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ABSTRACT

The optical band gaps, crystal structure, and anatase-to-rutile phase transformation
were studied on Nb-doped TiOi (concentration range 0.02-0.06 at. % Nb>) films
prepared by high temperature diffusion method. The Nb-doped TiOifdms displayed a
slight yellow colour attributed to 0-Nb=0 centres and an enhanced visible light
absorption with a red shift of 18.2 nm ofthe optical absorption edgefrom 394 nmfor
pure TiOifdm to 412.2 nmfor 0.04 at. % Nb—doped TiOMilm. This represents a band
gap lowering 0f0.181 eV due to the donor-type behavior of niobium. As the niobium
concentration increased, the enhancement in light absorption at the investigated
concentration range goes through a maximum at 0.04 at. % Nb5+ with minimum band
gap of3.017 eV and starts to decrease again at 0.06 at. % NbJ+ with a band gap of
3.036 eV. The fabricated fdms exhibited rather low transmittance and reflectance.
Despite higher rutilization, at the doping temperature of 850 °C used, crystal sizes
(39-43 nm) obtainedfrom X-ray diffraction spectra depicted a significant increase in
surface areas which is attributed to retardation of exaggerated analase-rutile phase
transformation caused by Nb-doping into the TiO} matrix.
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CHAPTER ONE

INTRODUCTION
1.1 Introduction
Research on titanium dioxide light absorption has for the past four decades attracted
considerable attention for possible broad applications in solar cells, photocatalysis,
gas sensors, etc. However, the wide band gap of Ti02 (3.0 eV and 3.2 eV for rutile
and anatase respectively) means that only UV light excites electrons over the band
gap. In many applications, including those utilizing solar light as the energy source, it
is therefore desirable to extend the band gap excitations into the visible region in
order to exploit a larger portion of the spectrum. Several methods and materials have
been attempted. These include the use of dopants such as anion doping where the
lattice oxygen is replaced with nitrogen (Lindgren et al, 2003; Diwald et al, 2004, and
Valentin et al, 2004), carbon (Wang and Lewis, 2005), fluorine (Hattori et al, 1998;
Ayllon et a\, 2000; Todorova et al, 2007), sulphur (Asahi et al, 2001; Umebayashi et
al, 2002; 2003a) and cation doping in which Ti cations are substituted with metals
such as vanadium, ruthenium, manganese, iron, tungsten, niobium, etc, atoms
(Karakitsou and Verykios, 1993; Wang et al, 1994). Other possible visible active

materials include binary oxides and perovskites (Martson et al, 2006).

Several investigators have tried to explore the potential of using niobium doped TiOi
as a visible photoactive material for different applications in photocatalysis
(Karakitsou and Verykios, 1993), solar cells (Wang et al, 1994; Trenczek-Zajac et al,
2007), air and water pollution control (Martson et al, 2006), gas sensing (feroni et al,
2000; Yamada et al, 2000 and Ruiz et al, 2003), maintenance free surfaces (Radecka

and Rekas, 1995), etc.

Niobium oxide, and in particular its most stable form NbiOs, is a semiconductor with
a band gap of about 3.9 eV (decreasing to about 3.5eV in the amorphous state), with a
high dielectric constant and a high index of refraction. It has found many uses in
electronic and optical applications (Sehmitt and Aegarter, 2000; Martson et al, 20&6).
In recent findings (Martson et al, 2006) it was shown that Nb-doped anatase produces
films with high electron conductivity which finds useful applications in certain

photochemical systems.



It is a delicate process to introduce Nb-dopant impurity into TiC> in order to alter
both its optical characteristics and subsequent band gap. This is because the doping
parameters must be carefully chosen so as to avoid creation of unwanted
recombination centres which prevent efficient separation of photo-excited electron-
hole pairs (Andreas et al, 2006). The development of new' Nb-doped TiOi
photoelectrodes for use in solar cells, gas sensing, photocatalysis, etc, is needed while
at the same time addressing the disadvantages of their low' efficiencies and long-term
instability caused by chemical reactions with ambient (such as oxygen, water vapor

and other gases).

Efforts are being made to fabricate TiCF photoelectrodes for the utilization in solar
energy devices (Gratzel and O'Regan, 1991; Gratzel, 2003), gas sensors (Feroni et al,
2000), photocatalysis (Karakitsou and Verykios, 1993), etc, at a cheaper cost but with

improved efficiencies.

In nanostructured Ti02, semiconducting films with high structural modifications, the
electrical conductivity and other optical characteristics are determined by defects in
the lattice structure, presence of dopants and by the features of the percolative
network formed by the grains (Feroni et al, 2000). In the present study, we attempt to
fabricate nanostructured Nb-doped TiCs thin films prepared via high temperature
diffusion and explore its possible utility in photochemical applications. The effect of
concentration of Nb-dopant states on the optical properties and crystal structure of

polycrystalline Nb-doped TiCx2will be studied.

1.2 Statement of the Problem

TiC>2 is an n-type semiconductor and doping it with cations of valence higher than
that of the parent Ti4+ cation such as niobium ion (NV"), results in increased
concentration of electrons in the conduction band due to the donor-type behavior of
niobium. In previous studies, niobium has been found to inhibit anatase-to-ri$ile
phase transformation at high temperatures (Otshuka et al, 1982) while at the same
time contrasting opinion by various studies as to whether niobium dopes interstitially
or substitutionally into the TiCh lattice still persists (Arbiol et al, 2002; Martson et al,
2006). Recent studies on niobium doping in TiCF are focused on optimizing the

photo-response of TiCh by employing a wide rarige of niobium concentrations (at
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mmol, and mol. % Nb.) together with different doping techniques. One of the
cheapest and most common techniques used to introduce Nb "ions in the Tio2 matrix
is high temperature diffusion. The mechanisms of how niobium doping at various
concentrations and temperatures modify the structural, electrical, chemical and optical
properties of Ti02 for possible technological applications still need to be understood.
This will allow us to define more precisely the most suitable range of compositions
and thermal treatments which give the best results for envisaged applications if

niobium doping route is to mature into a viable commercial technology.

1.3 Objectives of the Study
The aim of the present study is to optimize the niobium-doped Ti02 visible light

absorption with a view to increasing its utility for applications in devices. The specific
objectives are:
1. Fabrication of niobium-doped Ti02thin films of niobium concentration range
0f 0.02-0.06 at. % via high temperature diffusion.
2. Studying the optical characteristics such as transmittance, reflectance and band
gap of the fabricated niobium-doped T,02 films.
3. Studying the structure and composition of the fabricated niobium-doped Ti02

films.

1.4 Justification and Significance of the Study

The present study is mainly devoted to investigating how the variations of very low
concentrations of niobium (0.02-0.06 at. %) in Ti02 influences its optical properties
and structural characteristics. This knowledge is useful in fabricating new Nb-doped
Ti02 photoelectrodes for possible use in gas sensors, solar cells, environmental
degradations caused by organic pollutants, degrading toxins produced algae, etc. Iris
also hoped that the study will provide impetus for further investigations in Nb-doped

Ti02thereby contributing to the first growing scientific body of knowledge.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

Titanium dioxide (TiOj) belongs to one of the most extensively investigated
semiconducting oxide materials for various applications. This is because it has the
advantages of being inexpensive, chemically stable and non-toxic. Titanium dioxide
is a multifaceted compound. It is used for photovoltaic, photocatalysis, gas sensing,
maintenance-free surfaces and humidity detection applications as it combines good
electrical properties with excellent stability in many solvents over a wide pH range
(Oliver et al, 2004). It also makes tooth pastes white and paint opaque. In
photocatalysis application, it is a potent photocatalyst that breaks down almost any
organic compound when exposed to sunlight. This photocatalytic property has been
used in developing a wide range of environmentally friendly products including self-
cleaning fabrics, autobody finishes (super hydrophilic surfaces), ceramic tiles, paving
stones, degrading toxins produced by blue-green algae, removing the ripening
hormone ethylene from areas where perishable fruits, vegetables and cut flowers are
stored (Fujishima et al, 2000; Soonchul et al, 2008) as well as organic pollutants such

as trichloroethylene and methyl-tert-butyl ether from water (Qamar et al, 2006).

Despite the broad range of applications of Ti(> only about 4% of the solar spectrum
(ultraviolet) can be utilized due to its wide intrinsic band gap (3.0 eV for rutile and 3.2
eV for anatase phases), i.e., a fundamental absorption edge of about 400 nm (Gratzel
and O Regan, 1991; Karakitsou and Verykios, 1993; Wang et al, 1994; Choi et al,
1994). Both rutile and anatase crystalline phases are transparent to visible light
(Karvinen, 2003). Rutile is preferred in paint and pigmentary industry as well as high
temperature gas sensing because it scatters light more efficiently and is more stable at
higher temperatures than anatase. But for photoelectrochemical solar cell applications,
anatase thin film is preferred because of its unique combination of high refractive
index (n=2.5) with high degree of transparency in visible region of the spectrum
(Smestad, 1998; Karvinen, 2003). In its colloidal form, anatase structure also shows

high mobility of n-type charge carriers (Sodergren et al, 1994; Fujishima et al, 2000).

Considerable efforts have been made to extend the photo-response of TiCK based

/
system further into the visible region using dopant's (Kerakitsou and Verykios, 1993;
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Choi et al, 1994; Wang et al 1994; Radecka & Rekas, 1995; Umebayashi et al, 2003b;
Oliver et al, 2004; Christiana et al, 2004: Wang and Lewis 2005; Trenczek-Zajac et
al, 2007). Various transition metal cation doping of Ti02 have been intensively
attempted. Cation-metal doping implies incorporation of a foreign cation into the
crystal lattice of the parent semiconductor metal oxide. The electronic structure of the
parent semiconductor is altered in a systematic manner by employing doping cations
of lower, equal or higher valence than that of the parent cation. By selective cation
metal doping the properties of TiCH colloids and electrodes are modified and their
interfacial charge transfer reactions are enhanced. However, the disadvantage of
cationic dopants is that most of them result in localized d-leveis deep in the band gap
of TiCH which serve as recombination centres for photogenerated charge carriers

(Wang and Lewis, 2005)

2.2 Effect of Doping Ti02

The photoreactivity of doped TiCH is a complex function of dopant concentration, the
energy level of the dopants, ionic/atomic radius of the dopants and the electronic
configurations and the light intensity. Even though the microscopic motion of atoms
from one site to another may be rather complex, possibly involving vacancies,
interstitial and substitutional positions, atomic exchanges and others, the basic
description of the effective diffusion remains governed by Fick’s first and second
laws (Boer, 1991). The relative efficiency of a metal ion dopant depends on whether it
serves as a mediator of interfacial charge transfer or as a recombination center.
Enhanced interfacial charge transfer in the presence of effective dopants appears to be
the most important factor in the enhancement of the photoreactivity of doped TiCH

(Choi et al, 1994).

Introduction of metal ion impurity levels into the TiC>band gap induces a red shift in
the band gap transition and the visible light absorption through a charge transfer
between a dopant and conduction band (CB) or valence band (VB) or a d-d transition
in the crystal field (Mizushima et al, 1979). Gratzel. 1983, showed that s<Gme
transition metal ion-doped TiCH samples at different dopant concentrations have an
optimal concentration of 0.5 at. % for enhanced photoreactivity and this observation
was found to be consistent with their transient absorption spectrum, Choi et al, 1994

reported that doping TiCH with trivalent or pentavelent metal ions was detrimental to

5



its photocatalytic activity. They proposed a general photochemical charge-trapping,
recombination, detrapping and migration mechanisms in the presence of metal ion
dopants. They attributed the inhibition of e'/h+recombination in some transition metal
ion-doped TiCb colloids to the local separation of trapped charge carriers. However,
except for a few cases, the photoreactivities of most transition metal ion-doped TiO?
decrease even in the UV region (blue shift). This is because the transition-metal-
doped TiCT suffers from an increase in carrier recombination centres introduced by
the dopant-related localized d-states deep in the band gap of TiCT or thermal

instability at higher temperatures, usually above 800 °C.

Karakitsou and Verykios, 1993 noted that doping TiCT with (Dm#), m>4 (where D1* is
the dopant with valency m+) increased the capacity of the TiCb/substrate space charge
region to separate photogenerated electron-hole pairs and to reduce recombination.
As the m-dopant concentration increases, the surface barrier becomes higher and the
space charge region narrower. The electron-hole pairs photogenerated within the
region are efficiently separated by the large electric field traversing the barrier before
having the chance to recombine. Since the space charge region is very narrow, the
penetration depth of light into TiCT greatly exceeds the barrier width. Hence a fraction
of incident light generates electron-hole pairs in the bulk of the semiconductor, which
is field-free, and the carriers easily recombine (this fraction of light does not
contribute to photoreactivity). Thus a value of m-dopant concentration at which the
widths of the surface barrier have an optimal value exists with a corresponding
maximum rate of photoreactivity which depicts an extension of the absorption edge to

lower energy into the vsible light region.

Metal ion dopants influence the photoreactivity of TiCbby acting as electron (or hole)

traps and by altering the e'/IT pair recombination rates through the following process.

Mmt+ + e'dh > Mtmi !r electron trap
Mmt+ h+b hole trap
where the energy level for lies below the conduction band edge (Ecb) and

the energy level for M7 M (mT] 1 above the valence band edge (Ew) (Choi et al, 1994).

Choi et, al 1994 further noted that there appears to be an optimal dopant concentration
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above which photoreactivity decreases due to change in space charge layer thickness.
The recombination (Krecnv) through tunneling between the trapped charge carriers

depends on the distance (Re-/ht) separating the e'/iv pair according to:

K recom*ot eXp (-2Re./NHA0) oo (2.2)

where ao is the radius of the hydrogenic wave function of the trapped carriers. Hence
the recombination rate increases exponentially with the dopant concentration as the
average distance between trap sites decreases with increasing number of dopants
confined within a particle. At lower concentrations below the optimal value,
photoreactivity increases with an increasing dopant concentration because there are
fewer trapping sites available. Martin et al, 1997. observed that charge transfer of
trapped charge carriers to a redox couple at the interface is a very slow process, which
might be extended up to a second especially at higher light intensities. This indicates
that the dopants are efficient recombination centres as well as good trapping sites.
They further concluded that metal ion dopants act as effective trapping sites under
low light intensities (below UV) when not all the dopants sites are populated as traps.
However, when the available trapping sites are fully occupied under conditions of
high light intensities (UV) the metal ion dopants become efficient recombination

centres.

Anpo et al, 1998, reported that transition metal ion implantation into Ti02 shifts the
absorption edge to lower energies, thereby increasing its photo-response in the visible
region. Previous experimental and theoretical studies concerned with the transition
metal doped Ti02 consistently indicate that the energy level and d-electron
configuration of the dopant govern the photoelectrochemical process in the visible
regions (Choi et al, 1994; Umebayashi et al, 2002). The surface chemistry, crystal
structure and size and crystal defects of Ti02depend on both preparation methods and

presence of impurities in the sample (Karvinen, 2003).

4

In earlier studies, Karakitsou and Verykios, 1993, showed that doping with cations of
valence higher than that of Ti4T such as tungsten ion (WbT), tantalum ion (TE£bH),

niobium ion (Nb5#, etc into Ti02 matrix results in enhanced photoreactivity. The



enhancement or reduction of photoreactivity of TiO: is also dependent on the
concentrations of the doping cations. These cations alter the bulk electronic structure
of TiCK which influences its electron-hole pair generation and separation capacity
under illumination in order to initiate oxidation-reduction reactions for conversion of
solar to chemical energy. Such higher valence doped TiC>2 were also found to exhibit
enhanced electrical conductivity and reduced activation energy of electron
conduction. They found that although appreciable doping of these cations had taken
place at the calcination temperature of 900 °C, the enhanced photoreactivities at 0.11
at.% W6\ 0.12 at.% Tal* 0.2 at.% Nb™ were still minimal for any appreciable utility

ofthe doped TiC>2 photoelectrodes.

Several approaches have been used to improve the photo-efficiency of TiCK
semiconductors. One of the popular methods is doping with substitutional elements
such as niobium. Otshuka et ah 1982, noted that pentavelent doping of Ti02 with
niobium shifted solar spectral absorption edge to lower energy. Cation dopants such
as niobium ion (Nbs+) of valence higher than that of the parent cation (Ti4") had been
found to alter the electronic structure of TiCK, i.e., additional energy levels (deep or
shallow) are created within the band gap of TiCK (Karakitsou and Verykios (1993).
These additional states (energy levels) influence its electron-hole pair generation and
separation capacity under solar illumination in order to initiate oxidation-reduction
reactions for conversion of solar to chemical energy. Wang et ah 1994, found that
Nb-doping into TiCK matrix shifts the optical absorption edge towards the visible
light region as well as improve the photocurrent density of TiCK. But, they further
concluded that although the enhancement of photocurrent density and quantum
efficiency resulting from niobium addition in TiCK had been studied for many years,

the improvement still seemed too little for Nb-doped TiCKto be used in practice.

Niobium is an example of a shallow dopant and so acts as a mediator of interfacial
charge transfer, hence it does not act as a recombination center (Karvinen, 2003).
Such a shallow level dopant is intimately connected with adjacent conduction bana of
TiCK, and therefore has quasi-hydrogen like model described by eigenstates (see Fig.
3.4) (Umebayashi et ah 2003b). This makes it a good scattering center (Boer, 1991).
However, recent studies by Miyagi et al, 2004, on Nb-doped anatasp TiCK epitaxially

grown on SrTiCss by metalorganic chemical vapour depositions (MOCVD), using
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deep level trancient spectroscopy (DLTS) revealed that Nb ions produce not only
shallow dopants but also at least two kinds of deep levels in anatase Ti02(0.3 eV and
0.67 eV) below the bottom of the conduction band. This is due to the splitting of the
upper and lower conduction bands. Recent studies by Martson et al, 2006, on
nanostructured Nb-doped Ti02(10-20 mol% Nb2Cs) gave an inferior photoreactivity
attributed to an enhanced electron-hole pair recombination rate due to the Nb=0
cluster and cation vacancy formation. Despite the fact that Nb-doping extends the
optical absorption into the visible spectrum, their result showed that Nb-doped Ti02
with such high Nb-dopant concentration is a poorer photoactive material than pure

Ti02

Studies by Bonini et al, 2000, Arbiol et al, 2002, and Ruiz et al, 2003, on Nb-doped
TiO? nanopowders (Nb contents 0-10 at.%) found that Nb-doping introduced
electronic states at the surface or into the bulk that modify the base material’s
electrical conductivity. This is because niobium, acting as a donor dopant reduces the
electrical resistance of Ti02 while at the same time maintains its usual n-type
behaviour. Yamada et al, 2000, pointed out that Nb-doping increases the n-type
carrier concentration and their mobility since majority of electronic carriers are
alternated from p-type to n-type according to the amount of niobium introduced in
Ti02. However, their estimations on Nb-doped Ti02film resistance suggested that it
appears only part of niobium behaves as electron donor while others remain as neutral

states.

Niobium addition into Ti02 had been found to considerably lower the average grain
size in Nb-doped Ti02 by retarding anatase-rutile phase transformation at
temperatures as high as 800 °C (Feroni et al, 2000). However, other studies have
obtained anatase-to-rutile phase transition onset temperature as low as 700 °C and
others as high as 1200 °C depending on doping method employed, type of electrodes
(e.g., pellets or films) to be fabricated and substrates (e.g., AFQOs, silicon, glass, etc)
used (Wange/ al, 1994; Madare et al, 2000; Yamada et al, 2000; Trenczek-Zaja" et
al, 2007). Although niobium doping suppresses grain growth, prolonged doping time

(> 10 hours) at higher temperature increases niobium segregations (Karvinen, 2003).



Various investigations have been conducted on non-metal-doped TiCb films with the
aim of improving their photo-response into the visible spectrum. Asahi et al, 2001,
proposed a narrowing of the TiCK band gap due to mixing of N2p states with 02p
states in the valence band of N-doped TiCK However, Christiana et al, 2004,
suggested that because of different structures and densities, N-doping has opposite
effects on the photoreactivity of anatase and rutile TiO" leading to a red shift and a
blue shift respectively of the optical absorption band edge. Oliver et al, 2004, in their
investigation also found out that for N-doped Ti02, interstitial dopants are active for
lowering the photochemical threshold energy below the band gap energy of TiCK
Although the related nitrogen-impurity states are close to the Ti02 valence band
maximum, contrasting scientific opinions are still obtained by these studies depending
on the doping methods employed. Lindgren et al, 2003, in their investigation on
substitutional nitrogen in the form of nitride species obtained a shift of the photo-
threshold energy to higher energy due to nitrogen doping compared to un-doped

Tio2

Hebenstreit et al, 2001, incorporated sulphur into Ti02 by oxidation of TiS2 and
discussed the doping effect on its optical-response properties, and their study showed
that sulphur doping into the TiCs lattice contributes to band gap narrowing caused by
the overlap of the split sub-levels of the 2p32 and 2pisn2 states with separation of 1.2
eV by spin orbit coupling. Further studies by Umebayashi et al, 2002, concluded that
substitution of sulphur (S) for oxygen in TiCh could cause a significant shift in the
absorption edge to lower energy. Their analysis using the ab initio band calculations
showed that band gap narrowing due to S-doping originated from mixing the S3p
states with valence band (VB) width. This is because when TiCh is doped with
sulphur, the S3p states are somewhat delocalized, thus greatly contributing to the
formation of the VB with the 02p and Ti3d states. Consequently, the mixing of the
S3p states with the VB increases the width of the VB itself, and these results in a
decrease in the band gap energy due to sulphur doping. A further investigation by the
same group in 2003 (Umebayashi et al, 2003) on the S-doped TiCT prepared bj'ion
implantation method followed by analysis of its photo-electronic response and
electronic structure using photocurrent spectroscopy and first principle band

calculations resulted in the conclusions that:
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(i) In the S-doped Ti02 the photo-to-carrier conversion occurred in the visible
light region above 420 nm (< 2.9 eV).

(ii) S-doping into TiO? causes an increase in the width of the valence band, thus
resulting in band gap narrowing.

In contrast, these observations did not highlight the percentage concentrations of

sulphur at which the band gap narrowing is minimum. Moreover, it would be difficult

to incorporate sulphur into the Ti02 crystal because of its large ionic radius (1.70 A)

compared to nitrogen (1.32 A).

Recent experiments by Wang and Lewis. 2005. showed two optical absorption
thresholds in Ti02samples corresponding to substitutional carbon dopants estimated
at 5% atomic concentration. They also obtained increased efficiency in splitting
water, which was higher than the efficiency observed at 0.32% carbon concentration.
This confirms that there is an optimal dopant concentration for an optimum
photoreactivity of C-doped Ti02 In their theoretical investigation supported by
experimental evidence, they concluded that both band gap narrowing and overlap
between the oxygen 2p and dopant states induced by carbon strongly affects the
photoreactivity of Ti02. Hence higher C-doping concentration leads to more efficient
photoactive reactions of Ti02 However, the understanding of the exact mechanisms
on how carbon-doping influences the electronic structures of Ti02 so that it absorbs

in the visible-light region at these concentrations is still rather limited.

Fluorine doping in Ti02 had been carried out by gas-phase HF treatment at high
temperatures, sol-gel techniques and ion implantation. The photo-response
performance of F-doped Ti02 was found to be enhanced due to reduction of the
recombination rate of the photo-generated charge carriers (Hatori et al, 1998). An
improved film densification and crystallinity caused by fluorine doping was observed
by Ayllon et al, 2000, and Todorova et al, 2007. Nonetheless, the F-doped Ti02 films
indicated that most of absorption was still centred within the ultra-violet light region.
4,
Various studies by Wang et al, 1994; Umebayasi et al, 2003b: Ruiz et al, 2003, and
Anukunprasert et al, 2005 on niobium doping in Ti02 have been focused on
optimizing the visible light absorption of Ti02 for a wide range of applications. A

number of fabrication techniques (such as sputterihg, high temperature diffusion, ion

1



implantation, sol-gel etc) with varying niobium concentrations (mmol or mol % Nb)
have been attempted. However, due to low visible light absorption efficiencies of the
Nb-doped TiCh obtained in these studies, the practicability and commercial viability
of the fabricated photoelectrode films are still far from being achieved. In an effort to
study and explore the possibilities of improving the visble light absorption capacity of
Nb-doped TiCs2 prepared by high temperature diffusion, we focus mainly on the
effect of concentration (at mmol %) of the niobium dopant states on the optical and

structural characteristics of TiC>2.
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CHAPTER THREE
THEORY
3.1 Introduction
In this chapter, the theory of Nb-doping in Ti02 lattice is discussed and various
aspects of their photochemical response analyzed. The chapter ends with the
presentation of optical characteristics and determination of optical band gap of

colloidal thin films.

3.2 Effects of Nb-doping into Ti02
Ti02(anatase and rutile) have tetragonal structures (Fig. 3.1) with the bonding type in

solid being intermediate between ionic and covalent at room temperature.

(a)Anatase Ti02crystal (b) Rutile Ti02crystal

Fig. 3.1: 3-D crystal structure of rutile and anatase Ti02: Grey balls represent oxygen
atoms while the red balls stand for titanium atoms
(so\iTCe:http://en.Wikipedia. org/wiki/Titanium-dioxide)

Ti has an electron configuration of (Ar) 3d2 4s2 as shown in Fig.3.2. This means that
in its stable state, its atom has the inert argon atomic structure followed by four
electrons in its outermost energy level split into 3d2 and 4s2 orbitals. Hence, Ti has a

valency of four. &

Ti4f has a 3d° electron configuration, i.e., no electrons in the 3d level. This is reflected
in the band structure where the conduction band has predominantly Ti3d character

and the valence band predominantly 02p character (Umebayashi et al, 2003b). '*
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2 . 8 3d2 4s'

Fig. 3.2: Electron configuration of Ti atom showing number of electron in their
orbitals at various energy levels: lower energy orbitals are filled before higher energy
orbitals. Spin up-spin down of electrons are also shown (Source: Banergee et al,
2002)

Nb has an electron configuration of (Kr) 4d- 5s2as shown in Fig. 3.3. This means that
in its stable state, its atom has the inert krypton atomic structure followed by five
electrons in its outermost energy level split into 4dJ and 5s" orbitals. Hence, Nb has a

valency of five.

Nbv has a 5s°, 4d° electron configuration, i.e., no electrons in the 5s and 4d levels. Its
conduction band structure in Nb20s has predominantly Nb4d character and the
valence band predominantly 02p character. The ionic radius of Ti" is 0.64 A while
that of Nb3+is 0.69 A (Wang et al, 1994). It can be noted that Nb" ions have lost one
additional valence electron compared to Tf and are therefore expected to act as

electron donors in TiCs2 (Miyagi et al, 2004).

4,
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2 : 8 18 : 8 : 4d3 : 5s2

Fig. 3.3: Electron configuration of Nb atom showing number of electrons in their
orbitals at various energy levels: lower energy orbitals are filled and their electrons
paired before higher energy orbitals. Spin up-spin down of electrons are also shewn
(Source: Banergee et al, 2002)

Borgarelo et al, 1982, observed an increased rate of water cleavage (hence
photoreactivity) under visible light upon introducing niobium cations (Nb3') into the
TIiCE lattice using Ru (bipy)32' as a sensitizer. They further reported that anatase Ti02
doped with 0.4% Nb20 5and loaded with 7.5 % Pt. and 0.1% Ru02 exhibited optimal
photoreactivity. These observations led to the suggestion that incorporation of cations
of valence higher than that of the parent cation (e.g., Nb3") into the crystal matrix of
Ti02results in enhanced photoresponse into the visible light region. Niobium doping
in Ti0O2has been studied for many years. It can dissolve in Ti02isotropically to form
solid solutions with Ti02in a wide concentration range (Choi etal, 1994). Wang et al
1994 noted that niobium seemed to be an optimum dopant choice into Ti0O2becausej;
is pentavalent (Nb5t) and has a comparable ionic radius (0.69A) to that of TP" (0.64)
in Ti02. But Choi et al, 1994 further reported that Nb47Nb3' energy levels lie close to
TiJHTi4+ energy level. Because of this proximity of the charges, the trapped electron
in Nb4" can easily be transferred to a neighbouring surficial Ti4 which leads”to
interfacial electron transfer. This makes the niobium dopant in Ti02 colloids’to
function as an interfacial charge transfer mediator thereby increasing its photo-

response.
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Feroni et al, 2000 also observed Nb5+ substitution on TV lattice sites, and attributed
the increase in the film’s conductance of Nb-doped Ti02 to dopant ionization or
creation of an equal amount of Ti""~ ions in the Ti02 lattice in order to compensate for
substitution. Since the ionic radius of Nb'~ is similar to Tid\ it is therefore expected
that niobium acts as donor atom when dissolved in Ti02 because of charge transfer
from the Nb 5s derived states to the Ti02 conduction band (Andreas et al, 2006).
Niobium therefore affects the electrical properties of Nb-doped TiO? as a donor-
dopant by reducing the film’s resistance. Hence, Nb-doped Ti02 films exhibit high

electron conductivity.

Findings by Umebayasi et al, 2003b, from the density of states (DOS) and electron
density maps (EDMS) for Nb-doped TiO2 prepared by ion implantation gave a
photoelectron peak due niobium impurity at an electron-occupied level close to the
bottom of the upper orbital (t2g) of Ti3d conduction band (CB). This showed that the
mid-gap levels of Nb-doped Ti02consist of the electronic states delocalized over the
Titggand Nb”g orbitals. Hence the impurity level of Nb is close to the Ti02conduction
band (CB). This result in an overlap of these levels and therefore optical excitation
easily occurs from the valence band (VB) into the Nb impurity band tail and a thermal
transition exists between the impurity level and the Ti02 conduction band (CB). This

results in a red shift of the optical absorption edge.

3.3 Effect of Concentration of Niobium on the Optical and Structural
Characteristics of Nb-doped Ti02

Low Nb™ ion doping (mmol%) in Ti02is preferred for especially for solar cell and
gas sensing thin film photoelectrode applications. This is because for the‘%e
applications, a larger percentage in anatase Nb-doped TiO? is required and various
studies have found that trace Nb-doping retard anatase-rutile phase transformation
process even at high doping temperatures (> 800 °C) (Arbiol et al, 2002; Karvinen,
2003; Scotter et al, 2005). Low Nb-doped Ti02films posses excellent short and long
range structural order with very high crystalline quality (Thevuthasan et al, 19”6).
Such trace Nb-doped Ti02films are less light scattering and also produce electronic

structures in the Ti02crystal which are less distorted.
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Electrodes with lower (trace) Nb-doping concentration (mmol %) were found to yield
higher photocurrent densities than those with higher Nb-doping concentrations (mol
%) (Wang et al, 1994). They obtained two optimal photoresponses at 0.03 at. % (for
mmol % 0.02 at.% - 0.06 at. %)and 0.6 at.% (for mol % 0.2 at. % - 0.6 at. %)
niobium concentrations in Ti02 matrix representing a shift into the visible light
absorption of 429 nm and 423 nm respectively. Higher Nb-doping is therefore
relatively less photoactive because of enhanced electron-hole pair recombination rate
which may be attributed to Nb=0 clusters, cation vacancy formation, TiNb20 7 traces,

surface states, cation coordination and bonding of intermediate reaction products.

Feroni et al, and Madare et al, 2000, obtained a considerable reduction in anatase-
rutile phase transformations due to 5.00 at. % and 0.35 at.% Nb-doping respectively
at a calcination temperature of 850 °C. They also reported a resultant average grain
size below 40 nm. Nevertheless, TEM analysis of their results revealed considerable
rutile phases in the Nb-doped Ti02 films. Recent studies by Anukunprasert et al,
2005 observed optimal photoreactivity at 3 at.% Nb-doping calcined at 850 °C.
Although they reported an inhibition of anatase-rutile phase transformatiom at this
dopant concentration, their XRD results indicated a remarkable percentage of
rutilization with subsequent grain coarsening. At a relatively lower doping
temperature of 800 °C, Riuz et al, 2003 obtained suppressed photoreactivitv at 4 at.%

Nb-doping in Ti02

The amount of Nb-doping in TiO? affects both refractive index and transmittance of
the Nb-doped Ti02 films. Since Nb-doping in Ti02 inhibits anatase-rutile phase
transformation, this leads to an increase of the weight percentage of anatase phase.
Hence the Nb-doped Ti02 films exhibit lower refractive index and a higher

transmittance compared to the undoped Ti0O2

3.4 Effects of Calcination on Microstrutural and Optical Characteristics of Nb-
doped TiO? <
At higher calcination temperature (> 600 °C) the undesirable anatase-to-rutile Ti02
phase transformation becomes a very fast process (Porter et al, 1999). At the same

time, very high temperatures, (> 1150 °C) are required for appreciable Nb-doping into
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TiC= lattice to take place, while ensuring enough thermal stability in Nb-doped Ti02
(Niishiro et al, 2005).

Minero et al, 1989, and Sclafani et al, 1990, in their studies on variation of surface
area and porosity of TiC~with calcinations, observed that pore narrowing is caused by
a marked increase in grain size, thereby resulting in a marked decrease in both surface
area and pore volume. Edelson and Glaezer. 1988. and Hague and Mayo, 1993,
proposed that intra-agglomerate densification and grain growth occur relatively
rapidly compared to interagglomerate densifiction. The observation that rutile
crystallites grow much rapidly than anatase at high temperatures (above 600 °C)
suggests that the relative order of the rates of the three process would be, intra-
agglomerate densification > anatase-to-rutile  transformation> interagglomerate

densification.

In order to reduce the inactive rutile content in Nb-doped TiCb during calcinations, it
can be calcined at temperatures between 600 to 900 °C for a variable period of time
(Karakitsou and Verykios 1993). Most Nb-doped TiCb films annealed at 850 °C
feature grain size below 40 nm, as only a fraction of anatase phase had been converted
to rutile. This is because Nb-doping had been found to be a good anatase-to-rutile
phase transformation inhibiter and hinders grain growth at considerably higher
temperatures (800-900 °C) (Feroni et al, 2003; Madare et al, 1999; Ruiz et al, 2003;
Anukunprasert et al, 2005; Karvinen, 2003). It is worth pointing out that although
appreciable doping of niobium into the TiC2 matrix is expected to have taken place at
higher doping temperatures (> 1150 °C), with subsequent enhanced photoreactivity,
segregation of niobium on the grain boundaries at such a high doping temperature
cannot be ruled out. This may in turn increase electron-hole pair recombination rate
of the Nb-doped TiCh (Wang et al, 1994). It is therefore imperative to choose a
compromise temperature which ensures that a higher percentage of the doped-TiCb

remains in its anatase phase during Nb-doping.

3.5 Optical Characteristics of Nb-doped Ti02.
3.5.1 Reflectance spectra of Nb-doped TiOj
Nb-doped Ti02 with a higher anatase percentage absorbs more .efficiently in the

visible region (400-650) than that with a higher'rutile (lower anatase) percentage
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(Karvinen, 2003b). From his result on diffuse reflectance spectra, it was noted that the
reflectance spectra of Nb-doped HO2 with a higher anatase percentage showed an
absorption onset at 413 nm while that of Nb-doped Ti02 with a higher rutile
percentage has an absorption onset at 383 nm. The shift in the reflectance spectra
leads to the conclusion that Nb-doping introduce energy levels in the band gap of
anatase TiC2 that are responsible for the shift to the red of the intrinsic absorption

edge of TiC2and for the enhancement of the visible light absorption.

Studies by Karakitsou and Verykios, 1993 obtained similar results from diffuse
reflectance spectroscopy in the form of the function F(R) versus versus wavelength in
the region 200-600 nm using a Nb-dopant concentration of 1 wt. % on an oxide basis
(where F(R) is the ratio of absorption scattering coefficient in the Kubelka-Munk

equation and R is the optical reflectance), given by:

FW S/ oo e s s (3-D

3.5.2 Transmittance spectra of Nb-doped TiCH on glass substrate

Niobium addition into the TiC/” lattice suppresses the driving force for anatase-rutlie
phase transformation at relatively high doping temperatures (> 850 °C). Because of
this, Nb-doped TiCK exhibits a relatively higher transmittance than the undoped TiCX
Therefore, the Nb-doped TiCf with subsequent higher percentage anatase structures
results in films with both lower density and refractive index (Mardare et al, 2000).

This may mean that a more porous film surface is induced by Nb-dpoing.

3.5.3 Optical absorption of colloidal semi-conductor particles

An important technique of measuring the band gap energy of a semiconductor is the
absorption of incident photons by the material. Here photons of selected wavelengths
are directed at the sample, and relative transmission of the various photons is
observed. Since photons with energies greater than the band gap energy are absofbed
while photons with energies less than the band gap are transmitted, a fairly accurate

measure of the band gap energy can be obtained.
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It is apparent from figure 3.4 that a photon with energy hv > £tfcan be absorbed in a

semiconductor. Since the valence band contains many electrons and the conduction
band has many empty states into which electrons may be excited, the probability of
photon absorption is high. As figure 3.4 indicates, an electron excited to the
conduction band by optical absorption may initially have more energy than is
common for conduction band electrons (almost all electrons are near Eg unless the
samples are heavily doped). Thus the excited electron loses energy to the lattice in
scattering events until its velocity reaches the thermal equilibrium velocity of other
conduction band electrons (Banerjee et al, 2002). The electron and hole created by
this absorption process are excess carriers since they are out of balance with their
environment, they must eventually recombine. While the excess carriers exist in their

respective bands, however, they are free to contribute to the conductivity of the

material.

Fig 3.4: Optical absorption of a photon with hv > Eg: (a) an electron-hole jpair is

created during photon absorption; (b) the excited electron gives up energy to the
lattice by scattering events; (c) the electron recombines with a hole in the valence

band (Source: Banergee et al, 2002)
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A photon with energy less than Eg is unable to excite an electron from the valence
band to the conduction band. Thus in a pure semiconductor, there is negligible

absorption of photons with hv < Eg. This explains why some materials are transparent

in certain wavelength ranges. We are able to “see through” certain insulators, such as
good N'aCl crystal, because a large energy gap containing no electron states exist in
the material. If the band gap is about 2 eV wide only long wavelengths (infrared) and
the red part of the visible spectrum are transmitted; on the other hand, a band gap of

about 3 eV allows infrared and the entire visible spectrum to be transmitted.

If a beam of photons with hv > E falls on a semiconductor, there will be some

predictable amount of absorption, determined by the properties of the material. We
would expect the ratio of transmitted to incident light intensity to depend on the
photon wavelength and the thickness of the sample. To calculate this dependence, it
can be assumed that a photon beam of intensity I (photons/cm'2s) is directed a: a
sample of thickness t, and the beam contains only photons of wavelength A selected

by a monochromator. As the beam passes through the sample, its intensity at a
distance * from the surface can be calculated by considering the probability of

absorption within any increment & . Since a photon which has survived to X

without absorption has no memory of how far it has traveled, its probability of
absorption in any is constant. Thus the degradation of the intensity - d1(x)/dx is

proportional to the intensity remaining at x

The coefficient a is called the absorption coefficient and has units of cm'l This
coefficient will of course vary with the photon wavelength and with the material. If

there is negligible absorption at long wavelengths (fan) and considerable absorption of
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photons with energies larger than £g, the relation between photon energy and
wavelength is E = hc/X and if E is given in electron-volts and 1 in nanometers, this

becomes E = 1240/A

Optical absorption coefficient of semi-conductor films can be evaluated from

transmittance using the relation

T = A BXP(mA 1) s (3 4)

where: A = coefficient related to refractive index and is nearly equal to unity at the

absorption edges, a = absorption coefficient, t = film thickness, T = transmittance.

Semiconductors absorb light below a threshold wavelength Xg, and the fundamental

absorption edge is related to the band gap energy via the relation:

124-0

where Eg=band gap, ).g = threshold wavelength.

However, within the semiconductor, the light extinction follows Lambert-Beer’s

Law:

where: / = penetration depth of light.

Near the threshold, the band gap energy (Eg of the film is estimated from the

absorption coefficient using the relation

ANV = E(NV —EQ) N oot (3.7)
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where: B = Edge width parameter, hv = incident photon energy, n = exponent that
13
determines the type of electronic transition causing absorption which is -,-,2,3 for

direct allowed, direct forbidden, indirect allowed, and indirect forbidden transitions

respectively (Madare et al, 2000).

A direct allowed transition is one in which a plot of the electronic energy against the
wave vector, the minimum of the conduction band states is placed vertically above the
maximum of the valence band energy states. For an indirect allowed transition, the
two extremes are displaced from each other, and so the threshold excitation requires a
contribution of lattice phonons so as to compensate for the change in the wave vector.
This in turn reduces the absorption cross-section and hence the value of a. Nb-doped
TiO: belongs to the indirect allowed transition semiconductors (Mardare et al, 2000)

and so the value of n is equal to 2.

The reflectivity R(> at any absorbing medium of indices (n, k) in air for normal

incidence is given by:

(1-n)2 +fz
00 = (1ro2+e

(3.8)
In the visible region, the absorption coefficient a is influenced by the scattering of
light on the surface roughness (if light scattering dominates over the absorption), the

transmission coefficient 7)x) can be obtained from the relation:-

(I-R)z+exp (-ffU)t)
1-J?2+exp (-2 o:U)t) *

(3.9)

where: R = Reflectance, T = transmittance, t= thickness of the film, k=wavelength

3.5.6 Optical band gap
At shorter wavelengths, close to the optical band gap. the scattering losses are

dominated by fundamental absorption and relation (3.4).is often used (Mardare et al.
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2000). Above the threshold of the fundamental absorption, the dependence of a on
incident energy is given by the equation (3.7).
For a more detailed analysis of the spectral absorption characteristics, we use the

relation:

(3.10)

where: 1 = energy spread of the electronic transitions giving rise to the band gap
(Rodriguez et al, 2000). Taking into consideration the Urbach tail of the absorption

characteristics, relation (3.10) above becomes:

a(E) orexp [~ t] (3.11)

where: AE = parameter representing the width or slope of the exponential tail, E* = a

constant characteristic of the film material.

3.5.7 Determination of optical band gap energies of the prepared Nb-doped TiO:
films using optical transmittance data.

Consider a semiconductor with thickness t (Fig. 3.5) and an absorption coefficient that

is given by:

(3.12)

4,
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Glass substrate

Fig. 3.5: An illustration of the optical spectroscopy for optical band gap determination
ofthe Nb-doped TiCs2 films.

Light incident on the semiconductor material will be partially reflected due to Fresnel

reflection with Fresnel power reflection coefficient (R|) being given by:

(3.13)
| ", + 1)

where nsis the refractive index of the film.

Assuming that the intensity of the light incident on the semiconductor is /,,, the light

intensity just inside the semiconductor (/s]), is given by

Thus the light intensity at the lower end ofthe semiconductor layer (1) is given by

12 = JO(1-% ) X P (587 ettt (3.15)

Further, consider Fresnel reflection at the semiconductor-substrate and substrate-air
interfaces and denote them by R: and Rs. Furthermore, if the substrate surface's not
polished (i.e., has a surface roughness), there will be optical scattering losses.
Assuming that the fraction of light that does not reach the detector due to scattering at
the un-polished substrate surface is S, then the measured -optical transmittance

through the material is given by: ,
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polished (i.e., has a surface roughness), there will be optical scattering losses.
Assuming that the fraction of light that does not reach the detector due to scattering at
the un-polished substrate surface is S, then the measured optical transmittance

through the material is given by:

TC(EYAAIA =(\-RI)( - R2) (1-Ri) (1= S)EXPACA) wrrrrerrermrresrerressssrsssssennes (3.16)
*0

where we have neglected interference effects and multiple reflections. Solving

equation (3.16) above for the absorption constant a(E) yields

T(E)

E) = .. 3.17
B = - Pya- et rea-9) (3.17)

Normalizing the transmittance data so that TramoheXE) < 100% in the transparent

region (hv <Eg), allows us to neglect Fresnel reflections and scattering losses. We then

write
A(E) =-j IN(TOmMEEI E ) ) oot e (3.18)

But according to equation (3.12), a(f£)has square-root depender.ee ongf .

Accordingly, a (E)2has a linear dependence on E
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CHAPTER FOUR
EXPERIMENTAL TECHNIQUES
4.1 Introduction
In this chapter, the experimental techniques used in Nb-doping of TiCb and the
fabrication ofNb-doped TiO” thin films of niobium concentration range of 0.02-0.36
at. % are discussed. The chapter ends with how the optical characteristics, cr\s;a!

structure and composition of the Nb-doped TiO? were determined.

in our study, high temperature diffusion was employed to synthesize the Nb-doped
Tio2. This technique involves mixing high purity powders of TiCft and No020s in
various molar ratios and then firing in air for various periods of times. A similar
method was used by Karakitsou and Verykios, 1993; Wang et al, 1994: Radecka and
Rekas, 1995; Niishiro et al, 2005.

4.2 Preparation ofNb-doped TiCU
To obtain the desired Nb3 concentration in the TiCb matrix, ca.culatec masses

(Appendix 1) of Nb*Os (99.9% purity, Aldrich from Germany) were weighed aid
mixed with 10.000 g of TiCb (Degussa P-25) using a digital electric balance of
accuracy = 0.005 cma3. Distilled water (50.00 cm3) was then added to the mixtures in

100 cm3 beakers (Table 4.1).

Table 4.1: Calculated niobium doping concentrations in TiCU

Sample Mass of Mass of Nb”"Os  Mole % ] At% Nb3' Amount of
No. Nb2C>5 = (g)+ Ti02+ Nb5+in Ti02 distilled
0.005 (9) 0.005 (g) mwater used £
:0.01(cm3)
1 0.010 10.010 0.1197 0.02
2 0.015 10.015 0.1796 0.03 50.00
3 0.020 10.020 0.2394 0.04 50.00
14 0.030 10.030 0.3591 0.06 j 50.00

The slurry was gently heated to 80 °C under continuous stirring (using a magnetic
stirrer) until nearly all the water evaporated. The rate of stirring was reduced after
every one hour to avoid spilling of the slurry. The solid residue was furtlier dried ir. a

furnace at 110 °C for about 10 hours. Using a mortar and pestle, the solid was crushed
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into fine powder then sieved using a sieve of 106 |im pore size. lhe samples were
then placed into fused silica glass boats and calcined (heat treated) in a furnace
(Nabertherm-30) (Fig. 4.1) fitted with a programme controller C 30 at a temperature
of 850 °C for 5 hours to achieve appreciable doping. The calcination temperature was

approached at a heating rate of 1.5 °C /min or 0.025 °C/sec.

Fig. 4.1: Photograph of Nabertherm-30 furnace

4.3 Preparation of Nb-doped Ti02Colloidal Solution
A paste of 0.371g of Nb-doped Ti02 was mixed with the same mass of de-ionized

water. The mixture was then ground for 10 hours using an agate mortar (Fig. 4.2). The
paste was then diluted with w:w triton water (Triton X-100 Aldrich) solution to 36%
w:w with respect to the Nb-doped Ti(>2 A few drops of 0.5M nitric acid were added
to facilitate the dispersion of the Nb-doped TiC>2 particles and reduce their
agglomeration. The resulting gels were then stirred with a magnetic stirrer overnight
and were then stored under refrigeration (at < 5 °C). Three colloidal solutions of Nb-

doped TiC2were prepared for each Nb-doping concentration.
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Fig. 4.2: Photograph of an Agate mortar and a pestle.

4.4 Thin Film Preparation

4.4.1 Cleaning of the glass substrates

Pieces of glass substrates (glass slides) were cut into 2 cm x 2 cm using a glass cutter.
They were then cleaned using a mixture of aqueous sodium hydroxide (NaOHag) and
liquid detergent (which had been prepared by mixing the two in the ratio of 1:3
respectively) by gently scrubbing them with cotton bud and finally drag-wiping with
lens cleaning tissue. The surfaces were then cleaned gently using lens cleaning tissue
wetted with isopropyl alcohol. This procedure was then repeated using acetone. The
substrates were finally rinsed with deionized water in an ultrasonic cleaner for 30 to
35 minutes in order to remove any trace of dirt by agitating them out at ultrasound
frequency. Using a twitter which had been rinsed with isopropyl alcohol and acetone,
the substrates were removed from the ultrasonic cleaner and then dried by blowing

hot air over them for about 10 minutes using a heat gun. «

4.4.2 Thin film preparation using spin coating technique.

Using a dropper, a blob of Nb-doped TiC>2 colloidal solution was drawn and put at the
centre of a cleaned glass substrate which had been centrally anchored on th” spin-
coater (P67080, Cookson Electronics-USA) turntable. The turntable cover was
immediately replaced (this was done in order to avoid the drying of the blob). The
spin speed (revolutions per minute) was adjusted at 2000 rev/min.and the spin-coater

switched on. This was repeated several times for each I>Jb-doped TiC>2 sample
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concentrations and the un-doped TiCx samples until three uniformed surface films

were obtained for each. A total of fifteen films were prepared.

Fig. 4.3: Photograph of a spin coater P67080

The films were then heat treated (annealed) at a temperature of 450 °C using the
Nabertherm-30 furnace at a heating rate of 1.5 °C/min. for 5 hours then cooled slowly
at a rate of 0.3 °C/min. for 25 hours. The annealing was done in order to eliminate
mechanical stress within the films and get rid of other organic material additives used

in the preparation of the colloidal solutions.

NB: Before any coating on glass substrate was done, the colloidal solutions were
stirred with a magnetic stirrer at 750 r.p.m for about 2 hours to ensure their

uniformity.

4.5 Surface Profilometry and Thickness Measurements

The above measurements were done using an Alpha-Step-1Q thickness monitor
interfaced with a microcomputer. Five different thickness measurements at different
areas on the film surfaces were taken for each Nb-doped T i02concentrations and the
un-doped Ti02films. The final thickness of each sample was the mean of the
thicknesses from the five areas of the test samples for each Nb-doped and the un-

doped Ti02 films.
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Fig. 4.4: (a) A photograph of an Alpha-Step 1Q thickness monitor interfaced with a
microcomputer (b) characteristic thickness spectrum showing movement of cursor
positions (c) image of stylus movement across the film.

4.6 EDX.RF Measurements

To confirm the niobium doping in Ti02and their respective concentrations in the
prepared samples, an EDX.RF spectrometer (CANBERRA Industries INC. USA)

fitted with a SiLi detector that had a resolution of 210 eV at the Mn line was used

(Fig.4.5).
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The EDX.RF is based on Moseley’s law (i.e., the square root of the frequencies of
lines in atomic X-ray spectra depends linearly on the atomic number of the emitting
atom) which relates “characteristic” fluorescence radiation to the atomic number or
the emitting atom, and the fluorescence intensity is proportional to the concentration
of an element present in the sample. Also as wavelength and energy are related, tne

fluorescence radiation can be evaluated in wavelength or energy disperse e mode.

A sample of the prepared Nb-doped TiO: was put under a radiation source
(Cadmium-109) and analyzed by the X-Ray Spectrometer which consists of solid-
state detector SiLi, pre-amplifier and a multi-channel analyzer (MCA). A
microcomputer with a relevant interface was also incorporated (see Fig. 4.5). "he
pre-set live counting time for spectra collection was 33 minutes and 20 seconds for all
the samples. The resultant spectra were collected on the multi-channel analyzer in the
pulse height analysis mode. The reported final concentration of each element was the
mean of the concentrations of the element from three samples. A total of twelve Nb-

doped samples were analyzed.

Fig.4.6: Block diagram of EDX.RF spectrometry.



4.7 X-ray diffraction (XRD) Analysis
These analyses were done using Siemens D-5000 (Theta/2Theta D 5000) powder

diffractometer fitted with Cu Ka as the anode material.

Angle 20 (degree)
(a)

Fig.4.7: (a) Photograph of a Siemens D-5000 powder Difractometer (b) characteristic
X-ray diffractogram.

The difractometer configurations were set at Start Position of 10.0000 and End
Position of 80.0000 (°2Th). An angle step size (°2Th.) of 0.0200 and a scan step time
(s) of 0.3000 seconds were used in a continuous scan type mode for all the samples.
The generator settings were 45 kV and 40 mA. The raw data obtained for the angle
positions (°2Th.), height (ct/s), d-spacing (A) and relative intensity (%) were used to
draw the characteristic X-ray diffractograms of the samples using Origin-8

programme.

4.8 Optical Characterization

In order to obtain the optical properties the prepared films, the transmittance and
reflectance spectra were analyzed using a Solid Spec-3700 DUV; UV-VIS-NIR
Spectrophotometer (SHIMADZU-Japan). The reference spectrum for. both

transmission and reflection were obtained by using a clean uncoated glass substrate.
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Fig. 4.8: (a) Solid Spec-3700 DUV; UV-VIS-NIR Spectrophotometer interfaced
with a microcomputer.

After a pre-selection of the required function on the standard tool bar for emission,
reflection, transmission, windows, the setting configurations of the spectrophotometer
were selected. Using detector 2 for InGaAs and the photomultiplier (PMT), the
desired spectral range was set at 250-1050 nm via the dialogue box. A reference
sample of a clean glass slide of the same property as the substrate was then loaded
into the spectrophotometer and run to obtain the reference spectral readings. This
should give 100% straight line. The reference sample was then unloaded and replaced
with the prepared Nb-doped electrode films under test. By using single measurement,
a spectrum was displayed. The procedure above was repeated for all the prepared
samples. The final spectrum of each sample was the mean of the spectra from three
test samples for each Nb-doped TiC2 films. It should be noted that noise and
vibrations which may degrade the resolutions of the spectra should not be allowed in

the vicinity of the equipment set-up.

4.9 Procedure for Obtaining Optical Band Gap from the Transmittance Data
The spectral transmittance was measured using the spectrophotometer (370(USolid

Spec. DUV measuring UV-VIS-NIR range) and the data converted to T(E).
The T(E) data was then normalized so that < 100% in the transparent

region (hv<Eg) and the wavelengths were converted into energy £ using the
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relation £ = j240g nm The normalized transmittance data was then plotted
A

against energy E (Fig. 5.3).

The absorption coefficient a(£) was calculated using Eq. 3.18, and the square plots

of a{E)2versus £.drawn with their linear fits made in the vicinity of the bard-gap

(Fig. 5.4). The intersections of linear fits with the abscissa were the band-gaps
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CHAPTER FIVE
RESULTS AND DISCUSSION
5.1 Introduction
In this chapter, the results of niobium doping in Ti02 crystal structure of Nb-doped
Ti02and optical characteristics of Nb-doped Ti02 films with niobium concentrations

0f 0.02, 0.03, 0.04 and 0.06 at. % are discussed.

5.2 Effects of Calcination

The Nb20 5/ Ti02sample mixtures fired at 850 °C for five hours, turned from white to
slightly yellow in colour. There was also noticeable volume shrinkage of the powder
in the silica glass boats. The colour change may suggest that some appreciable doping
had taken place and this agrees with previously reported results (Wang et al, 1994;
Feroni et al, 2000; Ruiz et al, 2003; Scotter et al, 2005 and Andreas et al, 2006). The
slight yellow colour may be attributed to polaron absorption due to niobium doping
into the Ti02 lattice. As the crystalline order increases, the absorption band becomes
broader and shifts towards larger wavelength giving rise to the slight yellow colour
(Schmitt and Aegerter, 2000).

5.3 EDX.RF Analysis
Figure 5.1 shows the EDX.RF results for the Nb-doped Ti02 for 0.04 at. % Nb
concentration.

Fig. 5.1: EDX.RF spectra of Nb-doped Ti02 (Nb concentration 0.04 at. %). The
energy width of each channel is typically 1.33 eV/channel.-The non-labelled
spectra are due to interference phenomena.
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The EDX.RF results confirm the chemical composition of the Nb-doped TiO? sample
powders to contain Ti, Nb and O atoms. The non-labeled signals are called scatter
peaks and are caused by noise and interference phenomena, i.e. coherer, and
incoherent pulses. They represent signals which arrive briefly one behind the other
and cannot be differentiated by the spectroscopic amplifier despite being recognized
by the fast channel, thereby resulting in inefficient pulse pile-up discrimination. The
near similarity between ionic radii of Nb" (0.69 A) and Ti4~ (0.64 A) suggest
substitution of Nb at Ti lattice sites at the doping concentration range (0.02-0.06 at. %
Nb) used. However, at our doping temperature of 850 °C, existence of traces of
impurity Nb:Os and TiCT mixed powders, TiNbiO?, 0-Nb=0, and effect of oxygen
activity on niobium segregation may also contribute some significant effect on the

resultant spectrum.

5.4 XRD Results

Figure 5.2 shows the XRD spectrum obtained from the Nb-doped TiCs2 samples. The
results indicate a slight phase modification at 0.04 at. % Nb-doping concentration, it
is seen from Table 5.1 that the sample with this niobium doping concentration also
displayed the smallest average crystallite size (39.923 nm) and the highest anatase
percentage (37 %). This suppression of exaggerated grain growth may be due to Nb'

substituting for Ti4" in the anatase crystalline lattice. Feroni el al, 2000 also noted a
reduction in TiOi nanoparticle sizes due Nb addition in TiCT films calcined at 850 °C.
They reported a nearly similar grain size of 40 nm with only a small fraction cf
anatase having been converted to rutile at this calcination temperature. Karviner.,
2003, found that Nb-doping concentration of 0.067 at. % calcined at 860 °C for 1.5
hours accelerated anatase-rutile phase transformation (119 nm) while relatively lows;
Nb-doping concentrations of 0.0132 and 0.172 at. % calcined at the same temperature
and time vyielded crystal sizes of 37 and 39 nm respectively. Except for slight
variations in calcinations temperatures and Nb-doping concentrations, our results

therefore match closely with those in literature.
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Fig.5.2: XRD spectra of Fib-doped TiO: for niobium concentrations of 0.02, 0.03,
0.04 and 0.06 at. % calcined at 850 °C (r, rutile phase: a, anatase chase)

The percentage anatase—rutile contents in the doped samples were caic .dated using the

equation:

where x is the weight fraction of rutile in the doped powder, whie i and | are the

X-ray intensities of anatase and rutile peaks respectively (Ding et a!, 1906,. The
average crystal sizes from the line broadening of corresponding X-ray diffraction

peaks were estimated using the Schemer’s equation:

L S et et et et e et e et et e e e et e anaenenanas (5.2)
f3.cos <@
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where / is the crystallite size, X is the wavelength of the X-ray radiation (1.54 A for
the difractometer used), K is usually taken as 0.94, p is the line width a: half
maximum height (0.00395, 0.00379, 0.00410 and 0.00391 A for 0.02, 0.03, 0.04, 0.06

at. % Nb'Tespectively).

Table 5.1: Calculated % Nb, % rutile-anatase phases, average crystallite sizes and

film thickness ofthe Nb-doped TiCK

% Nb5+ Percentage rutile/anatse Average Film thickness
phases crystallite size (pm)
(nm)
r(%) a (%)
0.02 69 31 41.407 6.65
0.03 72 28 43.141 6.84
0.04 63 37 39.923 5.81
0.06 70 30 41.604 4,57
Un-doped 75 25 125.157 5.98

Table 5.1 shows the average grain/crystal size and niobium concentration. It is noticed
that at the calcination temperature of 850 °C, there was insignificant grain coarsening
of Nb-doped TiC>2 provided the doping levels were low (0.02-0.06 at. % No.) This
observation indicated that niobium addition inhibited grain growth thereby
maintaining a high surface area of the powder. The results also indicate a phase
modification when TiCT was doped with more than 0.06 at. % Nb at the present Nla-

doping range. This might be due to Nb"™ substituting for Ti4+ in the crystalline TO2
lattice thus either hindering or accelerating the ar,atase-to-ruti'e ohase transformation.

Similar observations had also been made by Anukunprasert et al, 2005

it is worth pointing out that our trace Nb-doping range of 0.02-0.06 at. % may not
remarkably suppress anatase-to-rutile phase transformation and grain growth at the
doping temperature used (850 °C). This result is fairly consistent with that obtaireiby
Ruiz et al, 2003. However, our crystallite sizes results calculated from XRD anali}sis
Indicated that Nb-doping prevented exaggerated grain growth at our calcinations

temperature.
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5.5 Optical Characterization

Figure 5.3 shows the reflectance and transmittance spectra (in the 2; 3 nm-1050 nm
wavelength range) for un—doped and Nb—doped Ti02 Films at concentrations o: 0.02
at. %, 0.03 at.%, 0.04 at % and 0.06 at.% Nb5+ The average optical transmittance of
the film within the above wavelength range is < 60%. rrom the plots, the
transmittance of the Nb-doped TiO; films decrease with increase in niobium
concentration. This may suggest that at the investigated niobium concentration range
of 0.02-0.06 at. % Nbs+ increasing niobium concentration generally result in an
increase in light scattering loses. The kink at wavelength (a) ~ 700 nm in the spectrum
may have been caused by the change-over in switching on between the InGaAs and
PbS detector units. It is called the switching step in the optional direct detector uni; of

the spectrophotometer used.

it is noted in Fig. 5.3 that all the Nb-doped TiCs film samples had their absorptions
shifted into the visible spectrum compared to the undoped TiCK A sharp absorption
beginning at 412.2 nm (3.017 eV) was obtained and this may be attributed to the
introduction of niobium dopant concentration (0.04 at. % Nb5) which was
responsible for the red shift due to enhancement of the visible light absorption, 'he
result matches closely with that of Saila Karvinen, 2003 who obtained a sharp
absorption at 413 nm (3.00 eV) for 0.027 at. % Nb in fiCb calcined at 860 °C. It is
also seen that samples with niobium concentrations of at. % 0.02 and 0.04 Nb ..ad
the lowest % transmittance (highest absorptance) while that with niobium
concentration of 0.06 at. % Nb5+had the highest transmittance and therefore relatively
lower absorptance. The un-doped TiCb film showed a fairly low transmittance (~45
% for 5.98 pm film film thickness). Madare et al, 2000 obtained a higher

transmittance (~90 % for 0.3 pm film thickness) for un-doped TiCb film.
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Fig. 5.3: (a) Reflectance spectra (%) and (b) Transmittance spectra (%) vs wavelength
(nm) for 0.02, 0.03, 0.04 at. % Nbi+ and un-doped Ti02 Reflectance spectrum for
0.06 at. % Nb3tis omitted for clarity.

The films studied showed relatively very low reflectance less than 10 %. This is
attributed to scattering loses caused by the surface roughness of the films. From the
reflectance spectra, samples 0.02 at. % and 0.04 at. % Nb” concentration also had
higher reflectance than the un-doped sample. Samples with 0.03 at.% and 0.06 at. %
Nbs" had coinciding but lower reflectance. Here again, the kink at wavelength (/,) ~
700 nm in the spectrum may have been caused by the InGaAs and PbS switching step

in the optional detector unit of the spectrophotometer.
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Figure 5.4 shows the normalized transmittance versus energy for the Nb-doped Ti02
and un-doped TiC>2 films. From the normalized transmittance versus energy spectra, it
is seen that the points of inflections indicating the onset of absorptions are shifted
more towards lower energy for 0.02 and 0.04 at. % Nb5' than 0.03 and 0.06 at.% Nb

doping as compared to the un-doped TiC>2. This observation further reinforces the fact
that introduction of niobium doping at 0.04 at. % into the TiC® band gap may have
induced a red shift in the band gap transition and therefore enhances visible light
absorption. This could be due to an increase in charge transfer between the niobium
dopant and the Ti02conduction band or a d-d transition/interaction in the crystal field

at this optimal niobium doping concentration (Choi et al, 1994)

Fig. 5.4: Normalized transmittance versus energy (eV) for Nb-doped Ti02 films at
0.02, 0.03, 0.04, 0.06 at. % Nb5f concentrations and un-doped TiC2films.

In figure 5.5, the corresponding spectral dependencies of aZE) in arbitrary units have

been plotted against photon energy (E) to find the values of the band gaps (£g) for all
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the prepared samples and the un-doped Ti02. It is seen from the low niobium doping
range of 0.02-0.06 that the band gap decreases as the Nb5+ concentration increases,
reaching a minimum band gap at 3.017 eV for Nb concentration ol 0.04 at. % Nb

and starting to increase again at 0.06 at.% Nb' . Inset, the extrapolations for the plots
aE) versus E for Nb5+concentration of 0.04 at. % and 0.06 at. % has been magnified
for clarity. The band gaps corresponding to these two Nb-doping concentrations in

Ti02are 3.017 and 3.036 eV respectively.

Fig.5.5: Absorption coefficient squared in arbitrary units versus photon energy
for .02, 0.03, 0.04, 0.06 at. % Nb5+and un-doped Ti02 (solid-line). -

Pure Ti02 has optical absorption edge of 3.218 eV (394 nm), while at our Roping
concentration of 0.04% Nb5+, an optical absorption edge of 3.017 eV (412.2 nm) was
obtained resulting into a red shift of 0.181 eV (18.2 nm) into the visible spectrum

(Fig. 5.5).
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obtained resulting into a red shift of 0.181 eV (18.2 nm) into the visible spectrum
(Fig. 5.5).

Figure 5.6 shows the dependence of optical band gap (eV) on % Nb'Tconcentration
which further confirms the observations in Fig 5.5. The figure shows that Nb-doping
affects light absorption characteristics of TiC>2. As the niobium concentration
increases at the Nb-doping range studied, the optical band gap has a decreasing trend
and starts to increase again. From the figure, (draw'n from Table 5.2), a minimum
band gap was obtained at 0.04 at. % Nb'T This may suggest that at this concentration
there was a maximum substitution of Nb ' on Tr" lattice sites. This results in creation
of an equal amount of TiJ~ions in order to compensate for the substitution, and this
further reinforces the consideration of Nb as adonor dopant in TiO: (Feroni et al,

2000).

Table 5.2: Calculated at. % Nb'+ average crystallite sizes, and optical band gap of the
Nb-doped TiCh

Average crystallite  Optical band gap

AL% NbSr size (nm) (eV)

0.02 41.407 3.078
0.03 43.141 3.049
0.04 39.923 3.017
0.06 41.604 3.036
Un-doped 125.157 3.218

From Table 5.2, the results show that except for Nb-concentration of 0.03 at. %, as
the particle sizes decrease, the optical band gap decreases from 3.218 eV to 3.017 eV
with a resultant shift of the optical absorption edge into the visible light region. The
optica! band gap increases again from 3.017 eV to 3.036 eV as the particle sizes starts
to increase again. This observation may be explained in terms of the higher ordered

nature (slight yellow colour) of the TiO? introduced by the niobium doping.
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Fig.5.6: Optical band-gap energy (x 0.5 eV) versus niobium ion concentration (Nb5T
at. %).

The result of band gap change as a function of particle size was also observed by Lin
et al, 2006. They obtained a decrease in optical band gap from 3.289 eV to 3.173 eV

when the particle size decreased from 29 nm to 17 nm.

Since the ionic radius of Nb5+ (0.69 A) is fairly comparable to that of Ti4~(0.64 A) it
was expected that solubility of niobium in TiCx» phases induced minimum stress-.
Hence the most probable model of doping would be a substitutional one with Nb5 in
Ti4+ positions with subsequent formation of cation vacancies (V) to maintain charge
neutrality of the overall stoichiometry (Andreas et al, 2006). Furthermore, since Nb*

has a higher valency than Ti4T it acts as a donor atom when dissolved in TiCty because
of charge transfer from the Nb 5s derived state to the conduction band. At the
investigated Nb-dopant concentration (0.02-0.06 at. %), a minimum band gap of

3.017 eV (412.2 nm, and 18.2 nm red shift into the visible spectrum} was obtained at
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dopant concentration of 0.04 at. % Nb . This represented a band gap lowering o.

approximately 0.181 eV.
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CHAPTER SIX
CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

6.1 Conclusion

The following are the main conclusions:

1 We attempted to fabricate Nb-doped Ti02 thin films via high temperature
diffusion for possible applications in various photochemical fields. Within the
investigated niobium doping range of 0.02-0.06 at. %, calcined at 850 °C for 5
hours, the sample with 0.04 at. % Nb5' gave an optimum absorption. A: this
concentration, a minimum optical band gap of 3.017 eV was obtained, i.e., a
red shift of 18.2 nm into the visible spectrum resulting into a band gap
lowering of 0.181 eV. The Nb-doped films absorb more of the visible light
than the un-doped Ti0O2and appeared yellowish, which was attributed to O-

Nb=0 centres in agreement with results of Andreas et al. (2006).

2. Doping of Ti0O2with cations such as Nb3" of valence higher than that of the
parent cation (Ti4+) enhances its visible light absorption. At the investigated
Nb-doping range, it was noted that the visible light absorption efficiency goes
through a maximum (0.04 at. % Nb5I) with increasing dopant concentration in
the Ti02 matrix. This optimal niobium doping concentration, resulted in 412.2
nm optical absorption edge, and this was fairly above the optical absorption

edge of pure (undoped) Ti02(394 nm).

3. The band gaps w'hich were obtained from the transmittance data via the square
of absorption coefficient (a) versus photon energy (hv) plots indicated that
beyond the niobium dopant concentration of 0.04 at. % in Ti02 the widthjo:
the optical band gap starts to increase again (3.036 eV at 0.06 at. % NbiT).
Hence, at the Nb-dopant concentration range studied, there appears to be an
optimal niobium concentration beyond which the absorption of Nb-doped
TiO-> decreases. The variations in optical band gaps due to Nb-doping*are
explained in terms of the formation of new electronic states due to the do4r.10r-

behavior of niobium.
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The Nb-doped films produced an average transmittance of approximately 60
% and very low reflectance of less than 10 %. At the investigated niobium
concentrations range of 0.02-0.06 at. % the transmittance of the films were
generally found to increase with increase in niobium concentration. The
transmittance spectra of Nb-doped films showed a shift of absorption
beginning at 412 nm (3.017 eV) for the optimum niobium doping
concentration of 0.04 at. %. Nb5T The result matches closely with that of Saila
Karvinen, 2003 who obtained a sharp absorption at 413 nm (3.00 eV) for
0.027 at. % Nb5T

From the XRD results, the calculated average particle sizes were found to
range from 39.923 to 43.141 nm. Hence, we can conclude that Nb-doping
seem to have a clear influence on particle morphology and specific surface
area. These results and others in literature (Wang et a!, 1994; Lin et ah 2006),
suggest that there is a relationship between niobium dopant concentration in
Ti02and the resultant crystallite sizes. The relatively high percentage of rutile
phase displayed by the X-ray diffractograms give valuable information of the
inability of such low Nb-doping as anatase-rutile phase transformation

inhibitor at our doping temperature of 850 °C.

The results show that the investigated low Nb-doping range (0.02-0.06 at. %
can be used to improve the optical characteristics and crystal structure of Ti02

for possible technological applications in either gas sensors or solar ceils.

6.2 Suggestions for Further Work

It is an intricate matter to introduce Nb-dopant into Ti02 lattice in order tc alter it$

optical band gap energy. The high temperature diffusion used (850 °C) may not have

produced high quality films for a wide range of applications. Existence of impurity

mixed Ti02 and Nb20s powders cannot be ruled out due to incomplete diffusion”of

niobium into the Ti02 lattice. Further studies on the use of higher temperatures (>$50

°C) with variable calcinations times to ensure complete diffusion of Nb into Ti02

while at the same time ensuring thermal stability of the films is still required. This

will result into getting a compromise phase transformation mechanism.
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In this study, the Nb-doped TiCs2 colloidal solutions used to prepare the films were
ground manually using an agate mortar. This may not have resulted in obtaining ideal
nano-sized colloids best suited to investigate the influence of Nb-doping on the
optical and strucural characteristics of TICK An aluminium ball mil; or a three-roll
mill would be most recommended for the preparation of a more reliable nano-sized

Nb-doped TiCK colloids.

The study explored the influence of concentration of dopant states of niobium on the
optical and structural properties of Nb-doped TiChat very low doping levels (range of
0.02-0.06 at. % Nbst). A wider and even higher Nb-doping concentration ranges
need to investigated in order to obtain further conclusions on better technological

fabrications of Nb-doped TiO: photoelectrodes for future applications.

4,
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APPENDICES

APPENDIX I
Sample calculation of at. % Nb-doped in Ti0:

Let 0.0lgofN b2Csbe mixed with 10gofTiCh
The formula, mass of Nb20s = 265.809769 (2 moles ot Nb5 )
Hence 265.809769g contains 2x6.02x10ZB ionsofNb5+

where 6.02 x 1023 is the Avogadro’s constant.

0.01
265.80976

™ 2 X 6.02 x 102

-.0.01g

4.529555 x 109 ions of NV"

The formula mass of Ti02=79.8788g (1 mole of TT and 2 moles of O ')

Hence 79.8788g contains 3x 6.02 x 102’ ionsofTT and O’

-~ 10g =— - — x3x6.02x103
79.8788

= 2.260925 x 103 ions of Ti4+and O2

So. the % of Nb5" dopant to Ti4+and O2 on an ion basis is given by:

4529555 x10 B
XY 100 = 2x 10 2= 0.02at. % ofNb5+

2.260925 xI0 3

APPENDIX 11

Physical and Chemical Properties of Ti02
a) Physical properties:

1 Colour: White powder

Molecular mass (Formula mass): 79.8788g

Boiling point at sea level: 2500 °C

Specific gravity near room temperature: 3.9 at 20 °C. (68IF)

o &~ w DN

Vapour density : Not applicable
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6. Solubility: Insoluble in water

7. Evaporation rate: Not applicable

b) Chemical properties:

1. Combustibility: Non-combustible

2. Smell: Odorless
3. Reactivity: Reacts violently with Lithium at 200 cC
4. Instability conditions : Not applicable
5. Hazards : None reported
6. Special precautions : None
APPENDIX IlI

Physical, Atomic and Chemical Properties of Niobium
a) Physical properties:

1. Phase : solid
Density near room temperature : 8570kg/m”

Melting point: 2477 °C, 2750 K

2
3
4. Boiling point: 4744 °C, 5017 K
5. Heat of fusion : 30 Kimol’

6. Heat of vaporization : 689.9 KJmol'l
7

Specific heat capacity : 24600KJmorIK"

b) Atomic properties:

Name, symbol, number: Niobium, Nb, 41
Element category : Transition metal
Group, period, block : 5, 5, d

Standard atomic weight: 92.90638k.gm’1
Oxidation state : 5, 4. 3. 2.-1

Electro negativity : 1.6 (Pauling scale)

N~ o o A W

lonization energies : 1st 652.1 KJmol’1l
2nd: 1380 KJmol’1l
3rd: 2416 KJmol’1

9 Atomic radius: 1.46A

8. Covalent radius : 1.64 = 6A
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¢) Chemical properties:
1. Smell: Odorless
2. Solubility : Insoluble in water
3. Combustibility: Non-combustible

4. Reactivity: Reacts with dilute acids to form salt and w: .er.

APPENDIX IV
Physical and Chemical Properties of NbjOj
a) Physical properties:
1. Molecular weight: 0.26580976 kg/mol
2. Apparent density: 4470kg/m'
3. Bulk density: 4470kg/m3

4. Melting point: 1520 °C

b) Chemical properties:
1. Smell: Odorless
2. Solubility: Insoluble in water
3. Combustibility: Non-combustible

4. Reactivity: Reacts mildly with bases to form comoiex salts
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