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Sol-gel and electrospinning techniques are incorporated to produce titanium 

(IV) oxide/polyvinylpyrrolidone (PVP) composite nanofibers from solution 

containing PVP and titanium tetraisopropoxide. The average diameters of the obtained 

composite fibers are in the range of 145 to 350 nm. When concentration is increased, 

fiber diameter increases with broader size distribution. Increasing electric field 

strength results in an decrease in fiber diameter but more narrow size distribution. 

Calcination of the composite fibers at 500°C results in anatase titania nanofibers with 

a trace amount of rutile. The crystallinity and rutile content of all titania fibers are 

increased, while the average fiber diameter is decreased, with an increase in the 

calcination temperature. Silicon doping in titania fibers reduces the  fiber diameter, 

while increases crystallinity, surface area, and thermal stability of fibers. Finally, the 

addition of silicon results in enhanced photocatalytic activity of methylene blue 

decomposition. 
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CHAPTER I 

 

INTRODUCTION 

 

Titanium (IV) oxide or titania (TiO2) is one of the most common materials that 

suits many applications. It has been known to be an excellent catalyst in the field of 

photocatalysis. Titania is a wide bandgap semiconductor with many interesting 

properties, such as transparency to visible light, high refractive index and low 

absorption coefficient. Other than these properties, its eminent capability of 

photocatalytic decomposition of organic materials has come to utilization in the 

environmental applications, i.e. organic pollutant treatment (Kwon et al. 2004). 

Generally, large surface area is required for catalyst. Since the catalyst is usually used 

at hight temperature, high thermal stability, as well as large surface area, is also 

important. Titania is also commercially very important as a white pigment because of 

its maximum light scattering with virtually no absorption. It is also nontoxic, 

chemically inert, and considered as dielectric ceramic material due to its high 

dielectric constant. Recently, it has been suggested that monodispersed oxide powders 

are preferable to ceramic raw materials (Kominami et al. 1999). 

 

  Titania is know to have several natural polymorphs, i.e. rutile, anatase and 

brookite. Rutile is thermodynamically stable, especially at high temperature, while 

anatase is metastable at high temperature (both belong to the tetragonal crystal 

system). Brookite, which has a structure belong to the orthorhombic crystal system is 

formed only under hydrothermal conditions or usually found only in minerals 

(Keesmann 1966). Anatase titania has been used as catalyst for photodecomposition 

and solar energy conversion, because of its high photoactivity (Kamat and 

Dimitrijevic 1990; Fox and Dulay 1993; Larson and Falconer 1994; Herrmann et al. 

1997; Fujishima et al. 1999a). On the other hand, rutile  titania has been used as white 

pigment materials, because of its good scattering effect, which protects materials from 

ultraviolet light. Anatase titania has been reported to be unstable at high temperature. 

However its transformation temperature has been reported in a wide range (Zzanderna 

et al. 1958; Yogarasimhan and Rao 1962), depending upon its the grain size, 
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impurities, composition, nature of the dopant, amount of dopant, and processing 

technique (Fujishima et al. 1999a; Hirano et al. 2002). 

 

Nanocrystalline and nanocomposite materials, characterized by an ultra fine 

grain size (<50 nm), are subject of current interest because of their unusual magnetic, 

optical and electronic properties. It has been reported that nanometer-sized particles 

have different physical and chemical properties from bulk materials. Their catalytic 

activity is expected to be enhanced not only because of their increased surface area, 

but also because of the change of surface properties such as surface defect(Popielaski 

1998; Payakgul 2002).  

 

The particle size of nanocrystalline titanium (IV) oxide plays an important role 

in the physical and chemical behavior because the specific surface area, the chemical 

stability, and the chemical reactivity of the materials are all highly correlated with 

particle size. It has been shown that the adsorption of organic compounds to the 

surface of nanocrystalline anatase is particle-size-dependent. Therefore, the particle 

size is one of the crucial factors in photocatalytic decomposition activity (Zhang et al. 

2001). 

 

Titania can be synthesized by various techniques, such as precipitation (Kim et 

al. 1999), chemical vapor deposition (Ding et al. 2000), hydrothermal method (Yang 

et al. 2001), and glycothermal method (Iwamoto et al. 2000). Another common 

technique that can result in titania with extremely high surface area is sol-gel method 

(Dagan and Tomkiewicz 1994; Zaharescu et al. 1997; Jung and Park. 1999; Jung and 

Park 2000; Cheng et al. 2003). The method basically consists of many steps, i.e. 

hydrolysis of  alkoxide to form sol, gelation, gel-aging, drying and thermal 

stabilization. Each step can be manipulated to obtain product with specific 

characteristic, such as narrow pore size distribution and narrow particle size 

distribution (Montoya et al. 1992). However, titania obtained usually contains certain 

amount of amorphous phase, in which their surface area decrease drastically during 

calcination (Fujishima et al. 1999a; Payakgul 2002).  

 

Anatase is an unstable polymorph of titania. Phase transformation from 

anatase to rutile, the less chemically active polymorph, takes place at temperatures as 
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low as 300°C. However, the transformation temperature strongly depends upon how 

titania is synthesized (Jung and Park. 1999). Anatase titania that transforms to rutile at  

high temperature is considered having good thermal stability. In catalytic application, 

large surface area and reasonably good thermal stability is often desired. Therefore, 

many studies have been devoted to improve the thermal stability of titania using 

additives such as silicon (Iwamoto et al. 2000) and aluminum (Lee et al. 2004). 

Furthermore, it has been also reported that the addition of the secondary metal dopant 

can enhance the photocatalytic activity of the resulting titania. Anatase/silica 

composite nanoparticles exhibit much better photocatalytic activity than that of the 

pure anatase (Yoshinaka et al. 1997; Viswanath and Ramasamy 1998; Jung and Park. 

1999; Iwamoto et al. 2000; Jung and Park 2000; Soult et al. 2002; Cheng et al. 2003; 

Hong et al. 2003; Oh et al. 2003; Hirano and Ota 2004). 

 

In this research, the sol-gel method is combined with electrospinning 

technique to produce titania nanofibers. Electrospinning technique is a relatively 

simple and versatile method for fabricating nanofibers. In typical electrospinning 

process, a droplet of the polymer solution held by its surface tension at the end of a 

capillary tube is subjected to an electric field. Charge is induced on the liquid surface 

by electric field. As the intensity of the electric field is increased, the hemispherical 

surface of the solution at the tip of the capillary tube elongates to form a conical shape 

known as the Taylor cone. When the electric field reaches a critical value at which the 

repulsive electric force overcomes the surface tension force, a charged jet of the 

solution is ejected from the tip of the Taylor cone. Since this jet is charged, its 

trajectory can be controlled by the electric field. As the jet travels in air, the solvent 

evaporates, leaving a charged polymer fiber behind which lays itself randomly on a 

collecting metal screen. Thus, continuous fibers are laid to form a non-woven fabric 

(Jayesh and Reneker 1995). In the continuous-feeding mode, the numberof fibers can 

be formed within short period of time, as short as a few seconds. Those fibers are 

often collected on the surface of a conductor to form non-woven mats that have high 

surface areas and relatively small pore sizes.  

 

In the past several decades, more than 20 different types of organic polymers 

have been successfully processed as ultrathin fibers using the electrospinning 
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technique, with typical examples including various engineering plastics, biopolymer, 

and electronically conductive polymer (Jayesh and Reneker 1995; Li and Xia 2003). 

Amorphous titania nanofibers have also been preliminarily produced by 

electrospinning technique from titanium isopropoxide mixed with acetic acid and high 

molecular weight polyvinylpyrrolidone (Li and Xia 2003). Although nanocrystalline 

titanium (IV) dioxide particles have shown many beneficial features, handling of such 

small particles in some applications such as in photocatalytic applications, is difficult. 

Fibers consisting of nanocrystalline titania can be advantageous. However, 

nanocrystalline titania undergoes phase transformation and grain growth at relatively 

low temperature, which limits its application at high temperature. In order to improve 

the thermal and physical properties of titania fibers, the doping of titania fibers with 

secondary metal is studied. This research intends to investigate the production of 

titania nanofibers in more detail as well as their properties and applications. 
 

Objectives of the research : 

 

1. Study the effects of solution, spinning conditions, and calcination 

conditions on morphological appearance, crystal structure as well as physical and 

chemical properties of the resulting titania fibers.  

 

2. Study the effects of the secondary metals doping on the thermal stability of 

the resulting titania fibers. 

 

3. Study the activity of the resulting titania fibers by using photocatalytic 

decomposition of methylene blue. 
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The present study is arranged as follows: 

 

 Chapter I is the introduction of this work. 

  

Chapter II describes the basic theory about titania such as the general 

properties of titania, sol-gel process, electrospinning process and photocatalytic 

process. Furthermore, literature survey of the previous works related to this research 

is also presented in this chapter. 

  

 Chapter III shows materials, the experimental equipments, the preparation 

procedure of titanium (IV) oxide nanofibers by the electrospinning process and 

characterization equipments. 

  

 Chapter IV describes the results and discussion of the research.  

 

 In the last chapter, the overall conclusions of this research and future work are 

given. 
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CHAPTER II 

 

THEORY AND LITERATURE SURVEY 

 

It has been recognized that titanium (Ti) can form a large number of 

compounds by coordination with other substances such as hydrogen, nitrogen, boron,  

carbon, and oxygen. Titania is the most important form of titanium compound 

commercially available. Physical and chemical properties of titania as well as its 

various preparation procedures have been long studied. 

  

2.1 Physical and Chemical Properties of Titanium (IV) Oxide 

 

Titanium (IV) oxide occurs naturally in three crystalline forms: anatase which 

tends to be more stable at low temperature, brookite which is usually found only in 

minerals, and rutile which is thermally stable form of titania and thus is sometimes 

found in igneous rocks. The three forms of titanium (IV) oxide have been succesfully 

prepared artificially. However, only rutile has been obtained in the form of transparant 

large single crystal. A summary of the crystallographic properties of all forms are 

given in Table 2.1. 

 

The important commercial forms of titanium (IV) oxide are anatase and rutile.  

Both of them are tetragonal. Anatase occurs usually in near-regular octahedral, while 

rutile forms slender prismatic crystals, which are frequently twinned. Therefore, they 

are both anisotropic, Their physical properties, e.g. refractive index, vary according to 

the direction relative to the crystal axes. However, in most applications, the distinction 

between crystallographic direction is lost because of the random orientation in large 

number of small particles.  

 

Phase transformation from anatase to rutile is accompanied by the evolution of 

ca. 12.6 kJ/mol (3.01 kcal/mol). Nevertheless, the rate of transformation is greatly 

affected by temperature and the presence of other substances which may either 
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catalyze or inhibit the transformation. The anatase-to-rutile transformation is not 

reversible since Gibb’s free energy for the change is always negative (Othmer 1999). 

 

Table 2.1  Crystallographic properties of anatase, brookite, and rutile(Othmer 1999). 

         Anatase    Brookite    Rutile 

Crystal structure       Tetragonal    Orthorombic    Tetragonal 

Density, [g/cm3]                3.9     4.0     4.23 

Hardness, [Mohs scale]     5.5 - 6    5.5 - 6    7 - 7.5 

Unit cell        D4a19 .4TiO2   D2h15 .8TiO2    D4h12 .3TiO2 

Lattice parameters, [nm] 

a         0.3758    0.9166    0.4584 

b        0.5436 

c         0.9514    0.5135    2.953 

 

 

Titanium (IV) oxide is thermally stable (melting point of 1855oC) and has high 

resistance to chemical attack. When it is severely heated under vacuum, there is a 

chance of slight loss in oxygen atom that results in a change in composition to TiO1.97. 

The product is dark blue but can be reverted to the original white color when it is 

heated in air (Fujishima et al. 1999a; Payakgul 2002). 

 

In 2000, Iwamoto and coworkers (2000) synthesized silica-modified titania 

with various silica contents by the reaction of titanium tetraisopropoxide (TTIP) and 

tetraethyl orthosilicate (TEOS) in 1,4-butanediol. The products possessed 

significantly large surface area with small crystallite size, and exhibited remarkable 

thermal stability. They described that the presence of Si in the titania lattice 

contributed to the deceleration of the grain growth of anatase and the suppression of 

anatase-rutile transformation (Iwamoto et al. 2000). Jung and Park (1999) prepared 

silica-embedded titania particles by sol-gel process. They observed that the added 

silicon formed segregated amorphous silica and embedded into anatase titania matrix. 

Surface area and defects were increased with increasing the silica content. The 

increase of thermal stability, which was successfully accomplished by embedding 

amorphous silica into titania matrix, resulted in suppressing the phase transformation 

from anatase to rutile (Jung and Park. 1999; Jung and Park 2000). 
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In 2003, Hong and coworkers (2003) prepared nanosized TiO2/SiO2 particles 

in the microemulsion. They observed that the titania/silica mixture had high thermal 

stability, which resulted in the suppression of phase transformation from anatase to 

rutile. In addition, this high thermal stability made it possible to calcine the TiO2/SiO2 

particles at higher temperature without forming the rutile phase to prepare high 

crystalline particles by reducing the bulk defect (Hong et al. 2003). 

 

2.2 Sol-Gel Process 

 

The sol-gel process involves the formation of sol followed by gelation.  Sol, 

which is suspension of solid particles with size ranging from 1 nm to 1 micron in 

liquid, can be obtained by hydrolysis and partial condensation of a precursor such as 

inorganic salt or metal alkoxide. Further condensation of sol particles into a three-

dimensional network produces gel, which is a diphasic material with a solids 

encapsulating solvent. Alternatively, gel can be produced by destabilizing the solution 

of preformed sols. In either case, the materials are referred as aquasol (or aquagel) if 

water is used as a solvent, and alcosol (or alcogel) if alcohol is used. The encapsulated 

liquid can be removed from gel by either evaporative drying or drying with 

supercritical extraction (supercritical drying in short).  

 

The single most important characteristic of the sol-gel preparation of catalytic 

materials is its ease of control that translates into the following advantages: 

 

(i) the  ability  to  maintain  high  purity   (because  of  purity  of  staring  

materials); 

(ii) the  ability  to  change  physical  characteristics  such  as  pore  size  

distribution and pore volume; 

(iii) the ability to vary compositional homogeneity at a molecular level; 

(iv) the ability to prepare samples at low temperatures; 

(v) the ability to introduce several components in a single step; 

(vi) the ability to produce samples in different physical forms. 
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The four key steps to convert a precursor to a particular product via sol-gel 

preparation are; formation of gel, aging of gel, removal of solvent, and heat treatment. 

The versatility of this preparative approach lies in the number of parameters that can 

be manipulated in each of these steps. 

 

The precursor in sol-gel preparation can either be a metal salt/alkoxide 

dissolved in an appropriate solvent or a stable colloidal suspension of preformed sols. 

Metal alkoxides have been most extensively used because they are commercially 

available in high purity and their solution chemistry has been well documented. At its 

simplest level, sol-gel chemistry with metal alkoxides can be described in terms of 

two classes of reactions: 

 

            Hydrolysis:       -M-OR + H2O          -M-OH + ROH 

        Condensation: -M-OH + XO-M-     -M-O-M- + XOH 

 

where X can be either H or R (an alkyl group). 

  

Such description oversimplifies the overall process because it does not 

correctly represent the molecular formula of intermediates as well as and end 

products, nor does it depict the simultaneous occurrence of the two reactions. 

However, this oversimplification captures the key phenomenological idea that a three-

dimensional gel network comes from the condensation of partially hydrolyzed 

species. Any parameters affecting either or both of these reactions are thus likely to 

impact on the properties of the product. In fact, the important variables are the 

reactive rates of hydrolysis and condensation, which have been pointed out. 

   

Because hydrolysis and condensation are both nucleophilic displacement 

reactions, the reactivity of metal alkoxides depends on the positive partial charge of 

the metal atom and its coordination number. For example, TEOS, which has small 

positive partial charge on silicon, is the least reactive among the common alkoxides. 

In general, the longer and bulkier the alkoxide group attached to a particular metal 

atom, the less reactive that precursor is in hydrolysis and condensation. Changing the 
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type of precursor and/or its concentration are thus effective means to control the 

reaction rates. 

  

The amount of water used in sol-gel preparation and the rate by which it is 

added into the system also influence gel characteristics. The former is usually 

expressed in terms of the hydrolysis ratio h, defined as the moles of water per mole of 

metal alkoxide, M(OR)m. There are three specific regions of interest: 

 

(i) h  < 1: An  infinite network seldom forms due to low  functionality    of 

the  precursor  towards  condensation.  Because  there  are  few  M-OH 

groups  for  cross-linking,  gelation  or  precipitation can not occur 

when there is no local excess of water. 

(ii) 1 < h <  m : Polymeric gels can form. 

(iii) h < m : Cross-linked polymers, particulate gels, or precipitates can 

form when an excess of water is added to the alkoxides. 

 

For given  amount  of water,  another level of control comes from the rate of 

addition. Common approaches to slowly add water into the system are: using a 

micropipette, absorbing moisture from a controlled humidity environment, and 

generating water in the solution with another chemical reaction. 

  

Two other important sol-gel parameters are temperature and solvent. Both hot 

and cold plates are commercially available, which can be used to increase and 

decrease the reaction rate, respectively. Varying the temperature is most effective 

when it can alter the relative rate of competing reactions. Solvent can change the 

nature of an alkoxide precursor through solvent exchange or affect the condensation 

reaction directly. It is also possible to prepare gel without solvent as long as another 

mean, such as ultrasound irradiation, is used to homogenize an otherwise immiscible 

alkoxide/water mixture. 

   

Using preformed sols instead of metal alkoxides as precursors is an attractive 

alternative in sol-gel preparation because recent advances in inorganic colloidal 

dispersions allow some control over the characteristic of the starting sols. Colloidal 
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suspension of sol particles is often stabilized (i.e. prevented from flocculation) by pH 

adjustment. Thus, pH of the solution, which can be changed by the addition of either 

acid or base, is the single most important parameter in obtainning gel from preformed 

sols. Other parameters that influence gel quality are size and concentration of the 

starting sol particles. 

  

For any of the sol-gel parameters discussed so far, its effect on gel properties 

can often be observed by an experimental parameter known as gel time. Gel time is 

defined as the time that the solution undergoes rapid rise in viscosity which is 

corresponding to the transition from viscous fluid to elastic gel. At the gel point, the 

solid phase forms a continuous structure that reflects the formation and branching of 

particles under specific growth condition. This particular phase is important because it 

is the genesis of structural evolution that takes place in all subsequent processing steps 

(Ertl et al. 1999). 

 

In 1998, Viswanath and Ramasamy (1998) prepared titania-silica 

nanocomposite system with well-dispersed TiO2 particles in the glassy matrix by the 

sol-gel method. The Si-O-Ti bonded glassy matrix acts as an anti-sintering agent 

which controls the growth of the TiO2 particles. Also, this glassy medium stabilizes 

the anatase phase at high temperature (Viswanath and Ramasamy 1998). In 2004, 

Kwon and coworkers (2004) have fabricated titania nano-crystal thin films on glass, 

polycarbonate, polymethyl methacrylate, and aluminum via sol–gel process using 

different alkoxide precursors. Unlike the conventional sol–gel process, no heat 

treatment was required to obtain nano-sized crystals of TiO2. All the specimens 

possessed nano-sized (<10 nm) crystals of anatase phase with very tiny brookite 

phase. As the thickness of the film increased, the effect of the substrate diminished in 

terms of photocatalytic decomposition of methyleneblue solution. Appropriate heat 

treatment can tailor the surface microstructure in such a way that photocatalytic 

decomposition of methylene blue solution was achieved by heat treatment at 400oC, 

which was ascribed to the enlarged surface area upon morphological change of the 

surface (Kwon et al. 2004). 
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2.3 Electrospinning Process 

 

2.3.1 Background 

 

Electrospinning is a straightforward method to produce polymer nanofibers. 

When the electrical force at the surface of a polymer solution or polymer melt 

overcomes the surface tension, a charged jet is ejected. The jet extends in a straight 

line for a certain distance, and then bends and follows a looping and spiraling path. 

The electrical forces elongate the jet thousands or even millions of times and the jet 

becomes very thin. Ultimately the solvent evaporates, or the melt solidifies,  resulting 

in very long fibers, often in the form of a non-woven fabric. 

  

The electrospinning process produces fibers with diameter in the range of one 

or two orders of magnitude smaller than those of conventional textile fibers. The 

small diameter provides large surface area to mass ratio, in the range from 10 m2/g 

(when the diameter is around 500 nm) to 1000 m2/g (when the fiber diameter is 

around 50 nm). The equipment required for electrospinning is simple and only a small 

amount of  polymer sample is needed to produce nanofibers. 

  

Polymer nanofibers are being used, or finding uses, in filtration, protective 

clothing, and biomedical applications including wound dressings and drug delivery 

systems. Other possible uses include solar sails, light sails, and mirrors for using in 

space. Nanofibers offer advantages for the application of pesticides to plants, as 

structural elements in artificial organs, as supports for enzymes or catalysts that can 

promote chemical reactions, and in reinforced composites. Ceramic or carbon 

nanofibers made from polymeric precursors extend nanofiber applications to uses 

involving high temperature and high modulus. The electrospinning process can 

incorporate particles such as pigments or carbon black particles into nanofibers. 

Flexible fibers are needed on a scale commensurate with micro or nano-electrical 

mechanical and optical systems. The use of electrical forces may lead to new ways to 

fabricate micro or nano scale devices. 

  

The electrostatic spray related literatures contain many helpful insights into 

the electrospinning process. Lord Rayleigh (1882) studied the instabilities that occur 
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in electrically charged liquid droplets. He showed, over 100 years ago, that when the 

electrostatic force overcame the surface tension, a liquid jet was created (Rayleight 

1882). Zeleny considered the role of surface instability in electrical discharges from 

droplets. He published a series of papers around 1910 on discharges from charged 

droplets falling in electric fields, and showed that, when the discharge began, the 

theoretical relations for surface instability were satisfied (Zeleny 1914; Zeleny 1915; 

Zeleny 1917; Zeleny 1935). In 1952, Vonnegut and Neubauer (1952) produced 

uniform streams of highly charged droplets with diameters of around 0.1 mm, by 

applying potentials of 5 to 10 kilovolts to liquids flowing from capillary tubes. Their 

experiment proved that monodisperse aerosols with a particle radius of a micron or 

less could be formed from the pendent droplet at the end of the pipette. The diameter 

of the droplet was sensitive to the applied potential (Vonnegut and Neubauer 1952). 

Wachtel and coworkers (1962) prepared emulsion particles using an electrostatic 

method to make a monodispersed emulsion of oil in water. The diameter of the 

emulsion particles was in the range from 0.5 to 1.6 microns (Watchel and LaMer 

1962). In the 1960’s, Taylor studied the disintegration of water droplets in an 

electrical field. His theoretical papers demonstrated that a conical interface, with a 

semi-angle close to 49.3˚, was the limiting stable shape (Taylor 1964; Taylor 1965; 

Taylor 1966; Taylor 1969). 

  

Electrospinning of solutions of macromolecules can be traced back to 1934, 

when Formhals invented a process for making polymer fibers by using electrostatic 

force. Fibers were formed from a solution of cellulose acetate. The potential 

difference required depended on propreties of the spinning solution such as molecular 

weight and viscosity. Formhals obtained a series of patents on his electrospinning 

inventions (Formhals 1934; Formhals 1937; Formhals 1939a; Formhals 1939b; 

Formhals 1940a; Formhals 1940b; Formhals 1944). 

  

Gladding and Simons improved the electrospinning appraratus and produced 

more stable fibers. They used movable devices such as a continuous belt for collecting 

the fibers (Gladding 1939; Simons 1966). Later, Bornat patented another 

electrospinning apparatus that produced a removable sheath on a rotating mandrel. 

The basic principles were similar to previous patents. He determined that the tubular 
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product obtained by electrospinning polyurethane materials in this way could be used 

for synthetic blood vessels and urinary ducts (Bornat 1982; Bornat 1987). 

  

In 1971, electrospinning of acrylic fibers was described by Baumgarten 

(1971). Acrylic polymers were electrospun form dimethylformamide solution into 

fibers with diameters less than 1 micron. A stainless steel capillary tube was used to 

suspend the droplets of polymer solution and the electrospun fibers were collected on 

a grounded metal screen. Baumgarten observed relationships between fiber diameter, 

jet length, solution viscosity, feed rate of the solution and the composition of the 

surrounding gas (Baumgarten 1971). 

 

In 1981, Manley and Larrondo (1981) reported that continuous fibers of 

polyethylene and polypropylene could be electrospun from the melt, without 

mechanical forces. A drop of molten polymer was formed at the end of a capillary. A 

molten polymer jet was formed when a high electric field was established at the 

surface of the polymer. The jet became thinner and then solidified into a continuous 

fiber. The polymer molecules in the fiber were oriented by an amount similar to that 

found in conventional as-spun textile fibers before being drawn. The fiber diameter 

depended on the electric field, the operating temperature and the viscosity of the 

sample. The electrospun fibers were characterized by X-ray diffraction and 

mechanical testing. As either the applied electricc field or the take-up velocity was 

increased, the diffraction rings became arcs, showing that the molecules were 

elongated along the fiber axis (Larrondo and Manley 1981a; Larrondo and Manley 

1981b; Larrondo and Manley 1981c). 

  

Reneker and coworkers (Doshi and Reneker 1995; Srinivasan and Reneker 

1995; Reneker and Chun 1996; Fang and Reneker 1997; Chun et al. 1999; Fong et al. 

1999a; Fong et al. 1999b; Fong and Reneker 1999; Kim and Reneker 1999; Kim et al. 

1999; Kim and Reneker 1999a) made further contributions to understanding the 

electrospinning process and characterizing the electrospun nanofibers in recent years. 

Doshi and Reneker (1995) made electrospun nanofibers, from water soluble 

poly(ethylene oxide), with diameters of 0.05 to 5 microns. They described the 

electrospinning process, the processing conditions, fiber morphology and some 

possible uses of electrospun fibers (Doshi and Reneker 1995). Srinivasan and Reneker 
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(1995) electrospun a liquid crystal polyaramid, poly (aniline), each from solution in 

sulfuric acid. They observed electron diffraction patterns of the polyaramid 

nanofibers, both as spun and after annealing at 400˚C (Srinivasan and Reneker 1995). 

Reneker and Chun (1996) used transmission electron microscopy, scanning electron 

microscopy and atomic force microscopy to characterize electrospun fibers of poly 

(ethylene terephthalate) (Reneker and Chun 1996). Fang and Reneker (1997) 

electrospun DNA into nanofibers, some of which were beaded (Fang and Reneker 

1997). Polybenzimidazole nanofibers were electrospun by Kim and Reneker (1999 

a,b), who also studied the reinforcing effects of these nonofibers in an epoxy matrix 

and in a rubber matrix (Kim and Reneker 1999a; Kim and Reneker 1999b). Fong et al 

(1999) described the electrospinning of beaded nanofibers (Fong et al. 1999b). They 

also studied the morphology of phase separation in electrospun nanofibers of a 

styrene-butadiene-styrene tri-block copolymer (Fong and Reneker 1999). Elastomeric 

nanofibers were made from this thermo-elastic copolymer. The smallest fibers of this 

tri-block copolymer had diameters around 3 nm. Reneker and coworker also made 

carbon nanofibers, from polymers or pitch. The resulting carbon nanofibers had 

diameters of from 50 to 500 nm. The morphology ranged from highly oriented, 

crystalline, nanofibers to very porous ones with high values of surface area per unit 

mass (Chun et al. 1999; Fong et al. 1999a). 

 

In 2003, Li and Xia (2003) studied  fabrication of titania nanofibers by 

electrospinning with controllable diameters and porous structures. When ethanol 

solution containing both poly(vinyl pyrrolidone) (PVP, Mw ~ 1,300,00) and titanium 

tetraisopropoxide was injected through a needle under strong electrical field, 

composite nanofibers made of PVP and amorphous TiO2 were formed as a result of 

electrostatic jetting. These nanofibers could be subsequently converted into fibers of 

anatase titania without changing their morphology via calcination in air at 500oC. The 

average diameter of these ceramic nanofibers could be controlled in the range from 20 

to 200 nm. It was found that, after calcined at 500oC, the nanofibers remained in 

continuous structure with their average diameter reduced. This size reduction could be 

accounted  by the loss of PVP from the nanofibers and the crystallization of titania. 

They also reported the followings: the nanofibers increased in diameter as the PVP 

concentration was increased, thinner nanofibers were obtained when the strength (E) 

of the electric field was increased, faster feeding rate of PVP solution often resulted in 
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thicker fibers, the use of titanium tetraisopropoxide at lower concentration led to the 

formation of thinner ceramic nanofibers. Furthermore, it was suggested that the 

electrospinning procedure could be extended to provide a generic route to nanofibers 

made of other oxides such as SnO2, SiO2, Al2O3, and ZrO2 (Li and Xia 2003).  

 

In 2004, Viswanathamurthi and coworkers (2004) have been prepared nano to 

sub-micron fibers of ruthenium doped titanium dioxide/poly(vinylacetate) hybrid by 

electrospinning method. Pure ceramic metal oxide fibers were obtained by high 

temperature calcination of the organic-inorganic hybrid fibers. It was observed that 

the diameter of as-synthesized titania fibers was slightly increased by the addition of 

ruthenium. However there was no change in the diameter of ruthenium-doped fibers 

with the increase in ruthenium content. The surface of the fibers obtained was smooth 

and uniform. The fibers calcined at 600oC contained only anatase phase of titanium 

dioxide and metalic ruthenium, while the fibers calcined at 800oC showed the 

presence of rutile in addition to those two phases . When the ruthenium content was 

increased, the fibers were no longer straight and some of fibers are broken. Moreover, 

the fiber surface showed shrinkage and roughness. It was seen that the surface of high 

ruthenium content fibers appeared smooth and porous.The porosity increased with the 

increase in ruthenium content. The fiber calcined at 1000oC showed only rutile and 

metalic ruthenium. At this stage no change in fiber morphology with respect to 

ruthenium content was observed. They found that the porous and polycrystalline 

structure of the electrospun fibers provided a surface area to volume ratio roughly 1-2 

orders of magnitude higher than that has been known for continuous thin films 

(Viswanathamurthi et al. 2004). 

 

In 2004, Madhugiri and coworkers (2004) have prepared electrospun 

mesoporous titanium dioxide fibers. The fibers contained anatase crystallized in the 

pore walls which transformed to rutile upon the calcination above 800oC. The 

electrospun fibers (calcination at 600oC, surface area 32 m2/g) were evaluated for the 

photodecomposition of phenol and formic acid comparing with two different 

commercial TiO2 samples (Degussa P25, suface area 50 m2/g and Hombikat UV 100, 

surface area 334 m2/g). It was found that the photocatalytic properties of the calcined 

TiO2 fibers fell well below those of commercial catalysts. Nevertheless, they 
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suggested that there were several parameters including fiber size and porosity that can 

be tuned to improve reactivity (Madhugiri et al. 2004). 

 

2.3.2 Mechanism of Electrospinning Process 

  

Electrospinning process involves polymer science, aplied physics, fluid 

mechanics, electrical engineering, mechanical engineering, chemical engineering, 

material engineering and rheology. Many parameters, including the electric field, 

solution viscosity, resistivity, surface tension, charge carried by the jet and relaxation 

time can affect the process. A comprehensive mathematical model of this process was 

developed by Reneker et al (Reneker et al. 2000). 

 

The electrospinning process consists of three stages: (1) jet initiation and the 

extension of the jet along a straight line; (2) the growth of a bending instability and 

the further elongation of  the jet, which allows the jet to become very long and thin 

while it follows a looping and spiraling path; (3) solidification of the jet into 

nanofibers. A schematic drawing of the electrospinning process is shown in Figure 

2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  Schematic representation of the electrospinning process. 
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2.3.2.1 Jet initiation and diameter of a single jet 

 

In a typical experiment, a pendent droplet of polymer solution is supported by 

surface tension at the tip of the spinneret. When the electrical potential difference 

between the spinneret and the grounded collector is increased, the motion of ions 

through the liquid charges the surface of the liquid, The electrical forces at the surface 

overcome the forces associated with surface tension. A liquid jet emerges from a 

conical protrusion that formed on the surface of the pendant droplet. The jet is 

electrically charged. It carries away the ions that are attracted to the surface when the 

potential is applied. Increasing the potential increases both the charge density on the 

jet and the flow rate of the jet. 

 

           
 

 0 millisecond           20 millisecond        26 millisecond 

 

           
 

 28 millisecond           34 millisecond        50 millisecond  

 

Figure 2.2 Photographs of the pendent droplet and jet, near the time the jet was 

ejected. 
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Figure 2.2 shows a sequence of droplet shapes taken at a frame rate of 500 

frames per second and a shutter speed 2 ms (Salem 2001). A 3.0% solution of 

polyethylene oxide in water was used. The solution flowed through a hole, with 

diameter of 300 microns, in the bottom of a bowl of a metal spoon. The electric field 

along the axis of the jet was 0.5 kV/cm. The length of the horizontal edge of each of 

the images was 1.0 mm. When the semi-vertex angle of the droplet was around 22.5˚, 

the electric force was high enough to overcome both surface tension and viscoelastic 

forces, and a fluid jet was ejected. Jet diameters near the droplet were in the range 

from 20 µm to 100 µm. After the charged jet was ejected, the conical protrusion 

relaxed to a rounded shape, reaching a steady shape in a few milliseconds. A jet can 

also be initiated, at a lower potential, by mechanically pulling a jet out of the pendent 

droplet, since the voltage required for initiation was higher than that required for 

maintaining the jet flow. 

 

The observed semi-vertex angle as the jet emerged from the droplet was less 

than the 49.3˚ that Taylor calculated (Taylor 1964; Taylor 1965; Taylor 1966; Taylor 

1969). Sometimes the jet current and the shape of the droplet pulsated while the 

applied voltage was constant. A steady current was associated with a droplet that had 

a constant shape. 

 

   
 

       (a)            (b) 

 

Figure 2.3 (a) Magnified image of the shape of the jet near the spoon. (b) Schematic 

drawing of a jet flowing from a hole in the bowl of a spoon. The jet is 

separated from the spoon for clarity. 
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The jet diameter decreases with the distance from the orifice. Higher electric 

fields and a lower surface tension coefficient favor the formation of a thicker jet. 

Addition of salt (NaCl) to the solution, with other parameters held constant, reduces 

the diameter of the jet. Increasing the viscosity of the solution does not always 

increase the diameter. The largest jet diameter occurs when the solution viscosity is in 

a medium range. Both higher and lower viscosity favors a thinner jet. 

 

2.3.2.2 Bending instability and elongation of the Jet 

 

After initiation, the path of the jet is straight for a certain distance. Then, an 

electrically driven bending instability grows at the bottom end of the straight segment. 

The bending allows large elongation to occur in small region of space. The 

electrically driven bending instability occurrs in self-similar cycles. Each cycle has 

three steps and is smaller in scale than the preceding cycle. 

 

The three steps in each cycle are: 

 

Step 1. A smooth segment that is straight or slightly curved suddenly develops 

an array of bends. 

 

Step 2. As the segment of the jet in each bend elongates, the linear array of 

bends becomes a series of spiraling loops with growing diameters. 

 

Step 3. As the perimeter of each loop increases, the cross-sectional diameter of 

the jet forming the loop gets smaller, and the conditions for Step 1 are established 

everywhere along the loop. 

  

After the first cycle, the axis of a particular segment might lies in any 

direction. The continuous elongation of each segment is most strongly influenced by 

the repulsion between the charges carried by adjacent segment of the jet. The 

externally applied field, acting on the charged jet, causes the entire jet to drift toward 

the collector, which is maintained at an attractive potential. 
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Figure 2.4 The development of the second cycle of bending instability. The time 

interval between these two images was 15 ms. The camera shutter speed 

was 0.25 ms. 

 

Figure 2.4 shows two cycles of bending instability. The jet enters the image 

near the end of the straight segment, where the first electrically driven bending 

instability produces an array of helical bends. While the jet runs continuously, it shifts 

through a series of similar but changing paths. Most loop moves downward at a 

velocity of about 1 m/s, but some loops with larger diameter remain in the field of 

view for long time. The slightly curved thin segment that runs horizontally across the 

left image in Figure 2.4 is part of such loop that remain in view for over 15 ms. This 

segment is smooth until, in a time interval of only one ms, the bends and loops shown 

in the right image of Figure 2.4 are developed. During this 15 ms period, many bends 

and loops of the first cycle of bending instability are formed and move downward 

through the field of view. The diameter of every segment of the jet becomes smaller, 

and the length of every segment increases. The loops grow larger. Bending 

instabilities are developed and grow. 

 

It is often possible to follow the evolution of the shape of segments, such as 

those shown in the right part of Figure 2.4, back to the time at which they enter the 

upper left corner of the image, by stepping backward in time through the image files 

created by the electronic camera. It is more difficult to follow the evolution of the jet 

into the third cycle of bending because the images of the path become fainter as the jet 
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becomes thinner, and soon they are ambiguous. The elongation and the associated 

thinning of the jet continue as long as the charge on the jet supplies enough force to 

overcome the surface tension and viscoelastic forces. Meanwhile, the elongational 

viscosity increases as the solvent evaporates and eventually the elongation is stopped. 

Details of the evolution of the solidification process remain to be investigated. 

  

The “area reduction ratio”, which is defined as the ratio of the cross-sectional 

area of the upper end of a segment to the cross-sectional area at the lower end of the 

same segment, is equal to the draw ratio if the volume of material in the segment is 

conserved. Consider a jet, with a 6% concentration of polymer in a volatile solvent, 

which transforms from a jet diameter of 50 µm to a dry nanofiber with relatively large 

diameter of 0.5 µm. The area reduction ratio is 2500/0.25 = 10000. The drying 

process accounts for a factor of 16, and the elongation of the initial straight part of the 

jet contributes an additional factor of 5. The remaining area reduction ratio, 125, 

occurs in the parts of the jet affected by the bending instabilities (Salem 2001). 

 

Many nanofibers as thin as 0.05 µm (50 nm) in diameter have been observed. 

The correspongding total area reduction ratio is 1,000,000, for an initial jet diameter 

of 50 µm. If, as above, evaporation of solvent contributes to a factor of 16 and the 

elongation of the straight segment contributes a factor of 5, in this case, the bending 

and looping part of the jet provide the remaining the factor of 12,500 to the area 

reduction ratio. 

  

While 12,500 is a high area reduction ratio, it occurres as many segments of 

the jet are drawn in different directions at the same time, in expanding loops. If the jet 

is drawn in a straight line to a ratio of 12,500, the velocity required at the nanofiber 

end of the jet would be much faster than the speed of sound in most solids. The actual 

path achieves very high elongation without such an unreasonably high velocity. 

 

The longitudinal strain rate could be estimated as follows, by using the area 

reduction ratio and the time of flight. The time that a typical segment of the jet is in 

flight ( δt = 0.2 s) could be estimated as the distance between the pendent droplet and 

the collector (20 cm) divided by the downward velocity of the jet (1 m/s). The 

longitudinal strain rate was δζ /(δt·ζ) where ζ  is the initial segment length, and δζ is 



 
23

the growth in length. The draw ratio δζ/ζ is around 125 to 12,500, assuming that there 

is no solvent loss, so that the longitudinal strain rate is around 625 to 62500 s-1  for the 

two cases described above. 

 

Theory has suggested that the transformation from a random coil to and 

elongated macromolecule occurs when the strain rate multiplied by the 

conformational relaxation time of the molecule is greater than 0.5 (De Gennes 1974; 

Smith and Chu 1998). If the relaxation time of the polymer solution is longer than 

0.01 s, which is a conservative estimatation, the macromolecules are expected to be 

elongated and axially oriented during electrospinning. 

 

Before high frame-rate, short exposure time cameras were available, visual 

observations and video images (30 frames per second) of electrically driven jets were 

interpreted as evidence for a process that splayed the primary jet into many smaller 

jets. The splaying jets were supposed to emerge from the region at the end of the 

straight segment. Figure 2.5(a) and 2.5(b) show images from video frames with an 

exposure time of 16.7 ms (Salem 2001). The jet path was illuminated with a single 

bright incandescent light that projected a narrow beam through the path of the jet. 

Figure 2.5c shows a jet similar to that shown in Figure 2.5a, illuminated with light 

from a broader source, and photographed at 30 frames per second. A shorter exposure 

time of 1 ms was used. Several loops were visible. The parts of the jet closer to the 

beginning of the bending instability appeared only as bright, short and unconnected 

lines. Specular reflections of the narrow beam of light, off nearly horizontal segment 

of downward moving loop, were shown to be the cause of these bright spots. In Figure 

2.5a, similar spots moved downward during the longer exposure and created the lines 

that are prominent. 

 

At 30 frames per second, for any particular frame, the preceding and the 

following frames showed loops and spirals in completely different positions. After the 

illumination was broadened and made brighter, and a high frame rate electronic 

camera was used, it was bovious that the envelope cone was occupied by on long, 

looping, spiraling, continuous, and gradually thinner jet as shown in Figure 2.5d. 
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Although the elongation of the jet during the bending instability is considered 

as the major cause for the decrease in the diameter of the jet in experiments described 

in this paper, splitting and splaying of the jet have been observed in some experiments 

with other materials. These processes provide viable alternative machanisms for the 

production of nanofibers. 

 

   
 

        (a)            (b) 

 

   
 

        (c)            (d) 

 

Figure 2.5 Images of electrospinning jet with different exposure times. (a), (b), and 

(c), shutter speed was 1.0 ms. The spots in (d) are artifacts produced by a 

faceted reflector used in the illuminating system. 
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2.3.3 Applications of Electrospinning 

 

Nanofibers made from many new synthetic polymers, and biologically derived 

polymers are being considered for use in tissue engineering, artificial organ 

applications, drug delivery, and for wound dressings. Nanofibers of DNA were made 

by Fang and Reneker (Fang and Reneker 1997). The growth of cells on nanofibers 

was reported by Ko and Reneker (Ko et al. 1998). 

 

Many kinds of bio-generated and bio-compatible materials are of interest. 

Conventional methods for making fibers require so much material that they are often 

impractical. Electrospinning provides a convenient way to fabricate nanofibers using 

as little as a few hundred milligrams of the starting materials. 

 

Nanofibers have found use in filters to remove particles and droplets smaller 

tham 100 nm from liquids or gases. They are also being considered for the absorption 

of noxious molecules, since their specific surface area is so large, and their surface 

chemistry can be tailored to be selective to many kinds of substances. 

 

The application of pesticides to plants is another area where nanofibers may 

find large-scale applications. Nanofibers, spun in the field, and directed onto plants by 

a combination of electrical forces and air stream, will attach to plants with nearly 

100% efficiency. This contrasts with the 3 to 5% sticking efficiency of conventional 

application methods for applying pesticides in form of dusts or sprays. The use of 

nanofibers to carry and attach pesticids could make the use of sophisticated but 

expensive pesticides cost effective. The burden placed on the environment by wasted 

pesticids would also be reduced. 

 

Electrospinning of nanofibers from a polymer melt works better in a vacuum 

than in air because the dielectric breakdown strength of air is much less than the 

electric fields that can be applied to a polymer in a high vacuum. It is feasible to 

electrospin polymer nanofibers in space to create thin sheets with large areas, and as 

tensile member of other large scale structrures. Solar sails to transport cargo between 

the Earth and Mars need to be less than one micron thick, with an area of about five 

square kilometers. Electrospun polymer nanofibers could create such structure, along 
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with the shround lines needed to attach the cargo. Proposals to explore interstellar 

space utilize light sails, similar to solar sails, driven by high power lasers, to carry 

instruments outside the solar system. The use of  large mirrors to direct and focus 

sunlight, or microwaves generated by solar collectors in space, onto the earth, has 

been proposed (Salem 2001). 

 

Nanofibers, perhaps at the scale of single polymer molecules, can be expected 

to play a role in micro-electro-mechanical devices (MEMS). The possibility of 

making ceramic material by chemical routes that use linear polymers as intermediates 

provides suggestions for ways to make ceramic nanofibers. 

 

Commercialization of synthetic fibers with diameters in the range of 

nanometers has not been significantly developed, even though micron-scale fibers are 

the basis of large industries. However, the future for nanofibers now looks brighter. 

 

 

2.4.  Photocatalytic Process   

 

Atoms have discrete energy levels for their electrons. Molecules often contain 

like atoms but the Pauli exclusion principle forbids identical quantum numbers in all 

respects, resulting in the "splitting" of a given atomic energy level into a set of closely 

spaced levels typically in order of the numbers of atoms, which involves energy level 

splitting so finely that a so-called "band" structure of allowed energies (quantum 

states) emerges, with infinitesimal or virtually continual distribution of energy level 

within a given "orbital". For a semiconductor such as titania, the highest filled band is 

termed the valence band, and the lowest unoccupied level is the conduction band. The 

separation of the valence band top from the conduction band bottom is called the band 

gap. 

 

The photocatalytic reaction starts with the exposure of photocatalyst to light. 

After light is absorbed by photocatalyst, two types of carriers, i.e. electron (e-) and 

holes (h+) , are generated. Unlike metal oxide, a semiconductor oxide is good 

photocatalyst because of the long life for both of these carriers. For this reason 
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semiconductor oxides such as TiO2, ZnO, SrTiO3, K4NbO2, Fe2O3 and SnO2 are used 

in photocatalytic process. 

 

One of the reasons for the anatase titania to be more photoactive than the rutile 

may lie in the difference in their so-called energy band structures. The band gap of a 

semiconductor is the minimum energy of light required to make the material 

electrically conductive or in the other words, to get the electrons excited enough to get 

moving. For anatase titania, this energy is 3.2 electron volts (eV), which corresponds 

to UV light (wavelength of 388 nanometers), while the band gap for the rutile is 3.0 

eV, corresponding to violet light (wavelength of 413 nanometers). In more technical 

terminology, the band gap for a semiconductor indicates the minimum energy of light 

necessary to produce conduction band (CB) electrons, which can give rise to electrical 

conductivity (photoconductivity) and valence band (VB) "holes," which are actually 

the absence of electrons. These holes can react with water to produce the highly 

reactivity hydroxyl radical (OH-). Both the holes and the hydroxyl radicals are very 

powerful oxidants, which can be used to oxidize most organic materials. The energy 

level of the CB for anatase turns out to be 0.2 eV higher than that of rutile. 

 

The VB energies for anatase and rutile are both similar, which is very low in 

the energy diagram. It means that, for both materials, the VB holes (and the hydroxyl 

radicals) have great oxidizing power. The CB energy for rutile is close to the potential 

required to electrolytically reduce water to hydrogen gas, but that for anatase is higher 

in the energy diagram, which means that it has higher reducing power. Therefore, it 

can drive the very important reaction involving the electrolytic reduction of molecular 

oxygen (O2) to superoxide (O2
 -). Superoxide is found to be almost as important as the 

holes and hydroxyl radicals in breaking down organic compounds (Fujishima et al. 

1999b). 

 

The primary photocatalytic process occurs upon irradiation of a semiconductor 

catalyst. A semiconductor (SC) is characterized by an electronic band structure in 

which the highest occupied energy band, called valence band (VB), and the lower 

empty band called conduction band (CB), are separated by a band gap. The magnitude 

of the fixed energy gap between the electronically populated valence band and the 
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largely vacant conduction band governs the extent of thermal population of the 

conduction band in its intrinsic state. The band gap also defines the wavelength 

sensitivity of the semiconductor to irradiation. When a photon of energy higher or 

equal to the band gap energy is absorbed by a semiconductor particle, an electron 

from the valence band is promoted to the conduction band with simultaneous 

generation of an electronic vacancy or "hole" (h+) in the valence band. Figure 2.6 

shows the primary steps in the photoelectrochemical mechanism (Hoffmann et al. 

1995): 

 

(1) formation of charge carriers by a photon. 

(2) charge carrier recombination to liberate heat. 

(3) initiation of an oxidative pathway by a valence-band hole. 

(4) initiation of a reductive pathway by a conduction-band electron. 

(5) further thermal (e.g., hydrolysis or reaction with active oxygen species) 

and photocatalytic reactions to yield mineralization products. 

(6) trapping of a conduction- band electron in a dangling surficial bond to 

yield Ti(III). 

(7) trapping of a valence-band hole at a surficial titanol group. 

 

 
 

Figure 2.6 Primary steps in the photoelectrochemical mechanism(Hoffmann et al. 

1995). 

 

Among the new oxidation methods or advanced oxidation processes (AOP), 

heterogeneous photocatalysis on titania appears as an emerging destructive 

technology leading to the total mineralization of most of the organic pollutants, 

following the usually proposed mechanism (Ammar et al. 2001). 
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1. Absorption of efficient photons (hν≥EG = 3.2 eV) by titania 

 

 (TiO2) + hν     e-
CB + h+

VB     (1) 

 

2. Oxygen ionosorption (first step of oxygen reduction; oxygen’s oxidation degree 

passes from 0 to .1/2) 

 

 (O2)ads + e-
CB       O2

•-     (2) 

 

 

3. Neutralization of OH- groups by photoholes which produces OH• radicals 

 

 (H2O   H+ + OH-)ads + h+
VB    H+ + OH•   (3) 

 

4. Neutralization of O2
•- by protons 

 

O2
•- + H+  HO2

•      (4) 

 

5. Transient hydrogen peroxide formation and dismutation of oxygen 

 

2HO2
•-   H2O2 + O2      (5) 

 

6. Decomposition of H2O2 and second reduction of oxygen 

 

H2O2 + e-   OH• + OH-      (6) 

 

7. Oxidation of the organic reactant via successive attacks by OH• radicals 

 

R + OH•    R′• + H2O      (7) 

 

8. Direct oxidation by reaction with holes 

 

R + h+    R+•    degradation products   (8) 
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As an example of the last process, holes can react directly with carboxylic acids 

generating CO2 

 

RCOO- + h+  R• + CO2      (9) 

 

In 2000, Jung and Park (2000) were prepared silica-embedded titania particles 

by sol-gel technique. They found that the increase of photoactivity with increasing the 

silica content is due to the increase in both surface area and surface hydroxyl group. 

Furthermore, they observed that higher crystallinity obtained by higher calcinations 

temperature had higher photoactivity if rutile phase is not formed (Jung and Park. 

1999; Jung and Park 2000). In 2003, TiO2/SiO2 particles prepared by microemulsion 

technique showed higher photocatalytic activity than pure TiO2. Furthermore, they 

observed that the increase in surface area by the formation of small pores is not 

always effective for high photocatalytic activity because large pore volume and pore 

size facilitate the  mass transfer of reactants (Hong et al. 2003). 

 

In 2004, Hirano and Ota (2004) synthesized anatase-type TiO2/SiO2 composite 

nanoparticles directly from the metal alkoxides, i.e., tetraisopropoxide (TTIP) and 

TEOS by sol-gel method. Their photocatalytic activities were evaluated by 

measurements of the relative concentration of methylene blue after UV irradiation. 

They found that anatase-type TiO2/SiO2 composite nanoparticles possessed a much 

higher photocatalytic activity than the anatase-type pure TiO2 due to the difference in 

crystallinity of the anatase (Hirano and Ota 2004).  
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CHAPTER III 

EXPERIMENTAL 

 

3.1  Materials  

 

The starting materials are Titanium Tetraisopropoxide (TTIP), Tetra Ethyl 

Ortho Silicate (TEOS), Poly Vinylpyrolidone (PVP), Ethyl Alcohol, and Acetic Acid. 

Titanium tetraisopropoxide (TTIP) 97% was purchased from Sigma-Aldrich 

Chemical Company and used as received. It was kept in a dry environment prior to 

use to prevent moisture adsorption. 

Tetraethyl orthosilicate (TEOS) 98% was purchased from Sigma-Aldrich 

Chemical Company and used as received. 

Poly Vinylpyrolidone (PVP), Mw ≈ 1,300,000, was purchased from Sigma-

Aldrich Chemical Company and used as received. 

Ethyl Alcohol 98 % and Acetic Acid were purchased from Sigma-Aldrich 

Chemical Company and used as received. 

Methylene Blue (C16H18N3S) 96.0-101.0% were purchased from Asia Pacific 

Specialty Chemicals Limited and used as received. 

 

3.2  Electrospinning Apparatus 

  

The schematic of the electrospinning apparatus used in this work is shown in 

Figure 3.1.  The components of the apparatus and their functions are described as 

follows. 
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Figure 3.1 Experimental set up for electrospinning process. 

 

• A high voltage power supply (ES30PN, Gamma High Voltage Research Inc., 

Ormond Beach, Florida) is used to generate either positive or negative DC 

voltage upto 30 kV, with very low electrical current of 166 microamperes. 

• A 5 ml syringe is used as a container for electrospinning solutions. The 

syringe is built by a plastic structure and is set in vertical orientation. 

• A stainless steel needle (guage number 20 and the outside diameter of 0.90 

mm) is used as a nozzle and as an electrode to conduct the electrical energy 

from the power supply to the solutions. The tip of the needle is cut into a flat 

shape and the length of the needle is 2 cm. 

• Aluminum foil and stainless steel 40 mesh (3cm x 3cm) are used as a ground 

collector which is covered on the plastic stand.  
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3.3  Procedures 

 

3.3.1 Spinning Solution Preparation 

 

In a typical procedure, 1.5 g of titanium tetraisopropoxide (TTIP) was mixed 

with 3 ml of acetic acid and 3 ml of ethanol. The solution was rest for 10 min before 

being added into 7.5 ml of polyvinylpyrolidone (PVP, Mw ≈ 1,300,000) solution in 

ethanol. The concentration of the PVP solution was varied between 7 and 13 wt.% 

and the resulting mixture was constantly stirred for 10 min. Tetraethyl orthosilicate 

(TEOS) was finally added to the as-prepared mixture. The amount of TEOS was 

typically 2 wt.% (unless stated otherwise) based on the total amount of the final 

mixture and the mixture was constantly stirred for another hour. The as-prepared 

solution was referred to as the spinning solution. 

 

3.3.2  Spinning of the TiO2/PVP Composite Fibers 

 

The spinning solution was immediately loaded into a plastic syringe. A blunt-

ended 20-gauge stainless steel needle was used as the nozzle. The emitting electrode 

from a Gamma High Voltage Research ES30PN power supply capable of generating 

DC voltages up to 30 kV was attached to the needle. The grounding electrode from 

the same power supply was attached to a piece of aluminum foil or  stainless steel 40 

mesh (3cm x 3cm) which was used as the collector plate and was placed 

approximately 7 cm below the tip of the needle. Upon the application of a high 

voltage ranging between 9 and 22.5 kV across the needle and the collective plate, a 

fluid jet was ejected from the nozzle. As the jet accelerated towards the collector, the 

solvent evaporated, leaving only ultrathin fibers on the collector. The obtained fibers 

were left exposed to moisture for approximately 5 hours to allow complete hydrolysis 

of TTIP.  
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3.3.3 Calcination of the TiO2/PVP Composite Fibers 

 

The electrospun TiO2/PVP composite fibers are subjected to heat treatment at 

a high temperature ranging between 500 and 800°C for 3 hours and heating rate of 

10°C/min by using box furnace to remove residual PVP. 

 

3.3.4 Photocatalytic Activity Evaluation 

 

 Photocatalytic activity was evaluated from the decomposition of  methylene 

blue (MB), C16H18N3S, aqueous solution at the concentration of 10 ppm. The titania 

fibers calcined at different temperatures with different amount of doping silicon were 

used as photocatalysts. A total of 0.012 g titania fibers were added into 50 ml of the 

above methylene blue solution under vigorous agitation. The photoreactor was 

employed 50-ml beaker surrounded by 6 low-pressure mercury lamps. The distance 

between the lamps and the beaker was 10 cm. Two electric fans were used to cool the 

reaction solution. Complete mixing was achieved by magnetic stirring. The average 

power of the mercury lamp, with wavelengths ranging from 300 to 400 nm, is 1.4 

mW/cm2. The Ultraviolet-Visible spectrometer (UV-Vis Lambda 650, Perkin Elmer)  

was used to monitor the change of concentration of the methylene blue solution. In 

order to study the effect of intensity of UV rays, solar radiation was used instead of 

UV irradiation. All titania fibers was kept in methylene blue solution in darkness for 1 

h before UV light illumination, in order to eliminate the effect of methylene blue 

absorption onto the catalyst. For comparison, a photocatalytic reaction was also 

carried out using the standard anatase phase pure TiO2 (JRC-TIO1), obtained from the 

Catalysis Society of Japan, as the reference catalyst. 

 

3.4  Sample Characterizations 

 

3.4.1 Scanning Electron Microscopy (SEM) 

 

 The surface morphology and size of the resulting electrospun TiO2/PVP 

composite fibers, pure TiO2 fibers and Si-doping TiO2 fibers were observed by a JSM 

5800 Scanning Electron Microscopy (SEM), which operated at 20 kV, at the 
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Scientific and Technological Research Equipment Center (STREC), Chulalongkorn 

University. Samples were coated by thin film of gold prior to analysis. 

 

3.4.2 X-ray Diffractometry (XRD) 

 

The crystalline phase of pure TiO2 fibers and Si-doping TiO2 fibers were 

identified by a Siemens D5000  X-ray diffractometer. The experiments were carried 

out by using Ni-filtered CuKα radiation and operated in the 2θ range of 20-80 degree 

at the scan step of 0.04 degree. 

         

3.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

 

The functional groups of the as-prepared fibers and calcined fibers were 

identified by a Nicolet Impact 400 Fourier transform infrared spectrophotometre (FT-

IR). Each sample was mixed with KBr  by ratio of sample : KBr of 1: 100 and then 

pressed into a thin pellet. Infrared spectra were recorded between 400 and 4000 cm-1 

 

3.4.4 Thermogravimetric and Differential Thermal Analysis (TG-DTA) 

 

 The as-spun titania fibers were subjected to thermogravimetric and differential 

thermal analysis (Diamond Thermogravimetric and Differential Thermal Analyzer, 

TG-DTA, Perkin-Elmer) to determine the temperature of possible decomposition and 

phase change. 

 

3.4.5 Surface Area Measurement 

 

 The single point BET surface area of titania fibers were measured by using 

nitrogen as the adsorbate. The operating conditions are as follows: 

 

  Sample weight                        ~ 0.3 g 

   Degas temperature                  200oC for as-synthesized sample 
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3.4.6 UV-Vis Spectrophotometry 

 

 In this work, the change of concentration of the methylene blue solution in 

photodegradtion was monitored by the absorbance at wavelength 650 cm-1 using The 

Ultraviolet-Visible spectrometer (UV-Vis Lambda 650, Perkin Elmer)   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
37

CHAPTER IV 
 

RESULTS AND DISCUSSION 
  

 Titania/PVP composite was successfully prepared by combination of 

electrospinning technique and sol-gel method using solutions containing titanium 

tetraispropoxide (TTIP) and polyvinylpyrolidone (PVP). By applying high electrical 

potential across the syringe needle and the collector plate, ultrafine fibers with smooth 

surface were spun and deposited as a non-woven mat on the collector plate. 

  

4.1 Effects of Electrospinning Conditions on As-spun Fibers 

 

4.1.1 Effect of PVP Concentration 

 

Titania/PVP composite nanofibers were prepared from different PVP 

concentration. The effects of PVP concentration on morphology of the as-spun fibers 

are shown in Figure 4.1. It should be noted that the applied electric field strength was 

fixed at 9 kV/7 cm. All fibers are smooth fibers with diameter in nanometer scale. It 

can be cleary seen that ultrathin fiber with average diameter as low as about 200 nm 

are produced from the spinning solution with PVP concentration of 7 wt.% as shown 

in Figure 4.1(a). From Figure 4.1(b)-(d), where the PVP concentration is increased 

from 10 wt.% to 15 wt.%, it is indicated that increasing PVP concentration leads to an 

increase in the average fiber diameter as well as a broader size distribution. 

 

The frequency distribution of the electrospun fiber diameter is presented in 

Figure 4.2. Fiber diameters are measured by program SemAfore 4.0, which random  

100 fibers in selected area from SEM images. The fiber size distribution is becomes 

gradually broader with increasing concentration of PVP in the spinning solution. The 

average diameters of the TiO2/PVP composite fibers with PVP concentration of 7, 10, 

13 and 15 wt.% are 192, 355, 345 and 330 nm, respectively. It is more clearly 

represented by a graph in Figure 4.3, which shows the relationship of the diameter of 

as-spun fibers with respect to PVP concentration of the spinning solutions. Noted that 

the error bars in the figure represents standard deviation of the fiber diameter data. 
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Based on the above results, the PVP concentration has a significant effect on the 

final diameter of TiO2/PVP composite nanofibers. The increase in the average fiber 

diameter with increasing PVP concentration should be a result of the increase in the 

viscosity of the spinning solutions (Mit-uppatham et al. 2004). However, the increase 

in the viscosity of the spinning solution could lead to non-uniform ejection of the jet, 

when the viscosity becomes too high. It is responsible for broad size distribution of 

fibers having high PVP concentration (Frenot and Chronakis 2003; Huang et al. 

2003). 

 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1  SEM images of pre-calcined as-spun fibers from spinning solutions  

containing (a) 7, (b) 9, (c) 13, and (d) 15 wt.% PVP solution. The 

applied electric field strength was 9 kV/7cm. 
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Figure 4.2  Frequency distribution of fiber diameters of pre-calcined as-spun fibers 

from spinning solution containing (a) 7, (b) 10, (c) 13, and (d) 15 wt.% 

PVP. 
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Figure 4.3 Diameters of pre-calcined as-spun fibers as a function of PVP 

concentration 

 

4.1.2 Effect of Applied Electric Field Strength  

 

The strength of the electric field is another key factor determining the 

morphology and diameter of the electrospun fibers. In this work, TiO2/PVP composite 

nanofibers were preduced by using applied electric field strength of 9, 11.25, 15, 

18.75, and 22.5 kV, respectively. It should be noted that the PVP concentration in the 

spinning solution was fixed at 13 wt.% and the distance between the injection orifice 

and the collector was kept at 7 cm for all experiments in this part. SEM micrographs 

of TiO2/PVP composite nanofibers spun by using different electric field strength are 

shown in Figure 4.4. It can be seen that the surfaces of the as-spun fibers are smooth 

due to the amorphous nature of the TiO2 and PVP composite. If electric field is too 

low, no stable liquid jets is formed. When electric field strength is increased, the 

fibers obtained appears to be not only smaller in diameter but narrower size 

distribution as well. Increasing electric field strength results in an increase in both the 

electrostatic force, which is responsible for the transport of the charged jet from 

injection orifice to the collective target, and the Coulombic repulsion force, which is 

responsible for the streching of an ejected jet segment (Frenot and Chronakis 2003; 

Huang et al. 2003). 
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Figure 4.4 SEM images of pre-calcined as-spun fibers from spinning solution 

containing 13 wt.% PVP solution under different applied electric field 

strengths: (a) 9, (b) 11.25, (c) 15, (d) 18.75, and (e) 22.5 kV. The 

distance between the injection orifice and the collector was kept at 7 

cm. 
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Figure 4.5  Frequency distribution of fiber diameters of pre-calcined as-spun fibers 

using applied electric potential of: (a) 9, (b) 11.25, (c) 15, (d) 18.75, 

and (e) 22.5 kV/7 cm. 
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The increased electrostatic force could lead to an increase in the mass 

throughput of the liquid jet from the nozzle, while the increased Coulombic repulsion 

force could lead to a decrease in the fiber diameters. However, when electric field 

strength becomes too great, the spinning jet becomes unstable, and the average 

diameter of fibers is was found to increase slightly with increasing electric field 

strength. 

 

Figure 4.5 indicates the frequency distribution of electrospun fiber diameters. 

The fiber distribution becomes more narrow with increasing electric field strength. 

The average fiber diameter decreases from 345 to 145 nm when the applied electric 

field strengh is increased from 9 to 22.5 kV (Figure 4.5(a)-(e), respectively). This 

observation is contrast with the effect of PVP concentration. 

 

The diameter of TiO2/PVP composite nanofibers could also be controlled from 

the distance between the injection orifice and the collector, instead of the applied 

electric potential. As shown in Figure 4.6, the diameter of nanofibers increases as the 

distance is increased. In this section, the PVP concentration is fixed at 13 wt.% and a 

applied voltage is fixed at 15 kV. Figure 4.7 shows the frequency distribution of the 

pre-calcined as-spun fiber diameter using different values of the collector distance. It 

can be seen that the fiber diameter is significantly increased with the increasing 

distance. The average fiber diameter increases from 163 to 350 nm for an increase in 

the collector distance from 7 to 13 cm (Figure 4.7 (a)-(c), respectively). The 

relationships of the as-spun fiber diameter with respect to applied electric field 

strength and the collector distance between the injection orifice and the collector are 

shown in Figure 4.8. 
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Figure 4.6 SEM images of pre-calcined as-spun fibers across the collection 

distance of (a) 7, (b) 10, and (c) 13 cm. The PVP concentration of the 

spinning solution was 13wt.% and the applied electric potential was 15 

kV. 
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Figure 4.7  Frequency distribution of fiber diameters of pre-calcined as-spun fibers 

using the collection distance of: (a) 7, (b) 10, and (c) 13 cm. 
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Figure 4.8 Diameters of pre-calcined as-spun fibers as a function of (a) applied 

electric potential (across a fixed collection distance of 7 cm) and (b) 

collection distance. 
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4.2 Properties of Titania Nanofibers 

 

After the TiO2/PVP composite nanofibers were prepared, these fibers were left in 

air overnight to allow complete hydrolysis of TTIP (fibers prepared from spinning 

solution containing 13 wt.% PVP solution under applied electric field strengths 15 

kV, the distance between the injection orifice and the collector was kept at 7 cm). 

Then, these nanofibers were subjected to calcination in air at 500, 600, and 800 °C for 

3h for the conversion into anatase titania fibers. 

 

4.2.1 Thermal Analysis 

 

Figure 4.9 shows the DTA and TGA thermodiagrams for the obtained TiO2 

nanofibers. According to the TGA analysis, mass of fibers are sharply decreased at 

temperature up to 500°C and slowly decreases from 500 to 1000°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9  TGA-DTA thermodiagram for the undoped TiO2 nanofibers. 
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DTA analysis of the undoped TiO2 fibers also shows the endothermic peak at 

330 and 440 °C. The peak at 330°C is corresponding to the decomposition of PVP and 

the residual hydroxy group (Hong et al. 2003). On the other hand, the peak at 440°C 

corresponds to the crystallization of amorphous phase into the anatase phase (Hong et 

al. 2003). Above 500°C, it can be assumed that the product completely transforms 

into the anatase phase because there is no further change in fiber weight. It is clear 

from the TG curve that all the PVP and organic content are completely removed at 

500°C, resulting in pure TiO2 nanofibers. 

     

4.2.2 Morphology of Titania Fibers 

 

The SEM micrographs of fibers are calcined at different temperatures are shown 

in Figure 4.10. It can be seen that the surface of the pre-calcined as-spun fibers is 

smooth according to amorphous nature of TiO2/PVP composite fibers (Figure 

4.10(a)). Crystallization, however, takes place during the calcination. The titania 

fibers obtained after calcination at 500°C (Figure 4.10(b)) exhibit significant 

shrinkage as well as a reduction in fiber diameter due to the decomposition of PVP 

and the removal of organic content, which is already proved by TGA analysis. After 

calcination at 600 and 800°C (Figure 4.10(c)-(d)), the average diameter of the titania 

fibers is only sligthly smaller than that of fibers calcined at 500°C. It is thought to be 

due to the complete removal of organic molecules and the development of titania 

crystalline after 500°C. Nevertheless, the calcined fibers appear to be more distorted 

and the surface appeared to be rough. In addition, the fibers structure is retained with 

polymorphic structures even at high calcination temperature. However, it can be also 

seen that the fiber surface is much smoother and the particle morphology has changed 

to one where the fibers appear to consist of linked particles or crystallites. 

 

The frequency distribution for diameters of calcined fibers are shown in Figure 

4.11. Before the calcination, the average diameter of the TiO2/PVP composite fibers is 

240 nm (Figure 4.11(a)). After calcination at 500, 600 and 800°C, the average 

diameter decreases to 145, 122 and 109 nm, respectively. Figure 4.12 shows the 

relationship between average diameter of the calcined titania fibers and the calcination 

temperature, comparing with the diameter of the pre-calcined ones (shown at 
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temperature of 25°C). Apparantly, higher calcination temperature results in greater 

shrinkage. 

 

The elemental analysis by the Energy Dispersive X-ray Spectroscopy (EDX) 

equipped on SEM instrument, shown in Figure 4.13, reveals only the presence of Ti 

and O on the surface. No other metalic element is detected in the final product. It 

should be noted that gold (Au) was coated on the sample to enhance the contrast of 

the SEM image. 

 

   

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 SEM images of fibers calcined at different temperature: (a) as-spun 

fibers, (b) calcined at 500°C, (c) calcined at 600°C, and (d) calcined at 

800°C. The PVP concentration of the spinning solution was 13 wt.% 

and the applied electric field strength was 15 kV/7 cm. 

(a) (b) 

(c) (d) 
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Figure 4.11 Frequency distribution of fiber diameters of titania fibers calcined at 

different temperatures : (a) pre-calcined as-spun fibers, (b) 500°C, (c) 

600°C, and (d) 800°C. 
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Figure 4.12  Diameters of calcined titania fibers as a function of calcination 

temperature. 

 

 
Figure 4.13 EDX spectrum and elemental analysis result of titania fiber. 

 

Element   Element %   Atomic %      

       O           37.72             64.46   

       Ti          62.28             35.54   

  Total        100.00           100.00   
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4.2.3 X-ray Diffraction Analysis 

 

The XRD patterns of pre-calcined as-spun TiO2/PVP composite fibers and 

titania fibers after calcination at different temperatures are shown in Figure 4.14. The 

XRD pattern of the reference anatase titania, JRC-TIO1, from the Catalysis Society of 

Japan is also shown for comparison. XRD analysis reveals that all of the as-spun 

fibers prior to calcination are amorphous (Figure 4.14(a)). After calcination at 500°C 

for 3 h (Figure 4.14 (b)), the major phase of the fiber is an anatase titania with a trace 

of rutile. No significant amount of rutile phase is observed even at the calcination 

temperature of 600°C (Figure 1.14(c)), although the content of rutile phase was 

slightly increased from the cacination at 500°C due to the increasing calcination 

temperature. At 800°C, only rutile phase is observed (Figure 4.14 (d)). The heat-

induced growth of titania crystals contributes to the increase of crystallinity observed 

from the fact that the X-ray peak becomes sharper and more narrow. The crystallinity 

of all the titania fibers is increased with an increase in the calcination temperature. 

 

4.2.4 FT-IR Analysis 

 

The formation of pure titania fiber is further supported by FT-IR spectra as 

shown in Figure 4.15. These spectra were recorded in the wave number range of 400 - 

4000 cm-1. For the pre-calcined as-spun fiber (Figure 4.15(a)), strong bands are 

observed at wave number between 1000 and 2000 cm-1, which can be assigned to the 

bending and stretching frequencies of PVP (Viswanathamurthi et al. 2004). After 

calcination at 500°C, all of these strong features are removed. Instead, the band 

associated with the vibrational  mode of the skeletal Ti-O-Ti bonding in anatase 

titania appears at 470 cm-1 (Viswanathamurthi et al. 2004) (Figure 4.15 (b)). No sign 

of adsorbed water, hydroxyl, or hydrocarbon impurities is observed. This result is 

compliment with the results from thermal analysis that the organic molecules is 

completely removed from TiO2/PVP composite fibers after calcination at 500°C. It 

should be note that there is a shift of the main Ti-O-Ti band from 470 to 700 cm-1 

when the calcination temperature takes place at 600 and 800 °C, (Figure 4.15 (c)-(d), 

respectively). This is due to the formation of rutile phase in titania fibers structure 

(Viswanathamurthi et al. 2004). In addition, the broad absorption peak appears near at 

the wave number 3400 cm-1 which relates to a stretching vibration of Ti-OH group. At 
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1620 cm-1, a band assigned to water also appears. The intensity of absorption peaks 

due to OH group near 1620 and 3400 cm-1 decrease and finally disappear with an 

increase of the calcination temperature (Hong et al. 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 XRD patterns of pre-calcined as-spun fibers (a) and titania fibers 

calcined at temperature of: (b) 500, (c) 600, and (d) 800 °C, comparing 

with the reference titania (e). The PVP concentration of the spinning 

solution was 13 wt.% and the applied electric field strength was 15 

kV/7 cm. 
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Figure 4.15  FT-IR spectra of pre-calcined as-spun fibers (a) and titania fibers 

calcined at temperature of: (b) 500, (c) 600, and (d) 800°C, comparing 

with the reference titania (e). 
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4.3 Effect of Silicon as Secondary Metal Dopant 

 

To improve the photocatalytic activity of titania nanofibers, the major idea of 

this work is to increase both crystallinity and surface area simultaneously while 

keeping the major phase of titania as anatase by doping silicon into anatase titania 

matrix. Silicon is added into titania fibers by doping the spinning solution with TEOS, 

as previously described in Chapter III. Effects of the content of silicon on size 

distribution, thermal stability and surface area of fibers are investigated. Finally, 

photocatalytic activity of the silicon-doped titania fibers is examined from the 

decomposition of methylene blue (MB). 

 

4.3.1 Properties of Silicon-Doped Titania Fibers 

 

The results from DTA analysis of titania fibers prepared with different amount 

of silicon (0, 1 and 2 wt.% TEOS, respectively) are shown in Figure 4.16. For the 

undoped titania (Figure 4.16(a)), the exothermic peak at 440°C corresponding to  

crystallization of amorphous phase into anatase phase is observed. It is suggested that 

the exothermic peak at 470°C corresponding to phase transformation from anatase to 

rutile. According to DTA curves shown in Figure 4.16(a)-(c), however the obtained 

titania fibers doped with 1 and 2 wt.% of TEOS show the shift of exothermic peak 

from 470°C to 500 and 520°C, respectively. This result confirms that the addition of 

silicon into titania fibers, results in suppressing the phase transformation from anatase 

to rutile.  

 

Figure 4.17-4.19 present the FT-IR spectra of the undoped and silicon doped 

titania fibers at different calcination temperature with varying the silicon content in 

the wave number range from  4000 to 400 cm-1. The peak at the wave number of 800 

or 810 cm-1 corresponds to the symmetric vibration of Si-O-Si, 1080-1105 cm-1 for 

asymmetric ν(Si-O-Si) stretching vibration, and 940-960 cm-1 for Ti-O-Si vibration.  

When silicon was added into titania fibers, the distinct band for Ti-O-Si vibration 

(960cm-1) was observed. The band for the asymmetric ν(Si-O-Si) stretching vibration 

was observed for all obtained fibers. From the results, it is clear that the silicon exists 

in the anatase titania fibers and some fraction of metal-O-metal bonding are Ti-O-Si.  
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Figure 4.16  DTA thermodiagram for TiO2 nanofibers: (a) undoped, (b) doped with 

1 wt.% TEOS, and (c) doped with 2 wt.% TEOS. 
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Figure 4.17 FT-IR spectra of titania fibers calcined at 500°C with different silicon 

content: (a) undoped, (b) 1 wt.% TEOS, and (c) 2 wt.% TEOS. 
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Figure 4.18 FT-IR spectra of titania fibers calcined at 600°C with different silicon 

content: (a) undoped, (b) 1 wt.% TEOS, and (c) 2 wt.% TEOS. 
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Figure 4.19 FT-IR spectra of titania fibers calcined at 800°C with different silicon 

content: (a) undoped, (b) 1 wt.% TEOS, and (c) 2 wt.% TEOS. 
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4.3.2 Morphology of Silicon-Doped Titania Fibers 

 

The effect of silicon doping on surface morphology of titania fibers is studied 

by scanning electron microscopy (SEM). Figure 4.20 shows the morphology of as-

spun fibers for both undoped and silicon doped titania fibers. It can be seen that the 

diameter of the fibers is significantly decreased by small addition of silicon. However,  

the fiber diameter is slightly increased with an increase in silicon content. It can also 

be seen that the surface of all fibers is smooth, regardless of silicon doping, because of 

there amorphous nature. Figure 4.21 shows the morphology of titania fibers with 

various silicon contents calcined at 500°C. The fiber diameter is markedly decreased, 

comparing to pre-calcined as-spun fibers, Moreover, the fibers still show shrinkage 

after the addition of silicon. The fibers are no longer straight and some of the fibers 

are broken if the silicon content is increased. Similar behavior is also deserved from 

fibers calcined at higher temperatures. Surface morphology of the fibers obtained after 

calcination at 600 and 800°C are shown in Figure 4.22 and 4.23, respectively. The 

fibers also show more shrinkage and roughness with addition of silicon. 
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Figure 4.20 SEM images and frequency distribution of fiber diameters of pre-

calcined as-spun fibers: (a) undoped, (b) doped with 1 wt.% TEOS, 

and (c) doped with 2 wt.% TEOS. 
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Figure 4.21 SEM images and frequency distribution of fiber diameters of titania 

fibers calcined at 500°C: (a) undoped, (b) doped with 1 wt.% TEOS, 

and (c) doped with 2 wt.% TEOS. 
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Figure 4.22 SEM images and frequency distribution of fiber diameters of titania 

fibers calcined at 600°C: (a) undoped, (b) doped with 1 wt.% TEOS, 

and (c) doped with 2 wt.% TEOS. 
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Figure 4.23 SEM images and frequency distribution of fiber diameters of titania 

fibers calcined at 800°C: (a) undoped, (b) doped with 1 wt.% TEOS, 

and (c) doped with 2 wt.% TEOS. 
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Figure 4.24  Average diameters of as-spun and calcined titania fibers doping with 

various amount of silicon. 

 

The frequency distribution for diameters of titania fibers are determined from 

SEM images shown in Figure 4.20-4.23. Before the calcination, average diameter of 

the fibers decreases from 240 to 150 nm with an increase in silicon content from 0 to 

2 wt.% due to the decrease of viscosity of spinning solution. After the calcination at 

500, 600 and 800°C, the changes in average diameter of the fibers from silicon doping 

are found to be decreasing  from 145 to 89 nm, from 122 to 78 nm and from 109 to 78 

nm, respectively. The average diameters of fibers from various preparation conditions 

are summarized in Figure 4.24. It should be noted that the points in the plot are 

intentionaly shifted for calrity. The eror bar represents standard deviation of the fiber 

diameters. 

 

The elemental analysis by EDX equipped on SEM instrument reveals the 

presence of Ti, O and Si on the surface as shown in Figure 4.25. No other metallic 

element, except Au which is used for sample coating, is observed in the product. The 

measured Si content (1.10 and 2.73 wt.%) is a slightly higher than that of original 

calculation (1.00 and 2.00 wt.%). 
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Figure 4.25 EDX spectrum and elemental analysis results of titania fibers doped 

with: (a) 1 wt.% TEOS and (b) 2 wt.% TEOS. 

 

 

 

 

 

 

 

Element   Element %   Atomic %      

       O           50.60             75.12   

       Ti          48.30             23.95 

       Si            1.10               0.93  

  Total        100.00           100.00   

Element   Element %   Atomic %      

       O           51.74             75.53   

       Ti          45.53             22.20 

       Si            2.73               2.27  

  Total        100.00           100.00   

(b) 
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Surface morphology of undoped and 2 wt.% silicon doped titania fibers are 

observed by transmittion electron micrescopy (TEM) as shown in Figure 4.26. It is 

confirmed that the surface roughness is increased, while fiber diameter is decreased 

when silicon content in titania is increased. Similar observation has been reported for 

silicon-doped titania nanoparticles (Viswanath and Ramasamy 1998; Jung and Park. 

1999; Jung and Park 2000). The crystalite size of titania decreases when silicon is 

incoporated into titania crystal (Viswanath and Ramasamy 1998; Jung and Park. 

1999; Jung and Park 2000). The higher the silicon content, the smaller the crystal. 

Consequently, in case of titania fiber which is consisted of numbers of titania 

nanosized grains as clearly witnessed in Figure 4.26, aggregation of small crystals 

results in fiber with small diameter. Selected Area electron diffraction (SAED) of the 

obtained fibers are shown in Figure 4.27. This result indicated that the obtained fibers 

have polycrystal structure with very high crystallinity. It is further suggested that each 

grain in the fiber is in fact nanosized titania single crystal. The crystallinity increases 

with the increase in silicon content. Table 4.1 shows BET surface area of undoped and 

silicon-doped titania nanofibers at different calcination temperature. It is believed that 

the addition of silicon into titania fibers resulted in an increase of specific surface 

area. 

 

4.3.3 Thermal Stability of Silicon-Doped Titania Fibers 

 

The thermal stability of both undoped and silicon-doped titania fibers was 

studied by monitoring of crystalline phase of the fibers as a function of calcination 

temperature. Figure 4.28-4.30 show XRD patterns of the undope and silicon-doped 

titania fibers calcined at several temperatures by varying the silicon content. The 

fibers calcined at 500°C (Figure 4.28) show strong crystalline peaks corresponding to 

anatase phase of titania fiber with small peaks of rutile phase. The content of rutile 

phase is slightly decreased by increasing amount of silicon doping. At calcination 

temperature of 600°C (Figure 4.29), peaks of anatase phase become sharper, which 

indicates the growth of crystallite grains of anatase. Trace of rutile phase is more 

distinct after calcination at higher temperature. Nevertheless, fraction of rutile in 

sample doped with high content of silicon is still significantly smaller than that of 

undoped titania fibers. After calcination at 800°C (Figure 4.30), only rutile phase is 

found in the undoped titania fibers, while the silicon-doped titania fibers still contain 
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appreciable amount of the anatase phase. According to the results, it is confirmed that 

the silicon-doped titania fibers has high thermal stability. The presence of silicon in 

titania structure results in the suppression of phase transformation from anatase to 

rutile as shown in Table 4.2. This observation is in agreement with the findings 

reported in the literature for titania nanoparticles (Viswanath and Ramasamy 1998; 

Jung and Park. 1999; Jung and Park 2000).  

 

Table 4.1  BET surface area of undoped and silicon-doped titania nanofibers at 

different calcination temperature. 

 

Calcination     BET surface area (m2/g) 
 
Temperature (°C)       0 wt.% TEOS   1 wt.% TEOS   2 wt.% TEOS 
 
  

500            64.48            82.59                       98.28 

 600            51.26            63.04            70.57 

 800            37.47            50.34            60.21  

* Surface area of JRC-TIO1 is 53 m2/g. 

 

Table 4.2  Percent of rutile phase of undoped and silicon-doped titania nanofibers at 

different calcination temperature. 

 

Calcination     % of rutile** 
 
Temperature (°C)       0 wt.% TEOS   1 wt.% TEOS   2 wt.% TEOS 
 
  

500   9.97   4.00   2.48 

 600            30.38            22.96            12.39 

 800          100.00            80.60            24.65  

*   JRC-TIO1 is pure-anatase titania. 

** Calculation according to literature (Jung and Park. 1999).
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Figure 4.26 TEM images of titania fibers calcined at 500°C: (a) undoped and (b) 

doped with 2 wt.% TEOS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27 SAED images of titania fibers calcined at 500°C: (a) undoped and (b) 

doped with 2 wt.% TEOS. 
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Figure 4.28 XRD patterns of titania fibers calcined at 500°C with different silicon 

content: (a) undoped, (b) 1 wt.% TEOS, and (c) 2 wt.% TEOS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 30 40 50 60 70 80

2 theta

In
te

ns
ity

     : Anatase
     : Rutile

(a) 

(b) 

(c) 



 
71

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29 XRD patterns of titania fibers calcined at 600°C with different silicon 

content: (a) undoped, (b) 1 wt.% TEOS, and (c) 2 wt.% TEOS. 
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Figure 4.30 XRD patterns of titania fibers calcined at 800°C with different silicon 

content: (a) undoped, (b) 1 wt.% TEOS, and (c) 2 wt.% TEOS. 
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4.3.4 Photocatalytic Activity 

 

 Photocatalytic activity of the synthesized titania fibers is evaluated from the 

degradation of methylene blue (MB), under UV light irradiation. Preliminary 

evaluations indicate that insignificant amount of MB is degraded in absence of UV 

light (dark condition). Moreover, self degradation of MB, i.e. degradation of MB 

without using titania as catalyst, is much slower than photocatalytic degradation of 

MB on titania (Cheng et al. 2003; Hirano and Ota 2004). In this work, standard 

anatase pure TiO2 (JRC-TIO1) is used as reference catalyst.  

 

 Activity of titania fibers is first investigated in flake form. The mat of calcined 

fibers was broken off into large pieces and suspended in MB solution. The system was 

kept in the dark for 1 h to minimize the effect of MB absorption, before UV light 

irradiation. The results for MB photodegradation using titania fibers doped with 

different amount of silicon are shown in Figure 4.31-4.33. Generally, it can be seen 

that the highest extent and the fastest rate of the decomposition is achieved when 

titania fibers doped with 2 wt.% TEOS is employed. The higher the silicon content in 

fibers, the better the MB decomposition. As shown in Figure 4.31, where all fibers are 

calcined at 500°C, titania fibers doped with 2 wt.% TEOS results in 85% 

decomposition within 6 h, while about 78% decomposition is achieved by undoped 

fibers. It is believed to be the results from the higher fraction of anatase phase in 

fibers, the increase specific surface area, high crystallinity, smaller grain size and the 

formation of Ti-O-Si, which acts as an active site for reaction. 

 

 For fibers calcined at 600°C, as shown in Figure 4.32, the extents of the MB 

decomposition from titania fibers with 1 and 2 wt.% TEOS still remain in relatively 

high level, i.e. 74% and 78% decomposition after 6 h, respectively. On the other hand, 

decomposition rate of the undoped titania fibers is dramatically decreased (34% 

decomposition), comparing to the same fibers calcined at 500°C. This result is due to 

the formation of rutile phase in titania fibers, as witnessed from XRD analysis, which 

has be recognized as inactive phase of titania. Formation of rutile phase also leads to 

increased size and decreased specific surface area of fibers. At calcinations 

temperature of 800°C, majority of titania in undoped and 1 wt.% TEOS doped fibers 

transforms to rutile phase, which consequently results in very low MB decomposition 
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rate achieved, as seen in Figure 4.33. On the contrary, for fibers doped with 2 wt.% 

TEOS which has been proved to contain significant fraction of anatase phase, the 

achievable extent of MB decomposition is still high. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31  Degradation of methylene blue solution on titania fibers photocatalysts 

(in flake form) calcined at 500°C with different silicon content under 

UV irradiation. 
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Figure 4.32  Degradation of methylene blue solution on titania fibers photocatalysts 

(in flake form) calcined at 600°C with different silicon content under 

UV irradiation. 
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Figure 4.33  Degradation of methylene blue solution on titania fibers photocatalysts 

(in flake form) calcined at 800°C with different silicon content under 

UV irradiation. 
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Although catalyst in form of flake is easier to handle and separate than 

powder, especially for the reaction in liquid, it is still unpractical for actual 

applications. However, because of great versatility of the electrospinning process, the 

fibers can be fabricated onto any kind of surface. In this work, titania fibers were 

fabricated on 3 cm x 3 cm stainless steel mesh and put in MB solution under UV light 

irradiation to test its photocatalytic activity. The results shown in Figure 4.34 reveal 

that no significant degradation of MB is observed from all titania fibers fabricated, 

while 70% decomposition of MB within 6 h is achieved from the reference catalyst in 

powder form. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.34  Degradation of methylene blue solution on titania fibers photocatalysts 

(packed with 3x3 stainless steel mesh) calcined at 500°C with different 

silicon content under UV irradiation. 
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 Since titania fiber itself has been proved to have much higher photocatalytic 

activity than the reference titania, low rate of MB degradation observed, when 

stainless steel mesh is used, is the results from other factors besides the properties of 

titania fibers. It is suggested to be the results from lower intensity of UV light 

irradiated on the mesh, comparing to the case of reference catalyst. In this study, 6 

UV lamps were fixed around the reaction system, in circular manner. However, UV 

light from only 2 lamps shined directly to the mesh. On the contrary, reference 

catalyst in powder form was irradiated from all directions. Therefore, further study 

was conduct under solar radiation, which could be considered as point source of high 

intensity UV light. The results are shown in Figure 4.35. It can be seen that titania 

fibers with 2 wt.% TEOS has the highest photoactivity comparing to the other ones. 

Titania fibers with 2 wt.% TEOS results in 87% decomposition after 6 h, while the 

reference catalyst achieves only 76% decomposition. For comparison, 

photodegradation of MB using titania fibers in flake form under solar radiation was 

also conducted. It can be seen from Figure 4.36 that titania fibers with 2 wt.% TEOS 

still has the highest photoactivity. The MB decomposition rate is dramatically 

enhanced (about 90% decomposition after 2 h) from much higher intensityof UV light 

from sun light. These results confirm that the intensity of UV rays significantly affects 

the decomposition of MB, especially in case of fibers packed within stainless steel 

mesh. 

 

 The results presented above reveal that the addition of silicon by suitable 

amount into titania fibers can effectively suppress phase transformation of titania from 

anatase to rutile and prevent the growth of titania grains. The addition of silicon also 

promotes the formation of Si-O-Ti cross-linking bonds in titania fibers. Furthermore, 

the higer photoactivity of silicon-doped titania fibers is the results from anatase phase 

of high specific surface area and high crystallinity, which effectively suppresses the 

electron-hole recombination. All of these effects contribute to the higher photoactivity 

of silicon-doped titania fibers.  
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Figure 4.35  Degradation of methylene blue solution on titania fibers photocatalysts 

(packed with 3x3 stainless steel mesh) calcined at 500°C with different 

silicon content under solar radiation. 
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Figure 4.36  Degradation of methylene blue solution on titania fibers photocatalysts 

(in flake form) calcined at 500°C with different silicon content under 

solar radiation. 
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CHAPTER V 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

5.1 Conclusions 

 

 The conclusions of the present research are the following: 

 

1. Titania and silicon-doped titania nanofibers were successfully prepared 

from combination of sol-gel and electrospinning techniques. 

 

2. Morphology and size distribution of titania nanofibers can be controlled by 

PVP concentration, applied electric field strength and calcination conditions. Average 

diameters of titania fibers obtained in the range of 145 to78 nm. 

 

3. Silicon doped into titania fibers increases thermal stability by suppressing 

the phase transformation from anatase to rutile. It is evident that silicon is 

incorporated into crystal structure of titania.   

 

4. The addition of silicon into titania fibers enhances the photocatalytic 

activity of titania fibers by increasing crystallinity and surface area of titania. Addition 

of 2 wt.% TEOS can significantly improve the activity of titania fibers in 

photodegradation of methylene blue. 

 

 

5.2 Recommendations for the Future Studies 

 

 From the previous conclusions, the following recommendations for the future 

studies are proposed. 

 

1. Effect of the other metal alkoxide precursors in spinning solution on 

physical and chemical properties of titania nanofibers should be investigated. 
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2. Although it is found that an addition of silicon as secondary metal doping 

can improve thermal stability and photocatalytic activity of titania fibers, the effects 

of the other secondary metal dopant on physical and chemical properties of titania 

nanofibers should be also investigated. 

 

 3. The optimum composition of silicon in titania for the maximum thermal 

stability and photocatalytic activity should be investigated. 

 

 4. Char yield of PVP in titania fibers after calcination should be investigated. 

 

 5. Alkoxide remains in as-spun fibers should be investigated. 

 

 6. The other applications for titania nanofibers should be also investigated. 
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Abstract 

 Titanium oxide/poly(vinyl pyrolidone) (PVP) 
composite nanofibers were prepared from the 
combination of electrospinning and sol-gel techniques 
using solution precursors containing PVP and titanium 
tetraisopropoxide.  Diameters of the obtained composite 
fibers were in the range of 60 to 300 nm.  Calcination of 
these fibers resulted in pure anatase TiO2 nanofibers 
without contamination with other phases.  The effects of 
various parameters such as PVP concentration, applied 
electrostatic field strength (i.e. applied potential to 
collection distance ratio), calcination temperature and 
time on physical appearance and properties of the 
obtained TiO2 nanofibers were investigated.  The effect of 
addition of a secondary metal dopant, i.e. silicon, to TiO2 
fibers on surface morphology, crystallinity, grain growth, 
and thermal stability of the doped TiO2 nanofibers 
obtained was also investigated. 
 
Key-words: Electrospinning; Titania; Nanofiber 

 
Introduction 

 Titanium (IV) oxide or titania (TiO2) is one of 
the most common materials for a variety of applications 
such as catalytic devices, sensors, solar cells and other 
optoelectronic devices [1, 2]. Titania is a wide bandgap 
semiconductor with many interesting properties, such as 
transparency to visible light, high refractive index and 
low absorption coefficient. Other than these properties, it 
has been known to be an excellent catalyst in the field of 
photocatalytic decomposition of organic materials. 
Therefore, titania has been employed for organic pollutant 
treatment in the environmental applications [3]. Titania is 
known to have three natural polymorphs, i.e. rutile, 
anatase, and brookite. However, only anatase is generally 
accepted to have significant photocatalytic activity.  
 Titania can be synthesized by various techniques, 
such as precipitation [4], chemical vapor deposition [5], 
hydrothermal method [6], glycothermal method [7], and 
sol-gel method, which is among the techniques that 
results in titania with extremely high surface area [8]. In 
this work, it is intended to combine the sol-gel method 

with electrospinning technique to produce titania 
nanofibers.  
 Electrospinning technique is a relatively simple 
and versatile method for fabricating nanofibers. In typical 
electrospinning process, polymer solution or polymer melt 
is injected from a small nozzle under the influence of 
strong electric field, as high as several kV/cm. 
Electrostatic charges built up on the surface of a droplet 
induces the formation of a jet, which is subsequently 
stretched to form a continuous ultrathin fiber. In the 
continuous operation, the number of fibers can be formed 
within short period of time, as short as a few seconds. 
Fibers are often collected on the surface of a conductor to 
form non-woven mat that has high surface area and 
relatively small pore size [1, 2, 9]. Amorphous titania 
nanofibers have been preliminarily produced by 
electrospinning technique from the mixture of titanium 
isopropoxide, acetic acid and high molecular weight 
poly(vinyl pyrrolidone) (PVP) [1]. 
 Anatase is the unstable polymorph of titania. 
Phase transformation from anatase to rutile, which is less 
active, takes place at temperature as low as 300°C, 
depending upon the the synthesis method [10]. Anatase 
titania that transforms to rutile at high temperature is 
considered having high thermal stability. It is generally 
recognized that large surface area and reasonable thermal 
stability are often desirable in catalytic applications. 
Therefore, many studies have devoted to improve the 
thermal stability of titania using additives such as silicon 
[7] and aluminum [11]. Furthermore, it has been reported 
that addition of a secondary metal can enhance the 
photocatalytic activity of titania. Anatase/silica composite 
nanoparticles have shown much higher photocatalytic 
activity than the pure anatase phase [8, 12]. It is therefore 
the objective of this study to investigate an incorporation 
of the secondary metal doping into the electrospun titania 
nanofibers. 
 

Materials and methods 

 In a typical procedure, 1.5 g of titanium 
tetraisopropoxide (TIP) was mixed with 3 ml of acetic 
acid and 3 ml of ethanol. After being aged for 10 min, the 
as-prepared solution was added into 7.5 ml solution of 
poly(vinyl pyrolidone) (PVP, Mw ≈ 1,300,000) in ethanol 
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under constant stirring for 10 min. The concentration of 
PVP solution was in the range of 7-13 % by mass. 
Finally, 2% by mass of tetraethyl orthosilicate (TEOS) 
was added into the mixture and stirred for 1 h. The 
amount of TEOS was varied to investigate the effect of 
silicon loading on the morphology of the electrospun 
fibers. The resulting solution is referred as the 
electrospinning solution.  
 The electrospinning solution was immediately 
loaded into a plastic syringe equipped with a 20 gauge 
stainless steel needle. The needle was connected to a 
high-voltage supply that is capable of generating DC 
voltages up to 30 kV. A piece of  aluminum foil was 
placed approximately 7 cm below the tip of the needle to 
collect the nanofibers produced. Upon the application of a 
high voltage, in the range of 9-22.5 kV, to the needle, a 
fluid jet was ejected from the capillary. As the jet 
accelerated towards the collector, the solvent evaporated 
and the charged fiber was deposited on the collector. The 
synthesized fibers were left exposing to moisture for 
approximately 5 h to allow complete hydrolysis of TIP. 
The as-spun fibers were consequently subjected to high 
temperature calcination to remove residual PVP. The 
calcination was done at the temperature in the range of 
500-800°C for 3 h. 
 Morphology and size of fibers were observed by 
a JEOL-JSM 5800 scanning electron microscope (SEM). 
Crystalline phase was identified by X-ray diffraction 
(XRD), using a Siemens D5000 diffractometer with a Cu 
Kα radiation. The functional group in the fibers were also 
characterized by FT-IR using a Nicolet model Impact 
400. 
 

Results and discussion 

Effects of Electrospinning Conditions  
on As-Spun Fibers 

 Nanofibers were successfully produced using 
electrospinning technique. SEM micrographs of as-spun 
fibers prepared from different PVP concentration are 
shown in Figure 1. It can be seen that all fibers were 
smooth fibers with diameters in nanometer scale. Very 
thin fibers, as thin as 100 nm in diameter, were obtained 
when solution with low PVP concentration (7% wt.) was 
employed. With increasing the PVP concentration, 
diameter of fibers increased, but more importantly, fibers 
obtained had broader size distribution. This observation 
could be explained by the fact that the electrospinning 
solutions of high PVP concentration had high viscosity, 
which resulted in the formation of non-uniform jet.  
 The effects of applied electrostatic field strength 
on the fiber structure are shown in Figure 2. The higher 
the electrostatic field strength, the smaller the fibers and 
the narrower the size distribution. This is the reverse 
effect from the effect of PVP concentration. High 
electrostatic field strengths caused the jet of 
electrospinning solution to be stretched with higher force. 
Therefore, the size of the resulting fibers were small and 
uniform. The summary of effects from PVP concentration 
and field strength are shown in Figure 3. Noted that the 

error bars in the figure represents standard deviation of the 
data. 
 

 
 

Figure 1.SEM micrographs of as-spun fibers with 
different PVP concentrations: (a) 7% PVP; (b) 10% PVP; 
(c) 13% PVP. 
 

 
 

Figure 2.SEM micrographs of as-spun fibers with 
different applied electrostatic field strengths: (a) 9 kV; (b) 
15 kV; (c) 22.5 kV. 

 

 
Figure 3. Effects of the electrospinning 

conditions on size of as-spun fibers: (a) PVP 
concentration; (b) electrostatic field strength. 
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Properties of Titania Nanofibers 
 Although as-spun fibers were amorphous, 
crystallization took place during the calcination. All XRD 
analysis confirmed that the calcined fibers were anatase 
titania without contamination of other phases. After 
calcination, significant shrinkage as well as surface 
roughness were observed from SEM micrographs (Figure 
4). Higher calcination temperature resulted in more 
shrinkage, as shown in Figure 5. This is expected to be 
the result from sintering of crystalline particles in fiber 
structure. The calcined fibers appeared distorted and no 
longer straight fibers. Nevertheless, each thread still 
remained as very long fibers. The shrinkage of the fibers 
was also the result from the removal of organic contents, 
i.e. PVP matrix, from PVP/titania composite fibers during 
the calcination. This was also supported by the IR 
spectroscopy analysis (Figure 6). For as-spun fibers, 
strong absorption bands in the range of 1000-2000 cm-1, 
which are corresponding to bending and strecthing 
frequencies of PVP, were detected. After calcination, all 
of these strong features from organic substance were 
removed. The band associated with vibrational mode of 
O-Ti-O bonding of anatase at wave number around 470 
cm-1 was clearly observed. No sign of hydrocarbon 
impurity was detected.  
 

 

           
 

 
 

Figure 4.SEM micrographs of titania fibers: 
 (a) as-spun fibers;  
 (b) calcined at 500°C;  
 (c)  calcined at 600°C;  
 (d) calcined at 800°C. 

 
Figure 5.Effects of calcination temperature on size of  
titania fibers. 
 

 
Figure 6. FTIR spectra of titania fibers: 

(a) as-spun fibers; (b) fibers calcined at 500°C; (c) fibers 
doped with 2% wt. TEOS and calcined at 500°C. 
 
Addition of Silicon as Secondary Metal into Titania 
Nanofibers 
 Silicon was added to the electrospinning solution 
in the form of TEOS, as previously described. Figure 7 
shows the effect of TEOS addition on the size of fibers 
obtained after calcination at 500°C. It can be seen that the 
diameters of the calcined fibers were significantly reduced 
by silicon addition. This agreed with a previous finding 
that silicon doping into titania results in smaller crystallite 
size, which is evidence that silicon atoms are incorporated 
into the lattice of titania [13].  
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Figure 7.Effects of the TEOS addition on size of: 
 (a) as-spun fibers; (b) calcined fibers. 

 
 The XRD analysis of silicon doped titania 
showed no sign of crystalline silica. However, FTIR 
spectra (Figure 6c) indicated the presence of silicon in the 
titania fibers from the band corresponding to the 
vibrational mode of O-Si-O bonding at wave number 
around 1100 cm-1. 
 

Conclusion 

 Titanium (IV) oxide nanofibers and silicon-
doped titanium (IV) oxide nanofibers have been 
successfully prepared by using an electrospinning method. 
The obtained products are smooth and uniform fibers with 
diameter in range of 60 to 300 nm. It has been observed 
that PVP concentration, electric field strength, calcination 
temperature, as well as silicon content affect morphology 
and crystallinity of the fibers. We can control the 
properties of fibers for use in many suitable application. 
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ABSTRACT 

 Sol-gel and electrospinning techniques were incorporated to produce titanium (IV) 

oxide/polyvinylpyrrolidone (PVP) composite nanofibers from solutions containing PVP and titanium 

tetraisopropoxide.  Diameters of the obtained composite fibers were in the range of 120 to 350 nm.  The 

effects of PVP concentration and electrostatic field strength on size and size distribution of the as-spun 

fibers were investigated.  Calcination of these composite fibers at 500°C resulted in pure anatase titania 

nanofibers without contamination of the other phases.  The effects of calcination temperature and time on 

phase and size of the as-spun titania fibers were also investigated in this study.  Moreover, the effect of 

silicon secondary metal dopant on morphology, crystalline phase, and thermal stability of the resulting 

titania fibers was also discussed.   
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1.  INTRODUCTION 

 Titanium (IV) oxide or titania (TiO2) is one of the most common materials for a variety of 

applications such as catalytic devices, sensors, solar cells, and other optoelectronic devices [1, 2].  Titania 

is a wide bandgap semiconductor with many interesting properties, such as transparency to visible light, 

high refractive index and low absorption coefficient.  Other than these properties, it has been known to be 

an excellent catalyst in the field of photocatalytic decomposition of organic materials.  Therefore, titania 

has been employed for organic pollutant treatment in the environmental applications [3].  Titania is known 

to have three natural polymorphs, i.e. rutile, anatase, and brookite.  Only anatase is generally accepted to 

have significant photocatalytic activity.  

 Titania can be synthesized by various techniques, such as precipitation [4], chemical vapor 

deposition [5], hydrothermal method [6], and glycothermal method [7].  Another common technique that 

can result in titania with extremely high surface area is sol-gel method [8].  In this preliminary work, the 

sol-gel method was combined with the electrostatic spinning or electrospinning technique to produce 

titania nanofibers.  

 Electrospinning technique is a relatively simple and versatile method for fabricating ultrafine fibers 

with diameters ranging from tens of nanometers to sub-micrometers.  Typically in this technique, a 

polymer solution or melt is ejected from a small opening or a nozzle under the influence of a strong 

electrostatic field.  Electrostatic charges built up on the surface of a droplet induces the formation of a jet, 

which is subsequently stretched to form a continuous ultrathin fiber.  During its flight to a collective target, 

the ejected, charged jet dries out, leaving ultrathin fibers on the target.  The non-woven mat has a high 

surface area with relatively small pore size [1, 2, 9].  Amorphous titania nanofibers were successfully 

prepared by the electrospinning of a mixture of titanium isopropoxide, acetic acid, and a high molecular 

weight polyvinylpyrrolidone (PVP) [1]. 

 Anatase is an unstable polymorph of titania.  Phase transformation from anatase to rutile, the less 

chemically active polymorph, takes place at temperatures as low as 300°C.  However, the transformation 

temperature strongly depends upon how titania is synthesized [10].  Anatase titania that transforms to 

rutile at a high temperature is considered to exhibit good thermal stability.  In catalytic application, large 

surface area and reasonably good thermal stability is often desired.  Therefore, many studies have been 
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devoted to improving the thermal stability of titania using additives such as silicon [7] and aluminum [11].  

Furthermore, it has been also reported that the addition of a secondary metal dopant can enhance the 

photocatalytic activity of the resulting titania.  Anatase/silica composite nanoparticles exhibited a much 

better photocatalytic activity than that of the pure anatase [8, 12].   

The main objectives of this study are to investigate the effects of solution, spinning, and 

calcination conditions on morphological appearance and crystal structure of the resulting titania fibers.  

The effect of the addition of silicon as the secondary metal doping on the thermal stability of the resulting 

titania fibers was also investigated.   

 

2.  EXPERIMENTAL 

 In a typical procedure, 1.5 g of titanium tetraisopropoxide (TIP) was mixed with 3 ml of acetic acid 

and 3 ml of ethanol.  The solution was rest for 10 min before being added into 7.5 ml of 

polyvinylpyrrolidone (PVP, Mw ≈ 1,300,000 Da) solution in ethanol.  The concentration of the PVP solution 

was varied between 7 and 13 wt.% and the resulting mixture was constantly stirred for 10 min.  Tetraethyl 

orthosilicate (TEOS) was finally added to the as-prepared mixture.  The amount of TEOS was typically 2 

wt.% (unless stated otherwise) based on the total amount of the final mixture and the mixture was 

constantly stirried for another hour.  The as-prepared solution was referred to as the spinning solution.  

 The spinning solution was immediately loaded into a plastic syringe.  A blunt-ended 20-gauge 

stainless steel needle was used as the nozzle.  The emitting electrode from a Gamma High Voltage 

Research ES30P power supply capable of generating DC voltages up to 30 kV was attached to the 

needle.  The grounding electrode from the same power supply was attached to a piece of aluminum foil 

which was used as the collector plate and was placed approximately 7 cm below the tip of the needle.  

Upon the application of a high voltage ranging between 9 and 22.5 kV across the needle and the 

collective plate, a fluid jet was ejected from the nozzle.  As the jet accelerated towards the collector, the 

solvent evaporated, leaving only ultrathin fibers on the collector.  The obtained fibers were left exposed to 

moisture for approximately 5 hours to allow complete hydrolysis of TIP and consequently subjected to 

calcination at a high temperature ranging between 500 and 800°C for 3 hours to remove residual PVP.  
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 Morphology and size of the as-prepared titania fibers were observed by a JEOL JSM 5800 

scanning electron microscope (SEM).  Crystalline phase of the fibers was identified by a Siemens D5000 

X-ray diffractometer with a Cu Kα radiation and the functional groups by a Nicolet Impact 400 Fourier-

transformed infrared spectroscopy (FT-IR).   

 

3.  RESULTS AND DISCUSSION 

3.1.  Effects of spinning conditions 

 By applying a high electrical potential across the syringe needle and the collector plate, fibers 

were spun and deposited as a non-woven mat on the collector plate.  SEM images of these fibers confirm 

that the obtained products were indeed a collection of ultrafine fibers with smooth surface.  

 The effects of PVP concentration of the spinning solutions on morphology of the pre-calcined as-

spun fibers are shown in Figure 1.  It should be noted that the applied electrostatic field strength was fixed 

at 9 kV/7 cm.  Clearly, ultrathin fibers with average diameter being as low as about 200 nm were produced 

from the spinning solution with PVP concentration of 7 wt.%.  Increasing PVP concentration led to an 

increase in the fiber diameters with broader distribution.  The increase in the fiber diameters with 

increasing PVP concentration should be a result of the increase in the viscosity of the spinning solutions 

[9].  However, the increase in the viscosity of the spinning solutions could lead to non-uniform ejection of 

the jet, when the viscosity becomes too great.   

 The effect of applied electrostatic field strength on the pre-calcined fiber structure is shown in 

Figure 2.  It should be noted that the PVP concentration in the spinning solution was fixed at 13 wt.%.  

Apparently, with increasing electrostatic field strength, the fibers obtained appeared to be smaller in 

diameter with narrower distribution.  This is in contrast to what was observed on the effect of PVP 

concentration.  Increasing electrostatic field strength resulted in an increase in both the electrostatic force, 

which is responsible for the transport of the charged jet to the collective target, and the Coulombic 

repulsion force, which is responsible for the stretching of an ejected jet segment [9].  The increased 

electrostatic force could lead an increase in the mass throughput of the material from the nozzle, while the 

increased Coulombic stretching force could lead to a decrease in the fiber diameters.   
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 It is evident from Figure 2 that the diameters of the fibers obtained appeared to be smaller with 

increasing electrostatic field strength.  Such an observation should be due solely to the increase in the 

Coulombic repulsion force.  Figure 3 summarizes the relationships of the diameters of the pre-calcined 

fibers with respect to PVP concentration of the spinning solutions and applied electrostatic field strength.  

Noted that the error bars in the figure represents standard deviation of the fiber diameter data. 

 

3.2.  Properties of titania nanofibers 

 XRD analysis revealed that all of the as-spun fibers prior to calcination were amorphous (results 

not shown).  Crystallization, however, took place during the calcination.  The as-calcined fibers were 

anatase titania without contamination of the other phases.  As evidently shown in Figure 4, significant 

shrinkage occurred during calcination.  Furthermore, the as-calcined fibers appeared to be more distorted 

and the surface appeared to be more rough, even though calcination did not affect nuch the fibrous nature 

of the fibers.  Figure 5 shows the relationship between the diameters of the as-calcined titania fibers and 

the calcination temperature in comparison with the diameters of the pre-calcined ones.  Apparantly, the 

higher the calcination temperature, the greater the shrinkage.  The shrinkage mainly resulted from the 

removal of organic contents, i.e. PVP matrix, from PVP/titania composite fibers during the calcination 

process.  This was supported by the IR spectroscopic analysis (see Figure 6) that the absorption bands in 

the range of 1000-2000 cm-1, which corresponds to the bending and stretching frequencies of PVP, 

diminished after calcination.  Instead, the band associated with the vibrational mode of O-Ti-O bonding of 

the anatase phase at the wave number of around 470 cm-1 was clearly observed.  In addition, no sign of 

other hydrocarbon impurities was detected in the as-calcined fibers.  

 

3.3.  Effect of silicon as secondary metal dopant 

 Silicon was added into titania fibers by doping the spinning solution with TEOS, as previously 

described.  The resulting fibers were calcined and analyzed.  The presence of silicon in the as-calcined 

titania fibers was evident from the infrared absorption band at the wave number of around 1100 cm-1, 

which corresponds to the vibrational mode of O-Si-O bonding [see curve (c) in Figure 6].   
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 The effect of silicon doping content on the morphology of titania fibers was also observed.  Figure 

7 shows SEM images of silicon-doped titania fibers (doped with either 1 or 2 wt.% TEOS; the PVP 

concentration was 13 wt.%, the spinning condition was 9 kV/7 cm, and the calcination temperature was 

600°C) in comparison with the undoped titania fibers.  Interestingly, the diameters of the resulting titania 

fibers were significantly reduced by silicon addition.  These observation was in agreement with the finding 

by Viswanath and Ramasamy [13] that incorporation of silicon atoms into titania lattice resulted in a 

smaller crystallite size.   

 The thermal stability of the as-prepared doped and undoped titania fibers was assessed by 

monitoring the crystalline phase of the fibers as a function of calcination temperatures.  According to XRD 

patterns shown in Figures 8 and 9, it was found that the obtained titania fibers doped with 2 wt.% TEOS 

remained in pure anatase phase even when the calcination temperature was 600°C, while the obtained 

undoped titania fibers showed an evident of the transformation into the rutile phase.  At 800°C, only rutile 

phase was found in the undoped titania fibers, while the silicon-doped titania ones still contained 

appreciable amount of the anatase phase.  As previously mentioned, titania that transforms from anatase 

to the other phases at a higher calcination temperature is considered to exhibit better thermal stability, 

which is very desirable for catalytic applications.  Consequently, addition of silicon was proved beneficial 

to increasing the thermal stability of the resulting titania fibers.  

 

4.  CONCLUSION 

 In the present contribution, pure titanium (IV) oxide and silicon-doped titanium (IV) oxide 

nanofibers were successfully prepared by combined sol-gel and electrospinning techniques from solutions 

containing polyvinylpyrrolidone (PVP) and titanium tetraisopropoxide after calcination at elevated 

temperatures.  The average diameters of the pre-calcined as-spun fibers were in the range of about 120 

to 350 nm, while those of the post-calcined ones were in the range of about 100 to 230 nm.  The 

appearance of both pre-calcined and post-calcined fibers was regular, with that of the post-calcined fibers 

exhibiting rougher surface.  The choice of the calcination temperature had a strong influence on the 

crystalline phase formation of the as-prepared titania fibers, with the transformation from anatase to rutile 
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occurring more readily with increasing calcination temperature.  Addition of silicon as the second metal 

dopant helped increase the thermal stability of the resulting titania nanofibers.   
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CAPTION OF FIGURES 

 

Figure 1 SEM images of pre-calcined as-spun fibers from spinning solutions containing (a) 7, (b) 9, or 

(c) 13 wt.% PVP solution.  The applied electrostatic field strength was 9 kV/7 cm.   

Figure 2 SEM images of pre-calcined as-spun fibers from spinning solution containing 13 wt.% PVP 

solution under various applied electrostatic field strengths: (a) 9 kV/7 cm, (b) 15 kV/7 cm, and 

(c) 22.5 kV/7 cm.   

Figure 3 Diameters of pre-calcined as-spun fibers as a function of (a) PVP concentration and (b) 

applied electrostatic potential (across a fixed collection distance of 7 cm).   

Figure 4 SEM images of (a) pre-calcined as-spun fibers and titania fibers after calcination at various 

temperatures: (b) 500, (c) 600, and (d) 800°C.  The PVP concentration of the spinning solution 

was 13 wt.% and the applied electrostatic field strength was 9 kV/7 cm.   

Figure 5 Diameters of as-calcined titania fibers as a function of calcination temperature.   

Figure 6 FTIR spectrum of (a) pre-calcined as-spun fibers and (b) titania fibers calcined at 500°C and 

(c) titania fibers doped with 2 wt.% TEOS and calcined at 500°C.  The PVP concentration of 

the spinning solution was 13 wt.% and the applied electrostatic field strength was 9 kV/7 cm.   

Figure 7 SEM images of (a) undoped titania fibers and titania fibers doped with TEOS in various 

amounts: (b) 1 and (c) 2 wt.% after being calcined at 600°C.  The PVP concentration of the 

spinning solution was 13 wt.% and the applied electrostatic field strength was 9 kV/7 cm.   

Figure 8 XRD pattern of undoped titania fibers calcined at various temperatures: (a) 500, (b) 600, and 

(c) 800°C.  The PVP concentration of the spinning solution was 13 wt.% and the applied 

electrostatic field strength was 9 kV/7 cm.   

Figure 9 XRD patterns of titania fibers doped with 2 wt.% TEOS and calcined at various temperatures: 

(a) 500, (b) 600, (c) 800°C.  The PVP concentration of the spinning solution was 13 wt.% and 

the applied electrostatic field strength was 9 kV/7 cm.   
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