 68-71  
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The anatase or rutile polymorphs of titanium dioxide nanoparticles have been synthesised 

selectively using a hydrothermal treatment of titanium sols with either tetraalkyl ammonium 

hydroxides (TENOH) or nitric acid, respectively. Rutile nanorods can be simply created by the 

hydrothermal treatment of titanium sols with nitric acid, while the favoured growing of 

nanorods anatase is much more challenging in the absence of an external initiator. 72-74      

 

1.3.4 Applications of Titanium Dioxide 1D-Nanorods  

 

In general, bulk titanium dioxide is an n-type semiconductor with a large band gap. 75 

Nanomaterials such as spherical nanoparticles (NPs) and 1D-nanowires (NWs) are significant 

as they offer greater surface area, more reaction sites, and greater depletion regions and, if they 

are small enough, quantum confined properties compared with those of the bulk structures. 

These advantageous properties are of use for a wide range of applications, such as 

photovoltaics, sensors and catalysis. Unlike the nanoparticle (NP) films in which electrons 

move randomly in any direction and frequently interact with scattering sites, which increase 

the chance of charge recombination, 1D-nanowire (NW) structures provide directional 

conductive channels with a reduced probability of charge recombination and, hence, they 

should facilitate charge transport. Consequently, titanium dioxide 1D nanostructures have been 

the subject of intense study as a very effective nanowire framework in developing applications 

such as photovoltaics, photocatalysis, energy storage systems, electrochromic devices and 

sensors. 76, 77. 

 

1.3.4.1 Titanium Dioxide TiO2 Nanomaterials Photocatalytic Applications 

 

Titanium dioxide nanoparticles are widely used photocatalytic materials owing to their 

exceptional photochemical, thermal and chemical stability, appropriate electronic properties 

and environmentally friendly nature. 78-80 Electron and hole pairs formed inside the titanium 

dioxide nanoparticles after absorbing photons with energy larger than the band gap 40, separate 

and then migrate to the very large surface of the nanoparticles where they can react with 

substances that have adhered on the titanium dioxide surface. 81 In principle, the photocatalytic 

efficacy and efficiency is measured via light absorption, charge transport, surface reaction sites, 

number and rates of redox reaction, etc. 82 The number of reaction sites is directly related to 

the size of the active surface area. Titanium dioxide nanorods in particular have been the subject 
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of extensive investigations in advanced photocatalysis applications and are available as 

commercial products. 82 

 

1.3.4.2 Titanium Dioxide Nanomaterials in Photovoltaics Applications 

 

Different kinds of titanium dioxide nanoparticles have been broadly used in different kinds of 

photovoltaic structures as the charge collector due to their chemical, photochemical and 

thermal stability and suitable electronic band structure. The titanium dioxide nanoparticles 

contribute to good photovoltaic performance due to high charge carrier collection, low optical 

reflection and efficient absorption of incident photons across a wide optical spectrum due to 

the wide band gap. While issues still remain in terms of reducing the level of charge 

recombination, surface scattering and interface imperfection, understanding 1D charge 

transport property and discovering new configurations of titanium dioxide for effective solar 

energy absorption, conversion and charge collection remain active areas of investigation in 

terms of photovoltaic devices with a much higher level of performance. 83 There are three main 

types of photovoltaics application; dye-sensitised solar cells 84, polymer-based solar cells 85 

and quantum dot solar cells. 86 

 

1.3.4.3 Titanium Dioxide Nanomaterials Energy Storage Applications 

 

The next generation of electrochemical energy storage applications, e.g., batteries or 

supercapacitors, requires high energy density storage, high power, high charging/discharging 

rate, low weight and compact size. Nanomaterials 1D are presently investigated as the structure 

blocks for battery electrodes. 87, 88 1D Nanomaterials might offer advantages in terms of 

electrode design, high surface area and shorter ion diffusion path lengths compared to 

conventional thin film configurations. These qualities might lead to higher capacities with high 

charge/discharge rates. While titanium dioxide is not generally considered as a core electrode 

material, the 1D morphology of titanium dioxide nanorods is still expected to deliver 

significant improvements in high-performance electrode architectures. 89, 90 
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1.3.4.4 Titanium Dioxide Nanomaterials Electrochromism and Electrochromic Devices 

 

Electrochromism is the phenomenon whereby a material can change colour by oxidation or 

reduction reactions in the electrochromic crystal lattices. When monovalent ions are 

intercalated into titanium dioxide, its colour often changes from transparent to blue, which 

gives the titanium dioxide an electrochromic property. The well-accepted model through this 

route 91 is:  

 

TiO2 + x(M
+ + e−) = MxTiO2 

 

The electrochromism properties of titanium dioxide might find application in smart windows, 

displays, sunroofs, mirrors, etc. 92 

 

1.3.5 Metal-Doped Titanium Dioxide (TiO2-M) 

 

Bulk titanium dioxide band exhibits a wide band gap (Eg) in the UV region of the 

electromagnetic spectrum, i.e., Eg = 3.0 eV for the rutile phase and Eg 3.2 eV for the anatase 

phase. 93 However, this significant absorption represents only a small fraction of the sun’s 

energy (<10%). 36 Consequently, one of the objectives of research on titanium dioxide 

nanomaterials is to increase their optical adsorption by shifting the onset of the band edge from 

the UV into the visible region 94-96. Various methods have been used in attempts to realise this 

objective, e.g., doping titanium dioxide nanomaterials with other chemical elements can change 

the optical and electronic properties; doping titanium dioxide with other coloured inorganic or 

organic compounds can increase its optical absorption in the visible region of the 

electromagnetic spectrum; coupling collective oscillations of the electrons in the conduction 

band of metal nanoparticle surfaces to those in the conduction band of metal-doped titanium 

dioxide nanomaterials (TiO2-M) can also modulate the performance; modification of the 

titanium dioxide nanoparticle surface with other semiconductors can alter the charge-transfer 

properties between the titanium dioxide nanoparticles and the surrounding environment. Each 

of these modifications can lead to improvements in the performance of electro-optic or 

electronic devices incorporating titanium dioxide nanomaterials as functional semiconductor 

components. 96, 97 

The range of applications of titanium dioxide can be widened by improving its properties by 

doping with transitional metal cations, e.g., iron, niobium, vanadium, etc. Among these, 
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niobium-doped titanium dioxide (TiO2-Nb) is one of the most studied transparent conductive 

oxides and has found application in electro-optic devices as a replacement for high-cost indium 

tin oxide as electrodes. 98 

The recent discovery of the almost metallic conductivity and high optical transparency of 

niobium-doped titanium dioxide (TiO2-Nb) nanoparticles in the anatase phase has inspired 

intense research on this material for applications as transparent conducting metal oxide 

electrodes. 99, 100 The Nb5+ anions act as an p-type dopant in titanium dioxide. They modify the 

band structure of the titanium dioxide nanoparticles and thereby produce additional charge 

carriers in the conduction band. 100, 101 

 

1.3.5.1 Preparation of Metal-Doped Titanium Dioxide (TiO2-M) 

 

Niobium-doped (3 wt%) titanium dioxide nanorods (TiO2-Nb) have been prepared by a low-

temperature (120 °C), surfactant-directed, hydrolysis method followed by calcination at 600–

900 °C. The resultant titanium dioxide nanorods have a high aspect ratio ~ 10 with a length of 

up to 40 nm and a diameter of 3–4 nm. 102 Niobium-doped (5 wt %) anatase titanium dioxide 

(TiO2-Nb) nanorods have been synthesised by electrospinning a polymeric solution of titanium 

and niobium precursors and subsequent annealing. The resultant titanium dioxide nanofibers 

have diameter ~ 150 nm. 103 Niobium-doped (10 wt % and 20 wt %) titanium dioxide (TiO2-

Nb) nanorods have also been formed by using a solvothermal method using tert-butyl alcohol 

as the reaction medium. The solvothermal method enables the formation of crystalline 

Niobium-doped titanium dioxide (TiO2-Nb) nanoparticles have a diameter varying from 4 nm 

to 15 nm depending on the reaction temperature and time. 104 Niobium-doped (5 wt% and 10 

wt%) titanium dioxide (TiO2-Nb) nanoparticles have been also synthesised using a sol-gel 

method combined  with annealing at different temperatures, e.g., at 450, 650 and 1050 °C. 105  

Niobium-doped titanium dioxide (TiO2-Nb) nanoparticles have also been synthesised via a 

continuous spray-drying method using titanium oxysulfate and ammonium niobate (V) oxalate 

as water-soluble starting materials. 106 The preparation of niobium-doped titanium dioxide 

(TiO2-Nb) nanoparticles have been carried out using a co-hydrolysis method; mixing titanium 

dioxide nanoparticles (20-50 nm) with different concentrations of a gel containing small 

concentrations, e.g., 0.5, 1, 5 and 5 mol%, of niobium. 107 Niobium-doped (10 wt %) titanium 

dioxide (TiO2-Nb) nanoparticles have also been synthesised using a hydrothermal method. 

Solutions of TiOSO4 and NbCl5 were treated under three different hydrothermal conditions for 
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5 h at 180°C in the absence and/or presence of urea and aqueous ammonia. The resultant 

niobium-doped titanium dioxide (TiO2-Nb) nanoparticles were formed as small, d ~11 nm, fine 

crystallites with a relatively large surface area, e.g., 135 m2 g-1. 108 

 

1.4 Barium Titanium Oxide BaTiO3 

 

1.4.1 Perovskite Structure of Barium Titanium Oxide BaTiO3  

 

Barium titanium oxide (BaTiO
3
) has been of practical attention for more than 60 years due to 

its promising physical properties, such as good dielectric and ferroelectric properties at and 

above room temperature, its high chemical, thermal and mechanical stability, etc. Additionally, 

it can be synthesised simply and used in the form of a polycrystalline ceramic in a variety of 

commercial applications. 109 For example, owing to its combination of a very high dielectric 

constant and low dielectric loss, barium titanium oxide has been used in applications, such as 

capacitors and multilayer capacitors (MLCs). 110 

Ceramic materials with a perovskite structure, such as barium titanium oxide, represent a very 

important class of functional electronic materials. 111 The perovskite-like structure, named after 

the calcium titanium oxide (CaTiO3) perovskite mineral 112, is a ternary inorganic compound 

with a general formula of ABO3, where the A and B cations are of different sizes. Perovskite  

are considered to exhibit an FCC derivative structure in which the larger A cation and oxygen 

together form an FCC lattice, while the smaller B cation occupies the octahedral interstitial 

sites in the FCC array where the oxygen atom is the B cation’s nearest neighbour. This structure 

is a network of octahedrons, corner-linked with oxygen atoms, with the smaller cations B filling 

the octahedral holes and the larger cations A filling the dodecahedral holes. The unit cell of 

perovskite cubic structure is shown below in figure 1-10. 113 The coordination number of A 

(Ba+2) is 12, while the coordination number of B (Ti+4) is 6, although in most cases these values 

are somewhat idealized. In fact, any structure consisting of the corner-linked oxygen octahedral 

with a small cation filling the octahedral hole and a large cation, if present, filling the 

dodecahedral hole is usually regarded as a perovskite, even if the oxygen octahedral is slightly 

distorted. 111 
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Figure 1-10: Perovskite structure of barium titanium oxide BaTiO3. 

 

1.4.2 Preparation of Barium Titanium Oxide (BaTiO3) Nanowires  

 

Single-crystalline barium titanium oxide (BaTiO3) nanowires have been obtained by using a 

solution-phase method. 114, 115 The decomposition of barium titanium isopropoxide in the 

presence of coordinating ligands results in the formation of nanowires of BaTiO3 with a range 

of diameters, 5 nm < d < 70 nm and lengths, l, of up to tens of micrometres. This method 

facilitated the study of the ferroelectric properties of individual single, crystalline barium 

titanium oxide nanowires prepared in this way. 114, 115 Single-crystalline perovskite barium 

titanium oxide nanorods have also been synthesised at low temperature by a combined method 

based on a combination of sol-gel and surfactant-templated methods. The preparation was 

achieved by using a combination of barium acetate (Ba(CH3COO)2) and tetrabutyl titanate 

(Ti[O(CH2)3CH3]4) as the starting materials and laurylamine as the surfactant. The resultant, 

single-crystalline cubic perovskite barium titanium oxide nanorods have diameters ranging 

between 20 and 80 nm and lengths reaching up to >10 μm. 116 A solution-based preparation of 

single-crystalline barium titanium oxide nanorods was also investigated to produce nanorods 

with a broad range of diameters, 5 nm < d < 60 nm and lengths reaching up to ca. 10 μm. 117 

The preparation of single-crystal barium titanium oxide nanorods was also investigated using 

K2Ti4O9 and K2Ti6O13 as precursors 118 in a sol–gel method combined with electrophoretic 
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deposition. This new synthetic method was developed in order to increase the degree of control 

of the growth of barium titanium oxide nanorods. Homogeneous nanorods with a range of 

diameters, e.g., 45 nm < d < 200 nm and a length of ca 10 μm can be grown over large areas 

with a near unidirectional arrangement of the nanorods within the plane of the substrate. 119 

Polycrystalline, rather than single-crystalline, barium titanium oxide nanorods were 

synthesised by using an electrophoretic deposition (EPD) method. Involving the addition of a 

barium titanate sol to aluminium oxide (AAO) templates following by a thermal annealing 

process. The resultant barium titanium oxide nanorods formed using this method exhibit grain 

sizes ranging from 20 nm to 50 nm. 120 The preparation of ultra-long, e.g., up to 45 μm, 

vertically aligned barium titanium oxide nanowire arrays on an oxidised titanium substrate was 

also investigated using a two-step hydrothermal reaction procedure. Firstly, ultra-long aligned 

sodium titanate arrays were developed. Secondly, these precursor sodium titanate arrays were 

transformed into barium titanium oxide, which retained the shape of the original nanowire 

templates. Such barium titanium oxide nanowires produced using this method are typically 

600–630 nm in diameter and 40 μm in length. 121 Barium titanium oxide nanorods have also 

been synthesised using a hydrothermal method at temperature of 135 °C, using a mixture of 

barium acetate, titanium isopropoxide as the starting materials and sodium hydroxide as a 

reagent without any surfactant or template. The resultant nanorods were short with an average 

diameter, d ~20 nm. 122 An electron-microscopy investigation was carried to prepare barium 

titanium oxide nanorods, by sol–gel electrophoretic deposition (EPD) into anodic aluminium 

oxide (AAO) membranes. The barium titanium oxide nanorods developed within the template 

membranes were 150 to 200 nm in diameter and 10–50 μm in length. 123 A facile preparation 

of single-crystalline barium titanium oxide nanorods, 100 nm in diameter and 10 μm in length, 

has been carried out at low temperature 50 °C in an ethanol solution. 124 

 

1.5 Organic Field Effect Transistors (OFET) 

 

1.5.1 Organic Field Effect Transistors (OFET)  

 

Organic Field Effect Transistors (OFET) are made up of at least five functional layers, see 

figure 1-11: (1) a gate electrode, (2) an insulating dielectric layer (3) an organic semiconducting 

layer (4) a drain electrode and (5) a source electrode on top of a solid, planar substrate, for 

example a glass or silicon substrate, see figure 1-11. 125 The efficient functioning of an OFET 
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depends critically on the nature of the insulating dielectric layer, the organic semiconducting 

layer and the source and drain electrodes, as measured by the charge mobility of the organic 

semiconductor between the source and the drain electrodes, i.e., the electric current, the ON-

OFF ratio (Ion/Ioff) and the operating voltage of the device. 126 In order to operate in a high 

frequency range, a high charge carrier mobility of the device is required, while use in portable 

electronic devices a low operating voltage is more important. The mobility of OFETs mainly 

depends on semiconductor-insulator interface and contact material of the source and drain 

electrodes and operating voltage depends on the dielectric constant of the dielectric layer.  
 

 

Figure 1-11: Schematic representation of the Organic Field Effect Transistor (OFET) Structure. 

 

1.5.2 Organic Field Effect Transistors (OFET) - Challenges  

 

In the last few years, numerous organic substances have been studied as organic 

semiconductors in OFETs and as potential replacements for pentacene commonly used in 

OFETs as the standard organic semiconductor. 127, 128 The selection of a gate dielectric is a 

critical point in the fabrication of efficient OFETs as the semiconducting film grain size, for 

example, which has a strong influence on the field-effect charge-carrier mobility of the organic 

semiconductor in the OFET, is strongly influenced by the gate dielectric surface roughness. 

The most common gate dielectric in pentacene-based OFETs is thermally processed silicon 

dioxide. Unfortunately, the operating voltage of these OFETs is often relatively high, e.g., 

approximately 20 V. It is essential to reduce the operating voltage to less than 5 V for portable 

applications, principally for radio-frequency classification devices involving low power 

consumption. The use of high dielectric constant (k) insulators has the potential capability of 

reducing the operating voltage, but the surface of such high-dielectric-constant layers is often 
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relatively rough and, therefore, the grain size of the semiconductor films deposited on these 

substances is relatively small, which results in a relatively low field-effect charge-carrier 

mobility, i.e., electric current. 

Therefore, a significant amount of research has been focused on developing methods to reduce 

the operating voltage of pentacene-based OFETs without reducing the field-effect mobility 

through the use of various insulating layers. 129, 130 For example, there was an attempt to use 

novel self–assembled monolayers as the dielectric layer in order to improve pentacene-based 

OFET performance. 129 Another example involved using HfLaO dielectric layer in a pentacene-

based OFET, which reduced the operating voltage to 2 V, generated a relatively high field-

effect mobility,  = 0.71 cm2 V-1 s-1 and a moderately good on-off ratio of 105. 131 

 

1.6 High-k Dielectric Materials 

 

A wide variety of dielectric materials are commonly used in very many different applications, 

especially as a gate insulator for avoiding electrical conduction between the gate and the source 

and drain electrodes in OFETS. A dielectric material is required to have a large band gap in 

order to function as an insulating dielectric layer for a gate electrode in an OFET in that the 

large band gap prevents the electrons from the valence band being excited to the conduction 

band. Nevertheless, under standard OFET operating conditions there is always a voltage (the 

leak voltage) that will promote electrons from the valence band into the conduction band.  

 

1.6.1 High-k Dielectric Materials for Organic Field Effect Transistors OFETs 

 

1.6.1.1 Inorganic Dielectrics 

 

The most common gate dielectrics used in standard OFETs based on silicon substrates are 

uniform, thin layers of highly pure silicon dioxide (SiO2) with an average thickness of 200-400 

nm created by physical vapour deposition at high temperature and high vacuum. 132 However, 

silicon dioxide dielectric layers are often fabricated in situ via the oxidation of silicon with 

oxygen or oxygen/nitrogen in a controlled way to form gate insulator with superb mechanical, 

electrical, and dielectric properties. In recent times, it has been observed that the semiconductor 

dielectric interface in OFET devices is surrounded by a very large concentration of electron-
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trapping sites, because of the presence of surface hydroxyl groups, which are formed in the 

form of silanols. 133 The problems associated with these groups have been partly resolved by 

using surface treatments in which a monolayer is self-assembled onto the silicon dioxide 

surface. High advancing aqueous contact angles (>90°) have been measured using 

hexamethyldisilazane (HMDS) 134, alkanetrichlorosilanes 135, and alkanephosphonicacids 136, 

as the self-assembled monolayers (SAMs) 137, along with others. Some n-type semiconductors 

have been used to reduce the concentration of interfacial trap sites, which led to improved 

OFET performance. 133 

The main focus in the development of novel gate dielectric substances has been primarily on 

the need for low-cost device production and the reduction of the operating voltages required 

for new flexible/printed plastic electronics applications. One of the main challenges in the 

improvement of OFETs has been the slightly high voltages desirable for their operation when 

using SiO2 gate dielectric (k ≈ 4), which make these devices unreasonable for inexpensive 

applications.  

As a result, it is essential to identify and study high-k gate dielectrics to reach the requirements 

desirable for new technologies. Reduction of the device size is one of these requirements, 

which can be also reached by using high capacitance gate insulators. In this capacity, SiO2 has 

reached its scaling limit 138, which is now leading many researchers to find alternative metal 

oxides, such as HfO2, Ta2O5, Al2O3, Y2O3, CeO2, TiO2, etc., as potential substitute gate 

insulators.  
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2.1 Measurement and Instruments 

 

2.1.1 X-Ray Diffraction (XRD) 

 

X-Ray diffraction (XRD) is an analytical technique for studying the structure of crystalline 

materials, usually at a wavelength of about 0.5 to 2.5 Å. This method is based on the diffraction 

of X-rays by crystal lattices. It can monitor the distance between crystal plates as well as the 

size and type of the unit cell 1. In simple terms, each XRD machine has a detector, an X-ray 

tube and a monochromatic shutter. When an X-ray beam is incident upon the sample, the X-

rays are reflected according to the Bragg condition 

nλ = 2dsinθ     (2-1) 

Where n is an integer, λ is the wavelength of the X-rays, d is the layer spacing, i.e., separation 

of the reflecting planes, and θ is the angle of incidence of the X-ray beam.  

X-ray diffraction (XRD) is important in the estimate of the size of sub-micrometre particles or 

crystallites according to the Scherrer equation (2-2): 

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
                             (2-2) 

where K is a dimensional constant, 2θ is the diffraction angle, λ is the X-ray radiation 

wavelength, and β is the full width at half-maximum (FWHM) of the diffraction peak 2.  

The crystallite size can be determined by calculating the peak width in a diffraction spectrum 

related to a particular planar image from within the crystal unit cell. It is in linked to the FWHM 

of a single peak in the sense that the narrower the peak, the larger the crystallite size. The 

periodicity of the single crystallite areas results in a large narrow peak. A roader peak is 

observed if the crystals are randomly organised or exhibit a low degree of periodicity, which 

is often the case for nanomaterials. Consequently, it is self-evident that the FWHM of the 

diffraction peak is directly related to the dimensions of any nanoparticles giving rise to the  

peak 2. The X-ray powder diffraction (XRD) analysis was carried out in this thesis using a 

PANalytical EMPYREAN instrument.  

 

2.1.2 Transmission Electron Microscopy (TEM) 

 

Transmission electron microscopy (TEM) is an imaging technique with much higher resolution 

than optical microscopy using visible light. It is able to examine, in detail, a single column of 

atoms, which is 10000 times smaller than the smallest resolvable object in optical microscopy 
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using visible light to produce an image of the object. TEM provides important information on 

the size of nanoparticles and has already been widely used to determine the shape of titanium 

dioxide nanoparticles 3. Each basic TEM instrument has five main parts: a vacuum system, a 

specimen stage, an electron gun, an electron lens and apertures. Transmission electron 

microscopy (TEM) spectra were obtained using a Jeol 2010 TEM running at 200kV. Images 

were obtained with a Gatan Ultrascan 4000 digital camera. Solid samples were prepared by 

suspension in distilled water and 5 µl aliquots of a suitable dilution dropped onto carbon coated 

copper grids. EDX data were obtained using an Oxford Instruments ‘INCA’ Energy Dispersive 

X-ray Spectrometer. 

 

2.1.3 Fourier Transform Infrared Spectroscopy (FT-IR) 

 

Infra-red (IR) spectroscopy is used to analyse the chemical composition of organic matter by 

absorption of infra-red radiation. In the electromagnetic spectrum, infrared radiation is divided 

into three parts: the far-infrared, 400–10 cm−1 (25–1000 μm), which has low energy and is used 

for rotational spectroscopy; the mid-infrared, 4000–400 cm−1 (2.5–25 μm), which is used to 

study associated rotational-vibrational structure and fundamental molecular vibrations and the 

higher-energy near-IR, 14000–4000 cm−1 (0.8–2.5 μm wavelength), which can excite overtone 

or harmonic vibrations. Each commercial IR spectrometer has a splitter, a detector, a sample 

tube and a reference tube. Fourier transform infrared (FT-IR) spectra were recorded on a 

Nicolet Magna-500 FTIR spectrometer in the work for this thesis. 

 

2.1.4 X-ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy is a surface-sensitive quantitative spectroscopic analytical 

technique for measuring the elemental composition in the parts-per-thousand range, chemical 

and electronic state of the elements present on the surface of a material and their empirical 

formula. An X-ray beam is focussed at an incidental angle on the surface of the test material 

and the number of electrons and their kinetic energy is measured at the time for electron escape 

from the first 10 nm of the material surface. Either a high vacuum, e.g., P ~ 10-8 millibar, or 

an ultra-high vacuum, e.g., UHV; P < 10-9 millibar, are required for this analytical technique. 

http://en.wikipedia.org/wiki/Wavenumber
http://en.wikipedia.org/wiki/Rotational_spectroscopy
http://en.wikipedia.org/wiki/Rovibronic_excitation
http://en.wikipedia.org/wiki/Overtones
http://en.wikipedia.org/wiki/Harmonic_(mathematics)
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2.1.5 Thermal Gravimetric Analysis (TGA) 

 

In this analytical technique the change in sample weight is measured while the sample is heated 

at a constant rate, or at constant temperature, under air, i.e., oxidative, or nitrogen, i.e., inert, 

atmosphere. This analytical technique is effective for quantitative analysis of thermal reactions 

that are accompanied by mass changes, such as evaporation, decomposition, gas absorption, 

desorption and dehydration. A micro-balance used in this technique plays a significant role by 

measuring the change in mass of the sample, creating an imbalance, which is fed back to a 

force coil, which generates an additional electromagnetic force to re-establish equilibrium. The 

amount of additional electromagnetic force is proportional to the mass change. 

Thermogravimetric analyses (TGA) were performed on a Netzsch TGA TG209 thermal 

balance in the work for this thesis.  

 

2.1.6 Inductively Coupled Plasma (ICP) 

 

Inductively coupled plasma (ICP) is designed to generate plasma, which is a gas of atoms 

present in an ionized state, which then provide information on the chemical composition of the 

plasma sample. The basic set up of an ICP consists of three concentric tubes, usually made of 

silica, an ICP torch, a nebulizer, i.e., a sample introduction system a computer interface, 

transfer optics, a spectrometer and a high-frequency generator. The amount of metal in the 

nanocomposites is determined by an inductively coupled plasma Perkin Elmer 40 emission ICP 

instrument in the work for this thesis. 

 

2.1.7 Elemental Analyser (CHN Analyser) 

 

The amount of carbon (C), hydrogen (H) and nitrogen (N) in an organic compound can be 

measured with this analytical technique. The analyser uses a combustion process to oxidise 

organic substances into simple decomposition products, which are then detected, identified and 

their concentration measured. The CHN analysers components are an ignition chamber, a pre-

packed column, a TCD detector and spectrum analysers. A Fisons EA 1108 CHN analyser was 

used to provide the CHN data in the work for this thesis. 

 

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Nitrogen
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2.1.8 Nuclear Magnetic Resonance Spectroscopy (NMR) 

 

Nuclear magnetic resonance spectroscopy is a useful, versatile technique for the determination 

of the molecular structure and composition that relies on measuring the interactions of nuclear 

magnetic fields with an applied magnetic field. NMR uses a large magnet to probe the intrinsic 

spin properties of atomic nuclei. Like all spectroscopic techniques, NMR uses a component 

of electromagnetic radiation, i.e., radio frequency waves in this case, to promote and measure 

transitions between quantised nuclear energy levels. It can be used with samples of liquids, 

solids or gases, with compounds of various masses and compositions, and can be used to detect 

a wide range of nuclides depending on the instrumentation available. It is used in a diverse 

range of research areas, including organic, inorganic, and physical chemistry, medicine, 

biochemistry, protein science, and the food industry. Solid-state NMR (SSNMR) spectroscopy 

is a kind of NMR spectroscopy, characterised by the presence of anisotropic interactions. Solid-

state NMR can offer information of dynamics and structure in solid materials and also for the 

characterisation of crystalline solids, it is often an invaluable complement to diffraction-based 

methods. In pharmaceutical systems, it is important to understand transformations between the 

different forms of a solid (polymorphs). The NMR spectroscopy in the work for this thesis was 

carried out using a JEOL, JNM-ECP FT NMR spectrometer (400 MHz).  

 

2.1.9 Centrifugation 

 

A centrifuge rotates samples at high speed driven by an electric motor. Objects are rotated very 

quickly about a fixed axis, thereby applying a force perpendicular to the axis. A sedimentation 

principle is the basis of each the many types of centrifuge. This causes more dense substances 

to separate out in the bottom of the tube of a liquid sample. The centrifuge in the work for this 

thesis was carried out using Heraeus Megafuge 8 centrifuge from Thermo Science.  

2.1.10 Ultrapure Water 

 

The ultrapure water in the work for this thesis was obtained with a specific resistivity of 18.2 

MΩ.cm by using a reversed osmosis purification process followed by ion-exchange and 

filtration. Ultrapure water in the work for this thesis was carried out using Purelab Option and 

Purelab flex from Elga. 

http://chemwiki.ucdavis.edu/Physical_Chemistry/Spectroscopy/Fundamentals/Electromagnetic_Radiation
http://en.wikipedia.org/wiki/Rotation_around_a_fixed_axis
http://en.wikipedia.org/wiki/Rotation_around_a_fixed_axis
http://en.wikipedia.org/wiki/Sedimentation
http://en.wikipedia.org/wiki/Sedimentation
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3.1 Introduction 

 

One of the primary aims of this thesis is the synthesis of solution-processable anatase titanium 

dioxide nanorods (TiO2) with a stable aliphatic surface coating, i.e., TiO2/ligand 

nanocomposites, to be used as dielectric layers for low-voltage OFET applications. It was 

intended to deposit a thin uniform layer of the desired thickness of these TiO2/ligand 

nanocomposites on the OFET substrate surface by deposition from solution, e.g., by spin 

coating, drop casting, etc. Evaporation of the solvent should produce the desired dielectric layer 

as a stable monodomain with a homogeneous alignment of the titanium dioxide nanorods in 

the plane of the substrate surface with a uniform uniaxial orientation in the azimuthal plane.  

The synthesis of oleic acid-stabilised anatase titanium dioxide nanorods (TiO2/OA) was carried 

out according to modified literature methods. 1, 2 The surface coating of the TiO2/OA 

nanocomposites was modified by replacing some of the oleic acid monolayer coating on the 

TiO2 nanorods with different phosphorus ligands, such as diethyl 2-phenylethyl phosphonate 

(DEPPNA), octadecylphosphonic acid (ODPA) and octylphosphonic acid (OPA). It was hoped 

that this ligand exchange process would result in the formation of novel titanium dioxide 

nanorods, i.e., TiO2/OA/DEPPNA, TiO2/OA/ODPA and TiO2/OA/OPA nanocomposites, with 

enhanced solubility in organic solvents. These titanium dioxide nanorods capped with different 

ligands, e.g., DEPPNA, ODPA and OPA, may well exhibit different values of the dielectric 

constant. The concentration of these four ligands as a monolayer on the surface of the TiO2/OA, 

TiO2/OA/DEPPNA, TiO2/OA/ ODPA and TiO2/OA/OPA nanocomposites was varied in order 

to study the correlations between the nature of the monolayer coatings and their concentration 

on the solubility of the nanocomposites in common organic solvents used to deposit an uniform 

thin layer of nanorods on a substrate surface.  

 

3.2 Experimental 

 

3.2.1 Materials  

 

Titanium (IV) tetraisopropoxide (TTIP, ≥97.0 %), oleic acid (OA, 90%), trimethylamine N-

oxide (TMAO, 98%), diethyl 2-phenylethyl phosphonate (DEPPNA, 98.0%), octylphosphonic 

acid (OPA, 97.0 %) and octadecylphosphonic acid (ODPA, 97.0 %) were sourced from Sigma-

Aldrich as used without further purification. Ultrapure water with a specific resistivity of 18.2 
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MΩ·cm was obtained by reversed osmosis followed by ion-exchange and filtration (UPQ PS 

system, ELGA, USA).  

 

3.2.2 Synthesis of TiO2/OA Nanocomposites Consisting of Anatase Titanium 

Dioxide Nanorods Coated with a Monolayer of Oleic Acid  

 

The synthesis of oleic acid-stabilised anatase titanium dioxide nanorods (TiO2/OA) was carried 

out according to modified literature methods. 1, 2 Commercially available titanium (IV) 

tetraisopropoxide (TTIP) was hydrolysed in the presence of oleic acid (OA), acting as a 

surfactant, in presence of trimethylamine N-oxide (TMAO). The chemical composition, size 

and shape and the crystalline form of the TiO2/OA/DEPPNA, TiO2/OA/ ODPA and 

TiO2/OA/OPA nanocomposites produced by ligand exchange reactions were also determined 

using the combination of a range of analytical techniques, such as FT-IR, TEM, XRD, and 

elemental analysis, such as CHN, ICP and TGA.  

 

Preparation of Anatase Titanium Dioxide Nanorods Capped with Oleic Acid, i.e., FA3-1 

TiO2/OA nanocomposites  

 

Oleic acid (OA) (420 g) was dried under stirring for 1 h at 120 °C and then allowed to cool to 

85 °C. Titanium (IV) isopropoxide (TTIP) (17.7 mL, 60 mmol) was added under stirring. After 

5 minutes, whereby the colour of solution had changed from colourless to yellow, a solution of 

trimethylamine N-oxide (TMAO) (2 M, 60 mL) was injected quickly by syringe into the 

reaction mixture. After completion of this addition the temperature of the reaction mixture was 

increased to 100 °C. After a few minutes the solution became slightly turbid and after an hour 

the viscosity of the solution had increased significantly. The reaction mixture was stirred at 

100 °C for a total of 72 h. Isopropanol (1.2 L) was added to the cooled reaction mixture at room 

temperature. The resultant precipitate was separated off by centrifugation, washed twice with 

isopropanol and then dried overnight in a vacuum oven overnight at 30 °C. The TiO2/OA 

nanocomposite product was dissolved in toluene and then precipitated by the addition of 

acetone, which was separated off by centrifugation. This step was repeated twice to produce 

the desired FA3-1 TiO2/OA nanocomposite, consisting of anatase titanium dioxide nanorods 

coated with a monolayer of oleic acid, which was dried overnight in a vacuum oven at 30 °C. 
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A schematic diagram of synthesis of the oleic acid-capped anatase titanium dioxide nanorods 

FA3-1 TiO2/OA is shown in scheme 3-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3-1: Schematic diagram of synthesis of the oleic acid-capped anatase titanium dioxide 

nanorods FA3-1 TiO2/OA. 

 

Ligand Exchange of Oleic Acid Capped Anatase Titanium Dioxide Nanorods TiO2-OA 

with Phosphonate/Phosphonic Acid  

 

 A fixed amount of ligand, i.e., 25 mg of octylphosphonic acid (OPA), 25 mg of diethyl 2-

phenylethyl phosphonate (DEPPNA) and 25 mg, 33 mg or 50 mg of octadecylphosphonic acid, 

(ODPA), was added to a solution of the FA3-1 TiO2/OA nanocomposites (100 mg) prepared 

as described above in chlorobenzene (20 mL), see table 3-1 for details of these reactions. The 

resultant reaction mixtures were then heated at 100 °C for 24 h. The cooled reaction mixtures 

were evaporated down under reduced pressure to yield a solid, which was then dissolved in 

toluene (5 mL) and then precipitated with acetone (45 mL). The desired TiO2/OA/DEPPNA, 

TiO2/OA/ ODPA and TiO2/OA/OPA nanocomposites were washed with acetone and then dried 

+ 

100ºC/72 h 

TMAO 
TiO

2
-OA nanorods 
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in a vacuum oven overnight. Scheme 3-2 shows a schematic of the reaction and the chemical 

structure of the phosphonate and phosphonic ligand used to create the new nanocomposites. 

 

Table 3-1: Ligand exchange conditions of the reactions of the oleic acid-capped anatase 

titanium dioxide nanorods FA3-1 TiO2/OA with the OPA, DEPPNA and ODPA ligands to 

produce the FA3-2 TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and FA3-4, FA3-5 and FA3-6 

TiO2/OA/ODPA nanocomposites, respectively. 

 

Sample  Ligand  Ratio of TiO2/OA:ligand  

FA3-2 Octylphosphonic acid (OPA) 4:1  

FA3-3 Diethyl 2-phenylethyl phosphonate (DEPPNA) 4:1  

FA3-4 Octadecylphosphonic acid (ODPA) 4:1 

FA3-5 Octadecylphosphonic acid (ODPA) 3:1 

FA3-6 Octadecylphosphonic acid (ODPA) 2:1 

 

A schematic diagram of the ligand exchange reactions involving the oleic acid capped anatase 

titanium dioxide nanorods FA3-1 TiO2-OA with (A) octylphosphonic acid (OPA), (B) 

decylphosphonic acid (ODPA) and (C) 2-phenylethyl phosphonate (DEPPNA) ligands to 

produce the FA3-2 TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and FA3-4, FA3-5 and FA3-6 

TiO2/OA/ODPA nanocomposites, respectively., is shown in scheme 3-2. 
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Scheme 3-2: Diagram shows ligands exchange of oleic acid capped anatase titanium dioxide 

nanorods FA3-1 TiO2-OA with (A) octylphosphonic acid (OPA), (B) decylphosphonic acid 

(ODPA) and (C) 2-phenylethyl phosphonate (DEPPNA) ligands to produce the FA3-2 

TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA 

nanocomposites, respectively. 

 

3.3 Results and Discussion  

 

3.3.1 Characterisation of Anatase Titanium Dioxide Nanorods Capped with Oleic 

Acid TiO2/OA FA3-1 

 

The XRD pattern of the FA3-1 titanium dioxide nanorods capped with oleic acid in the FA3-1 

TiO2/OA nanocomposites is shown in figure 3-1. It is clear from this figure that the titanium 

dioxide nanorods have been produced in the anatase phase. 3 

The FT-IR spectrum of the FA3-1 TiO2/OA nanocomposites is shown in figure 3-2. The peaks 

at 2850, 2920 and 2955 cm-1 are related to the stretch absorptions of the C-H3, C-H2 and C-H 
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moieties present in the oleic acid molecules attached to the surface of the anatase titanium 

dioxide nanorods. The broad stretching band centred at 3465 cm-1 is indicative of the presence 

of OH- groups attached to the surface of the anatase titanium dioxide nanorods. There are also 

two strong absorption peaks at 1525 and 1430 cm-1, which are related to the presence of COO- 

anti-symmetric as well as symmetric stretching vibrations, respectively. 4, 5 

The TEM images of the FA3-1 TiO2/OA nanocomposites shown in figure 3-3 reveal that the 

TiO2 nanorods are ca 20 in length and 3-4 nm in diameter with an aspect ratio between 5-8, 

with a maximum aspect ratio of 6:1. The oleic acid is not visible, as an organic coating, are not 

visible in the TEM images shown in figure 3-3. 

Elemental analysis of the FA3-1 TiO2/OA nanocomposites was carried out using CHN and 

ICP, see table 3-2. The carbon and hydrogen content of the FA3-1 TiO2/OA nanocomposites 

was determined as 18.59% and 3.12%, respectively. These high values for carbon and hydrogen 

further provides further evidence of the presence of a significant coating of oleic acid (OA) 

over most of the surface of the TiO2 nanorods. The presence of a small concentration of 

nitrogen (0.36%) is attributable to the presence of small residual amounts of the starting 

material TMAO, which could not be completely removed by the purification process, and 

suggests that some TMAO may have bonded to the surface of the TiO2 nanorods. Almost 

exactly three quarters (74.11%) of the FA3-1 TiO2/OA nanocomposites is made up of titanium 

dioxide.  

The results of the TGA analyses are shown in figure 3-5. There are two observable weight 

losses at below 120 ºC and around 320-490 ºC, which are related to the adsorption of water and 

decomposition of oleic acid, respectively. The results at 900 °C is 71.57 %, close to the CHN 

and ICP result. 



54 

 

 

Figure 3-1: XRD pattern of FA3-1 TiO2/OA nanocomposites consisting of anatase titanium 

dioxide nanorods capped with oleic acid. 

 

 

 

Figure 3-2: FT-IR pattern of FA3-1 TiO2/OA nanocomposites consisting of anatase titanium 

dioxide nanorods capped with oleic acid. 
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Figure 3-3: TEM images of FA3-1 TiO2/OA nanocomposites consisting of anatase titanium 

dioxide nanorods capped with oleic acid. 

 

Table 3-2: Chemical analysis of FA3-1 TiO2/OA nanocomposites consisting of anatase 

titanium dioxide nanorods capped with oleic acid. 

 

Sample  C % H % N % O % Ti %  

FA3-1 18.59 3.12 0.36 31.30 42.83 
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Figure 3-4: The aspect ratio distribution of FA3-1 TiO2/OA nanocomposites consisting of 

anatase titanium dioxide nanorods capped with oleic acid. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5: TGA analysis of FA3-1 TiO2/OA nanocomposites consisting of anatase titanium 

dioxide nanorods capped with oleic acid. 
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Electrical Characterisation of the Oleic Acid-Stabilised Titanium Dioxide Nanorods 

TiO2-OA 

 

The hybrid insulator of the oleic acid-stabilised titanium dioxide nanorods TiO2-OA, FA3-1 

was spin coated from a 10% wt solution in chlorobenzene on prepatterned metallic electrodes. 

The samples were cured in a vacuum oven and finally the top metallic electrodes were 

evaporated to form crossbar MIM structures. The electrical characterization of these capacitors 

was carried out with a SI1260 impedance analyser and an Agilent B2912A in air and at room 

temperature. The final thickness of the hybrid insulating films was ~200 nm with a RMS 

roughness of 2.0 nm. The estimated dielectric constant is 9-10 at 1MHz and it rapidly increases 

as the frequency decreases reaching the value of 30 at 1Hz, see figure 3-6. The loss tangent 

data show that the hybrid insulator at high frequencies behaves as an ideal capacitor (loss of 

the order of 10-2) while at low frequencies a remarkable increase in the loss tangent of our 

insulator is recorded.  

 

 

Figure 3-6: Dielectric constant k with frequency for the oleic acid-stabilised titanium dioxide 

nanorods TiO2-OA, FA3-1.  
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3.3.2 Characterisation of the Ligand Exchanged FA3-2 TiO2/OA/OPA, FA3-3 

TiO2/OA/DEPPNA and FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA nanocomposites 

 

The XRD patterns of the FA3-1 TiO2/OA nanorods, the FA3-3 TiO2/OA/DEPPNA 

nanocomposites and the FA3-5 TiO2/OA/ODPA nanocomposites are shown in figure 3-6. As 

expected, no phase change in the anatase crystalline morphology of the TiO2 nanorods can be 

observed. 3 It is also clear from figure 3-6 that the size of the TiO2 nanorods is also clearly not 

affected by the ligand exchange reactions.  

The FT-IR spectra of FA3-2 TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and FA3-4, FA3-5 and 

FA3-6 TiO2/OA/ODPA nanocomposites are shown in figures 3-7, 3-8 and 3-9. It can be 

observed that the intensities of the two peaks at 1525 and 1430 cm-1 observed in the FT-IR 

spectrum of TiO2/OA FA3-1 are lower in the figures 3-7, 3-8 and 3-9, which also contain a 

new peak appeared at 1040 cm-1 related to a stretching band of P-O. The differences in these 

spectra indicate that part of oleic acid monolayer attached to the surface of the TiO2 nanorods 

in TiO2/OA FA3-1 has been replaced by the ligands OPA, DEPPNA and ODPA in the FA3-2 

TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA 

nanocomposites respectively. 6, 7 

The FT-IR spectrum of the ODPA ligand contains a P=O double bond valence vibration at 

1226 cm-1 and a P–O–H absorption band at 940 m-1. However, these two bands are not present 

in the FT-IR spectra of FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA nanocomposites. These 

spectra also exhibit a broad absorption band, which can be attributed to the PO3 stretching at 

about 1065 cm-1. All these data indicate that molecules of the ODPA ligand have attached 

themselves onto the surface of the FA3-1 TiO2/OA nanorods to form the FA3-4, FA3-5 and 

FA3-6 TiO2/OA/ODPA nanocomposites through a tridentate bonding mode. 8 

The two absorption peaks at 1525 and 1430 cm-1, indicative of the presence of oleic acid on 

the surface of the TiO2 nanorods, can still be seen in the sample FA3-4 TiO2/OA/ODPA 

nanocomposite prepared using a ratio 4:1 of the TiO2/OA nanorod to the OPDA ligand. 

However, these peaks are quite weak, which indicates that most of oleic acid in TiO2/OA FA3-

1 has been replaced to produce the FA3-4 TiO2/OA/ODPA nanocomposite. These two 

absorption peak are not present in the FT-IR spectra of the FA3-5 and FA3-6 TiO2/OA/ODPA 

nanocomposites prepared using a lower ratio, i.e., 3:1 and 2:1, respectively, of the TiO2/OA 

nanorod to the OPDA ligand, i.e., at a higher concentration of ligand, indicates that almost all 

of the oleic acid on the surface of the TiO2 nanorods has been replaced by the ODPA ligand, 

as might have been expected.  
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These results suggest that the oleic acid on the surface of the TiO2/OA FA3-1 nanorods can be 

more easily removed using the ODPA ligand than using either OPA or DEPPNA in the ligand 

exchange reactions.  

The intensity of the two absorption peaks at 1525 and 1430 cm-1 in the FT-IR spectrum of the 

FA3-3 TiO2/OA/DEPPNA nanocomposite is lower than that observed in the corresponding 

FT-IR spectrum of the TiO2/OA FA3-1 nanorods. A new peak at 1065 cm-1 attributable to PO3 

stretching is observed in the FT-IR spectrum of the FA3-3 TiO2/OA/DEPPNA nanocomposite 

due to partial replacement of oleic acid ligand in TiO2/OA FA3-1 nanorods with DEPPNA. 

The 31P NMR spectra of the TiO2/OA FA3-1 nanorods, the FA3-3 TiO2/OA/DEPPNA 

nanocomposite, before and after separation treatment, and the FA3-5 TiO2/OA/ODPA 

nanocomposite (3:1) are shown in figure 3-10. The peak at 4.70 ppm is related to the presence 

of triphenylphosphine that has been added to the solution as a reference. The two peaks at 31.6 

and 29.6 ppm are present in the 31P NMR spectra of the FA3-3 TiO2/OA/DEPPNA 

nanocomposite before the separation treatment. The peak at 31.6 is related to unreacted 

DEPPNA that can be removed by the separation treatment, as seen in figure 3-10 (b). The 31P 

NMR spectra of the TiO2/OA FA3-1 nanorods, the FA3-3 TiO2/OA/DEPPNA nanocomposite, 

before and after separation treatment, and the FA3-5 TiO2/OA/ODPA nanocomposite (3:1) 

shows only one peak at 29.6 ppm. The absence of the peak at about 38 ppm indicates that the 

ODPA ligand has bonded to TiO2 nanorod surface by replacing almost all and perhaps all of 

the oleic acid ligand.  

The TEM images of the FA3-3 TiO2/DEPPNA and FA3-5 TiO2/ODPA (3:1) nanocomposites, 

shown in figure 3-11, reveal that there is no difference in the shape and size of rods after the 

ligand exchange process as expected. These TEM spectra are consistent with those obtained 

from XRD analysis of the same samples. The aspect ratio of FA3-5 TiO2/ODPA (3:1) 

nanocomposites is between 5-8, which is the same as that of the starting FA3-1 TiO2/OA 

nanocomposites, as shown in figure 3-12, i.e., the size and shape of the TiO2 nanorods are not 

changed by the ligand exchange reaction.  

The results of the CHN and ICP elemental analysis shown in table 3-3 reveal that there is a 

higher concentration of titanium content for the FA3-2 TiO2/OA/OPA and FA3-3 

TiO2/OA/DEPPNA nanocomposites than that found for the FA3-4, FA3-5 and FA3-6 

TiO2/OA/ODPA nanocomposites. The carbon content is correspondingly lower for the FA3-2 

TiO2/OA/OPA and FA3-3 TiO2/OA/DEPPNA nanocomposites than that found for the FA3-4, 

FA3-5 and FA3-6 TiO2/OA/ODPA nanocomposites. There is also an increase in the 
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phosphorous content with increasing concentration of the ODPA ligand in the exchange 

reactions, i.e., in FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA nanocomposites.  

The FA3-3 TiO2/OA/DEPPNA and the FA3-5 TiO2/OA/ODPA nanocomposite (3:1) can be 

dissolved in chlorobenzene up to a concentration of 40 %, see figure 3-13. These solutions can 

be stable for several months. On the other hand the FA3-2 TiO2/OA/OPA nanocomposite is 

not soluble in chlorobenzene perhaps because the short alkyl chain is not long enough to convey 

an aliphatic character to the surface of the TiO2 nanorods.  

 

Table 3-3: Chemical analysis of the FA3-1 TiO2/OA nanorods modified with the OPA, 

DEPPNA and ODPA ligands to produce the FA3-2 TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA 

and FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA nanocomposites. 

 

Sample  Ligands/Ratio* Ti% P% C% H% N% Solubility in C6H5Cl 

FA3-1 No ligand 42.83 --- 18.59 3.12 0.36 Soluble 

FA3-2 OPA/4:1 46.2 3.3 13.22 2.4 0.00 Not soluble 

FA3-3 DEPPNA/4:1 46.35 0.78 17.29 2.39 0.22 Soluble 

FA3-4 ODPA/4:1 41.07 2.05 20.9 3.73 0.42 Soluble 

FA3-5 ODPA/3:1 37.80 2.60 22.6 4.26 0.24 Soluble 

FA3-6 ODPA/2:1 34.41 3.48 26.70 4.76 0.17 Not soluble 

*Ratio of TiO2-OA: ligand 
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Figure 3-6: The XRD patterns of the FA3-1 TiO2/OA nanorods, the FA3-3 TiO2/OA/DEPPNA 

and FA3-5 TiO2/OA/ODPA nanocomposites. 

 

 

Figure 3-7: FT-IR patterns of FA3-1 TiO2/OA nanorods and the FA3-2 TiO2/OPA 

nanocomposites. 

20 30 40 50 60 70 80

500

1000

1500

2000

2500
In

te
n
s
it
y
 (

a
. 

u
.)

2Theta (Degree)

 FA3-1

 FA3-3

 FA3-5

5001000150020002500300035004000

Wavelength (cm
-1
)

 FA3-1

 FA3-2

1
0

1
 

2
0

0
 

0
0

4
 

1
0

5
 

2
0

4
 

3
0

3
 

1
1

6
 



62 

 

 

Figure 3-8: FT-IR patterns of the FA3-1 TiO2/OA nanorods and the FA3-3 TiO2/ DEPPNA 

nanocomposites.  

 

 

Figure 3-9: FT-IR patterns of FA3-1 TiO2/OA nanorods and the FA3-4 (4:1), FA3-5 (3:1) and 

FA3-6 (2:1) TiO2/ODPA nanocomposites. 
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Figure 3-10: 31P NMR of (a) FA3-3 TiO2/DEPPNA nanocomposites, before separation 

treatment (b) FA3-3 TiO2/DEPPNA nanocomposites after separation treatment, (c) FA3-5 

TiO2/ODPA nanocomposites (3:1) before separation treatment. 

 

 

Figure 3-13: 40% Solutions of the FA3-3 TiO2/DEPPNA and FA3-5TiO2/ODPA (3:1) 

nanocomposites in chlorobenzene. 
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Figures 3-11: TEM images of the FA3-3 TiO2/DEPPNA (A-B) and the FA3-5 TiO2/ODPA 

nanocomposites (3:1) (C-D). 

 

 

Figure 3-12: The aspect ratio distribution of the FA3-5 TiO2/ODPA (3:1) nanocomposites. 
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3.3.3 Possible Mechanism for Ligand Exchange Reaction of the Anatase Titanium 

Dioxide Nanorods FA3-1 TiO2/OA nanorods with OPA, DEPPNA and ODPA to 

produce the Ligand Exchanged FA3-2 TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and 

FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA nanocomposites, respectively. 

 

Modification of anatase titanium dioxide nanorods capped with oleic acid TiO2-OA surface 

with phosphorus ligands is predicted to occur through bonding between the phosphoryl oxygen 

to Lewis acid sites on the titanium dioxide surface and condensation reactions between the 

hydroxyl groups (Ti-OH) on titanium surface and P-OX groups (where X; H, Et). 

Consequently, several bonding modes can occur, e.g., monodentate, bidentate or tridentate 

bonds for the ligands with a phosphonic acid group in a terminal position. Bidentate or 

tridentate bonding can occur for the corresponding phosphonate ligands, see scheme 3-3 7, 9. 

The surface chemistry of titanium dioxide nanoparticles is multifaceted in that it has both acidic 

and basic surface hydroxyl groups (Ti-OH) as well as Lewis acid sites 10.  

The surface of the oleic acid-capped anatase titanium nanorods FA3-1 TiO2/OA possesses very 

many hydroxyl groups (Ti-OH) as well as a high surface coverage of oleic acid molecules 

chemically bonded to the TiO2 surface, as confirmed by FT-IR analysis, see figure 3-2. Thus, 

two kinds of reaction may occur during the ligand exchange reaction of the FA3-1 TiO2/OA 

nanorods with the phosphorus ligands used in this study, i.e., octylphosphonic acid (OPA), 

decylphosphonic acid (ODPA) and 2-phenylethyl phosphonate (DEPPNA). The phosphorus 

ligands may replace oleic acid via route 1 and/or by reaction of R-OX (X = H, Et) with hydroxyl 

groups Ti-OH via route 2.  

The chemical analyses of the ligand exchange reaction of the anatase titanium dioxide FA3-1 

TiO2/OA nanorods with OPA, DEPPNA and ODPA to produce the ligand exchanged FA3-2 

TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA 

nanocomposites, respectively, are shown in table 3-3. The ligand exchange rate (LER), i.e., 

conversion rate, of oleic acid by DEPPNA and OPA was calculated as 18.2 % and 83.8 %, 

respectively, as shown in table 3-4, based on the phosphorus and carbon content of the reaction 

products and the carbon content of the anatase titanium dioxide FA3-1 TiO2/OA nanorod 

starting materials, see index 3-1 for calculation of ligand exchange rate and analysis of the 

attachment of ligands on TiO2.  

On the other hand, for all the organophosphorus ligands, the molar percentage of the ligands 

on the TiO2 surface is higher than that of the exchanged oleic acid, suggesting that the 
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organophosphorus ligands attached themselves onto the TiO2 surface not just via ligand 

exchange of oleic acid in the FA3-1 TiO2/OA nanoparticles as shown in table 3-4, by route 1, 

see Appendix 1. The ligands may also attach themselves onto the TiO2 surface via reaction of 

P-OH or P-OEt groups of the ligand head groups with the hydroxyl groups on the TiO2 surface, 

if the TiO2 surface has not already been fully covered with oleic acid as shown in table 3-4, see 

route 2 11. It has been calculated that for FA3-5 TiO2/ODPA (3:1), about 77.92 % of molecules 

attached on TiO2 surfaces via ligand exchange of oleic acid, i.e., route 1 and 22.1 % via reaction 

of P-OH groups of ODPA with the hydroxyl groups on the TiO2 surfaces, i.e., route 2. Similar 

percentages of TiO2 surface modification via routes 1 and 2 for other products are shown in 

table 3-4. A combination of these results suggests that the coverage of oleic acid on TiO2 

surfaces in the FA3-1 TiO2/OA nanoparticles is less than 70 %. 

The resonance at 29.6 ppm in the 31P NMR spectra of the TiO2/OA FA3-1 nanorods, the FA3-

3 TiO2/OA/DEPPNA nanocomposite, before and after separation treatment, and the FA3-5 

TiO2/OA/ODPA nanocomposite (3:1) shown in figure 3-10, is probably ascribable to the 

presence of tridentate phosphonate sites, i.e., P(OTi)3 
12. Although P-OEt groups are quite 

stable, the same chemical shift of the purified TiO2-DEPPNA as that of TiO2-ODPA suggests 

that the ethoxy-groups have been displaced during the ligand exchange reactions and that the 

DEPPNA has bonded to TiO2 surface by a tridentate mode of attachment. 
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Table 3-4: The rate of ligand exchange in the reactions of the anatase nanorods FA3-1 TiO2/OA 

nanorods with the ligands OPA, DEPPNA and ODPA to produce the ligand exchanged FA3-2 

TiO2/OA/OPA, FA3-3 TiO2/OA/DEPPNA and FA3-4, FA3-5 and FA3-6 TiO2/OA/ODPA 

nanocomposites, respectively.  

 

Sample Ligands/Ratio* Route 1 % * Route 2 % ** 

FA3-2 OPA/4:1 67.77 32.23 

FA3-3 DEPPNA/4:1 68.37 31.63 

FA3-4 ODPA/4:1 83.87 16.13 

FA3-5 ODPA/3:1 77.92 22.1 

FA3-6 ODPA/2:1 66.62 33.38 

 

* Rate 1: Ligand exchange route, LER; ** Rate 2: Reaction with hydroxyl groups.  

 

 

Scheme 3-3: Some possible modes of binding between the titanium dioxide surface with 

phosphorus ligands, i.e., monodentate (1-2), bidentate (3-4) and tridentate bonding modes.  
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3.4 Conclusion and Summary  

 

Anatase titanium nanorods, with a length of 20 nm and a width of 3-4 nm with an aspect ratio 

of between 5-8 with a maximum value at 6:1, capped with oleic acid have been prepared using 

an hydrolysis reaction using titanium (IV) tetraisopropoxide (TTIP) as the source of titanium 

in the presence of oleic acid as a surfactant at a relatively low temperature, i.e., 100 °C, for  

72 h. 

There is no difference in the shape, size and aspect ratio of the TiO2 rods after the ligand 

exchange, i.e., partial or almost complete replacement of the oleic acid attached to the surface 

of the anatase titanium FA3-1 TiO2/OA nanorods with phosphonic acid ligands, i.e., 

octylphosphonic acid (OPA) and decylphosphonic acid (ODPA) and phosphonate ligand and 

2-phenylethyl phosphonate (DEPPNA). 

 

The solubility of the TiO2/ligand nanocomposites strongly depends on the length of aliphatic 

chain of the ligand attached to the surface of the nanorods, e.g., the FA3-3 TiO2/OA/DEPPNA 

nanocomposite and the FA3-5 TiO2/OA/ODPA nanocomposite (3:1) can be dissolved in 

chlorobenzene up to a concentration of 40% to produce solutions that can be stable for several 

months. On the other hand the FA3-2 TiO2/OA/OPA nanocomposite is not soluble in 

chlorobenzene perhaps because the short alkyl chain is not long enough to convey an aliphatic 

character to the surface of the TiO2 nanorods.  

 

The concentration of the ligand attached to the surface of the nanorods determines the degree 

of solubility of the nanocomposites in organic solvents, e.g., the FA3-4 and FA3-5 TiO2/ODPA 

nanocomposites (4:1 and 3:1) can be dissolved in chlorobenzene, whereas the FA3-4 and FA3-

5 TiO2/ODPA nanocomposites (2:1) cannot be dissolved in the same solvent.  

The calculation of ligand exchange rate (LER) of the attachment of ligands onto the surface of 

the TiO2/OA nanorods suggests that the attachment occurs via a combination of ligand 

exchange of oleic acid (route 1) and reaction of the ligand P-OH groups with the hydroxyl 

groups on the TiO2 surface (route 2). These calculations suggest that the surface coverage of 

oleic acid on the TiO2-OA nanorods is less than 70 %. 

 

The binding between ODPA and TiO2-OA should be through a tridentate attachment of 

phosphonic acid to the TiO2 surface according FT-IR analysis.  
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4.1 Introduction 

 

The prime aim of this chapter was to prepare solution-processable, ligand-stabilised, anatase 

titanium dioxide nanorods (TiO2-L-M; M = Nb, In or Nb/In) doped with metals, which could 

be dissolved in typical organic solvents, e.g. chlorobenzene, used to deposit thin layers of 

functional materials on substrate surfaces from solution by standard processes, such as drop 

casting, spin coating, doctor blade techniques, ink-jet printing, etc. Doping titanium dioxide 

with n-type, i.e., indium, and p-type, i.e., niobium, dopants is expected to produce two kinds 

of ligand-stabilised, metal-doped anatase nanorods (TiO2-L-M; M = Nb or In) with a high 

dielectric constant and a low dielectric loss. 1 Ligand-stabilised, metal-doped anatase nanorods 

(TiO2-L-M; M = Nb/In) containing both niobium and indium dopants were also prepared. 

In order to achieve this aim, a novel method for the preparation of solution-processable, ligand-

stabilised, niobium- and indium-doped, anatase nanorods (TiO2-L-M; M = Nb, In or Nb/In) 

stabilised with a monolayer surface coating of oleic acid (L = OA) was developed.  

In order to improve the solubility of the oleic acid-stabilised, niobium- and indium-doped, 

anatase nanorods (TiO2-OA-M; M = Nb, In or Nb/In), a series of ligand exchange reactions 

were carried out, in the presence of either diethyl 2-phenylethyl phosphonate (DEPPNA) or 

octadecylphosphonic acid (ODPA) to replace the oleic acid coating, to identify the optimal 

reaction conditions to produce the surface-modified metal-doped anatase titanium dioxide 

nanorods (TiO2-DEPNA-M; M = Nb, In or Nb/In and TiO2-ODPA-M; M = Nb, In or Nb/In).   

 

4.2 Experimental 

 

4.2.1 Materials  

 

Titanium (IV) tetraisopropoxide (TTIP, ≥97.0 %), oleic acid (90 %), trimethylamine N-oxide 

(98 %), diethyl 2-phenylethyl phosphonate and octadecylphosphonic acid (97.0 %), niobium 

(V) ethoxide (99.95%) were sourced from Sigma-Aldrich. Niobium isopropoxide (NBIO, 

99%), Indium (III) isopropoxide (99.9%) and Indium (III) ethoxide (99.9%) were sourced from 

Alfa Aesar. Ultrapure water with a specific resistivity of 18.2 MΩ·cm was obtained by reversed 

osmosis followed by ion-exchange and filtration (UPQ PS system, ELGA, USA).  
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4.2.2 Solution-Processable, Metal-Doped Anatase Titanium Dioxide Nanorods 

Synthesis (TiO2-M; M = Nb, In or Nb/In)  

 

The hydrolysis reaction of titanium (IV) tetraisopropoxide (TTIP) was carried out at relatively 

low temperature, e.g. 100 °C, in presence of a source of the appropriate metal, i.e., either 

indium or niobium, and oleic acid (OA) as a surfactant and trimethylamine N-oxide (TMAO) 

as a nanorod stabiliser.  

TiO2-Nb, niobium isopropoxide (Nb[OCH(CH3)2] = NBIO) and niobium (V) ethoxide 

(NB[OC2H5]2 = NBEO) were used as different sources of niobium in the preparation of 

niobium doped anatase titanium dioxide nanorods. In addition, the effect of varying the 

niobium concentration and the reaction time (24 h and 72 h) were investigated.  

Ligand exchange reactions were carried out on the oleic acid-stabilised niobium-doped anatase 

titanium dioxide nanorods (TiO2-OA-Nb) synthesised in these reactions under different 

reaction conditions. Diethyl 2-phenylethyl phosphonate (DEPPNA) and octadecylphosphonic 

acid (ODPA) were both used as ligands to replace the oleic acid attached to the surface of the 

niobium-doped anatase titanium dioxide nanorods (TiO2-OA-Nb).  

A series of oleic acid-stabilised, indium-doped, titanium dioxide nanorods (TiO2-OA-In) were 

also prepared using the same method as that used to synthesise the niobium doped titanium 

dioxide nanorods TiO2-Nb. Indium (III) isopropoxide (In[OCH(CH3)2] = INIO) and indium 

(III) ethoxide (In[OC2H5]2 = INEO) were used as the source of indium.  

Examples of niobium/indium-doped titanium dioxide nanorods (TiO2-OA-Nb/In) were also 

synthesised using indium (III) isopropoxide (In[OCH(CH3)2] = INIO) and indium (III) 

ethoxide (In[OC2H5]2 = INEO) as the starting materials. The synthesis of the oleic acid-

stabilised, niobium/indium-doped, titanium dioxide nanorods (TiO2-OA-Nb/In) was followed 

by ligand exchange using octadecylphosphonic acid (ODPA) as the replacement ligand to 

produce the corresponding octadecylphosphonic acid-stabilised, niobium/indium-doped, 

titanium dioxide nanorods (TiO2-ODPA-Nb/In).  

 

Synthesis of Solution-Processable, Niobium-Doped Titanium Dioxide Nanorods (TiO2-

OA-Nb) 

 

Oleic acid (OA, 420 g) was dried under stirring for 1 h at 120 °C and then allowed to cool to 

85 °C. Titanium (IV) isopropoxide (17.7 cm3, 60 mmol) was added under stirring until the 

colour of solution changed from colourless to yellow. 10 Minutes after this colour change the 
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required amount of niobium source was injected quickly to the reaction mixture, see Table 4-

1. A 2 M solution of trimethylamine N-oxide (60 cm3) was then added rapidly by syringe to 

the reaction mixture and the reaction temperature increased to 100 °C. After a few minutes the 

solution became slightly turbid and after an hour the viscosity of the solution had increased 

significantly. The reaction mixture was stirred at 100 °C for a total reaction time of either 24 h 

or 72 h, see table 4-1 for details of the reaction conditions. Isopropanol (1.2 L) was added to 

the cooled reaction mixture and the resultant precipitate separated off by centrifugation, washed 

twice with isopropanol and then dried overnight under vacuum at 30 °C. This product was 

dissolved in toluene, precipitated by adding acetone and separated off by centrifugation. This 

step was repeated twice and the resultant solid product dried overnight under vacuum at 30 °C 

to yield the desired oleic acid-stabilised, niobium-doped titanium dioxide nanorods (TiO2-OA-

Nb) FA4-1 – FA4-8, see table 4-1. 

 

Table 4-1: Reaction conditions for the synthesis of niobium-doped titanium dioxide nanorods 

(TiO2-OA-Nb). 

 

Sample  Niobium precursor Ti/Nb ratio  Reaction time/h 

FA4-1  Niobium isopropoxide (NBIO) 9:1 72 

FA4-2  Niobium isopropoxide (NBIO) 18:1 72 

FA4-3  Niobium (V) ethoxide (NBEO) 9:1 24 

FA4-4  Niobium (V) ethoxide (NBEO) 9:1 72 

FA4-5  Niobium (V) ethoxide (NBEO) 18:1 24 

FA4-6  Niobium (V) ethoxide (NBEO) 18:1 72 

FA4-7  Niobium (V) ethoxide (NBEO) 45:1 24 

FA4-8 Niobium (V) ethoxide (NBEO) 45:1 72 
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Ligand Exchange of the Oleic Acid-Stabilised, Niobium-Doped Titanium Dioxide 

Nanorods (TiO2-OA-Nb) 

 

The required amount of either diethyl 2-phenylethyl phosphonate (DEPPNA) or 

octadecylphosphonic acid (ODPA), was added to a solution of oleic acid-stabilised, niobium-

doped titanium dioxide nanorods (TiO2-OA-Nb) FA4-1 – FA4-6 in chlorobenzene and the 

resultant reaction mixture was heated at 100 °C for 24 h, see table 4-2 for reaction condition 

details. At the end of reaction, the mixture was allowed to cool to room temperature. The 

chlorobenzene and unreacted ligands were removed under reduced pressure to yield a solid 

residue that was dissolved in chlorobenzene, precipitated by the addition of acetone to this 

solution, and then separated off by centrifugation. This purification process was repeated twice 

to yield either the desired 2-phenylethyl phosphonate acid-stabilised, niobium-doped titanium 

dioxide nanorods (TiO2-DEPPNA-Nb) FA4-10 or the corresponding octadecylphosphonic acid 

acid-stabilised, niobium-doped titanium dioxide nanorods (TiO2-ODPA-Nb) as solid products 

FA4-9 and FA4-11 – FA4-15, see table 4-2, that were dried under vacuum at 30 °C overnight.  

 

Synthesis of Solution-Processable, Indium-Doped Titanium Dioxide Nanorods (TiO2-OA-

In) 

 

The same method used to prepare oleic acid-stabilised, niobium-doped, titanium dioxide 

nanorods (TiO2-OA-In) FA4-1 – FA4-8, see table 4-1, was used to synthesise the 

corresponding oleic acid-stabilised, indium-doped titanium dioxide nanorods (TiO2-OA-In) 

FA4-16 and FA4-17, see table 4-3 for more details. Indium (III) isopropoxide (INIO) and 

indium (III) ethoxide (INEO), were used as the indium precursors, see Table 4-3 for details of 

the reactions conditions for the synthesis of oleic acid-stabilised, indium-doped titanium 

dioxide nanorods (TiO2-OA-In) FA4-16 and FA4-17.   
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Table 4-2: Reaction conditions for the ligand-exchange reactions between the niobium-doped 

titanium dioxide nanorods (TiO2-OA-Nb) FA4-1 – FA4-6, see table 4-1, and either 

octadecylphosphonic acid (ODPA) or diethyl 2-phenylethyl phosphonate (DEPPNA) to 

produce the ODPA-stabilised, niobium-doped titanium dioxide nanorods (TiO2-ODPA-Nb) 

FA4-9 and FA4-11 – FA4-15 or the DEPPNA-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-ODPA-Nb) FA4-10. 

 

Sample Starting Material Ligands Temperature/°C Reaction Time/h 

FA4-9  FA4-1  ODPA 100 24 

FA4-10  FA4-1  DEPPNA 100 24 

FA4-11  FA4-2  ODPA 100 24 

FA4-12  FA4-6  ODPA 100 24 

FA4-13  FA4-5  ODPA 100 24 

FA4-14  FA4-4  ODPA 100 24 

FA4-15  FA4-3  ODPA 100 24 

 

 

 

Table 4-3: Reaction conditions for the synthesis of the oleic acid-stabilised indium-doped 

titanium dioxide nanorods (TiO2-OA-In) FA4-16 and FA4-17.   

Sample  Indium precursor Ti/In ratio Reaction time/h 

FA4-16 Indium (III) isopropoxide (INIO) 9:1 72 

FA4-17 Indium (III) ethoxide (INEO) 9:1 72 
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Synthesis of Solution-Processable Niobium/Indium Doped Titanium Dioxide Nanorods 

(TiO2-OA-Nb/In) 

 

Solution-processable, oleic acid-stabilised, titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-

18 doped with both niobium and indium were prepared using the same approach as that used 

to synthesise solution-processable niobium-doped titanium dioxide nanorods (TiO2-OA-Nb) 

FA4-1 – FA4-8, and indium-doped titanium dioxide nanorods (TiO2-OA-In) FA416 and FA4-

17.  

Ligand exchange reactions of the oleic acid-stabilised, titanium dioxide nanorods (TiO2-OA-

Nb/In) FA4-18 doped with both niobium and indium were carried out at 100 °C for 24 h in 

chlorobenzene using either octadecylphosphonic acid (ODPA) or diethyl 2-phenylethyl 

phosphonate (DEPPNA) as the replacement ligands to yield the desired octadecylphosphonic 

acid, niobium/indium-doped titanium dioxide nanorods (TiO2-ODPA-Nb/In) FA4-19 or the 

corresponding 2-phenylethyl phosphonate acid-stabilised, niobium/indium-doped titanium 

dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20.         

 

Synthesis of Solution-Processable, Niobium/Indium-Doped Titanium Dioxide Nanorods 

(TiO2-OA-Nb/In) 

 

In the synthesis of oleic acid-stabilised titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18 

doped with niobium and indium niobium isopropoxide (NBIO) and indium (III) isopropoxide 

(INIO) were used as niobium and indium sources, respectively. The reaction was maintained 

at a temperature of 100 °C for a total reaction time of 72 h. The separation and washing 

treatments were carried out in a similar way to above described in sections. 

 

Table 4-4: Reaction conditions for the synthesis of the oleic acid-stabilised, niobium/indium 

doped titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18.   

 

Sample  Niobium precursor Indium precursor Ti/In ratio Ti/In ratio 

FA4-18 niobium isopropoxide 

(NBIO) 

Indium (III) isopropoxide 

(INIO) 

9:1 9:1 
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Ligand Exchange of the Niobium/Indium Doped Titanium Dioxide Nanorods (TiO2-OA-

Nb/In) 

 

The required amount of either diethyl 2-phenylethyl phosphonate (DEPPNA) or 

octadecylphosphonic acid (ODPA) was added to solution of oleic acid-stabilised, 

niobium/indium doped titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18 in chlorobenzene 

and the resultant reaction mixture was heated at 100 °C for 24 h, see table 4-4 for details of the 

reaction condition details. The cooled reaction mixture was evaporated down under reduced 

pressure remove the chlorobenzene solvent and unreacted ligands. The resultant solid residue 

was dissolved in chlorobenzene and then precipitated by adding acetone, followed by 

separation by centrifugation and the standard washing treatment. This process was carried out 

twice. Drying the solid residue under vacuum at 30 °C for overnight yielded the desired 

octadecylphosphonic acid, niobium/indium-doped titanium dioxide nanorods (TiO2-ODPA-

Nb/In) FA4-19 and the corresponding 2-phenylethyl phosphonate acid-stabilised, 

niobium/indium-doped titanium dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20.  

 

Table 4-5: Reaction conditions for the ligand-exchange reactions using the oleic acid-

stabilised, niobium/indium doped titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18 with 

either octadecylphosphonic acid (ODPA) or diethyl 2-phenylethyl phosphonate (DEPPNA) as 

the replacement ligands to yield the desired octadecylphosphonic acid, niobium/indium-doped 

titanium dioxide nanorods (TiO2-ODPA-Nb/In) FA4-19 or the corresponding 2-phenylethyl 

phosphonate acid-stabilised, niobium/indium-doped titanium dioxide nanorods (TiO2-

DEPPNA-Nb/In) FA4-20.  

 

Sample  Start Material Ligands    Reaction time/h Temp/°C 

FA4-19  FA4-18  ODPA 24 100 

FA4-20  FA4-18  DEPPNA 24 100 
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4.3 Results and Discussion  

 

4.3.1 Characterisation of Metal-Doped Titanium Dioxide Nanorods (TiO2-L-M) 

 

The synthesis of solution processable ligand-stabilised, metal-doped (Nb/In), anatase titanium 

dioxide nanorods TiO2-L-M (M: Nb, In or Nb/In) was carried out at low temperature (100 °C) 

for 24 h or 72 h. Firstly, for the oleic acid-stabilised, niobium doped titanium dioxide TiO2-

OA-Nb, niobium isopropoxide (NBIO) and Niobium (V) ethoxide (NBEO) were used as 

niobium sources. After that, ligand exchange of TiO2-OA-Nb products was carried out using 

diethyl 2-phenylethyl phosphonate (DEPPNA) and octadecylphosphonic acid (ODPA) as 

ligands. 

Secondly, for the oleic acid-stabilised, indium doped titanium dioxide TiO2-OA-In, indium 

(III) isopropoxide (INIO) and Indium (III) ethoxide (INEO) were used as indium source. 

Furthermore, for the oleic acid-stabilised, mix metals niobium/ indium doped titanium dioxide 

TiO2-OA-Nb/In, niobium isopropoxide (NBIO) and indium (III) isopropoxide (INIO) were 

used as niobium and indium sources, respectively. The ligand exchange of TiO2-OA-Nb/In 

products was carried out using diethyl 2-phenylethyl phosphonate (DEPPNA) and 

octadecylphosphonic acid (ODPA) as ligands. 

 

Characterisation of the Oleic Acid-Stabilised, Niobium-Doped Titanium Dioxide 

Nanorods (TiO2-OA-Nb) 

 

The XRD patterns of the oleic acid-stabilised, niobium-doped, anatase titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-2 and FA4-4 and the non-doped, oleic acid-stabilised, anatase 

titanium dioxide nanorods (TiO2-OA) FA3-1 are shown in figure 4-1 and those of the oleic 

acid-stabilised, niobium-doped, anatase titanium dioxide nanorods (TiO2-OA-Nb) FA4-3, 

FA4-5 and FA4-7 are shown in figure 4-2. It is clear that the TiO2-Nb nanorods consist of 

titanium dioxide in the anatase phase. 2 This is the same crystal structure as that shown by the 

reference non-doped, oleic acid-stabilised, titanium dioxide nanorods (TiO2-OA), FA3-1, 

prepared without addition of niobium. No niobium peaks can be observed in the XRD spectra, 

which is probably due to small concentration of niobium or to the presence of amorphous 

niobium nanoparticles. 
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The FT-IR spectra for oleic acid-stabilised, niobium doped titanium dioxide nanorods (TiO2-

OA-Nb) FA4-1 and FA4-4 are shown in figures 4-3 and 4-4. The peaks at 2850, 2920 and 2955 

cm-1 are related to C-H3, C-H2 and C-H stretch vibrations attributable to the oleic acid present 

on the surface of the titanium dioxide nanorods (TiO2-OA-Nb). In addition, the weak broad 

stretching band at 3465 cm-1 suggests the presence of some OH- groups also present on the 

surface of the titanium dioxide nanorods (TiO2-OA-Nb). Furthermore, two strong peaks at 

1525 cm-1 and 1430 cm-1 are related to COO- anti-symmetric vibrations as well as symmetric 

stretching vibrations, respectively 3, 4, indicating that the oleic acid has bonded on the surface 

of the titanium dioxide nanorods.  

The TEM images of the oleic acid-stabilised, niobium-doped titanium dioxide nanorods (TiO2-

OA-Nb), FA4-1 (A), FA4-2 (B), FA4-3 (C) and FA4-4 (D) shown in figure 4-5 and those of 

FA4-5 (A), FA4-6 (B), FA4-7 (C) and FA4-8 (D) shown in figure 4-6 reveal that the size (L = 

20 and d = 3-4 nm) and shape (rod-like) of the titanium dioxide nanorods are very similar to 

those of each other and those of the corresponding non-doped oleic acid-stabilised, anatase 

titanium dioxide nanorods (TiO2-OA) FA3-1, prepared in a similar way in the absence of a 

source of niobium.  

The EDX analyses for niobium-doped titanium dioxide nanorods (TiO2-OA-Nb) shown in 

figures 4-7, there is peaks for titanium and niobium in all niobium doped anatase titanium 

dioxide nanorods (TiO2-OA-Nb).     

The elemental composition of the oleic acid-stabilised, niobium-doped, anatase titanium 

dioxide nanorods (TiO2-OA-Nb) was investigated using CHN and ICP, see table 4-6. The 

concentration of titanium and carbon in the nanorods is 39.5-44.1% and 19.14-23.44%, 

respectively. The Ti/Nb ratio established for the niobium-doped titanium dioxide nanorods 

(TiO2-OA-Nb) is close to that of the Ti/Nb ratio of the reagents used in the reaction to prepare 

the nanorods when niobium (V) ethoxide (NBEO) was used as the starting material and a 

reaction time of 24 h. However, when niobium isopropoxide (NNBIO) was used as starting 

material, the Ti/Nb ratio in the resultant FA4-1 and FA4-2 nanorods is much higher than that 

of the starting Ti/Nb ratio, probably due to the fact that the rate of hydrolysis of NBIO is much 

lower than that of titanium isopropoxide (TTIP). The nanorods FA4-8, prepared using NBEO 

as niobium precursor and a reaction time of 72 h, exhibit a much higher Ti/Nb ratio (115.8:1) 

than that (45:1) of the starting materials, which suggests that a long reaction time reaction leads 

to a lower uptake of niobium in the titanium dioxide nanorods.  

The XPS spectra for the 3d niobium for 3d 5/2 and 3d 3/2 and 2p titanium for 2p 5/2 and 2p 

3/2 peaks taken for the oleic acid-stabilised, niobium-doped titanium dioxide nanorods (TiO2-
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OA-Nb) FA4-3 – FA4-6 with different niobium concentrations, as well as the non-doped, oleic 

acid-stabilised titanium dioxide nanorods (TiO2-OA) FA3-1, are shown in figures 4-8 and 4-9. 

In addition, figure 4-10 shows the relative concentrations of niobium (V) wt% and titanium 

(III) wt%, determined using XPS analysis, for the oleic acid-stabilised, niobium-doped titanium 

dioxide nanorods (TiO2-OA-Nb) FA4-3 – FA4-6 and the non-doped, oleic acid-stabilised 

titanium dioxide nanorods (TiO2-OA) FA3-1.  

The binding energy position and elemental concentration of Ti (IV), Ti (III), Nb (V) and Nb 

(IV), for the oleic acid-stabilised, niobium-doped, titanium dioxide nanorods (TiO2-OA-Nb) 

FA4-3 – FA4-6 and the non-doped, oleic acid-stabilised, titanium dioxide nanorods (TiO2-OA) 

FA3-1 are listed in table 4-7. The binding energy position and elemental concentration of O 1s, 

Ti 2p, C1s, Nb 3d and N 1s, for the oleic acid-stabilised, niobium-doped, titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-3 – FA4-6 and the non-doped, oleic acid-stabilised, titanium 

dioxide nanorods (TiO2-OA) FA3-1 are listed in table 4-8.    

The binding energy peak of the Ti 2p doublet with 2p3/2 and 2p1/2 are 458.43 eV and 464.14 

eV, respectively, for the FA4-3 – FA4-6 oleic acid-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-OA-Nb) and the FA3-1 non-doped, oleic acid-stabilised titanium dioxide 

nanorods (TiO2-OA).5 The spin–orbit splitting of the Ti 2p3/2 and Ti 2p1/2 peaks is about 5.70 

eV, suggesting that the titanium is mostly present as Ti4+, which matches with the atomic 

concentrations of Ti (IV), 96.36 %, and Ti (III), 3.64 %. This behaviour is very similar for the 

other the FA4-3 – FA4-6 oleic acid-stabilised, niobium-doped, anatase titanium dioxide 

nanorods (TiO2-OA-Nb). 

The Ti 2p spectra for the niobium doped TiO2 samples displaying two peaks at 458.43 and 

464.14 eV, for the FA4-3 nanorods, for example, are related to Ti4+. On the other hand, two 

weak peaks at 456.44 and 462.14 eV, for the FA4-3 nanorods, for example, are related to Ti3+. 

In addition, a modification of the oxidation state of TiO2 might have occurred due to spin-orbit 

splitting of 2P1/2 and 2P3/2 electron bands of titanium 6.  The shape of the Ti 2p excludes the 

existence of more than trace amounts of Ti2+ and Ti0, which are separated from the Ti4+ peak 

by about 3-4 eV 7. In addition, the Nb 3d spectra for the oleic acid-stabilised, niobium-doped 

titanium dioxide nanorods (TiO2-OA-Nb) displaying two peaks at 206.88 and 209.58 eV, for 

FA4-3 as example, are related to Nb5+. On the other hand, two weak peaks at 205.88 and 208.58 

eV, for FA4-3 as example, are related to Nb4+. The peaks represent the Nb 3d5/2 and Nb 3d3/2 

modules 8, respectively. The centre of the Nb 3d3/2 peak matches to that of Nb5+ oxidation  

state 9.  
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The replacement of Ti4+ with Nb5+ changes one of the nearby Ti4+ ions into Ti3+. The 

concentration of Ti3+ increases with the increasing of Nb5+ amount in the samples, as shown in 

figure 4-10. However, the amount of Nb5+ is much higher than that of Ti3+, suggesting the 

presence of some oxygen vacancies to maintain charge equilibrium 10. 

Solutions containing up to 10 % of oleic acid-stabilised, niobium-doped, anatase titanium 

dioxide nanorods (TiO2-OA-Nb) FA4-1 – FA4-8 in organic solvents, such as chlorobenzene 

products are shown in figure 4-11.  

 

Table 4-6: Chemical analysis of the oleic acid-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-1 – FA4-8. 

 

Sample  Nb 

precursor 

Ti/Nb 

(reaction) 

Time 

h 

Ti 

% 

C 

% 

H 

% 

N 

% 

Nb 

% 

Ti/Nb 

(product) 

FA4-1  NBIO 9:1 72 41.1 19.14 3.05 0.34 1.07 74.5:1 

FA4-2  NBIO 18:1 72 44.1 21.24 3.3 0.49 1.1 77.8:1 

FA4-3 NBEO 9:1 24 39.2 18.78 3.00 0.63 8.02 9.48:1 

FA4-4  NBEO 9:1 72 37.5 19.05 2.97 0.67 7.12 10.22:1 

FA4-5  NBEO 18:1 24 39.5 18.87 2.94 0.53 5.60 13.68:1 

FA4-6  NBEO 18:1 72 39.7 21.2 3.35 0.60 4.20 18.33:1 

FA4-7  NBEO 45:1 24 43.9 20.62 3.18 0.54 1.72 49.5:1 

FA4-8  NBEO 45:1 72 40.6 23.44 3.76 0.51 0.68 115.8:1 

 

 NBIO = Niobium isopropoxide; NBEO = Niobium (V) ethoxide. 
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Figure 4-1: XRD patterns of the oleic acid-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-2 and FA4-4 and the non-doped, oleic acid-stabilised titanium 

dioxide nanorods (TiO2-OA) FA3-1.  

 

 

Figure 4-2: XRD patterns of the oleic acid-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-3, FA4-5 and FA4-7. 
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Figure 4-3: FT-IR patterns of the oleic acid-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-1 and FA4-4. 

 

  

Figure 4-4: FT-IR patterns of the oleic acid-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-5 and FA4-6.  
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Figure 4-5: TEM images of the oleic acid-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-OA-Nb), FA4-1 (A), FA4-2 (B), FA4-3 (C) and FA4-4 (D). 

  

  

Figure 4-6: TEM images of the oleic acid-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-OA-Nb) FA4-5 (A), FA4-6 (B), FA4-7 (C) and FA4-8 (D). 
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Figure 4-7: EDX results of the oleic acid-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-OA-Nb) FA4-1 (A), FA4-2 (B), FA4-3 (C), FA4-4 (D), FA4-5 (E), FA4-6 (F), FA4-7 

(G) and FA4-8 (H). 
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Table 4-7: The binding energy position (eV) and elemental concentration (%) for Ti (IV), Ti 

(III), Nb (V) and Nb (IV) ions present in the non-doped, oleic acid-stabilised titanium dioxide 

nanorods (TiO2-OA) FA3-1 and the oleic acid-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-3 – FA4-6.  

 

Sample  Ti (IV) 

eV             % 

Ti (III) 

eV             % 

Nb (V) 

eV             % 

Nb (IV) 

eV             % 

FA3-1  458.35 65.35 456.35  1.33  --- --- --- --- 

464.05 32.66 462.05 0.66 --- --- --- --- 

FA4-3  458.43 64.25 456.44  2.43  206.88  53.02  205.88  7.02  

464.14 32.11 462.14 1.21 209.58 35.29 208.58 4.67 

FA4-4 458.43 64.33 456.43  2.35  206.90  53.49  205.88  6.55 

464.13 32.15 462.13 1.17 209.60 35.6 208.58 4.36 

FA4-5 458.48 64.68 462.17 3.00  206.88  54.8 205.88  5.24 

464.18 36.86 456.48 1.00 209.58 36.47 208.58 3.49 

FA4-6 458.40 54.80 456.40  1.80  206.88  55.38  205.88  4.66 

464.10 36.47 462.10 0.90 209.58 36.86 208.58 3.10 
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Table 4-8: The binding energy position (eV) and elemental concentration (%) for O 1s, Ti 2p, 

C 1s, Nb 3d and N 1s of the non-doped, oleic acid-stabilised titanium dioxide nanorods (TiO2-

OA) FA3-1 and the oleic acid-stabilised, niobium-doped titanium dioxide nanorods (TiO2-OA-

Nb) FA4-3 – FA4-6. 

Sample  O 1s  

eV*         %** 

Ti 2p  

eV            %  

C 1s  

eV            % 

Nb 3d  

eV            % 

N 1s  

eV            % 

FA3-1  529.6 27.84 458.4 11.83 284.6 58.5 --- --- 398.2 1.82 

FA4-3  529.8 30.75 458.5 11.64 284.6 54.89 206.9 1.84 400.8 0.88 

FA4-4 529.8 30.15 458.5 10.85 284.6 56.26 207.0 1.74 401.4 1.01 

FA4-5 529.7 32.46 458.4 12.26 284.6 52.62 207.0 1.42 339.6 1.23 

FA4-6 529.7 29.32 458.4 11.14 284.6 57.34 206.8 0.94 402.0 1.25 

 

  

  

Figure 4-8: XPS data for Nb 3d spectra (3d5/2 and 3d3/2) of the oleic acid-stabilised, niobium-

doped, anatase titanium dioxide nanorods (TiO2-OA-Nb), (A) FA4-3, (B) FA4-4, (C) FA4-5 

and (D) FA4-6. 

200 205 210 215

0

100

200

300

400

In
te

n
s
it
y
 (

a
. 
u
.)

Binding energy (eV)

 Nb (V) 3d 5/2

 Nb (V) 3d 3/2

 Nb (IV) 3d 5/2

 Nb (IV) 3d 3/2

 Nb 3d

200 205 210 215

-50

0

50

100

150

200

250

300

350

400

In
te

n
s
it
y
 (

a
. 
u
.)

Binding energy (eV)

 Nb (V) 3d 5/2

 Nb (V) 3d 3/2

 Nb (IV) 3d 5/2

 Nb (IV) 3d 3/2

 Nb 3d

200 205 210 215

-50

0

50

100

150

200

250

300

350

In
te

n
s
it
y
 (

a
. 
u
.)

Binding energy (eV)

 Nb (V) 3d 5/2

 Nb (V) 3d 3/2

 Nb (IV) 3d 5/2

 Nb (IV) 3d 3/2

 Nb 3d

200 205 210 215

0

50

100

150

200

250

300

In
te

n
s
it
y
 (

a
. 

u
.)

Binding energy (eV)

 Nb (V) 3d 5/2

 Nb (V) 3d 3/2

 Nb (IV) 3d 5/2

 Nb (IV) 3d 3/2

 Nb 3d

A B 

C D 



89 

 

  

  

   

Figure 4-9: XPS data for Ti 2p spectra (2p 5/2 and 2p 3/2) of the oleic acid-stabilised, niobium-

doped, anatase titanium dioxide nanorods (TiO2-OA-Nb), (A) FA3-1 (B) FA4-3, (C) FA4-4, 

(D) FA4-5 and (E) FA4-6. 
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Figure 4-10: Proportion between Nb (IV) wt. % (XPS) and Ti (III) wt. % (XPS) for non-doped, 

oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) FA3-1 and the oleic acid-stabilised, 

niobium-doped titanium dioxide nanorods (TiO2-OA-Nb) FA4-3 – FA4-6.  

 

 

 

 

Figure 4-11: Solutions of the oleic acid-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-OA-Nb) FA4-3, (NBEO, 9:1, 24 h), FA4-4, (NBEO, 9:1, 72 h), FA4-5, (NBEO, 18:1, 

24 h), FA4-6, (NBEO, 18:1, 72 h) FA4-7, (NBEO, 45:1, 24 h), and FA4-8, (NBEO, 45:1, 72 

h).  
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Characterisation of the Ligand Exchanged Products the Niobium Doped Anatase 

Titanium Dioxide Nanorods TiO2-Nb 

 

The ligand-exchanged products of the ligand-stabilised, niobium-doped, titanium dioxide 

nanorods (TiO2-DEPPNA-Nb) FA4-10 and (TiO2-ODPA-Nb) FA4-9 and FA4-11 - FA4-15 

derived from ligand exchange reactions between oleic acid-stabilised, niobium-doped anatase 

titanium dioxide nanorods (TiO2-OA-Nb) FA4-1 - FA4-6 and diethyl 2-phenylethyl 

phosphonate (DEPPNA) and octadecylphosphonic acid (ODPA), respectively, are collated in 

table 4-9. 

The XRD patterns of the OPDA-stabilised, niobium-doped titanium dioxide nanorods (TiO2- 

(TiO2-ODPA-Nb) FA4-11 and FA4-13 – FA4-15 are shown in figure 4-12. The anatase phase 

has been retained in the OPDA-stabilised products FA4-11 and FA4-13 – FA4-15 after the 

ligand exchange process.11 No niobium peaks can be observed probably due to the low 

concentration of niobium or the presence of amorphous niobium metal nanoclusters. 

The FT-IR patterns of the ligand exchanged products of the ligand-stabilised, niobium-doped, 

titanium dioxide nanorods (TiO2-DEPPNA-Nb) FA4-10 and (TiO2-ODPA-Nb) FA4-9 and 

FA4-11 - FA4-15 derived from ligand exchange reactions between oleic acid-stabilised 

niobium doped anatase titanium dioxide nanorods (TiO2-OA-Nb) FA4-1 - FA4-6 and diethyl 

2-phenylethyl phosphonate (DEPPNA) and octadecylphosphonic acid (ODPA), respectively, 

are shown in figures 4-13 and 4-14.  

The intensities of the two peaks at 1525 and 1430 cm-1 for the ligand-stabilised, niobium-doped, 

titanium dioxide nanorods (TiO2-DEPPNA-Nb) FA4-10, shown in figure 4-13, have decreased 

and there is a new peak appeared at 1040 cm-1 compared to the FT-IR spectrum of the 

corresponding oleic acid-stabilised, niobium-doped, titanium dioxide nanorods (TiO2-OA-Nb) 

FA4-10. The peak at 1040 cm-1 can be related to stretching band of P-O, which indicates that 

part of the monolayer of oleic acid in oleic acid-stabilised, niobium-doped, titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-10 has been replaced by the DEPPNA ligand. 12, 13  

The FT-IR spectra of ODPA-stabilised, niobium-doped titanium dioxide (TiO2-ODPA-Nb) 

FA4-9 and FA4-11 - FA4-15, shown in figures 4-13 and 4-14, exhibit a P=O double bond 

vibration at 1226 cm-1 and a P–O–H absorption peak at 940 m-1. However, these two bands are 

not present in all the ODPA-exchanged products. A broad band attributable to the PO3 

stretching vibration is observed at about 1065 cm-1 for the ODPA-stabilised, niobium-doped, 

titanium dioxide (TiO2-ODPA-Nb) FA4-9 and FA4-11 - FA4-15. These FT-IR absorption 
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spectra indicate that the ODPA ligand has indeed been attached to surface of the TiO2 nanorods 

through tridentate bonding mode in the ligand exchange reactions. 14 

The TEM images of the ODPA-stabilised, niobium-doped titanium dioxide nanorods (TiO2-

ODPA-Nb) FA4-13 (A-B) prepared by a ligand exchange reaction using the oleic acid-

stabilised, niobium-doped titanium dioxide nanorods (TiO2-OA-Nb) FA4-5 (C-D) are shown 

in figure 4-15. It is clear to see that there is no difference in the size and shape of the oleic acid-

stabilised starting materials FA4-5 and the resultant ODPA-stabilised products FA4-13. 

The chemical analysis of the ligand-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-DEPPNA-Nb) FA4-10 and (TiO2-ODPA-Nb) FA4-9 and FA4-11 - FA4-15 derived from 

ligand exchange reactions between oleic acid-stabilised niobium doped titanium dioxide 

nanorods (TiO2-OA-Nb) FA4-1 - FA4-6 and diethyl 2-phenylethyl phosphonate (DEPPNA) 

and octadecylphosphonic acid (ODPA), respectively, are collated in table 4-9. The titanium 

content in all the ligand-exchanged samples FA4-11 - FA4-15 is lower than that of the oleic 

acid-stabilised starting (TiO2-OA-Nb) materials FA4-1 - FA4-6. The carbon content is also 

lower in the ligand-exchanged samples FA4-11 - FA4-15 is lower than that of the oleic acid-

stabilised starting (TiO2-OA-Nb) materials FA4-1 - FA4-6 as the DEPPNA and ODPA ligands 

contain less carbon atoms than oleic acid. There is a slight change in Ti/Nb ratios when using 

NBIO as niobium source. On the other hand, there is a big change in Ti/Nb ratios when using 

NBEO as the source of niobium. The phosphorous content of the ligand-stabilised, niobium-

doped titanium dioxide nanorods (TiO2-DEPPNA-Nb) FA4-10 is lower than that of the ODPA-

stabilised, niobium-doped titanium dioxide nanorods (TiO2-ODPA-Nb) FA4-9 and FA4-11 - 

FA4-15 due to the almost complete replacement of the oleic acid monolayer by a corresponding 

layer of ODPA.  

Up to 10 % of the ODPA-stabilised, niobium-doped titanium dioxide nanorods (TiO2-ODPA-

Nb) FA4-9 and FA4-11 - FA4-15 can be dissolved in organic solvents, e.g., chlorobenzene, as 

shown in figure 4-18 for FA4-9, FA4-12 and FA4-13.  
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Table 4-9: Chemical analysis of the ligand-stabilised, niobium-doped, anatase titanium dioxide 

nanorods (TiO2-DEPPNA-Nb) FA4-10 and (TiO2-ODPA-Nb) FA4-9 and FA4-11 - FA4-15 

derived from ligand exchange reactions between oleic acid-stabilised niobium doped anatase 

titanium dioxide nanorods (TiO2-OA-Nb) FA4-1 - FA4-6 and diethyl 2-phenylethyl 

phosphonate (DEPPNA) and octadecylphosphonic acid (ODPA), respectively. 

 

Sample  Starting 

material Ti/Nb 

ratio 

Ligands    Ti 

% 

C 

% 

H 

% 

Nb 

% 

P 

% 

Ti/Nb ratio 

FA4-9  FA4-1/74.5:1 ODPA 40.71 23.46 4.1 1.02 2.41 77.41:1 

FA4-10  FA4-1/74.5:1 DEPPNA 43.36 18.7 2.66 1.14 0.5 73.77:1 

FA4-11  FA4-2/77.8:1 ODPA 37.4 23.34 3.95 1.35 2.37 53.73:1 

FA4-12  FA4-6/18.33:1 ODPA 34.1 23.33 4.04 8.8 2.17 7.52:1 

FA4-13  FA4-5/13.68:1 ODPA 32.34 21.56 3.72 6.78 2.53 9.25:1 

FA4-14  FA4-4/10.22:1 ODPA 34.9 25.38 4.44 3.4 3.1 19.91:1 

FA4-15  FA4-3/9.48:1 ODPA 35.8 21.99 3.79 4.6 2.6 15.10:1 
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Figure 4-12: XRD patterns of the ODPA-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-ODPA-Nb) FA4-11 and FA4-13 - FA4-15. 

 

 

Figure 4-13: FT-IR patterns of the DEPPNA-stabilised, niobium-doped titanium dioxide 

nanorods (TiO2-DEPPNA-Nb) FA4-10 and the ODPA-stabilised, niobium-doped titanium 

dioxide nanorods (TiO2-ODPA-Nb) FA4-9 and FA4-11. 
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Figure 4-14: FT-IR patterns of the OPDA-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-OPDA-Nb) FA4-12 - FA4-15. 

 

 

Figure 4-16: Solutions of the ligand exchanged products of the ODPA-stabilised, niobium-

doped titanium dioxide nanorods (TiO2-ODPA-Nb) FA4-9, FA4-12 and FA4-13 in 

chlorobenzene.  
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Figure 4-15: TEM images of the ODPA-stabilised, niobium-doped titanium dioxide nanorods 

(TiO2-ODPA-Nb) FA4-13 (A-B) prepared by a ligand exchange reaction using the oleic acid-

stabilised, niobium-doped titanium dioxide nanorods (TiO2-OA-Nb) FA4-5 (C-D). 

 

  

A B 

C D 
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Characterisation of Solution-Processable, Oleic Acid-Stabilised, Indium-Doped, Anatase 

Titanium Dioxide Nanorods (TiO2-In) 

 

The reaction conditions for the synthesis of the oleic acid-stabilised, indium-doped titanium 

dioxide nanorods (TiO2-OA-In) FA4-16 and FA4-17 are shown in table 4-10.  

The XRD patterns of the oleic acid-stabilised, indium-doped titanium dioxide nanorods (TiO2-

OA-In) FA4-16 and FA4-17 are shown in figure 4-17. It can be noticed that only anatase phase 

can be observed in all samples. 11 No indium peaks can be observed probably due to small 

amount of niobium contents or presence of amorphous indium nanoclusters. 

The FT-IR patterns of the oleic acid-stabilised, indium-doped titanium dioxide nanorods (TiO2-

OA-In) FA4-16 and FA4-17 are shown in figure 4-18. The peaks at 2850, 2920 and 2955 cm-1 

are associated with the stretch vibrations of C-H3, C-H2 and C-H attributable to the oleic acid 

bonded on the surface of the nanorods (TiO2-OA-In) FA4-16 and FA4-17. In addition, the 

broad stretching vibration at 3465 cm-1 suggests the presence of some hydroxyl groups (OH-) 

attached to the surface of the titanium dioxide nanorods (TiO2-OA-In) FA4-16 and FA4-17. 

Furthermore, the two strong peaks at 1525 and 1430 cm-1 are related to COO- anti-symmetric 

and symmetric stretching vibrations bonded on the surface, respectively, of the (TiO2-OA-In) 

FA4-16 and FA4-17 3, 4, suggesting that oleic acid has bonded on the surface of the nanorods 

(TiO2-OA-In) FA4-16 and FA4-17. 

The TEM images of the oleic acid-stabilised, indium-doped titanium dioxide nanorods (TiO2-

OA-In) FA4-16 and FA4-17 shown in figure 4-19 reveal that the TiO2 nanorods (TiO2-OA-In) 

FA4-16 and FA4-17 are ca 20 nm in length and 3-4 nm in diameter.    

The results of elemental analyses of the oleic acid-stabilised, indium-doped titanium dioxide 

nanorods (TiO2-OA-In) FA4-16 and FA4-17 are shown in table 4-10. It can be seen that the 

titanium content is about 39% in both samples. In addition, the carbon content is 22.3% and 

26.04% for FA4-16 and FA4-17, respectively. Furthermore, the Ti/In ratio in the nanorods 

(TiO2-OA-In) FA4-16 and FA4-17 is very high (136:1 and 82:1) compared to that of the 

starting material Ti/In ratio (9:1) in the reactions to prepare both samples suggesting that some 

indium may have been lost during the reaction or the purification process. 

The oleic acid-stabilised, indium-doped, anatase titanium dioxide nanorods (TiO2-OA-In) 

FA4-16 and FA4-17 can be dissolved in organic solvents, e.g. chlorobenzene, up to a 

concentration of 10 %, as shown in figure 4-20. 
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Table 4-10: Chemical analysis of the oleic acid-stabilised, indium-doped titanium dioxide 

nanorods (TiO2-OA-In) FA4-16 and FA4-17. 

 

Sample  In precursor Ti/Nb (start) Ti% C% H% N% In% Ti/In 

FA4-16  INIO 9:1 39.5 22.3 3.47 0.4 0.7 136:1 

FA4-17  INEO 9:1 38.9 26.04 3.95 0.63 1.18 82:1 

 

 

Figure 4-17: XRD patterns of the oleic acid-stabilised, indium-doped titanium dioxide 

nanorods (TiO2-OA-In) FA4-16 and FA4-17. 

 

Figure 4-18: FT-IR patterns of the oleic acid-stabilised, indium-doped titanium dioxide 

nanorods (TiO2-OA-In) FA4-16 and FA4-17. 
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Figure 4-19: TEM images of the oleic acid-stabilised, indium-doped titanium dioxide nanorods 

(TiO2-OA-In) FA4-16. 

 

 

Figure 4-20: Solutions of the oleic acid-stabilised, indium-doped titanium dioxide nanorods 

(TiO2-OA-In) FA4-16 and FA4-17. 
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Characterisation of the Oleic Acid-Stabilised, Niobium/Indium-Doped Anatase Titanium 

Dioxide Nanorods (TiO2-OA-Nb/In) 

 

The reaction conditions for the synthesis of the oleic acid-stabilised, niobium/indium-doped 

titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18 are shown in table 4-11. 

The XRD pattern of the oleic acid-stabilised, niobium/indium-doped titanium dioxide nanorods 

(TiO2-OA-Nb/In) FA4-18 is shown in figure 4-21. Only anatase phase can be observed in the 

XRD pattern of the TiO2-Nb/In sample. 11 No niobium peaks can be observed probably due to 

small amount of niobium/indium contents or presence of amorphous niobium/indium. 

The FT-IR pattern of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18 is shown in figure 4-22. Two strong absorption peaks at 

1525 and 1430 cm-1 are related to COO- anti-symmetric and symmetric stretching vibrations, 

respectively, of carboxyl-groups bonded to the surface of the oleic acid-stabilised, 

niobium/indium-doped titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18. 3, 4 The peaks at 

2850, 2920 and 2955 cm-1 are associated with stretch vibrations of C-H3, C-H2 and C-H groups 

of the oleic acid attached to the surface of the oleic acid-stabilised, niobium/indium-doped 

titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18. The broad stretching absorption band at 

3465 cm-1 suggests that some hydroxyl (OH-) groups are also attached to the surface of the oleic 

acid-stabilised, niobium/indium-doped titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18. 

The TEM images of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18, shown in figure 4-23, reveal nanorods of 20 nm in length 

and 3-4 nm in diameter.    

The chemical composition of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18 is shown in table 4-11. The Ti/Nb and Ti/In ratios in the 

oleic acid-stabilised, niobium/indium-doped titanium dioxide nanorods (TiO2-OA-Nb/In) 

FA4-18 are 90:1 and 150:1, respectively, much lower than the Ti/Nb and Ti/In (9:1) ratios of 

the starting materials. 

Up to 10 % of the oleic acid-stabilised, niobium/indium-doped titanium dioxide nanorods 

(TiO2-OA-Nb/In) FA4-18 can dissolved in organic solvents, e.g. chlorobenzene, as shown in 

figure 4-24.  
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Table 4-11: Chemical analysis of the oleic acid-stabilised, niobium/indium-doped titanium 

dioxide nanorods (TiO2-OA-Nb/In) FA4-18.   

 

Sample  Starting 

product 

Ti/In* 

Ti % C % H % N % Nb % In % Product 

Ti/Nb 

Ti/In 

FA4-18 9:1 42.9 20.8 3.26 0.37 0.9 0.71 90:1 150:1 

 

 

 

Figure 4-21: XRD pattern of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18. 
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Figure 4-22: FT-IR pattern of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18. 

 

   

Figure 4-23: TEM images of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18.  

 

 

5001000150020002500300035004000

T
%

 (
a
. 
u
.)

Wavelength (cm
-1
)

 FA4-18



103 

 

 

Figure 4-24: Solution of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18 in chlorobenzene. 

 

Characterisation of the Ligand-Exchanged Niobium/Indium-Doped Anatase Titanium 

Dioxide Nanorods (TiO2-L-Nb/In) 

 

The reaction conditions for the synthesis of the ODPA-stabilised, niobium/indium-doped 

titanium dioxide nanorods (TiO2-ODPA-Nb/In) FA4-19 and the DEPPNA-stabilised, 

niobium/indium-doped titanium dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20, prepared 

by ligand exchange reactions of the oleic acid-stabilised, niobium/indium doped titanium 

dioxide nanorods (TiO2-OA-Nb/In) FA4-18 using octadecylphosphonic acid (ODPA) and 

diethyl 2-phenylethyl phosphonate (DEPPNA) used as ligands, respectively, are shown in table 

4-12. 

The XRD patterns of the ODPA-stabilised, niobium/indium-doped titanium dioxide nanorods 

(TiO2-ODPA-Nb/In) FA4-19 and the DEPPNA-stabilised, niobium/indium-doped titanium 

dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20 are shown in figure 4-25. No niobium and 

indium peaks can be observed probably due to small amount of niobium/indium contents or 

the presence of amorphous niobium/indium nanoclusters. 

The FT-IR patterns of the ODPA-stabilised, niobium/indium-doped titanium dioxide nanorods 

(TiO2-ODPA-Nb/In) FA4-19 and the DEPPNA-stabilised, niobium/indium-doped titanium 

dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20 are shown in figure 4-26. The FT-IR 

spectrum of the ODPA-stabilised, niobium/indium-doped titanium dioxide nanorods (TiO2-

ODPA-Nb/In) FA4-19 shows a P=O double bond valence vibration at 1226 cm-1 and a P–O–

H absorption band at 940 m-1. A broad band attributable to a PO3 stretching vibration is 
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observed at about 1065 cm-1. The FT-IR spectrum suggests that the ODPA ligand has been 

attached on TiO2 surface through a tridentate bonding mode. 14 The two peaks at 1525 and 

1430 cm-1 present in the FT-IR spectrum of the oleic acid-stabilised, niobium/indium doped 

titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18 are not observed in the corresponding 

FT-IR spectrum of the ODPA-stabilised, niobium/indium-doped titanium dioxide nanorods 

(TiO2-ODPA-Nb/In) FA4-19, which indicates that all of the oleic acid monolayer has been 

replaced by ODPA in the ligand-exchange reaction.  

The DEPPNA-stabilised, niobium/indium-doped titanium dioxide nanorods (TiO2-DEPPNA-

Nb/In) FA4-20 exhibit two peaks at 1525 and 1430 cm-1 with a lower intensity than that of the 

starting material, i.e., oleic acid-stabilised, niobium/indium doped titanium dioxide nanorods 

(TiO2-OA-Nb/In) FA4-18. The new peak at 1040 cm-1 can be related to a stretching vibration 

of P-O, which indicates that part of the oleic acid in oleic acid-stabilised, niobium/indium 

doped titanium dioxide nanorods (TiO2-OA-Nb/In) FA4-18 has been replaced by the DEPPNA 

ligand. 12, 13 

The results of elemental analysis of ligand exchange products of the ODPA-stabilised, 

niobium/indium-doped titanium dioxide nanorods (TiO2-ODPA-Nb/In) FA4-19 and the 

DEPPNA-stabilised, niobium/indium-doped titanium dioxide nanorods (TiO2-DEPPNA-

Nb/In) FA4-20 are shown in table 4-12. The titanium content for ligand-stabilised nanorods 

FA4-19 and FA4-20, are lower (35.6% and 39.9%, respectively) than that (42.9%) of the 

starting material, i.e., the oleic acid-stabilised, niobium/indium doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18. The niobium and indium content is also lower. The 

phosphorous concentration of the ODPA-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-ODPA-Nb/In) FA4-19 is higher than that of the DEPPNA-stabilised, 

niobium/indium-doped titanium dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20 due to the 

fact that ODPA has completely replaced the oleic acid monolayer on the surface of the 

nanorods (TiO2-OA-Nb/In) FA4-18. 

Up to 10 % of the ligand exchanged products of niobium/indium doped anatase titanium 

dioxide nanorods TiO2-Nb/In with octadecylphosphonic acid (ODPA), FA4-19, and diethyl 2-

phenylethyl phosphonate (DEPPNA), FA4-20, can dissolve in organic solvents, e.g. 

chlorobenzene, as shown in figure 4-27. 
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Table 4-12: Chemical analysis of the ODPA-stabilised, niobium/indium-doped titanium 

dioxide nanorods (TiO2-ODPA-Nb/In) FA4-19 and the DEPPNA-stabilised, niobium/indium-

doped titanium dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20, prepared by ligand-

exchange reactions of the oleic acid-stabilised, niobium/indium doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18 using octadecylphosphonic acid (ODPA) and diethyl 2-

phenylethyl phosphonate (DEPPNA) used as ligands, respectively. 

 

Sample  Start Material Ligands    Ti% C% H% N% Nb% In% P% 

FA4-19  FA4-18  ODPA 35.6 23.4 4.03 033 0.75 0.41 1.98 

FA4-20  FA4-18  DEPPNA 39.9 19.7 2.82 0.34 0.82 0.61 0.5 

 

 

 

Figure 4-25: XRD patterns of the oleic acid-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-OA-Nb/In) FA4-18, the ODPA-stabilised, niobium/indium-doped titanium 

dioxide nanorods (TiO2-ODPA-Nb/In) FA4-19 and the DEPPNA-stabilised, niobium/indium-

doped titanium dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20. 
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Figure 4-26: FT-IR patterns of the ODPA-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-ODPA-Nb/In) FA4-19 and the DEPPNA-stabilised, niobium/indium-doped 

titanium dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-27: Solution of the ODPA-stabilised, niobium/indium-doped titanium dioxide 

nanorods (TiO2-ODPA-Nb/In) FA4-19 and the DEPPNA-stabilised, niobium/indium-doped 

titanium dioxide nanorods (TiO2-DEPPNA-Nb/In) FA4-20 in chlorobenzene.  
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4.4 Conclusion and Summary   

 

Novel methods for the preparation of solution-processable, ligand-stabilised, metal-doped 

anatase nanorods (TiO2-L-M; L = OA, ODPA or DEPPNA; M = Nb, In or Nb/In) have been 

developed.  

Niobium isopropoxide (NBIO) and niobium (V) ethoxide (NBEO) were used as niobium 

sources for the preparation of oleic acid-stabilised, niobium-doped nanorods (TiO2-L-M; L = 

OA; M = Nb). The Ti/Nb ratios are close to the starting ratios when using niobium (V) ethoxide 

(NBEO) as the niobium source. XPS analysis shows that the titanium and niobium anions are 

present mainly as Ti4+ and Nb+5 in the oleic acid-stabilised, niobium-doped nanorods (TiO2- 

OA-Nb).  

The Ti/In ratios are much higher than that of the starting materials when using indium (III) 

isopropoxide (INIO) and indium (III) ethoxide (INEO) as an indium source in the synthesis of 

oleic acid-stabilised, indium-doped nanorods (TiO2-OA-In).  

XRD analysis shows the formation of anatase TiO2 phase for all of the oleic acid-stabilised, 

metal-doped nanorods (TiO2-OA-M; M = Nb or In). TEM analysis indicates that the oleic acid-

stabilised, metal-doped nanorods (TiO2-OA-M; M = Nb or In) are about 20 and 3-4 nm in 

length and diameter, respectively. 

Up 10% of these oleic acid-stabilised, niobium-doped nanorods (TiO2-OA-M; M = Nb or In) 

can be dissolved in organic solvents, e.g. chlorobenzene, commonly used to deposit thin layers 

of functional materials on substrate surfaces from solution by standard processes, such as drop 

casting, spin coating, doctor blade techniques, ink-jet printing, etc.   

Ligand exchange reactions involving the oleic acid-stabilised, metal-doped nanorods (TiO2-L-

M; L = OA; M = Nb or In) with diethyl 2-phenylethyl phosphonate (DEPPNA) and 

octadecylphosphonic acid (ODPA) to produce the corresponding ODPA- or DEPPNA-

stabilised, metal-doped nanorods (TiO2-L-M; L = ODPA or DEPPNA; M = Nb or In) does not 

lead to a change in the type of phase or the size and shape of the starting nanorods (TiO2-OA-

M; M = Nb or In). All of the oleic acid on the surface of the oleic acid-stabilised, niobium-

doped nanorods (TiO2-OA-Nb) has been replaced by ODPA in the ligand-exchange reactions 

to yield the corresponding ODPA-stabilised, niobium-doped nanorods (TiO2-ODPA-Nb). Up 

10% of these ODPA- or DEPPNA-stabilised, metal-doped nanorods (TiO2-L-M; L = ODPA or 

DEPPNA; M = Nb or In) can dissolved in common organic solvents, such as chlorobenzene, 

for example.    
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A mixture of niobium isopropoxide (NBIO) and indium (III) isopropoxide (INIO) were used 

as niobium and indium sources for the preparation of oleic acid-stabilised, niobium/indium-

doped nanorods (TiO2-L-M; L = OA; M = Nb/In) in the anatase phase as confirmed by XRD 

analysis. The concentration of Ti/Nb or Ti/In is much higher in the oleic acid-stabilised, 

niobium/indium-doped nanorods (TiO2-L-M; L = OA; M = Nb/In) compared to those of the 

starting materials used in the reactions. Up to 10% of these oleic acid-stabilised, 

niobium/indium-doped nanorods (TiO2-L-M; L = OA; M = Nb/In) can be dissolved in organic 

solvents, such as chlorobenzene.  

Ligand exchange reactions of oleic acid-stabilised, niobium/indium-doped nanorods (TiO2-L-

M; L = OA; M = Nb/In) were carried out using diethyl 2-phenylethyl phosphonate (DEPPNA) 

and octadecylphosphonic acid (ODPA) as ligands to prepare the corresponding ODPA- or 

DEPPNA-stabilised, niobium/indium-doped nanorods (TiO2-L-M; L = ODPA or DEPPNA; M 

= Nb/In). There was no change in phase, shape or size of the nanorods as a result of the ligand 

exchange reactions. All the oleic acid on TiO2-Nb/In surface has been replaced by ODPA in 

the ODPA-stabilised, niobium/indium-doped nanorods (TiO2-L-M; L = ODPA; M = Nb/In). 

Up to 10% of these ligand-exchanged ODPA- or DEPPNA-stabilised, niobium/indium-doped 

nanorods (TiO2-L-M; L = ODPA or DEPPNA; M = Nb/In) can be readily dissolved in 

chlorobenzene, for example. 
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5.1  Introduction 

 

In this chapter, three different methods have been developed to prepare nanorods of TiO2 in 

the rutile phase. Firstly, a homogenous white precipitate of nanorods of TiO2 was obtained by 

using a hydrolysis of TiOCl2 in presence of water at different temperatures. The second 

method, a hydrothermal treatment of TiOCl2 in an acidic medium was investigated. Third 

method, titanium (IV) chloride (TiCl4) in aqueous solution was used as a start material in 

hydrothermal method in presence of amine. All the final products have been characterised and 

their structure and composition confirmed by a combination of XRD, FT-IR and TEM.     

In order to prepare solution-processable nanorods of TiO2, different surface-modification 

methods have been investigated to cover and cap the surface of the rutile TiO2 nanorods with 

a coating of various organic ligands. Firstly, a modification of dry TiO2 nanorods with oleic 

acid (OA) in chlorobenzene was investigated.  Secondly, a two-stage treatment of TiO2 in an 

acidic medium was studied, using a selection of oleic acid, diethyl 2-phenylethyl phosphonate 

(DEPPNA), octylphosphonic acid (OPA) and decylphosphonic acid (ODPA). Thirdly, the 

surface of wet TiO2 nanorods was modified with a range of oleic acid and a range of amine 

ligands, e.g., octylamine, dodecylamine and hexadecylamine. A combination of analytical 

techniques, i.e., XRD, FT-IR, TEM, CHN, TGA and ICP, was used to characterise the resultant 

products. 

In this chapter, each method of synthesis of the nanorods of TiO2 will be described followed 

by their subsequent surface modification.  

 

5.2  Experimental 

 

5.2.1 Materials 

 

Titanium (IV) chloride (TiCl4, %), oleic acid (OA, 90 %), diethyl 2-phenylethyl phosphonate 

(DEPPNA, 98.0 %), octylphosphonic acid (OPA, 97.0 %), octadecylphosphonic acid (ODPA, 

97.0 %), dodecylamine (n-C12H23NH2, 98.0 %), octylamine (n-C8H17NH2, 70.0 %), 

hexadecylamine (n-C16H33NH2, 98.0 %) and sodium carbonate (Na2CO3, ≥ 99%) were sourced 

from Sigma-Aldrich. Chlorobenzene, toluene, methanol, ethanol, N,N-dimethylformamide, 

hydrochloric acid, nitric acid were sourced from Fisher. Decylphosphonic acid was synthesised 
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in cooperation with Dr Fei Cheng. Ultrapure water with a specific resistivity of 18.2 MΩ·cm 

was obtained by reverse osmosis followed by ion-exchange and filtration (UPQ PS system, 

ELGA, USA). 

 

5.2.2 Synthesis of Rutile TiO2 Nanorods  

 

Preparation of Stable Solution of Titanium Oxy Chloride (TiOCl2)  

 

Titanium (IV) chloride was used as the starting material in all three methods used in this thesis 

for the preparation of rutile TiO2 nanorods. TiCl4 is highly sensitive 1 to air and water, with 

which it reacts very rapidly to form a white fames. Thus, it was converted into a stable solution 

of TiOCl2, which is much more stable, shown in equation (5-1). 2 

 

 

In a typical process, displayed in figure 5-1, TiCl4 (17.1 g) under an anhydrous atmosphere of 

nitrogen was slowly transferred by Teflon tube to 35 ml of cooled, distilled-water in an ice bath 

under constant stirring. Some yellow blocks of the unstable intermediate product TiO(OH)2 

were formed throughout the process. 2 After all TiCl4 had been transferred, more cooled 

distilled water (79 mL) was added to the reaction mixture, which was stirred at room 

temperature for several hours to produce a clear solution (0.79 M, 114 mL).     

This TiOCl2 solution was kept in a plastic bottle in the fridge for further use. It can be stable in 

this state without precipitation even for more than one year. 

On the other hand, if a large volume of water is added directly to the TiCl4, a turbid white 

suspension is formed by creation of Ti(OH)4 due to the hydrolysis of the TiCl4. 
3, 4 

 

 

 

 

 

 

Figure 5-1:  A photo of process of transferring titanium (IV) chloride (TiCl4) to a stable solution 

of titanium oxychloride (TiOCl2).  

TiCl 4   + H 2 O             TiOCl 2   + 2HCl  (5-1) 
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Approach 1: Synthesis of Rutile TiO2 Nanorods from TiOCl2 and H2O (NRs-Rutile-1)  

 

Rutile TiO2 nanorods (NRs-Rutile-1) were first prepared by elimination of hydrochloric acid 

from the reaction of titanium oxychloride (TiOCl2) and water at different temperature, i.e., 50 

°C, 70 °C and 90 °C, according to a modified literature method. 8 Three separate reactions were 

then carried out in attempts to modify the surface of the TiO2 nanorods FA5-2 (NRs-Rutile-1), 

prepared according to Approach 1. 

 

Rutile TiO2 Nanorods Preparation (NRs-Rutile-1)  

 

In order to prepare nanorods of rutile TiO2, a pre-prepared TiOCl2 solution (0.79 M, 5.4 ml) 

was added to distilled-water (8 ml) under stirring at different temperatures, i.e., 50°C, 70°C 

and 90°C for 24h. The solution turned cloudy after around 3 h in each case. After the reaction 

was complete, the reaction mixture was allowed to cool to room temperature. The white 

precipitate obtained after separation by centrifugation was washed twice with water and then 

dried overnight in a vacuum oven at 30 °C to yield the rutile TiO2 nanorods FA5-1, FA5-2 and 

FA5-3, prepared at 50°C, 70°C or 90°C, respectively.  

 

Surface Modification of Rutile TiO2 Nanorods (NRs-Rutile-1) with Oleic Acid or Alkyl 

Amines 

 

Three different, but related surface treatment methods 1-3, were carried out in an attempt to 

improve the solubility of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) prepared using 

Approach 1. Each of these treatments involved reactions to coat the surface of the rutile TiO2 

nanorods with as much as possible of an aliphatic coating of oleic acid, various straight-chain, 

primary n-alkyl amines (CnH2n+1NH2; n = 8, 12 and 16), see section 5.2.1 Materials and the 

following sections. The different function groups were chosen to react with the surface of the 

TiO2 nanorods, especially in chemical reactions with the free hydroxyl groups (-OH) present 

on the titanium dioxide surface, in order to produce TiO2/ligand nanocomposites in the rutile 

phase.  

In surface treatment method 1, the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) prepared using 

Approach 1 with oleic acid in chlorobenzene at either 50 ºC or 100 ºC, using different quantities 

of oleic acid and using different reaction times. The main purpose of these reactions is to 

facilitate the bonding of oleic acid onto the surface of the TiO2 nanorods to serve two main 
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purposes: firstly to stabilise the surface of the TiO2 nanorods FA5-2 (NRs-Rutile-1) and thereby 

prevent aggregation of the nanorods in the solid state and in solution and secondly to lower the 

surface polarity and tension and thereby produce soluble rutile TiO2/OA nanocomposites FA5-

4 – FA5-6, which can be dissolved in common organic solvents, such as chlorobenzene.    

In surface treatment methods 2 and 3, the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) prepared 

using Approach 1 with ligand, oleic acid or primary n-alkyl amines (CnH2n+1NH2; n = 8, 12 and 

16), in either ethanol or DMF at either 78ºC or 120ºC for several days. Some of the TiO2/ligand 

nanocomposites prepared using surface treatment 2 were then treated again using surface 

treatment methods 3 in attempts to increase the degree of surface coverage of the TiO2/ligand 

nanocomposites. These additional surface treatments served to increase the amount of these 

TiO2/ligand nanocomposites that could then be dissolved in organic solvents, such as 

chlorobenzene, to produce solutions with a concentration high enough, e.g., 10 % to facilitate 

the deposition of thin uniform layers of the TiO2/ligand nanocomposites on a subs degree 

surface from solution using methods, such as drop casting, spin casting or even inkjet printing, 

for example. 

 

Synthesis of Rutile TiO2/OA Nanocomposites – Surface Treatment Method 1  

 

The required amount of oleic acid was dissolved in a volume of chlorobenzene and the resultant 

solution was then added to a suspension of the dried powder rutile TiO2 nanorods FA5-2 (NRs-

Rutile-1) of (0.1 g) in chlorobenzene. The reaction mixture was sonicated for 30 min before 

being heated at either 50 °C or 100 °C under stirring for 3 or 5 days, see table 5-1 for details of 

the individual reaction conditions. After separation by centrifugation, the resultant solid was 

washed twice with acetone, centrifuged again to remove any residues of oleic acid and then 

dried overnight in a vacuum oven at 30°C to yield the desired oleic acid-capped TiO2/OA 

nanocomposites FA5-4 - FA5-6 as a white powder. 
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Table 5-1: Reaction conditions for the surface modification of the rutile TiO2 nanorods (NRS-

Rutile 1) FA5-2, prepared using Approach 1 to yield the desired oleic acid-capped TiO2/OA 

nanocomposites FA5-4 - FA5-6 prepared using surface treatment method 1. 

 

Reaction 

Product 

Starting 

Material 

Ligand/g Reaction 

Time/days 

Solvent /ml Reaction 

Temperature/°C 

FA5-4 FA5-2 OA/2.5 3 Chlorobenzene/10 50 

FA5-5 FA5-2 OA/5.0 5 Chlorobenzene/10 100 

FA5-6 FA5-2 OA/15.0 3 Chlorobenzene/20 100 

 

 

Synthesis of Rutile TiO2/ligand Nanocomposites – Surface Treatment Method 2 

 

A solution of the desired amounts of oleic acid or primary n-alkyl amine (n-CnH2n+1NH2; n = 

8, 12 and 16) in ethanol was added to a solution of freshly prepared rutile TiO2 nanorods FA5-

2 (NRs-Rutile-1) but before drying, in ethanol (10 ml). The resultant reaction mixture was 

heated at either 78 °C or 120 °C for either 6 or 7 days, see table 5-2 for details of the individual 

reactions. The oleic acid-capped TiO2/OA nanocomposites FA5-7 - FA5-12 prepared at 

different reaction times (6 – 10 days) and for different amounts of solvents (20 ml and 35 ml) 

and the primary n-alkyl amine-capped TiO2/AA nanocomposites FA5-13 – FA5-16, obtained 

after centrifuge, were washed twice with ethanol and then dried overnight in a vacuum oven at 

30 C, see table 5-2 for details of the reaction conditions for the individual reactions carried 

out.    
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Table 5-2: Reaction conditions for the surface modification of the rutile TiO2 nanorods FA5-2 

(NRs-Rutile-1), prepared as described in section 5.2.2.2.1, to yield the desired oleic acid-

capped TiO2/OA nanocomposites FA5-7 - FA5-12 and the primary n-alkyl amine-capped 

TiO2/AA(12, 12, 8 and 16) nanocomposites FA5-13 – FA5-16, respectively, prepared using 

surface treatment method 2 under identical reaction conditions. 

 

Reaction 

Product 

Starting 

Material 

Ligand/g Reaction 

Time/days 

Solvent /ml Reaction 

Temperature/°C 

FA5-7 FA5-2 OA/8 6 Ethanol/20 78 

FA5-8 FA5-2 OA/16 7 Ethanol/20 78 

FA5-9 FA5-2 OA/32 7 Ethanol/35 78 

FA5-10 FA5-2 OA/32 10 Ethanol/35 78 

FA5-11 FA5-2 OA/16 7 DMF/35 120 

FA5-12 FA5-2 OA/32 7 DMF/35 120 

FA5-13 FA5-2 n-C12H25NH2/5 7 Ethanol/20 78 

FA5-14 FA5-2 n-C12H25NH2/10 7 Ethanol/20 78 

FA5-15 FA5-2 n-C8H17NH2/8 7 Ethanol/20 78 

FA5-16 FA5-2 n-C16H33NH2/8 7 Ethanol/20 78 

 

Synthesis of Rutile TiO2/ligand Nanocomposites – Surface Treatment Method 3 

 

Either rutile TiO2/OA nanocomposites FA5-8 (dry) and FA5-9 (dry), prepared using surface 

treatment method 2, or freshly prepared TiO2/OA nanocomposites FA5-10 (wet) and FA5-14 

(dry), prepared using surface treatment method 2, were added a solution of oleic acid or dodecyl 

amine dissolved in either ethanol or toluene. The resultant reaction mixture was heated at either 
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78 °C or 125 °C for 3 or 4 days, see table 5-3 for details of the individual reactions. At the end 

of the reaction, the mixture was cooled to room temperature, centrifuged and then washed twice 

with ethanol and dried overnight in a vacuum oven at 30 C to yield the desired doubly oleic 

acid-capped TiO2/OAx2 nanocomposites FA5-17, FA5-18 and FA5-20 or the oleic acid- and 

dodecyl amine-capped TiO2/OA/AA(12) nanocomposite FA5-19, as a white powder.        

 

Table 5-3: Reaction conditions for the surface modification of the rutile TiO2/OA 

nanocomposites FA5-8 (dry) and FA5-9 (dry), prepared using surface treatment method 2, or 

TiO2/OA nanocomposites FA5-10 (wet) and FA5-14 (dry), prepared using surface treatment 

method 2, to yield the doubly oleic acid-capped TiO2/OAx2 nanocomposites FA5-18, FA5-20 

and FA5-17, respectively, or the oleic acid- and dodecyl amine-capped TiO2/OA/AA(12) 

nanocomposite FA5-19, respectively, prepared using surface treatment method 3. 

 

Reaction 

Product 

Starting 

Material 

Ligand/g Reaction 

Time/days 

Solvent /ml Reaction 

Temperature/°C 

FA5-17 FA5-7/wet OA/16 3 Ethanol/25 78 

FA5-18 FA5-5/dry OA/16 4 Toluene/30 125 

FA5-19 FA5-11/dry n-C12H25NH2/5 4 Toluene/35 125 

FA5-20 FA5-6/dry OA/5 4 Toluene/35 125 
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Approach 2: Hydrothermal Synthesis of Rutile TiO2 Nanorods from TiOCl2 (NRs-Rutile-

2)  

 

The aim of this reaction, which involves hydrothermal treatment of TiOCl2 at 220 ºC for 2 h, 

see section 5.2.2.3.1, is to produce TiO2 nanorods (NRs-Rutile-2) with a more advantageous, 

i.e., greater, aspect ratio from that achieved using the Approach 1, used to prepare rutile TiO2 

nanorods (NRs-Rutile-1). Surface modification reactions were then carried out in attempts to 

modify the surface of the TiO2 nanorods FA5-21 (NRs-Rutile-2), prepared according to 

Approach 2.  

 

Rutile TiO2 Nanorods Preparation (NRs-Rutile-2) 

 

In a typical reaction, a hydrothermal treatment of TiOCl2 was carried out using a slightly 

modified procedure from a literature synthesis. 5 A stock solution (60 mL) of TiOCl2 (0.44 M) 

was placed in a 100 ml autoclave and heated at 220 °C for two hours. After the autoclave vessel 

was cooled to room temperature, the product was separated by centrifugation, washed twice 

with a buffer of ammonium acetate-acetic acid as well as methanol and then dried overnight in 

a vacuum oven at 30 °C to yield the desired rutile FA5-21 TiO2 nanorods (NRs-Rutile-2). 

 

Surface Modification of Rutile TiO2 Nanorods (NRs-Rutile-2) with Oleic Acid 

 

Surface modification reactions were then carried out in attempts to modify the surface of the 

TiO2 nanorods FA5-21 (NRs-Rutile-2), prepared according to Approach 2 with oleic acid in 

ethanol or DMF at either 78 ºC or 110 ºC, using different quantities of oleic acid and using 

different reaction times. The main purpose of these reactions is to facilitate the bonding of oleic 

acid onto the surface of the rutile TiO2 nanorods FA5-21 (NRs-Rutile-2) to serve two main 

purposes: firstly to stabilise the surface of the rutile TiO2 nanorods FA5-21 (NRs-Rutile-2) and 

thereby prevent aggregation of the nanorods in the solid state and in solution and secondly to 

lower the surface polarity and tension and thereby produce soluble rutile TiO2/OA 

nanocomposites FA22 – FA5-25, which can be dissolved in common organic solvents, such as 

chlorobenzene. 
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Synthesis of Rutile TiO2/OA Nanocomposites – Surface Treatment Method 1  

 

This reaction was designed to improve the solubility of the rutile FA5-21 TiO2 nanorods (NRs-

Rutile-2) prepared using Approach 2. Wet FA5-21 TiO2 nanorods (NRs-Rutile-2) were added 

to a solution of the requisite amount of oleic acid dissolved in either ethanol or N,N-

dimethylformamide, see table 5-4 for details of the individual reactions. The resultant reaction 

mixture was heated at either 78°C or 110C° for several days, see table 5-4 for details of the 

individual reactions. At the end of the reaction, the mixture was allowed to cool to room 

temperature, centrifuged and then washed twice with ethanol and finally dried overnight in a 

vacuum oven at 30 C to yield the desired oleic acid-capped TiO2/OA nanocomposites FA5-

22 - FA5-25 as a white powder.    

 

Table 5-4: Reaction conditions for the surface modification of the rutile TiO2 nanorods FA5-

21 (NRs-Rutile-2) to yield the desired oleic acid-capped TiO2/OA nanocomposites FA5-22 - 

FA5-25 prepared using surface treatment method 1 under identical reaction conditions. 

 

Reaction 

Product 

Starting 

Material 

Ligand/g Reaction 

Time/days 

Solvent /ml Reaction 

Temperature/°C 

FA5-22 NRs-Rutile-2 OA/8 6 Ethanol/20 78 

FA5-23 NRs-Rutile-2 OA/16 6 Ethanol/20 78 

FA5-24 NRs-Rutile-2 OA/8 3 DMF/20 110 

FA5-25 NRs-Rutile-2 OA/16 3 DMF/20 110 
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Approach 3: Hydrothermal Synthesis of Rutile TiO2 Nanorods in the Presence of 3-

Hydroxytyramine Hydrogen Chloride (NRs-Rutile-3) 

 

A hydrothermal treatment for TiOCl2 in the presence of 3-hydroxytyramine hydrogen chloride 

was carried out using a modified process from a literature method 6 to yield the FA5-26 TiO2 

nanorods (Rutile-NRs-3). Two separate reactions were then carried out in attempts to modify 

the surface of the TiO2 nanorods FA5-26 (NRs-Rutile-3), prepared according to Approach 3 

with n-alkyl phosphonic acids, oleic acid or diethyl 2-phenylethyl phosphonate.  

 

Rutile TiO2 Nanorods Preparation (NRs-Rutile-3) 

 

In typical reaction, an aqueous solution (89.4 ml, 2.1 M) of sodium carbonate (Na2CO3) was 

added drop-wise to a 3.3 M solution of TiOCl2 (39.5 ml) to form a white suspension (pH = 10). 

3-Hydroxytyramine hydrogen chloride (299.3 mg) was then added to the reaction mixture 

under stirring and the resultant mixture heated for an hour at 60 °C. Subsequently, in order to 

remove residual amounts of 3-hydroxytyramine hydrogen chloride and sodium carbonate, the 

reaction mixture was washed several times with water and then centrifuged. Water (19.8 ml) 

was added to the resultant precipitate and the pH adjusted (pH = 0.5) by the drop-wise addition 

of 15% nitric acid. The suspension was aged for three hours at room temperature before being 

placed in a Teflon-lined autoclave and heated for 13 h at 150 °C. After completion of the 

hydrothermal treatment, the resultant reaction product was washed with water several times 

and then dried in a vacuum oven at 30 C overnight to yield the desired FA5-26 TiO2 nanorods 

(Rutile-NRs-3) as a white powder.    

 

Surface Modification of Rutile TiO2 Nanorods (NRs-Rutile-3) with n-Alkyl Phosphonic 

Acids, Oleic Acid or Diethyl 2-Phenylethyl Phosphonate  

 

Surface treatment of the rutile FA5-26 TiO2 nanorods (Rutile-NRs-3), prepared using 

Approach 3, and was carried out in two stages, i.e., surface treatment methods 1 and 2. The 

main purpose of these reactions is to facilitate the bonding of the aliphatic ligands onto the 

surface of the TiO2 nanorods to serve two main purposes: firstly to stabilise the surface of the 

TiO2 nanorods FA5-26 (NRs-Rutile-3) and thereby prevent aggregation of the nanorods in the 

solid state and in solution and secondly to lower the surface polarity and tension and thereby 
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produce soluble rutile TiO2/ligand nanocomposites FA27 – FA5-41, which can be dissolved in 

common organic solvents, such as chlorobenzene. 

 

Synthesis of Rutile TiO2/ligand Nanocomposites – Surface Treatment Method 1 

 

The surface of either the FA5-2 TiO2 nanorods (NRs-Rutile-1) or the FA5-26 TiO2 nanorods 

(Rutile-NRs-3) was modified using either octyl phosphonic acid (OPA) or decylphosphonic 

acid (ODPA) as ligands in a modified literature process 7 to produce the TiO2/OPA 

nanocomposites FA5-27 – FA5-31 & FA5-33 and the TiO2/ODPA nanocomposite FA5-32, 

respectively, under the same reaction conditions.  

 

Surface Treatment Method 1: the required amount of octyl/decyl or octadecylphosphonic 

acid, see table 5-5 for details of the individual reactions, was added to a solution of DMF (100 

mL) and 37% hydrochloric acid (1 mL). This solution was then added drop-wise under stirring 

to a dispersion of either the FA5-2 TiO2 nanorods (NRs-Rutile-1), prepared using Approach 1 

or FA5-26 TiO2 nanorods (NRs-Rutile-3), prepared using Approach 3 (1.536 g), prepared using 

Approach 3, in distilled-water (10.18 mL). The resultant white turbid suspension during the 

addition was then heated at 120 °C for 4 h. Methanol (150 mL) was added to the reaction 

mixture under stirring and the clear liquid was decanted off from the solid precipitate formed. 

Methanol (150 mL) was added again to the reaction mixture and the process was repeated 

twice. The suspension was then centrifuged (30 min/4000 rpm). The resultant solid in each 

centrifuge tube was suspended in toluene (5 mL) and stirred for 30 min. Methanol (15 mL) was 

added to each tube and the resultant suspensions centrifuged (30 min/4000 rpm). This process 

was repeated twice and the resultant TiO2/OPA nanocomposites FA5-27 – FA5-31 and FA5-

33 and the TiO2/ODPA nanocomposite FA5-32 dried in a vacuum oven at 30 C overnight.  
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Table 5-5: Conditions for the surface modification of rutile TiO2 nanorods FA5-2 (NRs-Rutile-

1), prepared using Approach 1 described in section 5.2.2.2.1, and FA5-26 TiO2 nanorods (NRs-

Rutile-3) prepared using Approach 3 described in section 5.2.2.4.1 with either octylphosphonic 

acid or decylphosphonic acid to yield the TiO2/OPA nanocomposites FA5-27 – FA5-31 and 

FA5-33 and the TiO2/ODPA nanocomposite FA5-32 using surface treatment method 1. 

 

Reaction 

Product 

Starting Material Ligand Reaction 

Time/h 

Solvent /ml Reaction 

Temperature/°C 

FA5-27  FA5-26  OPA 4  DMF/100 120 

FA5-28  FA5-26  OPA 4  DMF/100 120 

FA5-29  FA5-26  ODPA  4  DMF/100 120 

FA5-30  FA5-26  OPA 4  DMF/100 120 

FA5-31  FA5-26  OPA 4  DMF/100 120 

FA5-32  FA5-26  ODPA 4  DMF/100 120 

FA5-33  FA5-2 (NRs-Rutile-1) OPA 4  DMF/100 120 

 

 

Synthesis of Rutile TiO2/ligand Nanocomposites – Surface Treatment Method 2 

 

The surface of the rutile TiO2 nanorods TiO2/OPA nanocomposites FA5-27 – FA5-31 & FA5-

33 and the TiO2/ODPA nanocomposite FA5-32, prepared using method 1, was modified again, 

but this time using oleic acid or diethyl 2-phenylethyl phosphonate (DEPPNA), as ligands in a 

modified literature process 7 to produce the TiO2/OPA/OA nanocomposites FA5-34, FA5-36 

– FA5-39 and FA5-41, the TiO2/OPA/DEPPNA nanocomposite FA5-35 and the 

TiO2/ODPA/OA nanocomposite FA5-40, respectively, under the same reaction conditions. 

 

Surface Treatment Method 2: A required amount of either oleic acid or diethyl 2-phenylethyl 

phosphonate (DEPPNA), see table 5-6 for details of the individual reactions carried out in the 
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second stage of this surface treatment process, was added to a suspension in toluene (50 ml) of 

the TiO2/OPA nanocomposites FA5-27 – FA5-31 and FA5-33 and the TiO2/ODPA 

nanocomposite FA5-32 as a powder, prepared from either the FA5-2 TiO2 nanorods (NRs-

Rutile-1), prepared using Approach 1 or FA5-26 TiO2 nanorods (NRs-Rutile-3), prepared using 

Approach 3 in the first stage of these surface treatment reactions using surface treatment 

method 1. 37% Hydrochloric acid (5 drops) was added to the reaction mixture and the resultant 

mixture heated at 125 °C for 72 h. At the end of reaction, the washing treatment described in 

the surface treatment method 1 was repeated. The reaction products, i.e., the TiO2/OPA/OA 

nanocomposites FA5-34, FA5-36 – FA5-39 and FA5-41, the TiO2/OPA/DEPPNA 

nanocomposite FA5-35 and the TiO2/ODPA/OA nanocomposite FA5-40, were dried overnight 

in a vacuum oven at 30 C.   
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Table 5-6: Conditions for the surface modification of the TiO2/OPA nanocomposites FA5-27 

– FA5-31 and FA5-33 and the TiO2/ODPA nanocomposite FA5-32 using oleic acid to yield 

the TiO2/OPA/OA nanocomposites FA5-34, FA5-36 – FA5-39 and the FA5-41 and for the 

surface modification of the TiO2/OPA nanocomposite FA5-27 with diethyl 2-phenylethyl 

phosphonate to yield the TiO2/ODPA/OA nanocomposite FA5-40, respectively, using surface 

treatment method 2. 

 

Reaction 

Product 

Starting 

Material 

Ligand Reaction 

Time/h 

Solvent /ml Reaction 

Temperature/°C 

FA5-34  FA5-27  OA 72 Toluene/50 125 

FA5-35  FA5-27  DEPPNA 72 Toluene/50 125 

FA5-36  FA5-28  OA 72 Toluene/50 125 

FA5-37  FA5-29  OA 72 Toluene/50 125 

FA5-38  FA5-30  OA 72 Toluene/50 125 

FA5-39  FA5-31  OA 72 Toluene/50 125 

FA5-40  FA5-32  OA 72 Toluene/50 125 

FA5-41  FA5-33  OA 72 Toluene/50 125 
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5.3  Results and Discussion  

 

5.3.1 Approach 1: Synthesis of Rutile TiO2 Nanorods from TiOCl2 and H2O (NRs-

Rutile-1)  

 

In this method, rutile TiO2 nanorods were prepared by elimination of hydrochloric acid from 

the reaction of titanium oxychloride (TiOCl2) and water at different temperature, i.e., 50 °C, 

70 °C and 90 °C, as shown in equation 5-2. 8 

 

 

 

Characterisation of Rutile TiO2 Nanorods Preparation (NRs-Rutile-1) 

 

The XRD patterns of the FA5-1 - FA5-3 TiO2 nanorods (NRs-Rutile-1) are shown in figure 5-

2. It is noticed that all the diffraction peaks are related to TiO2 rutile phase 9. It is also notable 

that the intensity of the peaks and the degree of crystallisation increase with the reaction 

temperature.  The full width at half maximum (FWHM) of peaks of TiO2 becomes narrower 

with the increase of reaction temperature, indicating that the mean size of the crystalline 

nanoparticles increases with the increase in reaction temperature. 10 

Figure 5-3 shows the FT-IR patterns of the FA5-1 - FA5-3 rutile TiO2 nanorods (NRs-Rutile-

1). It can be observed that there are several peaks associated with TiO2. A broad peak at 500-

600 cm-1 is attributable to the vibration of the O–Ti–O bonds in the structure of TiO2. The peak 

at 1625cm-1 and the broad peaks at 3100–3600 cm-1 can be ascribed to hydroxyl group 

vibrations due to the adsorption of water. 11 

The TEM images of the FA5-1 - FA5-3 rutile TiO2 nanorods (NRs-Rutile-1) are shown in 

figure 5-3. The images clearly show the presence of hair-like nanorods of TiO2 in the samples 

FA5-1 and FA5-2. Nanorods of TiO2 with a larger diameter are apparent in the TEM image of 

the FA5-3 sample. These TEM results are in good agreement with the XRD observations, i.e., 

the size of the nanorods is greater in reactions carried out at higher temperatures.  

TiOCl 2   + H 2 O             TiO 2   + 2HCl  (5-2) 
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Figure 5-2: XRD patterns of the rutile TiO2 nanorods FA5-1 - FA5-3 (NRs-Rutile-1). 

 

 

Figure 5-3: FT-IR patterns of the rutile TiO2 nanorods FA5-1 - FA5-3(NRs-Rutile-1). 
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Figure 5-4: TEM images of the rutile TiO2 nanorods FA5-1 (A-B), FA5-2 (C-D) and FA5-

3 (E-F) (Rutile-NRs-1). 

A B 

C D 

E F 
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Possible Mechanism of Rutile TiO2 Nanorods Formation (NRs-Rutile-1)  

 

It is well acknowledged that TiO2 in both phases, anatase and rutile, can form beginning from 

TiO6 octahedral and that the phase conversion proceeds by the reorganisation of the octahedral. 

Organisation of octahedral through sharing of face will lead to form the anatase phase while 

the sharing of edge to form the rutile phase. In aqueous medium, surfaces of TiO6 octahedral 

easily protonated to chain with hydroxyl groups of other TiO6 octahedral forming Ti–O–Ti 

oxygen link bonds by removing of water particle. The protonation treatment followed by the 

imaginable sharing of face of TiO6 octahedral will lead to form of anatase phase although 

sharing of edge indications to rutile phase. In the present reaction, sharing of edge is preferred 

to form rutile phase 12. The formation of TiO2 rutile phase is schemed in scheme 5-1. 13    

It was approved in theory that the formation of the nanorods (hair-like) rutile of TiO2 is due to 

high HCl acid circumstances in which the creation of nanorods (hair-like) titanium oxide 

through a suitable ratio of length and diameter is favoured in thermodynamic. 14 

 

 

Scheme 5-1: The formation of TiO2 rutile phase. 

 

Surface Modification of Rutile TiO2 Nanorods (NRs-Rutile-1) with Oleic Acid or Primary 

n-Alkyl Amines 

 

Three TiO2/OA nanocomposites FA5-4 – FA5-6 were produced by surface modification of the 

rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) with oleic acid. The TiO2/OA nanocomposites 

FA5-4 – FA5-6 were then characterised in terms of crystal morphology, nanorods dimensions 

and aspect ratio, degree of aggregation and solubility in chlorobenzene. 
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Synthesis of Rutile TiO2/OA Nanocomposites– Surface Treatment Method 1  

 

Three separate reactions were carried out in attempts to modify the surface of the rutile TiO2 

nanorods FA5-2 (NRs-Rutile-1), prepared according to Approach 1 with oleic acid in 

chlorobenzene at either 50 ºC or 100 ºC, using different quantities of oleic acid and using 

different reaction times. The main purpose of these reactions is to facilitate the bonding of oleic 

acid onto the surface of the rutile TiO2 nanorods to serve two main purposes: firstly to stabilise 

the surface of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and thereby prevent aggregation 

of the nanorods in the solid state and in solution and secondly to lower the surface polarity and 

tension and thereby produce soluble rutile TiO 2/OA nanocomposites FA5-4 – FA5-6, which 

can be dissolved in common organic solvents, such as chlorobenzene.      

 

Characterisation of Rutile TiO2/OA Nanocomposites Preparation – Surface Treatment 

Method 1  

 

It is clear from the XRD patterns of the reaction products shown in figure 5-5 that the rutile 

phase present in the TiO2 nanorods FA5-2 (NRs-Rutile-1) used as the starting material in the 

surface treatment reaction has been maintained in the TiO2/OA nanocomposites FA5-4 – FA5-

6 after reaction with oleic acid.                                                         

The FT-IR of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) used as the starting material and 

the TiO2/OA nanocomposites FA5-4 – FA5-6, made from them by coating them with oleic acid 

using surface treatment method 1, are shown in figure 5-6. Some new peaks are apparent in the 

FT-IR spectra of the TiO2/OA nanocomposites FA5-4 – FA5-6 that are not apparent in the 

corresponding FT-IR spectrum of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1). The peaks 

around 1500 cm−1 and 1435 cm−1 are related to asymmetric and symmetric of COO-, 

respectively. The peaks round 2850-3000 cm-1 are linked to the stretch vibrations of C-H3, C-

H2 and C-H. 15 16 These results are indicative of a significant degree of surface coverage of the 

TiO2 nanorods in the TiO2/OA nanocomposites FA5-4 – FA5-6 with oleic acid.  

The results of the TGA analysis of the TiO2/OA nanocomposites FA5-4 and FA5-6 compared 

with that of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1), are shown in figure 5-7. It can be 

seen that for rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) one weight loss (10.8%) occurs at 

<120 ºC due to desorption of physically adsorbed of water. On the other hand, two weight 

losses (17.1 % and 17.9 %) are exhibited for the TiO2/OA nanocomposites FA5-4 and FA5-6, 

firstly due to adsorbed water at <120 ºC and secondly due to decomposition of surface-bound 
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oleic acid at around 320-490 ºC. The results are consistent with the results of the corresponding 

CHN analyses of the TiO2/OA nanocomposites FA5-4 - FA5-6, see table 5-7, which also 

provide further evidence of the presence of an organic coating, i.e., oleic acid, on the surface 

of the TiO2/OA nanocomposites FA5-4 - FA5-6.   

The TEM images of rutile the TiO2 nanorods FA5-2 (NRs-Rutile-1) and the TiO2/OA 

nanocomposites FA5-6, respectively, are shown in figure 5-8. No difference in length and 

diameter of the TiO2 nanorods can be observed before and after the surface modification using 

surface treatment method 1. The TiO2/OA nanocomposites FA5-4 – FA5-6 still aggregate even 

though the TiO2 nanorods are now covered, at least to some degree, with a flexible, aliphatic 

coating of oleic acid.  

The degree of modification of the surface of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) 

using different amounts of oleic acid was analysed using a combination of combustion analysis 

CHN and ICP, see table 5-7. The carbon content determined for the TiO2/OA nanocomposites 

FA5-4 – FA5-6 after reaction with oleic acid using surface treatment method 1 is greater at 

higher concentration of oleic acid used in the reaction. However, the degree of carbon content 

does not increase linearly with increasing amounts of oleic acid used in the reaction, i.e., the 

amount of oleic acid used in the reaction to produce the TiO2/OA nanocomposite FA5-6 was a 

factor of six higher than that used in the reaction to produce the TiO2/OA nanocomposite FA5-

4. There is no significant change in the carbon content with the increasing reaction temperature.  

 

Table 5-7: chemical analyses for the oleic acid-capped TiO2/OA nanocomposites FA5-4 - FA5-

6 prepared using surface treatment method 1. 

 

Sample Temperature /ºC OA/g C% H% N% Solubility in C6H5Cl 

FA5-4  50 2.5 7.42 1.35 0.00 Not soluble  

FA5-5 100 5 8.07 1.04 0.00 Not soluble  

FA5-6  100 15 9.06 1.37 0.00 Not soluble  
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Figure 5-5: XRD patterns of the surface modification of the rutile TiO2 nanorods FA5-2 (NRS-

Rutile 1) and the oleic acid-capped TiO2/OA nanocomposites FA5-4 and FA5-6 prepared using 

surface treatment method 1. 

 

 

Figure 5-6: FT-IR patterns of the surface modification of the rutile TiO2 nanorods FA5-2 (NRS-

Rutile 1) and the oleic acid-capped TiO2/OA nanocomposites FA5-4 - FA5-6 prepared using 

surface treatment method 1. 

20 30 40 50 60 70 80

In
te

n
s
it
y
 (

a
. 

u
.)

2Theta (Degree)

 FA5-2

 FA5-4

 FA5-6

5001000150020002500300035004000

T
%

 (
a
. 
u
.)

Wavelength (cm
-1
)

 FA5-2

 FA5-4

 FA5-5

 FA5-6

1
1

0
 

1
0

1
 

1
1

1
 

2
1

1
 

0
0

2
 

1
1

2
 



133 

 

 

Figure 5-7: TGA of the surface modification of the rutile TiO2 nanorods FA5-2 (NRS-Rutile 

1) and the oleic acid-capped TiO2/OA nanocomposites FA5-4 and FA5-6 prepared using 

surface treatment method 1.  

    

   

Figure 5-8: TEM images of the surface modification of the rutile TiO2 nanorods FA5-2 (NRS-

Rutile 1) (A-B) and the oleic acid-capped TiO2/OA nanocomposites FA5-4 (C-D) prepared 

using surface treatment method 1. 
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Synthesis of Rutile TiO2/Ligand Nanocomposites – Surface Treatment Methods 2 

 

Since the TiO2/OA nanocomposites FA5-4 - FA5-6, prepared using surface treatment 1, are 

not soluble enough in the required organic solvents, e.g., chlorobenzene, see table 5-7, to be 

sufficiently solution-processable in common organic solvents for deposition from solution, 

e.g., by drop casting. Doctor blade techniques, spin coating or inkjet printing, to enable 

fabrication of prototype, test devices, two additional surface treatment methods 2 and 3, see 

below, for the nanorods-surface modification were investigated in order to attach a larger 

concentration of aliphatic ligands onto the surface of the TiO2 nanorods, i.e., a more uniform, 

higher surface coverage, in order to produce the desired solution-processable TiO2/ligand 

nanocomposites.  

 

 

 

 

 

A B 

C D 

Schema 5-2: Schematic diagram of synthesis of processable solution of rutile TiO2/ligand 

nanocomposites, oleic acid (A), octylamine (B), dodecylamine (C) and hexadecylamine 

(D) 
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Characterisation of Rutile TiO2/ligand Nanocomposites Preparation – Surface Treatment 

Method 2 

 

In the first method, i.e., the surface treatment method 2 the synthesis of solution-processable 

rutile TiO2/ligand nanocomposites was carried out using wet rutile TiO2 nanorods FA5-2 (NRs-

Rutile-1) as the starting material. The wet rutile TiO2 nanorods were reacted with different 

amounts of ligands, i.e., oleic acid, used in surface treatment method 1, and three primary 

straight-chain alkyl amines (n-CnH2n+1NH2; n = 12, 8 and 16), in different solvents at different 

reaction temperatures for different times to produce the desired oleic acid-capped TiO2/OA 

nanocomposites FA5-7 - FA5-12 and the primary n-alkyl amine-capped TiO2/AA 

nanocomposites FA5-13 – FA5-16, respectively, see table 5-8. 

The XRD patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1), the oleic acid-capped 

TiO2/OA nanocomposites FA5-7, FA5-9 and FA5-11 and the primary n-alkyl amine-capped 

TiO2/AA(12, 8 and 16) nanocomposites FA5-13, FA5-15 and FA5-16, respectively, are shown 

in figures 5-10 and 5-11, respectively. It can be seen that all of the rutile TiO2 nanorods possess 

a rutile phase. 9 Compared with the XRD patterns of the rutile TiO2 nanorods FA5-2 (NRs-

Rutile-1), see figure 5-2, the diffraction peaks shown in figures 5-10 and 5-11 are slightly 

shifted due to the TiO2 nanorods surface modification of the oleic acid-capped TiO2/OA 

nanocomposites FA5-7, FA5-9 and FA5-11 and the primary n-alkyl amine-capped TiO2/AA 

nanocomposites FA5-13, FA5-15 and FA5-16.  

The FT-IR spectra of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the oleic acid-capped 

TiO2/OA nanocomposites FA5-7, FA5-9 and FA5-11 are shown in figure 5-12 in order to 

facilitate comparisons between TiO2 nanorods FA5-2 (NRs-Rutile-1) and oleic acid-capped 

TiO2/OA nanocomposites. It can be seen that some new peaks are apparent in the FT-IR spectra 

of the TiO2/OA nanocomposites FA5-7, FA5-9 and FA5-11 than are not observed in the 

corresponding FT-IR spectrum of the TiO2 nanorods FA5-2 (NRs-Rutile-1), see figure 5-3. 

The peak observed at 1735 cm−1 (stretching of C=O) in conjunction with the two peaks at 1500 

and 1435 cm−1 associated to asymmetric and symmetric of COO-, is indicative of the carboxyl-

group being bonded to the TiO2 surface via reaction with the hydroxyl groups on the TiO2 

surface. The peak at 1735 cm−1 is probably due to the presence of oleates, which may be 

produced during the reaction. Peaks around 2850-3000 cm-1 are related to the stretch vibrations 

of CH3, CH2 and CH groups present in the oleic acid coating. 15, 16  

These spectra are confirm the presence of a significant aliphatic coating on the surface of the 

TiO2 nanorods. 
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The FT-IR spectra for the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the alkyl amine-

modified TiO2/AA(12, 12, 8 and 16) nanocomposites FA5-13 - FA5-16, respectively, shown 

in figure 5-13, reveal some additional absorption peaks in the FT-IR spectra of the TiO2/AA(12, 

12, 8 and 16) nanocomposites. The peaks at 1390 and 1480 cm-1 are related to CH3 deformation 

vibrations. 17 With respect to the vibrations of amine (NH2) and ammonium (NH2
+) groups, it 

may be supposed that additional peaks will observable at 1580-1650 cm-1 and 1560-1620 cm-

1, respectively. However, these absorption areas are close to each other, overlap and cannot be 

individually resolved. Thus, it difficult to know, with any degree of certainty, which types of 

amino groups, (NH2) or (NH2
+), are present 15. Peaks around 2850-3000 cm-1 are related to 

stretch vibrations of CH3 and CH2 groups from the alkyl amine 15. These spectra are strongly 

indicative of a significant presence of an aliphatic coating on the surface of the TiO2 nanorods. 

The TGA analysis of some of the oleic acid-capped TiO2/OA nanocomposites FA5-9 - FA5-

12 and the primary n-alkyl amine-capped TiO2/AA(12, 12, 8 and 16) nanocomposites FA5-13 

– FA5-16 with oleic acid and primary n-alkyl amine surface coatings, prepared using surface 

treatment 2, are shown in figure 5-14 and 5-15, respectively. It can be seen that there is a weight 

loss at <120 ºC due to adsorbed of water. Also, there is another weight loss around 320-490 ºC 

reasonably related to desorption of chemically bound oleic acid and amines on the TiO2 

nanorod surface. The percentage weight loss of the TiO2/OA nanocomposites FA5-9 - FA5-12 

modified with oleic acid, see figure 5-14, is higher than that observed for the TiO2/AA(12, 12, 

8 and 16) nanocomposites FA5-13 – FA5-16 modified with primary n-amines, see figure 5-15,  

which is consistent with the results of the CHN analysis, see table 5-8.   

The TEM images of the TiO2/OA nanocomposites FA5-7 and FA5-9 and the TiO2/AA(12) 

nanocomposite FA5-14, after surface-modification with oleic acid and dodecylamine, 

respectively, are shown in figure 5-16. Compared with the corresponding TEM images of the 

FA5-2 (NRs-Rutile-1) TiO2 nanorods shown in figure 5-4, it is apparent that the degree of 

aggregation of the TiO2 nanorods TiO2/OA nanocomposites FA5-7 and FA5-9 and the 

TiO2/AA(12) nanocomposite FA5-14, after surface-modification with oleic acid and 

dodecylamine, respectively, has been very significantly reduced as intended initially.  

The degree of modification of the surface of the TiO2 nanorods FA5-2 (NRs-Rutile-1) to 

produce the oleic acid-capped TiO2/OA nanocomposites FA5-7 - FA5-12 and the primary n-

alkyl amine-capped TiO2/AA(12, 12, 8 and 10) FA5-13 – FA5-16, respectively, was measured 

using CHN and ICP chemical analysis as shown in table 5-8.  

The highest carbon content for all the TiO2/OA nanocomposites prepared is 16.64%. The 

carbon content of the TiO2/OA nanocomposites FA5-7 - FA5-12, prepared using the surface 
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treatment method 2, is higher than that observed for the corresponding TiO2/OA 

nanocomposites FA5-4 - FA5-6, prepared using the surface treatment method 1, see table 5-7. 

However, the carbon content is lower at longer reaction times as shown in table 5-8 for the 

TiO2/OA nanocomposites FA5-9 and FA5-10, prepared under identical reaction conditions 

apart from the reaction time, i.e., 7 days and 10 days, respectively. This difference in carbon 

content might be due to detachment of oleic acid from the surface of the TiO2 nanorods 

occurring over time during the reaction.  

The carbon content is lower for the TiO2/OA nanocomposites FA5-7 - FA5-10, prepared using 

ethanol as solvent than that determined for the TiO2/OA nanocomposites FA5-11 and FA5-12, 

prepared using DMF as solvent. There is no significant difference in the carbon, hydrogen and 

titanium content of the TiO2/OA nanocomposites FA5-11 and FA5-12, prepared under 

identical reaction conditions using DMF as the solvent, even when doubling the oleic acid 

concentration from that used to prepared FA5-11 to that used to prepared FA5-12. The presence 

of 0.5% of nitrogen indicates that a reaction has occurred between the TiO2 nanorods and the 

DMF solvent. The carbon content in the primary n-alkyl amine-capped TiO2/AA(12, 12, 8 and 

10) FA5-13 – FA5-16, respectively, is also higher with the increasing length of the alkyl chain 

of the alkyl amines (n-CnH2n+1NH2; n = 8, 12 and 16), as might have been reasonably expected.  

A stable colloidal solution of the TiO2/OA nanocomposites FA5-7 and FA5-9 with an oleic 

acid coating, respectively, each prepared in ethanol, see table 5.8, can be made up to a 

concentration of 10% in chlorobenzene for FA5-9, see figure 5-9. On the other hand, colloidal 

solutions of the TiO2/OA nanocomposites FA5-11 and FA5-12, prepared using DMF as the 

solvent and the TiO2/AA(12, 12, 8 and 10) FA5-13 – FA5-16, respectively, with an primary n-

alkyl amine coating (n-CnH2n+1NH2; n = 8, 12 and 16) are only stable for several hours, see 

figure 5-9 for an image of a fairly concentrated (6%) colloidal solution of the TiO2/AA 

nanocomposite FA5-13 with a dodecyl amine (n-CnH2n+1NH2; n = 12) coating. 
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Table 5-8: Chemical analyses for the oleic acid-capped TiO2/OA nanocomposites FA5-7 - 

FA5-12 and the primary n-alkyl amine-capped TiO2/AA(12, 12, 8 and 10) nanocomposites 

FA5-13 – FA5-16, respectively, using surface treatment method 2. 

 

Sample ligand/g Solvent T/d Ti% C% H% N% Solubility  

FA5-7 OA/8 Ethanol 6 64.0  12.9 1.8 0.0 2 % colloidal 

solution 

FA5-8 OA/16 Ethanol 7 69.2 10.6 1.9 0.0 5 % colloidal 

solution 

FA5-9 OA/32 Ethanol 7 41.1 16.7 2.6 0.0 10 % 

colloidal 

solution 

FA5-10 OA/32 Ethanol 10 50.0 9.6 1.5 0.0 5 % colloidal 

solution 

FA5-11 OA/16 DMF 7 57.2 20.3 3.5 0.4 Not soluble  

FA5-12 OA/32 DMF 7 56.9 20.5 3.5 0.5 Not soluble  

FA5-13 n-C12H25NH2/5 Ethanol 7 50.8 9.5 2.0 0.7 Not soluble  

FA5-14 n-C12H25NH2/10 Ethanol 7 49.3 11.9 2.3 1.0 Not soluble  

FA5-15 n-C8H17NH2/8 Ethanol 7 51.4 9.9 2.2 1.2 Not soluble  

FA5-16 n-C16H33NH2/8 Ethanol 7 45.7 16.5 3.4 1.2 Not soluble  
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Figure 5-10: XRD patterns of the surface modification of the rutile TiO2 nanorods FA5-2 

(NRS-Rutile 1) and the oleic acid-capped TiO2/OA nanocomposites FA5-7, FA5-9 and FA5-

11 prepared using surface treatment method 2. 
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Figure 5-9: colloidal solution of the oleic acid-capped TiO2/OA nanocomposites FA5-7 and 

FA5-9 and the dodecyl amine-capped TiO2/AA(12) nanocomposite FA5-13 (n-CnH2n+1NH2; 

n = 12) in chlorobenzene (C6H5Cl). 
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Figure 5-11: XRD patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the primary 

n-alkyl amines-capped TiO2/AA( 12, 8 and 16) nanocomposites FA5-13, FA5-15 and FA5-16 

modified with primary n-alkyl amines (CnH2n+1NH2; n = 12, 8 and 16, respectively) using 

surface treatment method 2.  

 

Figure 5-12: FT-IR patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the oleic 

acid-capped TiO2/OA nanocomposites FA5-7, FA5-9 and FA5-11 using surface treatment 

method 2.  
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Figure 5-13: FT-IR patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the primary 

n-alkyl amines-capped TiO2/AA(12, 12, 8 and 16) nanocomposites FA5-13 - FA5-16, 

respectively, modified with primary n-alkyl amines (CnH2n+1NH2; n = 12, 12, 8 and 16, 

respectively) using surface treatment method 2. 

 

 

Figure 5-14: TGA of the oleic acid-capped TiO2/OA nanocomposites FA5-7, FA5-9 and FA5-

11 modified with oleic acid using surface treatment method 2.  
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Figure 5-15: TGA of the primary n-alkyl amines-capped TiO2/AA(12, 12, 8 and 16) 

nanocomposites FA5-13 - FA5-16, respectively, modified with primary n-alkyl amines 

(CnH2n+1NH2; n = 12, 12, 8 and 16) using surface treatment method 2.  
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A 

C D 

E F 

Figure 5-16: TEM images of the oleic acid-capped TiO2/OA nanocomposites FA5-7 (A-B), 

TiO2/OA nanocomposites FA5-9 (C-D) using surface treatment method 2 and the 

dodecylamine-capped TiO2/AA(12) nanocomposite FA5-14 (E-F) also using surface treatment 

method 2.  

B 
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Possible Mechanism for Rutile TiO2/ligand Nanocomposites Formation – Surface 

Treatment Method 2 

 

Scheme 5-3 demonstrates the possible bonding forms of a carboxylic group to the surface of 

the TiO2/OA nanocomposites, such as simple adsorption, e.g., hydrogen bonding and 

electrostatic attraction and chemical adsorptions, e.g., a bridging- or chelating-ester linkage.  

The presence of the peaks at 1500 and 1435 cm-1 in the FT-IR spectra shown in figure 5-11 

confirms the presence of chemical bonds between the Bronsted acid site (Ti-OH) and the 

carboxylic group (COO). 18, 19 The peaks at 1735 cm-1 are suggestive of some chemical 

adsorption of oleic acid onto the surface of the nanorods with no chemical bonding taking 

place. 18 Chemical bonds between the amino-groups of the primary n-alkyl amines and Lewis 

acid sites, such as Ti+, on the surface of the TiO2/AA nanocomposites can be reasonably be 

assumed, see Scheme 5-4. 15 
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Scheme 5-3: Possible binding mode of TiO2 surface modification by carboxylic acid; (1) 

electrostatic attraction, (2 and 6) H-Bonding, (3) monodentate (ester-like linkage) (4) 

bidentate bridging (5) bidentate chelating. 

Scheme 5-4: Possible binding mode of TiO2 surface modification by primary n-alkyl 

amines. 
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Electrical Characterisation of Rutile TiO2/ligand Nanocomposites Preparation – Surface 

Treatment Method 2: 

 

The hybrid insulator of rutile TiO2/ligand nanocomposites preparation – surface treatment 

method 2 product FA5-9 was spin coated from a 10% wt solution in chlorobenzene on 

prepatterned metallic electrodes. The samples were cured in a vacuum oven and finally the top 

metallic electrodes were evaporated to form crossbar MIM structures. The electrical 

characterization of these capacitors was carried out with a SI1260 impedance analyser and an 

Agilent B2912A in air and at room temperature. The final thickness of the hybrid insulating 

films was ~200 nm with a RMS roughness of 1.0 nm. The estimated dielectric constant is 9-10 

at 1 MHz and it rapidly increases as the frequency decreases reaching the value of 30 at 1 Hz, 

see figure 5-17. The loss tangent data show that the hybrid insulator at high frequencies behaves 

as an ideal capacitor (loss of the order of 10-2) while at low frequencies a remarkable increase 

in the loss tangent of our insulator is recorded.  

 

 

Figure 5-17: Dielectric constant k with frequency for rutile TiO2/ligand nanocomposites 

preparation – surface treatment method 2 product FA5-9. 
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Synthesis of Rutile TiO2/Ligand Nanocomposites – Surface Treatment Methods 3 

 

In order to further to improve the solubility of the rutile TiO2/OA nanocomposites FA5-8 (dry) 

and FA5-9 (dry), both prepared using surface treatment method 2 or freshly prepared TiO2/OA 

nanocomposites FA5-10 (wet) and FA5-14 (dry), both prepared using surface treatment 

method 2 a further surface modification, i.e., using surface treatment method 2 of these 

nanocomposites using oleic acid or dodecyl amine as the ligand, was carried out in ethanol and 

toluene as solvents at 78 ºC or 110 ºC for 6-10 days in attempts to increase the degree and 

homogeneity of the coverage of the nanorod surface of the resultant doubly oleic acid-capped 

TiO2/OAx2 nanocomposites FA5-17, FA5-18 and FA5-20 or the oleic acid- and dodecyl 

amine-capped TiO2/OA/AA(12) nanocomposite FA5-19, see table 5-9.    

 

Characterisation of Rutile TiO2/ligand Nanocomposites Preparation – Surface Treatment 

Method 3 

 

The XRD patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the oleic acid/dodecyl 

amine-capped TiO2/OA/AA(12) nanocomposite FA5-19 as well as that of the twice oleic acid-

capped TiO2/OAx2 nanocomposite FA5-20, after the additional surface modification using 

surface treatment method 3, shown in figure 5-18 reveal that the rutile phase is retained in the 

all TiO2/ligand nanocomposites FA5-19 and FA5-20, prepared using this third surface 

treatment method. The slight shift in the peaks compared to those observed for FA5-2 (NRs-

Rutile-1) indicate that the oleic acid or dodecyl amine ligand, respectively, has chemically 

bonded to the surface of the rutile TiO2 nanorods FA5-2  (NRs-Rutile-1), see table 5-9.  

The FT-IR spectra presented in figures 5-19 of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) 

and the TiO2/OAx2 nanocomposites FA5-17, FA5-18 and FA5-20, prepared using oleic acid 

as the ligand in successive surface treatments using methods 2 and 3, reveal that there is no 

significant difference in the nanorod morphology between that of the TiO2/OA nanocomposites 

FA5-10, FA5-8 and FA5-9 used to prepare the TiO2/OAx2 nanocomposites FA5-17, FA5-18 

and FA5-20, respectively. Two peaks associated with asymmetric and symmetric of COO- can 

be observed at 1500 and 1435 cm−1, respectively. The peak at 1735 cm−1 is related to oleates 

produced during the reaction. The peaks observed between 2850-3000 cm-1 are related to 

stretch vibrations of CH3, CH2 and CH from oleic acid attached to the surface of the TiO2 

nanocomposites. 15, 16 The FT-IR spectrum, shown in figure 5-20, of the oleic acid/dodecyl 
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amine-capped TiO2/OA/AA(12) nanocomposite FA5-19, prepared from the TiO2/OA 

nanocomposite FA5-14 using dodecylamine as the ligand in surface treatment 3, reveals no 

significant differences from the FT-IR spectrum of the TiO2/OA nanocomposite FA5-14, 

modified with oleic acid using surface treatment method 2 shown in figure 5-12, apart from 

some additional amine peaks, and that of the dodecyl amine-capped TiO2/AA(12) 

nanocomposite FA5-14, shown in figure 5-12, also prepared using surface treatment method 

2. The peaks observed at 1390 cm-1 and 1480 are related to CH3 deformation vibrations. 17  

The peaks observed at 1510 and 1615 cm-1 could be attributable to vibrations of (NH2) and 

(NH2
+). 15 The peaks observed at 2850-3000 cm-1 are related to stretch vibrations of CH3 and 

CH2. 
15  These spectra are a good indication for a high degree of surface coverage, of the 

TiO2/OAx2 nanocomposites FA5-17, FA5-18 and FA5-20, prepared using oleic acid, and the 

TiO2/OA nanocomposite FA5-14 using dodecylamine as the ligand in surface treatment 3. 

The TEM images shown in figure 5-22 for the doubly oleic acid-capped TiO2/OAx2 

nanocomposites FA5-17 (A-B), FA5-18 (C-D) and the oleic acid/dodecyl amine-capped 

TiO2/OA/AA(12) nanocomposite FA5-19 (E-F), modified again using surface treatment 

method 3, reveal that the degree of aggregation of the TiO2 nanorods is higher than that 

observed in figure 5-16 for the corresponding TiO2/OA nanocomposites FA5-7 and FA5-9 and 

the TiO2/AA(12) nanocomposite FA5-14, respectively, just prepared using the surface 

treatment method 2. There is no difference in diameter or length in the TiO2 nanorods after the 

second surface treatment, compare figures 5-16 and 5-22. The degree of aggregation is more 

apparent for the oleic acid/dodecyl amine-capped TiO2/OA/AA(12) nanocomposite FA5-19.     

The degree of modification of rutile TiO2 nanorods was measured using CHN and ICP 

chemical analysis, see table 5-9. Compared with the data (64.0%), for the oleic acid-capped 

TiO2/OA nanocomposite FA5-7, see table 5-8, prepared just using surface treatment method 2, 

there is an observable lower titanium content (46.7%), see table 5-9, for the TiO2/OAx2 

nanocomposites FA5-17, prepared in two steps from the rutile TiO2 nanorods FA5-2 (NRs-

Rutile-1) and the TiO2/OA nanocomposite FA5-7 using oleic acid as the ligand in two 

successive surface treatments using methods 2 and 3, respectively.  

However, the titanium content (53.7%) determined for the oleic acid/dodecyl amine-capped 

TiO2/OA/AA(12) nanocomposite FA5-19, prepared using dodecyl amine as the ligand in the 

additional surface treatment method 3 is higher than those (50.8% and 49.3%) of the primary 

n-alkyl amine-capped TiO2/AA nanocomposites FA5-13 and FA5-14, respectively, produced 

from the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) by modification with either octyl amine, 

dodecyl amine or hexadecylamine using surface treatment method 2 alone, see table 5-9. 
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The carbon content (21.8%) is higher for the TiO2/OAx2 nanocomposites FA5-17, coated twice 

with oleic acid using a combination of surface treatment methods 2 and 3 compared with that 

(12.9%) of the corresponding TiO2/OA nanocomposites FA5-7 coated just once with oleic acid 

using method 2. On the other hand, the carbon content (8.4%) for the oleic acid/dodecyl amine-

capped TiO2/OA/AA(12) nanocomposite FA5-19, prepared using dodecyl amine as the ligand 

in the additional surface treatment method 3, is lower those (9.5% and 11.9%) that of the 

corresponding dodecyl amine-capped TiO2/AA nanocomposites FA5-13 and FA5-14 produced 

from the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) by modification with dodecyl amine using 

surface treatment method 2 alone, see tables 5-8 and 5-9. The carbon content (21.8%) of the 

TiO2/OAx2 nanocomposite FA5-17 is almost double that (12.9%) of the TiO2/OA 

nanocomposite TiO2/OA FA5-17, from which it was prepared in ethanol using surface 

treatment method 3. The carbon content determined for the TiO2/OAx2 nanocomposite FA5-

17 is the highest of any of the nanocomposites prepared using the surface treatments 2 and 3, 

see tables 5-8 and 5-9. The carbon content (13.7%) determined for the TiO2/OAx2 

nanocomposite FA5-18 using toluene instead of ethanol, as the reaction solvent is much lower 

than that (21.8%) of the TiO2/OAx2 nanocomposite FA5-17. The low nitrogen (0.6%) and 

carbon content (8.35%) observed for the oleic acid/dodecyl amine-capped TiO2/OA/AA(12) 

nanocomposite FA5-19 is indicative of a low surface coverage attributable, perhaps, to weak 

bonds between the dodecyl amine ligand and the TiO2 nanorod surface.   

TGA analysis of the oleic acid/dodecyl amine-capped TiO2/OA/AA(12) nanocomposite FA5-

19 and the twice oleic acid-capped TiO2/OAx2 nanocomposites FA5-17 and FA5-20, modified 

again using surface treatment method 3, shown in figure 5-21, reveal a weight loss at <120 ºC 

and between 320-490 ºC related to adsorbed of water and carbon decomposition, respectively. 

FA5-17 exhibits the highest weight loss compatible with the CHN analysis.    
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Table 5-9: Chemical analyses for the doubly oleic acid-capped TiO2/OAx2 nanocomposites 

FA5-17, FA5-18 and FA5-20 and the oleic acid/dodecyl amine-capped TiO2/OA/AA(12) 

nanocomposite FA5-19, prepared using surface treatment method 3. 

 

Sample Ligand/g Solvent Ti% C% H% N% Solubility  

FA5-17 OA/16 Ethanol 46.7 21.82 3.32 0 10 %  

FA5-18 OA/16 Toluene 47 13.7 1.74 0 Not soluble  

FA5-19 Dodecylamine/5 Toluene 53.7 8.35 1.81 0.6 Not soluble  

FA5-20 OA/5 Toluene 49.4 14.32 1.78 0 Not soluble  

 

 

 

Figure 5-18: XRD patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the oleic 

acid/dodecyl amine-capped TiO2/OA/AA(12) nanocomposite FA5-19 as well as that of the 

doubly oleic acid-capped TiO2/OAx2 nanocomposite FA5-20 prepared using surface treatment 

method 3.   
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Figure 5-19: FT-IR patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1) and the doubly 

oleic acid-capped TiO2/OAx2 nanocomposites FA5-17, FA5-18 and FA5-20, prepared using 

surface treatments using methods 3. 

 

 

Figure 5-20: FT-IR patterns of the rutile TiO2 nanorods FA5-2 (NRs-Rutile-1), the dodecyl 

amine-capped TiO2/AA(12) nanocomposite FA5-14, prepared using surface treatment method 

2, and oleic acid/dodecylamine-capped TiO2/OA/AA(12) nanocomposite FA5-19 prepared 

using surface treatment method 3. 
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Figure 5-21: TGA of the oleic acid/dodecylamine-capped TiO2/OA/AA(12) nanocomposite 

FA5-19 as well as that of the doubly oleic acid-capped TiO2/OAx2 nanocomposites FA5-17 

and FA5-20 prepared using surface treatment method 3.  
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C D 

E F 

A B 

Figure 5-22: TEM images of doubly oleic acid-capped TiO2/OA x 2 nanocomposites FA5-

17(A-B), FA5-18 (C-D) and the oleic acid/dodecylamine-capped TiO2/OA/DA 

nanocomposite FA5-19 (E-F) prepared using surface treatment method 3.  
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5.3.2 Approach 2: Hydrothermal Synthesis of Rutile TiO2 Nanorods from TiOCl2 (NRs-

Rutile-2)  

 

The aim of this reaction, which involves hydrothermal treatment of TiOCl2 at 220 ºC for 2 h, 

see section 5.2.2.3.1, is to produce rutile TiO2 nanorods (NRs-Rutile-2) with a more 

advantageous, i.e., greater, aspect ratio from that achieved using the Approach 1, used to 

prepare rutile TiO2 nanorods (NRs-Rutile-1), see section 5.2.2.2.1. 

 

Characterisation of Rutile TiO2 Nanorods Preparation (NRs-Rutile-2) 

 

The XRD pattern shown in figure 5-23, indicates clearly that the rutile phase has been obtained 

in the preparation of the rutile TiO2 nanorods FA5-21 (NRs-Rutile-2) using Approach 2. 9 

However, there is also a small peak at 26º, which is related to the anatase phase. 2 The full 

width at half maximum (FWHM) of the peaks of the rutile TiO2 nanorods FA5-21 is narrower 

than that observed for the rutile TiO2 nanorods (NRs-Rutile-1) FA5-1 – FA5-3 prepared using 

Approach 1 which indicates that the length-to-breadth (aspect) ratio of the rutile TiO2 nanorods 

is greater using Approach 2 rather than Approach 1.      

 Figure 5-24 shows the FT-IR spectrum of rutile TiO2 nanorods FA5-21 (NRs-Rutile-2). The 

weak peaks around 1600 cm-1 are suggestive of the presence of a small amount of adsorbed 

water on the TiO2 surface. There are also broad peaks at 3100–3600 cm-1 associated with the 

presence of hydroxyl groups on the surface of the TiO2 nanorods. 11   

The TEM images of rutile TiO2 nanorods FA5-21 (NRs-Rutile-2), shown in figure 5-25, are 

consistent with XRD results and reveal the presence of long (150-200 nm), narrow (25-40 nm) 

TiO2 nanorods. The rutile TiO2 nanorods FA5-21 (NRs-Rutile-2), prepared using Approach 2, 

are much bigger than those the rutile TiO2 nanorods (NRs-Rutile-1) FA5-1 – FA5-3 prepared 

using Approach 1, see figure 5-4.  
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Figure 5-23: XRD pattern of the rutile TiO2 nanorods FA5-21 (NRs-Rutile-2). 

 

 

Figure 5-24: FT-IR pattern of the rutile TiO2 nanorods FA5-21 (NRs-Rutile-2). 
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Figure 5-25: TEM images of the rutile TiO2 nanorods FA5-21 (NRs-Rutile-2). 

 

Surface Modification of Rutile TiO2 Nanorods (NRs-Rutile-2) with Oleic Acid 

 

The surface of the rutile TiO2 nanorods FA5-21 (NRs-Rutile-2), synthesised using Approach 2 

was coated with a monolayer of oleic acid to produce the TiO2/OA nanocomposites FA5-22 – 

FA5-25. The surface modification using wet rutile TiO2 nanorods FA5-21  (NRs-Rutile-2) as 

the starting material and two concentration (8 g and 16 g) of oleic acid was carried out at 

different temperatures, i.e., 78 ºC or 110 ºC, for several days (3 and 6 days) using either ethanol 

or dichloromethane as the solvent in a range of reactions designed to optimise the morphology, 

size and shape (aspect ratio) of the TiO2/OA nanocomposites FA5-22 – FA5-25 prepared. 

 

Characterisation of Surface Modification of Rutile TiO2/OA Nanocomposites 

Preparation – Surface Treatment Method 1   

 

The XRD patterns of the rutile TiO2 nanorods FA5-21 (Rutile-NRs-2) and the TiO2/OA 

nanocomposites FA5-22 – FA5-25 prepared from the rutile TiO2 nanorods FA5-21 (Rutile-

NRs-2) by surface modification with oleic acid, shown in figure 5-26, reveal that all of 

TiO2/OA nanocomposites FA5-22 – FA5-25 exhibit the rutile phase for the TiO2 nanorods. 

The minor peak at 26º, related to the presence of small concentration of the anatase phase, is 

still present in the TiO2/OA nanocomposites FA5-22 and FA5-23, prepared using ethanol as 

the reaction solvent. However, this small peak cannot be observed in those samples of the 
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TiO2/OA nanocomposites FA5-24 and FA5-25, prepared using DMF as the reaction solvent, 

perhaps due to the higher reaction temperature used in these reactions.  

The FT-IR patterns of the rutile TiO2 nanorods FA5-21  (Rutile-NRs-2) and the TiO2/OA 

nanocomposites FA5-22 – FA5-25, shown in figure 5-27, contain two peaks at 1500 and 1435 

cm−1 related to asymmetric and symmetric of COO-, respectively. An expected carbonyl 

stretching peak (C=O) at 1711 cm−1 cannot be observed. The peak at 1740 cm−1 is indicative of 

the fact that some oleates may have been produced during the reaction. The peaks observed at 

2850-3000 cm-1 are related to stretch vibrations of CH3, CH2 and CH.15, 16  

These spectra are indicative of a significant degree of surface coverage of the TiO2 nanorods 

(Rutile-NRs-2) of the TiO2/OA nanocomposites FA5-22 – FA5-25 with oleic acid.  

The dimensions of the TiO2/OA nanocomposites FA5-22 – FA5-25, prepared from the FA5-

21 TiO2 nanorods (Rutile-NRs-2) by surface modification with oleic acid, shown as TEM 

images in figure 5-29, reveal that they are the same as those of the FA5-21 TiO2 nanorods 

(Rutile-NRs-2) before the surface modification with oleic acid.  

The degree of modification of the surface of the rutile TiO2 nanorods FA5-21 (Rutile-NRs-2), 

prepared using Approach 2 with a coating of oleic acid to produce the TiO2/OA 

nanocomposites FA5-22 - FA5-25 was analysed using CHN and ICP chemical analysis, see 

table 5-10. The concentration of titanium in these the TiO2/OA nanocomposites (FA5-22 - 

FA5-25), prepared using Approach 2 lies in the range of 77.3 – 79.0 %, which is higher those 

(41.1 - 69.2% and 46.7 - 53.7%) observed for the TiO2/OA nanocomposites FA5-9 – FA5-12 

and the TiO2/OAx2 nanocomposites FA5-17, FA5-18 and FA5-20, see tables 5-8 and 5-9, 

respectively, prepared using the surface treatment methods 2 and 3, respectively, of the FA5-2 

TiO2 nanorods (Rutile-NRs-1), prepared by Approach 1. This can be explained by the 

geometric relationship between the size of the nanorods and their surface area. Larger, bulkier 

nanorods have a lower surface area and so, logically, less oleic acid can be bonded onto the 

rutile TiO2 nanorod surface in relative terms. The nature of the reaction solvent, temperatures 

and times appears to have little effect on the chemical compositions of the surface-modified 

TiO2/OA nanocomposites FA5-22 - FA5-25.   

The TGA analysis of the TiO2/OA nanocomposites FA5-24 and FA5-25, prepared from the 

rutile TiO2 nanorods FA5-21 (Rutile-NRs-2) by surface modification with oleic acid using 

DMF as the reaction solvent shown in figure 5-28, reveals that two weight loss events occur, 

i.e., at <120 ºC, due to desorption of adsorbed of water, and between 320-490 ºC due to slow 

decomposition of the oleic acid surface coating. The weight losses (9 % and 12 %) for the 
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TiO2/OA nanocomposites FA5-24 and FA5-25, respectively, are consistent with those 

determined using CHN analysis.   

 

Table 5-10: Chemical analyses of the oleic acid-capped TiO2/OA nanocomposites FA5-22 – 

FA5-25, prepared using surface treatment method 1. 

 

Sample OA/g Solvent Temp./ºC Ti% C% H% N% Solubility 

FA5-22 8 Ethanol  78 77.7 3.88 0.00 0.00 Not soluble  

FA5-23 16 Ethanol 78 79.0 4.46 0.46 0.00 Not soluble  

FA5-24 8 DMF 110 78.2 4.17 0.55 0.00 Not soluble  

FA5-25 16 DMF 110 77.3 6.86 0.86 0.00 Not soluble  

 

 

 

Figure 5-26: XRD patterns of the rutile TiO2 FA5-21 nanorods (Rutile-NRs-2) and the oleic 

acid-capped TiO2/OA nanocomposites FA5-22 – FA5-25 prepared using surface treatment 

method 1. 
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Figure 5-27: FT-IR patterns of the rutile TiO2 FA5-21 nanorods (Rutile-NRs-2) and the oliec 

acid-capped TiO2/OA nanocomposites FA5-22 – FA5-25 prepared using surface treatment 

method 1. 

 

 

Figure 5-28: TGA of the oleic acid-capped TiO2/OA nanocomposites FA5-24 and FA5-25, 

prepared using surface treatment method 1. 
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Figure 5-29: TEM images of the oleic acid-capped TiO2/OA nanocomposites FA5-22, prepared 

using surface treatment method 1. 

 

Approach 3: Hydrothermal Synthesis of Nanorods of Rutile TiO2 in Presence of Amine 

(NRs-Rutile-3)  

Since the rutile TiO2 nanorods, i.e., rutile TiO2 FA5-21 nanorods (Rutile-NRs-2), prepared 

using Approach 2 appear to be too large to serve as the basis of solution-processable 

nanocomposites, e.g., TiO2/OA nanocomposites FA5-22 – FA5-25 prepared from the rutile 

TiO2 FA5-21 nanorods (Rutile-NRs-2) by surface modification with oleic acid, a similar 

reaction to that used in Approach 2 using TiOCl2 as the starting material, but carried out in 

Approach 3 in the presence of 3-hydroxytyramine hydrogen chloride 

[(HO)2C6H3CH2CH2NH2·HCl], was investigated as a means of achieving the aim of 

synthesising nanorods of rutile TiO2 i.e., rutile TiO2 FA5-26 nanorods (Rutile-NRs-3), with a 

lower aspect ratio than that for the TiO2 nanorods prepared using Approach 2, i.e., rutile TiO2 

FA5-21 nanorods (Rutile-NRs-2), see  figure 5-24.     
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Characterisation of Rutile TiO2 Nanorods Preparation (NRs-Rutile-3) 

 

The XRD pattern of the TiO2 FA5-26 nanorods (Rutile-NRs-3), shown in figure 5-30, reveals 

the formation of rutile TiO2 
9 with a minor peak at 26º related to the presence of some TiO2 

nanorods in the anatase phase 2. The full width at half maximum (FWHM) of peaks of TiO2 is 

bigger than that observed for the TiO2 nanorods (NRs-Rutile-2) in the rutile phase prepared 

using the Approach 2 suggesting that the dimensions of nanorods are greater using the 

Approach 2 than using this modified method incorporating the use of 3-hydroxytyramine 

hydrogen chloride. 

The FT-IR spectrum of the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3), presented in figure 

5-31, reveals the expected broad peak at 500-600 cm-1 attributable to the vibration of the O–

Ti–O bonds in the framework of TiO2. Also, adsorption of water is figured in the peak at 1625 

cm-1. A broad peaks at 3100–3600 cm-1 is associated to the hydroxyl group’s vibrations. 11  

The TEM image of the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3), shown in figure 5-32, 

reveals the presence of TiO2 nanorods in the rutile phase with an average length of 80 nm 

(around 50-100 nm) and a smaller diameter (ca 20 nm). However, some FA5-26 TiO2 

nanoparticles with length of ca 25 nm can also be observed.  

 

Figure 5-30: XRD patterns of the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3). 
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Figure 5-31: FT-IR patterns of the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3). 

 

 

  

Figure 5-32: TEM images of the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3). 
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Surface Modification of Rutile TiO2 Nanorods (NRs-Rutile-3) with n-Alkyl Phosphonic 

Acids, Oleic Acid or Diethyl 2-Phenylethyl Phosphonate 

 

The surface modification of the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3), prepared using 

Approach 3, was also investigated in two sequential surface treatment processes.  

In the first surface treatment method 1, the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3) and 

rutile FA5-2 TiO2 nanorods (Rutile-NRs-1), respectively, were reacted with either 

octylphosphonic acid (OPA) or decylphosphonic acid (ODPA) at 120 ºC for 4 h in DMF in the 

presence of several drops of hydrochloric acid to yield the TiO2/OPA nanocomposites FA5-27, 

FA5-28, FA5-30 And FA5-31, the TiO2/ODPA nanocomposites FA5-29 and FA5-32 and the 

TiO2/OPA nanocomposite FA5-33, respectively, see table 5-11.  

In the second surface treatment method the TiO2/OPA nanocomposites FA5-27, FA5-28, FA5-

30, FA5-31 and FA5-33 and the TiO2/ODPA nanocomposites FA5-29 and FA5-32, prepared 

using  surface treatment method 1 were reacted with either oleic acid or diethyl 2-phenylethyl 

phosphonate (DEPPNA) at 125 ºC for 72 h in DMF in the presence of several drops of 

hydrochloric acid to yield the TiO2/OPA/OA nanocomposites FA5-34, FA5-36, FA5-38, FA5-

39 and FA5-41, the TiO2/OPA/DEPPNA nanocomposite FA5-35 and the TiO2/ODPA/OA 

nanocomposites FA5-37 and FA5-40, respectively, using surface treatment method 2, see table 

5-12.  
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Table 5-11: Chemical analyses for the octylphosphonic acid-capped TiO2/OPA 

nanocomposites FA5-27, FA5-28, FA5-31 and FA5-33, the decylphosphonic acid-capped 

TiO2/ODPA nanocomposites FA5-29 and FA5-32, prepared using surface treatment method 1. 

 

Sample Ligand Starting Material Ti % C % H % P % 

FA5-27 OPA NRs-Rutile-3/FA5-26 68.28 3.28 0.12 0.67 

FA5-28 OPA NRs-Rutile-3/FA5-26 54.57 3.45 0.00 0.92 

FA5-29 ODPA  NRs-Rutile-3/FA5-26 58.12 4.14 0.00 0.95 

FA5-30 OPA NRs-Rutile-3/FA5-26     

FA5-31 OPA NRs-Rutile-3/FA5-26 56.90 4.53 0.00 --- 

FA5-32 ODPA NRs-Rutile-3/FA5-26 --- 5.09 0.66 --- 

FA5-33 OPA NRs-Rutile-1/FA5-2 51.28 9.43 1.67 2.73 
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Table 5-12: Chemical analyses for the TiO2/OPA/OA nanocomposites FA5-34, FA5-36, FA5-

38, FA5-39 and FA5-41, the TiO2/OPA/DEPPNA nanocomposite FA5-35, the 

TiO2/ODPA/OA nanocomposites FA5-37 and FA5-40, prepared using surface treatment 

method 2. 

 

Sample Ligand Starting Material Ti% C % H % P % 

FA5-34 OA FA5-27 52.85 6.99 0.92 0.65 

FA5-35 DEPPNA FA5-27 57.10 3.69 0.54 1.11 

FA5-36 OA FA5-28 59.05 3.54 0.00 0.84 

FA5-37 OA FA5-29 56.91 5.06 0.00 0.73 

FA5-38 OA FA5-30 --- 21.58 2.12 --- 

FA5-39 OA FA5-31 --- 5.31 0.31 --- 

FA5-40 OA FA5-32 --- 5.54 0.62 --- 

FA5-41 OA FA5-33 50.24 8.17 1.40 2.59 
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The ligands used in these two reactions are shown in scheme 5-5.       

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5-5: Structures of ligands that used in acid-stabilisation of the FA5-26 TiO2 nanorods 

(Rutile-NRs-3); (A) oleic acid (OA), (B) decylphosphonic acid (ODPA), (C) 2-(phenyl)ethyl 

phosphonate (DEPPNA) and (D) octylphosphonic acid (OPA).  

 

Synthesis of Rutile TiO2/Ligand Nanocomposites – Surface Treatment Methods 1 and 2  

 

The XRD patterns of the TiO2/OPA nanocomposites FA5-27 and FA5-28, the TiO2/ODPA 

nanocomposites FA5-29 and FA5-32 and the TiO2/OPA nanocomposite FA5-33, prepared 

from either the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3) or the rutile TiO2 nanorods FA5-

2 (NRs-Rutile-1), respectively using surface treatment method 1, are shown in figure 5-33. The 

XRD patterns of the TiO2/OPA/OA nanocomposites FA5-34, FA5-37 and FA5-41 and the 

TiO2/OPA/DEPPNA nanocomposite FA5-35, prepared from the TiO2/OPA nanocomposites 

FA5-27, FA5-29, FA5-33 and FA5-27, respectively, using the subsequent surface treatment 

method 2, are shown in figure 5-34. These XRD patterns reveal that the rutile phase of all of 

TiO2 nanorods has been retained in all the surface-modified products, i.e., the TiO2/OPA 

nanocomposites FA5-27 and FA5-28 and the TiO2/ODPA nanocomposites FA5-29 and FA5-

32 and the TiO2/OPA/OA nanocomposites FA5-34, FA5-37 and FA5-41 and the 

TiO2/OPA/DEPPNA nanocomposite FA5-35, along with a peak at 26º related to anatase phase 

A B 

C D 
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for the original starting material, i.e., the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3) prepared 

in Approach 3, see figure 5-19. The TiO2/OPA nanocomposite FA5-33 exhibits a rutile phase, 

but no anatase phase, as it was prepared from the rutile TiO2 FA5-2 nanorods (Rutile-NRs-1), 

see figure 5-2.  

There is no difference in the intensity of the XRD peaks compared with those observed for any 

of the starting materials, i.e., rutile TiO2 FA5-26nanorods (Rutile-NRs-3) and the TiO2/OPA 

nanocomposites FA5-27, FA5-29, FA5-33 and FA5-27.  

The FT-IR spectra of the TiO2/OPA nanocomposites FA5-27 and FA5-28 and the TiO2/ODPA 

nanocomposite FA5-29, prepared from the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3) using 

surface treatment method 1, are shown in figure 5-35. The FT-IR spectra of the TiO2/OPA/OA 

nanocomposites FA5-34, FA5-36 and FA5-41, the TiO2/OPA/DEPPNA nanocomposite FA5-

35 and the TiO2/ODPA/OA nanocomposite FA5-40, prepared from the TiO2/OPA 

nanocomposites FA5-27, FA5-28 and FA5-33, TiO2/OPA nanocomposites FA5-27 and the 

TiO2/ODPA nanocomposite FA5-32, respectively, using surface treatment method 2, are 

shown in figure 5-36. These FT-IR spectra reveal the presence of some new peaks compared 

to those of the FT-IR spectra of the unmodified rutile TiO2 FA5-26 nanorods (Rutile-NRs-3) 

and rutile TiO2 FA5-2 nanorods (Rutile-NRs-1), shown in figure 5-30 and figure 5-3, 

respectively. The peak at 1040 cm-1 is evidence for P-O stretching vibration and the peak at 

970 cm-1 is characteristic of a P-O-C stretching vibration. 20, 21 The stretch vibrations of CH3, 

CH2 and CH can be observed as peaks at 2850-3000 cm-1. 15, 16 

There is no difference in the shape and size of the TiO2 nanorods of the TiO2/OPA 

nanocomposites FA5-27 and FA5-28 and the TiO2/ODPA nanocomposite FA5-29, prepared 

from the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3), see figure 5-31, prepared using surface 

treatment method 1 as revealed in the TEM images shown in figure 5-37. There is also no 

difference in the shape and size of the TiO2 nanorods of the TiO2/OPA/OA nanocomposite 

FA5-36 shown in figure 5-38. However, there is still some degree of aggregation for the 

TiO2/ligands nanocomposites after the surface modification. 

The degree of modification of TiO2 nanorods prepared using the two sequential surface 

treatment methods 1 and was analysed using CHN and ICP chemical analysis, see tables 5-11 

and 5-12, respectively. The carbon and phosphor contents obtained for the TiO2/OPA 

nanocomposites FA5-27, FA5-28 and FA5-31 and the TiO2/ODPA nanocomposites FA5-29 

and FA5-32, prepared from the rutile TiO2 FA5-26 nanorods (Rutile-NRs-3) using surface 

treatment method 1, lie within the ranges 3.3-4.1% and 0.6-0.95%, respectively. These values 

are much lower than those determined for the TiO2/OPA nanocomposite FA5-33, prepared 
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from the rutile TiO2 FA5-2 nanorods (Rutile-NRs-1), respectively, using surface treatment 

method 1.  

Table 5-12 collates the results for the chemical analyses obtained for the TiO2/OPA/OA 

nanocomposites FA5-34, FA5-36, FA5-38, FA5-39 and FA5-41, the TiO2/OPA/DEPPNA 

nanocomposite FA5-35 and the TiO2/ODPA/OA nanocomposites FA5-37 and FA5-40, 

prepared from the TiO2/OPA nanocomposites FA5-27, FA5-28, FA5-31 and FA5-33 and the 

TiO2/ODPA nanocomposites FA29 and FA5-32, respectively, using surface treatment method 

2.  

A much higher phosphorous content is observed for the TiO2/OPA/DEPPNA nanocomposite 

FA5-35 with the phosphorous-containing DEPPNA ligand as a part of the surface coating. 

However, the phosphorous content of the TiO2/OPA/OA nanocomposites FA5-34, FA5-36, 

FA5-38, FA5-39 and FA5-41 and the TiO2/ODPA/OA nanocomposites FA5-37 and FA5-40 is 

lower than those determined for the corresponding TiO2/OPA nanocomposites FA5-27, FA5-

28, FA5-31 and FA5-33 and the TiO2/ODPA nanocomposites FA29 and FA5-32, respectively, 

with only oleic acid as a surface coating as a result of the surface treatment method 1.  

The highest carbon content (21.58%) by far is observed for the TiO2/OPA/OA nanocomposite 

FA5-38.  

The titanium content determined for the TiO2/OPA/OA nanocomposites FA5-34, FA5-36, 

FA5-38, FA5-39 and FA5-41, the TiO2/OPA/DEPPNA nanocomposite FA5-35 and the 

TiO2/ODPA/OA nanocomposites FA5-37 and FA5-40, prepared using surface treatment 

method 2, is lower than that observed for the corresponding TiO2/OPA nanocomposites FA5-

27, FA5-28 and FA5-31, the TiO2/ODPA nanocomposites FA29 and FA5-32 and the 

TiO2/OPA nanocomposite FA5-33, prepared from the rutile TiO2 FA5-26 nanorods (Rutile-

NRs-3) and rutile TiO2 nanorods FA5-2 (Rutile-NRs-1), respectively, surface treatment 

method 1, used to prepare them.  
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Figure 5-33: XRD patterns of the octylphosphonic acid-capped TiO2/OPA nanocomposites 

FA5-27, FA5-28 and FA5-33 and the decylphosphonic acid-capped TiO2/ODPA 

nanocomposites FA5-29 and FA5-32 prepared using surface treatment method 1. 

 

 

Figure 5-34: XRD pattern of the octylphosphonic acid and oleic acid-capped TiO2/OPA/OA 

nanocomposites FA5-34, FA5-37 and FA5-41 and the octylphosphonic acid and 2-

(phenyl)ethyl phosphonate TiO2/OPA/DEPPNA nanocomposite FA5-35, prepared using 

surface treatment method 2. 
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Figure 5-35: FT-IR pattern of the octylphosphonic acid-capped TiO2/OPA nanocomposites 

FA5-27 and FA5-28 and the decylphosphonic acid-capped TiO2/ODPA nanocomposite FA5-

29, prepared using surface treatment method 1. 

 

 

Figure 5-36: the octylphosphonic acid and oleic acid-capped TiO2/OPA/OA nanocomposites 

FA5-34, FA5-36 and FA5-41, the octylphosphonic acid and 2-(phenyl) ethyl phosphonate-

capped TiO2/OPA/DEPPNA nanocomposite FA5-35 and the octylphosphonic acid and 

decylphosphonic acid-capped TiO2/ODPA/OA nanocomposite FA5-40, prepared using surface 

treatment method 2.  
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A B 

C D 

E F 

Figure 5-37: TEM images of the octylphosphonic acid-capped TiO2/OPA nanocomposites 

FA5-27 (A-B), FA5-28 (C-D) and the decylphosphonic acid-capped TiO2/ODPA 

nanocomposite FA5-29 (E-F) prepared using surface treatment method 1. 
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Figure 5-38: TEM images of the octylphosphonic acid and oleic acid-capped TiO2/OPA/OA 

nanocomposites FA5-36 prepared using surface treatment method 2.  

 

 

 

 

 

 

 

 

  



173 

 

5.4  Conclusion and Summary   

 

Rutile TiO2 nanorods have been synthesised using three different approaches and the surface 

modification of these nanorods has been investigated. In the first method hair-like, rutile TiO2 

nanorods (Rutile-NRs-1) were prepared using an hydrolysis reaction involving TiOCl2 and 

water at 50 °C, 70 °C and 90 °C for 24 h. Surface modification of the rutile TiO2 nanorods 

(Rutile-NRs-1) prepared using this method was carried out using wet TiO2 nanorods with 

ligands, such as oleic acid and alkyl amines i.e., octyl amine, dodecyl amine and hexadecyl 

amine, either in ethanol at 78 °C or in DMF at 110 °C as the solvent for several days. The 

carbon content of the resultant TiO2/ligand nanocomposites can be relatively high, e.g., 21 %, 

which is indicative of a high surface coverage with the ligand. The aliphatic surface coating of 

the TiO2/ligand nanocomposites leads to a relatively high degree of solubility in organic 

solvents, so some of them can be suspended up to a concentration of 10 % in chlorobenzene. 

These colloidal solutions are stable for several months. The hybrid insulator of rutile 

TiO2/ligand nanocomposites preparation – surface treatment method 2 product FA5-9 was spin 

coated from a 10% wt solution in chlorobenzene on prepatterned metallic electrodes, with final 

thickness of the hybrid insulating films was ~200 nm and the dielectric constant is 9-10 at 1 

MHz 

The second approach to produce rutile TiO2 nanorods involved using a hydrothermal treatment 

of TiOCl2 at 220 °C for 2 h. These rutile TiO2 nanorods (Rutile-NRs-2) are relatively long, i.e., 

150-200 nm and broad, i.e., 25-40 nm. Such large nanorods have a lower effective surface area 

than those prepared using approach 1 and so less oleic acid is attached in relative terms to the 

TiO2/ligand nanocomposite surface, i.e., the carbon content for the resultant TiO2/ligand 

nanocomposites is low, e.g., 6 %. The combination of the relatively low surface coverage and 

the large dimensions of these TiO2/ligand nanocomposites leads to a limited degree of 

solubility in organic solvents.  

The third approach involved the hydrothermal reaction of TiOCl2 in the presence of 3-

hydroxytyramine hydrogen chloride, [(HO)2C6H3CH2CH2NH2·HCl] for 13 h at 150°C to 

prepare smaller rutile TiO2 nanorods (Rutile-NRs-3), e.g., 80 nm and 20 nm in length and 

diameter, respectively. However, the presence of some smaller TiO2 nanoparticles, e.g., 25 nm 

long, is also observed. Surface modification was carried out using either oleic acid or 

phosphonate/phosphonic acid as ligands. Unfortunately, the solubility of TiO2/ligand 
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nanocomposites, is limited due to a lower surface coverage of the ligands bonded onto the 

nanorod surface.  
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6.1 Introduction 

 

A major aim of this thesis was an investigation on the best methods of preparation of nanorods 

of barium titanium oxide (BaTiO3) of a given shape, size and dispersity. The incentive for this 

work is the fact that barium titanium oxide is widely used in numerous electronic and electro-

optic applications due to a favourable combination of mechanical and physical properties, 

including its very high dielectric constant, k. 1-3 Therefore, improved methods of synthesis are 

required in order to prepare solution-processable barium titanium oxide nanorods, which could 

be deposited from solution as a thin uniform film of a controlled thickness onto a substrate 

surface, e.g., using doctor blade, inkjet printing, spin coating drop-casting techniques, etc., and 

patterned, for example, as the dielectric layer in Organic Field-Effect Transistors (OFETs) with 

improved performance. Three main approaches to prepare solution-processable barium 

titanium oxide nanorods described in this chapter represent a major part of the work carried out 

for this thesis. 

Approach 1 involves using a hydrothermal reaction involving barium hydroxide octahydrate 

(Ba(OH)2.8H2O) as the source of barium in an autoclave at low temperature to convert titanium 

dioxide (TiO2) nanorods of a given shape and size into the corresponding barium titanium oxide 

(BaTiO3) nanorods with retention of the original dimensions of the starting precursor nanorods 

see schema 6-1. 8, 9 

 

 

 

 

 

 

 

 

 

 

 

Schema 6-1: Schematic diagram of synthesis of barium titanium oxide from the oleic acid-

stabilised titanium dioxide nanorods TiO2-OA.  

Ba(OH)
2
.8H

2
O/KOH 

100ºC/24h, autoclave 

http://www.google.co.uk/url?sa=i&source=imgres&cd=&cad=rja&uact=8&ved=0CAwQjRwwAA&url=http://www.crystalmaker.com/crystalmaker/gallery/graphics.html&ei=iDp3VafXDcms7Aaa_IHQAg&psig=AFQjCNHNsihEg3ThDL7HOhQaaUfblSHICg&ust=1433963528347830
http://www.google.co.uk/url?sa=i&source=imgres&cd=&cad=rja&uact=8&ved=0CAwQjRwwAA&url=http://www.crystalmaker.com/crystalmaker/gallery/graphics.html&ei=iDp3VafXDcms7Aaa_IHQAg&psig=AFQjCNHNsihEg3ThDL7HOhQaaUfblSHICg&ust=1433963528347830
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Titanium dioxide nanorods, in either the anatase or the rutile phase, of different shapes, sizes 

and polydispersity, see subsections 1-1, 1-2 and 1-3 below, are used as starting materials in this 

approach. 

Anatase oleic acid-stabilised titanium dioxide nanorods (TiO2-OA), see chapter 3, will be used 

as the starting material in the first reactions using approach 1-1. Then the conversion of hair-

like rutile titanium dioxide nanorods, see chapter 5, section 5.3.2, and larger rutile titanium 

dioxide nanorods, see chapter 5, section 5.3.3, to barium titanium oxide nanorods will be 

investigated using the same method in approaches 1-2 and 1-3, respectively.  

The influence of the reaction temperature, the concentration of titanium dioxide nanorods, 

different molar ratios of Ba/Ti as well as the value of pH will be studied in attempts to achieve 

complete conversion of the precursor titanium dioxide (TiO2) nanorods into the corresponding 

barium titanium oxide (BaTiO3) nanorods with retention of the original dimensions in high 

overall yield. 

In Approach 1-1 short (l = ~20 nm and d = ~3-4 nm) oleic acid-stabilised titanium dioxide 

nanorods (TiO2-OA) are converted into the analogous barium titanium oxide (BaTiO3) 

nanorods using a modified literature method. 6, 7 Since these TiO2-OA nanorods can be 

dissolved in organic solvents, e.g., chlorobenzene, see chapter 3, one objective of this approach 

is to determine whether these solution-processable, oleic acid-stabilised titanium dioxide 

nanorods (TiO2-OA) can be converted into analogous oleic acid-stabilised barium titanium 

oxide (BaTiO3) nanorods, which could then also be dissolved in common organic solvents for 

deposition from solution on device substrates. 

In Approach 1-2 small hair-like, rutile titanium dioxide nanorods (TiO2), see chapter 5, will be 

used as the starting material in order to determine whether the nature of the phase of the 

titanium dioxide nanorods can be retained in the analogous barium titanium oxide nanorods 

using this kind of hydrothermal reaction. 

In Approach 1-3 large (l = ~80 nm and d = ~20 nm) titanium dioxide (TiO2) nanorods also in 

the rutile phase, see chapter 5, will be used as the starting material in order to determine whether 

large titanium dioxide nanorods could also be converted efficiently into the analogous barium 

titanium oxide nanorods with retention of shape, size, dispersity and crystallite form. 

Approach 2 involves a hydrothermal reaction and a single source of Ba/Ti, i.e., barium titanium 

ethylhexano-isoproxide [BaTi(O2CC7H15)(OC3H7)5], in water and tetramethyl ammonium 

hydroxide (TMAH) (30% in water) to prepare barium titanium oxide nanorods directly. The 

idea behind this reaction is that the single source precursor will possibly lead to the formation 

of homogenous barium titanium oxide nanorods with a Ba/Ti ration equal to 1.0. In a typical 
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reaction, an hydrothermal treatment of barium titanium ethylhexano-isoproxide 

[BaTi(O2CC7H15) (OC3H7)5] will be carried out using a slightly modified procedure from a 

literature synthesis. 4 

Approach 3 involves the preparation of barium titanium oxide nanorods in the presence of 

ethylene glycol using a modification of a literature method. 5 Barium chloride (BaCl2) and 

titanium oxy chloride (TiOCl2) are used as the source of barium and titanium, respectively. 

Sodium hydroxide is used to increase the pH values during the reaction. The aim of this reaction 

is to prepare barium titanium oxide nanorods, which might be dissolved in organic solvent, 

directly. 

 

6.2 Experimental 

 

6.2.1 Materials  

 

Oleic acid (OA, 90 %), barium hydroxide octahydrate (Ba(OH)2.8H2O, ≥98%), barium 

chloride (BaCl2), ethylene glycol (HOCH2CH2OH) and tetramethyl ammonium hydroxide 

(TMAH) (30% in water) were obtained from Sigma-Aldrich. Potassium hydroxide (KOH), 

sodium hydroxide (NaOH) and chlorobenzene were purchased from Fisher. Formic acid (> 

96%) was obtained from Sigma-Aldrich. Barium titanium ethylhexano-isoproxide 

(BaTi(O2CC7H15)(OC3H7)5, 99.5%) was supplied by Alfa-Aesar. Ultrapure water with a 

specific resistivity of 18.2 MΩ·cm was obtained by reversed osmosis followed by ion-exchange 

and filtration (UPQ PS system, ELGA, USA). 

 

6.2.2 Synthesis of Barium Titanium Oxide (BaTiO3) Nanorods 

 

Three general approaches, as described below, were used to prepare barium titanium oxide 

nanorods. 

 

Approach 1: Synthesis of Barium Titanium Oxide Nanorods BaTiO3 from Nanorods of 

Titanium Dioxide TiO2 

Approach 1-1: Synthesis of Barium Titanium Oxide Nanorods BaTiO3 from Oleic Acid-

Stabilised Titanium Dioxide Nanorods (TiO2-OA)  
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Oleic acid-stabilised titanium dioxide (TiO2-OA) nanorods, see chapter 3, and barium 

hydroxide octahydrate were used as sources of titanium and barium, respectively. In typical 

reaction barium titanium oxide (3.78 g, 0.2 M) was added to a suspension of the TiO2 nanorods 

(1.89 g, 0.2 M) in distilled water (60 mL). An aqueous solution (3 %) of potassium hydroxide 

(30 mL) was added to the reaction mixture to increase the value of pH to 12.3. After sonication 

of the resultant mixture for 30 min, it was transferred to a Teflon autoclave (100 mL) and heated 

at 100 ºC for 24 h. The resultant suspension was then allowed to cool to room temperature and 

then washed twice with distilled water and then (1 M) formic acid in order to remove residues 

of barium carbonate (BaCO3). The resultant solid was dried at 30°C in a vacuum oven 

overnight for further analysis. This reaction was carried out using different concentrations of 

the titanium dioxide nanorods and barium hydroxide octahydrate, the temperature and pH and 

reaction times were varied, see table 6-1, in order to produce the barium titanium oxide 

(BaTiO3) nanorods FA6-1 - FA6-11.  

 

Approach 1-2: Synthesis of Barium Titanium Oxide (BaTiO3) Nanorods from Small, 

Hair-like Rutile Titanium Dioxide (TiO2) Nanorods 

 

A mixture of hair-like rutile titanium dioxide (TiO2) nanorods, FA5-2, see chapter 5, barium 

hydroxide and water was heated in an autoclave for 24 h at 100 °C and worked up as described 

in section 6.2.2.1.1 Only the concentration of barium hydroxide was varied in the two reactions 

carried out, see table 6-2, in order to produce the barium titanium oxide (BaTiO3) nanorods 

FA6-12 and FA6-13.  
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Table 6-1: Reaction conditions for the preparation of the barium titanium oxide (BaTiO3) 

nanorods FA6-1 - FA6-11. 

 

Sample  TiO2-OA/g  Ba(OH)2/g  H2O/mL  T/°C  pH  Time/h 

FA6-1  0.96  3.78  60  100  12.3 24 

FA6-2  0.96  3.78  60 80 12.3 24 

FA6-3  0.96  3.78  60 125 12.3 24 

FA6-4  0.48  1.89  60  100  12.3 24 

FA6-5  0.28  1.134  60  100  12.3 24 

FA6-6  0.28  1.134  60  125  12.3 24 

FA6-7  0.28  1.134  60  80  12.3 24 

FA6-8  0.96 3.78 60 100 7.8 24 

FA6-9  0.96  3.78  60  100  12.3 6 

FA6-10  0.96  3.78  60  100  12.3 12 

FA6-11  0.96  5.67  60  100  12.3 24 

 

 

Table 6-2: Reaction conditions for the preparation of the barium titanium oxide (BaTiO3) 

nanorods FA6-12 and FA6-13. 

 

Sample  TiO2/g  Ba(OH)2/g  H2O/mL  T/°C  Time/h 

FA6-12 0.96  3.78  60  100  24 

FA6-13 0.96  5.67 60 100 24 



183 

 

Approach 1-3: Synthesis of Barium Titanium Oxide (BaTiO3) Nanorods from Large 

Rutile Titanium Dioxide (TiO2) Nanorods  

 

A mixture of large (l = ~80 nm and d = ~20 nm), rutile titanium dioxide (TiO2) nanorods, see 

chapter 5, section 5.2.2.4.1, barium hydroxide and water was heated in an autoclave for 24 h at 

100 °C. The reaction time (24/48 h) and the Ba/Ti molar ratio were varied, see table 6-3, and 

in order produce the barium titanium oxide (BaTiO3) nanorods FA6-14 and FA6-17.  

 

Table 6-3: Reaction conditions for the preparation of the barium titanium oxide (BaTiO3) 

nanorods FA6-14 and FA6-17. 

 

Sample  TiO2/g  Ba(OH)2/g  H2O/mL  T/°C  Time/h 

FA6-14 0.96  3.78  60  100  24 

FA6-15 0.96  3.78  60 100 48 

FA6-16 0.96  5.67 60 100 24 

FA6-17 0.96  5.67 60 100 48 

 

Approach 2: Synthesis of Barium Titanium Oxide (BaTiO3) Nanorods from a Single- 

source Ba/Ti Precursor  

 

In a typical reaction, an aqueous (25%) tetramethyl ammonium hydroxide solution (30 mL) 

and distilled water (30 mL) were added to barium titanium ethylhexano-isoproxide 

[BaTi(O2CC7H15) (OC3H7)5] (0.94 g, 1.5 mmol) under constant stirring for 30 min. The 

resultant reaction mixture was transferred to a Teflon-autoclave and stirred at room temperature 

for 30 min. A stream of nitrogen was bubbled through the reaction mixture for 15 min to 

remove CO2 to avoid the formation of barium carbonate (BaCO3). The Teflon-autoclave was 

sealed quickly, put in a furnace and then heated at 120 °C for 24 h. After being allowed to cool 

to room temperature, the resultant white precipitate was filtered off, washed twice with water 

and then twice with methanol, before being dried overnight in a vacuum oven at 30 °C.  



184 

 

Approach 3: Synthesis of Barium Titanium Oxide (BaTiO3) Nanorods in the Presence of 

Ethylene glycol  

 

In a typical reaction an aqueous solution of barium chloride (15 mL, 0.3 M) were mixed with 

titanium oxy chloride (TiOCl2, 5 mL, 0.2 M) at room temperature. The pH value was adjusted 

to pH = 14 by adding 10 M sodium hydroxide (10 mL). Ethylene glycol (5 mL) and distilled 

water (15 mL) were added to the reaction mixture to reduce the pH value to 13.8. The resultant 

reaction mixture was then transferred to a Teflon-autoclave and heated at 200 °C for 24 h. The 

reaction mixture was allowed to cool to room temperature, separated by centrifugation and the 

resultant solid was then washed twice with water and then twice with (1 M) formic acid, before 

being dried overnight in a vacuum oven at 30 °C.  

 

6.3 Results and Discussion  

 

6.3.1 Approach 1: Characterisation of Barium Titanium Oxide Nanorods BaTiO3 

Transferred from Titanium Dioxide Nanorods TiO2  

 

Approach 1-1: Characterisation of Barium Titanium Oxide Nanorods (BaTiO3) from 

Conversion of Oleic Acid-Stabilised Titanium Dioxide (TiO2-OA) Nanorods  

 

The XRD spectra of the oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) FA3-1, and 

the barium titanium oxide (BaTiO3) nanorods FA6-1 - FA6-11, as well as that of FA6-11 AW 

after washing with formic acid, respectively, produced using FA3-1 as the starting material in 

approach 1-1 are shown in figures 6-1 - 6-4.  

Figures 6-1, 6-2 and 6-4 show that only individual reflection is obtainable at an angle of 2θ = 

~45º. Characteristically, the cubic form of barium titanium oxide should have only an 

individual reflection (200) at about a 2θ of 45º in its X-ray diffraction pattern. Two reflections 

corresponding to (200) and (020) in this area should be observed for a tetragonal form of the 

barium titanium phase. Therefore, the XRD spectra shown in figures 6-1 and 6-2 indicate that 

all samples of the barium titanium oxide (BaTiO3) nanorods FA6-1 - FA6-7, produced from 

FA3-1 as the starting material, exhibit the cubic phase of barium titanium oxide. 10 The XRD 

peaks are sharp and strong, indicating a relatively high degree of crystallinity of these powder 

products. 11 Figure 6-1 reveals the presence of barium carbonate impurities in the FA6-1 crude 
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product, which are removed by washing with formic acid as shown in the XRD spectrum of 

FA6-1 AW.  

The XRD spectra of the barium titanium oxide nanorods FA6-1 - FA6-7 and FA6-9 - FA6-11 

recorded in the figures 6-1, 6-2 and 6-4 reveal the anatase titanium dioxide in the FA3-1 

nanorods, used as the starting material in the reactions carried out at pH = 12.3, has been 

completely converted to the corresponding barium titanium oxide nanorods. On the other hand 

only small amount of the titanium dioxide nanorods in the FA3-1 used as the starting material 

in a reaction carried out at pH = 7.8, has been converted into barium titanium oxide nanorods 

in the sample FA6-8, see figure 6-3. These contrasting results show clearly that pH value of 

the reaction solution has a great effect on the conversion of titanium dioxide to barium titanium 

oxide in these hydrothermal reactions.  

The FT-IR spectra of the barium titanium oxide nanorods FA6-1 - FA6-11 are presented in 

figures 6-5 - 6-8. The FT-IR spectrum of the oleic acid-stabilised titanium dioxide (TiO2-OA) 

nanorods FA3-1is also included in the figures in order to facilitate comparisons between the 

FT-IR spectra of the starting materials and the reaction products created using the synthetic 

approach 1-1. It is noteworthy that a new peak is apparent at 550 cm-1 in all the FT-IR spectra 

of the barium titanium oxide nanorods FA6-1 - FA6-11, which can be attributed to the presence 

of O6 in the barium titanium oxide structure 12. In addition, the presence of peaks at 1500 and 

1435 cm−1 which is related to asymmetric and symmetric of COO-, respectively and peaks 

around 2850-3000 cm-1 relate to stretching of CH3, CH2 and CH, indicating that some oleic 

acid has indeed attached on the barium titanium oxide surface. 13, 14 

The TEM images of the barium titanium oxide nanorods FA6-1 - FA6-11, shown in figures 6-

9 - 6-12, reveal that the shape of titanium dioxide nanorods has not been entirely retained in 

the barium titanium oxide nanorods produced and that some damage to the integrity of these 

rods is apparent for all of the samples prepared at pH = 12.3. Indeed barium titanium oxide 

nanoparticles with variable sizes can be observed. For the sample FA6-8, prepared in a reaction 

carried out at pH = 7.8, most of the rods remain, indicating that most the oleic acid-stabilised 

titanium dioxide nanorods (TiO2-OA) have not been converted to barium titanium oxide as 

suggested by interpretation of the XRD spectrum shown in figure 6-3.  

The elemental composition of the products was determined using a combination of ICP and 

CHN analysis, see table 6-4. Generally, the barium content lies in the range of 36% - 52 % 

except that of FA6-8, whose atomic ratio of Ti/Ba = 16.15, which is consistent with the XRD 

and TEM results. The Ti/Ba atomic ratio is higher for the products FA6-1, FA6-4 and FA6-6 

prepared with a lower concentration of starting material, which suggests that the efficiency of 
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the conversion of the titanium dioxide nanorods to the analogous barium titanium oxide 

nanorods increases with increasing concentration of the starting materials. The Ti/Ba atomic 

ratio is also lower at higher reaction temperatures, i.e., for the samples FA6-1 - FA6-3. The 

Ti/Ba atomic ratio = 1.56 for the sample FA6-2 prepared at 80 °C, in contrast to the Ti/Ba 

atomic ratio = 1.14 observed for the sample FA6-3 prepared at 125 °C. There is no significant 

difference in Ti/Ba atomic ratio for the samples FA6-1, FA6-9 and FA6-10 prepared at different 

reaction times, i.e., for 24, 12 or 6 hours, which implies that the conversion reaction occurs 

quickly and readily. A higher concentration of the Ba(OH)2 starting material, e.g., 5.67 g 

instead of 3.78 g in the reaction to prepare the sample FA6-11 compared to that used to prepare 

the sample FA6-1 leads to a reduction in the Ti/Ba ratio, i.e., from 1.14 to 1.03, which is 

consistent with the fact that the barium titanium oxide nanorods in sample FA6-11 are present 

in a very pure cubic phase. 

 It should be noted that although about 10% of carbon is present in the barium titanium oxide 

nanorods samples FA6-1 - FA6-7 and FA6-9 - FA6-11, i.e., with the exception of FA6-8, none 

of these samples can be dissolved in chlorobenzene.    
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Table 6-4: Chemical analysis of the barium titanium oxide nanorods FA6-1 - FA6-11 prepared 

from the oleic acid-stabilised titanium dioxide (TiO2-OA) nanorods FA3-1. 

  

Sample  Ti%  C%  H%  Ba% Atom ratio of Ti/Ba 

FA6-1  19.82 10.38 1.58 43.77 1.30 

FA6-2  22.94 12.4 1.61 42.14 1.56 

FA6-3  19.21 10.48 1.31 48.34 1.14 

 FA6-4  25.74 12.74 1.77 37.97 1.94 

FA6-5  25.03 13.06 1.65 35.03 2.05 

FA6-6  22.22 12.03 1.46 36.69 1.74 

FA6-7  22.75 11.66 1.51 41.26 1.58 

FA6-8  37.18 20.12 2.84 6.6 16.15 

FA6-9 20.74 10.99 1.68 47.89 1.24 

FA6-10 21.22 10.90 1.68 46.65 1.30 

FA6-11 18.84 9.45 1.14 52.43 1.03 
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Figure 6-1: XRD spectra of the oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) 

FA3-1 and the barium titanium oxide (BaTiO3) nanorods FA6-1 and FA6-1 AW, before and 

after washing with formic acid, respectively, produced using FA3-1 as the starting material. 

 

 

Figure 6-2: XRD spectra for the barium titanium oxide nanorods FA6-2 - FA6-7 produced from 

FA3-1 as the starting material. 
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Figure 6-3: XRD spectra of the oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) 

FA3-1 and the barium titanium oxide nanorods FA6-1 and FA6-8 produced from FA3-1 at 

different pH values, i.e., pH = 12.3 and pH = 7.8, respectively, produced using FA3-1 as the 

starting material. 

 

 

Figure 6-4: XRD spectra of the oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) 

FA3-1 and the barium titanium oxide nanorods FA6-9 - FA6-11 produced from FA3-1 as the 

starting material. 
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Figure 6-5: FT-IR spectra of the barium titanium oxide nanorods sample FA6-1 and the oleic 

acid-stabilised titanium dioxide (TiO2-OA) nanorods sample FA3-1 used as the starting 

material. 

 

 

 

Figure 6-6: FT-IR spectra of the barium titanium oxide nanorods samples FA6-2, FA6-3 and 

FA6-8, produced using FA3-1 as the starting material. 
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Figure 6-7: FT-IR spectra of the barium titanium oxide nanorods samples FA6-5 - FA6-7, 

produced using FA3-1 as the starting material. 

 

 

 

Figure 6-8: FT-IR spectra of the barium titanium oxide nanorods samples FA6-9 - FA6-11, 

produced using FA3-1 as the starting material. 
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Figure 6-9: TEM images of the oleic acid-stabilised titanium dioxide (TiO2-OA) nanorods 

FA3-1 (A-B), barium titanium oxide nanorods FA6-1 (C-D) and FA6-2 (E-F). 
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Figure 6-10: TEM Images of barium titanium oxide nanorods FA6-3 (A-B), FA6-4 (C-D) and 

FA6-5 (E-F). 
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Figure 6-11: TEM Images of barium titanium oxide nanorods FA6-6 (A-B), FA6-7 (C-D) and 

FA6-8 (E-F). 
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Figure 6-12: TEM images of barium titanium oxide nanorods FA6-9 (A-B), FA6-10 (C-D) and 

FA6-11 (E-F). 
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Approach 1-2: Characterisation of Barium Titanium Oxide Nanorods BaTiO3 from hair-

like Rutile Titanium Dioxide Nanorods TiO2 (NRs-BaTiO31-2) 

 

The XRD spectra of the barium titanium oxide samples FA6-12 and FA6-13 prepared using 

approach 1-2 and the rutile titanium dioxide nanorods FA5-2, used as the starting material in 

these reactions, shown in figure 6-13, reveal that the rutile phase of the titanium dioxide has 

been replaced by a cubic phase in the analogous barium titanium oxide nanorods. Only 

individual reflections are seen at 2θ of 45º, which is characteristic of a cubic barium titanium 

oxide phase as opposed to the two reflections, corresponding to (200) and (020), expected in 

this area for the tetragonal phase of barium titanium oxide. In the XRD pattern of FA6-12 and 

FA6-13, the peaks are sharp and strong, which point to a relative high crystallinity of the 

powders. 11 

The FT-IR spectra of the barium titanium oxide samples FA6-12 and FA6-13 prepared using 

approach 1-2 and the rutile titanium dioxide nanorods FA5-2, used as the starting material in 

these reactions, are shown in figure 6-14. Compared with the FT-IR spectrum of the rutile 

titanium dioxide nanorods FA5-2, a new peak, associated to the formation of O6 in the BaTiO3 

structure, is apparent at 550 cm-1 in FT-IR spectrum of products FA6-12 and FA6-13, 

supporting the formation of barium titanium oxide. 12 

The TEM images of rutile titanium dioxide nanorods FA5-2 and barium titanium oxide FA6-

12 and FA6-13, shown in figure 6-15 reveal that the shape of the barium titanium oxide 

nanorods in the sample FA6-12, prepared using a Ti/Ba ratio of 1:1, is almost the same as that 

of the starting material FA5-2, but with some degree of aggregation. No nanorods can be 

observed in the sample FA6-13, prepared using higher Ti/Ba ratio of 1:1.5. Sphere-like 

nanoparticles with a large diameter, i.e., d = 150 nm to 300 nm, are formed probably due to the 

aggregation of nanorods.  

Analysis using ICP technique reveals that the titanium and barium contents are 24.87 %, 51.75 

%, respectively, for FA6-12 and 21.29 % and 59.96 %, respectively for FA6-13. The atomic 

ratio of Ti/Ba is 1.38 for FA6-12. The Ti/Ba ratio in product FA6-13 is close to 1, indicating 

pure BaTiO3 has been obtained. 

 The barium titanium oxide samples FA6-12 and FA6-13, prepared using approach 1-2, and 

cannot be dissolved to any significant extent in chlorobenzene. However, instable suspensions 

can be obtained with these samples in chlorobenzene.   
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Table 6-5: Chemical analysis of the barium titanium oxide samples FA6-12 and FA6-13 

prepared using approach 1-2 using the rutile titanium dioxide nanorods FA5-2 as the starting 

material in these reactions. 

 

Sample  Ti%  C%  H%  Ba% Atom ratio of Ti/Ba 

FA6-12  24.87 0.42 0.00 51.75 1.38 

FA6-13 21.29 0.34 0.20 59.96 1.02 
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Figure 6-13: XRD spectra of the barium titanium oxide samples FA6-12 and FA6-13 prepared 

using approach 1-2 and the rutile titanium dioxide nanorods FA5-2 used as the starting material 

in these reactions. 

 

Figure 6-14: FT-IR spectra of barium titanium oxide samples FA6-12 and FA6-13 prepared 

using approach 1-2 and the rutile titanium dioxide nanorods FA5-2 used as the starting material 

in these reactions. 
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Figure 6-15: TEM images of rutile titanium dioxide nanorods FA5-2 (A-B) and barium 

titanium oxide nanoparticles FA6-12 (C-D) and FA6-13 (F-D). 
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Approach 1-3: Barium Titanium Oxide Nanorods Prepared from Large Rutile Titanium 

Dioxide Nanorods  

 

The XRD spectra of barium titanium oxide products FA6-14 - FA6-17, prepared using different 

reaction times and Ba/Ti ratios, and the rutile titanium dioxide nanorods FA5-26, used as the 

starting material, are shown in figures 6-16, 6-17. FA6-14 and FA6-15 are the barium titanium 

oxide products prepared with a Ba/Ti ratio of 1 and a reaction time of 24 h and 48 h, 

respectively. FA6-16 and FA6-17 are the barium titanium oxide products prepared with a Ba/Ti 

ratio of 1.5 and a reaction time of 24 h and 48 h, respectively.  

It can be seen that all the barium titanium oxide products FA6-14 - FA6-17 are present in a 

cubic phase. 11 Weak peaks attributable to rutile titanium dioxide nanorods can also be observed 

in the XRD pattern of the product FA6-14 and FA6-16 prepared with a reaction time of 24 h, 

indicating that not all rutile titanium dioxide nanorods have completely converted to barium 

titanium oxide probably due to the large size of rutile titanium dioxide nanorods. An increase 

of the reaction time from 24 h to 48 h results in the disappearance of these weak rutile titanium 

dioxide peaks as shown in the XRD spectrum of the barium titanium oxide FA6-15, see figure 

6-16. The XRD spectra of the products FA6-16 and FA6-17, prepared using a Ba/Ti ratio = 

1.5, show that all of the rutile titanium dioxide nanorods have been completely converted to 

the barium titanium oxide even using a 24 h reaction time, see figure 6-17.  

The FT-IR spectra of barium titanium oxide products prepared using the synthetic approach 1-

3, FA6-14 - FA6-17 and the rutile titanium dioxide nanorods FA5-26, used as the starting 

material in these reactions, are shown in figures 6-18 and 6-19. The FT-IR spectrum of the 

rutile titanium dioxide nanorods (TiO2) FA5-26 is also included in the figures in order to 

facilitate comparisons between the FT-IR spectra of the starting materials and the reaction 

products created using the synthetic approach 1-3. It is noteworthy that a new peak is apparent 

at 550 cm-1 in all the FT-IR spectra of the barium titanium oxide nanorods FA6-14 - FA6-17, 

which can be attributed to the presence of O6 in the barium titanium oxide structure. 12 

The TEM images of the barium titanium oxide samples FA6-14 and FA6-15 prepared using 

Ba/Ti ratio = 1 are shown in figure 6-20. The TEM image of FA6-14 prepared using 24 h 

reaction time is very similar to that of the titanium dioxide nanorods used as the starting 

materials, indicating that nanorods shape has been successfully retained during the conversion 

of rutile titanium dioxide nanorods into barium titanium oxide. However, when increasing the 

reaction time to 48 h results in the disappearance of nanorods and the formation of homogenous 
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nanoparticles with a relatively large diameter, i.e., 20 < d < 60 nm for the barium titanium 

oxide product FA6-15.  

Figure 6-21 shows the TEM images of the barium titanium oxide products FA6-16 and FA6-

17 prepared using a Ba/Ti ratio = 1.5 and using a reaction time of 24 h and 48 h, respectively. 

There are some differences in the TEM images of the titanium dioxide nanorods FA5-26 shown 

in figure 6-20 and figure 6-21 because they represent different batches of FA5-26. It can been 

seen that the shape and size of the barium titanium oxide product FA6-16 prepared using a 

reaction time of 24 h is similar to the titanium dioxide nanorods FA5-26 used as the starting 

material.  However, the barium titanium oxide nanorods of FA6-17 prepared using a reaction 

time of 48 h, are different in shape and size from those of the titanium dioxide nanorods FA5-

26 used as the starting material.  

Analysis using ICP technique shows that the atomic ratio of Ti/Ba in the barium titanium oxide 

product FA6-14 prepared using a Ba/Ti ratio of 1.0 and a reaction time of 24 h is 1.59. 

However, the atomic ratio of Ti/Ba in the barium titanium oxide product FA6-15 also prepared 

using a Ba/Ti ratio of 1, but a reaction time of 48 h exhibits a much lower Ba/Ti ratio of 1.1 

which is consistent with the XRD results. The barium titanium oxide products FA6-16 and 

FA6-17, prepared using a Ba/Ti ratio of 1.5 reaction times of 24 and 48 h, respectively, exhibit 

a similar Ti/Ba ratio of ~ 1.3.  

 

Table 6-6: Chemical analysis of the barium titanium oxide products FA6-14 - FA6-17, prepared 

using different reaction times and Ba/Ti ratios, using the rutile titanium dioxide nanorods FA5-

26 as the starting material. 

 

Sample  Ti%  C%  H%  Ba% Atom ratio of Ti/Ba 

FA6-14 27.10 0.42 0.00 48.77 1.59 

FA6-15 21.30 0.41 0.00 55.34 1.1 

FA6-16 25.73 0.17 0.14 54.01 1.37 

FA6-17 25.05 0.24 0.00 53.43 1.34 
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Figure 6-16: XRD spectra of the barium titanium oxide samples FA6-14 and FA6-15 prepared 

using approach 1-3 and the rutile titanium dioxide nanorods FA5-26 used as the starting 

material in these reactions. 

 

 

 

Figure 6-17: XRD spectra of the barium titanium oxide samples FA6-16 and FA6-17 prepared 

using approach 1-3 using FA5-26 as the starting material in these reactions. 
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Figure 6-18: FT-IR spectra of the barium titanium oxide samples FA6-14 and FA6-15 prepared 

using approach 1-3 and the rutile titanium dioxide nanorods FA5-26 used as the starting 

material in these reactions. 

 

 

Figure 6-19: FT-IR spectra of the barium titanium oxide samples FA6-16 and FA6-17 prepared 

using approach 1-3 using FA5-26 as the starting material in these reactions.  
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Figure 6-20: TEM images of rutile titanium dioxide nanorods FA5-26 used as the starting 

material in these reactions (A-B), barium titanium oxide (FA6-14 (C-D) and FA6-15 (E-F). 
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Figure 6-21: TEM images of rutile titanium dioxide nanorods FA5-26 used as the starting 

material in these reactions (A-B), barium titanium oxide FA6-16 (C-D) and FA6-17 (E-F). 
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Approach 1 - Reaction Mechanisms 

 

There are two main possible mechanisms for hydrothermal conversion of titanium dioxide into 

barium titanium oxide: (A) in-situ conversion and (B) dissolution precipitation as shown in 

scheme 6-2. 15 

The in-situ conversion mechanism would involve titanium dioxide particles reacting first with 

dissolved cations (Ba2+) in the reaction medium during the hydrothermal reaction to form a 

continuous layer of barium titanium oxide over the titanium dioxide surface. In order for the 

reaction to proceed additional barium ions must diffuse through the barium titanium oxide layer 

to react with the titanium dioxide source until all the titanium dioxide has reacted with the 

barium ions to form barium titanium oxide. Two rate-governing processes are possible: one is 

the diffusion of cations (Ba2+) through the barium titanium oxide layer and the other is the 

reaction between the barium species and titanium dioxide within the nanoparticles. As the 

reaction proceeds and the surface layer of barium titanium oxide becomes thicker it could 

reasonably be expected that the conversion reaction would slow down and the reaction rate 

would approach zero at some point. 16 

The dissolution precipitation process would involve several stages. Firstly the bonds between 

Ti and O (Ti-O) in anhydrous titanium dioxide should be broken by hydrolytic attack by 

hydroxyl anions to produce complexes of titanium hydroxide (Ti(OH)x
4-x) capable of 

dissolution, which will then react with either barium cations (Ba2+) or barium hydroxide 

complexes (BaOH+) in solution to form barium titanium oxide. 15 

On the other hand, if using a hydrous titanium dioxide reactant were used in the hydrothermal 

reaction, some or most of the hydroxylation stage could be avoided. Barium titanium oxide 

nuclei could either form on the titanium dioxide substrate (heterogeneous nucleation) or form 

straight in the bulk solution (homogeneous nucleation).  

The size and morphology of the barium titanium oxide products, prepared from anatase oleic 

acid-stabilised titanium dioxide (TiO2-OA) nanorods in approach 1-1, are very different from 

those of the titanium dioxide nanorods used as the starting material suggesting that the reaction 

in approach 1-1 might occur through a dissolution precipitation mechanism. 
6, 17 

On the other hand, the size and morphology of the barium titanium oxide products prepared 

using a molar ratio Ba/Ti = 1 in approach 1-2 are similar to those of the rutile titanium nanorods 

used as the starting material, suggesting that in-situ conversion may be the main mechanism for 

the reaction in approach 1-2.  

https://www.google.co.uk/search?biw=1280&bih=581&q=define+continual&sa=X&ved=0CB8Q_SowAGoVChMI7su1hcTTxwIVpbPbCh2ccA1d
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The size and morphology of the barium titanium oxide products prepared from 24 h reaction 

are similar to those of the start the rutile titanium dioxide in approach 1-3, however, when the 

reaction time is increased from 24 h to 48 h, the size and morphology of the barium titanium 

oxide products changes completely. The titanium dioxide nanorods used to prepare sample 

FA6-15 using a ratio Ba/Ti = 1 and a reaction time of 48 h in approach 1-3 the have completely 

disappeared in the reaction product and barium titanium oxide nanoparticles with a diameter 

of ~20nm - 60 nm are formed. The titanium dioxide nanorods used to prepare sample FA6-17 

using a ratio of Ba/Ti = 1.5 and a reaction time of 48 h in approach 1-3  have been converted 

to much longer nanorods than those present in the titanium dioxide nanorods used as the 

starting material. Thus, in situ conversion is the most likely mechanism for the reaction carried 

out for 24 h in approach 1-3, but is still unclear what then happens in the reaction after 24 h. 
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Scheme 6-2: Possible mechanisms for the conversion of titanium dioxide nanorods into barium 

titanium oxide nanoparticles via a hydrothermal reaction. 
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6.3.2 Approach 2: Barium Titanium Oxide Nanorods from a Single-source Ba/Ti 

Precursor  

 

The XRD spectrum of the barium titanium oxide sample FA6-18, shown in Figure 6-22 reveals 

that barium titanium oxide nanorods have been formed in a cubic phase. 18 Some impurities of 

barium carbonate have also been formed during the reaction, but they can be readily removed 

by washing with (1 M) formic acid.  

The FT-IR spectrum of the barium titanium oxide product FA6-18 shown in figure 6-23 reveals 

a broad peak at ∼550 cm-1, which is related to the Ti-O stretching bond for BaTiO3 
19, and a 

peak at 1625 cm-1 related to carboxylate group stretching modes. There is also broad absorption 

peak at ~3500 cm-1, which is related to O–H stretching modes. 20  

The TEM images shown in figure 6-24 for the barium titanium oxide sample FA6-18 show 

that, although some large nanorods have been formed (l = 6.3 µm and d = 0.83 µm), most of 

the nanoparticles are spherical in shape.  

Analysis using ICP shows that the content of titanium and barium present in the barium 

titanium oxide nanorods FA6-18 is 23.49 % and 47.25 %, respectively. The atomic Ti/Ba ratio 

of 1.43 is higher than one in the crude reaction product due to the presence of barium carbonate, 

which can be removed easily by washing with formic acid.  

 

 

Figure 6-22: XRD spectra of the barium titanium oxide sample FA6-18. 
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Figure 6-23: FT-IR spectra of the barium titanium oxide sample FA6-18. 

 

 

  

Figure 6-24: TEM images of the barium titanium oxide sample FA6-18. 
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6.3.3 Approach 3 - Barium Titanium Oxide Nanorods BaTiO3 using Ethylene Glycol  

 

The XRD spectra of the barium titanium oxide sample FA6-19, before and after the washing 

treatment, shown in figure 6-25 reveal that barium titanium oxide has been obtained in a cubic 

phase. 21 The impurities of barium carbonate also formed during the reaction can be removed 

by washing with (1 M) formic acid.  

The FT-IR spectra of the barium titanium oxide product FA6-19, shown in figure 6-26, contains 

a broad peak at ∼550 cm-1 associated with the Ti-O stretching bonds for BaTiO3. 
19 The two 

peaks apparent at 1625 cm-1 and ~3500 cm-1 are related to the carboxylate group and O–H 

stretching modes, respectively. 20 

The TEM images of barium titanium oxide FA6-19 recorded in figure 6-27 reveal that large 

nanoplates of barium titanium oxide have been formed (l = 800 nm and d =100 nm) in.  

Analysis using ICP indicates that the content of titanium and barium present in the barium 

titanium oxide nanorods FA6-19 is 21.30 % and 55.34 %, respectively, and the Ti/Ba atomic 

ratio is 1.04, which is indicative of almost complete conversion of the titanium oxy chloride 

used as the starting material into a barium titanium oxide product.  

 

 

 

Figure 6-25: XRD spectra of the barium titanium oxide sample FA6-19 and FA6-19 AW, 

before and after washing with formic acid, respectively. 
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Figure 6-26: FT-IR spectrum of the barium titanium oxide sample FA6-19. 

 

 

  

Figure 6-27: TEM images of the barium titanium oxide sample FA6-19. 
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6.4 Conclusions  

 

Three approaches have been investigated in attempts to prepare barium titanium oxide 

(BaTiO3) nanorods efficiently with a given shape and size:  

In approach 1, a hydrothermal reaction was carried out to convert titanium dioxide nanorods to 

BaTiO3. Three different sources of titanium dioxide nanorods were used as the starting 

materials. 

In Approach 1-1 the oleic acid-stabilised titanium dioxide nanorods (TiO2-OA) with an aspect 

ratio from 5 - 8, used as the starting material were converted to cubic barium titanium oxide at 

a pH = 12.3. The shape of nanorods in the starting material was not retained during the 

conversion reaction. Therefore, taking into account the fact that as the size and morphology of 

the obtained barium titanium oxide products are very different from those of the starting 

material (TiO2-OA), it is suggested that this reaction may well occur through a dissolution 

precipitation mechanism. 

In Approach 1-2 hair-like rutile titanium dioxide nanorods were used as the starting material. 

Analysis using XRD shows that the rutile titanium dioxide (TiO2) nanorods have been 

completely converted into the corresponding barium titanium oxide nanorods. Analysis using 

TEM confirms that the shape of the barium titanium oxide nanorods is very similar to that of 

the titanium dioxide nanorods used as the starting material for the product prepared using a 

Ba/Ti molar ratio = 1, although some aggregation of the nanorods is observed. This fact 

suggests that an in-situ conversion may be the main mechanism for this reaction. However, 

only spherical nanoparticles were obtained if prepared using a Ba/Ti molar ratio = 1.5, probably 

due to the aggregation of nanorods to form nanospheres.  

In Approach 1-3 large rutile titanium dioxide nanorods were used as the starting material. The 

size and morphology of the barium titanium oxide products prepared using a 24 h reaction time 

are very similar to those of the titanium dioxide nanorods used as the starting material.. 

However, when the reaction time is increased from 24 h to 48 h, the size and morphology of 

the barium titanium oxide products are completely different. For the sample FA6-15, prepared 

using a Ba/Ti molar ratio = 1.0 and a 48 h reaction time, the original nanorods have completely 

disappeared and spherical nanoparticles with a diameter of 20 nm - 60 nm are formed. For the 

sample FA6-17 prepared using a Ba/Ti molar ratio = 1.5 and a 48 h reaction time, nanorods 

can also be observed in the TEM images, but they are much longer than those of the titanium 

dioxide nanorods used as the starting material. An in-situ conversion reaction may be the main 
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mechanism for the first 24 h of the reaction in approach 1-3, but what happens during the 

reaction after 24 h is still unclear. 

In Approach 2 the preparation of barium titanium oxide was carried out by hydrothermal 

reaction of a single source Ba/Ti precursor, barium titanium ethylhexano-isoproxide 

BaTi(O2CC7H15)(OC3H7)5. Some large nanorods are formed (l = 6.3 µm and d = 0.83 µm), but 

the most of the nanoparticles formed are spherical in shape. 

In Approach 3 the barium titanium oxide, prepared using a hydrothermal reaction between 

barium chloride (BaCl2) and titanium oxy chloride (TiOCl2) in presence of ethylene glycol as 

surfactant, are formed as large nanoplatelets (l = 800 nm and d = 100 nm) with a Ti/Ba atomic 

ratio of 1.04 indicative of almost complete conversion of the titanium oxy chloride used as the 

starting material into a barium titanium oxide product.  
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Conclusions  

 

High-k dielectric nanorods, which are potentially suitable for low-voltage OFET applications, 

have been prepared and characterized in this research. The modifications of the nanorods 

surface with oleic acid, amine and phosphonic acid or phosphonate ligands have also been 

investigated to improve the solubility of the products in organic solvents.  

Oleic-acid-stabilised titanium dioxide nanorods (TiO2-OA) were prepared using a hydrolysis 

reaction at 100 °C for 72 h using titanium (IV) tetraisopropoxide (TTIP) as the source of 

titanium and oleic acid as the surfactant. The TiO2-OA nanorods prepared using this method 

have an aspect ratio of 5-8, with a length of ~20nm and a ~3 -4 nm. The specific oleic acid-

stabilised titanium dioxide nanorods (TiO2-OA) FA3-1 were spin coated from a 10% wt 

solution in chlorobenzene onto pre-patterned metallic electrodes, with a final thickness of the 

hybrid insulating films of ~200 nm. The dielectric constant of the resultant films is 9-10 at 

1MHz, which has been cooperated and provided by Professor Mary O`Neill, Dr Emanuele 

Verrelli and PhD student, Mohammed A Ibrahem. 

After replacement of the oleic acid attached to the surface of the TiO2-OA nanorods with 

phosphonic acid or phosphonate, such as octylphosphonic acid (OPA), decylphosphonic acid 

(ODPA) and 2-phenylethyl phosphonate (DEPPNA), in ligand exchange reactions the phase 

and morphology of the resultant products were same as those of TiO2-OA. The ICP and CHN 

results suggest that the ligands are attached on TiO2 surface via ligand exchange of oleic acid 

and via reaction of P-OH groups of ligands with the hydroxyl groups on the titanium dioxide 

surface. The ligand exchange rate of phosphonic acid was higher than that of phosphonate and 

the solubility of the products in organic solvents depends on the structure and the alkyl length 

of the ligands.  

Solution processable, oleic-acid-stabilised, niobium- and indium-doped anatase nanorods TiO2 

(TiO2-OA-M; M = Nb, In or Nb/In) have been prepared by a novel method based on the co-

hydrolysis of titanium (IV) tetraisopropoxide (TTIP) and niobium or/and indium precursors. 

Niobium isopropoxide (NBIO) and niobium (V) ethoxide (NBEO) were used as niobium 

precursors and indium (III) isopropoxide (INIO) and indium (III) ethoxide (INEO) as indium 
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precursors. All the products have a similar morphology of nanorods with length and diameter 

of 20 and 3 – 4 nm, respectively. Up to 10 % of the products can be dissolved in chlorobenzene.  

The Ti/Nb ratio of the products TiO2-OA-Nb was close to the starting molar ratio of 

TTIP/NBEO when using niobium (V) ethoxide (NBEO) as precursor, but higher than that of 

TTIP/NBIO when using niobium isopropoxide (NBIO) as precursor. XPS analysis shows that 

the titanium and niobium anions were present mainly as Ti4+ and Nb+5 in TiO2-OA-Nb. The 

Ti/In ratio was much higher than the starting molar ratio of TTIP/INIO and TTIP/INEO for the 

products TiO2-OA-In, regardless of using either indium (III) isopropoxide (INIO) or indium 

(III) ethoxide (INEO) as indium reaction precursors. A mixture of niobium isopropoxide 

(NBIO) and indium (III) isopropoxide (INIO) was also used as precursors for the preparation 

of oleic acid-stabilised, niobium/indium-doped anatase nanorods TiO2 (TiO2-L-M; L = OA; M 

= Nb/In). The ratio Ti/Nb and Ti/In in the products was much higher than the starting molar 

ratio of TTIP/NBIO and TTIP/INIO used in the reactions.  

Ligand exchange reactions were carried out with diethyl 2-phenylethyl phosphonate 

(DEPPNA) and octadecylphosphonic acid (ODPA) as ligands to produce the corresponding 

ODPA- or DEPPNA-stabilised, metal-doped nanorods (TiO2-L-M; L = ODPA or DEPPNA; 

M = Nb or In or Nb/In).  There was no change in phase, shape or size of the nanorods during 

the ligand exchange reactions. All of the oleic acid on the surface of the oleic acid-stabilised, 

niobium-doped nanorods has been replaced by ODPA to yield the corresponding ODPA-

stabilised, niobium-doped nanorods (TiO2-ODPA-Nb). Up 10% of these ODPA- or DEPPNA-

stabilised, metal-doped nanorods (TiO2-L-M; L = ODPA or DEPPNA; M = Nb or In) can 

dissolved in common organic solvents, such as chlorobenzene.    

Rutile TiO2 nanorods were synthesised using three different approaches and the surface 

modification of these nanorods has also been investigated.  

In the first approach, hair-like rutile TiO2 nanorods (Rutile-NRs-1) were prepared using an 

hydrolysis reaction  of TiOCl2 at 50 °C, 70 °C and 90 °C for 24 h. Surface modification of the 

rutile TiO2 nanorods (Rutile-NRs-1) was carried out using wet TiO2 nanorods with ligands, 

such as oleic acid and alkyl amines i.e., octyl amine, dodecyl amine and hexadecyl amine. The 

aliphatic surface coating of the TiO2/ligand nanocomposites leads to a relatively high degree 

of solubility in organic solvents, so some of them can be suspended up to a concentration of 10 

% in chlorobenzene. These colloidal solutions are stable for several months. The hybrid 
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insulator of rutile TiO2/ligand nanocomposites preparation – surface treatment method 2 

product FA5-9 was spin coated from a 10% wt solution in chlorobenzene on prepatterned 

metallic electrodes, with final thickness of the hybrid insulating films was ~200 nm and the 

dielectric constant is 9-10 at 1MHz, which has been cooperated and provided by Professor 

Mary O`Neill, Dr Emanuele Verrelli and PhD student, Mohammed A Ibrahem. 

In the second approach, rutile TiO2 nanorods were prepared by a hydrothermal treatment of 

TiOCl2 at 220 °C for 2 h. These rutile TiO2 nanorods (Rutile-NRs-2) are relatively long, i.e., 

150-200 nm and broad, i.e., 25-40 nm. Such large nanorods have a lower effective surface area 

than those prepared using approach 1 and so less oleic acid is attached in relative terms to the 

TiO2/ligand nanocomposite surface, i.e., the carbon content for the resultant TiO2/ligand 

nanocomposites is low, e.g., 6 %.  

In the third approach, rutile TiO2 nanorods were prepared by hydrothermal reaction of TiOCl2 

in the presence of 3-hydroxytyramine hydrogen chloride, [(HO)2C6H3CH2CH2NH2·HCl] at 

150°C for 13 h. These rutile TiO2 nanorods (Rutile-NRs-3) are smaller than Rutile-NRs-2, with 

e.g., 80 nm and 20 nm in length and diameter, respectively. However, the presence of some 

smaller TiO2 nanoparticles, e.g., 25 nm long, is also observed. Surface modification was carried 

out using either oleic acid or phosphonate/phosphonic acid as ligands. Unfortunately, the 

solubility of TiO2/ligand nanocomposites is limited due to a lower surface coverage of the 

ligands bonded onto the nanorod surface. 

Barium titanium oxide nanorods (BaTiO3) have been prepared by three approaches:  

In the first approach, a hydrothermal reaction was carried out to convert titanium dioxide 

nanorods (TiO2) into barium titanium oxide nanorods (NRs-BaTiO3-1). Three kinds of titanium 

dioxide nanorods with different phases and sizes, i.e. anatase TiO2-OA, rutile TiO2 (Rutile-

NRs-TiO2-1) and (Rutile-NRs-TiO2-3), were used as the starting materials. When TiO2-OA 

was used as the starting material, the TiO2 nanorods were converted to cubic BaTiO3 nanorods 

at a medium pH = 12.3. The shape of nanorods of the starting material was completely changed 

during the conversion reaction, i.e., the size and morphology of the BaTiO3 products obtained 

are very different from those of the starting TiO2-OA nanorods, suggesting that the reaction 

may occur through a dissolution precipitation mechanism. When rutile TiO2 (Rutile-NRs-TiO2-

1) and (Rutile-NRs-TiO2-3) were used as the starting materials, the rutile TiO2 nanorods were 

also converted to cubic BaTiO3 nanorods, but the conversion rate depends on the size of the 
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starting rutile TiO2 nanorods. In-situ transformation may be the main mechanism for the 

conversion of rutile TiO2 nanorods to the corresponding BaTiO3 nanorods  

In the second approach the preparation of the barium titanium oxide nanorods (NRs-BaTiO3-

2) was carried out using an hydrothermal reaction using a Ba/Ti precursor, i.e., barium titanium 

ethylhexano-isoproxide BaTi(O2CC7H15)(OC3H7)5 to yield nanorods of 6.3 µm in length and 

0.83 µm in diameter. However, the most of the nanoparticles produced are sphere-shaped. 

In the third approach the preparation of barium titanium oxide nanorods (NRs-BaTiO3-3) was 

carried out using a hydrothermal reaction between barium chloride (BaCl2) and titanium oxy 

chloride (TiOCl2) in presence of ethylene glycol as surfactant. Nanoplates were formed of 800 

nm in length and 100 nm in diameter with a Ti/Ba ratio of 1.04.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



I 

 

Appendix 1 

 

Calculation of ligand exchange rate and analysis of the attachment of ligands on TiO2.  

First, assuming that there are 100 g of TiO2-OA and TiO2-ODPA (FA3-4). 

Oleic acid molecular weight is 282.46, in which 216.19 is carbon. 

Chemical analysis showed 18.6% of C present in TiO2-OA, thus molar of oleic acid in the 

100 g TiO2-OA is: 18.6/216.19 = 0.086 mol 

Chemical analysis showed that 2.05 % of P and 20.9 % of C were present in TiO2-ODPA.     

If ODPA lost two H to attach on TiO2 surfaces, the molecule formula is C18H37O3P with 

molecule weight of 332.46 in which 216.19 is C and 30.97 is P. 

Thus, 2.05 % of P means that 14.31 % of C should be from ODPA: 

                      (216.19 / 30.97) x 2.05 % = 14.31 %  

The remaining 6.59 % of C should be from un-exchanged oleic acid: 

                      20.9 % – 14.31 % = 6.59 %  

Thus the un-exchanged oleic acid is: 

                         6.59 / 216.19 = 0.0305 mol 

The exchanged oleic acid is:   0.0860 – 0.0305 = 0.0555 mol 

The ligand exchange rate is:   0.0555 / 0.086 = 64.56 % 

On the other hand, since 2.05 % of P was present in the TiO2 – ODPA, the molar of ODPA in 

100 g TiO2 – ODPA is:  

                        2.05/30.97 = 0.066 mol 

Since the molar of ODPA (0.066 mol) is higher than the ligand exchanged oleic acid (0.0555 

mol), some ODPA should attach on TiO2 surfaces through a reaction with the hydroxyl groups 

on TiO2 surfaces.  

Thus ODPA attached on TiO2 surfaces should be via two reaction routes: 

1) Ligand exchange route (route 1):  0.0555/0.066 x 100 = 83.87 % 

 

2) Reaction with hydroxyl groups (route 2):  100 % – 83.87 % = 16.13 % 

 


