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ABSTRACT
TITLE : SYNTHESIS AND PROPERTIES OF TITANIA NANOFIBERS
BY ELECTROSPINNING METHOD
AUTHOR : SERT KIENNORK
DEGREE : DOCTOR OF PHILOSOPHY

MAJOR : PHYSICS

ADVISOR : ASST. PROF. UDOM TIPPARACH, Ph.D.

KEYWORDS : TITANIUM DIOXIDE, SOL-GEL METHOD, NANOFIBERS,
ELECTROSPINNING

Titania (TiO;) nanofibers were synthesized by combinations of sol-gel assisted
electrospinning and calcination processes. The sol-gel was prepared from titanium
(IV) isopropoxide (TIP) and poly (vinylpyrrolidinone) (PVP). The synthesized TiO,
nanofibers were investigated in various ways: thermal stability by thermogravimetric
analysis (TGA), functional groups by Fourier transform infrared spectroscopy (FTIR),
crystalline structures by X-ray diffraction (XRD), and surface morphology by
scanning electron microscopy (SEM). The TGA curve revealed that the volatile
solvents, organic precursor, and polymer were completely removed at approximately
100, 300, and 350-400 °C or higher respectively. The as-spun TIP/PVP fibers were
smooth surfaced, uniform, and continuous with average diameters of 298-365 nm. The
diameter of the nanofibers decreased with increasing calcination temperature. The
nanofibers calcined at 600 °C and became rough with diameters of 147-284 nm. The
phases of TiO, nanofibers calcined at 500 °C were anatase and rutile. After increasing
calcination to 600-700 °C, the nanofibers became more rutile phase, and above 700 °C
the nanofibers became rutile phase completely. The FTIR spectra showed absorption
bands at 500-700 cm™ that confirmed the formation of metal-oxide of titania

nanofibers.
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CHAPTER 1
INTRODUCTION

In this chapter, I introduce and overview of the background and state of research
for preparation,\ and characterization of electrospunTiO; nanofibers by electrospinning.

I also introduce my research plan, objective, and thesis expectation.

1.1 Introduction

Titanium dioxide, titanium (IV) oxide or titania (TiO,) is one of the most popular
materials for a variety of the applications in self-cleaning coating (superhydrophobic/
superhydrophilic/superamphiphobic), photocatalysis, Li-ion batteries, dye-sensitized
solar cells, photocatalysis, etc[l, 2]. Titanium dioxide, a key semiconductor with
a wide bandgap, offers high exciton binding energy, tunable crystal structure, low
absorption coefficient, high refractive index and effective photocatalytic activity
[2, 3). TiO; can be found in three different crystalline forms: anatase, rutile, and
brookite, and the ban gaps of these three TiO; phases are 3.0, 3.2, and 3.25 eV,
respectively [4]. The nanostructures that are defined as having at least one dimension
between 1 and 100 nm have received steadily growing interests as aresult of their
peculiar and fascinating properties, and applications superior to their bulk
counterparts [5]. Within the last decade, one-dimensional (1D) nanostructured
materials such as nanofibers, nanowires, nanorods, nanowiskers, nanobelts, and
nanotubes have attracted attention due to their unique properties and wide range of
potential applications [6]. It is general believed that 1D nanostructures provide a good
system to investigated the dependence of electrical and thermal transport or
mechanical properties on dimensionality and size reduction (or quantum confinement)
[6]. They are also expected to play an important role as both interconnects and
functional units in fabricating electronic, optoelectronic, electrochemical, and
electromechanical devices with nanoscale dimensions. Nanomaterials have very high
surface areas to volume ratios, which result in special properties in comparison to bulk

materials [7]. There are many kinds of nanoscale materials including nanoparticles,

\



nanopowders, panorods, nanotubes, and nanowires. Nanomaterials may be zero-
dimensional (e.g. nanoparticles), one-dimensional (e.g. nanorods or nanotubes), or
two-dimensional (usually realized as thin films or stack of thin films) [8].
1D nanostructure has the advantages including high aspect ratio, high interfacial area,
porosity and shortest pathways for ion diffusion compare other nanostructure [9].
1D nanomaterials can be prepared by many methods such as template-directed
methods, vapor-phase methods, interface synthesis techniques, solvothermal synthesis,
solution-phase growth controlled by capping reagents, nanolithography, and self-
assembly [10]. However, each of these methods has limitations, such as materials
restrictions, high cost, and high process complexity. Recently, electrospinning is
a simple, versatile, and relatively inexpensive technique for synthesis of ultrafine
fibers down to a few nanometers and of a broad range of complex architectures of
nanofibers and nonwovens [11]. It has been used to make nanofibers, nanotubes,
nanobelts, nanbtube, and porous membranes. The morphology and properties of
nanofibers depend on molecular weight. However, the creation of ultrafine nanofibers
requires the careful consideration of many operating parameters (such as polymer
molecular weight, applied voltage, solution feedrate and spinning distance),
environmental parameters (such astemperature, humidity and air velocity in the
chamber) and solution properties (such as conductivity, viscosity and surface tension)
[12]. In typical process of electrospinning, an electrical potential is applied between
a droplet of a polymer solution, or melt, held at the end of a capillary tube and
grounded target. When the applied electric field overcomes the surface tension of the
droplet, a charged jet of polymer solution is ejected. The jet exhibits bending
instabilities caused by repulsive forces between the charges carried with the jet. The
jet extends through spiraling loops; as the loops increase in diameter the jet grows
longer and thinner until it solidifies or collects on the target.The solvent in the polymer
jet evaporates c\luring its travel to the collecting screen [13]. Recently, the synthesis of
TiO, were prepared by various technique such as sol-gel method [14], sputtering
method [5], co-precipitation method [16], anodization [17] and electrospinning
method [18].

In this work, TiO, nanofibers were prepared by sol-gel assisted electrospinning.

The metal source ratio, calcination temperature were investigated in detail to



understand the situation condition for the synthesis and properties of TiO, nanofibers.
The TiO; nanofibers were characterized by thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning

electron microscopy (SEM).

1.2 Research Objectives

1.2.1 To synthesize of TiO, nanofibers by electrospinning.

1.2.2 To study the effects of concentration of Ti source/PVP ratio (titanium (IV)
isopropoxide (Ti(OCH(CHs),)a/polyvinylpyrrolidone), and calcination temperature on
crystalline phase, surface morphology of TiO, nanofibers.

1.2.3 To investigate the crystalline phases, diameter sizes, surface morphology,
chemical structure and bonds, and thermal properties of TiO; nanofibers by
thermogravimetric analysis (TGA), Fourier transforms infrared spéctroscopy (FTIR),

X-ray diffraction (XRD), and scanning electron microscopy (SEM).

1.3 Scope of research
1.3.1 To investigate the effects of metal source: PVP ratios.
1.3.2 To study the effects of different calcination temperatures and times.
1.3.3 Characterize the physical properties and chemical structure and bonds of

TiO, nanofibers.

1.4 Benefits of this research
1.4.1 Able to synthesize of one-dimensional TiO, nanofibers with diameter in
nanoscale by electrospinning.

1.4.2 Able to application of TiO, nanofibers by electro spinning with sol-gel.



CHAPTER 2
THEORY BACKGROUND LITERATURE REVIEW

In this chapter, I review the theoretical background of nanomaterials and describe
the basic theory and properties of titania such as structure and general properties of
titania, sol-gel process and electrospinning process. Furthermore, I present literature
survey of the previous works related to this work.

2.1 Nanomaierials

Nanomaterials are currently attracting much interest due to their properties for
applications in nanotechnology. The properties of nanomaterials depend on their
morphology. Two major effects of nanostructure materials are the size dependent
effect and the high surface to volume ratio. Firstly due to size dependent effect, the
properties of nanostructures are different from that of the bulk. For example, density
of state (DOS) at different size dependent the different functions are shown in Figure
2.1. For 3 dimensions, DOS is a continuous function with respect to energy and is
related to square root of energy. For 2, 1 and 0 dimensions, the DOSs is discrete
function with respect to energy. The lower the size dependent, the smaller the number
of available energy value and the discrete function turns into a delta function at zero
dimensions. Secondly the high surface to volume ratio of nanostructure refers
normally to the field of surface science. Surface science is the study of physics
phenomena that occur at the interface of two phases, including solid - liquid interfaces,
solid - gas interfaces, solid - vacuum interfaces and liquid - gas interfaces. Some

related practical applications are classed as surface engineering.
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Figure 2.1 Density of states for bulk (3D blue), quantum well (2D red), quantum
wire (1D green) and quantum Dot (0D black) [15]

2.2 One-dimensional nanostructures

One-dimcinsional nanostructures (1D) have various forms including nanowhiskers,
nanofibers, nanowires and nanorods. In many cases, nanotubes and nanocables are
also considered 1D structures. Although nanowhiskers and nanorods are in general
considered to be shorter than fibers and nanowires, the definition is often a little
arbitrary. In addition, 1D structures with diameters ranging from several nanometers
to several hundred microns were referred to as whiskers and fibers in the early
literature, whereas nanowires and nanorods with diameters not exceeding a few

hundred nanometers are used predominantly in the recent literature.

2.3 Titanium dioxide

Titanium dioxide (TiO;) nanomaterials have been much attention due to
technological applications including pigments, cosmetics, ultrathin capacitors,
photovoltaic cells, and photocatalysis. The crystalline polymorphs have three most
commonly encountered crystalline polymorphs such as anatase, brookite, and rutile.
All the three crystal structures are made up of distorted TiO¢ octahedral, but in
different ways [16]. '



The scientifically and technologically most relevant modifications of titanium
dioxide are anatase, rutile and brookite, which have the following crystallographic
properties:

(1) anatase (space group 14;/amd, symmetry D)

(2) rutile (space group P4,/mnm, symmetry Dyp)

(3) brookite (space group Pbca, symmetry Dy,)

Other modifications, that have been synthesized, are [17]

(4) TiO, II (“columbite”, (a-PbO;) space group Pben),

(5) TiO; III (“baddeleyite”, space group P2,/c)

(6) TiO; (H) (“hollandite”, space group 14/m),

(7) TiOz (R) (“ramsdellite”, space group Pbnm)

(8) TiO; (B) (“bronze”, space group C2/m) Except TiO, (B), none of the latter
modifications occur in nature. They have been mostly synthesized by high pressure
treatment of anatase or rutile.

Formally, titanium dioxide is made up of d° titanium ions (charge +IV) at the
center of an octahedron of six O ions. The most important modifications anatase and
rutile mainly differ by the distortion inside the octahedron. The unit cell of anatase and
rutile are shown in Figure. 2.2. Anatase has a density of 3.8 — 4.0 g/cm’, which is
a little bit less than rutile with a density of 4.2 - 4.3 g/cm®. The average distance
between the Ti*' ions in anatase is smaller compared to rutile, which makes it
thermodynamically less stable. Hartree-Fock calculations [18] have shown that the
enthalpy of formation is about 1.2 - 2.8 kcal higher for anatase. However, the phase
transition from anatase to rutile needs a significant thermal activation and occurs
between 700 - 1000 °C depending on the crystal size and the impurity content [19].

The practical application of TiO, strongly depends upon the crystalstructure,
morphology, and size of the crystallites. Each crystalline modification of TiO, has
different physiochemical properties, such as density, refractive index, and
photochemical reactivity. Rutile has the highest density and refractive index among
the three phases and therefore has been widely employed in pigments and cosmetics
industries. Anatase generally shows better performances than its rutile counterpart in
photocatalytic applications, likely due to the longer lifetime of the photo-excited h+/e-

carriers in the anatase lattice. The brookite phase is the least



Figure 2.2 Structure models of rutile (a), anatase (b), and brookite (c)

polymorphs of TiO,. The crystal structures of anatase (b) and brookite (c)

are viewed along (010) and Approximate (001) directions,
respectively [20].

studied in many aspects of its properties, mainly owing to the difficulties encountered
in obtaining its pure form. Size, shape, and phase structure controlled synthesis of
TiO,

For example, the XRD patterns obtained, no obvious doping related peaks
appeared despite the doped samples showing characteristic TiO, peaks, which may be



due to the lower concentration of the doped species under nitrogen atmosphere.
Moreover, the limited amount of dopants may be moved to either interstitial positions
or the substitutional sites of the TiO, crystal structure. The XRD patterns of composite
fibers calcined at different temperatures (500°C, 550°C, 600°C, and

650 °C)[21] as shown in Figure 2.3
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Figure 2.3 XRD patterns of the TiO; crystal structure composite fibers calcined

in air then preserved heat in different atmospheres [21].

Morphology, that is, the study of form comprising shape, size, and structure, is
important for TiO, research in general. For nanostructured TiO,, popularly known as
TiO, nanomaterials, morphology has special significance since form, in this case,
dictates physical and chemical properties [22, 23]. Unlike bulk of TiO,, properties of
TiO, nanomaterials are strongly correlated to shape. This shape is attained during
growth through a self-assembling process dictated by the interplay of size and
molecular interactions [23, 24]. Deviations from bulk properties become prominent as
the size of TiO, nanomaterials starts to be comparable to the size of constituent
molecules or to some other characteristic length scale like electron mean-free path

[22]. In a typical application, one deals with a collection of TiO; nanomaterials, which



may be dispersed in a matrix [25] forming a composite TiO,. Properties of TiO,
nanocomposites are controlled not only by morphology of individual TiO,
nanomaterials, but also by the nature of interactions, which, inturn, is determined by
the distribution of TiO, nanomaterials in the matrix [26]. For example, the morphology
of the as prepared and calcined TiO,/PVP composite nanofibers was revealed by SEM
and AFM. Figure 2.4 shows the SEM micrographs of the as-prepared and calcined
TiO,/PVP composite nanofibers [27].

Figure 2.4 the example of SEM micrographs of TiO,/PVP composite nanofibers.
(A) As-spun nanofibers. (B-G) are TiO; nanofibers calcined in air for

3 h at 300-800 °C. (Scale bar is 500 nm) [27].
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2.4 Sol-gel process [28]

Liquid phase synthesis precipitating nanoparticles from a solution of chemical
compounds can be classified into five major categories: (1) colloidal methods, (2) sol-
gel processing, (3) water — oil microemulsions method, (4) hydrothermal synthesis,
and (5) polyol method. Solution precipitation relies on the precipitation of nanometer-
sized particles within a continuous fluid solvent. An inorganic metal salt, such as
chloride, nitride and so on, is dissolved in water. Metal cations exist in the form of
metal hydrate species, for example, Al(H,0)*" or Fe(H206)3+. These hydrates are
added with basic solutions, such as NaOH or NasOH. The hydrolyzed species
condense and then washed, filtered, dried and calcined in order to obtain the final
product. Sol-gel technique, sol-gel technology is a well-established colloidal chemistry
technology, which offers possibility to produce various materials with novel,
predefined properties in a simple process and at relatively low process cost. The sol is
a name of a colloidal solution made of solid particles few hundred nm in diameter,
suspended in a liquid phase. The gel can be considered as a solid macromolecule
immersed in a solvent. Sol-gel process consists in the chemical transformation of
a liquid (the sol) into a gel state and with subsequent post treatment and transition into
solid oxide material. The main benefits of sol-gel processing are the high purity and
uniform nanostructure achievable at low temperatures. The precursor in sol-gel
preparation can either be a metal salt/alkoxide dissolved in an appropriate solvent or
stable colloidal suspension of performed sols. Metal alkoxides have been the most
extensively used because they are commercially available in high purity and their
solution chemistry has been documented. At its simplest level, sol-gel chemistry with
a metal alkoxides can be described in them of two classes of reaction:

Hydrolysis: -M-OR-H20  —> -M-OH+ROH 2.1

Condensation: -M-OH-XO-M- ———> -M-O-M+XOH, (2.2)
where X can either be H or R (an alkyl group).

Such a description oversimplifies the overall process because it does not correctly
represent the molecular formulas of intermediates and end products,\ nor does it depicts
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 parameter that affects
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either or both of these reactions is thus likely to have impact on the properties of the
product. In fact, the important variables are the reaction rates of hydrolysis and
condensation. Because hydrolysis and condensation are both nucleophilic displacement
reactions, the reactivity of metal alkoxide depends on the positive partial charge of the
metal atom and its coordination number.

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 particle 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. For example, Hani-Albetran and
Yu (Roger) [29] TiO, nanofibers were prepared within polyvinylpyrrolidone (PVP)
polymer using a combination of sol-gel and electrospinning techniques. TiO»/PVP
solutions were prepared by mixing 40 wt%, 50 wt% or 60 wt% TIP with a constant
mixed solvent, which comprised 2.098 g acetic acid and 4.734 g ethanol (1:3 volume
ratio) with 2.05 g PVP polymer inside a glass bottle. The solutions were subsequently
subjected to magnetic stirring for 120 min at 80 °C. The viscosity of the TiO,/PVP
solution depends on the concentration and molecular weight of PVP polymer, the
solvent, and TiO; sources. As the solvent and PVP were constant, the viscosities of the
solutions were solely controlled by the TIP concentration (wt %). Increasing the TiP
concentration (284.22 g/mol) reduces the concentration of PVP (1,300,000 g/mol),
which further reduces the solution viscosity. [30] reported on the preparation of TiO,
nanofibers with diameters of 100 ~ 300 nm were prepared by using sol-gel and
electrospun TiO,/PVP fibers by drying at 5 h in air and subsequent annealing for 3 h at
500 °‘C. The precursor solution was prepared from titanium tetraisopropoxide
(Ti(OCH(CHs),)4, 98 %, Aldrichi, USA) in ethanol by stirring. Polyvinylpyrrolidone
(PVP, Mw = 1,300,000, Aldrichi, USA) dissolved in ethanol and acetic acid was
added to the TiO, precursor solution by weight. Ethanol was used in the present study
instead of water. The resistivity (viscosity) rose as alcohol was added because alcohol

had a resistivity that is at least two orders of magnitude greater than that of water.
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2.5 Electrospinning process

In 1934, a process was patented by Anton Formhals [31-33], where in an
experimental setup was outlined for the production of polymer filaments using
electrostatic force. When used to spin fibers this way, the process is termed as
electrospinning.

In the electrospinning process a high voltage is used to create an electrically
charged jet of polymer solution or melt, which dries or solidifies to leave a polymer
fiber [34, 35]. One electrode is placed into the spinning solution/melt and the other
attached to a collector. Electric field is subjected to the end of a capillary tube that
contains the polymer fluid held by its surface tension. This induces a charge on the
surface of the liquid. Mutual charge repulsion causes a force directly opposite to the
surface tension [36]. As the intensity of the electric field is increased, the
hemispherical surface of the fluid at the tip of the capillary tube elongates to form
a conical shape known as the Taylor cone [37]. With increasing field, a critical value
is attained when the repulsive electrostatic force overcomes the surface tension and
a charged jet of fluid is ejected from the tip of the Taylor cone. The discharged
polymer solution jet undergoes a whipping process [38] wherein the solvent
evaporates, leaving behind a charged polymer fiber, which lays itself randomly on
a grounded collecting metal screen. In the case of the melt the discharged jet solidifies
when it travels in the air and is collected on the grounded metal screen.The polymer
solution or melt is contained in a glass tube, usually a pipette that is connected to
a syringe like apparatus. A metering pump attached to the plunger of the syringe
generates a constant pressure and flow of the fluid through the pipette. The driving
force is provided by a high voltage source through a wire immersed in the solution.
The high voltage source can generate up to 30 kV, and the setup can be run on either
positive or negative polarity. Adjusting the flow of the fluid and the magnitude of the
electric field controls the spinning rate. A comprehensive mathematical model of this
process was developed by Renecker et al (1996) [39]. 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 its follows a looping and
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spiraling path. (3) Solidification of the jet into nanofibers. A schematic drawing of the

electrospinning process is show in Figure.2.5

Syringe

Polymer solution Taylor cone

Spinneret

" Collector

Figure 2.5 a schematic diagram showing the process of electrospinning [40].

In 2003, Li and Xia [41] first studied fabrication of titanium dioxide nanofibers by
using electrospinning method with a controllable diameters and porous structure.
When ethanol solution containing both poly (vinyl pyrrolidone) (PVP, M,~1,300,000)
and titanium tetraisopropoxide was injected through a needle under strong electrical
field, composite nanofibers made of PVP and amorphous TiO, were formed (with
lengths up to several centimeters) as a result of electrostatic jetting. These nanofibers
could be subsequently converted into anatase without changing their morphology via
calcination in air at 500 °C. The average diameter of these ceramic nanofibers could
be controlled in the range from 20 to 200 nanometers.It was found that, after calcined
a 500°C, the nanofibers remained in continuous structure which their average diameter
reduced. This size reduction could be accounted by the loss of PVP from the
nanofibers and crystallization of titanium dioxide. They also reported the following:

the nanofibers increased in diameter at the PVP concentration was increased, Thinner
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nanofibers were obtained when the strength of the electric field (E) was increased;
faster feeding rate of PVP solution often resulted in tick fibers; the use of titanium
tetraisopropoxide at lower concentration led to the formation of thinner ceramic
nanofibers. They believe that the electrospinning procedure described here could be
extended to provide a generic route to nanofibers made of other oxides such as SnO,,
Si0,, Al,03, and ZrO,.

Jeerapong Watthanaaruna, et al. [42] studied the effects of preparation conditions
and secondary metal dopant on fabricating TiO./PVP composite nanofibers by
combined sol-gel and electrospinning techniques. The spinning was prepared by
titanium tetraisopropoxide (TIP) in ethanol mixed with acetic acid and
polyvinylpyrrolidone (PVP) in ethanol. The average diameters of the pre calcined as-
spun fibers were in the range of about 120-350 nm, while those of the post calcined
ones were in the range of about 100-230 nm. The effects of spinning conditions were
determined. Increasing PVP concentration led to an increase in the fiber diameters.
Moreover, the choice of the calcination temperature has a strong influence on the
crystalline phase formation of as-spun titanium dioxide fibers, with the transformation
from anatase to rutile occurring more readily with increasing calcination
temperature.Addition of silicon as the second metal dopant helped increase the thermal
stability of the resulting titanium dioxide nanofibers.

Sudha Madhugiriet, et al. [43] have prepared electrospun mesoporous titanium
dioxide fibers. The fibers contained anatase crystallized in the pore walls which
transformed to rutile upon the calcination above 800°C. The electrospun fibers
(calcination at 600°C, surface area of 32 m2/g) were evaluated for the
photodecomposition of phenol and formic acid comparing with two different
commercial titanium dioxide samples (Degussa P25, surface area of 50 m?/g and
Hombikat UV 100, surface area 334 m?*g). It was found that the photocatalytic
property of the calcined titanium dioxide fibers fell well below those of the
commercial catalysts. However, they suggested that there were several parameters
including fiber size and porosity that can be tuned to improve reactivity. The titanium

dioxide fibers are also being evaluated for photovoltaic applications.



Ubsa Rajathanee Univ.. instructionas Resources Cewtrs

CHAPTER 3
EXPERIMENTAL METHOD

This chapter describes the preparation of titanium dioxide nanofibers by
electrospinning. It is divided into five parts: precursor, preparation of TiO,/PVP
solution and sol-gel, electrospinning apparatus, experimental procedures, and

characterization of the samples.

3.1 Materials

The fabrication of titanium dioxide nanofibers using sol-gel and electrospinning
technique were used to prepare with the following steps;

(1) Titanium (IV) isopropoxide (TIP) 97% was purchased from Sigma- Aldrich
Chemical Company.

(2) Polyvinylpyrrolidone (PVP), My~1,300,000 was purchased from Sigma-
Aldrich Chemical Company.

(3) Methanol was purchased from Carlo Erba Reagents.

(4) Ethanol alcohol was purchased from Carlo Erba Reagents.

(5) Acetic acid was purchased from Carlo Erba Reagents.

All chemical reagents were received without any purification.

3.2 Preparation of TiO2/PVP solution

In a typical procedure, based on a sol-gel processing, 1.0 mmol of TIP was
dissolved in 4 mL of glacial acetic acid and 10 mL of methanol with stirring at room
temperature for half an hour to get clear solution. To this solution, 1.12 g of PVP was
added in TIP solution and then stirred until obtain mixture solution. Then, TIP/PVP
was prepared with 5.0 and 10.0 mmol by using the same method as described above to
obtain TIP/PVP solution. Schematic drawing of the preparation of TIP/PVP solution is

showed in figure 3.1.
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Figure 3.1 Schematic drawing for preparation of TIP/PVP solution.

3.3 Electrospinning apparatus

The schematic diagram of the electrospinning apparatus is shown in Figure 3.2.
The components of the electrospinning apparatus are described as follows;

(1) A high power supply (ES30P, Gamma High Voltage Research Inc., Ormond
Beach, Florida) was used to generate DC voltage from 0-30 kV, with very low
electrical current of 166 microamperes,

(2) A 10 mL plastic syringe and stainless steel needle (gauge number 21, the
inside diameter of 0.6 mm and the outside diameter of 0.838 mm) was used as a nozzle
and as an electrode to conduct the electrical energy from a high-voltage power supply
to the solution. The needle tip was cut into a flat shape to prevent the corona
discharge,

(3) A copper plate was usedas a ground collector which covered with aluminum

foil.
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Figure 3.2 Schematic drawing of the electrospinning setup.

The forces due to electric field and gravitational field are

qV
F=qk=91"
==

F =ma=mg,

while the order of magnitude of q is 10", Vis 8 x 10° and d is 15x10 in SI units, the
refore the force due to electric field is 0.2 x 10™* Newton. The force of the fibers due
to gravitation is 1.5x10™" Newton which is small when compared with electromagnetic

force.

3.4 Experimental Procedures
(1) Preparation of the TiO,/PVP composite fibers
For the electrospinning process, first, the composite solution was loaded into
a syringe equipped with 21-gauge stainless steel hypodermic needle. The terminal
positive of a DC high-voltage power supply was attached to needle tip and the
terminal negative was attached to the ground collector which was covered by

aluminum foil. The distance between the needle tip and collector is fixed at 15 cm. the



18

feed rate of composite solution was fed at a constant rate of 1 mL/h using syringe
pump (New Era; NE-300). The as-spun fiber were collected on ground collector. All
experiment procedure was carried out in the atmosphere ambient.
(2) Calcination of the TiO,/PVP composite fibers

The electrospun TiO,/PVP composite fibers were subjected to heat treatment
at ranging from 500 -700 °C for 1-2 h in air by using box furnace to crystallization of
TiO,. The calcined fibers were characterization by thermogravimetric analysis (TGA),
X-ray diffraction (XRD). scanning electron microscopy (SEM), and Fourier transform

infrared spectroscopy.

3.5 Characterization techniques
3.5.1 Thermogravimetery

Thermogravimetric analysis (TGA) is a complementary technique used in
combinationwith FTIR analysis to probe the amount and surface coverage of
nanoparticles coated with different functional groups and surfactants. TGA can be also
be used to determine whether the groups attached to the surface of nanoparticles are
bonded physically (e.g. via hydrogen bonding) or chemically (covalent attachment).
It also helps determine the moisture content of a sample. Phase transitions, which may
occur during heating, are also signaled in the final thermogram. Though there are
many variants of TGA, the most general form is to subject a material to controlled
heating and measure the corresponding change in mass of the material as a function of
temperature. A small amount of sample, usually 10-20 mg is placed in a ceramic
sample pan supported by a sensitive balance. Another empty pan supported by the
same balance is used as a reference. Depending upon the nature of the sample, the
temperature range may vary from 500-700°C. Temperature scan rates can be varied
from 5 to 20 °C/min. The suitable temperature for calcination was carried out by
including thermogravimetric analysis (TGA, Thermo plus TG8120, Rigaku Corp.)
[44].

3.5.2 X-ray diffraction (XRD)

X-Ray Diffraction is usually the first and most commontechnique employed

to obtain information about the crystallinity, composition, size, and symmetry of the

unit cell of the solid. Each crystalline solid possess its own characteristic XRD pattern
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that can be used as a fingerprint for its identification. In crystalline solids, the atoms
are regularly arranged in three dimensional spaces to form arrays of points that
constitute the crystal lattice. These arrangements result in a series of parallel planes
with various orientations and specific interplanner distances (d, approximately 1 A).
These planes can diffract electromagnetic radiations of about the same wavelengths as
the interplanner spacing in the solid. X-rays with wavelengths ~1A (1.54 A for
CuK a radiations) are therefore ideal electromagnetic radiations for diffraction studies
of solids. When a focused beam of X-rays impinges on a crystal lattice at a certain
angle, diffraction occurs when Bragg’s condition; nA =2dsin@ is fulfilled. Here, n =
1,2, 3... is an integer, 4 is the wavelength of X-ray radiation, and & is the diffraction
angle. The diffracted radiations are collected to construct specific diffraction patterns
[45].

The XRD patterns of the samples were collected Phillip 2000 X'Pert-MPD
System with CuK « radiation source (A= 1.54 A) was used to identify the crystal
phase and estimate the crystallite size.

3.5.3 Scanning electron microscopy (SEM)

Scanning electron microscopy is a useful instrument for imaging
topographies of examples at very high magnifications using electrons instead of light.
Compared to traditional optical microscopes, the SEM possesses many advantages.
For instance, the SEM has a larger depth of field (up to 100 times), permitting more of
theexamples to be in focus at one time. Additionally, very high resolution of SEM
allows the examples which are very close to each other, to be detected and magnified
at much higher levels (>100,000x). Utilizing electromagnets rather than lenses in the
SEM facilitates a much more control in the degree of magnification. In addition to the
mentioned advantages, the scanning electron microscope provides considerably clear
images, giving rise to a high efficiency for various research areas [46, 47]. While SEM
inspection, a spot volume of the example is electron bombarded by an electron beam
produced at the top of the microscope by an electron gun which is a thermal emission
source, such as a heated tungsten filament or a field emission cathode. Depending on
the inspection purpose, the incident electrons’ energy varies from as low as 100 eV to as

high as 30 keV.
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[45].

As shown in figure 3.3(a), the electron beam travels vertically (top to
bottom) through the microscope and under vacuum. The electromagnetic fields and
lenses present on the SEM column focus the beam down toward the sample. Finally,
the scanning coils located near to the end of the column are responsible for positioning
and directing the focused electron beam onto the sample surface. To image
topography, the electron beam is scanned in a raster pattern over the surface [46].
As seen in figure 3.3 (b), the bombarding electrons, also known as primaryelectrons,
force out the electrons of the example due to elastic and inelastic scattering events
occurring at the surface and near-surface of the sample. The high-energy electrons
dislodged by an elastic collision of an incident electron with a sample atom’s nucleus
are called backscattered electrons. This kind of electrons is as energetic as the incident
electrons and in number is a function of the example’s atomic number. Hence,

the backscattered electron imaging could be useful in distinguishing one material from
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another with atomic number difference of at least 3 [46, 47]. The low energy (50 eV or
less) electrons emitted by the inelastic scattering of incident electrons are called
secondary electrons. In fact, secondary electrons are either those incident electrons
that after collisions with the nucleus lose their energy significantly or those loosely
bound electrons that eject from the sample atoms. A positively biased grid or detector
collects the secondary electrons and subsequently translates them into a signal.
Sweeping the electron beam across the area to be inspected results in production of
many such signals which are subsequently amplified, analyzed, and translated into
images of the evaluated topography [48]. As seen in figure 3.3 (a), generally two types
of electron detector are utilized for SEM imaging: 1) Scintillator type detectors (for
secondary and backscattered electron imaging) which are positively charged to attract
electrons thereby improve signal to noise ratio and 2) solid-state detectors only for
backscattered electrons [46]. As illustrated in figure 3.3(b), other sorts of signals
produced by the interaction of the primary electron beam with the example are
characteristic X-rays and auger electrons. When an incident electron dislodges an
electron from an inner atomic shell, a vacancy is formed in that electron shell.
The vacancy could be filled by an electron from an outer shell to balance the atomic
orbital’s following an ionization event. During this process, the filling electron loses
energy as X-rays. The released characteristic X-rays are usually utilized for energy
dispersive X-ray analysis. Auger electrons are released when an outer shell electron
replaces an inner shell electron already dislodged by a primary or backscattered
electron and fills the respective vacancy. This replacement is accompanied with
release of excess energy which could be carried away by an auger electron. Owing to
the equality of the energy of Auger electrons with the energy difference between
the two shells, similar to X-rays an Auger electron can represent the type of element
from which it was released and its respective shell energy. Auger Electron
Spectroscopy for analysis of surface chemistry is based on discriminating between
Auger electrons of various energies. Auger electrons due to their low energy level can
be emitted only from near the surface. Possessing an escape depth of 0.5 to 2 nm,
these electrons show a good potential spatial resolution close to that of the primary
beam diameter [49]. The surface morphology and fiber diameter of the sampleswas

analysed with a scanning electron microscope (SEM, JSM-6010LV, JEOL).
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3.5.4 Fourier transform infrared (FTIR) spectroscopy

FTIR is a very useful tool used to ascertain the presence of molecular
groups and coatings on the surface of nanofibers. Surface coatings are employed to
prevent nanofibers from growth and aggregation as well as to modify the surface
properties of inorganic nanofibers. FTIR spectroscopy takes into account the
vibrational characteristics of crystals and other non-linear molecules. Atoms connected
together with chemical bonds can vibrate about that bond with certain frequencies.
The frequency of vibration is determined by strength of the bond and masses of the
atoms attached. For molecular and crystal vibrations, the bond vibrational frequencies

ranging from 10'% to 10" Hz (4 = 2.5-50 um) corresponds to the infrared region of

the electromagnetic spectrum. Different types of vibrational modes can be
distinguished such as bending, stretching, wagging, twisting, scissoring etc. Vibrations
are also classified as symmetric or anti-symmetric, depending on how different
stretching modes can affect the symmetry of a crystal or molecule. IR radiation from a
source when fall on the sample can couple with bond oscillations and energy exchange
occur when the two are in resonance. The IR spectrometer measures the frequencies
absorbed by the sample and plot them as intensity-wave number output. It must be
noted that only those vibrational modes are IR active that can cause a net change in the
dipole moment of a molecule or crystal [50]. In the present work, samples for FTIR
analysis were prepared in the characteristic FTIR transmission bands of PVP/TIP
before andafter calcinations at 600°C for 1 h. Spectra in the range of 4000-400 cm™
were collected in transmission mode using Perkin Elmer (1760x) Spectrum to verify

the composition of the fibers from functional groups.



CHAPTER 4
RESULS AND DISCUSSION

In this study, effects of many parameters in sol gel and electrospinning process to
fabricate titania nanofibers were investigated in detail to understand the correlation
between electrospinning parameters and properties of the synthesized titania fibers,
including morphology and phase stability of titania nanofibers. The fibers were
characterized by thermogravimetric analysis (TGA), X-ray diffraction (XRD),
scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy

(FTIR).

4.1 Calcination of the TiO2/PVP composite fibers

Thermogravimetric analysis (TGA) of the as-spun PVP/TIP composite nanofibers
was carried out in order to investigate the sample weight loss and thermal behavior
during the calcinations process. The TGA temperature profile set at a heating rate of
10°C min™ in oxygen gas, it found that the thermal decomposition of PVP is
completed at 350°C as shown in figure 4.1. This result also agrees with the TGA curve
resulting from performed on electrospun PVP/TIP composite nanofibers. The TGA
curve exhibits three apparent weight losses. The first weight lossof 32%, it is observed
that the weight loss below 280°C is due to the removal of traces of solvents such as
water, methanol, acetic acid, carbon dioxide and so on. The second weight loss of 68%
between 281 and 360°C is due to organic decomposition in conjunction with the
degradation of PVP dehydration through a polymer side chain and decompositionof
organic groups from the organometallic precursor (TIP). The weight loss over 360°C
was almost remaining constant, indicating the formation of the TiO, nanofibers.
Therefore, the temperature of 500—700 °C was selected as the calcination temperature

to remove theorganic compound and formation the metal oxide.
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Figure 4.1 TGA curve of PVP/TIP composite nanofibers at heating rate 10°C

min' in oxygen gas.

4.2 Crystal structure of thetitania nanofibers

Structural analyses of the titania nanofibers were carried out at room temperature
using X-ray diffractometer (XRD). This analysis was important to verify formation of
the titania nanofibers and their probable crystallinity. In figure 4.2 shows XRD
patterns of PVP/TIP composite nanofibers calcined at different temperatures. Figure
4.2 (a) shows a broad peak around 2 &= 27.21° corresponded to the semi-crystalline of
PVP in PVP/TIP composite nanofibers. After the PVP/TIP composite nanofibers at
amount of 1.0, 5.0 and 10.0 mmol were calcined at 600°C for 1 h, XRD patterns
showed that PVP disappeared and the rutile TiO, nanofibers were formed asshown in
Figure 4.2 (b—d). The XRD peaks in the wide angle range of 28 (10° < 2§ < 80°)
ascertained that the peaks in 25.2°, 27.4°, 36.0°, 39.1°, 41.2°, 44.0°, 54.3°, 56.6°,
62.7°, 64.0°,68.9°, and 69.8° can be attributed to anatase phase for 25.2° the 101
(JCPDS Card no. 78-2486 and JCPDS Card no. 84-1286) and rutile phase the 110,
101, 200, 111, 210, 211, 220, 002,311, 301, and 112 crystalline structures of rutile
synthesized TiO; nanofibers, respectively, (JCPDS Card no. 04-0551). XRD patterns
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showed that the crystal structure belongs to rutile TiO, and the anatase TiO; at

approximately 27.4° as shown in Figure 4.2 (b—).
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Figure 4.2 XRD patterns of (a) PVP /TIP composite nanofibers, (b) PVYP/TIP1.0,
(c) PVP/TIP 5.0 and (d) PVP/TIP 10 mmolcalcined at 600°C for 1 h.

As the calcination temperature increasing from 500-700°C, XRD results indicated
the formation of TiO, corresponding to both rutile and antaste phases as shown in
Figure 4.3 (a). The XRD patterns of TiO, nanofibers with the content of TIP 5.0 mmol
calcined at 500°C shown peaks in the wide angle range of 26 (10° < 24 < 80°) as
certained that the peaks in 25.4°, 37.9°, 48.1°, 54.2°, 55.2°, 62.8°, 69.0°, and 75.2°
can be assigned to 101, 004, 200, 105, 211, 204, 116, and 215 reflections of anatase
(JCPDS Card No. 21-1272) and 27.5°, and 41.3° can be assigned to 110, and 210
reflections of rutile (JCPDS Card No. 21-1276), proved that the samples are
crystallized in mix anatase and rutile phase.

Figure 4.3 (b) the XRD patterns of TiO, nanofibers with the content of TIP 5.0
mmol calcined at 600°C shown all peaks at 2 §of 25.5°, 54.5°, 62.9°, and 69.1°can be
assigned to 101, 105, 204, and 116 reflections of anatase (JCPDS Card No. 21-1276)
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and 27.6°, 36.2°, 39.3°, 44.3°, 56.8°, 64.2°, and 69.9° can be assigned to 110, 101,
200, 210, 220, 310 and 112 reflections of rutile (JCPDS Card no. 84-1286).

Figure 4.3 (c) at 700°C shown that the peaks at 28 of 27.6°, 36.2°, 39.4°, 41.4°,
44.2°, 54.5°, 56.8°, 62.9°, 64.2°, 68.1°, 70.0°, and 76.7°can be assigned to 110, 101,
200,111, 210, 211, 220, 204, 310, and 112 reflections of rutile (JCPDS Card no. 84-
1286).

After calcination with temperature of 600-700°C, it was revealed that the anatase
phase were gradually decreased (Figure 4.3 (b)) and transformed to pure rutile phase at
700°C as shown in Figure 4.3 (c). The XRD patterns revealed an increase in the

intensity of the diffraction peaks associated with increase of the calcination

temperature.
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Figure 4.3 XRD patterns of TiO; nanofibers with the content of TIP 5.0 mmol
calcined at (a) 500, (b) 600, and (c) 700°C for 2 h.

After the PVP/TIP composite nanofibers at amount of 1.0, 5.0 and 10.0mM were
calcined at 600°C for 1 h. The crystallite sizes of the TiO; nanofibers were determined
from XRD peaks of crystal structure rutile TiO, in figure 4.2 (b-d) by Scherrer
formula [44]. The TiO, nanofibers crystallite of a size calculated to show the table 4.1.
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Table 4.1 Calculation of the crystallite size of the PVP/TIP composite nanofibers
at amount of 1.0, 5.0 and 10.0 mmol calcined at 600°C for 1 h.

sample 1.0 mmol sample 5.0 mmol sample 10.0 mmol
20 Crystallite 20 Crystallite 20 Crystallite
size (nm) size (nm) size (nm)

27.547 90.66512 25.2324 60.13214 27.6489 80.59745

36.1552 61.72862 27.4808 80.56843 36.2813 148.2272

39.2721 62.30526 36.0549 148.1315 39.4056 93.53645

41.3158 62.71463 39.1947 62.29025 41.4725 107.5534

44.1549 63.32606 41.2563 75.25557 44.2753 126.7062

54.3836 56.56492 44.0088 63.29335 54.5095 132.0276

56.6608 57.16026 54.3024 79.15632 56.8096 80.07473

62.7853 41.25753 56.6188 49.99854 62.9634 51.6177

64.1644 51.95429 62.7697 51.56435 64.2256 69.28828

69.0595 116.8516 64.0855 51.93187 68.1859 121.4748

69.8748 44.03623 68.9967 85.46891 70.0033 53.74148

69.8273 44.02347 76.7567 30.70134

The TiO; nanofibers with the content of TIP 5.0 mmol calcined at 500, 600, and
700°C for 2 h, also, determined from XRD peaks of crystal structure anatase and rutile
phase of TiO; in figure 4.3 (a-c). The TiO, nanofibers crystallite of a size calculated to
show the table 4.2.
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Table 4.2 Calculation of the crystallite size of TiO; nanofibers with the content
of TIP 5.0 mmol calcined at 500, 600, and 700°C for 2 h.

sample 500°C sample 600°C sample 700°C
20 Crystallite 20 Crystallite 20 Crystallite
size (nm) size (nm) size (nm)

25.3681 60.14814 25.5036 60.1642 27.6489 80.59745

27.5387 36.25619 27.6251 103.5782 36.2813 148.2272

37.9415 31.03265 36.2687 123.4973 39.4056 93.53645

41.3966 31.37231 39.3731 62.3249 41.4725 107.5534

48.1759 27.55572 41.4197 53.78683 442753 126.7062

54.2841 19.78746 44.3129 54.32307 54.5095 132.0276

55.2524 33.1253 54.5106 56.59721 56.8096 80.07473

62.8485 25.79301 56.8355 57.20739 62.9634 51.6177

69.0629 21.37573 62.9587 51.6164 64.2256 69.28828

75.2129 18.22779 64.2703 51.98446 68.1859 121.4748

69.1885 53.47632 70.0033 53.74148

69.9903 44.06731 76.7567 30.70134

4.3 Surface Analysis of the titania nanofibers

The SEM images of the PVP/TIP composite fibers of as-spun nanofibers; (a)
PVP/TIP 1.0 mmol, (b) PVP/TIP 5.0 mmol, (¢) PVP/TIP 10.0 mmol and TiO,
nanofibers; (d) PVP/TIP 1.0 mmol, (¢) PVP/TIP 5.0 mmol, (f) PVP/TIP 10.0mmol
calcined at 600°C for 1 h. The SEM micrographs of as-spun PVP/TIP composite
nanofibers and TiO, nanofibers calcined at 600°C for 1. Figure 4.4-4.6 shows the

morphologies of the as-spun fibers are random orientation and smooth surface due
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nature of PVP in PVP/TIP composite fibers and several micrometers in length. After
calcination at high temperature, the nanofibers is smaller in diameter than the as-spun
nanofibers and the surface of the fibers became rougher, which is derived from the
decomposition of PVP and crystallization of TiO,. The average diameter of as-spun
PVP/TIP composite nanofibers is in range of 298-365 nm at different concentrations
of TIP. After calcination at high temperature, the average fiber diameter of TiO;
nanofibers is shrinked and the average of the fiber diameters is reduced to 147-284 nm
as shown in figure 4.7-4.9. SEM images also indicate that the average of the fiber
diameter is decreased as calcination temperature increases due to increasing the
decomposition of PVP polymer. The result of SEM micrograph shows that the
increase of TIP concentrations influences on the increase of fiber diameter of TiO,
nanofibers. Then after the calcination at 600°C for 1 h, SEM images showed that fiber
diameter is decreased as calcination temperature increases in the range of 150-300

nm.
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Figure 4.4 SEM images of the PVP/TIP composite fiber of as-spun nanofibers;
PVP/TIP 1.0 mmol.
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Figure 4.5 SEM images of the PVP/TIP composite fiber of as-spun nanofibers;
PVP/TIP 5.0 mmol.
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Figure 4.6 SEM images of the PVP/TIP composite fiber of as-spun nanofibers;
PVP/TIP 10.0 mmol.
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Figure 4.7 SEM images of the PVP/TIP composite fiber of as-spun nanofibers;
PVP/TIP 1.0 mmol calcined at 600°C for 1 h.
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Figure 4.8 SEM images of the PVP/TIP composite fiber of as-spun nanofibers;
PVP/TIP 5.0 mmol calcined at 600°C for 1 h.
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Figure 4.9 SEM images of the PVP/TIP composite fiber of as-spun nanofibers;
PVP/TIP 10.0 mmol calcined at 600 °C for 1 h.

4.4 Fourier transforms infrared spectroscopy of the titania nanofibers

Fourier transform infrared spectroscopy (FTIR) analyses of different aliquots of
a single sample typically produce identical spectra. In some instances, usually in
samples containing higher amounts of contamination, variable spectra are observed. In
this technique for FTIR analysis confirmed the presence of PVP. Figure 4.10 shows
the characteristic FTIR transmission bands of PVP/TIP before and after calcinations at
600°C for 1 h. Figure 4.10 shows the characteristic FTIR transmission bands of
PVP/TIP before and after calcinations at 600°C for 1 h. Figure 4.10 (a) shows a very
broad band observed between 3,600 — 3,200 cm™' which is linked to the hydrogen
bonded O-H stretching vibration due to the presence of moisture in the composite
fibers. The vibration band at approximately 2,964 cm ™' refers to the C-H stretching of
methyl groups. The peak at 1,686 cm™' can be attributed to the contribution from the

C=0 stretching of amide in PVP. The vibration bands at between 429 and 735 cm™
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are related to C-C, C-O and C-N of PVP polymer. The peaks at 654 and 584 cm ™' refer
to N-C=0 bending.

(b)
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Figure 4.10 FTIR spectrums for (a) as-spun PVP/TIP nanofibers and (b) TiO,
nanofibers calcined at 600°C for 1 h.

Figure 4.10 (b) shows a small amount of IR bands in TiO, nanofibers due to
remaining the polymer after calcination with temperature of 600°C for 1 h. The
vibration bands at 706 and 503 cm ™' are related to binding energy of titanium metal
reacted with oxygen (Ti-O) and then formation of TiO, nanofibers after calcination at

high temperature [51].



CHAPTER 5
CONCLUSIONS AND SUGGESTION

In this work, TiO, nanofibershave been synthesized by electrospinning and
studied the effect of preparation parameters on the characterization such as the effects
of concentrations of reacting agents (titanium tatraisopropoxide (Ti(OCH(CHj3),)4 and
glacial acetic acid, effect of calcination time, temperature, and concentration of the
TiOy/PVP.

5.1 Summary

TiO; the TiO2/PVP composite fibers can be fabricated by electrospinning process
followed by calcinations and concentration. Sol-gel process occurred only when using
methanol as solvent in titanium dioxide precursor solution. After titanium dioxide
precursor solution with methanol solvent was aged for half an hour, it was found that
sol-gel process was completed. TGA curve results from performed on electrospun
PVP/TIP composite nanofibers. The weight loss over 350°C was almost remaining
constant, indicating that the formation of the TiO, nanofibers occurs. The crystallinity
of rutile phase of TiO, nanofibers were calcined at high temperature of 700°C. The
morphology of TiO, nanofibers by SEM micrograph shows that the increase of TIP
concentrations influences on the increase of fiber diameter of TiO, nanofibers. The
diameter of the nanofibers is decreased when the calcination temperature is increased.
IR bands in TiO, nanofibers due to remaining the polymer after calcination with
temperature of 600°C for 1 h. The vibration bands at 706 and 503 cm’ are related to
binding energy of titanium metal reacted with oxygen (Ti-O) and then the data

confirms formation of TiO, nanofibers after calcination at high temperature.

5.2 Conclusions
TiO, nanofibers with diameters of 147 —284 nm have been successfully

synthesized by sol-gel assisted electrospinning method. The crystallinity of rutile TiO,
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was obtained after the as-spun TiO, fibers were calcined at high temperature and also
the mixtures of anatase in rutile phase of Ti0, nanofibers were formed. However, it
was observed that the increase of the titanium isopropoxide concentration does not
influence to the phase structure. The average of the diameters of TiO; nanofibers is
increased as the titanium isopropoxide contents increased and is decreased as the

calcination temperature increase.

5.3 Suggestions

Future, the fabrication should be carried out by arranging the apparatus in
a vertical plane or in different angles. The sol-gel process should be used the titanium
tetraisopropoxide (TIP, Ti(OCH(CHs),)s was added, drop — by —drop, into a well-
mixed methanol — water solution. The TiO, nanofibers should be prepared to use such
application and the electrical properties and other properties to be studied for the dye

sensitized solar cells or other devices.
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In this work, titanium dioxide (TiO,) nanofibers were synthesized by a combination of
electrospinning and calcinations process using a solution that contained poly(vinyl py-
rolidone )( PVP) and titanium isopropoxide. Titanium isopropoxide/PVP composite fibers
were investigated at different titanium isopropoxide concentrations and voltages. The
fibers were characterized by thermogravimetric analysis (TGA), Fourier transform in-
frared spectroscopy {FTIR), X-ray diffraction (XRD), and scanning electron microscopy
(SEM). SEM images showed that the morphology of as-spun TiO; nanofibers are smooth,
uniform and good continuous fiber morphology with fiber diameters of 150-290 nm
when calcined of 600°C for 1 h in air. XRD patterns revealed that the crystallinity
corresponded to TiQ> in the form of rutile structure. The fiber diameters were slightly
decreased with increase of the applied voltages and the titanium tetraisopropoxide
concentration.

Keywords Titanium dioxide; sol-gel method; electrospinning; rutile structure

1. Introduction

In recent years, nanoscale one dimensional nanostructures such as nanorods, nanotubes,
nanowires, nanowhiskers, nanofibers have stimulated great interest due to large surface area-
to-volume ratio, high specific surface areas, small pore size and superior mechanical and
electrical properties | 1-3]. In order to obtain these materiais, various preparation methods
have been developed including discharge plasma, laser ablation, hydrothermal process and
other methods. Among intensive methods for producing nanostructures, electrospinning is a
very simple and convenient method for making of nanofibers. Basically, an electrospinning
system consists of three major components: a high voltage power supply, a spinneret with
a metallic needle, and a grounded collecting plate [4]. In the electrospinning methods. a
polymer solution is placed in a syringe with a stainless steel needle and charged using a high
voltage power supply. Once the electric field reaches the critical value at which the repulsive
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Figure 1. Schematic drawing of the electrospinning setup.

clectric force overcomes the surface tension of polymer solution, the polymer solution is
ejected from the tip to a collector. The ejected polymer from needle tip was deposited on
the grounded collector, the electrospun material solidifies due to the fast evaporation of
the solvent and with diameter raging from hundreds of nanometers to several micrometers.
Titanium dioxide (TiO,) or titania has been extensively used in many applications such
as photocatalysis, gas sensors, optical filters, environmental cleaning and protection, solar
cells and batteries {5}]. TiO; has three crystalline phases; anatase, rutile and brookite. The
band gap energy of anatase, ratile and brookite are 3.2, 3.0 and 1.9 eV, respectively [6-7].
The various methods for synthesis of TiO; include sol-gel, dip-coating, electrochemical,
sputtering and chemical vapor deposition [8]. To date, one dimensional nanometerials have
been successfully synthesized by various techniques. Among these the electrospinning
technique has been considered to be a simple, versatile and convenient method due to its
characteristics of easy control and low cost [7]. TiO; nanofibers were reported in various
works in different precursors and electrospinning conditions {5, 8-17). In this work, we
report on the fabrication of electrospun TiO; nanofibers by electrospinning and calcination
processing with different concentrations of titanium tetraisopropoxide, applied voltages
and calcination temperatures. The titanium tetraisopropoxide and poly(vinyl pyrrolidone)
were used as precursors. The morphology and crystallinity of nanofibers synthesized at
different precursors, applied voltages, and caicination temperatures were investigated.

2. Experimental Details

The TiO; nanofibers were fabricated as follows. Based on a sol-gel processing, 1.0 mmol
of titanium tetraisopropoxide (TIP, Ti(OCH(CHj3);)s, Aldrich) was dissolved in 4 mL of
glacial acetic acid and 10 mL of methanol with stirring at room temperature for half an hour
to get clear solution.. To this solution, 1.12 g of poly(vinyl pyrolidone) (PVP)((CsHoNO),,
M, = 1,300,000 Aldrich) was added in TIP solution and then stirred until a viscous and
transparent solution wes obtained. Then, PVP/TIP was prepared with 5.0 and 10.0 mmol by
using the same method as described above to obtain PVP/TIP solution. PVP/TIP solution
was loaded into a plastic syringe equipped with a needle of 21-gauge. The needle made of
stainless steel was connected to the terminal positive of a high voltage power supply(Gamma
High Voltage ES30P) and the negative terminal of the high voltage power supply was
connected to grounded collector as shown in Figure 1. The aluminum sheet used to collect
the nanofibers was fastened to the grounded copper metal plate. The distance between the
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Figure 2. TGA curves of PVP/TIP composite nanofibers al heating rate 10°C min~! in oxygen gas.

needle and grounded collector was fixed at 15 cm and the solution was fed at a constant
ratc of 1 mL/h using syringe pump (New Era; NE-300). The voltage of 8 kV was applied
between the needle tip and grounded collector. All electrospinning process was carried out
at room temperature.in air. The electrospun PVP/TIP composite nanofibers were calcined
at 500-700°C for 1-2 hin air to remove PVP and to obtain the Ti0> nanofibers. The
three types of PVP/TIP solutions with different TIP concentrations were made and studied
in this work, named PVP/TIP1.0, PVP/TIP5.0 and PVP/TIP10.0 refers to different TIP
concentrations of 1.0. 5.0 and 10.0 mmol.

The suitable temperature for calcination was carried out by including thermogravimet-
ric analysis (TGA, Thermo plus TG8120, Rigaku Corp.). The crystallinity and morphology
were characterized by X-ray diffraction (XRD, X Pert 2000, Philips) and scanning electron
microscope (SEM, JSM-6010LYV, JEOL). respectively.

3. Results and Discussion

Figure 2 shows TGA curve resulting from performed on electrospun PVP/TIP composite
nanofibers. The TGA curve exhibits three apparent weight losses. The first weight loss
of 32%, it is observed that the weight loss below 280°C is due to the removal of traces
of solvents such as water, methanol, acetic acid, carbon dioxide and so on. The second
weight loss of 68% between 281 and 360°C is due to organic decomposition in conjunction
with the degradation of PVP dehydration through a polymer side chain and decomposition
of organic groups from the organometallic precursor (TIP). The weight loss over 360°C
was almost remaining constant, indicating the formation of the TiO, nanofibers. Therefore,
the temperature of 500-700°C was selected as the calcination temperature to remove the
organic compound and formation the metal oxide.

Figure 3 shows XRD pattems of PVP/TIP composite nanofibers calcined at different
temperatares. Figure 3(a) shows a broad peak around 26 = 27.21° cormresponded to the
semi-crystalline of PVP in PVP/TIP composite nanofibers. After the PVP/TIP composite
nanofibers at amount of 1.0, 5.0 and 10.0 mmol were calcined at 600°C for 1 h, XRD
patterns showed that PVP disappeared and the rutile TiO, nanofibers were formed as
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Figure 3. XRD patterns of (a) PVP /TIP composite nanofibers, (b) PVP/TIP1.0, (¢) PVP/TIP 5.0
and (d) PVP/TIP 10 mmol calcined at 600°C for 1 h.

shown in Figure 3(b—d). XRD patterns showed that the crystal structure belongs to rutile
TiO; and the anatase TiO, at approximately 27.51° as shown in Figure 3(b-c). As the
calcination temperature increasing from 500-700°C, XRD results indicated the formation
of TiO; corresponding to both rutile and antaste phases as shown in Figure 5(a). After
calcination with temperature of 600-700°C, it was revealed that the anatase phase were
gradually decreased (Figure 5(b)) and transformed to pure rutile phase at 700°C as shown
in Figure 4(c). The XRD patterns revealed an increase in the intensity of the diffraction
peaks associated with increase of the calcination temperature.
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Figure 4. XRD patterns of TiO; nanofibers with the content of TIP 5.0 munol calcined at (a) 500,

(b) 600, and (¢) 700°C for 2 h.
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Figure 5. SEM images of the PVP/TIP composite fiber of as-spun nanofibers; (a) PVP/TIP 1.0,
(b) PVP/TIP 5.0, (c) PVP/TIP 10.0 and TiO, nanofibers; (d) PVP/TIP 1.0, (¢) PVP/TIP 5.0, (f)
PVP/TIP 10.0 calcined at 600°C for 1 h.

Figure 5 shows the SEM micrographs of as-spun PVP/TIP composite nanofibers and
TiO, nanofibers calcined at 600°C for 1. Figure 5 (a—c) shows the morphologies of the
as-spun fibers are random orientation and smooth surface due nature of PVP in PVP/TIP
composite fibers and several micrometers in length. After calcination at high temperature,
the nanofibers is smaller in diameter than the as-spun nanofibers and the surface of the
fibers became rougher, which is derived from the decomposition of PVP and crystallization
of TiO,. The average diameter of as-spun PVP/TIP composite nanofibers is in range of
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Figure 6. FTIR spectrums for (a) as-spun PVP/TIP nanofibers and (b) TiO, nanofibers after calcined
at 600°C for 1 h.
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298-365 nm at different concentrations of TIP. After calcination at high temperature, the
average fiber diameter of TiO, nanofibers is shrinked and the average of the fiber diameters
is reduced to 147-284 nm as shown in Figure 5(c—d). SEM images also indicate that
the average of the fiber diameter is decreased as calcination temperature increases due
to increasing the decomposition of PVP polymer. The result of SEM micrograph shows
that the increase of TIP concentrations influences on the increase of fiber diameter of TiO;
nanofibers. The applied voltages of 8, 10and 12 kV which were used to PVP/TIP5.0 solution
yield the diameters of the fibers were decreased from 376, 323 and 289 nm respectively.
Then after the calcination at 600°C for 2 h. SEM images showed that fiber diameter is
decreased as calcination temperature increases in the range of 150-300 nm (not shown).

Figure 6 shows the characteristic FTIR transmission bands of PVP/TIP before and
after calcinations at 600°C for 1 h. Figure 6(a) shows a very broad band observed between
3,600-3,200 cra~! which is linked to the hydrogen bonded O—H stretching vibration due
to the presence of moisture in the composite fibers. The vibration band at approximately
2,964 cm™' refers to the C—H stretching of methy! groups. The peak at 1,686 cm™' can
be attributed to the contribution from the C=0 stretching of amide in PVP. The vibration
bands at between 1,429 —735 cm~! are related to C—C. C—0 and C—N of PVP polymer.
The peaks at 654 and 584 cm™! refer to N-C=0 bending. Figure 6(b) shows a small
amount of IR bands in TiO» nanofibers due to remaining the polymer after calcination with
temperature of 600°C for 1 h. The vibration bands at 706 and 503 cm™! are related to
binding energy of titanium metal reacted with oxygen (Ti—0O) and then formation of TiO;
nanofibers after calcination at high temperature [18].

4. Conclusion

TiO, nanofibers with diameters of 150-290 nm have been successfully synthesized by
sol-gel assisted electrospinning method. The crystallinity of rutile TiO; was obtained af-
ter the as-spun TiO, fibers were calcined at high temperature and also the mixtures of
anatase in rutile phase of TiO, nanofibers were formed. However, it was observed that the
increase of the titanium isopropoxide concentration does not influence to the phase structure.
The average of the diameters of TiO2 nanofibers is increased as the titanium isopropoxide
contents increased and is decreased as the calcination temperature and applied voltages
increase.
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