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Literature Survey 

Microheterogeneity is defined as a small variation in the chemical structure or 

morphology of a molecule/ a composite that does not result in a significant change in 

properties. Microheterogeneous system refers to a small aggregate system of 

molecules within the solvent or other surrounding medium and it includes organic and 

inorganic systems. Surfactants are molecules with two distinctively different parts: 

hydrophobic and hydrophilic groups and extensively used for organic 

microheterogeneous system.  

An emulsion is a mixture  of two or more  liquids  that are normally  

immiscible. In an emulsion, one liquid (the dispersed phase) is dispersed in the other 

(the continuous phase). Two liquids can form different types of emulsions. As an 

example, oil and water can form, first, an oil-in-water emulsion, wherein the oil is the 

dispersed phase, and water is the dispersion medium. Second, they can form a water-

in-oil emulsion, wherein water is the dispersed phase and oil is the external phase. 

Multiple emulsions are also possible, including a "water-in-oil-in-water" emulsion 

and an "oil-in-water-in-oil" emulsion.  

Emulsions, being liquids, do not exhibit a static internal structure. The droplets 

dispersed in the liquid matrix (called the “dispersion medium”) are usually assumed to 

be statistically distributed. Emulsions usually have internal drop sizes in the range of 

0.1 μm and 10 μm and are classical representatives of microheterogeneous systems. 

The internal droplet phase of water in oil droplets have been used to synthesize 

particles which are agglomerates of nano particles. 

Microemulsions are typical representations of microheterogeneous systems; 

they have considerable industrial applications, one of them being the synthesis 

of polymers. They are also used in the process of creating nanoparticles. 

Microemulsions are dispersion made of water, oil, and surfactant(s) that is 

thermodynamically stable system with dispersed domain diameter varying 

approximately from 1 to 100 nm, usually 10 to 50 nm. Microemulsions are clear, 

thermodynamically stable, isotropic liquid mixtures of oil, water and surfactant, 

frequently in combination with a cosurfactant. Aqueous phase may contain salt(s) 

and/or other ingredients, and the "oil" may actually be a complex mixture of 
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different hydrocarbons  In contrast to ordinary emulsions, microemulsions form upon 

simple mixing of the components and do not require the high shear conditions 

generally used in the formation of ordinary emulsions.  

The prime objective of this investigation is the synthesis of nanomaterials in 

micro heterogeneous media. Semiconducting nanomaterials having very wide 

application in solar energy harvesting were synthesized and characterized. Synthesis 

of semiconducting nanomaterials such as titanium dioxide, cadmium selenide etc can 

be achieved by different routes, each of these routes tend to provide unique 

morphological characteristic to the materials produced as well as distinct quantum 

characteristics. In view of these areas being highly investigated from different point of 

views, a comprehensive review in terms of techniques of synthesis becomes quite 

arduous. Hence with reference to titanium dioxide and cadmium selenide a brief 

review of literature is provided that initially discusses synthesis routes and their effect 

on synthesis of titania nanoparticles and later focuses on the reaction environment and 

its effect on cadmium selenide synthesis in the later case the effect of route is only 

briefly touched. 

2.1  Routes To Synthesis Of Titanium Dioxide 

Titanium dioxide or Titania is obtained either from minerals or from a solution 

of titanium salts or alkoxides. The most common procedure is based on the hydrolysis 

of acidic solutions of Ti(IV) salts, gas phase oxidation reactions of the TiCl4 and 

hydrolysis reactions of titanium alkoxides. Suzuki et al (1969) prepared the same on 

an industrial scale by the sulphate process or by the chloride process. In the former, 

the processing is complicated. In the latter, the requirements for equipment and 

materials are very harsh because of high reaction temperature (>1400
0 

C) and strong 

corrosiveness of Cl2 at high temperature. Nanoparticles of TiO2 can be prepared by 

various gas phase and liquid phase methods but mainly by hydrolysis, sol-gel, 

microemulsion or reverse micelles and hydrothermal synthesis. Synthesis type and 

conditions influence the transformation behavior of the phases, crystalline structure 

and morphology. 
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2.1.1 Hydrolysis Method 

Synthesis of titanium dioxide by hydrolysis and precipitation is the simplest of 

all the methods. Precipitation from solutions includes gel or precipitate formation 

followed by washing, drying, and thermal treatment. The most common procedures 

have been based on the hydrolysis of acidic solutions of inorganic Ti(1V) salts. In 

addition, gas phase oxidation reactions of TiCl4 and hydrolysis reactions of titanium 

alkoxides have been employed to generate finely divided, high-purity TiO2 powders. 

Numerous studies on aqueous solutions of titanium salts have shown that titanium 

hydrolysis occurs even in highly acidic solutions (pH<1) and that boiling the solutions 

accelerates hydrolysis and consequently, titania precipitates. Compared to other 

methods, hydrolysis could be carried out at conditions closer to ambient to produce 

nanoparticles of TiO2. 

Reddy et al. (2001) synthesized fine polycrystalline, nanoparticles of pure 

anatase titanium dioxide with high surface area using TiCl4 as the starting material. A 

solution of hydrazine hydrate, H6N2O was used as the precipitating agent. The 

hydrolysis and condensation reactions starts immediately upon mixing, as indicated 

by the rapid increase in turbidity and the formation of large, visible flocs, which 

precipitated to the bottom of the reaction vessel. The precipitation product is usually 

an amorphous hydrous oxide which should be calcined at high temperatures to 

improve crystalline. D.S. Lee et al. (2002) used the crystalline phases from at 

different temperatures acid-hydrolysis method in order to prevent high temperature 

calcinations. Nano-sized TiO2 crystal could be formed at low temperature with this. 

Zhang et al. (2008), Qourzal et al. (2006) used titanium tetrachloride as the starting 

material, as the hydrolysis is more rapid and it is a cheaper raw material 

comparatively. However, handling of TiCl4 is much difficult as it gives heavy dense 

fumes when it comes in contact with water and air. Also the hydrolysis should be 

carried out at very low temperatures as the reaction with water is an exothermic 

process. 

2.1.2  Sol-Gel Method 

The sol-gel method is a versatile process used in making various ceramic 

materials. Sols are dispersions of colloidal particles in a liquid. Colloids are solid 

particles with diameters of 1-100 nm. A gel is an interconnected, rigid network with 
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pores of sub micrometer dimensions and polymeric chains whose average length is 

greater than a micrometer. The term “gel” embraces a diversity of combinations of 

substances that can be classified into four categories: 

(1) Well-ordered lamellar structures; 

(2) Covalent polymeric networks completely disordered; 

(3) Polymer networks formed through physical aggregation, predominantly 

disordered: 

(4) Particular disordered structures 

The popularity of this method stems from its vast potential of applications, 

many of which are already in use. Thus the sol-gel process is used for the production 

of several metal oxides either in pure form or in mixtures. In a typical sol-gel process, 

a colloidal suspension, or a sol, is formed from the hydrolysis and polymerization 

reactions of the precursors, which are usually inorganic metal salts or metal organic 

compounds such as metal alkoxides. Complete polymerization and loss of solvent 

leads to the transition from the liquid sol into a solid gel phase. A gel may be formed 

by network growth from an array of discrete colloidal particles or by formation of an 

interconnected 3-D network by the simultaneous hydrolysis and polycondensation of 

an organometallic precursor. The overall hydrolysis and condensation reactions of 

titanium ethoxide are illustrated in Figure 2.1.  

 

 

 

 

 

 

 

 

 

 Fig 2.1 Hydrolysis reaction of Titanium Ethoxide 
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For illustration purposes the hydrolysis and the condensation reactions are 

shown to proceed to completion in the figure. However, it is understood that OR 

groups could persist due to incomplete hydrolysis, and the resultant particles being 

amorphous hydrous titania would also have surface OH groups and not be TiO2.  

Titania can be synthesized via sol-gel process mainly by hydrolysis of 

titanium alkoxides. Several titanium alkoxides had been tried including isopropoxide 

by Papoutsi, Ginzberg et al. (1994, 1996), n-butoxide by Wang et al. (1999), and 

ethoxide by Assmann, Yuan et al. (2004, 2006)have stated to give high surface areas 

that arise from small particle sizes. Other than the alkoxide precursor, a metal salt 

precursor like TiCl4 was found to be a good starting material for the preparation of 

TiO2 in powder form. Zhu et al. (2000) synthesized nanosized TiO2 powder with 

anatase structure by the sol-gel method using TiCl4 ethanol solution as a precursor. 

Zhu, Zhang et al. (2000) found that the grain size of TiO2   powder was homogeneous 

and was about 10nm after the precursor was calcined at 500
0 
C for 1 hour. 

While the sol-gel process appears to be a simple operation, many variables can 

influence the quality of the final product. These variables include the choice of 

solvent, whether acid of base catalysis is employed and use of stabilizing agents. The 

heat treatment temperature used to crystallize the titania has been shown to be critical 

in the activity of sol-gel coatings. Marugan et al. (2008) stated that synthesis pH is 

more important parameter than temperature. They found that neutral aqueous media 

lead to anatase materials that undergo neither phase transition to rutile nor significant 

grain growth, whereas the use of acidic conditions favors the formation of rutile. 

The sol-gel technique has emerged as one of the most promising new 

techniques for growing thin films because it has several important advantages. For 

example, titania thin films prepared in this way can be of high purity and low cost, 

resulting from the availability of high purity chemicals as raw materials in conjucation 

with the simplicity of sol-gel processing.  

2.1.3  Microemulsion Method  

Hubbard et al. defined microemulsion as a thermodynamically stable, optically 

isotropic solution of two immiscible liquids (i.e water and oil) consisting of micro 

domains of one or both liquids stabilized by an interfacial film of surfactant. The 
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surfactant molecule generally has a polar (hydrophilic) head group and a long chain 

(hydrophobic) tail. Such molecules optimize their interactions by residing at the 

oil/water interface, thereby considerably reducing the interfacial tension. In water-in-

oil microemulsions, the aqueous phase is dispersed as micro droplets (typically 10-25 

nm in size) surrounded by a mono layer of surfactant molecules in the continuous 

hydrocarbon phase. The aqueous cores of microemulsions, containing soluble metal 

salts, are used as micro reactors for the synthesis of nanoparticles. Due to the dynamic 

nature of the micro droplets, the exchange mechanism involves coalescence and 

fusion of the droplets upon collision, which then disintegrate into droplets, and this 

process occurs continuously in microemulsion. 

Microemulsions are generally of low viscosity containing oil, water and an 

amphiphile that brings down the water/oil interfacial tension (IFT), γ, to a very low 

value. It is accepted that the IFT between oil and water is reduced to a very low value 

by the presence of an amphiphile, but there are many instances where the amphiphiles 

do not bring the IFT down to the required very low value and some short chain 

alcohols or amines need to be added to obtain the required IFT for the formation of a 

stable microemulsion. Hence in most cases the microemulsions are four component 

systems including water, oil, surfactant and a short chain substance called a co-

surfactant. Aerosol OT (AOT) is an interesting double chain surfactant, which can 

conveniently form a three component microemulsion system without a co-surfactant. 

In the formation of microemulsions, both ionic and nonionic surfactants are 

used. Co-surfactants are alcohols or amines. Surfactants, particularly nonionic, can 

form reverse micelles in organic media. But the organic media must not be completely 

dry. If the medium is completely dry, then reverse micelles do not form. The reverse 

micelle is somewhat like water-in-oil (W/O) microemulsion. There, the amount of 

water present is significantly low that satisfies the hydration of the hydrophilic head 

group. This water is not free, and its properties are different from normal water. If the 

amount of water present exceeds to that required for hydration of the hydrophilic head 

group of the amphiphile, then there will be both free and bound water in the water 

pool of the microemulsion. Maitra et al.(1984) and Majhi et al. (1999) envisaged the 

presence of three types of water by NMR and calorimetric methods. The distinction 

between reverse micelle and W/O microemulsion is not sharp (Figure 2.2). Pileni 

(1993) defined a parameter w, which is the mole ration between water and surfactant 
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and suggested that systems with w< 10 are reverse micelles; microemulsions require 

having w> 10.  

Reverse micelle systems (or water-in-oil microemulsions) have been used as 

micro reactors to synthesize ultrafine particles with a narrow distribution of particle 

size by controlling the growth process. Boutonnet et al. (1982) used microemulsions 

to obtain ultrafine monodispersed metal particles of Pt, Pd, Rh and Ir by reducing 

corresponding salts in the aqueous droplets of water-in-oil microemulsions with 

hydrazine or hydrazine or hydrogen gas. Curri et al. (2000) showed if instead two 

microemulsions containing salts of, e.g. Cd(NO3)2  and  Na2S are used, water 

insoluble compounds such as CdS can be prepared as nanoparticles. Joselevich, 

Arriagada et al. (1994) generated ultrafine TiO2 particles in water-in-oil 

microemulsions. Chhabra et al. (1995) synthesized TiO2 nanoparticles using water-in-

oil microemulsions composed of Triton X-100, cyclohexane and hexanol and studied 

the effect of the calcination temperature on the phase and particle size of TiO2 

particles. Nanosized TiO2 particles have also been prepared by microemulsions-

mediated processing. 

 

Fig 2.2 Pictorial representation of microemulsion and reverse micelles 

TiO2 colloidal suspensions or films are usually made by hydrolysis of alkoxide 

precursors in an aqueous acidic environment. Reverse micelles provide a greater 

control to both the size and size-polydispersity and the shape of TiO2 mesoporous 

films with the method of reverse micelles usually involves three stages: 

1) Hydrolysis of an alkoxide in a reverse micellar environment and formation of 

a gel by inorganic polymerization; 
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2) Deposition of a composite inorganic/organic film on a solid substrate; 

3) Heating of the film up to 450
0 

C to burn out all organic content and obtain the 

final mesoporous structure. 

The three materials made during the three above stages i.e., the gel, the 

composite film and the TiO2 film are very interesting physiochemical systems by 

themselves. The variants of each system affect the properties of the system that 

follows, providing control for the final product. 

Microemulsions represent complex phase behavior and the chemical structure 

of the co-surfactant and the characteristics of surfactant have a pivotal role to play on 

their phase behaviors. Many surfactants have been tried and compared as well. While 

Chhabra et al.(1995), Papoutsi et al. (1994), Andersson et al. (2002) used Triton X-

100 and Stathatos et al. (1997) used AOT, Papoutsi et al. (1994) used sodium dodecyl 

benzene sulfonate (SDS) and Zang et al. (2003) used NP-5 (Igepal C0-520) have also 

been tried. 

Stathatos et al. (1997) have prepared reverse micellar solutions using the two 

well-known surfactant, Triton X-100 and AOT. These choices were made because 

they provide well-characterized reverse-micellar systems, because one of them is 

ionic and the other nonionic and because, they produce TiO2 films with differently 

sized and shaped particles but with the same remarkable mono dispersity and 

reproducibility. AOT (bis (2-ethylhexyl) sulfosuccinate sodium salt) is a well-known 

double-chain surfactant, soluble in several organic solvents, that gives reverse 

micelles in the presence of water. Triton X-100 (poly (oxyethylene) (1,1,3,3-

tetramethyl-butyl) phenyl ether) is a nonionic surfactant that forms non-spherical 

micelles in cyclohexane, both dry and swollen. Solutions based on AOT gave 

elongated particles with a very high degree of orientation. Low hydrolysis rates are 

observed with Triton X-100 compared to AOT as water is consumed for hydration of 

polar groups and hardly available for alkoxide hydrolysis. 

The microemulsion process has the advantage of obtaining nanosized particles 

without serious agglomeration. Andersson et al. (2002) developed a new 

hydrothermal microemulsion process in order to prevent grain growth of the 

nanoparticles using an acid as another aqueous phase. Wen et al. (2008) modified this 

work using a base as a precipitating agent. They investigated a microemulsion process 
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combined with hydrothermal techniques for synthesizing anatase-type Titania. Chung 

et al. (2008) prepared nanosized TiO2 powders by employing this hydrothermal 

microemulsion process. 

2.1.3.1 Factors influencing the formation of reverse micelles 

The advantage with the microemulsion route is that the size of the particles 

can be varied with the ratio of surfactant to water. The sizes of the water droplets in 

the reverse microemulsions are approximately of the same size as the produced 

particles. The microemulsion formation is a spontaneous process which is controlled 

by the nature of amphiphile, oil and the temperature. The mechanical agitation, 

heating, or even the order of component addition may affect micro emulsification. 

The complex structured fluid may contain various aggregation patterns and 

morphologies known as microstructures. 

Pure rutile and anatase nanoparticles can be obtained at appropriate acid 

concentrations. Zhang et al. (2002) investigated the influence of various reaction 

conditions, such as concentration and type of acid, water, content, H2O/Ti molar ratio, 

and reaction time, on the formation, crystal phase, morphology, and size of the TiO2 

particles.  

2.1.3.2 Influence of pH and concentration 

The pH of the reaction medium has a significant effect on the crystal structure 

of obtained TiO2 nanoparticles. In general, the titanium alkoxides hydrolyze rapidly in 

water and amorphous titanium dioxide hydrate is obtained. Wu, Long et al. (1999) 

found that in order to obtain a crystalline product, hydrothermal treatment or 

calcination is usually necessary. In the presence of acid, however the hydrolysis of 

titanium alkoxides is inhibited to a certain degree, depending on the acidity of the 

aqueous phase. At high acidity, the hydrolysis of the titanium alkoxides may become 

very slow, which is favorable for the ordered arrangement of TiO2 molecules and the 

crystalline phase may be allowed to from, even at ambient temperature. Rubio et al. 

(1997) discovered that depending on the exact pH, both rutile and anatase can be 

formed through different condensation routes. It has been reported that the 

concentration of TiCl4, which is directly related to the acidity of the reaction medium, 

significantly influences the crystallization of rutile under hydrothermal conditions. 
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In the work of Wu and co-workers (1999, 2002), nanoparticles of rutile or 

anatase were prepared through microemulsion-mediated hydrothermal (MMH) and 

hydrothermal methods in the presence of hydrochloric or nitric acid. It was found that 

the concentration of the acid plays a dominant role in the hydrolysis and 

polycondensation of titanium (IV) n-butoxide and higher HCl concentration favors 

rutile crystallization.  Dongbai et al.(2002) studied the influence of pH on the crystal 

structure of TiO2 nanoparticles synthesized by the hydrolysis of titanium tetrabutoxide 

in the presence of acids in NP -5 (Igepal CO-520) – cyclohexane. The TEM 

micrographs and electron diffraction patterns provide direct information about the 

size, morphology and crystalline structure of the TiO2 particles obtained at different 

acidities. 

2.1.3.3 Influence of H2O/Ti ratio 

Brinker et al. (1990) studied the influence of H2O/Ti ratio, h value by keeping 

w value (water to surfactant ratio), acid concentration and reaction time as constant. 

When h is less than 6, which is lower than the coordination number of the Ti(IV) ions, 

the amount of the water in the water pools of the reverse micelle system is not 

sufficient to completely hydrolyze the alkoxide and hence, the process of 

crystallization is hindered, so only spherical amorphous TiO2particles can be 

obtained. On increasing h to greater than 10, the product changes from amorphous to 

crystalline rutile. The size of the primary particles is barely influenced by the h value, 

but the morphology of the particles changes with increasing h. 

2.1.3.4 Influence of water content and temperature 

Zbu and Schelly (1992) studied the reverse Micelles of Triton -100 in 

Cyclohexane and the effects of temperature, water content and salinity on the 

aggregation behavior. The monomer concentration is reduced by the addition of water 

but increased by raising the temperature. Around room temperature (at 30
0
 C), the 

aggregation number goes through a maximum with increasing water content. Wet TX-

100 reverse micelles are larger than the dry ones, and the saline aggregates are in 

between in size. The hydrodynamic diameter generally increases with water content, 

but not monotonically. However, the size of all aggregates is reduced by increasing 

temperature. 
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2.1.3.5 Effect of nature of acid 

Brinker (1990) found that the concentration of the acid plays a dominant role 

in the hydrolysis and polycondensation of titanium alkoxides and higher acid 

concentration favors rutile crystallization. Zhang et al. (2002) observed the irregular 

and amorphous product when the concentration of hydrochloric acid in the aqueous 

phase of the reverse micelle system was below 2 M. When the acid concentration was 

increased to 2 M, the TiO2 particles formed were found to be of a mixed crystal phase 

consisting of rutile and anatase. Pure rutile phase was formed when the acid 

concentration was raised to 2.5 M. When the acid concentration was further increased 

to 4M, only amorphous TiO2 particles were obtained.  

2.1.4  Hydrothermal Method 

The term hydrothermal usually refers to any heterogeneous reaction in the 

presence of aqueous solvents or mineralizers under high pressure and temperature 

conditions to dissolve and recrystallize (recover) materials that are relatively insoluble 

under ordinary conditions. Byrappa et al. (1992) defines hydrothermal synthesis as 

any heterogeneous reaction in an aqueous media carried out above the room 

temperature and at pressure greater than 1atm. Yoshimura et al.(1994) proposed the 

following definition: reactions occurring under the conditions of high-temperature-

high-pressure (>100
0
 C, >1 atm) in aqueous solutions in a closed system.  Roy et al. 

(1994) declares that hydrothermal synthesis involves water as a catalyst and 

occasionally as a component of solid phases in the synthesis at elevated temperatures 

(>100
0
C) and pressure (greater than a few atmospheres). 

Hydrothermal synthesis is normally conducted in steel pressure vessels called 

autoclaves with or without Teflon liners under controlled temperature and/or pressure 

with the reaction in aqueous solutions. The temperature can be elevated above the 

boiling point of water, reaching the pressure of vapor saturation. The temperature and 

the amount of solution added to the autoclave largely determine the internal pressure 

produced. It is a method that is widely used for the production of small particles in the 

ceramics industry.  

The synthesis of TiO2 is usually carried out in small autoclaves of the Morey 

type, provided with Teflon liners. The conditions selected for the synthesis of TiO2 
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particles are: T ¼ <200 C, P < 100 bars. Such pressure temperature conditions 

facilitate the use of autoclaves of simple design provided with Teflon liners. The use 

of Teflon liners helps to obtain pure and homogeneous TiO2 particles. Though the 

experimental temperature is low w150° C, TiO2 particles with a high degree of 

crystallinity and desired size and shape could be achieved through a systematic 

understanding of the hydrothermal chemistry of the media. Here it is appropriate to 

mention that the size of the titania particles is the most critical factor for the 

performance of material with photocatalytic activity, and the monodispersed 

nanoparticles are the most suitable ones. It has been shown that the particle size is a 

crucial factor in the dynamics of the electron/hole recombination process, which 

offsets the benefits from the ultra high surface area of nanocrystalline TiO2. 

While TiO2 can be prepared by various methods, the hydrothermal method has 

many advantages when compared with other: 

(1) A Highly homogenous crystalline product can be obtained directly at 

relatively lower reaction temperature (ingeneral< 250
0 

C). Hence the 

sintering process, which results in a transformation from the amorphous 

phase to the crystal phase, can be avoided. It favors a decrease in 

agglomeration between particles. 

(2) From a change in hydrothermal conditions (such as temperature, pH, 

reactant concentration and molar ratio, additive, etc.), crystalline products 

with different composition, structure and morphology could be formed. It 

offers the uniform composition and control over the shape and size of the 

particles. 

(3) The purity of product prepared in appropriate conditions could be high 

owing to re-crystallization in hydrothermal solution. 

(4) The equipment and processing required are simple, and the control of 

reaction conditions is easier etc. So the hydrothermal synthesis is a good 

method for the preparation of oxide ceramic fine powders. The 

hydrothermal technique has been found to be one of the best techniques to 

prepare TiO2 particles of desired size and shape with homogeneity in 

composition and a high degree of crystallinity. 
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Many groups have used the hydrothermal method to prepare TiO2 

nanoparticles from different precursors. Cheng et al.(1995) and Gao et al. (2003) used 

TiCl4 as the precursor to synthesize uniform nanosize rutile and anatase particles. 

They made an attempt to discuss the influence of preparation conditions like 

concentration of TiCl4 solution, pH in reaction medium, temperature, time and 

mineralizer on the formation, morphology, phase and a particle size of the TiO2 

products from coordination chemistry. X-ray diffraction revealed this TiO2 to be 

anatase or rutile depending on the various process conditions and the average crystal 

size less than 8nm were observed. 

Hydrothermal treatment for a microemulsion process had also been tried. 

Andersson et al. (2002) and Lu et al. (2008) had come up with a new microemulsion 

process combined with hydrothermal technique to overcome the difficulties involved 

in the general microemulsion process. In order to prevent grain growth of the 

nanoparticles, a new hydrothermal microemulsion process had been developed in 

their study. The former used tetra butyl titanate and the latter used titanium 

tetrachloride as the aqueous phase of the microemulsion.  Andersson et al. (2002) 

found that if hydrochloric acid was used, the rutile structure formed, and if nitric acid 

was used, anatase formed. Lu and co-workers observed that the cryst size of the 

prepared TiO2 powders increased with increasing pH value. The crystal size of TiO2 

powders was 6nm at pH 4. When the pH value was increased to 7, the crystallite size 

enlarged to 17nm. 

Research on the mechanism of hydrothermal reaction has seldom been 

reported. The main reason could be that the related thermodynamic data under 

hydrothermal conditions are much scarcer and usually limited to the Gibbs energies at 

398.15. Lencka and Rimanlo (1993) made a beneficial attempt; they studied 

“Thermodynamics modeling of hydrothermal synthesis of ceramic powders” and 

obtained some interesting results. But on the other hand, they also indicated the 

thermodynamic data used were most accurate at low and moderate temperatures and 

lose accuracy above ca. 473 K. SO far the knowledge and experimental data for ions 

in hydrothermal systems, especially more complex ions such as Ti
4+

, TiOH
3+

, 

Ti(OH)2
2+

, Ti(OH)
3+

, etc., are less well known. These caused difficulty for the 

research on the mechanisms of hydrothermal reaction. 
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2.1.4.1 Influence of Hydrothermal conditions 

Titanium dioxide prepared by the hydrothermal method can have different 

crystal structures and various morphologies, depending on the hydrothermal 

conditions. It could be concerned with the composition and structure of Ti(IV) 

complex ion in hydrothermal solution. The hydrothermal treatment conditions can be 

used to control the physical properties of the crystallined anatase powder, which in 

turn control the subsequent phase-change properties of the anatase/rutile phase 

change. The morphology and particle size of the powders depends on the 

hydrothermal conditions such as the concentration of precursor solution, pH in 

reaction medium, temperature, time and mineralizer etc. 

2.1.4.2 Effect of pH & Concentration in reaction medium 

The pH in the reaction medium had a significant effect on the phase of TiO2 

products. A very low pH indicates high acidity of the reaction medium which favors 

the formulation of rutile phase. Lu et al. (2008) found that the particle size of TiO2
 

powders increased with an increase in the pH value of the microemulsion solution. 

The prepared powders had a large aspect ratio. This kind of morphology is considered 

to facilitate the crystal growth along a specific direction, thereby resulting in an 

increase in the crystal size. 

2.1.4.3 Effect of temperature 

Gao et al. (2003) studied the effects of hydrothermal conditions on the 

properties of TiO2nano-crystals. They found that the specific surface area of the 

products decreases with the raising of the hydrothermal temperature and phase-pure 

rutile nanoparticles with specific surface area in the range of 56.5-202.2 m
2
/g are 

obtained by the hydrothermal treatment of the TiCl4 solution. The particle size of 

powders derived from a fixed concentration of TiCl4 solution increases with the 

raising of the hydrothermal temperature. Accordingly, the specific surface area and 

the area-to-volume ratio decline with increasing temperature. The trend that non 

agglomerated particles formed at higher temperatures (such as 393 and 423 K) is also 

seen in the TEM micrographs. 
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2.2  Synthesis Of Cadmium Selenide (CdSe) 

The synthesis of semiconductor nanoparticles has experienced an enormous 

development in the past two decades. CdSe, in particular, has been the subject of 

much basic research into the electronic and optical properties of quantum dots. The 

amount of literature dealing with this topic is too voluminous to review within the 

context of this thesis. Hence, initially we focus on the type of reaction systems 

considered to prepare the nanocrystals and the results of the effects of experimental 

parameters on the nanocrystals. Thereafter we focus on some key investigations that 

attempts to understand and eventually model the growth kinetics of CdSe 

nanocrystals.  

2.2.1  Organic-based Systems 

The most successful preparations that realize high quality nanocrystals with 

narrow size distributions entail the pyrolysis of organometallic precursors in hot 

coordinating solvents. Murray et al. (1993) pioneered this strategy by injecting 

cadmium and selenium precursors into a hot (300°C) solution of tri-n-octylphosphine 

oxide (TOPO) and maintaining growth at 230-260°C. The TOPO served multiple 

crucial roles by acting as the reaction medium, controlling the growth process, 

stabilizing the colloidal dispersion, and passivating the nanocrystal’s surface. This 

strategy produced TOPO capped CdSe nanocrystals with a tunable size range from 

1.2 – 11.5 nm. The average size and the size distribution were dependent on the 

growth temperature, and growth appeared consistent with Ostwald ripening. They 

observed that as the size distribution sharpens, the reaction temperature must increase 

to maintain steady growth. Conversely, they add, if the size distribution broadens, the 

necessary temperature for slow steady growth decreases.  

Adding a solvent, such as a primary amine, to TOPO has allowed researchers 

to overcome some of the disadvantages inherent in TOPO alone. Hines et al. (1998) 

found primary amines to provide superior passivation to bare nanocrystals, such as 

ZnSe, as they may provide higher capping density and boost the quantum efficiency. 

Furthermore, they allow for a higher reaction rate than TOPO, and monodispersity 

can be achieved quickly and maintained throughout the reaction. Knowing this, 

Talapin et al. (2001) tried to improve upon the original TOPO synthesis by 
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introducing HDA (hexadecylamine). Exceptionally monodisperse samples (fwhm = 

27-31 nm) were obtained, thus, the need for post preparative size-selective 

precipitation was eliminated. The alkylamines effectively passivated the bare CdSe 

nanocrystals allowing them to reproducibly reach quantum yields of 40-50%. The 

nature of the amines was found to be an important parameter in their system for 

growing nanocrystals with high quantum efficiency. 

Alternatives to TOPO have been used due to TOPO’s inherent hazards. For 

example, Qu et al. (2001)  used a one-pot approach to produce CdSe nanocrystals in a 

fatty acid solvent, namely, stearic acid at a growth temperature set between 200°C and 

320°C. Fatty acids are much less expensive and more environmentally friendly. This 

solvent system yielded nanocrystals in a broad size range (2 to >25 nm). They 

observed extremely fast reaction rates, compared with the traditional TOPO method, 

and stated that this solvent was ideal for synthesizing larger nanoparticles (>4 nm). 

The system did luminesce well with a quantum yield QY = 20-30%. The QY did tend 

to decrease with an increase in particle size. 

Dickerson et al. (2005) also noticed rapid growth of CdSe nanoparticles in a 

reaction mixture comprised of 95% stearic acid, achieving a maximum QY of about 

26% at a temperature of 255°C. Nanoparticles synthesized in dodecylamine obtained 

a maximum QY of 28% at a reaction temperature of 195°C. In general, the evolution 

of the QY and emission peak width (fwhm) correlated more consistently with the 

emission wavelength than with temperature. Furthermore, the nanoparticle radius was 

virtually unaffected by the initial Cd:Se ratio. They also observed that higher 

selenium levels led to the formation of more initial nuclei. 

The advancement of TOPO-based preparations has served as the benchmark 

for the widespread success of producing CdSe nanocrystals. Early applications of 

CdSe are based on this strategy, such as the fabrication of a light-emitting diode and a 

single electron transistor. But the success has, in the recent years, been tempered by 

the need to maintain environmental benignity. As such, researchers have been 

motivated to develop alternative synthetic methods for the well-studied model system. 

Peng et al.(2002), in particular, discussed the drawbacks to using the organometallic 

synthetic approach in a hot coordinating solvent such as TOPO, citing toxic and 

hazardous conditions, expensive chemicals and sophisticated equipment. 
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Additionally, this approach is not easily controllable or reproducible, and only 

preparation of cadmium chalcogenides has been successfully developed. 

2.2.2 Aqueous-based Systems 

Another method commonly used to prepare nanocrystals uses an aqueous 

medium. Aqueous synthetic approaches are in general, simpler, less expensive, more 

reproducible, and scalable. Moreover, water-soluble materials are required for 

biological applications. Murray et al. (1993), Talapin et al. (2001), Qu et al. (2001), 

Mattoussi et al. (2000), Chan et al. (1998), Pellegrino et al. (2004), Wu et al.( 2002) 

tried to prepare the nanocrystals in organic media, and then manipulate the surface 

through ligand exchange or application of a polymer shell to make it water-soluble. 

But these methods require more chemical processing. Researchers have investigated 

various types of precursors, stabilizers, heating technologies and other experimental 

parameters in attempts to further develop the aqueous-based method. 

Zhang et al. (2000) produced cubic-structured nanocrystalline CdSe, with an 

average size of 5 nm, in an aqueous solution at room temperature. The reaction took 

place in an excess volume of alkaline selenium solution. This was done to prevent 

dilution of the selenium source so that selenium ion would not precipitate. A cadmium 

complex rather than cadmium ion served as the cadmium source; the complex proved 

to be more stable, greatly reducing the byproduct of cadmium hydroxide. A TEM 

image showed spherical but slightly agglomerated particles. 

Xu et al.(2001) produced CdSe quantum dots in an aqueous solution using a 

gelatine stabilizer at room temperature. They observed quenched photoluminescence, 

suggesting inadequate passivation or overall low crystallinity. Li et al.  (2005) 

realized highly photo luminescent CdSe nanocrystals from room temperature aqueous 

synthesis, followed by a low temperature chemical etching process. Prior to etching, 

the nanoparticles showed no photoluminescence. The etching process served to 

eliminate surface defects, thereby increasing the quantum efficiency to as high as 

50%. Furthermore, they observed narrower size-distributions post-etching, with fwhm 

values as low as 30 nm, in addition to smaller size nanoparticles. 

Sondi et al. (2004) synthesized CdSe nanoparticles in the presence of 

aminodextran (Amdex) in an aqueous solution at room temperature. The Amdex 
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served as a growth stabilizer and capping agent. They produced CdSe nanocrystals 

with quantum yields of 15-16%. They observed wider particle distribution in the 

presence of Amdex compared with CdSe prepared in the conventional TOPO method. 

They attribute this to the wide molecular weight distribution of the polymer itself. 

Water alone cannot provide a ligand suitable for stabilizing and/or passivating 

the nanocrystal surface. Therefore, judicious effort must be taken to provide a ligand 

or capping agent that is soluble and can withstand the reaction conditions. The above 

examples describe a variety of capping agents that served the researcher’s purpose. 

Gaponik et al. (2002), Herron et al. (1993) used thiols in aqueous solutions, however, 

in their effort for producing cadmium telluride, and CdS-core clusters. 

Rogach et al. (1999) extended the use of thiols to CdSe nanocrystal synthesis. 

They prepared CdSe in higher temperature aqueous-solutions using various thiols as a 

stabilizer. One preparation involved refluxing the solution for different lengths of 

times, resulting in larger nanoparticles at longer times. They noticed that, during the 

heating of the solution, particle growth proceeded about 5 times faster in the presence 

of thioacid-stabilized CdSe compared with thioalcohol-stabilized CdSe. As a result, 

thioacid-stabilized CdSe nanocrystals were larger (2.1-3.2 nm) than thioalcohol-

stabilized samples (1.4-2.2 nm). The CdSe samples prepared showed a quantum yield 

of less than 0.1%. 

Deng et al. (2006) also synthesized citrate-stabilized CdSe nanoparticles in 

water at 75°C. They incorporated a photoactivation procedure by exposing the 

nanoparticles to ambient light for a few days, hypothesizing that this would eliminate 

topological surface defects. They noticed a trend of increased QY with prolonged 

exposure to ambient light, reporting a final QY of 4%. They also reported a decrease 

in the nanoparticle size with an increase in the pH, further noticing that nanoparticles 

prepared in a pH = 9.1 displayed stronger luminescence properties than those 

prepared at pH = 8 and 10. They investigated the effects of the initial Cd:Se molar 

ratio on the nanoparticle properties, and found that the photoluminescence intensity 

increased as the ratio increased from 2 to 10. Also, the fwhm narrowed to 37 nm as 

the molar ratio increased. 

Most recently, Gao et al. (2007) prepared CdSe nanocrystals in water, and 

then fabricated an LED by redispersing the as-prepared nanocrystals in a surfactant to 
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transfer them to an organic solvent. They noticed that by changing the molar ratio of 

cadmium and selenium and the reflux time, different size nanocrystals were obtained. 

The average size obtained was just under 10 nm. Of interest were two characteristics 

of the integrity of the nanocrystal. The photoluminescence spectra showed weak 

emission, but electroluminescence spectra displayed strong emission. Basically, the 

electron transport inside the crystal was quite good as it served to act as an electron 

carrier while a polymer acted as an electron hole. By applying a voltage between the 

two entities, an exciton was formed. These results provide more substantive proof that 

the promise of CdSe can be realized as a device component when fabricated in an 

aqueous medium. 

Zhang, Liu et al. (2003, 2003) reported that aqueous-based reactions above the 

boiling point (130-180°C) for synthesis of various semiconductor nanocrystals such 

as CdTe and CdSe. As-prepared CdTe nanocrystals prepared by Zhang et al. evolved 

from 2 to 4 nm within 2 hours of growth. They exhibited a QY of 30% without any 

post-preparative treatment. Liu et al. (2003) prepared polymer-capped CdS 

nanoparticles with an average diameter of 8 nm and an fwhm of ~42 nm. Qian et al. 

(2005) prepared alloyed CdSe-CdS nanocrystals at a reaction temperature of 140°C 

for 1 hour. Because of the CdS shell, the QY measured at 25%. They found that after 

a short heating time (less than 1 hour) the QY measured <0.1%. The prolonging of the 

heating time allowed the CdS shell to mature on the CdSe surface. The fwhm was 

about 28 nm. They note that their method of heating, microwave irradiation, greatly 

accelerated the growth compared with conventional aqueous synthesis. Other 

hydrothermal methods have produced semiconductor nanocrystals as reported by 

Rajamathi et al. (2002). 

Chen et al. (2000) reported a simple method for the preparation of crystalline 

and water soluble CdS and CdSe nanorods via arrested precipitation from their 

respective inorganic ions in a micellar solution. All reactions were performed under 

ambient conditions. Two separate precursors microemlusion prepared in CTAB 

micellar solution. After careful mixing under sonication, CdSe/CdSnanorods 

precipitates with significant colour change at lower part of solution. The solution 

exhibited optically clear colors ranging from yellow to orange (for CdS samples) or 

orange to dark red (for CdSe samples). They reported that nanorods exhibited zinc-

blende structure for CdSe and wurtzite structure for CdS. Their results indicated that 
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the shape transition of CTAB micelles may occur from rod to sphere (or vice versa) 

depending on the aliphatic hydrocarbons (cyclohexane) added. In this case, 

cyclohexane molecules may incorporate into bilayers and subsequently induce the 

morphologic changes of bilayer vesicles. 

Chen et al. (2005) reported that single crystal CdSe nanorods with diameters 

in the range of 40-60nm and aspect ratios of 5-8 were successfully synthesized at 

180°C for 10 hour through a facile surfactant-assisted hydrothermal method, using 

Na2SeO3 as a high-quality soluble selenium source. Through varying the 

concentration of surfactant (CTAB), the morphologies changed from dendrite-like 

nanostructures to nanorods, short nanorods, and nanoparticles. The surfactant plays a 

vital role in the synthesis of nanorods through effectively restraining the 

agglomeration and favouring the formation of 1-D nanostructure. 

Xi et al. (2007) synthesized hexagonal CdSe nanorods using novel 

microemulsion method at moderate temperature. They found that using surfactant 

(AOT) and hydrazine hydrate, it is possible to control the morphology of the CdSe 

nanoparticles. The hydrazine hydrate acts as both a reducing agent and a templating 

agent that favors the formation of the rodlike structure. Experimental procedure 

indicated that the reaction completed in 6 hr under N2 environment resulting deep 

dark red precipitates of CdSe nanoparticles. They reported influence of mole ratio of 

Water to AOT and hydrazine hydrate to AOT on as-prepared CdSe morphologies.  

Williams et al. (2007) reported feasibility of CdSe nanoparticles synthesis in 

high-temperature water. The base-case experimental conditions (T=200°C, Cd/Se 

molar ratio = 8:1, and a reaction time = 1.5 min) produced nanoparticles that 

exhibited quantum confinement behavior. The quantum yield was 1.5%, but it was 

easily increased to approximately 7% by adding a CdS shell. The mean particle size 

increased with increasing reaction time, temperature, stabilizer concentration, and 

Cd/Se ratio. The mean particle size decreased with increasing pH. They suggested that 

hydrothermal synthesis method may provide new opportunities to engineer 

nanoparticle production systems.  

Further to earlier work, Xi et al. (2008) synthesized one-dimensional wurtzite 

CdSe nanoparticles with a diameter of 43±6 nm and an aspect ratio of 3.7±0.6 through 

a novel reverse micelle assisted hydrothermal method at a relatively low temperature. 
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This method combines the advantages of the hydrothermal method’s ability to achieve 

good crystallinity with the well-controlled growth offered by the reverse micelle 

method. The morphology of the nanoparticles can be controlled by the amount of 

AOT, hydrazine hydrate and reaction temperature. It was proposed that AOT controls 

the length while hydrazine hydrate controls the diameter of the growing nanocrystals. 

2.2.3 Growth Kinetics 

One important aspect of Murray’s work (1993) with TOPO involved a 

temporally discrete nucleation event followed by relatively rapid growth from the 

monomers in the solution. This permits a controlled growth of the nanocrystals. The 

challenge then is to understand the mechanisms behind the nucleation and growth. 

Researchers have just recently begun to study and understand the kinetic behavior of 

CdSe growth under a variety of reaction conditions. 

Bullen et al. (2004) investigated the effects of temperature and an oleic acid 

stabilizer on the growth kinetics of CdSe nanocrystals in octadecene, a non-

coordinating solvent. They observed increasing oleic acid concentrations led to lower 

nuclei concentrations, smaller nuclei size and larger final particle size. They also 

observed that at higher temperatures, particles nucleated with smaller radii than those 

present at lower temperatures. This, according to them, indicated that the nucleation is 

faster as temperature increases and that growth kinetics are less strongly dependent on 

temperature. Consequently, higher temperatures produced more nuclei. 

Peng et al. (1998) discussed the focusing of size distributions and its effect on 

nanocrystal growth. After growing CdSe nanocrystals in TOPO at 200°C, they 

observed an initial large size distribution (~20%) for particles with an average 

diameter of 2.1 nm, and two distinct kinetic regimes. During the first 22 minutes, the 

size increased rapidly and the initial size distribution of particles began to narrow to 

~7.7% (average diameter of 3.3 nm). The nanocrystals then grew more slowly and the 

size distribution broadened to about 10.6% (average diameter of 3.9 nm). The reason 

for this broadening was the occurrence of Ostwald ripening. Upon a second injection 

of precursor, the size distribution began to narrow and decreased to 8.7%. They later 

emphasized the importance of maintaining a high enough precursor concentration so 

that the system does not experience Ostwald ripening which could lead to broader size 

distributions. 
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Qu et al. (2004) introduced an in situ method for the study of the nucleation 

and growth kinetics of CdSe nanocrystals. Their observations suggest that the growth 

process can be divided into four stages. The first stage is the nucleation where the 

total number of particles increases as a result of nuclei forming. The second stage 

shows a significant drop in the concentration of the particles, and a narrowing of the 

size distribution. They contend that the decrease of the particle concentration could 

not be seen ex situ. A third stage, the stable stage exhibited equilibrium between the 

monomers and the particles in solution. The monomer concentration was close to the 

solubility of the particles in solution, so little to no growth was occurring. The fourth 

stage is Ostwald ripening, and thus a broadening of the size distribution occurs. 

It is apparent that Ostwald ripening, although regarded as the primary means 

of growth in earlier research, is not easily controllable, and, because of recent insights 

in kinetic behavior, can possibly be avoided. Peng et al, (1998) above, provides one 

example of a solution to prevent Ostwald ripening from occurring. More important, 

however, is determining where, in the kinetic regime, growth is at its optimum. This 

understanding is crucial for the control of the growth process. It can also serve as a 

conceptual framework for developing large-scale systems that can produce uniform 

particles under optimum conditions. 

Dushkin et al. (2000) supplied a comprehensive study of the kinetics of CdSe 

nanocrystal growth in a hot amphiphile (TOPO) matrix. They solved kinetic 

equations, based on classical theory, to derive analytical expressions for the mean 

radius and variance of the size distribution. They considered the growth to be a two-

stage process in order to describe the time variation of nanoparticle size. During the 

first stage, called reaction-limited growth, they noticed the size of the initial nuclei 

rapidly increased and caused an exhaustion of reactants at the nanoparticle surface. 

The growth also favored a size focusing or narrowing of the size distribution. Further 

development of the nanocrystal followed classic diffusion-limited growth. The size 

distribution began to broaden at this time, however, increasing in proportion to the 

average particle size. Their theoretical model was in good agreement with their 

experimental observations. They conclude that the reaction-limited growth is 

important to obtain well-defined nanocrystals of high quality. Good, precise control of 

the nucleation process is the key to reproducible uniform nanoparticles, but, 

unfortunately, how to control this process is still unknown. 
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Dickerson et al. (2005, 2005) saw the need for developing analytical 

expressions that would yield the activation energy for CdSe growth in a given 

reaction solvent. Citing the need for eventual commercialization as a reason for 

measuring activation energies, they developed expressions based on synthesis time, 

temperature and reactant concentration. Their model yielded activation energies for 

nanocrystals prepared in TOPO and stearic acid.  

2.3 Conclusions 

Loryuenyong et al. (2012) prepared TiO2 nanoparticles by a sol-gel process, 

employing titanium(IV) tetraisopropoxide as starting precursor and ethanol/ 

isopropanol as an alcoholic solvent. The synthesized mesoporous TiO2 was calcined at 

300-700
0
 C. It was found that pore collapsing, crystallite growth, and anatase-rutile 

phase transformation occurred with an increase in calcination temperatures. The use 

of isopropanol solvent was likely to inhibit the anatase-rutile transformation through 

the control of hydrolysis rate. The photocatalytic property of TiO2 consisting 

predominantly of anatase crystallites improved the degradationof methyleneblue 

under UVC light. Compared to ethanol, enhanced photocatalytic activity was obtained 

with isopropanol solvent through the thermal stability of anatase phase. The sol-gel 

method is a versatile method for the synthesis of the doped nanomaterial with very 

high surface area to volume ration. The incorporation of a metal ion in the sol during 

the gelation stage allows cations to be uniformly incorporated into the host lattice. 

Thus, metal ions such as Ca2
+
, Sr2

+
, Ba2

+
, Cu2

+
, Fe3

+
, V5

+
, Cr3

+
, Mn2

+
, Pt4

+
, Co2

+
, Ni2

+
, 

Pb2
+
, W6

+
, Zn2

+
, Au3

+
, Zr3

+
, La3

+
, Ag

+
 and Eu3

+
 were introduced into TiO2 powders 

and films by this method, and the photocatalytic activity was improved to varying 

extent. 

Cong et al.(2006), synthesized nitrogen-doped nanocrystalline TiO2 by 

microemulsion-hydrothermal process under nitric or hydrochloric acid environment. 

This did not require high calcinations temperature and thus averted the agglomeration 

and sintering of the TiO2 particles. The photocatalytic activity for the decomposition 

of rhodamine B by TiO2 was greatly improved as compared with the undoped samples 

under visible light irradiation. 
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Desorsola et al.(2009) adopted water-in-oil microemulsions to produce 

ultrafine and nanometric particles. The synthesis of TiO2 nanoparticles has been 

carried out from a TiCl4 solution emulsified into the oil phase. Precipitation of 

spherical and ultrafine particles occurred due to the high instability of Ti precursor 

and the interaction among nanodroplets. 

Namin et al.(2008), reported TiO2 nanoparticles prepared by precipitation of 

TiCl4 aqueous solution with ammonium hydroxide as precipitation agent. In their 

report, freshly prepared TiO2 gel was allowed to crystallize under refluxing and 

stirring condition for 6 h over 90
0
 C and oven dried over-night in temperature above 

100
0
 C. 

Wang et. Al (2011) prepared TiO2 – Al2O3 supports with high specific surface 

area and large pore diameter using ultrasound-assisted precipaitation. Ultrasound 

could produce the strong chemical and mechanical effects, which was beneficial to 

inhibit the agglomeration of the nanoparticles. Using anhydrous ethanol to replace the 

water in the as-prepared support could hinder the particles agglomeration and then 

increased the specific surface area and the pore diameter significantly. Adding CTAB 

in the as-prepared support before calcinations could enlarge the pore volume greatly. 

  



Chapter 2 : Literature Survey 

Studies on Nanoparticle Synthesis in Microheterogenous Systems                                    34 

 

 

2.4 References 

1. Andersson M, Sterlund L, Ljungstrm S, Palmqvist A. Preparation Nanosize 

Anatase and Rutile TiO2 by Hydrothermal Treatment of Microemulsions and 

Their Activity for Photocatalytic Wet Oxidation of Phenol, The Journal of 

Physical Chemistry B, 2002; 10674-10679.  

2. Arriagada FJ, Osseoassare K. Silica Nanoparticles produced in Aerosol OT 

Reserve Microemulsions: Effect of Benzyl alcohol on particle size and 

polydispersity, Journal of Dispersion Science and Technology, 1994; 59-71.  

3. Asokan S, Krueqer K, Alhkawaldeh M,  Carreon AR, Mu Z, Colvin VL, 

Mantzaris NV, Wong MS. The use of Heat Transfer Fluids in the Synthesis of 

High-Quality CdSe Quantum Dots, core/shell Quantum Dots, and Quantum Rods, 

The Journal of Nanotechnology , 2005; 2000 -2011. 

4. Assmann SE, Widoniak J. Synthesis and Charaterization of Porous and 

Nonporous Monodisperse Colloidal TiO2 Particles, Chemistry of Materials, 2004; 

6-11.  

5. Boutonnet M, Kizling J, Stenius P, Maire G. The preparation of Monodisperse 

Colloidal Metal Particles from Microemulsions, Colloids and Surfaces, 1982; 

209-225. 

6. Brinker CJ, Scherer GW. Sol-Gel Science. The Physics and Chemistry of Sol-Gel 

Processing, Academic Press, New York, 1990. ISBN-13-978-0-12-134970-7. 

7. Bullen CR, Mulvaey P. Nucleation and Growth Kinetics of CdSe Nanocrystals in 

Octadecene, Nano Letters, 2004; 2303-2307. 

8. Byrappa K (Editor). Hydrothermal Growth of Crystals, Pergamum Press, Oxford, 

UK, 1992. ISBN-978-0-8155-1445-9. 

9. Chan WC, Nie S. Quantum Dot Bioconjugates for Ultrasensitive Noniostopic 

Detection, Science Magazine, 1998; 2016 - 2018. 

10. Chen CC, Chao CY, Lang ZH. Simple solution-phase synthesis of soluble CdS 

and CdSe nanorods, Chemistry of Materials, 2000; 1516 - 1518. 

11. Chen MH, Gao L. Synthesis and characterization of CdSe nanorods via surfactant-

assisted hydrothermal method, Journal of American Ceramic Society, 2005; 1643 

- 1646. 



Chapter 2 : Literature Survey 

Studies on Nanoparticle Synthesis in Microheterogenous Systems                                    35 

 

 

12. Chhabra V, Pillai V, Mishra BK, Morrone A, Shah DO. Synthesis, 

Characterization, and Properties of Microemulsion-Mediated Nanophase TiO2 

particles, Langmuir, 1995; 3307-3311. 

13. Chung HL, Chang MW. Synthesis of nanosized TiO2 powders via a hydrothermal 

microemulsion process, Journal of Alloys and Compounds, 2008; 153- 158. 

14. Cong Y, Xiao L, Zhang J, Chen F, Anpo M. Preparation, Characterization and 

photoactivity of TiO2 obtained by a reverse microemulsion route, Research on 

Chemical Intermediate, 2006; 717 – 724.  

15. Curri ML, Agostiano A, Manna L, Monica MD, Catalano M. Synthesis and 

Characterization of CdS Nanoclusters in a Quaternary Microemulsion: The Role 

of the Cosurfactant, Journal of Physical Chemistry B, 2000; 8391- 8397. 

16. Deng DW, Pan Y, Js Y. Water-Soluble CdSe and CdSe /CdS Nanocrystals: A 

Greener Synthetic Route, Journal of Colloid Interface Science, 2006; 225-232. 

17. Deorsola FA, Vallauri D. The study of the process parameters in the synthesis of 

TiO2 nano spheres through reactive microemultion precipitation, Powder 

Technology, 2009; 304 – 309. 

18. Dickerson BD, Irving DM, Herz E, Claus RO, Spillman WB, Meissner KE. 

Synthesis Kinetics of CdSe Quantum Dots in Trioctylphosphine Oxide and in 

Stearic Acid, Applied Physics Letters, 2005; 171915-1-171915-3. 

19. Dickerson BD. Ph.D. Thesis on Organometallic Synthesis Kinetics Of CdSe 

Quantum Dots, Virginia Polytechnic Institute and State University, 2005. 

20. Dushkin CD, Saita S, Yoshie K, Yamaguchi Y. The Kinetics of Growth of 

Semiconductor Nanocrystals in a Hot Amphiphile Matrix, Advances in Colloid 

and Interface Science, 2000; 73-78. 

21. Gao YH, Liang CJ, Tang A, Teng F, Li D, Deng Z, Huang SH. 

Electroluminescence of Cadmium Selenium Nanocrystals Synthesized in Aqueous 

Solution, Journal of Luminescence, 2007, 122-123. 

22. Gaponik N, Talapin DV, Rogach AL, Hoppe K, Shevchenko EV, Kornowski A, 

Eychmuller A, Weller H. Thiol-Capping of CdTe Nanocrystals: An Alternative to 

Organometallic Synthetic Routes, Journal of  Physical Chemistry B, 2002; 7177-

7185. 

23. Ginzberg B, Bilmes SA. Titania sols and gels synthesized from reverse micelles, 

Progress in Colloid & Polymer Science, 1996; 51 -56. 



Chapter 2 : Literature Survey 

Studies on Nanoparticle Synthesis in Microheterogenous Systems                                    36 

 

 

24. Herron N, Calabrese JC, Farneth WE, Wang Y. Crystal Structure and Optical 

Properties of Cd32S14(SC6H5)36. DMF4, a Cluster with a 15 Angstrom CdS 

Core, Science 1993; 1426-1428. 

25. Hines MA, Guyot-Sionnest P. Bright UV-Blue Luminescent Colloidal ZnSe 

Nanocrystals, Journal of Physical Chemistry B, 1998; 3655-3657. 

26. Hubbard AT. Microemulsions – properties and applications, Surfactant Science 

Series, Vol. 144, CRC Press. ISBN-978-1420-08959-2. 

27. Joselvich E, Willner I. Photosensitization of Quantum-Size TiO2 Particles in 

Water-in-oil Microemulsions, Journal of Physical Chemistry, 1994; 7628 -7635. 

28. Lee DS, Liu TK. Preparation of TiO2 Sol Using TiCl4 as a Precursor, Journal of 

Sol-Gel Science Technology, 2002; 121 -136. 

29. Lencka MM, Riman RE. Thermodynamic Modeling of Hydrothermal Synthesis of 

Ceramic Powders, Chemistry of Materils, 1993; 61- 70. 

30. Li R, Lee JH, Kang D, Luo ZT, Aindow M, Papadimitrakopoulos F. Band-Edge 

Photoluminescence Recovery from Zinc-Blend CdSe Nanocrystals Synthesized at 

Room Temperature, Advanced Functional Materials, 2005; 345-350. 

31. Liu SH, Qian XF, Yin J, Ma XD, Yuan JY, Zhu ZK. Preparation and 

Characterization of Polymer-Capped CdS Nanocrystals, Journal of Physics 

Chemistry of Solids, 2003; 455-458. 

32. Loryuenyong V, Angamnuaysiri K, Sukcharoenpong J, Suwannasri A. The 

synthesis of nano porous and mesoporous titania with high specific surface area 

using sol gel method and activated carbon templates, Ceramics International 

Materials letters, 2012; 47-50. 

33. Lu CH, Wen MC, Synthesis of nanosized TiO2 powders via a hydrothermal 

microemulsion process, Journal of Alloys and Compounds, 2008; 153 - 158. 

34. Madhusudan Reddy K, Gopal Reddy CV, Manorama SV.  Preparation 

Characterization, and Spectral Studies on Nanocrystalline Anatase TiO2, Journal 

of Solid State Chemistry, 2001; 180 – 186. 

35. Maitra AN. Determination of size parameters of water-Aerosol OT-oil reverse 

micelles from their nuclear magnetic resonance data, Journal of Physical 

Chemistry, 1984; 5122 – 5125. 

36. Majhi PR, Moulik SP. Micro calorimetric investigation of AOT self association in 

oil and the state of pool water in water/oil microemulsions, Journal of Physical 

Chemistry, 1999; 5977 - 5983. 



Chapter 2 : Literature Survey 

Studies on Nanoparticle Synthesis in Microheterogenous Systems                                    37 

 

 

37. Marugan  J, Christensen P. Influence of the Synthesis pH on the properties and 

Activity of Sol-Gel TiO2 Photocatalysts, International Journal of Photoenergy, 

2008; 759561.1-759561.7. 

38. Mattoussi H, Mauro JM, Goldman ER, Anderson GP, Sundar VC, Mikulec FV, 

Bawendi MG. Self-Assembly of CdSe-ZnS Quantum Dot Bioconjugates using an 

Engineered Recombinant Protein, Journal of American Chemical Society, 2000; 

12142-12150. 

39. Murray CB, Norris DJ, Bawendi MG. Synthesis and Characterization of nearly 

Monodisperse CdE (E = S, Se, Te) Semiconductor Nanocrystallites, Journal of 

American Chemical Society, 1993; 8706-8715. 

40. Namin HE, Hashemipour H, Ranjbar M. Effect of aging and calcinations on 

morphology and properties of synthesis nano crystalline TiO2, International 

Journal of Modern Physics B, 2008; 3210- 3218. 

41. Papoutsi D, Lianos P, Yianoulis P, Koutsoukos P. Sol-gel Derived TiO2 

Microemulsion Gels and Coatings, Langmuir, 1994; 1684 - 1689. 

42. Pellegrino T, Manna L, Kudera S, Liedl T, Koktysh D, Rogach AL, Keller S, 

Radler  J, Natile  G, Parak WJ. Hydrophobic Nanocrystals Coated with an 

Amphiphilic Polymer Shell: A General Route to Water Soluble Nanocrystals, 

Nano Letters, 2004; 703-707. 

43. Peng XG, Wickham J, Alivsatos AP. Kinetics of II-VI and III-V Colloidal 

Semiconductor Nanocrystal Growth: “Focusing” of Size Distributions, Journal of 

American Chemical Society, 1998; 5343-5344. 

44. Peng XG. Green Chemical Approaches toward High-Quality Semiconductor 

Nanocrystals, Chemistry A European Journal, 2002; 335-339. 

45. Pileni MP. Reverse micelles as micro reactors, Journal of Physical Chemistry, 

1993; 6961- 6973. 

46. Qian HF, Li L, Ren J. One-Step and Rapid Synthesis of High Quality Alloyed 

Quantum Dots (CdSe–CdS) in Aqueous Phase by Microwave Irradiation with 

Controllable Temperature, Materials Research Bulletin, 2005; 1726-1736. 

47. Qu LH, Peng XG. Control of Photoluminescence Properties of CdSe Nanocrystals 

in Growth, Journal of American Chemical Society, 2002; 2049-2055. 

48. Qu LH, Peng ZA, Peng XG. Alternative Routes Toward High Quality CdSe 

Nanocrystals,  Nano Letters,  2001; 333-337. 



Chapter 2 : Literature Survey 

Studies on Nanoparticle Synthesis in Microheterogenous Systems                                    38 

 

 

49. Qu LH, Yu W, Peng W. In Situ Observation of the Nucleation and Growth of 

CdSe Nanocrystals. Nano Letters, 2004; 465-469. 

50. Quorzal S,  Tamimi M, Assabbane A,  Bouamrane A, Nounahm A,  Laanab L, 

Ichou YA. Preparation of TiO2 photocatalyst Using TiCl4 as a Precursor and its 

Photocatalytic Performance, Journal of Applied Sciences, 2006; 1553 – 1559. 

51. Rajamathia M, Seshadrib R. Oxide and Chalcogenide Nanoparticles from 

Hydrothermal / Solvothermal Reactions, Current Opinion in Solid State & 

Material Science, 2002; 337-345. 

52. Rogach AL, Kornowski A, Gao MY, Eychmuller A, Weller  H. Synthesis and 

Characterization of a Size Series of Extremely Small Thiol-Stabilized CdSe 

Nanocrystals, Journal of Physical Chemistry B, 1999; 3065-3069. 

53. Rogach AL, Nagesha D, Ostrander JW, Giersig M, Kotov NA. "Raisin Bun"-Type 

Composite Spheres of Silica and Semiconductor Nanocrystals, Chemical 

Materials, 2000; 2676-2685. 

54. Roy R. Acceleration the Kinetics of Low-Temperature Inorganic Syntheses, 

Journal of Solid State Chemistry, 1994; 11 – 17. 

55. Rubio F, Oteo JL, Rubio J, Duran P. Characteristics and Sintering behavior of sub 

micrometer Titanium Dioxide Spherical particles obtained by gas-phase 

hydrolysis of Titanium Tetrabutoxide, Journal of Material Science,1997; 3397 – 

3404. 

56. Sondi I, Siiman A, Matijevic E. Synthesis of CdSe Nanoparticles in the Presence 

of Aminodextran as Stabilizing and Capping Agent, Journal of Colloid and 

Interface Science, 2004; 503-507. 

57. Stathatos E, Lianos P, Monte PF, Levy D, Tsiourvas D. Formation of TiO2 

Nanoparticles in Reverse Micelles and Their Deposition as Thin Films on Glass 

Substrates, Langmuir , 1997; 4295 -4300. 

58. Suzuki A, Tukuda R. Kinetics of transition of Titanium Dioxide prepared by 

sulfate process and chloride process, Bulletin of the chemical society of Japan, 

1969; 1953 - .1959. 

59. Talapin DV, Rogach AL, Kornowski A, Haase M, Weller H. Highly Luminescent 

Monodisperse CdSe and CdSe / ZnS Nanocrystals Synthesized in a 

Hexadecylamine-Trioctylphosphine Oxide-Trioctylphospine Mixture, Nano 

Letters, 2001; 207-211. 



Chapter 2 : Literature Survey 

Studies on Nanoparticle Synthesis in Microheterogenous Systems                                    39 

 

 

60. Wang C, Bottcher C, Bahnemann DW, Dohrmann JK. A comparative study of 

nanometer size Fe(III) doped TiO2 photocatalysts, synthesis characterization and 

activity, Journal of Materials Chemistry, 2003; 2322 - 2329. 

61. Wang Z, Xingfang H. Fabrication and electrochromic properties of spin-coated 

TiO2 thin films from peroxo-polytitanic acid, Thin Solid Films,1999; 62 -65. 

62. Williams JV, Adams CN, Kotov NA, Savage PE. Hydrothermal synthesis of CdSe 

nanoparticles, Industrial & Engineering Chemical Research, 2007; 4358-4362. 

63. Wu M, Lin G, Chen D, Wang G, He D, Feng  S, Xu R. Sol-Hydrothermal 

Synthesis and Hydrothermally Structural Evolution of Nanocrystal Titanium 

Dioxide, Chemistry of Materils, 2002; 1974- 1980. 

64. Wu M, Long J, Huang A, Luo Y, Feng S, Xu R. Microemulsion- Mediated 

Hydrothermal synthesis and characterization of Nanosize Rutile and Anatase 

particles, Langmuir, 1999; 8822 – 8825. 

65. Wu XY, Liu HJ, Liu JQ, Haley KN, Treadway JA, Larson JP, Ge NF, Peale F, 

Bruchez MP. Immunofluorescent Labeling of Cancer Marker Her and Other 

Cellular Targets with Semiconductor Quantum Dots, Nature Biotechnology, 2002; 

41-46. 

66. Xi LF, Lam YM. Synthesis and characterization of CdSe nanorods using a novel 

microemulsion method at moderate temperature, Journal of Colloid Interface 

Science, 2007; 771-778. 

67. Xi LF, Xi YM, Lam YP, Xu L J, Li MH. Synthesis and characterization of one-

dimensional CdSe by a novel reverse micelle assisted hydrothermal method, 

Journal of Colloid and Interface Science, 2008; 491-500. 

68. Xu L, Chen K, El-Khair  HM, Li MH, Huang XF. Enhancement of Band-Edge 

Luminescence and Photo-Stability in Colloidal CdSe Quantum Dots by various 

Surface Passivation Technologies, Applied Surface Science, 2001; 84-88. 

69. Yoshimura M, Suda H. Hydrothermal Processing of Hydroxyapatite: past, present 

and Future, in: Hydroxyapatite and Related Materials, (Brown PW, Constanz B 

eds.), CRC Press, Inc, 1994; 45-72.  

70. Yuan Z, Bin L, Zhang J, Xu C, Ke J. Synthesis of TiO2 thin film by a modified 

sol-gel method and properties of the prepared films for photocatalyst, Journal of 

Sol-Gel Science and  Technology, 2006; 249 – 253. 



Chapter 2 : Literature Survey 

Studies on Nanoparticle Synthesis in Microheterogenous Systems                                    40 

 

 

71. Zhang D, Qi  L, Jiming  M, Cheng H. Formation of crystalline nanosized Titania 

in reverse micelles at room temperature, Journal of Materials Chemistry, 2002; 

3677- 3680. 

72. Zhang D, Qi L, Cheng H, Ma J. Synthesis of Crystalline Nanosized Titanium 

Dioxide via a Reverse Micelle Method at Room Temperature, Journal of 

Materials chemistry-Royl Society of Chemistry, 2003; 3677-3680. 

73. Zhang G, Roy BK, Lawrence FA, Cho J. Titanium Oxide Nanoparticles 

Precipitated from Low-Temperature Aqueous Solutions: I. Nucleation, Growth, 

and Aggregation, Journal of American Ceramic Society, 2008; 3875- 3882. 

74. Zhang H, Wang LP, Xiong HM, Hu LH, Yang B, Li W. Hydrothermal Synthesis 

for High-Quality CdTe Nanocrystals, Advanced Materials, 2003; 1712-1715. 

75. Zhang Q, Gao L. Preparation of Oxide Nanocrystals with Tunable Morphologies 

by the Moderate Hydrothermal Method: Insights from Rutile TiO2, Langmuir, 

2003; 967 - 971.  

76. Zhang WX, Wang  C, Zhang L, Zhang  XM, Liu XM, Tang KB, Qian YT. Room-

Temperature Synthesis of Cubic Nanocrystalline CdSe in Aqueous Solution, 

Journal of Solid State Chemistry, 2000; 241-244. 

77. Zhu DM, Feng KI, Schelly ZA. Reserve micelles of Triton X-100 in cyclohexane: 

effects of temperature, water content, and salinity on the aggregation behavior, 

Journal of Physical Chemistry, 1992; 2382 - 2385. 

78. Zhu Y, Zhang L, Gao C, Gao L. The synthesis of nanosized TiO2 powder using a 

sol-gel method with TiCl4 as a precursor, Journal of Materials Science, 2000; 

4049-4054. 

 


